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High-Resolution NMR Spectrum of Deuleraled and
Undeuterated Poly(propene Sulfone)*

K. J. IVIN and M. NAVRATIL, Department of Chemistry, The Queen’s
University of Belfast, Belfast, Northern Ireland

Synopsis

100 MHz spectra have been obtained for DMSO-d( solutions of poly(propene sul-
fone) made from propene (1), propene-1,1,3,3,3-c4 (Il), propene-CTS-l,2-ch (l111) and
propene-2-di (1V) by copolymerization with sulfur dioxide; also by oxidation of poly-
(propene-2-di sulfide)s of different tacticities.

The following chemical shifts and coupling constants were determined: «\ = 6.06,
6.12, 6.19; th = 6.43, 6.51; re = 6.05; rch3= 8.44; /cH3nc = 65 Hz; Jab = 140
Hz.

Ha CIRC)

Hb Hc O

Both the A and B protons are sensitive to taeticity, giving rise to five lines in the methyl-
ene spectrum of 11l and ten lines, consisting of four overlapping AB quartets, in the
methylene spectrum of IV. From a consideration of the relative intensities of the peaks
in the spectra of poly(propene-2-di sulfone)s of different tacticities the following assign-
ment to triad structures has been made: ta- 6.06 A, 6.12 i and s, 6.19 hs; tb- 6.43
h, and i, 6.51 s and hs. The proportions of the four triad structures correspond to a sin-
gle-parameter model for chain growth in which the probability of an isotactic placement
<is 0.50 for the free-radical copolymerization of propene and sulfur dioxide, 0.55 for the
ZnCCL-imtiated polymerization of propene sulfide and 0.64 for the CdCCY-initiated
polymerization of propene sulfide. The spectrum of 111 shows that for polymer made
at —90°C, one mode of addition is preferred. By analogy with other systems it is as-
sumed that this is tram addition. For polymer made at 60°C, both trans and cis
addition occur in nearly equal proportions. Assuming that cis addition occurs via the
inversion of the intermediate alkyl radical, the activation energy for inversion is found
to exceed that for addition of sulfur dioxide by 2.7 kcal/mole (11 kj/mole). This appears
to be the first reported case of a preferred mode of addition to an ethylenie bond in a
free radically initiated polymerization.

High resolution NMR spectra of polymers in solution have provided
much detailed information on configurational sequences in vinyl polymersl
and copolymers.2 However, polymers containing three-atom repeat units
have been very little investigated. Ramey and Field3 showed that the
spectrum of poly (propene oxide) was sensitive to the method of prepara-

*Presented in part at llie International Symposium on Macromolecular Chemistry,
Toronto, Canada, 1968, Paper A4.4.
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3374 IVIN AND NAVKATIL

tion of the polymer, but spin-coupling of adjacent protons prevented de-
tailed analysis. Spin-coupling can be reduced by deuteration in appro-
priate positions and the CH2 part of the spectrum of +CH2CD(CH30+
has recently been shown4to consist of two AB quartets, ascribed to isotactic
and syndiotactic dyads; a weak third quartet was assigned to a small
amount of tail-tail structure. White-noise-spin-decoupled, natural abun-
dance 13 NMR spectra also give valuable information on the stereoregular-
ity of poly(propene oxide).5 Very recently the CH2part of the spectrum
of -t-CHZDC(CH330+ has been shown6to consist of a single AB quartet
for isotactic polymer and four AB quartets for amorphous polymer.

In a recent paper7we reported that the CH2 part of the spectrum of
+CHZD(CHJ3S+ consisted of two AB quartets whose relative intensity
varied with catalyst used to polymerize propene sulfide. The present
paper is concerned with an investigation of the NMR spectrum of poly-
(propene sulfone), -bCHZH(CH3S02, deuterated in various positions to
facilitate interpretation. The polymer has been made both by the free-
radical copolymerization of propene and sulfur dioxide and by oxidation of
polysulfides prepared by using different catalysts.

EXPERIMENTAL

Propene was kindly supplied by 1.C.l1., Heavy Organic Chemicals Divi-
sion. Deuterated propenes were purchased from Merck, Sharp and Dohme
of Canada Ltd., with the following specifications: propene-2-di, 98 atom-%
D; propene-1,1,3,3,3-cL, 98 atom-% D; propene-m-1,2-d2 98 atom-% D,
3.2% <h 96.8% di, made by hydroboration of methyl acetylene with sodium
borodeuteride, followed by reaction with acetic acid-di.

Poly(propene sulfone) was prepared by two methods. In the first
method measured amounts of gaseous propene and sulfur dioxide were con-
densed into a tube which was then sealed off and irradiated with ultra-
violet light at constant temperature (£0.5°C). The polymer was dissolved
in dimethyl sulfoxide (DMSO), reprecipitated in methanol, and dried in
vacuum at 20°C. In the second method, polv(propene sulfide), prepared
as described previously,7was dissolved in trifluoroacetic acid and allowed
to react with an excess of hydrogen peroxide for two days.8 The poly-
sulfone precipitated as it formed and was purified as in the first method.

The NMR spectra were run as 5% solutions in DMSO-d§ usually at
60°C, on a Varian HA100 spectrometer with TMS as internal standard
(10t). The optimum temperature was 60°C; prolonged exposure to higher
temperatures caused decomposition of the polymer, while lower tempera-
tures caused broadening of the absorption peaks.

RESULTS AND DISCUSSION

Undeuterated Polymer, |

Figure 1shows the spectrum of the main-chain protons in | prepared by
the first method, together with the spectra of the corresponding oxide and
sulfide polymers.
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The protons in lare labeled A, B, and C in anticipation of the later interpre-
tation of the spectra. The methyl doublets are centered on 8.44, 8.03,
8.87r, with *chhc = Q0, 0.2, 0.0 Hz for the sulfone, sulfide, and oxide

polymers, respectively. The order of chemical shifts for the methyl reso-

|
Fig. 1. 100 MHz NMR spectra of amorphous polymers of the type [CILCIHCfDX]:
(a) X = SO,, solvent DMSO-r4 at 100°C, polymer prepared by free radical copolymeriza-
tiou of propene and sulfur dioxide; (b) X = O, solvent CDC13at 30°C, data of Ramey
and Field;3 (c) X = S, solvent CCl4 at 20°C, polymer prepared by ZnCOs-initiated
polymerization of propene sulfide.
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nance, sulfone < sulfide < oxide, is as expected from the dipole moments of
the corresponding diethyl compounds (4.41, 15S, 1.14 D, respectively9.
The order for the main-chain protons, however, is sulfone < oxide < sulfide.
It should be noted that in all cases the methyl resonance consists of one
doublet only and is thus insensitive to the tacticity of the chain.

In the cases of the polysulfide and polysulfone there is a distinct separa-
tion of the spectrum of the main chain protons into a downfield part (two
protons) and an upheld part (one proton). The upheld part consists of a
single quartet in the case of the polvsulfide and of two quartets in the case
of the polysulfone. We will return to the analysis of the latter after con-
sidering the spectra of the deuterated polymers.

Deuterated Polymers, Il and 111

The spectrum of Il prepared by the first method (Fig. 2a) shows a
single peak for He at GOor. This falls in the downfield part
of the spectrum of I; therefore, as in the polysulfide, the methylene
protons in | must be nonequivalent, one having a chemical shift in the up-
held part of the spectrum and one in the downfield part. The single peak
for Hc in 11 shows that this resonance is insensitive to the tacticity of the
chain, as for the methyl resonance.

rD cd3oi rnh CH301 "d ch3ol
ged 7 gd— 1d g
B dod B b éd i1

The polysulfone 111 made from ci.s-propene-1,2d=>has a spectrum which
depends on the temperature of preparation (see Figs. 2b and 2c). Five
peaks are observed, three downfield, centered on 6.12t (group A) with in-
tensity ratio 1:2:1, and two upheld centered on G.47r (group B) with in-
tensity ratio 1:1. The overall intensity ratio (A:B) varies from about
1:4 when the polymer is made at —90°C to about 1:1 when the polymer
is made at 60°C. For the higher temperature the five lines are thus in the
intensity ratio 1:2:1:2:2.

Mechanism of Formation of Il

There is clearly a preferred mode of addition to propene-m'-1,2-(/2at low
temperatures. By comparison with analogous systems,Dsuch as the free
radically induced addition of HBr to cis- and (ra//s-2-bromobut-2-ene, 1l
we may assume that at low temperature the preferred mode of addition is
tram, leading to structure Hit. If the intermediate alkyl radical inverts
its configuration before the addition of sulfur dioxide, structure Ilie results
(apparent cis addition). Group B peaks, being predominant for polymer
made at low temperature, are thus to be identified with structure lilt, and
group A peaks with structure Ilie. The increasing proportion of cis addi-
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i i i
6.0 6.4 68 T

Fig. 2. 100 MHz spectra of (a) [CDZH(CD?3)S07; (b) [CDHCD(CH3)S07 prepared
at —80°C; (c) [CLHC'I)(CH3S07 prepared at 25°C.  Solvent DMSO-tfe at 60°C.
Assignment Ha C1130

fcclse
L

I
IlhHe O

tion at higher temperatures means that the inversion process must have a
higher activation energy than addition of sulfur dioxide.

The proposed mechanism is set out below, assuming that the intermediate
alkyl radical has a pyramidal structure. An exactly parallel mechanism
can be written down assuming a “planar” alkyl radical (i.e. with the three
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atoms joined to the carbon radical coplanar with the carbon atom);
the inversion process then consists of rotation through 180° about the
CHD—CD(CH3 bond.

Fischer projection formulae

0 D CHX

[ I O R |
R—S—C—C—§&

| I T I |
0 H D o

trans addition lilt (B group)

0 H CHX

R—S—C—C—&

1 11
0 D DO

cis addition Illc (A group)

It should be noted that compared with the overhead Xatta-Danusso12pro-
jection of the planar zigzag chain the positions of the substituents on
alternate main-chain atoms must be reversed in order to obtain the Fischer
projection formulae.

A stationary state treatment of the above mechanism, making the very
reasonable assumptions that /L= k2and k3 = /o4 leads to eq. (1), where
B/A denotes the total area under group B peaks divided by the total area
under group A peaks.

(*/*1)[SO1 = (B/A) - 1 )

As already noted, B/A tends to 1at high temperatures, in accordance with
the assumption that k\ = k2 Figure 3 shows a plot of the right-hand side
ofeq. (1) against reciprocal temperature for a series of experiments in which
the reactant composition was held constant at 1:1 propene:sulfur dioxide,
corresponding to an approximately constant value of [SO>] equal to 8.5
mole/l. In each case, B/A was determined from the average of five inte-
gral curves of the NMR spectrum. The errors (twice the standard devia-
tion of the mean) are indicated by the vertical lines. These are inevitably
largest at the extremes of temperature. From the slope, Ei —E3= 111 +

15 kJ/mole (2.7 = 0.4 kcal/mole) and from the intercept Az [S02]/A4 =
3 X 10-3 whence AFA1= 3 X 10~4l./mole. The activation energy of the
inversion process is not likely to be much greater than 3 kcal/mole so that
K3must be close to zero. Also if A\ « 10Bsec-1, /13 « 109 1/mole-sec.

Thus it seems likely that the addition of sulfur dioxide to the alkyl radical
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3.0 3.5 4.0 4.5 5.0 55
iodt (k)

Fig. 3. Arrhenius plot, of fet[S0Z/i;i.

is diffusion-controlled or nearly so. However, on the above evidence it
cannot be entirely ruled out that propagation proceeds via addition of 1:1
propene:S02complexes, although it can be said that if such complexes do
take part in the reaction they must add to alkyl-type radicals and not to
sulfonyl-type radicals since otherwise there would be no possibility for
isomerization of the intermediate radicals.

Although a preferred mode of addition (cis or trans) has been demon-
strated in the polymerization of several other /3-deuteratied monomers,
such as propene, 1213 acrylonitrile,4 methyl5 and isopropyl® acrylate,
methyl and ethyl methacrylate, 6the present system appears to be the first
in which this has been shown to occur in a homogeneous, free radically
initiated polymerization. It is likely that this would be found in other free-
radical polymerizations if they were investigated at low temperature.

Fine Structure of Spectrum of |11

We now turn to the question of the fine structure of the group A and
group B spectra in polymer Ill. Changing the preparation conditions
over wide limits had no effect on the relative intensities of the component
peaks within each group, for example, the following were without effect :
(@) temperature (—90° to 60°C); (b) propene:sulfur dioxide ratio (1:10
to 10:1); (c) addition of an excess of n-hexane. Also the conditions under
which the NMR spectrum was run were without effect on the relative
intensities.  Thus changing the temperature from —10 to 80°C or changing
the medium by the addition of an equal volume of CCh to DMSO-de, were
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without effect. It thus seems unlikely that the fine structure is in any
way ascribable to long-lived rotational isomeric states. The single
chemical shift for He also makes such an explanation unlikely. We con-
clude that the fine structure results from configurational effects. Whereas
in the polysulfide only the A protons are sensitive to configuration,7 with
the polysulfone both the A and the B protons are sensitive. Further-
more, whereas in the polysulfide the A protons showed only two distinct
chemical shifts, in the polysulfone the A protons show three distinct
chemical shifts.  (Actually in the polysulfide there are indications in some
cases of further fine structure7) It is clear therefore that we must, take
account of triad as well as dyad structures.

There areeight distinct triad structures which are set out below in skeleton
form. The four triad structures with a trans central unit are denoted by
ti, thi, thf and ts. There is one isotactic triad (i), one syndiotactic triad (s)
and two heterotactic triads (ht and hs), the subscripts i and s denoting the

Me H Me
thh P P ap p s o c PP ap P s—c—c— rh
1 1 1 |
Me Me 11 Me M e
Me 1 Me I\I/Ie Ate
I ! !
C—C—R—<c—c—RC0— -c—c—s—?—?-,g_Q_O_ G
Me H Me

dyad structure (enclosed by the box) from which the triad is derived,;
similarly for the four triad structures with a cis central unit.

The constant intensity ratios for the Ivans peaks (2:2) and the cis peaks
(1:2:1) show that all four structures are equally probably for both cis
and trans addition. This means that attack of the ItSCb radical on the
propene molecule must occur with equal facility from either side of the
plane of the molecule, i.e., if there is any interaction between the methyl
groups in the polymer chain and the methyl group in the approaching
propene molecule, isotactic and syndiotactic placements are equally
favored.
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The problem now is to assign the five peaks to the eight triad structures.
The two Irans peaks (B protons) presumably correspond to isotactic and
syndiotactic dyads so that we may bracket ti with thu and th, with Is.  We
cannot say, a priori, which peak corresponds to the isotactic dyads, since
the line ordering varies from polymer to polymer.7 We have seen that in
the polysulfide the downfield A proton is likely to correspond to the iso-
tactic dyad structure,7 but this will not necessarily be the order for the B
protons in the polysulfone. Further light can be thrown on the problem
by examining the spectrum of IV made by different methods.

Spectrum of Polymer 1V; Assignment of group B lines in Il

The spectra of the main-chain protons of IV made by three different
methods are shown in Figure 4.

E——C—sS
[ I |
LHBD 0

v

There are ten peaks, divided into a downfield group of six arising from the A
protons and an upfield group of four arising from the B protons. From the
spectrum of 11l and the interpretation already given we may expect that
the spectrum of IV will consist of four overlapping AB quartets cor-
responding to the triad structures i, h,, hs, and s, each quartet being ob-
tained by coupling one of the group A protons with one of the group B
protons in the spectrum of IIl. For the free radically initiated polymer
(Fig. 4a) we expect the four quartets to be of equal weight, but for the
other two (Figs. 46 and 4c) we may expect different degrees of bias towards
the isotactic triad and away from the syndiotactic triad.7

Numbering the peaks in the ten-line spectrum from 1to 10 (downfield
to upfield) we see that the intensities of lines 7 and 9 rise and fall together
and likewise for lines 8 and 10. Furthermore the separation of lines 7 and
9 and of lines S and 10 is 14 Hz, corresponding to the expected numerical
value of the geminal coupling constant J ab. Lines 7 and 9 are thus derived
from the downfield group B line in 111 and lines 8 and 10 from the upfield
group B line in I1l.  Now we have already seen that the polysulfide pre-
pared by CdCO3initiation is likely to contain a higher proportion of iso-
tactic structures compared with that prepared by ZnCO03initiation; in the
corresponding polysulfones, lines 7 and 9 are strongest for the polymer made
from the CdCO0g3initiated polysulfide. Hence we may assign the down-
field group B line to the isotactic dyad structure and the upfield group B
line to the syndiotactic dyad structure. This is the same order as for the
group A lines in the polysulfide.

The relative proportions of the isotactic and syndiotactic dyad struc-
tures, derived from the relative intensities of the 7, 8, 9, 10 lines (B pro-
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TABLE |
Proportions of Dyad Structures in Polysulfides and Polysulfones
of Propene-2-d]

From A components of From B components of
polysulfide spectra polysulfone spectra
Isotactic, Syndiotactic, Isotactic, Syndiotactic,
Catalyst o, 3 % %
CdCO.i 65 35 67 33
ZnCOs 52 48 57 43
Free radical — — 50 50

tons) in the polysulfone spectra, are in reasonable agreement with the rela-
tive proportions derived from the downfield lines (A protons) in the spectra
of the polysulfides,7as shown in Table I.

Assignment of group A lines in 111

There remains the question of the assignment of the three group A lines
to the four triad structures. Numbering the lines in the spectrum of 111
from 1to 5 (downfield to upheld) there are four possible ways of pairing
the three group A lines with the two group B lines, as shown in Table II.

TABLE 11
Possible Combinations P, Q, R, S, of Group A and Group B Lines
P Q R S
1,4 1,5 1,4 15
2,4 2,5 2,5 2,4
2,5 2,4 2,5 2,4
3,5 3.4 3,4 3,5

In principle it is possible to decide which combination is correct by com-
paring the experimental spectrum of IV with that calculated from the fre-
quencies of lines 1to 5in 111, and the coupling constant J ab = —14.0 Hz,
adjusting the relative proportions of the four triads to give the best ht.

The predicted line positions for the 10-line spectrum are unfortunately
very similar for all four combinations, the correlations being as shown in
Table 111.

TABLE 11
Possible Correlations between Peaks in Spectrum of 111 and Peaks in Spectrum of IV
5-line spectrum of 111 10-line spectrum of IV
1,4 14,79
1,5 — 1,4,8,10
2,4 2579
2,5 2,58,10
35 3,6,7.9

3,5 — 3,6,8,10
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Tickling experiments, which reveal the peaks forming part of a given
quartet, were unsuccessful because the lines were too broad. The choice
between combinations P, Q, R, and S of Table Il must therefore rest on a
comparison of intensities.

First we may note that in combination S, the double pair 2,4 will give
rise to lines 2, 5, 7, 9 in the 10-line spectrum of IV. Neither of the other
pairs, 1,5 and 3,5, in this combination will give rise to lines in the 2, 5, 7,
9 positions in the spectrum of 1V and we may therefore expect that, if
this combination is not to be excluded, lines 2 and 9 will be of equal in-
tensity; likewise for lines 5 and 7 (since an AB quartet has a symmetrical
intensity distribution). Inspection of Fig. 4 shows that this is clearly not
the case; compare for instance lines 5 and 7 in the bottom spectrum.
Similarly for combination R, lines 2 and 10 should be of equal intensity;
also lines 5and 8.  Again this is not so; compare for instance lines 5 and 8
in the bottom spectrum of Figure 4. We may thus rule out combinations
R and S, and it remains to cl 0 )se between P and Q.

The calculated intensities for each quartet are shown in Table IV.

The experimental intensities, determined by means of a Du Pont curve
resolver, are shown in Table V normalized to 100 for each complete spec-
trum.

The observed ratios of intensities of lines 7 and 9 (1.91, 2.15, 2.45) and
of lines 8 and 10 (1.67, 1.72, 1.80) for the three polymers (in the order listed
in Table V), do not compare very well with those calculated either for com-
bination P (2.40-2.11 for lines 7 and 9; 2.03-2.33 for lines 8 and 10) or for
combination Q (2.40-3.03 for lines 7 and 9; 1.86-2.03 for lines 8 and 10),
and for both combinations the trends are as expected only for one pair of
lines. This suggests that the individual intensities of lines 7, 8, 9, 10 in
Table V are subject to an error of the order of £ 1. This is not surprising,
since it is difficult to match the observed spectrum precisely by means of
the curve resolver.

With this limitation in mind, the proportions of the four quartets giving
the closest fit to the experimental intensities were determined by matching
successively to lines 6, 8, 5, 7 (combination P) or to lines 6, 7, 5, 8 (combi-
nation Q). For both combinations the best fit was obtained with propor-
tions corresponding closely to those expected from a one-parameter model.
Thus if the probability of an isotactic dyad placement is a, the proportions
of i, hi, li§ and s triads are €2 oI —a), (1 —a)cr, and (1 — <)2 respec-
tively. The appropriate weightings of the four quartets for each combina-
tion are indicated in footnote b of Table VI. As a final basis for at-
tempting to choose between combinations P and Q, a was adjusted to give
the smallest root-mean-square deviation from the observed intensities as
shown in Table VI.

For each of the three polymers, combination P gives marginally the
better fit, and the a values agree quite closely with those derived from the
polvsulfide spectra (Table I). The value 5 = 0.50 for the free radically
initiated polymer and the equal weighting of the four quartets is in ac-
cord with the spectrum of I11.
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6.06 6.12 6.19 6,43 651 r
ci th, ths
ch, cs chs ti ts
triads
dyads
CH,
ch2cdso2 —
r
i 6.04 6.18 6.38 6.52
b;  5.98 6.12 6.38 6.52

Fig. 5. Diagram showing the complete assignment of the five-line main-chain proton
spectrum of poly(propene-l,2-d2sulfone), and the relationship between the spectra of 111
and IV for the free radically initiated polymer.

Combination Q

60 6l 6.2 6.3 6.4 6.5

Fig. 6. Comparison of experimental 220 MHz spectrum for the free radically initiated
polymer IV, with that calculated from 100 M1lz spectrum assuming (a) combination P
(6) combination Q, and equal proportions of the four quartets.
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Assuming that combination P is correct, the assignment of the group A
lines in the spectrum of 111 can now be made. The most abundant quartet
in the spectrum of 1V prepared via CdCO3initiation is derived from lines 2
and 4 in the spectrum of 111 (see footnote to Table VI). These lines there-
fore contain the i triad.  Likewise, the least abundant quartet, derived from
lines 2 and 5, corresponds to the striad. Line 1is coupled with line 4 which
is therefore the httriad, and line 3 is coupled with line 5 which is therefore
the hs triad. The complete assignment is shown in Figure 5. (That
given previouslyBis incorrect.) It may be noted that if combination Q
were correct, the only effect on the assignment would be to interchange
the lit and hs lines. However, apart from the fact that combination P fits
the results somewhat better than combination Q, the former seems intrin-
sically more probable because of the more systematic pairings of the lines.
It may also be noted that with combination P the average line position for
isotactic dyads in group A (6.09r) is dowuifield from the average line posi-
tion for syndiotactic dyads in group A (G.155r). This difference is of
about the same magnitude and in the same direction as that for the group B
lines (O.0Sr). The difference is considerably larger than that observed for
the group A lines in the polysulfide (0.03r), presumably as a result of the
greater bond anisotropy of the sulfone groupsZ compared with the sulfide.

The 220 MHz Spectrum of IV

In an attempt further to confirm the interpretation outlined above we
have compared the calculated and experimental 220 .MHz spectra of the
free radically initiated polymer IV as shown in Figure 6. However,
discrimination between combinations P and Q can not be made on this
basis. It will be noticed that there is a greater degree of overlap in the
220 MHz spectrum than in the 100 MHz spectrum.

Interpretation of Spectrum of |

The B part of the spectrum of the undeuterated polymer, shown in
Figure la, can now be readily interpreted in terms of two quartets, derived
from w = 6.43 (isotactic dyad) and ro* = 6.51 (syndiotactic dyad). The
B lines lie at 6.34, 6.44, 6.49 and 6.59r and the B’ lines at 6.41, 6.51, 6.56
and 6.66r, the splitting constants in each case being Sab = 15 Hz, Skc =
10 Hz. As with the polysulfide,7 Sab is a little bigger than —Jab (14
Hz). By analogy with the polysulfide we may expect J bc to be about 0.5
Hz smaller than sw»c- Its magnitude indicates that the conformation
about the main-chain C—C bond is again predominantly tram. It has
also been shown that the preferred conformation about the central C—C
bond in 1,2-di-n-propylsulfonylethane is trails.B

We thank the Science Research Council for a postdoctoral fellowship to M. N.;
Air. R. Spratt for the 100 AlHz spectra, Dr. J. K. Becconsall for the 220 MHz spectrum,
and Dr. W. Cooper and Dr. F. A. Bovey for helpful discussions.
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Effects of Mercaptides on Anionic Polymerization. 1I.
Polymerization of Acrylonitrile Initiated
by Mercaptides*

TAKUJI HIRAHARA and YUJI MINOURA, Research Institute for
Atomic Energy, Osaka City University, Osaka, Japan

Synopsis

The polymerization of acrylonitrile by the several alkali metal mercaptides was in-
vestigated. The initiation reaction was found spectroscopically and by the sodium fusion
method to proceed in a Michael-like form similar to a cyanoethylation reaction. From
the results of the copolymerization of acrylonitrile and methyl methacrylate by the mer-
captides, it was found that the mercaptides behaved as the anionic initiators. The ef-
fects of the counterions on the rate of polymerization were found to increase with in-
creasing the electropositivities in the order of Li < Na < K. A negative overall activa-
tion energy was obtained, —2.2 kcal/mole, in the temperature region of —30°C to
+ 20°C. The catalytic reactivities of the mercaptides were smaller than those of the
corresponding oxygen analogs, except in the case of the phenyl substituent. Only in the
case of the phenyl substituent, thiophenoxide was found to be much more effective than
phenoxide, phenyl-SNa » phenyl-ONa. The catalytic reactivities of the various
sodium mercaptides were also determined to follow not only the basicities of the nucleo-
philes, but also the polarizabilities as follows: ieri-butyl-SNa » n-dodecyl-SNa >
phenyl-SNa > re-octyl-SNa > isopropyl-SNa > re-propyl-SNa > ethyl-SNa. The
enhanced reactivity of thiophenoxide in spite of the low pA',, value was attributed to
the higher polarizability based on the low a effect.

INTRODUCTION

Many studies concerning the catalytic activities of the anionic initiators
have been reported, and now in many cases catalytic activities of the anionic
initiators are thought to depend mainly on the basicities of the parent com-
pounds of the initiators.

Wooding and Higginson first examined the polymerization of acryloni-
trile, methyl methacrylate, styrene, and butadiene by the various organo-
sodium compounds.1

Morton and Grovenstein2 observed the order of reactivity for the initia-
tion of styrene polymerization by organo-sodium compounds.2 In this
case, relative reactivities were as follows:

* This work was presented at, (he annual meeting, Chemical Society of Japan, Tokyo,
April 1967, and at the 16th annual conference of the Society of Polymer Science Japan,
Fukuoka, October 1967.
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Am—Na > CEHECHNa > CHi=CHCHMNa > CH_>=CHNa > C&#H@Na

In still another series of polymerization reactions induced by organo-
metallic initiators with a different monomer, virtually the same reactivity
order was observed for the organic moiety.3

Zilkha and co-workers studied the polymerization of acrylonitrile by
several alkali metal aldoxides in a nonpolar medium,4-6 and reported that
catalytic activities were dependent on the basicity of the parent alcohol.
They also determined the relative reactivities of anionic initiators for the
polymerization of acrylonitrile, methyl methacrylate, and styrene in
A, A'-dimethy Iformamide at 0°C.7

Vogl studied the reactivity for the polymerization of n-butylaldehyde by
the various alkoxides8 and proposed three conditions important for the
initiator effectiveness: (1) sufficient solubility in the reaction medium;
(2) ability to add to the carbonyl double bond; (3) ability of the carbonyl
adduct to propagate polymerization.

From the initiation reaction, Hsieh determined the relative reactivities
of several organolithium compounds for the polymerization of butadiene,
isoprene, and styrene.9-11

Waack and Doran also reported on the polymerization of styrene by the
several organolithium compounds in tetrahydrofuran medium and de-
termined the reactivity order:2 butyl » benzyl « allyl > vinyl ~ phenyl.
They suggested that the order was not consistent with the basicity order.
Recently, they made progress further in their study of reactivity of anionic
initiators and classified in view of the styrene type of the organolithium
compounds:13 alkyl > benzyl > allyl > phenyl > vinyl > triphenylmethyl;
from the structure type, the order appears to be alkyl > charge delocalized
> sp2hybridized.

Hopff and co-workers, however, observed in their study of the anionic
polymerization of diethyl methylenemalonate by the several amines, that
catalytic activity of the amines for the monomer was completely unrelated
to with the basicities of the amines. 44

In this respect the studies of the additional activity of CH>=CHL.i to
1,1-diphenylethylene® and the order of additional reactivities of several
carbanions to 1,1-diphenylethylene® (benzyl-Li > i-PrLi > n-BuLi >
EtLi > PhLi) have resulted in useful contributions.

The order of the anionic initiators classified by Tsurutal and the study
of the activity of ionic initiators by KamioIBalso presented much available
suggestions.

The effects of the counterions on the initiator reactivity have been also
studied by many workers. In general, it is thought that the counterions
do not affect the ability to initiate the polymerization, though they affect
considerably influences on the rate of polymerization and the stereoregu-
larity of the polymer. For instance, the effects of the counterions on in-
itiator reactivity for a series of alkali and alkaline earth amides in the
polymerization of methyl methacrylate in liquid ammonia are shown by
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the following order:® KNH2 > NaNH2 > LiNH. > Ca(NH32 > Sr-
(NH22> Ba(NH22

In our previous paper, we reported the effects of several mercaptides on
the overall rate and the polymer tacticity in the butyllithium-initiated
polymerization of methyl methacrylate in toluene at —30°C, under condi-
tions in which the monomer did not polymerize with mercaptides alone.D

In this paper, the modes of polymerization of acrylonitrile catalyzed by
mercaptides having somewhat lower p/vavalues than the general anionic
initiators were studied, and the relative reactivities of the several mercap-
tides were determined. A comparison of the reactivities of the mercap-
tides with the oxygen analogs was also made. The factors that determine
the catalytic reactivities of the anionic initiators are also discussed.

EXPERIMENTAL

Reagents

Mercaptans. Commercially available products were distilled im-
mediately before use. The middle fractions, whose boiling points were
in good agreement with the values reported in the literature were used:2L
ethylmercaptan, bp 35°C; n-propylmercaptan, bp 67.0°C; isopropylmer-
captan, bp 52.5-53°C; ierf-butylmercaptan, bp 64.0°C; thiophenol, bp
86°C/5 mm Hg; n-octylmercaptan, bp 77-78°C/10 mm Hg; n-dodecyl-
mercaptan, bp2 111-112°C/3 mm Hg.

Tetrahydrofuran. A good grade of commercial ether was refluxed
overnight over sodium and then distilled. The middle fraction was re-
distilled immediately before use after refluxing over sodium and benzo-
phenone till dark blue color developed.Z

Diethyl Ether. Commercially available ether was repeatedly shaken
with dilute ferrous sulfate solution and then water. It was distilled over
sodium wire after drying over calcium chloride and refluxing with sodium
wire.

Acrylonitrile. Commercially available monomer was washed successively
with 10% sodium hydroxide solution to remove the inhibitor and then
water. The monomer was dried with anhydrous calcium chloride and
then distilled under argon; the middle fraction was collected and stored
in the dark. This fraction was freshly distilled immediately before use
over calcium hydride at 73-74°C under an argon atmosphere.

Mercaptides. Alkali metal mercaptides were prepared in a three-
necked flask equipped with a stirrer, an argon gas inlet and a condenser
protected by a calcium chloride tube, by the addition of corresponding
mercaptans to freshly cut sodium in dry ether as solvent, under an argon
atmosphere.  After refluxing and vigorous stirring for about 10-20 hr
the solvent was distilled off under a stream of argon.2¥%5 The mercap-
tides were stored under an argon atmosphere until used.
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Phenol. Commercially available product was distilled at 61.0°C
under a pressure of 9 mm Hg. Other alcohols used here were purified in
the same way described in our previous paper.D

Alkoxides. The alkoxides used in this paper were all prepared in the
same manner as the mercaptides.

Polymerization

The polymerizations were carried out in sealed glass tubes as described
in our earlier paper.'D In all experiments traces of moisture and air were
vigorously excluded.

Sulfur Analysis

The sulfur analysis in the lower molecular weight polymer obtained by
sodium thioplrenoxide initiator was accomplished qualitatively by the
sodium fusion method.B

Spectral Measurement

Ultraviolet spectra of the oligomer obtained were recorded on a Hitachi-
EPS-2 type spectrometer.

The measurements of infrared spectra were carried out on a Hitachi-
Perkin-Elmer 337 double-beam spectrometer over the region of 4000-600
cm-1.

RESULTS AND DISCUSSION

The addition reaction of the mercaptans to acrylonitrile is known to be
a cyanoethylation reaction. The mercaptans readily add to acrylonitrile
similarly to alcohols in a Michael-like form to yield /3-cyanoethyl sulfide,
as shown in eq. (1).2-30 The reaction is also known to proceed especially
easily under base-catalyzed conditions, even below 50°C.

Il—SH + CHZ=CH RSCPU—CH, ()
dy dy

In general, the reaction is often utilized advantageously for the quantita-
tive analysis of acrylonitrile by use of dodecyl mercaptan, which has espe-
cially high additional reactivity.3l

We extended this reaction to the polymerization of acrylonitrile using
alkali metal mercaptides. To confirm the initiation reaction of the poly-
merization, oily oligomer was obtained by using an excess of sodium thio-
phenoxide to acrylonitrile in diethyl ether solvent at a room temperature
in an argon atmosphere under a vigorous stirring.

The presence of phenyl nuclei in the low molecular weight polymer was
recognized by the ultraviolet and infrared spectra shown in Figures 1 and
2; sulfur included in the oligomer was qualitatively determined by the
sodium fusion method.

The copolymerization of acrylonitrile and methyl methacrylate cat-
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Fig. 1. Ultraviolet spectra of oily oligomers of AN obtained by sodium thiophenoxide
in THF solvent: (A) with phenyl-SNa catalyst; (B) with BuLi; (C) with Na metal,
[oligomer] = ca. 10-4 mole/1. in methanol at room temperature. The arrow denotes the
band due to «w—mu* transition of phenyl group.

Fig. 2. Infrared spectrum of oily oligomer of AN obtained with sodium thiophenoxide
in TIHF Solvent: (f) bands due to the phenyl group; (f) band due to a substantial
amount of cyclic /3-keto ester.3L

alyzed by sodium thiophenoxide was also investigated in Ar,A-dimethyl-
formamide medium at 0°C; results are presented in Table I.

From these results the initiation of polymerization of acrylonitrile by
the alkali metal mercaptides is concluded to proceed in a fashion similar to
the cyanoethylation reaction, seen in eg. (2).

/iAN
R—SNa + CH,=CH r--mrmmr > 11S—CH2—CHINa®\ +—>polymer  (2)

CN \ CN /

The polymerization of acrylonitrile by the mercaptides occurred in both
nonpolar solvents such as benzene and toluene and in polar solvents, such
as tetrahvdrofuran, dimethylformamide, dimethyl sulfoxide, dimethoxy-
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TABLE |
Copolvnierization of Acrylonitrile (AN) and Alethyl Methacrylate
(MMA) Initiated by Sodium Thiophenoxide in jV,iV'-Dimethylformamide
at 0°C, [AN] = 3.04 mole/l., [C&8H-SNa] = 2.40 X 10*“2mole/1.

AN in the
[MMA], mole/1. Conversion, % copolymer, mole-%
0.94 28.0 98.0
1.87 18.1) 98.0
4.87 8.1 >94*

Three replicates.

ethane, and diglyme, but in view of the low solubility of the mercaptides
and the polymer for some of these solvents, JV.AT'-dimethylformamide was
generally used.

The time-conversion curves obtained for the polymerization of acryloni-
trile initiated by sodium thiophenoxide in AMNiV'-dimethylformamide at
0°C are shown in Figure 3.

The initial rate of polymerization was found to follow a first-order de-
pendence on concentration of the mercaptide. The initial rate of poly-
merization was also found to follow a first-order dependence on the concen-
tration of monomer. The relationship between In ([M]0[M]) and the
polymerization time is shown in Figure 4, in which the first-order rate con-
stant, k = 2.05 X 10~2min., is obtained.

The ability to initiate the polymerization of acrylonitrile depended only
on the organic moiety for the alkali metals examined and was notaffected-
by the counterions, but the rate of polymerization increased with in

Fig. 3. Polymerization of acrylonitrile by sodium thiophenoxide at 0°C in DMF sol-
vent and at various phenyl-SNa concentrations and [AN] = 4.56 mole/1.: (O) [Phenyl-
SNa] = 8.0 X 10-» mole/l.; (<9 6.0 X K)“3mole/l.; (#)5.0X 10“3mole/l.; (€)4.0X
10-3 mole/1.
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Polymerization Time (min.)

Fig. 4. Relationship between In ([Mo]/[Al]) and polymerization time for AN poly-
merization by sodium thiophenoxide in DMF solvent at 0°C; [AN] = 453 rnole/l,;
[Phenyl-,SNa] = 6.0 X 10-3 mole/1.

Fig. 5. Effect of counterions on reactivity of thiophenoxide for AN polymerization in
DMF solventat 0°C: (3)K; (O)Na; (©) Li. [AN] = 4.56 mole/1.; [thiophenoxide]
= 6.0 X 10~3mole/1.

creasing electropositivity of the counterions in the order, Li < Na < K,
as shown in Figure 5.

Interestingly, when tetrahydrofuran was used ns a solvent, however,
lithium salt did not initiate the polymerization at a low concentration of
the salt ([phenyl-SLi] <1.5 X 10-2 mole/1.) but at a higher concentration
([phenyl-SLi] >2.0 X 10~2mole/1.), the ability to initiate the polymeriza-
tion of the monomer increased rapidly, as shown in Figure 6.

In the cases of potassium and sodium salts, such phenomena were not
observed.
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Fig. 6. Effect of counterions on rate of polymerization in THF solvent at 0°C: (O)
phenyl-SK; (0) phenyl-SNa; (©) phenjd-SLi. [AN] = 3.04 mole/1.

Fig. 7. Relationship between rate of polymerization and temperature for polymeriza-
tion of AN by phenyl-SNa in DMF solvent in temperature region of —30°C to +20°C;
[AN] = 4.56 mole/1.; [phenyl-SNa] = 6.0 X 10-3mole/1.

Organolithium compounds such as butyllithium and ethyllithium are
well known to form association complexes in tetrahydrofuran.33-3%

The results stated above suggest the presence of such association phe-
nomena also for the lithium thiophenoxide in the solvent, and formation
of relatively stable associates at a low concentration of the salt. The as-
sociates formed in the process were not further studied. The polymeriza-
tion of acrylonitrile initiated by sodium thiophenoxide was carried out
in the temperature region of +20 to —30°C in dimethylformamide; the
Arrhenius plot is shown in Figure 7.
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The rate of polymerization increased with decreasing temperature in
the range studied. From the plot, an apparently negative activation en-
ergy, —2.2 kcal/mole, was obtained. No polymerization occurred, how-
ever, at —7S°C under otherwise parallel conditions.

It is quite reasonable, therefore, to assume the presence of an optimum
temperature for the polymerization of acrylonitrile by the mercaptides
between —30 and —78°C.  Generally, when a negative activation energy
is observed, the potential-energy barrier for any elementary process can-
not be negative. The negative activation energy, therefore, indicates
some complexity of the polymerization process. The reasons for the phe-
nomenon are fully discussed by Shimomura and co-workers.3 They sug-
gested that at least three possibilities should be considered. The hypothesis
most probable in view of other findings is as follows.¥

One of the reagents, A, forms a mixture of two species, that is A" and
A", which coexist in a rapidly established equilibrium. The overall re-
action is determined, therefore, by two simultaneous reactions

A'+ B k* 3)

A"+ B—C 4
in conjugation with the equilibrium

Ko
A TAT )

The above rearrangement may or may not involve solvent. The apparent
rate constant Ilcof such reaction is given by

k=yk + (1- yk" ©)
= k'/Q1 + K9 + Kk"/(1 + Kb )

where y and (1 —7) represent, respectively, the fractions of A' and A" at
equilibrium.
For Ic « k" and for a not too small Ks, this approximates to

k= KJc"/(I + K9 ®)

An apparent negative activation energy is observed if AHs is negative and
E" sufficiently low.

They also proposed a second hypothesis supporting the first: The rate
of an ionic reaction depends significantly on solvent, and a large change
may be observed when the condition is modified. Temperature affects
the properties of solvents, and the transition states of the polymerization
become progressively more solvated as the temperature is lowered. An
increase in the degree of solvation of the transition states results in a
gradual lowering of the potential-energy barrier. The enhanced reactivity
at low temperature is, thus, attributed to the presence of a highly reactive,
thermodynamically distinct species, the proportion of which increases with
decreasing polymerization temperature.
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Fig. 8. Relative reactivity of thiophenoxide to phenoxide for acrylonitrile polymeriza-
tionin DMF solventat 0°C: (O) phenyl-SNa, (») phenyl-ONa. [AN] = 4.56 mole/1.;
[Catalyst] = 8.0 X 10~3mole/1.

It would be reasonable to assume the presence of different types of active
sites, that is, a solvent-separated ion pair and a contact ion-pair species
also, for the polymerization of acrylonitrile initiated by the mercaptides in
dimethylformamide.

A comparison of the relative reactivities of the mercaptides with the
corresponding oxygen analogs were made. In general, the alkoxides were
found to be much more effective than the corresponding mercaptides, and
when the alkoxide or phenoxide was used, almost explosive polymeriza-
tion occurred under the conditions given in Figure 8.

In the case of the phenyl substituent, however, the mercaptide was much
more effective than the phenoxide, as shown in Figure 8.

In general the additional reactivities of the nucleophiles are determined
according to the following conditions:38 (a) basicity of the nucleophile,
(b) polarizability of the nucleophile, (c) a-effect.

Nucleophiles having higher additional reactivities form a large amount
of active species in the initiation reaction, and thus the reactivity in the
polymerization is enhanced. The pKa values of the alcohols are much
higher than those of the corresponding mercaptans. In the cases of alkyl
substituents only the inductive effect influences the polarizability, and the
G—0 bounds of the alkoxides consist of 2piv-2pir interaction; on the other
hand, the C—S bonds of the mercaptides are 2pir-"pir, which is unstable
compared to 2pv~2pir interaction. The C—S bonds are thus more polariz-
able than the corresponding C—0 bonds.® As can be seen from the refrac-
tive indices nD, however, the difference between them in the polarizability
is only slight, in spite of the large difference in the p/i,, values; for example,
for CH&H, pKa 10.50 (in IIT), at 20°C),H nDD 1.4311;4 for C.H,OH,
p/val8 (in HA, at 20°C),2nD01.36.8

The relative reactivity is, therefore, determined nearly by the p/vavalues
only. In the case of the phenyl substituent, however, a-effect must be
also considered. The negative charge on the oxygen of the phenoxide is
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Fig. 9. Relative reactivities of several mercaptides for AN polymerization in DMF
solvent at 0°C: (A) iert-Bu-SNa (©); (B) n-dodeeyl-SNa (9); (C) pheuyl-SNa (©);
(D) ra-octyl-SNa (C); (E) isopropyl-SNa (¢); (F) n-propyl-SNa (©); (G) ethyl-SNa (®).
[AN] = 4.56 mole/P; [mercaptide] = 6.0 X 10-8mole/l.

well known to mesomerize with the lone pairs on the phenyl nuclei as shown
ineq. (9):
©

On the other hand, the G—S bond of thiophenoxide is unstable compared
to the C—O0 bond, as already stated above. Therefore the negative charge
on sulfur can not strongly interact with the lone pairs on the phenyl nuclei
and thus the G—S bond is highly polarizable.

The highly enhanced reactivity of thiophenoxide compared to phen-
oxide is thus attributed to the high polarizability of the sulfur anion. The
comparison of the relative reactivities of thiophenoxide with phenoxide
is one of the most typical examples that does not depend on the pA'avalues
only.

The relative reactivities of the several sodium mercaptides for the poly-
merization of acrylonitrile in dimethylformamide at 0°C were also de-
termined.

As shown in Figure 9, the reactivity decreases in the order: ieri-butyl-
SNa = n-dodecyl-SNa > phenyl-SNa > n-octyl-SNa > isopropyl-SNa >
n-propyl-SNa > ethvl-SXa.

In the cases of the alkyl substituents the polarizabilities are determined
by the inductive effect. The order is, therefore, dependent both on the
pKavalues of the parent mercaptans and the polarizabilities, except in
the case of thiophenoxide.

The enhanced reactivity of thiophenoxide in spite of the low p7iavalue
is attributed to the high polarizability as may be seen from the low a-
effect as already stated above. Edwards#44btried to determine quantita-
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tively the effects of the basicity and the polarizability on the nucleophilic
reaction, and the following relationship was obtained when the steric
hindrance was neglected:

log (fcfoo) = ctEn + pH (10)

where (fcfc) denotes a relative (to water) rate or equilibrium constant and
Endenotes a nucleophilic constant characteristic of an electron donor and is
obtained from the electrode potentials; H is the relative basicity of the
donor to protons and is expressed as H = piva+ 1.74. a and (i are sub-
strate constants obtained experimentally. By extending the relationship
further, the relative reactivity of the anionic initiators could be quantita-
tively estimated. In the determination of the relative reactivity of the
anionic initiators, however, the effects of the association phenomena and
the steric hindrance must be also taken into consideration as was suggested
independently by Waack and StevesonBand Grovenstein and Wentworth®
in studies on addition of CHZCH>Li, and some carbanions to 1,1-di-
plienylethylene.
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Synthetic Thermally Reversible Gel Systems. VI
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Massachusetts 02139

Synopsis

Forming and conditioning thermally reversible aqueous gels of polyacrylylglycinamide
(PAG) at various temperatures has little effect on either the melting point (7',,,) of the
gels or the heat of crosslinking (AHc) except at temperatures where partial hydrolysis
can occur. This is added evidence that unlike with gelatin, crystallite formation does
not play a role in gel formation. For unfractioned PAG, the linear relationship between
the logarithm of molecular weight and \/T m predicted and observed for gelatin gels,
does not hold. With mixed gelatin-PAG gels, a gelatin/PAG ratio of >4 completely
inhibits the formation of a PAG gel network. At lower gelatin/PAG ratios, the PAG
network forms, and if gelatin is considered as an inert diluent, normal values for the
melting points and ATT/ for PAG gels are observed. At a gelatin/PAG ratio of 4, the
presence of PAG reduces the AHc for the gelatin gel by inhibiting the formation of as
large or as ordered crystallite crosslinks. To reconcile the problem of aggregation pre-
ceding gelation one can assume that M,, of an aggregate is a linear function of C2
If this is done, the same relationship which normally relates C with Tmis obtained. The
equilibrium swelling of PAG films in water at 25°C is markedly molecular weight-de-
pendent and can vary from below 5 to about 40 wt-% polymer at equilibrium. It has
been found that long-term dark storage of dry samples of PAG under ambient tempera-
ture conditions results in pronounced decreases in the intrinsic viscosities of their aqueous
solutions. It is speculated that this results from weak links, perhaps peroxy, in the
polymer backbone. The possible relationship of this phenomenon to the slow stage of
the viscosity deterioration of aqueous polyacrylamide solutions is pointed out. The
higher viscosity of low DP PAG in 2M NaCNS compared to HD and the larger per-
centage increase of n with increasing temperature in the latter, verify the greater sol-
vent power of 2M aqueous thiocyanate for PAG. At a concentration level of 3%, aque-
ous PAG solutions are almost Newtonian whereas at higher concentrations (5%), the
viscosity decreases appreciably with increasing rates of shear. The copolymerization
of AG with isopropylacrylamide has been studied and the somewhat unusual results dis-
cussed. Copolymers containing an AG mole fraction greater than 0.40 do not exhibit a
cloud point up to 100°C. If the isopropylacrylamide mole fraction approaches 0.60,
the solutions do not gel down to 0°C. This ability to prepare copolymers over a narrow
composition range that neither gel or undergo phase separation in the temperature
range 0-100°C is probably related to the random distribution of monomer units in the

copolymer backbone.

Some years ago we reported on the synthesisl of acrylyl (AG) and
methacrylylglycinamide (MG) whose homopolymers and many copolymers
yield thermally reversible aqueous gels. Subsequent papers in this
series dealt with the properties of polyacrylylglycinamide (PAG), its solu-
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tions and thermally reversible gels,2-4 and the persulfate-initiated poly-
merization kinetics of AG.5

In this paper we would like to discuss briefly a variety of different sub-
jects related to PAG. Aqueous gels of PAG were conditioned at different
temperatures and the effect of temperature on melting points and the
heat, of crosslinking, AH¢ determined. Mixed PAG-gelatin gels have been
studied in an attempt to obtain additional insight into gel structure. Some
high shear rheological measurements on aqueous PAG solutions and the
temperature dependence of the intrinsic viscosity in water and 2M NaCNS
are also reported. Observations have been made on the long-term storage
stability of PAG. In attempts to synthesize polymers whose solutions gel
on cooling and undergo phase separation on heating, X-isopropylacrvl-
amide-AG copolymers were prepared, evaluated, and a copolymer compo-
sition-temperature phase diagram constructed.

Aqueous PAG Gels

X-ray diffraction and other studies have shown that gelatin gels con-
tain crystallites6-8 and that these are probably related to the thermally
reversible crosslinks making up the gel network. Experimental values for
—AHc ranging from 50 to 220 kcal/mole of crosslinks9 confirm the com-
plex nature of the crosslinks and imply that numerous peptide groups are
involved in a single crosslink. Conditioning9gelatin gels at temperatures
not far below their melting point improves their perfection and both
raises the melting points and the values for —AHc. Thermodynamic
analysis3and a DTA measureable exothermic heat of gel reorganization
preceding gelatin gel fusion4 give added evidence that the crosslinks are
made up of small crystallites.

There are implications in the literature8that crystallinity is a requisite
for the phenomenon of thermally reversible gelation. We are not in ac-
cord with this idea. Equilibrium swelling and modulus measurements,3
values for —AH cof between 5and 12 kcal/mole2’3and the absence of DTA-
detectable fusion endotherms5 support our contention that aqueous ther-
mally reversible PAG gels are noncrystalline in nature.

To pursue this subject a little further, aqueous gels of PAG were pre-
pared, conditioned at different temperatures and the melting points mea-
sured. In the first experiment, aqueous solutions of five PAG samples (50
g/1.) of different molecular weights were cooled to 3°C and 15°C, held at
these temperatures for 18 hr and the gel melting points measured by the
method of Haas et al.2 These are recorded in Table I.

Unlike gelatin, the differences in melting points between gels conditioned
at 3 and 15°C are very small. If anything, the gels conditioned at the
higher temperature show somewhat lower fusion points which is opposite
to the expected direction if crystalline crosslinks are involved. If it is
assumed that some reasonably constant MwWM n ratio exists for these
five samples and log Mwis plotted against I/T, there is a drastic deviation
from linearity. The linearity of this relationship has been suggested by
Eldridge and Ferry and shown to hold for gelatin gels.9
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TABLE |
Melting Points of Aqueous PAG Gels

Melting point, °C

Sample Mn X 10-3 3°C conditioning 15°C conditioning
1 27.6 25.3 235
2 40.2 40.6 40.8
3 78.1 64.0 -
4 332.6 71.7 71.0
5 944.0 78.6 78.0

In the past we have been concerned with large variations in Huggins’ k'
values and suspect that this is related to various molecular weight dis-
tributions and extents of branching among the different PAG samples.
This may also be the reason for the nonlinearity of the log M-inverse
temperature plot. In a second experiment, gels of high DP PAG were
formed and conditioned at 5°C and at a much higher temperature, 50°C
for IShr. The melting point data are given in Table I1.

TABLE 11
Melting Points of Aqueous PAG Gels

Melting point, °C

Congu, ¢/1. 5°C conditioning 50°C conditioning
30 67.4 75.8
40 74.3 80.0
50 78.2 83.3
60 81.9 85.8
70 84.5 87.0
AH¢, kcal/mole -13.3 -15.8

From the usual log C versus 1/T plots,9values for Allcof —13.3 kcal/mole
and —15.8 kcal/mole are obtained for the gels conditioned at 5 and 50°C,
respectively. The value of —13.3 kcal/mole is within experimental error
of the normally observed range of —5 to —12 kcal/mole. In contrast
to the gels conditioned at 5°C, the gels conditioned at 50°C liberate am-
monia when treated in the cold with dilute alkali, showing that partial
hydrolysis has occurred during the 18-lir period at 50°C. We believe that
this accounts for the higher melting points, since we have previously shown2
that introduction of small amounts of acrylic acid into PAG by copoly-
merization raises the melting points of the aqueous gels. Here again, past
thermal history does not seem to have any major effect on gel properties;
this would not be the case if crystallite formation was involved. We do not
wish to imply that conditioning PAG gels at a temperature near the
melting point cannot result in a gel closer to equilibrium (lower free energy)
which would have a slightly larger number of reversible crosslinks per
unit volume of gel and consequently a slightly higher melting point.
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Aqueous PAG Gelatin Gels

Polyacrylylglycinaraide and gelatin are compatible in concentrated
aqueous solutions.1 With many gelatins, but not all, PAG is apparently
compatible even in dry film form. For the following experiments, a PAG
sample of [j] = 1.0 dl/g (2M NaCNS at 25°C) and Mnof 4.3 X 10° was
employed. An Atlantic gelatin having a Bloom of 225 and a pH = 4.00
was used. For the first experiment, weight percent mixtures of the two
polymers were prepared varying from 0% PAG to 0% gelatin. Solutions
of these mixtures were then made (50 g/1.), the solutions cooled to 21.2°C
and then stored at this temperature for IS hr. The melting points of the
resulting gels, determined as before, are recorded in Table 111

TABLE 111
Melting Points of Aqueous PAG-Gelafin Gels
Gelatin/PAG (w/w) PAG, g/l Melting point, °K

1/0 0 304.0
8/2 10 303.0
6/4 20 327.9 (54.9°C)
416 30 345.5
2/8 40 350.8
0/1 50 357.5

As the ratio of PAG to gelatin increases, the melting points of the mixed
gels are seen to increase. If gelatin is considered to be an inert diluent, a
AHcof —7.3 kcal/mole of crosslinks is obtained from the slope of a plot of
log [PAG] versus 1/T. This value is characteristic for aqueous PAG gels.
At a concentration of 10 g PAG/1. (gelatin/PAG ratio of 4), there appears
to be considerable interference by the gelatin with the PAG network, as
evidenced by the low melting point of 30°C. At higher PAG concentra-
tions, the noticeable network appears to revert to one of PAG since the
melting points are comparable to those of PAG gels in the absence of gela-
tin. There seems to be little interaction, reinforcement, or cocrystalliza-
tion of gelatin and PAG, since these might be expected to raise the melting
points of the gels at the low PAG end and also raise the value of —AHC
In a second experiment, for the same samples of PAG and gelatin used for
the data of Table Il1, heats of crosslinking were measured for gelatin gels
and for gelatin-PAG gels containing a gelatin/PAG ratio of 4. The gels
were quenched at 4°C and conditioned at this temperature for 18 hr. The
gel melting points are given in Table 1V.

A value for AHcof —80 kcal/mole falls within the range normally found
for gelatin gels. From the melting points of the gelatin-PAG gels, it is
seen that as long as the gelatin/PAG ratio is about 4, there are few PAG-
PAG interactions, regardless of the absolute amount of PAG present.
[Compare a melting point of 54.9°C (Table I11) with one of 31° (Table
IV) both at a PAG content of 20 g/1.] Although there is some scatter
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TABLE IV
Melting Points of Aqueous Gelatin and 4/1 Gelatin-PAG Gels
4/1
Melting point, Gelatin-PAG Melting point,
Gelatin concn, g/1. °K concn, g/1. °K
20 299..3 20 298.0
40 301.2 40 300.5
00 302.0 00 301.7
80 302.0 80 302.0
100 303.1 100 304.0 (31.0°C)
Allc kcal/mole --80 -62

in plots of log Cversus I/T for 20% PAG-gelatin gels, there is little doubt
that the value of —AHc for gelatin has been reduced. This is true
whether or not PAG is treated as an inert diluent in computing the values
of C. The lower value for —AH cis not totally unexpected and could result
from PAG impurities in the gelatin crystallite crosslink or from the inability
of gelatin to form as large or as perfect crystallite crosslinks in the presence
of PAG because of the lower mobility of the gelatin segments. We favor
the latter possibility, since the log C versus I/T plot shows a steeper slope
than expected solely from depressions of the gel melting points.

The large difference in melting points of the gelatin and PAG gels
discussed above which allow a study of mixed gels is probably ascribable to
differences in molecular weight of the polymers involved. From Table I,
a PAG gel (50 g¢/'l.) having an Mn of 27.6 X 103 has a melting point of
about 25°C. Gelatin gels having Mwhbetween 50 and 60 X 103at about
50 g¢/1. have similar melting points (see Table | of reference 9). Further-
more, by using the data of Eldridge and Ferry9to evaluate the constant in
their derived relationship for gelatin gels

log M,, = A/l,/10/i'7" + constant @

at a given gelatin concentration, it can be easily shown that gelatin gels
from high molecular weight gelatin should have melting points comparable
to those from PAG of similar molecular size.

Considering that gelatin and undoubtedly PAG also form aggregates
in solution and that it is these aggregates that link together later to give
the gel, it is somewhat confusing to consider gelation in terms of the
molecular weight of the molecularly dispersed polymeric specie. More im-
portant would be the molecular weight of the aggregate at the point of
incipient gelation or the molecular weight of the freed aggregate at the
moment the gel network is broken by raising the temperature. Eldridge
and Ferry state that at the gel point the relationship

fmd = C/2MW @

will hold. Flere, / is a coefficient, m¢) is the concentration of crosslinks in
moles per liter at the gel point, the fmci product is the concentration of
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noncyclic crosslinks at the gel point, and C is the concentration of polymer
(in gram per liter). Instead of Mw one can consider the aggregate mo-
lecular weight which must be a function of C2 (i.e., aC2. If this substitu-
tion is made, and the result combined with an equilibrium constant for the
binary association of free crosslinking loci, mt, one obtains

K = ©)
K = 1/2aCfmc @

Putting this expression in logarithmic form, differentiating with respect
to temperature, and combining the result with van’t Hoff’s law, yields

-A InC/dt = AHJRT1 6)

which is the same expression as that obtained by Eldridge and Ferry.
Like these authors, it is assumed that d In mt/dT and d \i\f/dT equal zero.
Although the difference in approach may seem trivial, it makes clear the
unimportance of the molecular weight of the totally dissociated species in
the derivation of expression (5) or its integrated form.

In the case of water-soluble polymers like PAG which dissolve if heat is
supplied but which form thermally reversible gels, the extent of equilib-
rium swelling in HA) at 25°C is very molecular weight-dependent.
This is illustrated by the data of Table V.

TABLE V
Equilibrium Swelling of PAG Films in ILO at 25°C

M (2M NaCNS,

25°C), dl/g Mn PAG, wt-% at equilibrium
0.31 5 X 10 5.2 (approx.)
0.64 1.9 X 105 19.7
2.50 2.7 X 106 36.0

Storage Stability and Rheology

We have found that dry samples of PAG stored at room temperature in
brown bottles for prolonged periods of time (1-3 years) can undergo sub-
stantial decreases in intrinsic viscosity. At present, the cause of this
deterioration is unknown. Although no germicidal reagent was present,
it seems unlikely that in the dry form the polymer would be subject to
attack by bacteria or fungi. Acrylamidel011 and AG2both undergo base-
catalyzed polymerizations which involve hydrogen transfer. This reac-
tion results in peptide groups in the polymer backbone which may be sub-
ject to hydrolytic or enzymatic attack. PAG prepared by radical initia-
tion,2 however, has been shown to yield only glycine upon hydrolysis,
and this implies the absence of backbone amide groups in these polymers.
Thermogravimetric analysis3 of PAG has shown decomposition to begin
at 260°C. However, when a sample of PAG was heated for 4 hr at 150°C
under vacuum,2 a decrease in the intrinsic viscosity in water from 4.05 to
2.60 was observed. It would seem therefore that there are a few weak
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links in the PAG backbone, perhaps, of the oxygen copolymer type,
—(M)*%—0—0—(M),,—, which undergo slow decomposition in the dry solid.
Oxygen copolymers, of course have been reported for vinyl acetatel3 and
other vinyl monomers.1415 The decrease in molecular weight of dry PAG
samples on storage may be related to the slow stage of the viscosity loss
of aqueous polyacrylamide solutions.6

The deterioration of PAG on storage has caused us to report some
erroneous viscosity measurements in paper 2 of this series (unpublished).
Therein we reported that intrinsic viscosities are lower in 2M NaCNS
than in HD. This is true only in the case of high molecular weight
PAG, where the presence of NaCNS breaks up soluble aggregates. For
PAG polymers of low DP, where aggregation in dilute solution is not a
problem, higher [17] values are obtained in 2M NaCNS because of expan-
sion of the random coil when intramolecular bonds are disrupted. This
is amply illustrated by the data of Table VI, which describes the prepara-

TABLE VI
Intrinsic Viscosities of PAG Homopolymers
HD 2M NaCNSs
Temp,
pie Preparation °C hi, dl/g k' M, dl/g k'
1 3gAG, 2TmlHA 25 0.153 0 0.310 0.9
4 ml isopropanol,
8 mg 35 0.184 0 — —
Ka 08;65°C, 2 hr 40 0.209 0 0.335 0.6
45 0.219 0 0.352 0.3
2 3 g AG, 30 ml HD, 25 6.2 0 2.5 0.9
1 ml isopropanol, 4
mg

KAOs; 65°C, 1hr

tion of two samples of PAG and the results of viscosity measurements
made shortly after polymer preparation. The polymers of Table VI were
isolated by precipitation into methanol and purified by reprecipitation
from water into methanol.

A larger percentage increase in the [I/]in IT/) with increasing temperature
and the higher viscosity (for sample 1) in the thiocyanate are added evi-
dence that thiocyanate solution is a somewhat better solvent for PAG than
IPO. The ngc for H>0 have zero slope in the range 25-45°C and hence
a Huggins ¥ value of approximately zero. For thiocyanate solutions,
the large decrease in ¥ with increasing temperature is also very unusual.
The effects of temperature on ¥ are generally not very marked except in
cases of polymer association which we do not believe is a factor with PAG
in thiocyanate solution.  (For stiff chain polymers, ¥ sometimes decreases
with increasing temperature, but this also seems inapplicable.)

The viscosity of aqueous PAG solutions was determined as a function of
shear at a temperature (81°C) considerably above the gel point and at
concentrations of 3 and 5 wt.-% PAG. A polymer having [7] = 0.93



3412 HAAS, MACDONALD, AND SCHULER

dl/g in 2M NaCNS at 25°C was used. Measurements were made on a
Hoake Rotovisko instrument with the use of the NY cup attachment.
The results are plotted in Figure 1. At the 3% concentration level, the
shear dependence of viscosity is small, but at 5% the PAG solution is
distinctly non-Newtonian, showing shear-thinning characteristics. Gelatin
solutions ranging from 1.9 to 16.6 g/100 ml, measured over the temperature
range 42-51°C and a pH range of 3.4-6.6 show viscosities which are vir-
tually independent of shear rate. T/

AG-Isopropylacrylamide Copolymers

Poly-1V-isopropylacrylamide is a polymer which is soluble in cold water
but which undergoes phase separationBwhen the temperature is raised to
about 31°C. Aqueous PAG solutions, of course, form thermally reversible
gels when the temperature is lowered below the gel point. We thought it
might be interesting to see if copolymers of the two monomers could be
produced which, in aqueous solution, gel on cooling and undergo phase
separation on heating.

iV-isopropylacrylamide (NIA) recrystallized from benzene-hexane and
having a melting point of 64°C was used. The copolymerizations with AG
described in Table VII were conducted at 25°C in sealed, evacuated glass
test tubes. All copolymerization tubes contained in addition to the
monomers, 16 ml of HD, 0.4 ml of isopropanol, and 5 mg of IGSa0g. Con-
versions to polymer ranged from 10 to 20%. Isolation and purification
methods varied with the particular copolymer, but involved either pre-
cipitation from water into methanol or acetone or the phase separation
from H2D with increasing temperature.

A plot of M 2versus m2is presented in Figure 2. The data are interesting.
The dotted curve would require values of approximately = 3and r2= 2
This means that NIA free radical prefers to add NIA monomer and that

TABLE VII
Copolymerization of NIA (Mi) and AG (M>)

Characteristics of
aqueous 10 wt-%
copolymer solution

Phase
Poly- separation Gelation
merization AG,g NIA, g M N, %b m2a temp, °C  temp, °C
A 1.000 2.648 0.250 13.85 0.139 35-36 None
B 1.000 1.639 0.350 15.21 0.273 62-63 None
C 1.500 2.153 0.381 15.63 0.316 67-69 None
D 1.000 1.078 0.450 15.91 0.343 98-99 (?) None
E 2.200 1.942 0.500 17.39 0.497 None 43

“M2 represents the mole fraction of monomer 2 (AG) in the monomer mixture; mz2is
(he mole fraction of monomer 2 in the copolymer.
bNitrogen analysis of the copolymers by Clark Microanalytical Lab., Urbana, 111
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Fig. 1. Shear dependence of viscosity of aqueous PAG solutions, 81°C.

AG free radical prefers to add AG monomer; the system is thus tending
toward independent but concurrent polymerization of the two monomers.
This is conceivable in a system of the AG-NIA type, where clustering in
solution of AG monomer might occur by hydrogen bonding and clustering
of NIA monomer (where hydrogen bonding is sterically hindered) by
hydrophobic interactions of the isopropyl groups. However, no totally
independent concurrent free-radical polymerizations are known and in fact
there are few if any systems for which it has been definitely established that
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Fig. 3. Phase diagram (0-100°C) for the system NIA-AG copolymers and water.

the ne2product is significantly greater than unity. Q and e values of 0.S1
and —0.46, respectively, for AG2and Q = 0.40 and e = +0.47 for NIAD
certainly would not lead to the experimental copolymerization data for
the AG-NIA system. We will leave this question in abeyance until more
expanded copolymerization data are available. For the time being and
for the discussion which follows we will assume the data are best approxi-
mated by a45° line (d = 1, r2= 1) which implies identical Q and e values
for each monomer and equivalent reactivities of each monomer for each
radical.

Solutions of the copolymers in water (10% by weight) were prepared, and
their ability to undergo phase separation by slowly raising the temperature
was investigated. Solutions of copolymers having a mole fraction of AG
of approximately 0.40 or more do not show a cloud point up to 100°C.
Similarly, it appears that when the mole fraction of NIA exceeds approxi-
mately 0.60, the solution will not gel down to 0°C. There is undoubtedly
a narrow range of copolymer composition in this region where neither phase
separation or gelation occurs between 0 and 100°C. Copolymer sample D is
essentially a sample having these characteristics. The solution does not
gel and it is a very borderline situation with regard to phase separation at
98-99°C. The phase diagram for 10 wt.-% solutions is illustrated in
Figure 3. The sol-gel line is dotted, since the gel melting points are
molecular weight-dependent. The ability to form copolymers which
neither gel or have cloud points probably is related to the highly random
placement of the two monomers in the copolymer backbone.

The authors wish to thank Mr. Paul Rubin for his help in carrying out a portion of the
experimental work.
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Viscous Flow and Structure of Linear Polymers

G. M. BARTENEV, Polymer Physics Research Laboratory, V. I. Lenin State
Pedagogical Institute, Moscow, U.S.S.R.

Synopsis

The viscosity of linear polymers obeys the logarithmic additivity rule. This is as-
sociated with the fact that the activation energy of the viscous flow within certain limits
of parameters changes does not depend on temperature, stress, molecular weight, and
content of active filler. The mechanism of viscous flow of linear polymers is associated
with the reversible destruction of an unstable supramolecular structure typical of the
polymers in the state of viscous flow. The effect of shear stress on the viscosity of linear
polymers does not obey the Eyring equation. It is supposed that the effect of shear
stress on viscosity is associated with the peculiar mechanism of the destruction of the
supramolecular structure. At higher rates of viscous flow of the polymer, the activa-
tion energy can decrease as a result of the deep destruction of the supramolecular struc-
ture. This is a reversible process, as after removal of stress the supramolecular struc-
ture slowly reverts to its original state.

The viscous flow of linear polymers is characterized by the following
distinctive properties: (1) high viscosity due to the high molecular weight
of the polymers; (2) independence of the temperature coefficient of viscosity
of molecular weight and stress; (3) a peculiar role of the stress high enough
to reduce viscosity during processing; (4) a peculiar role of high elastic
deformation occurring in viscous polymer flow.

Linear polymer melts having molecular weights greater than their
critical ones are systems with very pronounced properties of non-Newtonian
high-viscosity fluids. The viscosity of these systems is called structural
viscosity and depends on shear stress, decreasing with increasing stress.
The mechanism of viscous flow of the linear polymers considered below deals
mainly with a less studied aspect of this complicated phenomenon: the
effect of shear stress on viscous flow.

Rule of Logarithmic Additivity

From the investigations of Fox and Florylof the effect of temperature
and molecular weight on the viscosity of polyisobutylene as well as from the
investigations by Bartenev and co-workers2-6 of the effect of shear stress
and active fillers on the viscosity of rubbery polymers, it follows that all the
unbranched linear polymers having a molecular weight in excess of the criti-
cal one M cobey the rule of logarithmic additivity of viscosity:

logi] = log C + log I7(F) + log IAB) + log 7dAO + log (0
3117
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which can be expressed in a more concise form, where t-are dimensionless
functions of parameters T, P, M, and 4

V= CU(MVI(P)v,(M)Vi() )

where C is a constant characterizing the structure of polymer chains and
having the dimension of viscosity, T is the absolute temperature, P is the
shear stress, M is the mean molecular weight, and <pis the fraction volume of
active filter.

The temperature dependence of the polymer viscosity is well studied and
expressed by equation

m(T) = euwkT ©)

where k is the Boltzman constant, U is the activation energy of the polymer
viscous flow, which practically is the constant of the given polymer and
which does not depend on stress and molecular weight (contour length of
macromolecule). In aphysical sense, the independence of molecular weight
consists in the statistical independence of separate segments of a linear
macromolecule.

The form of the function rp(.P) and the mechanism of the dependence of
viscosity on shear stress are discussed below. In the case of linear poly-
mers,7for all M > M cthe function -3, isequal to

m(M) = (M/MJn @

where n = 3.5, The function 7®%) is expressed by a complex dependence
on the volume fraction of active filler ¢ but with small quantities of filler
(as much jis 10% by volume or p = 0.1)

1) = 1+ dip ©®

where the value of the dimensionless constant a depends on the behavior of
filler and polymer. The value a = 5-10 is most typical of linear rubbery
polymers.6 Further, the effect of fillers will not be considered, because this
problem is a subject of special consideration.

The rule of logarithmic additivity is applicable within a certain range of
changes of temperature, stress, and molecular weight. At higher tem-
peratures and stresses, deviations from this rule can take place because of
the transition towards “chemical” flow or to chemical destruction of a
polymer. The rule of logarithmic additivity means that when linear
polymers flow, temperature and stress effects on viscosity are independent of
each other. From this rule it follows, in particular, that the activation
molecular mechanism of flow expressed by the function 71(77j, does not
undergo any changes with changing stress and molecular weight.

Effect of Shear Stress on the Viscosity of Linear Polymers

The effect of shear on viscosity is of prime importance in polymer pro-
cessing, as the rheological properties determine the behavior of the material
in many processes. This is associated with the fact that the polymers,
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being anomalous viscous systems, are characterized by a much greater in-
crease of the shear rate with increasing stress than that resulting from the
Newtonian law of viscous flow. In other words, the function r{P) in eq.
(2), and, consequently, the viscosity r?essentially depends on shear stress.

It is observed that with lower molecular weights and higher temperatures
the dependence of viscosity on shear stress gradually disappears, i.e., a
transition to Newtonian flow with a constant viscosity is observed. Prac-
tically, this is realized in polymers having a molecular weight below the
critical one.  This simple case is not realized in polymers of high molecular
weights.

In our papersZ4dealing with polyisobutylene it was established that this
linear polymer is characterized by the following dependence of viscosity on
shear stress:

V = iice~ai 6)

where the shear stress P ~ 0, and Zand a are constants. Consequently,
1AP) = exp{—aP}, and with = 0, eq. (2) takes the form

u= C(M/MQnexp {(UKT) - aP] )

The analysis of the data given in previous papers89 on several linear
polymers leads to the conclusion that the linear high polymers obey eq. (6).
Consequently, Theologically, they may be classified into a special class of
polymers, as their properties are different from those of low molecular
polymers as well as linear branched polymers. For the former, a = 0, and
they are Newtonian fluids; for the latter, a is not constant.

As it is seen from the data given in Figures 1 and 2, not only polyiso-
butylene, but also other linear polymers obey to eq. (6) and are charac-
terized by the independence of a of temperature. The independence of

Fig. 1. Relations between the logarithm of viscosity and shear stress for natural rubber
at different temperatures: (i)50°C; (j8) 6()°C; (3) 80°C; (4) 100°C; (5) 120°C; (6)
140°C.
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Fig. 2. Relation between the logarithm of relative viscosity and shear stress: (1)
linear polyethylene with molecular weight of 92,000 in the temperature range 163-
274°C; (2) weakly branched polyethylene with molecular weight of 178,000 in the
temperature range 151~2640C;8 (d)natural rubber in the temperature range 50°-140°C;9
(4) polyisobutylene, with molecular weight of 900,000 in the temperature range of 20-
140°C.4 4

this constant of temperature can be illustrated by an example of the de-
pendence of the logarithm of viscosity on shear stress for natural rubber
(Fig. 1). The plot of these dependences is based on data given in a paper
of Saunders and Treloar.9 As it is seen, the experimental straight lines
are parallel for all temperatures from 50°C to 140°C.

Table I summarizes the critical molecular weight, according to Bueche,7
mean molecular weight, activation energy, constant a, and logarithm of
constant C for certain polymers. It is seen from this table that the

TABLE |
Rheological Constants of Several Linear Polymers
Critical
Molecular molecular
weight weight U, kcal/ log C
Polymer M Mc mole a, cm2kg  (poise)
Polyethylene
Linear 92,000 2,000 6.8 1.3 —5.1
Weakly branched 178,000 — 9.8 2.8 —
Strongly branched — — 12.9 Depends —
on stress
Natural rubber 200,000 17,000 8.1 2.8 -1.7
Polyisobutylene
Low molecular 60,000 17,000 13.4 2.0 —5.3

High molecular 900,000 17,000 134 5.5 —5.5
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constant a depends on the molecular weight and the structure of the poly-
mer chains. It must be expected that with M < Mc a = 0andn = 1
Therefore, for low molecular polymers, ecp (7) takes a more simple form

where the activation energy JJ will decrease when the molecular weight
approaches that typical of monomers.

Structure of Linear Polymers

It is known from papers by Kargin et al. that amorphous polymers are
characterized by a supramolecular structure.) Since the van der Waals
forces are responsible for molecular order in linear polymers, supramolecu-
lar structures in amorphous polymers must be weak and readily damaged by
the effect of heat motion and stress. The level of molecular order in a
linear polymer depends on temperature. The lower the temperature, the
more pronounced is the supramolecular structure. Near the glass
transition temperature, the forming of the polymer structure practically
ceases because of the loss of molecular mobility.

At high temperatures (in the state of viscous flow), ordered structures
become unstable and are readily destroyed, due to the lessening of molec-
ular interaction between polymer chains and to the increased intensity of
heat motion. Here, certain processes of molecule orientation appear to
continue, and temporary ordered microregions (“microbundles” or micro-
assembly or microblock) appear, instead of bundles whose length is much
greater than that of molecules. The former, by their nature, resemble re-
gions of short-range order in fluids but differ from them by higher stability
and greater order due to the fact that the chain segments in microblocks
are oriented primarily parallel to each other. The ordered microregions
comprise structures which undergo continuous destruction in one place
and formation in another place. The time of their life at high tempera-
tures is short compared to the time of observation, but is much longer
than that of the transition of free segments (not entering into micro-
blocks) from one equilibrium location to another. Within a sufficiently
long observation time, both the structure of the crystalline polymers
melts and the structure of the amorphous polymers at high temperatures
are accepted, on the average, as a structure of random chains. That
is why under certain test conditions, for example, in tests of the
thermodynamical (equilibrium) properties of network polymers, the model
of random chains remains valid.

In general, the structure of rubbery polymers can, in first approximation
to the real pattern, be represented as consisting of two regions: one, com-
prising free segments whose heat motion is quasi-independent; and another,
microblocks or a molecular-ordered structure having ordered microregions
of a fluctuating nature arranged throughout its entire volume.
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A redistribution of the number of segments between the ordered and dis-
ordered regions of the polymer takes place with changing temperature and
stress. The viscous flow of the linear polymer under the effect of stress
follows the pattern of continuous destruction and rearrangement of the
supramolecular structure. The greater the stress and the rate ol viscous
flow, the higher the rate and the degree of destruction.

Different Mechanisms of Non-Newtonian Flow

For a simple system comprising one type of kinetic unit, Eyring1l pro-
posed the equation

V(P) ~ V() 5, &

where the parameter 2 = P /KT is the magnitude proportional directly to
shear stress and to volume element w accounted for by one Kkinetic unit of
flow, and inversely proportional to absolute temperature; 7(0) is the vis-
cosity at shear stress P approaching zero (*zero” viscosity). It depends
on molecular weight and is a function of temperature

3(0) = AeudkT ©)

Within the range of low shear stresses the viscosity becomes Newtonian,
asatz« 1,Shz= z and i = 3(0).

Physically, the mechanism of the effect of shear stress on viscosity con-
sists, according to Eyring, in the fact that the activation energy in the
non-Newtonian region decreases with increasing shear stress, from a cer-
tain law.

From egs. (8) and (9) it follows that at high stresses (z» 1) the structural
viscosity obeys to equation

V(P) » Aexp {((/,, - wP)/KT} (10)

where Uo —gP = U is an activation energy depending Qllshear stress, and
is the volume of a kinetic unit that can, for different systems, be an atom,
a molecule, a colloid particle, or a segment of a macromolecule.

The Eyring mechanism of non-Newtonian flow does not presuppose any
changes in the system structure at the transition from rest to flow; there-
fore the structural parameters A and UQin the process of flow are considered
to be constant.

The shear stress or the rate of shear deformation can not only decrease
the activation energy (from the Eyring mechanism), but also lead to a
distraction of the structure and to a decrease in the viscosity, and the higher
the rate of the flow, the greater the degree of destruction and the lower
the viscosity. The processes of structure destruction appear to be pro-
nounced in thixotropic dispersion systems. These systems are studied in
most detail by Rehbinder and his colleagues.12-15

If the supramolecular structure of the polymer is destroyed, then, con-
trary to the Eyring mechanism, it should be taken into account that the
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“zero” activation energy UOin eg. (10) is not constant but changes at the
transition from rest to flow.

The structure of any system is always rearranged during flow. In the
case of the Eyring mechanism, the structure as a whole remains the same
(original) during the process of rearrangement, and, therefore, after re-
moval of the stress, the system practically regains instantly its original
structure and physical properties. In the case of the Rehbinder mecha-
nism, the structure changes, and its recovery time, after removal of stress,
will be the thixotropic recovery time. The structure will be different
immediately after removal of stress, approaching only gradually the original
one. From the standpoint of thixotropy the Eyring mechanism can be
observed in its pure form in a system which has a thixotropic recovery
time equal to zero. In the other extreme case, when this time is very
long, we deal with systems which are incapable of regaining their structure
after its destruction.

Two common mechanisms of structural destruction are observed: energy-
based and entropy-based. This classification in understandable, if we
proceed from the general equation of viscosity proposed by Eyring:11'D

, = A®~s/keu/kT (11)

where S is the entropy of the activation and U is the activation energy of
the flow process.

The first mechanism applies to the case when the activation energy
changes along with the change of the structure, while the entropy of acti-
vation practically remains unchanged. This mechanism is typical of the
dispersion structures. The second mechanism applies to the case when the
entropy of the activation changes along with the change of the structure,
with the activation energy being unchanged. This mechanism is typical
of linear polymers.

In the case of the entropy mechanism the entropy increases as a result
of the transition from an ordered to a random structure in the process of
the destruction of the supramolecular structures. In particular, let us
suppose a linear dependence,

>=¢oT bP
we obtain
m= B exp {(UKT) - aP\ (12)

where B = Aoce &Aand a —bl/k.
The viscosity of the linear polymers obeys well the empirical equation
(7). Asitisseen, this equation coincides with eq. (12).

Flow Mechanism of Linear Polymers

The flow of the linear polymer can be presented as a result of the rear-
rangement of the supramolecular structure under the effect of heat motion
and external loads. Even in the absence of external loads the system ap-
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Fig. 3. Temperature dependences of the viscosity of polyisobutylene at different shear
stresses, according to the authors’ data: (1)0; (2) 0.17 kg/cm2 (3) 0.31 kg/cm2; (4)
0.52 kg/cm?2); (5) 0.73 kg/cm2

pears to have interior processes of destruction and formation of local
ordered microregions. A certain concentration of elements of the supra-
molecular structure corresponds to each temperature.

The entropy mechanism of the structural viscosity of linear polymers has
been proposed and expounded.23 The molecular nature of the mechanism
is as follows. During flow, the supramolecular structure of the polymer
undergoes destruction reversibly, and it is greater, the higher the shear
stress. The destruction of the structure occurs so that the polymer chain
segments, which are elements of supramolecular structures (microblocks),
break away one at a time. The activation energy of the transition of the

R *sfleml

Fig. 4. Invariance of the activation energy of the viscous flow: (1) polyisobutylene
in the stress range of 0.005-1.1 kg/cm2 and at a rate of deformation from 10~6 to
10sec_1; (2) linear polyethylene in the stress range of 0-1.5 kg/cm2and a rate of defor-
mation from 0 to 1600 sec*“1
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segments to the free state is therefore equal to that of polymer flow.
The separation of segments from microblocks occurs due to the effect of
heat motion, whereas the stress is not great enough to have a substantial
effect on the breaking away of segments. Therefore the activation energy
must be constant in a certain range of stresses.

The probability of the reverse process, i.e., transition of segments from
the free state to the ordered one, depends on the stress value and decreases
with increasing shear stress, as the latter readily carries away the sepa-
rated segments and, thereby, hinders the reverse process or adhesion of free
segments to microblocks. As a result the average number of free segments
increases with increasing stress, and the viscosity decreases.

Thus, the shear stress results in the indirect rather than direct destruc-
tion of the supramolecular structure, as the effect of the stress appears to
diminish the probability of the recovery of the structure. The activation
energy does not depend on stress, because it is determined not by the
average number of elements of the supramolecular structure, but by their
nature. Hence, it follows that the stress has effect not on the energy, but
on the entropy of the activation during flow.

The temperature dependence of the viscosity of polyisobut3dene at
different shear stresses (Fig. 3) can, experimentally, bear out the indepen-
dence of the activation energy of stress. In Figure 3 the slope of all the
straight lines is the same.

The invariance of the activation energy of the viscous flow of polyiso-
butylene and the melting of linear polyethylene in the range of low stresses
is seen from Figure 4. For polyethylene the activation energy is calcu-
lated from data obtained by Shott and Kaghan.8

It is natural to expect that at higher rates of viscous flow incident to the
full destruction of the supramolecular structure, the activation energy will,
with increasing shear stress, decrease to a level characteristic of the heat
motion of frefe segments. This phenomenon was observed by the authors
for divinyl rubber (Fig. 5). We observed, in a certain range of stresses,
two states of the polymer: one with a mildly disrupted and another with a
heavily disrupted supramolecular structure. The former state is charac-
terized by an activation energy of viscous flow equal to 5.6 kcal/mole, and
the latter by an activation energy of 2 kcal/mole.

Let us return now to eq. (10) in connection with the experimental data
given. By comparing the experimental data it is easy to conclude that
eq. (10) does not cover the observed decrease of the viscosity (Fig. 2), as
the activation energy does not change (Fig. 4). The cause of this may be
understood, on the basis of numerical calculations.

It is known that one segment of rubbery polymer macromolecules con-
sists of 30-40 carbon atoms in the main valence chain, which corresponds to
the length of a chain segment of 35-50 A. As the distance between the
chains in a polymer is about 5 A, the volume of one segment is 0.9 X 10-21-
12 X 10~2 cm3 The substitution of the segment volume (@ = 102
cm3, which is typical of the polymers, into eq. (10) indicates that this
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Fig. 5. Effect of shear stress on the value of the activation energy of ihe viscous flow of
divinyl rubber.

Fig. 6. Dependences of the viscosity of polyisobutylene at 80°C (Igtw = 8.8) on shear
stress, as calculated: (/) from the authors’ eq. (fl), at a = 5.5 cm2kg; (2) from the
Eyring equation (8) ata = 10_2lcm3and f/o = 13.4 kcal/mole.

equation does not at till yield any decrease of the viscosity within the stress
range under investigation (Fig. 6). It turns out that z « 1and t)(P) =
y(0). A decrease of the viscosity, according to eg. (10), will occur, but at
much greater stresses being far beyond the limits of stresses. This result
substantiates that the Eyring mechanism does not explain the dependence
of the polymer viscosity on stress.

It will be very much to the point to note that this conclusion does not
touch the diffusion-segmental mechanism of the polymer flow, also pro-
posed by Eyring.

In order that the general diffusion-segmental Eyring mechanism of
viscous flow will agree with the flow mechanism associated with the
destruction of the supramolecular structure, it should be borne in mind
that the destruction and formation of supramolecular structure elements
in rubbery polymers in the region of viscous flow proceeds by breaking
away or by adhesion of separate segments of linear macromolecules,
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Photosensitization of Vinyl Polymerization
by Uranyl lons

K. VEXKATARAO and M. SANTAPPA, Department of Physical
Chemistry, University of Madras, Madras 25, India

Synopsis

Monomer acrylamide was used as quencher of uranyl ion fluorescence and Stern-
Volmer plots were constructed at three monochromatic wavelengths of exciting radiation.
The results indicated that the reaction between excited uranyl ion and monomer is one
of energy transfer. The rate parameters kp/kU 1and kd'/ki were calculated from the
polymerization kinetics at high monomer concentrations. A general mechanism for the
photopolymerization of vinyl monomers sensitized by uranyl ions is proposed and dis-
cussed.

Introduction

Uranyl ion has been used as a photooxidantland a photoinitiator of vinyl
polymerization.2 AWk reported earlier results of photoreduction of uranyl
ions by aliphatic alcohols and aldehydes3and of photosensitized polymer-
ization of acrylamide and methacrylamide by uranyl ions (paper I in this
series).4 We have also studied the quenching of uranyl ion fluorescence by
aliphatic alcohols and aldehydes6 and concluded that the quenching of
fluorescence and electron-transfer reaction were one and the same. It was
believed that a study of quenching of uranyl ion fluorescence by monomers
would solve the problem of the nature of the primary process in the photo-
initiation of polymerization by uranyl ions. As a typical case, acrylamide
was used as the quencher of uranyl ion fluorescence. The studies revealed
that the primary process is indeed an energy-transfer reaction. Further
studies on the polymerization kinetics at high monomer concentrations
gave a method for calculating kp'k,- and  .'/y for acrylamide. A de-
tailed mechanism for the kinetics of photoinitiation of polymerization by
uranyl ion is given and discussed.

Experimental

The chemicals used were purified as described in our earlier paper,3and
the photochemical arrangement along with the reaction cell was also
described earlier.6 The fluorescence quenching studies were made in the
same manner as described for the organic reducing agents in our earlier
paper.6 The photopolymerization of acrylamide sensitized by uranyl ions

3129
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at high monomer concentrations (0.1-1.0il/) was done with low light inten-
sities at A = 436 m/i and 365 m/x. Diffuse daylight was scrupulously
avoided during the experiments.

Results and Discussion

Fluorescence quenching studies were made with 0.01M uranyl per-
chlorate, 0.1/1/ perchloric acid, and acrylamide (10 410“W) at three
monochromatic wavelengths of light (436 nyu, 405 nm/x, and 365 myx). The
Stern-Yolmer plot is linear (Fig. 1) and from the slope and intercept, the
value of kjika + %) = 717 was calculated. This indicates that under the
experimental conditions with monomer concentrations T O.lil/, the fluo-
rescence of uranyl ions is quenched up to 98%. Hence, if the primary
reaction between excited uranyl ion and the monomer molecule is an elec-

Fig. 1. Stern-Yolmer plot for the quenching of uranyl ion fluorescence by acrylamide.
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tron-transfer reaction, the rate of initiation should be independent of
monomer concentration, and the rate of polymerization Rv should be pro-
portional to [M]. However, our previous studies4 clearly indicated that
the rate of initiation is proportional to [AI)Y and Rp is proportional to
[All32 This, along with the fact that no reduction of U°+ to U4+ was
observed in the reaction mixture,4supports the energy-transfer mechanism
proposed by us earlier. Further, it may be seen that, though there is a
weak complex formation between uranyl ion and the monomer acrylamide
(indicated by the increasing absorbancy of the reaction mixture with in-
creasing [M]), it has no influence over the primary reaction step. Taking
into account all these facts, the following improved mechanism is suggested
for’the photopolymerization of acrylamide by uranyl ions, the system being
at a constant pH = 10.

U02++ + hvdeU02++* )
UO-. ++* —ld’\ Uo2++ + A 2
1?70, ++*— > UQa++ + hv' 3)
U02++* + A|—ki U02++ + M* )
M+ M ®

M* Al + A 6)

Ri+ A R2 @)

lir-l + M-A- Rr ©®

Rr+ R, -Z- Pr+ Ps ©)

Here Rris the polymer chain radical with chain length r and T\ is the poly-
mer with chain length r. The above mechanism assumes that the reaction
between U02++* and monomer gives an excited monomer molecule through
energy transfer, which reacts with another monomer molecule to give two
free radicals [step (5)]. The visible spectrum of uranyl ion in the region
360-500 m/r, was attributed to the excitation from a ground singlet to lowest
triplet states, by De Jaeger and Govers7 (3cQum 12 ]+®, Vilvp*- and
32u 1z +») Krongauz8observed that in the photosensitized polymer-
ization of methyl methacrylate participation of monomer triplet in the
initiation reaction with triplet state energy level between 2.2 and 2.5 eV
(495-500 mg) was possible. Methyl methacrylate was also found to quench
the fluorescence of uranyl ions similar to acrylamide. It may therefore be
assumed that with acrylamide also there is a probability of transfer of ex-
citation energy from uranyl ion triplets to monomer triplet to produce an
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excited monomer molecule. More information with regard to the exact
nature of the excited monomer triplet and its reaction with another mono-
mer molecule cannot be gained from our fluorescence or Kinetic studies
alone, though it may be supposed that M* is in the form of a transient di-
radicai (because of the spin uncoupling of a t bond) which extracts an elec-
tron from another monomer molecule to produce two monoradical ions
whose charges may be neutralized by counterions in the solution. From
the mechanism proposed above, expressions for rate of polymerization R,,

easily follow:
V2 kX A MM

Ktk fka + M

(10)

[ Acvjjiamided m.0'1

Fig. 2. Plot of A[M]7F2Pvs. [M]: (h.) = 365 myu, intensity = 1.26 X 10-7 Nhv/\. sec;
(B) — 436 mp, intensity = 1.148 X 10“8Nhv/1 sec.
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(H)

(12)

Since the absorbancy of the reaction mixture increases with increasing [i\l ]
(0.1-1.0 M), the k6values were computed independently for each [Al] used.
At high [AL], /cJAIljy/tj2 was plotted against [Al] (Fig. 2). From the
slope and intercept values, kp'k, 2and kd'/ki values were calculated. The
values are for 436 mp, kwk?h = 2.096, k//kt = 2.46; for 365 mp, kg'kth
= 2.123; ka'/lki = 2.538. These kv kth values agree very well with those
given by Natarajan and Santappa.9 The effect of H+ ion on Rv can still
be explained by the formation of monomer cations :

M + H+ A AlH+ (13)

Our thanks are due to the C.S.1.R., New Delhi for providing a Senior Research Fellow-
ship to one of us (K. V. It.) during the tenure of which this work was carried out.
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Copolymerization of Styrene and Butadiene in
Emulsion. 1. Composition of the Latex Particles

G. M. BURNETT, G. G. CAMERON, and P. L. THORAT,
Department of Chemistry, University of Aberdeen,
Old Aberdeen, Scotland

Synopsis

The composition of the latex particles during intervals | and il of the emulsion poly-
merization of styrene and butadiene (initial weight ratio 71 parts butadiene:29 parts
styrene) has been determined at 5, 15, and 25°C. The monomer content of the latex
particles diminishes linearly with conversion. The composition ratio (weight styrene:
weight butadiene inside the particles divided by weight styrene: weight butadiene in the
binary phase) also decreases with conversion, the decrease being particularly marked
as the end of interval 11 is approached. It is shown that the assumptions embodied in the
theory of Medvedev et al. are incorrect. The results are compared with the recent theo-
ries of Gardon.

INTRODUCTION

The progress of most emulsion polymerizations can be differentiated into
three distinct intervals. During interval I, active latex particles are formed
which provide the sites for propagation. In interval Il no new latex par-
ticles are formed, and the system comprises three phases: monomer drop-
lets which contain free monomer and act as reservoirs, latex particles in
which polymerization proceeds, and the aqueous phase. The end of inter-
val 11 and the beginning of interval 111 coincide with the disappearance of
the monomer droplets, and at this point the remaining free monomer is all
dissolved in the latex particles. An important assumption of the well-
known Smith-Ewart theorylis that during interval Il the monomer:poly-
mer ratio in the latex particles is virtually constant. It has been shown
that for some systems this assumption is not strictly correct, although Gar-
don2has recently pointed out that it is a good approximation. (Most of the
experimental work relevant to this theory has been concerned with homo-
polymerizations; there is very little information in the literature on varia-
tions with conversion of the monomer and polymer composition of the latex
particles for copolymerizations.

The work described in this paper was aimed at clarifying this situation in
the case of the commercially important SBR system (initial monomer
weight ratio 71 parts butadiene:29 parts styrene). The results provide a
practical test of Garden’s2 predictions regarding the composition of the
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latex particles in binary emulsion copolymerizations. They are also a
necessary precursor to the studies of cross-linking described in Part Il of
this work.3

When two monomers are present, there are immediate problems in ana-
lyzing the contents of the latex particles, particularly when one monomer, in
this case butadiene, is volatile. For this reason a circuitous method of de-
termining the free butadiene was adopted. This method requires prior
knowledge of the reactivity ratios for the copolymerization; the results ob-
tained are dependent to some extent on the values chosen for these param-
eters.

EXPERIMENTAL

Polymerization

The bottle polymerization method was adopted with a standard 1500-
type SBIt reciped as shown in Table 1. Freshly distilled monomers were
used, the butadiene being added in excess and the surplus vented off in a
stream of oxygen-free nitrogen. This procedure also removed the air from
the bottles. Polymerizations were carried out in a thermostatted water
tank. The bottles were rotated end-over-end at 35 rpm. Conversions
were determined by the syringe-solids method.

Determination of Styrene:Polymer Ratio in Latex Particles

In these experiments the polymerization was first short-stopped by ad-
mitting oxygen. The bottle contents were then divided into two portions

TABLE |
Recipe for Emulsion Copolymerization of Styrene and Butadiene*
Level, phm*
Butadiene 71
Styrene 29
p-Alenthane hydroperoxide (initiator)b 0.0(3
¢erf-Dodecyl mercaptan (TDM-modifier) Variable
Emulsifier
Water 200
Disproportionated rosin acid soap
(Dresinate 214) 5.0
Trisodium phosphate dodecahydrate
(buffer) 0.5
Secondary emulsifier (Orotan) 0.1
Activatorb
Ferrous sulfate heptahydrate 0.02
EDTA (complexing agent) 0.03
Sodium formaldehyde sulfoxylate 0.05

“Figures refer to parts per hundred parts of monomer by weight.

bThe initiator (1) and activator (A) levels in the above recipe are half those in the
standard recipe and are referred to as I/A level of 50/50. Similarly 25/25 refers to half
of the above quantities.
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one of which was used to determine the conversion. The other portion was
poured into a 50-ml polypropylene centrifuge tube fitted with a metal cap
and spun at 5000 g for 3min at 0 £ 1°C in a temperature-controlled centri-
fuge. This operation was carried out as quickly as possible. The emulsion
separated into two layers, the upper layer containing monomer from the
droplets and the lower aqueous layer containing the latex particles, soap
etc.

The aqueous layer was removed by hypodermic syringe via the base of the
tube. A weighed portion was dissolved in 250 ml of a benzene-isopropanol
mixture (80:20 by volume). This solution was then analyzed for styrene
spectrophotometrically by using a Beckmann instrument at 2825 m/n
Beer’s law was valid for this system, and substances other than styrene did
not interfere in the measurements. The polymer content of the sample was
determined by evaporating a portion of this solution to dryness in a vacuum
oven, a correction being applied for the solids such as soap etc. from the
original recipe. A satisfactory alternative procedure for the polymer es-
timation was to evaporate the benzene-isopropanol solution to a small
volume and to precipitate the polymer in excess isopropanol. Agreement
between the two methods was excellent. During the centrifugation no
attempt was made to estimate the butadiene. However, the butadiene
loss was kept to a minimum to guard against disruption of the latex, and
while the quantitative retention of the butadiene was impossible, the losses
prior to and during centrifugation were small.

It was found that no polymer could be obtained from the upper monomer
layer, confirming that all the polymer was in aqueous portion and that none
was formed in the monomer droplets.

Copolymer Composition

The styrene content of the copolymers was determined spectrophoto-
metrically at 262 m/i in chloroform by the method of Meehan.5 The frac-
tion x of styrene in the copolymer is given by
(Eg —Eb)/(Es —Eb)

0.462 Ec - 0.0185
in which Ec, Es, and EB are the specific extinction coefficients of the co-

polymer, pure polystyrene, and pure polybutadiene, respectively. The
butadiene content was found by difference.

X

RESULTS

The weight ratios of styrene :polymer in the latex particles at 5, 15, and
25°C are plotted in Figure 1, which shows that at a given conversion this
ratio increases with increasing polymerization temperature, and at a given
temperature decreases with increasing conversion.

The variation of cumulative copolymer composition with temperature
and conversion is shown in Figure 2. Temperature variation within the
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Kig. 1 Weight ratio of monomeric styrene to polymer in the latex particles as a function
of conversion.

%Conversion

Fig. 2. Styrene in the copolymer as a function of conversion: [O) 5°C; (A) 15°C;
(H) 25°C.

present range has a comparatively minor effect on composition, but an in-
crease in temperature lowers slightly the styrene content of the polymer
formed initially.6 As has been previously observed,4the styrene content
increases slowly with conversion at first but much more rapidly beyond 60%
conversion. In the present context the incremental copolymer composi-
tion is more important than the average or cumulative composition. The
incremental and cumulative composition are linked by the equation of
Wall:7

m

i = 9\ +w dw (i)

where [d] is the weight average property, in this case composition, as a
function of conversion, W.  The incremental composition [q] is calculated
by applying eg. (1) to the smoothed curves in Figure 1 The results of this
operation are shown in Figure 3. It is noticeable that the cumulative and
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Fig- 3. Incremental content of styrene in the copolymer as a function of conversion.

incremental compositions diverge as polymerizations proceeds. Thus at
100% polymerization the average copolymer composition is the same as the
initial feed (29% styrene), while the final increment formed contains over
40% styrene.

DISCUSSION
The copolymer composition equation is

dMi _ [Mr] (ngMrj/IM.;]) + 1)
dMi - [M2]\ ([Mr]/[Ms]) + r2/

where ri and r2are the reactivity ratios of monomers 1and 2 (styrene and
butadiene, respectively), [Mi]/[Mg] the molar feed ratio of monomers, and
dMi/dM2 the monomer ratio in the increment of copolymer formed.
Therefore knowing n and r2and the incremental composition of the co-
polymer as a function of conversion, as in Figure 3, the molar feed ratio of
the monomers in the latex particles as a function of conversion can be cal-
culated.

Ideally n and r2should be the “true” values applicable to bulk homo-
geneous polymerization, since the situation in the latex particles approxi-
mates to a micro-bulk copolymerization. Reactivity ratios from emulsion
copolymerization based upon overall monomer composition are not neces-
sarily the same as the “true” values, except at very low conversions, since
the overall free monomer ratio may not correspond to that within the grow-
ing particles. Unfortunately, there are few reliable data on bulk copoly-
merization in the literature, and in many cases where an emulsion system
has been employed the conversion is not stated explicitly. The reactivity
ratios used in the present calculations were obtained by interpolation of the
data referred to by Orr and Williams.6 These are likely to be the most re-
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liable and form a straight line plot of log r versus I/T. The interpolated
values of i\ and r2 respectively, at 5 15 and 25°C are: 0.440, 1.400;
0.476, 1.413; and 0.490, 1.420. The temperature dependence of reactivity
ratios is small. The incremental monomer feed ratios [Mi]/[Ah] in the
latex particles were calculated using the above reactivity ratios and the in-
cremental copolymer composition curves in Figure 3. The monomer feed
ratio together with the styrene :polymer ratios from the smoothed curves
in Figure 1, yield the ratio of total weight of monomers:total weight of
polymer in the latex particles during the course of the polymerization.
The data from these calculations are shown in Figure 4, which also includes

Fig. 4. Weight ratio of total free monomer to polymer in the latex particles as a func-
tion of conversion: (—) weight ratio if all free monomers were present in latex particles
throughout polymerization.

the theoretical curve that would result if all the unpolymerized monomers
were located within the latex particles. The points of intersection of the
extrapolated polymer curves therefore indicate the conversion at which
the monomer droplets disappear, i.e., the end of interval Il of the poly-
merization.  This point is reached between 55 and 65% conversion, in good
agreement with previous results.8 Figure 4 also suggests that the end of
interval Il occurs at a lower conversion as the temperature is increased.
The monomer:polymer ratio decreases continuously during interval Il in
agreement with the prediction of Gardon.2 The decrease corresponds to a
decrease in the volume fraction of the monomer of approximately 20 to
30%. Bearing in mind that part of this decrease is probably attributable
to progressive crosslinking of the polymer in the latex particles with in-
creasing conversion,2 these figures are in reasonable agreement with Gar-
don’s suggested maximum of 25%.2

From the data just discussed it is a simple step to calculate the monomer
ratio in the monomer droplets and compare this with the corresponding
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figure within the latex particles, to obtain the composition ratio K, given
by:
(styrene:butadiene in latex particles)
(styrene:butadiene outside latex particles)

The variation of K with conversion at the three temperatures is shown in
Figure 5. At zero conversion, K should be close to unity. The small de-
viations from unity shown in Figure 5 are not significant and result from
errors in extrapolating the curves in Figure 2 to zero conversion and, to a
smaller extent, from uncertainties in the reactivity ratios. The most sig-
nificant feature of these curves is the steady decrease in K with conversion
and the much more rapid drop as the end of interval 11 is approached. This
is more clearly seen in the 25°C curve and arises from the more rapid loss
of butadiene from the monomer droplets and their relative enrichment in
styrene. Thus at 50% conversion at 25°G the weight ratio of styrene:bu-
tadiene in the monomer droplets is 2.17, while the corresponding ratio
within the latex particles is 0.49. Our results, particularly at 25°C, do not
agree entirely with Gardon’s prediction that K should not vary by more
than about 40% during intervals | and II, unless the last 15% of conver-
sion in this interval is neglected. Beyond about 40% conversion, the fac-
tor which most influences variations in K in our calculations is the sty-
rene: polymer ratio from Figure 1. Differences in copolymer composition
and reactivity ratios with temperature play a comparatively minor role.
Thus, the dotted curve in Figure 5 was calculated by using the reactivity
ratios and the polymer composition curve corresponding to experiments at
15°C and the styrene:polymer curve for 25°C. It may be that under the
conditions of our experiments diffusion effects do play a part, while in this
respect, Gardon’s calculations apply to an idealized system.

In their theory of emulsion polymerization, Medvedev et al.9 Dassumed
that all the unconverted monomer is absorbed into the latex particles from

Fig. 5. Composition ratio K — wt. styrene: wt. butadiene in particles/wt. styrene: wt.
butadiene in binary phase as a function of conversion: (—) from reactivity ratio and
composition at 15°C and_styrene:polymer curve at 25°C.
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the beginning of the reliction, that the surface area between the latex par-
ticles and the aqueous phase is constant throughout the reaction and that
the rate of polymerization is controlled by diffusion of monomer to the sur-
face of the particles. In his recent series of papers, Gardon has criticized
these assumptions2 on the grounds that they would hold only if the latex
particles absorbed very large quantities of monomer. Indeed, below 10%
conversion a swell ratio larger than ten would be required and from both
practical and theoretical considerations this is highly improbable. The
swell ratios of the latex particles obtained in the present work never ex-
ceeded three, even below 10% conversion. This futher substantiates Gar-
don’s view that Medvedev’s assumptions are unrealistic.

We are indebted to the International Institute of Synthetic Rubber Producers for a
generous grant in support of this work.
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Copolymerization of Styrene and Butadiene in
Emulsion. Il. Relative Rates of Crosslinking
and Propagation

G. M. BURNETT, G. G. CAMERON, and P. L. THORAT, Department of
Chemistry, University of Aberdeen, Old Aberdeen, Scotland

Synopsis

For the styrene-butadiene emulsion copolymerization (71 parts butadiene:29 parts
styrene) the ratio of the rate coefficients for crosslinking, kx, and propagation, kp, have
been determined at 5, 15, and 25°C by using an adaption of the method of Morton and
co-workers. These ratios yield a value of 4.85 kcal mole for the difference in activation
energy between crosslinking and propagation, Ex — Ep. Since the relative frequency of
crosslinking and propagation depends upon the copolymer composition, and hence upon
the free monomer ratio and the temperature, the range of application of these data is
more limited than in a simple homopolymerization.

INTRODUCTION

The kinetics of crosslinking and propagation reactions during the poly-
merization of a diene have been derived by Flory,1who showed that the
relative rates of crosslinking and propagation are given by

dv/da = 2{kzkv)[a/(L - a)] = 2K[a/(l - a)] @)

where v is the proportion of crosslinked units, a the fractional conversion,
and kx and kp the rate coefficients for crosslinking and propagation, re-
spectively. Morton and co-workers2-3have adapted eq. (1) to homopoly-
merizations of dienes in emulsion where the ratio [a/(I —a)] is replaced
by the polymer:monomer ratio in the latex particles. By using Bardwell
and Winkler’s relationship4to calculate weight-average degree of polymeri-
zation, Yw, of the primary polymer chains at the gel point, Morton and co-
workers were able to determine the difference between the energies of
activation for crosslinking and propagation, Ex — Ep. With this infor-
mation it is possible to calculate K, the relative crosslinking rate constant,
at any temperature and thus obtain a value for Ywat the gel point, i.e., the
weight-average degree of polymerization required for gelation. In the
commercial polymerization of dienes where gelation is undesirable this
knowledge is of considerable value.

In the present paper Morton’s approach is extended to cover the co-
polymerization of styrene and butadiene. The appearance of a second
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monomer, however, poses serious problems. For example the term [a/
(1 —a)] ineg. (1) has to be replaced by [o&d (1 —a)] where dibd repre-
sents the fraction of copolymerized monomers which is butadiene. Also
the rate coefficients kPand kz are now composite quantities, since there are
several propagation steps, as in any copolymerization, and at least two
crosslinking steps. The frequency with which these various steps occur is
dependent upon the relative monomer concentrations, and since concen-
trations vary with conversion a further limitation is imposed. Fortu-
nately, in the case of the styrene-butadiene emulsion system, the com-
position of the copolymer and hence the monomer ratio at the locus of
polymerization, i.e., within the latex particles, do not vary greatly until
beyond about 50% conversion of monomer to polymer.

Thus, the object of the work reported here was to evaluate K for the
styrene-butadiene copolymerization (71 parts butadiene:29 parts styrene
by weight) at the temperatures 5, 15, and 25°C. For this purpose the
data on polymer:monomer ratio in the latex described in Part | of this
work6 were employed, and additional experiments were conducted to
determine the mercaptan regulating index and the gel point conversions.

EXPERIMENTAL

Polymerizations

The basic recipe, the bottle polymerization and sampling techniques
were as described in Part 1.8 In order to reduce the risk of anomalies due
to large variations in rates at the three temperatures, the initiator/activator
levels (I/A) were adjusted to give approximately the same rates of poly-
merization—about 10%/hr. At 5, 15, and 25°C the I/A levels (see Part
I, Table I) required to achieve this rate were 50/50, 25/25, and 16/16,
respectively.

Mercaptan Analysis

The residual mercaptan [terf-dodecyl mercaptan (TDM)] in the latex
was determined by amperometric titration with silver nitrate using a
mercuric iodide cell, of the type described by Morton and Salatiello,2 as
emf source.

Vistex Determination

The gel points were determined by measuring the limiting viscosity
number, [7], by the Vistex technique. A 1-1.5 ml portion of latex was
dissolved in 100 ml of benzene-isopropanol mixture (80:20 by volume of
Analar grade solvents). Viscosities were measured at .30°C in a sus-
pended-level dilution viscometer. Successive dilutions were made with
pure benzene and ] was obtained from these data by the standard pro-
cedure.6 As observed by Morton and Salatiello2there was a sharp change
in slope of the Vistex plot (In i\Fc versus c) beyond the gel point. The
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values of ;7] obtained from the Vistex plots agreed closely with values
obtained from conventional viscometry on the purified dried polymer.
RESULTS AND DISCUSSION

Rates of Polymerization

The conversion versus time plots for the polymerizations with an I/A
level of £>0/50 are shown in Figure 1- At 0°C the curve is close to linear

Fig. 1. Conversion of monomers vs. time: (0) 5°; (A) 15°; (0) 25°C. /A level at
50/50 of standard recipe.5

T

Fig. 2. Arrhenius plot of zero-order rates of polymerization from Fig. 1.
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Fig. 3. Mercaptan disappearance curves: (a) 5°C, | A = 50/50, initial TDM 0.22
phm; (6) 15°C, I/A = 25/25, initial TDA1 0.22 plim; (c)25°C, I/A = 16/16, initial
TDM 0.22 phm.

over the complete conversion range studied. At 25°C, by contrast, there
is an abrupt decrease in rate around N0% conversion. From the slopes of
the approximately linear parts of the curves in Figure 1, the Arrhenius
plot in Figure 2 was constructed and gave an overall energy of activation
for the process of 10.3 kcal/mole. From the rates of polymerization at 5
and 15°C with I/A at 25/25, the energy of activation was 10.6 kcal/mole.
These values agree quite well with the figure 9.7 kcal/mole obtained by
Brown and Winkler7for a similar redox system.

Mercaptan Disappearance

Figure 3 shows the disappearance curves for TDM at the three tempera-
tures. Up to about 50% conversion the disappearance is first-order, in
line with previous observations. From the slopes of the lines in Figure 3
the regulating indices were calculated. The regulating index r is related
to the mercaptan content by the relationship

r = (2.303/a) log (Ro/Ri) 2)

where Rnis the initial mercaptan concentration and Ri the concentration at
conversion a.  In this manner the values of r for TDM were 4.14, 3.6S, and
3.20 at 5, 15, and 25°C, respectively. The value of r at 5°C agrees closely
with that quoted by Duck.8 An Arrhenius plot for the regulating indices
(Figure 4) gives a value of 2.1 kcal/mole, which represents the difference in
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Fig. 4. Arrhenius plot of regulating index for TDM from Fig. 3.

activation energies for propagation and transfer, E,, —Etr. This figure
agrees well with the literature value of 2.0 kcal/mole at 30°C.9 These
data provide values of r at any temperature for this system, but it is
undesirable to extrapolate much beyond the temperature limits of this
study, since it is known9that Ev —E tr can change at higher temperatures,
presumably due to loss of mercaptan bv reactions other than transfer.

Determination of Gel Point

In order to apply Bardwell and Winkler’s equations to calculate F,, of
the primary chains at the gel point two conditions must be satisfied: (a)
the calculations must be applied at conversions within the first-order part
of the mercaptan disappearance curves, and (b) transfer with mercaptan
must be the predominant process controlling primary chain length.

The first condition is satisfied simply by adjusting the TDM levels to
give a gel point below d0% conversion. In the present work it was

% CONVERSION

Fig, &= Limiting viscosity number [ij] from Vistex determinations as a function of conver-
sion At 5°C and TDM 0.04 phm; (O) I/A = 50/50; (0) /A = 16/16.
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Fi°\ 6. Limiting viscosity number [jj] from Vistex determinations as a function of conver-
sion at 15°C, TDM 0.051 phm, I/A = 25/25.

Fig. 7. Limiting viscosity number [4] from Vistex determinations as a function of conver-
sion at 25°C, TDM 0.0647 phm, I/A = 16/16.

found that TDM levels of 0.040, 0.051, and 0.065 phm at 5, 15, and 25°C,
respectively, gave gel points at 36-39% conversion. Curves showing
limiting viscosity number (from Vistex determinations) as a function of
conversion under the above conditions are shown in Figures 5, 6, and 7.
The gel point conversions were taken from the maxima in the curves in
the usual way.

To satisfy the second condition it has to be shown that termination of
macroradicals by initiator radicals is a relatively infrequent process.
This was done in two ways. In the first approach two runs at 5°C were
conducted with TDM levels of 0.040 phm in each but in one case the I/A
level was 50/50 and in the other it was 16/16. If primary radical termina-
tion is significant, then the degree of polymerization and the viscosity
of the products from the second run should be much higher than from the
first. It can be seen from Figure 5 that up to the gel point the limiting
viscosity numbers lie very close together and that the gel points are the
same within experimental error. In the second approach the viscosity-
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average molecular weights M,, calculated on the basis of Bardwell and
Winkler’s theory were compared with the experimental values of Mv.
According to Bardwell and Winkler,4in a system in which transfer with
mercaptan is the predominant process controlling primary chain length, the
weight-average degree of polymerization, Ywis given by

Yw= 2(era - 1)/ar*R0 3

where a, r, and R>have their previous significance, and Yv is related to
Ywhby

Yv = (1.85/2.00) Yw o

Values of Yvcalculated from egs. (3) and (4) for runs at 5 and 25°C are
shown in Table I. Experimental values of Y,, were calculated from the

TABLE 1
Viscosity-Average Degrees of Polymerization of Primary Chains Yv
Yv
From
mercaptan
consumption
Tempera- Conver- [eas. (3)
ture, °C I/A level TDM, phm  sion, % Observed and (4)]
5 50/50 0.04 20 7269 5450
5 50/50 0.04 30 9138 7044
5 50/50 0.04 35 10247 8000
25 16/16 0.065 20 6514 4025
25 16/16 0.065 30 8600 4827
25 16/16 0.065 35 9970 5235

values of [9] (from the Vistex measurements) by using the relationshipD
[if] = 1-80 X 10~4(65 F,)0® ®)

where the figure 65 represents the average molecular weight of the struc-
tural unit of the copolymer up to 40% conversion. Experimental values
of Y,, are also shown in Table I. In all cases the experimental value of Yv
is greater than the calculated value. This situation is strong evidence
against non-mercaptan termination. If termination by primary radicals
had been significant there should have been a large discrepancy in the other
direction. The measured values of Yvare somewhat higher than the pri-
mary values, since the latter do not take account of the crosslinking.2-3
The conclusion that non-mercaptan termination is insignificant in the
present redox system does not agree with Brown and Winkler’s findings.7
It is worth pointing out that the recipe used in the present work differed
from that employed by Brown and Winkler, who used cumene hydro-
peroxide as initiator, a mixture of tertiary mercaptans as modifier, and
dextrose as reducing agent. Also, in the present work the I/A levels,
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particularly at higher temperatures, were much lower than those used by
Brown and Winkler. This last point is probably the main contributing
factor to the differences between the two reports.

Calculation of the Relative Crosslinking Rate Constant

From the data presented in Part | of this work the ratio of copolymerized
butadiene:total free monomer in the latex particles was calculated. This
ratio was a function of conversion and fitted an equation of the form:

«warca —a) = A + Ba2
where A and B are constants at a fixed temperature (Table 11). It

TABLE 1l
Variation of Ratio [aim/A — a)] (Moles of Copolymerized
Butadiene:Moles of Total Free Monomers in Latex Particles)
with Temperature and Conversion

A and X in \aiw/(1 —a)] = A + Bali

Tempcrature, °C A B
b) 0.6743 2.346
15 0.6200 2.271
25 0.5504 1.000

follows that for this system eq. (1) should be modified to

ga = "2K[A + BaZ] (ti)
At the gel point v/a = p = \/Y wg since the density p of crosslinked units,
is equal to the reciprocal weight average degree of polymerization of the
primary chains at the gel point. Thus, at the gel point, eq. (6) can be
integrated between the limits a = 0 and a = as, yielding

via = 1 Ywg = 2K[A + (B/3)a'3] @)

Since A + (B/3) and a, have been determined experimentally and Ywg
calculated from eq. (3), K can be obtained at the three temperatures 5, Id,

TABLE 111
Calculation of Relative Crosslinking Rate Constant K
At 5°C At ir>°C At 25°C

Regulating index, r 4.14 3.68 3.20
TDM charge Ra moles/

mole monomer X 10J 1.250 1.577 2.000
Gel point conversion, 0.37 0.37 0.38
Weight-average degree

of polymerization at gel

point Yw X 10"'3 9.148 7.347 6.090
K X 105 7.0 9.4 12.65

Ex —E,,, kcal/mole 4.85
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Fig. S. Arrhenius plot for the relative erossliuking rate constant K = kx/kp from eq. (7).

and 25°C. The relevant data are summarized in Table I1l. Since K =
kx/kv, an Arrhenius plot for K yields the difference in activation energy for
crosslinking and propagation, Ex — Ep. Thus from Figure 8, Ez — Ev is
4.85 kcal/mole. It is noteworthy that, unlike the simple case of buta-
diene,2 Y g is now a function of the gel point conversion and not a constant
at a fixed temperature.

In theory it should be possible to deduce K at any temperature from
Table 111 and Figure 8. There are, however, practical limitations to this
procedure, particularly when lengthy extrapolations are necessary. As
was mentioned earlier, lex and kPare composite quantities in this instance
and are not rate “constants” in the normally accepted sense. Thus,
attack on copolymerized butadiene units can occur at internal or pendant
double bonds and may involve either a styrene- or a butadiene-ended
macroradical. kxtherefore depends on polymer structure and composition.
This means that extrapolation outside the temperature range 5-25°C to
obtain values of K is valid only provided polymer structure and composition
vary in the same manner outside this temperature range as they do within
it.

Similar reasoning shows that both kz and kp are functions of conversion,
and the values of K in Table Il must therefore be averages over the con-
version range studied, i.e, 0-40%. Up to 50% conversion, however, the
composition of the copolymer varies very little6—within 1or 2%—and any
variation in K is likely to be very small. Beyond 50% conversion the
average styrene content of the copolymer increases rapidly, and K must
also change.

It is clear that the values of the relative crosslinking rate constant in
Table 111 apply only to the copolymerization with a styrene:butadiene
ratio of 29:71. In order to deduce K at any temperature and any initial
monomer ratio it would be necessary to plot Ex —Ep and AzZ/Ap as func-
tions of monomer ratio, Ax and Avbeing the appropriate frequency factors.
At this time there are only the present data (Ex —Ev, 4.85 Iccal/mole and
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Fig. 1. Pararnelere A and B from eq. (7) as functions of temperature.

AXx/Av, 0.45) and those of .Morton et al.2for pure butadiene (Ex —E,,, 7.5
kcal/mole and AX Ap, 15.8), and more data for different monomer ratios
are required to complete the picture.

Morton and Salatiello2 have pointed out that the practical value in
obtaining K is that it can be used to relate quantitatively gel point and
mercaptan charge at any temperatures by using egs. (1) and (3). In the
case of butadiene this procedure is relatively simple, since the polymer:-
monomer ratio [a/{1 — a)] is virtually constant. With the styrene-
butadiene copolymerization, however, the appropriate parameter is
[aBD/(I —a)] which varies with conversion, as in eq. (7), as well as with
temperature. The constants A and B in eq. (7) must therefore be known
at the required temperature. Figure 9 shows A and B plotted as functions
of temperature. Since there are only three points on each diagram the
curves are not too well defined. Interpolation with either curve should be
satisfactory, but extrapolation of B to temperatures above 25°C is dubious.
Since current commercial practice is concentrated on low-temperature
polymerization in these systems, this is not a serious limitation.

The above discussion shows that, while Morton’s approach can be
applied to copolymerizations, there are certain severe limitations on the
quantitative use that can be made of the data. At present these can only
be used for semiquantitative predictions when conditions lie beyond the
range of the present studies. Further studies outside this range would
clearly extend the usefulness of these results.

We are indebted to the International Institute of Synthetic Rubber Producers for a
generous grant in support of this work.
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Copolymerizalion of Styrene and Butadiene in
Emulsion. [1ll. Crosslinking Studies by Partial
Conversion Properties

G. M. BURNETT. G. G. CAMERON, and P. L. THORAT,
Department of Chemistry, University of Aberdeen,
Old Aberdeen, Scotland

Synopsis

Crosslinksig in the styrene-butadiene emulsion copolymerizalion (21 parts styrene:
70 parts butadiene) prior to gelation has been studied by means of partial conversion
number-average molecular weights at 5, 15, and 25°G. It is shown that the macro-
molecular population begins to diminish at progressively lower conversions as the reac-
tion temperature is increased. This is attributed to the relative increase in crosslinking
over propagation as the reaction temperature is increased and also to the decrease in
mercaptan regulating index with increasing temperature.

INTRODUCTION

in part 111of this work the relative crosslinking rate constant K for the
styrene-butadiene (21 parts styrene:79 parts butadiene by weight) system
was derived at 5, 15, and 25°C. K increases with temperature, showing
that crosslinking becomes relatively more frequent as the temperature is
increased. An alternative way of looking at crosslinking up to the gel
point is to examine the changes in macromolecular population of the system
with conversion. In a polymerization involving a diene, initiation and
transfer tend to increase the macromolecular population while cross-
linking tends to reduce it. Thus the rate of change of macromolecular
population with respect to conversion is a sensitive guide to the balance
between these opposing processes.

Changes in macromolecular population during polymerization are con-
veniently followed by employing Wall’s concept of partial conversion prop-
erties. The partial-conversion number-average molecular weight, M n>is
related to the rate of change in macromolecular population dN/dW by

I/Mn = dN/dW @)

where N is the number of moles of macromolecules in the system and IT is
the weight of polymer produced. If the number-average molecular
weight, Mn can be measured during the course of polymerization dN/dW
can be calculated from the relationship derived by Wall

3455
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dN/dW = [Mn - W{dMJdW)]/Mn2 @

Provided the macromolecular population is increasing with conversion,
dN/dW will be positive. However, as soon as crosslinking dominates the
process, the molecular population will diminish and dN/dW will become
negative.

Wall’s approach has been applied by Burnett and co-workers to elucidate
crosslinking reactions in the copolymerization of styrene and methyl
methacrylate with polyethylene fumarate),34while Wall and co-workers5
conducted similar studies with GR-S formation at 50°C. So far, only one
brief report6on similar work on low-temperature redox-initiated emulsion
polymerization of styrene and butadiene has appeared. Since current
commercial practice is concentrated on low-temperature polymerization, a
more detailed investigation along these lines may have some practical sig-
nificance. It is also of interest to observe whether the partial-conversion
properties correlate with the relative crosslinking rate constants at different
temperatures.

EXPERIMENTAL

Polymerization and sampling techniques were as described previously.17

Number-average molecular weights were obtained by osmometry in
toluene at 37°C by using a Mechrolab 501 high-speed osmometer with
Ultracella “allerfeinst” grade membranes.

Viscosity measurements were done in a suspended-level dilution viscom-
eter with benzene as solvent at 30°C.

The polymer samples for characterization were precipitated in methanol.
After filtration, the samples were washed three times with hot distilled
water and three times with methanol. The final methanol wash contained
0.1% antioxidant (2,6-di-terf-butyl-p-cresol). Samples were dried and
stored in the dark under vacuum at room temperature.

Fig. 1. Number-average molecular weights Mnvs. conversion: (G) r>°C, I/A = 50 50;
(A) 15°C, I/A = 25/25; (0) 25°C, I/A = 16/16. TDM 0.22 phm.
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RESULTS AND DISCUSSION

The curves of Mnversus conversion for runs at 5, 15, and 25°C are shown
in Figure 1 In each run the initial modifier concentration [te/i-dodecyl
mercaptan (TDM)] was the same (0.22 phm), but the initiator/activator
levels (I/A) were adjusted to give approximately the same rate of poly-
merization. The three curves have the same overall shape and show the
typical rapid rise in the later stage of polymerization due to crosslinking.

From the smoothed curves in Figure 1, dN/(IW at conversion intervals
was calculated by using eq. (2). Figure 2 shows the plots of dN/dW for the
three runs. Up to about 50% conversion there are no dramatic changes in
dN/dW, and the positive values of this parameter show that the macro-
molecular population is increasing with conversion. Beyond about 50%

7» CONVERSION

Fig. 2. dN/cIW vs. conversion from smoothed curves in Fig. 1: (O) 5°C; (A) 15°C;
(O) 25°C.

Fig. 3. Number-average molecular weights Mnvs. conversion: (O) 5°C, I/A = 50/
50, TDM 0.04 phm; (A) ]5°C, I/A = 25/25, TDM 0.051 phm; (O) 25°C, I/A =
10/16 TDM 0.065 phm.
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conversion the curves begin to drop, showing that the initial rate of increase
in the population is not sustained. dN/dW eventually cuts the zero line
and becomes negative above about 70% conversion. The crossover point
occurs at the conversion where crosslinking and the creation of new macro-
molecules are balanced, and beyond this point the molecular population is
diminishing. The crossover point occurs at lower conversions as the reac-
tion temperature is increased, and the steepness of the fall in dN/dW occurs
in a similar manner. These trends are exactly what would be anticipated
from the fact that K increases with temperature. The relative rates of
mercaptan disappearance also contribute to these curves. The fact that
the regulating index decreases with increasing temperaturelmeans that, at
a constant initial TDM level, the higher the temperature, the greater the
average degree of polymerization of the primary chains at a given conver-
sion, and hence the fewer crosslinks per primary chain required to form
infinite networks. It is therefore the combination of two factors: longer
primary chains and relatively more rapid crosslinking, which leads to the
earlier dominance of crosslinking at higher temperatures.

These experiments were conducted with the same initial modifier levels at
all three temperatures. In the experiments designed for calculation of A',1
however, the rates of polymerization were approximately the same but the
modifier levels were adjusted to give the same gel point at each tempera-
ture. Curves of Mnversus conversion for these runs are shown in Figure
3. For all three runs, the crossover points (Fig. 4) are the same, 31-32%
within experimental error, while the corresponding gel points were at
37-38% conversion.1 The occurrence of the gel point at a slightly higher
conversion than the crossover point of dN/dW has been observed before.
The difference arises because infinite networks cannot form until after
crosslinking has begun to reduce the macromolecular population.6

Fig. 4. dN/dW vs. conversion from smoothed curves in Fig. 3: (0) r>°C; (A) 13°C;
(O) 25°C,
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The foregoing discussion shows the sensitivity of the parameter cIN/dW
to crosslinking and its potential as a tool for studying the effects of poly-
merization variables on crosslinking. Evaluation of M,,, however, is still
a relatively lengthy procedure and requires more expensive and complex
equipment than is needed for viscosity measurements. It is therefore rele-
vant to enquire if the same sensitivity can be achieved with simple vis-
cometrv.

Fig. 5. Intrinsic viscosities [>| is a function of conversion for runs in Fig. 1: (Q) 5°C;
(A) lo°C; (O) 25°C.

°lo CONVERSION

Fig. 0. Partial-conversion intrinsic viscosities [j)] as a function of conversion from
smoothed curves in Fig. 5: (0) 5°C; (A) 15°C; (EJ) 25°C,
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Wall2lias also defined the partial conversion intrinsic viscosity, [I7], as
ivl] + w Om /dw) (3)

where 7Jis the cumulative intrinsic viscosity and IE the fractional conver-
sion. 7] can be calculated from plots of [7] versus conversion.

Plots of 7] and [r] versus conversion for the runs in Figure 1 are shown
in Figures 5 and 6, respectively. The curves in Figure 5 are similar in
shape to those in Figure 1. The absence of maxima indicate that the gel
point was not reached. The curves in Figure 6 show a rapid rise with con-
version, the rise being more marked as the polymerization temperature is
increased. This presumably reflects the relative importance of crosslink-
ing as the temperature increases. The curves reveal little more than this,
however, so that for crosslinking studies prior to gelation, partial-conver-
sion number-average molecular weights are likely to be more informative.

We are indebted to the International Institute of Synthetic Rubber Producers for a
generous grant in support of this work. We are grateful to Mrs. A. .1. It. Dewar for
much of the characterization work.
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Direct Rotating-Sector Studies of the Systems:
Styrene—Methyl Methacrylate and
Styrene—Methyl Acrylate
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Department of Engineering mid Applied Science, Yale University,
New Haven, Connecticut 06520

Synopsis

The votating-sector technique was applied directly in a study of two copolymerization
systems: styrene-methyl methacrylate and styrene-methyl acrylate. The two coupled
rate expressions which describe the change in radical concentrations for two-component
polymerizations degenerate into a single expression identical in form to the radical ex-
pression for a homopolymerization when the ratio of the radical concentrations under
intermittent illumination is assumed constant and equal to the ratio under steady il-
lumination. Numerical solutions of the complete rate expression by use of constants
from the literature confirm that this assumption is valid for a rotating-sector experiment.
The overall lifetimes of these two-component systems were defined and measured ex-
perimentally as a function of monomer composition and then compared with lifetimes
calculated by using literature rate constants. The agreement was satisfactory. The
direct application of the technique to the two-component system provides an inde-
pendent experiment which for some systems seems to be more sensitive to the value of
the cross-termination constant than the usual steady-state method.

Introduction

A basic understanding of the Kkinetics of vinyl copolymerization systems
requires a knowledge of the rate of change of concentrations of the chemical
species in each step of the chain mechanism. In the study of the kinetics of
each system a steady-state experiment will not yield sufficient information
to determine all the individual rate constants of the chain mechanism.

The classical copolymerization mechanism is shown in egs. (1)-(9).

Initiation:
M ,----- % Mi* (1)
Rig
AL-——AL @

f Present address: Esso Research and Engineering Company, Linden, New Jersey
07036.

*Present address: Union Carbide Corporation, Chemicals and Plastics, South
Charleston, West Virginia 25303.
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Propagation:

Mr* + Mi —"  Mi* (3)

Mi* + Ms B i « Ms* )

m2*+ \r2 >M2* (5)

A" + Mt . >Mi* 0)

Termination:

Mi* + Aii*— —» stable products )

AT2* + Mi*-——> stable products 8)

Ai2x + M2=——->stable products 9

Here, Mi, M2 are monomers; is the propagation constant for free

radical x reacting with monomer y; khy is the termination constant of free
radical x reacting with free radical y; Rt Rj, are the rates of initiation of
Aliand M2 respectively.

This mechanism indicates that in addition to the rate of initiation, at least
seven velocity constants must be determined. The velocity constants of
this mechanism have been determined in the past by first performing
steady-state and non-steady-state experiments on each homopolymeriza-
tion and then performing composition and steady-state rate measurements
on the copolymerization. The non-steady-state homopolymerization ex-
periments allow the homopropagation and homotermination constants of
each comonomer to be exclusively and separately known. The composition
studies on the copolymerization allow the ratio of the homopropagation to
cross-propagation constants to be determined, and the steady-state rate
measurements allow a ratio of the cross-termination to the homotermina-
tions constants to be determined.

These experiments on the comonomers and copolymer are sufficient to
determine all the individual rate constants of the classical copolymerization
model. This scheme of study lacks versatility, however, and is not appli-
cable to all vinyl copolymerization systems. If, for example, one of the
comonomers does not homopolymerize, the homopropagation and termi-
nation constants for this component cannot be determined. This is the
case when carbon monoxide, sulfur dioxide, or another nonpolymerizing
substance is used as a comonomer. Also, for certain vinyl polymerization
systems difficulties are encountered in the use of composition studies to
determine the reactivity ratios, and it is therefore advantageous to have
another method of determining these constants.

It is understandable how an additional independent experiment could be
very useful in the determination of these sometimes indeterminable quanti-
ties. This work proposes copolymerization systems to be studied by the
direct application of a non-steady-state technique and describes the direct
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application of what is felt to be the simplest and most reliable non-steady-
state technique to the copolymer system.

A well-established technique for determining the lifetime* of a homo-
polymerization chain radical and therefore the velocity constant for the
termination step is the rotating sector technique. This periodic illumina-
tion method was first suggested by Briers, Chapman, and Walters in
1926,2 and its application to the study of chain reaction kinetics is de-
scribed by Noyes and Leighton.3 Since the method is adequately de-
scribed elsewhere,4a full description will not be given here. It suffices to
say that the equations which are necessary for the determination of the
lifetime of a chain radical have only been developed for the case where the
proposed reaction model degenerates into a simple chain transfer mecha-
nism. This simple transfer mechanism is adequate for describing homo-
polymerization Kinetics514 For such systems, the eq. (10) adequately
described the homopolymerization chain radical concentration:

d[Mx]/di = Ri - 2k,n [Mi*]2 (10)

where [Mi*] denotes the concentration of free radicals, kin is the termina-
tion constant, and R, is the overall rate of initiation.
It can easily be shown that the average lifetime is

[Mi~],
2ktn (Mi®)2 (1)
or
r = (@fn/?,)-12 (12)

where (Mi*)s is the steady-state concentration of Mi* (free radical from
Mi) and Ri0is the steady-state rate of initiation.

Many workers12156have given solutions of eq. (10) for the conditions
imposed upon it by the rotating-sector experiment. This allows the inter-
mittent illumination experiment to be used for the determination of the
velocity constants of the chain mechanism. Mathematical descriptions
have been proposed with solutions found for variations of the simple
chain-transfer mechanism9217-25 and though some of these point toward17,2l
the direct application of the technique to a two-component polymer sys-
tem, an adequate treatment has been neglected until recently. The
solution of the system of differential equations which results from the well
established model for copolymerizations1,27-29 is a drawback in the direct
application of the pulsed illumination technique. The appropriate rate
expressions for the model shown in egs. (1)-(9) are given in egs. (13)-(16).

For the radical from Mi:

*“The average lifetime of an active center is the average time from the creation or
initiation, of a radical chain to its ultimate annihilation, disregarding possible inter-
vening transfer processes. This lifetime must equal the population of chain radicals
divided by their rates of destruction.” 1
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d[Mr*]/dt = Ru - kpa [Mi*][MZ + fP,[M2][Mi] - 2kIn [Mi*j2
- kia [MSUM,*] (13)
For the radical from M >
d[M*lI/di = Rk + fgu[Ma*I[Ms] - fqpdM 2][Mi] - 2/sta[M,*]*
—fls{Mi*][M24] (14)
ForMr
d[MX/di

-i.JMAHARBI - fel[M2*][Mil (15)
For M2
d[M,]/di Md - /m, m i (10)

Where, [Mi], [MZ are concentration of Mi and M2 respectively; [Mi*],
[Mi*] are concentration of free radicals from Mi and Ms, respectively,
R{, Rn are initiation rates; kp,, and kix denote propagation and termina-
tion constants, respectively.

A discussion of the solution of these equations under the conditions im-
posed by the rotating sector experiment will be given later. It is first
necessary to develop the expression for the lifetime of the chain.

Lifetimes of Copolymer Systems

In this section a discussion of the rotating sector method for the co-
polymerization system will be presented. It should be noted that these
considerations should apply to chain reactions in general.

In general it can be shown for a system with N types of radicals that®

N

|
('!;1 «!

R (2 44 EqkU

17)

where
«wo = [**]/[M/] = &P [M,]  [M]]
For the two-component system, eq. (17) becomes
tR M = d/fcpj + idAgj -
[G+ (26 - 2aia2(fl - 26 + adxj\li

where

al —2ki'k R

a2= 2ankP/

6  ktizkplgd

and xz denotes the mole fraction of M >
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It is interesting to note the derivative of «\zr,0with respect to x2
indicates a minimum (maximum), other than at the end points, occurs in
the interval 0 < x2 < 1when

X2
1 % e

ifP" 1*where\p = ktJ 2k,n

If equation (19) is substituted into eq. (IS), it will be seen that for the
extrema (* N 1)

(Kin 4* kL, kj /I
_ (dkirkin kel
For ip = 1, the minimum (maximum) of the function in the interval,

1to 0 must be at the beginning or end of that interval, that is x2 = 1
or r2= 0. For this case it can be shown that eq. (IS) becomes

2= \/2 (20)

r, ils _ 1 ~F {kpu/kpn \)x 2
r “V2ktt + (V2kt: % Jkpn- V2ktul/)X* u;

If an experimental extrema can be found, egs. (19) and (20) would be
excellent aids in these investigations. Noting also that at the zero intercept

tR » = (Z/CJ - (22)

Fig. E Calculated rV ft« as a function of the mole fraction of p-methoxystyrene for
the styrene-p-methoxystyrene system at 25°C.

Since z2/ (I —Xa>0, ifisrequired that~ 1.
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Rig. 2. Calculated t\/R io jis a function of the mole fraction of methyl meth-
acrylate for the styrene-methyl methacrylate system at 25°C.

and at the a2 = lintercept
tRM- = (2 (23)

the investigation of eq. (18) should be very fruitful. In theory, egs.
(19) and (20) could be used to determine all the termination constants and
the ratio kpJ kva.  If also a steady-state analysis is made on the homopoly-
mers the ratio ri/r2could be determined. At any rate, it is seen that these
expressions may be used in a variety of ways in the determination of the
individual constants, in these experiments.

Figures 1-3 show plots of eq. (18) for various systems. The constants
used to calculate these curves are taken from Burnett and Melville®and are
shown in Table I. Figure 1 shows the styrene-p-methoxystyrene system
for which \p = 1 while in Figures 2 and 3 the curve \p = 1is plotted as a
dotted line to show how the styrene-methyl methacrylate, styrene-methyl
acrylate systems deviate from the ideal case = 1). (The termination
constants used to calculate these curves were all assumed to be due to com-
bination.)
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Fig. 3. Calculated as a function of the mole fraction of methyl acrylate
in the styrene-methyl acrylate system at 25°C.

The definition of r given by eq. (18) is an appropriate lifetime for the two
two-component polymerization system described by the mechanism given
in egs. (1)-(9). However, to apply the sector technique to experimental
copolymer systems with the intention of generating meaningful results re-
quires the set of differential equations (13)—16) to be solved under non-
steady-state conditions. Since this set of equations did not appear to have
a simple analytical solution; a numerical solution was simulated on an IBM
7094 Computer.

In the steady-state solution of these equations it is common practice to
assume that the rates of change of concentrations of Mi* and M2* are so
small that they can be considered to be zero, and it is a consequence of the
long-cliain assumption (and estimated fact) that the numerical values of
kpu [Mi*] [MZ and kpn [M2*] [Mi] are much larger than the numerical
values of Riw ktn [Mi*] [M>*], and 2ktu [Mi*]2 Hence it follows that the
algebraic sum of the two largest terms must also be near zero and an is,
therefore a constant (for small conversions). In the case of intermittent
illumination, it appears possible that d[Mi*]/d£ and d[\I*]/dI will still be
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numerically small. In this case, then, it might be that the rates of the
cross-propagation steps would still be nearly equal. If this is the case, it
would lead to a considerable simplification of the equation for inter-
mittent illumination. This reasoning is not unlike that of Burns and
Dainton2lin their consideration of what might be considered a simplifica-
tion of the set of equations, egs. (13)—16). The assumption was therefore
tested by a computer simulation of three copolymerizations for which rate
constants were available. The simulations of egs. (13)—16), were quite
successful and, as will be seen later, show an to be a constant during inter-
mittent illumination. This leads to an analytical solution of the copolymer
equations for the non-steady-state conditions of a rotating-sector experi-
ment.

By using a square-wave initiation rate response and applying a fourth-
order Runge-Kutta Gill numerical-integration technique, the rates of re-
action of the copolymer systems, styrene-methyl methacrylate, styrene-
methyl acrylate and styrene-p-methoxystyrene were determined numeri-
cally by using values of the velocity constants found in the literature (Table
I). The simulations show that during the pseudo-steady-state period,
inherent to the experimental technique, the ratio of the free radical species
was constant to a high degree of approximation. Figure 4 shows a typical
simulation run. It is seen the ratio [Ali*]/[M2"] is a constant and equal
to the value it would attain in a steady-state experiment after only one

Fig. 4. Plot of the ratio [Ali*]/[M]j*] as a function of time during intermittent illumi-
nation determined by a computer simulation of a 50% styrene-methyl methacrylate
copolymer system, where the flash period is 4 sec (r = 3) and the lamp ison att = 0.
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flash cycle. It, was found that after a number of flash cycles the ratio
[Mi*]/[Mo*] becomes nearly constant for all the conditions and systems
tested.

Use of the assumption

[Mi*]/[M2] = [MI*],/[M2]s

causes the sum of equations. (13) and (14) to degenerate into the form given
by eqg. (10) when Kkinis replaced by an effective termination constant. The
theoretical treatment given by Melville4 and Noyes3 can therefore be

t (sgi)

Fig. 5, Plots of the ratio of the rate of reaction under intermittent illumination to
that under steady illumination as a function of t\,, as determined by a computer simula-
tion of the styrene-methyl methacrylate polymerization system: (-—— ) data of Burnett
and Melville;2 (0) run 1-A; (A) run 1-B; (X)runl-C; (m) run 1-D.

Fig. G Plots of the ratio of the rate of reaction under intermittent illumination to
that under steady illumination as a function of tL, as determined by computer simulation:

(0) data of Burnett and Melville;2 (0) styrene-p-methoxystyrene; (A) styrene-methyl
acrylate.
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applied directly to copolymer systems when their lifetime is redefined by
eq. (18). Further, it is easily seen

Rp= gqMi] + [M*})/dt\P=jm = ImTI
fis  {d([MY] + [M,]/di}, [M/]s  [M*]. (1]
where

Rp = {d([mi] + [\?\)/dt}v = average rate of copolymerization
during pulsed illumination

fis = |d([Mi] + [M,]/dI}, = average rate of copolymerization
during steady illumination

Additional proof for the validity of the analytical solution can be gen-
erated by determining the ratio of the average rate of copolymerization
under intermittent illumination to the rate under steady illumination at
various flash periods. These ratios were determined numerically for the
conditions listed in Table Il and are shown in Figures 5 and 6 and Tables
111 A for various light times (U). A comparison of these values with the

TABLE 11
Computer Simulations
Over-
all
Rate of
initia-
tion Ri
Pulse period X 1>
time range, Styrene, mole/ Individual
Run no. System* sec % l.-sec initiation ratest
1-A S-MM 0.126-12.6 50 6 fico = fin»
1-B S-MM 04,4 50 3 fin. = fin.
1-C S-MM 4, 10 50 6 fi-. = o
fi-4=6 X 10”8
mole/l.-sec
1-D S-MM 4MO sec 10 6 fi,;,= 5.4 X 10“8
mole/l.-sec
filo = 0.6 X 10-8
mole/l.-sec
2 S-pM 4-10 50 6 RN = MO
3 S-MA 0.4, 1.26 50 6 Aiio =
»S-MM = styrene-methyl methacrylate; S-pM = styrene-p-methoxystyrene;
S-MA = styrene-methyl acrylate.
b = steady-state rate of initiation of Mp = steady-state rate of initiation of
M,.

4/ tvalues given by Melville2also shown in Figures 5 and 6, allow lifetimes
to be determined. These lifetimes determined by the computer simulation
are shown in Tables I11-V for each value of /1 used. Also shown in these
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TABLE IV
Computer Simulation Lifetimes for Styrene-p-Methoxystyrene System»
[Mi*]p/ [Mi*]p/
fL, sec RJR, 2/t [Mi*]a [M2*]s r, sec
1.00 0.49357 0.40 0.49459 0.49236 2.50
1.585 0.48427 0.62 0.48.529 0.48306 2.54
2.500 0.46629 1.02 0.46731 0.46509 2.45
“50% Styrene; R,a= 6.0 X 10~-8mole/l. sec; |  _ «j,, tc(calcd) = 2.44 sec.
TABLE V
Computer Simulation Lifetimes for Styrene-Methyl Acrylate System*
[Mi*]p/ IMj’ Ip/
(d, sec RVIR, t\J+ [M,*], [Mj*], ¢, Sec
0.126 0.49781 0.20 0.49773 0.49793 0.63
0.315 0.48894 0.50 0.48885 0.48906 0.63

a50% Styrene; /?,, — 6.0 X 10-8 mole/1. see; /?,0= AT Tc(calod) = 0.620 sec.

tables is rc a value for the lifetime determined by using eq. (IS). Agree-
ment between the value of r determined numerically and the value cal-
culated from eqg. (IS) is found to be excellent.

It should also be noted (see Tables 11 V)

{¢(IMi] + [Mt])/dtu
{e([Mi] + [MZ])/dt}s
as predicted earlier.

The immediate conclusion is that for all practical purposes the copolymer
rate expressions degenerate into a form similar to the homopolymer ex-
pression and by merely changing the definition of r to that given by eq. (18)
the rotating sector theory and technique can be meaningfully applied to
the two component system.

The validity of these ideas can also be shown by experimentation which
is the subject of the next section.

= = [MS[M*]. (25

Experimentation

To demonstrate the validity and utility of the non-steady-state applica-
tion of the sector technique to copolymer systems laboratory experiments
were conducted. Since the purpose of this work was to demonstrate the
method and not to generate new raw data, the often investigated styrene-
methyl methacrylate copolymer system was chosen for the demonstration
along with some rough experiments conducted on the stryene-methyl
acrylate system.

Lifetime studies on the initial monomer fractions of 50, 90, and 100 mole-
% methyl methacrylate in styrene were made. Monomer compositions of
23% and 50% methyl acrylate in styrene were also studied. The three
concentration levels for methyl methacrylate were chosen because accord-



SIIENDALM AN, AND WALK Ilift

MMiA.NO,

AT

urew uoyal ()

‘[rem yreq aanyeaadwsal (9) ‘sinu mopuim sseaq (4)

‘sopnuasy Mojebems (D) ‘egni Aueqpdes (g)

‘smopuim zyaenb ()

‘sabueyy sseaq (3) ‘Apoq

:Alquiasse Bunnunow pue 10310es|



DIRECT ROTATING-SECTOR STUDIES 347



3176 MARANO, SHENDALMAN, AND WALKER

ing to available rate data and our estimates, the system would show a
minimum in lifetime in this region. All the bulk polymerization experi-
ments were conducted at 25°C with azobisisobutyronitrile as the photo-
initiator.

Apparatus

A special type of dilatometer reactor was used to measure the change in
reactant concentration with time.2L This reactor, shown in Figure 7, is
made of Teflon, brass, and quartz. The light path for the reactor was 1.22
c¢m and the volume was 9.63 cc.

The height of liquid in the capillary tube was measured with a cathetom-
eter. («0.00013% conversion based on styrene could be detected.)

The optical system is shown in Figure S. The light source was a 500-W
high-pressure mercury arc lamp which was filtered by a Schoeffel prism
monochromator adjusted to 3650 A with a half band width of 450 A.  All
lenses and windows used in the system were of quartz. The cooling bath
(10 gal) was mounted onto an adjustable rotary table for easy positioning
of the reactor and maintained to a constant temperature of 25°C by using
a temperature controller with a 0.001 °C sensitivity.

The lamp intensity was monitored during the experiments by a photo-
resistor (Clairex 960-CLS)- digital ohm meter system which was calibrated
with a potassium fcrrioxalate aetinometer.31-33 In addition, the pulse time
period for the intermittent illumination experiments was monitored by a
photoresistor, triggering device connected to an electronic timer.

For the pulsed illumination runs the beam was chopped at its narrowed
point («1 mm) by a 7-in. blackened aluminum disk which had a 90° slot
cut from it.  This system gives a maximum deviation from a square wave
of 0.2% at an infinitely long time period.15% (Note: the error decreases for
finite time periods.) The speed of chopping was controlled by a variable
speed motor fitted with a feedback control system.

Purification

The monomers (Matheson Coleman and Bell) were first freed of inhibitors,
prepolymerized, distilled at reduced pressure (20 mm) and then introduced
into a high vacuum system constructed of Pyrex #2103 buret tubing. Here,
the monomers were freed of oxygen by repeated freezing, pumping, thawing,
and refreezing and then distilled under vacuum into a mixing chamber.
The amount of each monomer distilled was determined by the volume
change in the burets. The reactor into which was weighed the desired
amount of initiator (azobisisobutyronitrile) was attached to the mixing
chamber in such a way that inversion of the entire system would cause the
contents of the mixing chamber to fill the reactor.

Rate of Reaction

Several steady-state, pulsed, and dark rates were measured for each filling
of the reaction vessel. A least-squares best fit of the change in capillary
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height with time was determined for each run, and the average of the steady-
state runs was then taken as the appropriate steady-state height change.
The average of the dark rate runs was taken as the dark rate.

Discussion of the Results

The ratios of the pulsed to steady-state runs for various tL for three
monomer compositions (50, 90, 100% methyl methacrylate) are shown in
Figures 9-11. Since the ratio of the dark to the steady rate was relatively
large, lifetime measurements were made using the equation given by

Fig. 9. Experimental Rp/R, as a function of g. for 100% methyl methacrylate at
a measured dark ratio of 0.137.

Fig. 10. Experimental Rp/R aas a function of tr, for 90% methyl methacrylate-styrene at
a measured dark ratio of 0.169.
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Matheson9which takes into account a dark rate.  Plots of this equation for
various dark ratios encountered in these experiments are shown in Figure 12.
The displacement of these curves and experimental curves (Figs. 9-11)
allow the lifetime to be determined.

Fig. 11. Experimental Rv/R, as a function of tL for 50% methyl methacrylate-styrene
at a measured dark ratio of 0.180.

Fig. 12. Curves of Rp/R* as a function of il/r for various dark ratios.



DIRECT ROTATING-SECTOR STUDIES 1179

The initiation rate for each run was estimated by using the equation
Ria = 2TnC'J0 (26)

where 4>denotes efficiency, n is the absorption coefficient (determined on the
natural logarithm), Co is the concentration of the initiator (azobisiso-
butyronitrile), and 10is the incident radiation intensity.

Equation (15) is valid for small absorption (< 10%) which is the case for
these experiments. The efficiency of the photoinitiation of azobisiso-
butyronitrile has been determined by Bukhart3tand we assume his value of
0.158 is appropriate for our system. Bevington33i lias demonstrated that
for this initiator in the styrene-methyl methacrylate system the thermal
efficiency is independent of monomer composition. Assuming this is also
true for the photo-efficiency and using the value for the photoefficiency
determined by Bukhart, the data of Marano 26 are shown in Figure 13.

0 01 0.2 03 04 05 06 07 08 09 10

Fig. 13. Experimental and calculated t'Y li,,, as a function of the mole fraction
methyl methacrylate for the styrene-methyl methacrylate system at 25°C. (*) calcu-
lated; (O) experimental data. The constants used in these calculations are taken
from Table I. Styrene was taken as combination termination while methyl metha-
crylate as disproportionation. This has been shown to be the case by Bevington.3 In
this respect the calculated plot of Fig. 13 differs from the calculated plot of Fig. 2 where
all combination was assumed.
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Along with the experimental data a plot of eq. (18) is shown. This plot was
constructed by using values of the rate constants taken from the literature
and shown in Table I. It is seen the agreement between the experimental
data and the calculated plot is excellent.

Experiments were also performed on the styrene methyl acrylate system
at two levels of concentration (50 and 77% styrene). The stringent
purification used on the styrene-methyl methacrylate system was not
followed for these experiments, however, the agreement of the experimental
data with the calculated curves was within the estimated experimental
error.2

Conclusion

The results of the computer simulations and the excellent agreement of
the experimental work with calculations based on previous literature values
for the rate constants show the ideas generated in this work and that the
assumptions used are valid.

To summarize it has been shown: (1) the conditions (repeated pulse of
illumination) of the rotating-sector technique force the ratio of radical
concentrations to become constant and equal to the steady-state illumina-
tion value; (2) the copolymer rate expressions degenerate into the form of
the homopolymer equation because of (1); (3) the rotating-sector tech-
nigue can be successfully applied to two-component polymerization systems;
(4) by lifetime versus monomer composition, alone, all the termination con-
stants and the ratio of the cross-propagation constants can be determined.

It is believed that the direct application of the technique to two-com-
ponent polymerization or even multicomponent polymerization systems can
provide an extra experimental tool to use in sorting out the various velocity
constants. It may vyield intrinsically accurate crosstermination constants
for some systems and could prove to be very valuable in applications involv-
ing copolymer systems where one of the two monomers does not homo-
polymerize.

The authors wish to gratefully acknowledge the financial support of the American
Chemical Society—Petroleum Research Fund in the form of a graduate fellowship for
J.P.M.

This paper is based in part on a paper presented at the Third Joint 1IQPR-AIChE
Meeting, San Juan, Puerto Rico, May 1970.
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Radiation-Induced Polymerization of
3,3,4,4,5,55-Heptafluoropentene-l at High Pressure

DANIEL W. BROWN, ROBERT E. LOWRY, and LEO A. WALL
Polymer Chemistry Section, U.S. Department of Commerce
National Bureau of Standards Washington, D.C. 20234

Synopsis

A study was made of the radiation-induced polymerization under pressure of 3,3,4,4,-
5.5.5- heptafluoropenteiie-l. Polymerization rates increase with pressure (activation
volume equals —11 cc/mole) and temperature (activation enthalpy equals 6.5 keal/mole)
in liquid phase. At 13800 atm and 25°C, freezing occurs; the polymerization rate in
the solid is very small. In liquid phase polymerization can continue for many hours
after the irradiation is terminated. An active species is formed by radiation which
initiates polymerization in the dark period.

Introduction

Some time ago several radiation-induced polymerizations of 3,3,4,4,5,-
5.5- heptafluoropentane-l were carried out at high pressure.l Subse-
quently, a study was made of the copolymerization of this pentene with
tetrafluoroethylene.2 Incidental to this it was found that the liquid-phase
polymerization of the pentene continued for hours after removal of the
sample from the radiation source. It was also found that the pentene
froze at some pressures in the experimental range; freezing considerably
reduced the polymerization rate. These effects have been studied further
and the results are reported herein.

Experimental

The pentene was purchased from Peninsular Chem Research, Gaines-
ville, Florida. It was quite pure as judged by boiling point; analysis by
vapor-phase chromatography revealed less than 0.1% impurities. Before
use it was treated with Ascarite, dried over phosphorus pentoxide, and de-
gassed.

Equipment and techniques were as described earlier.3 Steel vessels
were used except when glass tubes are specified. The radiation source
was “Co. Polymer yields were established by evaporating the monomer
after polymerization and weighing the recovered monomer and residue
separately. The intrinsic viscosities were determined as before4in hexa-
fluorobenzene at 29.7°C.

3483
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Results

In I igure 1 the speciiic volume of the pentene at 24°C is plotted versus
pressure. The isobaric volume change at 13800 atm indicates that freezing
occurs.  This was never observed without first superpressing the pentene
by about 1500 atm. Slightly above or below the equilibrium pressure the
transition runs very slowly even with crystals present. |Initially, data
were taken without appreciation of the very low rate of equilibration, and
the transition did not appear to be isobaric5 At 1 and 11,000 atm the
pentene freezes at —135° and 0°C, respectively.

Without irradiation no polymer was found when the pentene was held
for 24 hr at 22°C at pressures of 10000, 13500, or 15500 atm. Thus, the
rate of thermal polymerization is very small. Exposure to 7-radiation at
high pressure readily gives polymer, which was always completely dis-
solved in the monomer. Figure 2 shows the polymer yield after different
irradiation times at pressures of 5000, 10000, and 13500 atm. [1lthis and
succeeding figures the numbers associated with the points are the intrinsic
viscosities of the polymer in deciliters/gram.

Fig. 1. Specific volume of 3,3,4,4,.5,5,5-heptafluoropentene-I at 24°C vs. pressure.
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hr

Fig. 2. Polymer yield vs. time in source at 22°C, no storage. Lines are for first-order
disappearance of monomer: (A) 13500 atm, 38000 rad/hr, ki = 0.079 hr-1; (O) abscissa,
hr X 0.1, 10000 atm, 2000 rad/hr, fe = 0.0038 hr-1, dashed line; (X ) 10000 atm, 38000
rad/hr, k3 = 0.023 hr-1, dashed line; (¢) abscissa, hr X 0.1, 5000 atm, 380Q0 rad hi-, ki
= 0.0021 hr-1. Numbers near points are intrinsic viscosities.

Of particular interest is the question of rate acceleration. If the after-
effects mentioned above are associated with long-lived propagating species,
their number should increase with total dose and rate acceleration should
occur.  Lines drawn on this plot are calculated for first-order monomer dis-
appearance for the rate constants specified. Rate accelerations should
appear as increasingly large upward deviations of the experimental points
from the lines at high polymer yields. At .5000and 10000 at m no such trend
is observed. The deviations from these lines and the results of the three
replicate runs at 10000 atm indicate the degree of precision in the measure-
ments. A questionable case is at 13500 atm, where one 2-hr point is about
30% higher than the line. As a result of the short reaction time, the scat-
ter at this pressure is greater than at 5000 and 10000 atm.

Intrinsic viscosities are substantially independent of time at each pres-
sure and radiation intensity. This is contrary to the anticipated behavior
if long-lived propagating species are present. The size of these species,
and hence the intrinsic viscosity would increase with conversion unless
monomer transfer interfered with the process.

Despite the absence of thermal polymerization or rate acceleration during
irradiation, significant after effects do occur in liquid phase. Table | com-
pares polymer yields and intrinsic viscosities obtained after 1-hr irradia-
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TABLE 1
Polymerization at 22°C of 3,3,4,4,5,5,5-Heptafluoropentene-l with
and without 24 hr Storage After 1 hr Irradiations at 38000 rads/hr

Pressure, atm Polymer, % h], dl/g
Not Not Not
Stored  stored Stored stored Stored stored
0.7 0.7 0.03 ~0.005 Not determined

5000 5000 0.90 0.16 0.12 0.06

9800 10200 10.1 2.5 0.43 0.26
13000 13600 31.5,26.4 6.2,7.0 0.73,0.63 0.50,0.57
15400 15400 0.10 0.08 0.26 0.25

aMonomer had crystallized.

tions with and without subsequent 24-hr storage. The pressures are
arithmetic means of initial and final values. The maximum conversion
(31.0%) resulted in a pressure drop of 1500 atm at substantially constant
volume. Thus, conditions are not truly isobaric. At pressures of 13500
atm or less there is about a fivefold increase in conversion on 24 hr storage.
Intrinsic viscosities also increased considerably. In the solid phase at
15500 atm no significant storage effect is observed.

At 0.7 atm (autogenous pressure) the yields are low and only oils are ob-
tained. More convincing evidence of induced activity at this pressure was
desired. To obtain this a pentene sample was irradiated at 0.7 atm for
one hour and brought to 13500 over a period of 1 hr. It was pressurized
slowly in order to minimize compressive heating. After 24 hr storage the
polymer content was U8%. Several similar experiments testing further
ideas were carried out; results are in Table Il. Here it is seen that when

TABLE 11
Polymerization of 3,3,4,4,5,5,5-Heptafluoropentene-lI during Storage at 13500 atm
after 1 hr Irradiations at 38000 rads/hr at Autogenous Pressure (22°C, 24 hr Storage)

Irradiation Transfer Polymer, hi, dl/g
Steel None 6.8 0.83
Olrss Poured 0.78 0.87
Olhss Condensed 0 -
Glass" Poured? 0.43 0.50

* 1.5 mole-" | dry 02added before irradiation.
b O2 removed before transfer.

the pentene was irradiated in the bomb much more polymer formed during
storage than when the pentene was irradiated in a glass vessel and subse-
quently poured through a preevacuated space into the bomb. This trans-
fer, of course, required additional time and took place in light so consid-
erations besides the difference in container are involved. Transfer of tin;
pentene by condensing the vapor into the bomb after irradiating liquid
pentene in glass resulted in no polymer formation on high-pressure storage.
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We thought that the active species had low volatility and were largely left
behind. To test this idea a glass tube containing the pentene was given
38,000 rads, opened in the absence of air, and the pentene removed by
evaporation at —40°C; tetrafluoroethylene was condensed onto the resi-
due at —196°C and the tube resealed. Within 20 min after being warmed
to room temperature a small amount of polytetrafluoroethylene had pre-
cipitated; after an additional 2 hr period little additional polymer was ob-
tained. The final polymer yield was 0.1%. No polytetrafluoroethylene
formed in a tube that had been evacuated, irradiated, charged with tetra-
fluoroethylene, and held at room temperature as a blank. Qualitatively,
the same observations were made with an additional pair of tubes.

From the above it seems clear that a polymerization initiator of low
volatility forms when 3,3,4,4,5,55-heptafluoropentene-1 is irradiated.
Presumably the active species are radicals since polytetrafluoroethylene
forms best via radical reactions. The catalyst has not been identified.
Our initial speculation was that a peroxide, perhaps polymeric, formed from
residual oxygen. In the last experiment in Table Il, oxygen was purposely
added before irradiation and removed prior to storage, with the idea of in-
creasing peroxide formation and so, the polymer yield on storage. In-

Fig. 3. Polymer yield vs. storage time (22°C, 1 hr irradiation at 38000 rad/hr): (1)
first-order, k = 0.0156 hr-1; (2) second-order, k = 1.59 X 10”3l./mole-hr; (3) eq. (1),
A = 0.074 hi-1 2fc[C,]JUy(h/h)’A = 0.44; U) eq. (1), k, = 0.23 hr”1 2fo[Co]'/2/-
(AA) Y = 0.0074; (5) eq. (1), A = 0.11 hr”] 2kn Ca\'"Z(k,h)'/1 = 0.11. Left ordinate:
(O) irradiation at 5000 atm, storage at 13500 atm, (X ) 10000 atm; right ordinate: (°)
5000 atm. Numbers near points are intrinsic viscosities.
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stead, a decrease resulted. Another negative result involved rapidly
opening a bomb that had been irradiated for 1 hr at 13500 atm, withdraw-
ing some of the monomer-polymer mixture, diluting it with hexafluoro-
benzene, and determining the solution viscosity at various times. One
would expect that if polyperoxides had been present there would have been
a viscosity drop; none was observed.

A G value (yield per 100 eV absorbed) of about 0.2 was found for con-
version of pentene to oil in an irradiation in glass for 24 hr at 10erad/hr.
The oil contains several components, none of which were identified. Pre-
sumably, some components are inactive so the G value for catalyst forma-
tion must be less than 0.2 in an irradiation of this duration.

Additional experiments were performed to elucidate the kinetics of the
after effect. Figure 3 shows the polypentene yield as a function of storage
time. For irradiations at 5000 atm, storage was at 13500 or at 5000 atm.
For the former case the intercept at zero time is the polymer yield found
after bringing an irradiated sample to 13500 atm and reducing the pres-
sure immediately. Other intercepts were results of experiments without
storage at the same pressure (Fig. 2). The intrinsic viscosities reach limit-
ing values quickly. These are higher than any obtained at the same pres-
sure without storage even at much lower radiation intensity. The lines in
Figure 3 are calculated for mechanisms discussed below.

Table I11 gives polymer yields and intrinsic viscosities obtained in sam-

TABLE 111
Effect of Irradiation Time on the Polymerization during Storage (3 hr, 13500 atm) of
3,3,4,4,5,5,5-Heptafluoropentene-l (Irradiations at 5000 atm, 38000 rad/hr)

(Time
Time, hr —0.25),12 hr'/» Polymer, % hi, dl/g
0 - 0 _
0.25 0 0.084 _
0.5 0.5 4.25 0.68
1.0 0.87 5.52 0.72
4.0 1.94 14.9 0.68

pies stored for 3 hr at 13500 atm after different irradiation periods at 5000
atm. The yield goes up markedly for irradiation times between 0.24 and
4 hr.  Very little polymer formed during storage after the 0.25 hr irradia-
tion. Intrinsic viscosities do not change despite the marked changes in
average rate. This implies that transfer controls the molecular weight in
this range of polymerization rates.

Results without storage are thought interpretable in terms of a common
kinetic mechanism. The rate constant was calculated from each conver-
sion. The logarithms of these are plotted versus pressure in Figure 4.
Representative intrinsic viscosities are given. Rate maxima occur near
the freezing pressure at 22°C and at 0°C. Addition of 1,1-difluoroethane
prevents freezing and rates appear characteristic of unfrozen monomer.
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At 22°C the lines for different radiation intensities are approximately
parallel, indicating that the rates differ by about the same factor at each
pressure. This factor is 4.4-5.8 between pressures of 5000 and 13000 atm.
The square root of the intensity ratio is 4.5, indicating proportionality be-
tween it and the rate.

Figure 5 is a modified Arrhenius plot. Rates increase and intrinsic
viscosities decrease as temperature increases. The latter implies that
transfer becomes more important at high temperature.

In separate experiments, water, ammonia, and air were added to the pen-
tene before polymerization at 10000-13500 atm. Radiation doses were
about 105rads. Water had no appreciable effect. Ammonia and air both

Fig. 4. Polymerization rate vs. pressure: (¢) 22°C, 38000 rad/hr; (A) 22°C, 38000
rad/hr, 20 mole % CH3CHF2, (O) 0°C, 38000 rad/hr; (X )0°C, 38000 rad/hr, 20 mole-
% CHjCIIF,: (O) 22°C, 2000 rad/hr. Lines end at. freezing pressures. Numbers near
points are intrinsic viscosities.
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caused a twofold rate reduction compared with results without additives.
The intrinsic viscosities were one third below normal with air but were
normal with ammonia. With the latter, slightly yellow polymer was ob-
tained. Water, ammonia, and air strongly inhibit anionic, cationic, and

Fig. 5. Modified Arrhenius plot, rates at 2000 rad/hr: (O) 5000 atm; (*) 10000 atm.
Numbers near points are intrinsic viscosities.

free-radical chain reactions, respectively, at low pressures. Since none
was very effective, it is possible that one or more of these may not function
in the same way at high pressure.

Discussion

The kinetics of “dead end polymerization” as developed by Tobolsky6
account satisfactorily for the variation of polymer yield with storage time
(Fig. ;3. The mechanism follows.

Initiation:
C4 2R
dR/dt = 2M[C]
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Propagation:
P, + M H«H

-dM/dl =

Termination:

Rﬂ *Jl* PVm k\?mm
—dR/dt = 213 ¢[R,,]V

Here [C| is the concentration of a catalyst, in our case formed during the
radiation period. It is assumed to decompose to form radicals. In the
storage period these are the only polymerization initiators. When [C]
approaches zero, the polymerization stops, hence the name, “dead end
polymerization.” [R] and [M] are the concentrations of radicals and
monomer respectively; the k’s are rate constants and t is time. Applica-
tion of the steady state assumption leads to [6]

(W] 2fe[Co]1A
M (YA 1 2 @

Here [Mu'] is the monomer concentration at the start of the storage
period. It is less than [Mo], the value without polymer, by the appropriate
intercept in Figure 3. For storage at 13500 atm the intercept is 1.4%, SO
[Mo'] = 0.986[Mo].[M,] is the monomer concentration on opening the
bomb, which is also expressed as a fraction of [Ain].[Co] is the concentra-
tion of catalyst at the start of the storage period. Although unknown, it
should be the same in all samples with the same prestorage history. In
effect, ki and 2/Q[CdIM((iA)ia are constants for each reaction prehistory
and may be calculated from any two experimental conversions. By using
conversions at 6 and 66 hr in eq. (1), one obtains values of 0.074 hr~1and
0.44 for/ii and 282[Cn]' Al(/i'i/r4)11, respectively, at 13500 atm. Lined in
Figure 3 is generated if these constants are used in eqg. (1). The agreement
of values on line 3 with experimental conversions at times of 3, 16, and 24
hr is excellent. The conversion at infinite time is predicted to be 36.7%.
Lines 1 and 2 are those obtained if monomer disappears during storage by
first- and second-order Kinetics, respectively, with rate constants deter-
mined from the conversion after 6 hr storage. These lines indicate much
more polymer at times greater than 6 hr than observed; at infinite time
the conversion would be complete.

For storage at 10000 and 5000 atm, values of k\ calculated from eq. (1)
are 0.11 and 0.23 hr-1, respectively. Thus Ayappears to increase as pres-
sure decreases. The short time (about 20 min) during which polvtetra-
fluoroethylene accumulated in the experiments at autogenous pressure is
consistent with this.

Longer irradiation times should lead to larger [Co], so more polymer will
be formed in the same storage time. Data in Table Il demonstrate this.
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If [co] is proportional to irradiation time, one expects from eq. (1) that the
polymer yield in such experiments will go up about as the square root of
the effective radiation time since In([M(]/[M,]) is proportional to [co] 2
and is approximately equal to the yield for small yields. In column 2 of
Table 111 are listed these square roots if the effective radiation time is taken
to be the excess over 0.25 hr because an induction period is indicated. A
plot of these numbers versus polymer yield scatters somewhat but might be
taken as indicating proportionality. An accurate calculation would re-
quire allowance for catalyst decomposition during irradiation, determina-
tion of [Mo']for each irradiation time, and characterization of the induction
period. The last two have not been done.

If C is formed at a rate proportional to intensity, radicals from C should
form during irradiation at a rate 2/ci[C] = 2FGJ[\ —e~K‘]Jwhere F is a
factor converting GC into the same units as /ci[C], / is the radiation in-
tensity, and Gcis the Gvalue for catalyst formation. Values of ki between
0.23 and 0.074 hr-1 imply appreciable rate changes over the first 10-30 hr
of irradiation. That no definite polymerization rate changes were observed
during irradiation implies that Gcis much smaller than <r, the value for
direct formation of radicals from the pentene, by the following reasoning.
The upper limit for 2ki [C]is 2FGQ; radicals form directly from the pentene
at a rate FGrl. The polymerization rate goes as the square root of the
sum of these two rates. Thus the maximum factor by which C’s decom-
position can accelerate the polymerization rate is [L + (2o6'r)] . |If
Gceis 10% of (2r, only a 10% rate rise would be obtained.

If this argument is valid the initiation step during irradiation is effec-
tively:

with
drR/.dt = FGrl

Propagation and termination are as above. The polymerization rate in
the source is then:

-(dM/Mcli) = (FGnl/lkiY~h

The isothermal pressure dependence (Fig. 4) and the isobaric tempera-
ture dependence (Fig. 5) of (dM/Mclt) give the overall activation volume
and enthalpy, respectively.1 Between 5000 and 13000 atm values are about
—11 cc/mole at 22°C and 6.5 keal/mol (27 k.l/mole), respectively. Pre-
viously a value for the activation enthalpy at 15000 atm of 11.4 kcal/mole
was reported.1 Crystallization at this pressure would have occurred at one
of the two temperatures used, making this value inapplicable to one phase.
By assuming Gr the overall free energy of activation may be calculated [1].
If (7r equals four this is 11.5 kcal/mole (48 kJ/ mole) at 5000 atm and 22°C.
The entropy of activation is —16 cal/mole-degree (—67 J/mole-degree).
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Quaternary Ammonium Polymers from
I,4-Diaza[2.2.2]bicyclooctane

J. C. SALAMONE and B. SNIDER., Macromolecular Research
Center, Institute of Science and Technology, The University of
Michigan, Ann Arbor, Michigan 4810.5

Synopsis

Menschutkin reactions of |,4-diaza[2.2.2]bicyclooct.ane with various a,w-dibromo-
alkanes and «ja'-dibromoxylenes have been studied in two solvent systems and at dif-
ferent temperatures. It was found that quaternary ammonium polymers could easily
be prepared from this rigid, bicyclic, ditertiary amine.

Introduction

In recent years there has been considerable interest in the syntheses and
properties of cationic polyelectrolytes. Polycations have been reported to
exhibit certain biological properties, such as acting as bacteriocidal and
antiheparin agents,1and they are currently finding application in various
commercial processes.2 These polyions are also of interest in solvolytic
rate studies in which they greatly affect the reaction rates of ionic re-
agents.34

The preparations of quaternary ammonium polymers derived from
various Menschutkin reactions have been reported by several workers.16-12
Marvel et al. have found that an co-haloalkyl dialkyl amine of type I,
where, typically, X is a bromo group and R is a methyl group, can con-
dense with itself, when m = 7-10, to yield a polycation (I11) which contains
the positively charged site in the polymer backbone.56

X— (CH)—NR, — T "
|

The products were reported to be hygroscopic, and they varied in physical

appearance from viscous liquids to powdery solids. The molecular weights

of these polyions were calculated to be from 3350 to 28,000. When m was

from 4 to 6, a variety of cyclic, low molecular weight salts was obtained,13

although when m was 3, a polymeric quaternary salt was formed.78 The

latter polymer presumably resulted from a rearrangement of an unstable
3495
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71% SALAMONE AND SMDER

four-membered ring, whereas when ethyl, propyl, or butyl groups were used
for the latter reaction, only the corresponding four-membered cyclic salts
were obtained.

The Menschutkin reaction between a diprimary alkyl halide and a di-
tertiary amine has also been reported to yield polymeric, quaternary salts
(111).912 Polyions of structures 1l and 111 have been

R R R R
N— (CH)— N + X— (CH)— X rN— (CHdAN— (CHe 2
R R rRX rX

termed ionene polymers because of the presence of ionic amine units in the
polymer backbone.1 The ionene polymers prepared by reaction (2) are of
considerable interest, since the electrostatic and hydrophobic characteris-
tics of the ionene can be altered by a variation of either n or t.

Reaction (2) was initially studied by Kern and Brenneisen.9 They were
able to obtain hygroscopic, polymeric salts varying in molecular weight
from 3,000 to 10,000 where R = methyl, X = bromo, n = 2o0r 3, and t =
3,5, or 10. Rembaum et al. have recently reported that for the reaction
(2), where Il was typically a methyl group and X was a bromo group,
polymers with a weight-average molecular weight of 10,000-15,000 were
usually obtained when n and m were greater than three.1 When n and ©
were less than three, either cyclic compounds or unexpected linear com-
pounds normally resulted. Other investigators have also reported the
preparations of cyclic compounds in similar reactions.13-16

In order to reduce the possibility of cyclization and also to obtain a high
nucleophilicity of a di-tertiary amine, we have investigated quaternization
reactions of the rigid, bicyclic, ditertiarv amine 1,4-diaza[2.2.2]bicyclo-
octane (DABCO, IV) with normal, primary, aliphatic dibromides or with
xylylene dibromides to yield ionene polymers of structure (V). The bi-
cyclic ditertiarv amine DABCO is

IT__N + Bi—r—Rr -N  TI—R- @)

v Br BE
\Y

analogous to the acyclic ditertiary amine AMANAMNW'-tetramethylethylene-
diamine. However, because of its rigid structure, the nitrogen lone-pair
electrons should be fully exposed. This would be expected to enhance the
nucleophilicity of DABCO relative to its nonrigid analog in much the same
fashion as has been noted in the greater reactivity of the bicyclic amine
quinuclidine with methyl iodide, in comparison to the reactivity of tri-
ethylamine.I7 Although there apparently have been no reported examples
of the nucleophilicity of DABCO relative to its analog N,N,N*,N'-tetnx-
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methylethylenediamine in a quaternization reaction, this effect has been
clearly revealed in a hydrolytic reaction.B

Based on these effects, it was anticipated that ionene polymers could
readily be prepared from DABCO. Furthermore, the utilization of this
diamine could lead to a polycation with a higher positive charge density
than that prepared from previously reported Menschutkin reactions, since
the rigid structure in the former case would lead to a greater proximity of
positively charged sites.

Experimental

The experimental procedures employed were similar to those previously
reported.2112 The solvent systems investigated were dimethylformamide
(DMF)-methanol (MeOH) (1:1 by volume) and dimethyl sulfoxide (DM-
SO). The general procedures were: to 10 ml of solvent was added 0.01
mole of the a,co-dibromide and 0.01 mole of DABCO. The reactions in
DMF-MeOH were performed at room temperature, normally for two
weeks, whereas the reactions in DAISO were performed at 70°C for 24 hr.
Water (up to 10 ml) was added during the course of all reactions, except for
1,10-dibromodecane and 1,12-dibromododecane in DAISO solution, in
order to maintain a homogeneous system. The reaction contents were then
transferred to dialysis tubing. After dialysis with 50% ethanol-water
and then water, the solutions were lyophilized. All the ionene polymers
prepared were water-soluble, except that from 1,12-dibromododecane.
The ionene polymer from 1,10-dibromodecane yielded a turbid solution in
water. The lyophilized products remained solid after exposure to air,
even after a period of several days. However, they apparently retain a
water content of approximately 8%, but do not become tacky. The ele-
mental analyses of the ionene prepared from DABCO and the various di-
bromides in DAIF-I\leOH are listed in Table I.

Results and Discussion

These reactions were performed in two solvent systems and at different
temperatures. In previous investigations it was reported that the rates of
ionene formation were more rapid in solvents of higher dielectric constant
and at higher temperature.ID It was also found that although the rate
was faster at higher temperature, the specific viscosity of the solution was
less than that obtained at 25°C, indicating that a termination step was in-
volved. This termination step could presumably involve the formation of
stable cyclic compounds or the reaction of the dibromide with the solvent
(DMF).

For the DABCO system, formation of cyclic compounds would be dif-
ficult because of the rigidity of the diamine. The formation of a possible
trimeric ring from the reaction of DABCO and 1,3-dibromopropane at
70°C in methanol for &hr has previously been suggested.9 However, it
seems quite likely that this is an ionene polymer which, of course, would
have the same elemental composition as that of a cyclic structure.
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TABLE 1
Elemental Analyses of lonene Polymers from DABCO and Various Dibromides

Elemental composition

Dibromide reagents C, % H % N, % Br,%
1.3- Dibromopropane Caled 34.42 5.78 8.92 50. 88
Found 34.14 5.9 8. 87 50. 70

1.4- Dibromobutane Caled 36.61 6. 14 8.54 48.71
Found 36.34 6.03 8. 40 41.5

1.5-Dibromopentane Caled 38.62 6. 48 8. 19 46.71
Found 38.37 6.62 8.08 46. 84

1.6- Dibromohexaue Caled 40.47 6..79 7, 44. 57
Found 39.75 7..04 7..64 45, 07

1,8-Dibromooctane Caled 43.77 7.35 7.,29 41..59
Found 43.40 7.50 7.08 41.35

1,10-Dibromodecane Caled 46.62 7.82 6.80 38..76
Found 46.43 8..08 0.57 38..49

1,12-Dibroinododecane Caled 49.10 8.24 6.36 36..29
Found 49.06 8.45 5.97 36. 32

«,«'-1)ibromo-o-, @, Caled 44.70 5.36 7.45 42 .49
and p-xylene Found (o) 4441 5.48 7.46 42 .24
Found () 44,53 5.37 7.47 42 41

Found (p) 44.38 5.70 7.03 42 .64

The yields and intrinsic viscosities of the polycations which were pre-
pared in DMF-MeOH and DMSO are reported in Tables Il and Il re-
spectively. The intrinsic viscosities were determined in 0.4.1/ KBr, where
possible, in order to compare these values to previously reported values of
the nonrigid ionenes.I’I01 It is noted that the yields of the ionenes pre-
pared from the dibromoalkanes in DMF-MeOH are somewhat lower than
those prepared in DMSO, whereas the yields of the ionenes from the xylyl-

TABLE 11
Syntheses of lonene Polymers in DMF-MeOH*
Dibromide reagents Yield, % UL dl/g1
1,3-Dibromopropane 2.2 0.13°
1,4-Dibromobutane 3.8 0.25*
1,5-Dibromopentane 13.7 0.16
1,6-Dibromohexane 38.9 0.20
0.21“
1,8-Dibromooctane 18.5 0.18
1,10-Dibromodecane 18.4 0.18
1,12-Dibromododecane 23.4 0.18
a,a '-Dibromo-o-xylene 46.7 0.04*
a,a'-Dibromo-?ii-xylene 50.6 0.04
«,a'-Dibromo-p-xylene 60.4 0.05

“Reaction for 2 weeks at 22°C, except for 1,8-dibromooctane and 1,12-dibromodo-
decane (3 weeks).

b Obtained in 0.44/ KBr in 1:1 DMF-water, except where otherwise indicated.

0Obtained in 0.164/ KBr in 1:1 DMF-water.
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TABLE 111
Syntheses of lonene Polymers in DMSOa
Dibromide reagents Yield, % [], dl/gb
1,3-Dibromopropane 111 0.09
1,4-Dibromobutane 23.5 0.17c
1,5-Dibromopentane 11.4 0.15
1,6-Dibromohexane 27.5 0.18
1,8-Dibromooctane 35.4 0.18
1,10-Dibromodecane 39.8 0.17
0.160
1,12-Dibromododecane 70.0 0.25d
a,a'-Dibromo-o-xylene 0 —
a,a'-Dibromo-m-xylene 0 —_
a,a'-Dibromo-p-xylene 11.7 0.03

a Reaction conditions: 24 hr at 70°C.

b Obtained in aqueous 0.4M KBr, except where otherwise indicated.
0Obtained in aqueous 0.24/ KBr.

d Obtained in 0.44/ KBr in 1:1 L)MF water.

ene dibromides for the former solvent system are considerably larger than
those obtained for the latter solvent system. In fact, only a negligible
amount (ca. 2-3 mg) of solid could be obtained from the reactions with a,a-
dibromo-o- and m-xylenes in DMSO. This result could perhaps be caused
by a Kornblum oxidation of the xylylene dibromides in the reaction system
of DABCO and DMSO.D

The intrinsic viscosities of the ionene polymers prepared from both
solvent systems were reasonably similar. Several of the ionenes prepared
from DMF-MeOH were found to be insoluble in aqueous 0.4M KBr, a
solvent system utilized by Rembaum et al.11011 Consequently, these
polymers were studied in 0.41/ KBr in 1:1 DMF-water. In general, the
intrinsic viscosities increased slightly with increasing chain length of the di-
bromoalkane. It is found that the ionene polymers prepared from DABCO
and 1,4-dibromobutane or 1,6-dibromohexane have intrinsic viscosities
three to four times those of the corresponding ionenes prepared from its
nonrigid analog, AA"A,, A -tetramethylethylenediamine.u This result
was anticipated because of the greater nucleophilicity of the bicyclic amine.

In regard to the intrinsic viscosities of the ionenes from the xylylene di-
bromides, it is noted that these values are considerably lower than those
from the dibromoalkanes. Although the xylene dibromides could be ex-
pected to react at a higher rate than the aliphatic dibromides, the lower
viscosities of their ionene polymers can perhaps be accounted for by the in-
creased rigidity or steric hindrance which results during polymer formation,
particularly for the ortho and meta isomers.

The preparation of ionene polymers from DABCO and dibromomethane
or 1,2-dibromoethane2lwas also attempted. Under the conditions described
in the experimental section for the other dibromoalkanes in DMF-MeOH
or in DMSO, no polycationic products resulted. From the former solvent
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system, crystals of I-bromomethyl-4-aza-1-azoniabicyclo [2.2.2 ]octane bro-
mide (V1) and 1,2'-bromoethyl-4-aza-I-azoniabicyclo [2.2.2]Joctane bromide
(V1) were obtained in moderate yield from reaction with dibromomethane
and 1,2-dibromoethane, respectively.

The melting points, infrared spectra, and NMR spectra of the resulting
compounds were compared to those of independently prepared VI and
VI1,9and no significant differences were detected.

It is interesting to note that these monobromide salts could be isolated.
This probably reflects a decreased nucleophilicity of the second nitrogen
after the first is quaternized. An effect of this type could be related to the
large difference in pAa values between the monocation of DABCO (p7va
3.0) and the neutral form (p/va8.8).8

In a second attempted polymerization, compounds VI and VII were
heated at 125°C in DMF for 3 days, with no observable increase in solution
viscosity. After dialysis of the reaction mixture, no polymeric products
were obtained. These results are consistent with those of Rembaum et
al., who also have had difficulties in preparing ionenes of a high density of
positive charge.1'1011

We hope to report in the near future the effect of these cationic poly-
electrolytes on the reaction rates of low molecular weight reagents.

The authors are grateful to Professor C. G. Overberger for his support and encourage-
ment of this work.
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Catalysis of Olefin Isomerizations by
Boron Trifluoride*

J. M. ROBERTS, Z. KATOVIC, and A. M. I(AST'11AAI.
Division of Applied Chemistry, National Research Council of
Canada, Ottaiva 7, Canada

Synopsis

The Kinetics of isomerization of butenes by boron trifluoride with acetic acid or meth-
anol as cocatalysts have been re-examined. The results, over awide concentration range,
and at temperatures from —20 to +20°C, are consistent with previous data, but it is
shown that the previously suggested mechanism cannot apply. By using deuterated
acetic acid as cocatalyst it has been found that isomerization exactly parallels protona-
tion, which is consistent with a mechanism involving a classical carbonium ion.

Our earlier studies of the isomerization of 2-butenes by boron trifluoride
were interpreted in terms of the mechanism,

C=C + HX-BF3 czc @
HX-BF3

C4=C + BF3 ~ HC—QO o)

HX-BF, BF Ae

where HX, the “cocatalyst” or proton source, may be water, methanol, or
acetic acid. In order to explain the observed nonlinear dependence of the
rate in olefin concentration, it was postulated that the equilibrium con-
stant for reaction (1) was of such magnitude that complex formation ap-
proached completion (i.e., approached the concentration of HX) at the
higher olefin concentrations employed in the experiments. It follows from
this assumption that the complex ought to be sufficiently stable to be
detected, but this has not proved to be true. In Figure 1 are shown some
measurements of the partial pressure of butene (0.1 mole/1.) over solutions
of BF3-CH3COOH in ethylene chloride; catalyst concentrations are high
so some polymerization occurs, but it is clear from extrapolation of the
measurements to zero time that there is no large and rapid uptake of butene

*Presented at the IUPAC Symposium on Macromolecular Chemistry, Budapest,
Hungary, August 1969.
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Fig. 1. Partial pressure of butene over solutions of BF3+acetic acid in ethylene diehloride.

as required by the mechanism. We have therefore been forced to conclude
that the postulated complex cannot exist in sufficient concentration to
account for the kinetics.

Since the above mechanism is untenable and since we have no acceptable
alternative for it, we have felt it desirable to re-examine and extend the
measurements on which it was based. In particular, we wished to avoid
the correction factor used to assess the medium effect when varying the
olefin concentration; this was accomplished by employing mixtures of
butene and butane such that the total hydrocarbon content of the solu-
tions was always 1.0 mole/1. The measurements have been extended to a
considerably wider range of concentrations and to the three temperatures
20, 0, and —20°C. In addition, we have attempted to establish clearly
the relationship between protonation and isomerization by studying the
two processes simultaneously using deuterioacetic acid as cocatalyst.

Experimental

The Kinetic measurements were carried out essentially as previously
described.12 The presence of butane, especially when butane/butene is
greater than nine, interferes with the estimation of butene-1 but not of cis-
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or frans-butene-2. Small amounts of trans isomer in large amounts of cis-
butene are easily separated, but small amounts of cis isomer tend to be
obscured by the tail of a large trans peak in the chromatogram; there is thus
greater uncertainty in the results when the Irans isomer is used as starting
material.

Measurements of vapor pressure of butenes over solutions of catalyst
were made with butene mixtures corresponding closely to the equilibrium
composition (75% trans, 22% cis, 3% butene-1). Pressures were deter-
mined with a constant-volume manometer, and readings were taken for at
least 45 min. The catalyst solution was brought to 20.0°C and then the
butene forced rapidly into the measuring flask from a side arm. In all
cases the pressure obtained by extrapolating to zero time was within 2% of
the pressure measured in the absence of catalyst, and was usually much
closer.

Deuterioacetic acid, CH3COOD of 99.8% isomer purity was prepared for
us by Dr. L. C. Leitch. The deuterium content of the mixed butenes was
obtained by mass spectrometry with an accuracy of better than 5% for each
component, CH and CilLJF. The isomer composition was obtained, as
usual, by gas-liquid chromatography. Both deuterium content and isomer
composition were determined on at least three samples from each reaction
mixture.

Results

The observed initial rates of isomerization of cis- and irans-butene-2 at
the three temperatures are shown in Figure 2. The catalyst throughout
was 1.0 X 10-3 mole/1l. of CHILOOHBF3and 2.0 X 10_3mole/l. of free,
dissolved, BF3 Hydrocarbon concentration (butene + butane) was 1.0
mole/1.; the solvent was ethylene dichloride. The results are generally
very similar to those previously reported; exact comparison is possible only
at 1.0 mole/1. of butene because most of the present reaction mixtures con-
tain butane, but at that point agreement is excellent for experiments with
cfs-butene, rather poor for those with trans-butene. (It was noted above
that analytical difficulties arise with the trans isomer; also the back reac-
tion is more important with this isomer, since equilibrium is reached when
the trans concentration is still 75%.)

The rate decreases slowly with decreasing temperature. The effect is
roughly consistent with an activation energy of 5-6 kcal/mole but undoubt-
edly is due to a number of factors such as changes in dielectric constant and
equilibrium constants, as well as to activation energy, so has little real
significance. Its main interest here lies in its similarity to the temperature
dependence of polymerization,3suggesting the possibility of a common rate-
controlling step.

The rate seems to become increasingly independent of olefin concentra-
tion as the temperature is decreased. This point too, is of interest in con-
nection with the polymerization kinetics which approach first-order de-
pendence in monomer.34 If monomer were involved in the initiation, one
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Fig. 2. Rate of isomerizations of butenes by boron trifluoride-acetic acid in ethylene
dichloride solution:  (------ ) cfs-butene; (--) ¢rans-butene.

might expect to find that the order in monomer, in the rate expression for
monomer consumption during polymerization, was greater than one, so
again one may suspect a relationship between the isomerization and initia-
tion processes.

The effect of cocatalyst concentration on the rate of isomerization was re-
examined at 20°C with the use of solutions containing equal amounts of
butane and butene (0.5 mole/1.) and a constant excess of free boron tri-
fluoride in solution (i.e., excess over that required to form the 1:1 complex
with cocatalyst) of 1.5 X 10-3 mole/1. The results are shown in Figure 3
and provide an excellent illustration of the difficulties in this field; the
measurements were made with great care and cover a concentration change
of nearly one hundredfold, yet are quite inadequate to define unambigu-
ously the nature of dependence of the rate of cocatalyst concentration.
The solid line in the figure represents a half-order dependence and the dotted
line a first-order dependence with intercept; the zero point on the scale has
been shifted as shown, on the assumption that the blank, determined in the
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Fig. 3. Dependence of the rate of isomerization of «s-butene-2 on cocatalyst concen-
tration. Butene and butane concentrations, each 0.5 mole/1.; free BF3in solution, 1.5
X 10*“3mole/1.

absence of cocatalyst, applies at all cocatalyst concentrations. In our
earlier work, over a smaller concentration range, we had concluded that the
reaction was of the first order in cocatalyst but it now seems more probable
that the reaction approaches first order only above about 10~3mole/1. co-
catalyst, and that a change in kinetics may occur at lower concentrations.
A shift from a free ion to an ion-pair mechanism or some similar equilibrium
process could perhaps account for the results.

The results with methanol as cocatalyst, over a shorter concentration
range, are entirely consistent with the results for acetic acid (Fig. 4).
Again they suggest a first-order dependence above about 10-3 mole/1., with
a change in kinetics below this point. We should point out here that
methanol is from two to five times as effective as acetic acid as a cocatalyst;
we previously reported erroneously that it was about equally effective.

Throughout these studies it has been assumed that isomerization proceeds
through a classical carbonium ion and hence is directly related to the usually
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Fig. 4. Dependence of the rate of isomerization on cocatalyst concentration; efs-butene-
2; free BF3 1.5 X 10-3 mole/1.

accepted mechanism for initiation of polymerization. However it is at least
conceivable that the rearrangement could occur without complete develop-
ment of the ion: the catalyzing proton could be lost again before becoming
covalently bonded to carbon. A view of this kind is consistent with the
fact that isomerization is much more rapid than initiation of polymerization
of butene-2, and with the observation that deprotonation seems to occur
much more rapidly from the butene-2 ion (l), if it is formed, than from the
oligomer ion (I1), in spite of their similarity in structure (stabilization of the
ion 1l by rearrangement to a tertiary ion is not believed to be a dominant
process).
CH3 Cllj
CH,—CH2—CH—CIT CH:,-Cn -éH (|H—8®H—CH3
I I

In an effort to obtain more information on this point we have measured
the rate of deuteration of butenes during the isomerization, using deuterio-
acetic acid (CH.COOD) as cocatalvst.
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The measurements present a few problems which are easily understood
in terms of the classical mechanism.

CH3— CH=CH—CH3 + CH3— CD=CH— CH3

cis and trans equally

D ©
CHS — [CH3—CHD— CH— CHJ3 3)
asor
trans

CH— CHD— CH=CH,

CH3— CH==CH— CHD
cis and trans equally

©
cH8 [CH3— CH,— CH— CH,D] «)
1-butene

1-butene, mixed deuteration

From earlier work we know that the reaction intermediate decomposes to
approximately equal amounts of the cis and trans isomers (48% of each) and
a small amount (3-4%) of 1-butene. The rate of isomerization of the cis
or trans isomer is thus about half the rate of protonation, whereas the rate
of isomerization of 1-butene should roughly equal the rate of protonation.
However, when deuterons replace protons a serious complication arises
because of the difference in the rate of expulsion of the two species. The
effect is not very important vihen butene-1 is used as the starting isomer
because, as seen in eq. (4), 96% of the product in this case is formed by
proton expulsion only. It is important with the cis and trans isomers,
where 96% of the product is formed by expulsion of either a proton or
deuteron from the —CHD—group [eq. (3)]; little can be said about the

TABLE |
Relative Rates of Isomerization and Deuteration*
Rate of Rate of
isomerization deuteration
[CHsCOOD], X 10 X 104
Monomer mole/1. mole/l.-min mole/l.-min Ratio
Butene-1 0.278 1.5 1.6 0.94
0.233 2.1 2.4 1.15
0.173 4.2 4.2 1.00
0.157 7.8 7.6 1.03
cfs-Butene-2 0.187 19b 11.4 1.7
0.233 9.2 5.5 1.7
0.279 4.8 3.35 1.4

“ [Butene] = [BFJ = 0.116 mole/1.; 20°C.
bThe rate of isomerization of cis isomer is taken as twice the rate of formation of the

Irans isomer (see text).
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relative rates of the expulsions other than that the kn/ko ratio should be
less than 8.

In order to avoid scrambling effects and formation of multideutero
products, it is necessary to measure initial rates before much of the deuterio-
acetic acid is converted to the proton acid. This condition requires a
fairly slow reaction rate and a large amount of acetic acid-d, so it was
necessary to reduce the boron trifluoride concentration below that of the
cocatalyst. In this respect therefore, the experiments were not carried out
under the exact conditions employed for the study of isomerization and poly-
merization and one can only hope that the mechanism remains unchanged;
the fact that the relative rates of formation of the isomers is about the same
in the two series of experiments is encouraging. The results are shown in
Table 1.

The results for butene-1 seem to show clearly that isomerization
exactly parallels protonation and hence that a mechanism based on a classi-
cal carbonium ion is acceptable. The results for the cis isomer are consistent
with this conclusion if the kn/kn ratio is assigned the reasonable value of
155

One further point of interest may be mentioned. It is generally believed
that the principal molecular weight-limiting process in cationic olefin poly-
merizations is the so-called “monomer transfer” process, in which a proton
from the growing chain is transferred to monomer, thus terminating one
chain and initiating another. If our observations on the relative rates of
isomerization and polymerization are valid, monomer transfer is perhaps
more properly described as monomer termination. This concept of proton
transfer from ion to monomer raises the interesting question as to whether
isomerization might not occur by a chain process in which the proton is
transferred repeatedly from one olefin molecule to another. The present
results seem to rule out this possibility.

The experimental results reported here show a number of characteristics
consistent with the view that isomerization is indeed closely related to ini-
tiation of polymerization. It is clear that a mechanism such as that repre-
sented by egs. (1) and (2) cannot account for the results, no matter what
values are assigned to the constants, and unfortunately we are unable
to suggest a suitable alternative. It is very evident that we require data
which are more accurate by an order of magnitude and which can be ex-
tended to much lower concentrations of catalyst.
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Thermal Degradation of Polymers with Phenylene
Units in the Chain. IV. Aromatic Polyamides
and Polyimides

G. F. L. EHLERS, K. R. FISCH, and W. R. POWELL,
Air Force Materials Laboratory,
Wright-Patterson Air Force Base, Ohio ~5"33

Synopsis

The breakdown mechanism of an aromatic polyamide and four polyimides has been
studied under vacuum in the temperature range of 375-620°C, by using techniques de-
scribed earlier, involving collection and analysis of volatile products as well as analyses
of residues at different temperatures. The decomposition of the polyamide up to 375°C
yielded predominantly carbon dioxide, while between 375 and 450°C about equal
amounts of carbon dioxide and carbon monoxide formed. Hydrogen is the major
product between 450 and 550°C, along with hydrogen cyanide, methane, and carbon
monoxide. The major reaction at the lower temperatures seems to be the cleavage of.
the linkage between the carbonyl group and the ring, with subsequent formation of a
carbodiimide linkage via isocyanate intermediates, and liberation of carbon dioxide.
Alternatively, cleavage between the carboxyl and the NH-group leads to the formation
of carbon monoxide. Carbon dioxide and carbon monoxide are also the major volatile
decomposition products of the polyimides at the lower temperatures. The primary
cleavage reaction is believed to be the rupture of the imide ring between a carbonyl and
nitrogen, with subsequent formation of isocyanate groups. The latter react with each
other to form carbodiimide linkages and carbon dioxide, while the remaining benzoyl
radical is the source for carbon monoxide.

INTRODUCTION

While a considerable number of investigations have been concerned with
the decomposition of aliphatic polyamides,1-7 little is known about the
decomposition mechanism of aromatic polyamides. Krasnov and co-
workers89 subjected polyamides made from m- and p-phenylenediamine
and isophthalic and terephthalic acid to decomposition under vacuum at
temperatures between 320 and 530°C. Semi-quantitive mass spectro-
métrie analysis showed carbon dioxide and water as the major volatile
products at the lower temperature ranges, along with undetermined amounts
of carbon monoxide. At the higher temperatures, benzene and hydrogen
cyanide also formed to a considerable extent, along with toluene, benzo-
nitrile, some hydrogen, and the products mentioned before. Ammonia
formed at the higher pyrolysis temperatures in the cases of the polymers

3511
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with the isophathalic acid component. Solid products isolated were the
aromatic compounds 1-HI.

NH,
1

The authors concluded that severe hydrolytic reactions of amide bonds
occur, with subsequent decarboxylation of the carboxyl endgroups. From
the formation of benzonitrile, they assumed that the water for the hydro-
lytic reactions is formed by dehydration of ammonium salt or amide end-

groups [eq. (1)].

They also considered the possibility of intermediate isocyanate groups
with subsequent formation of a carbodiimide linkage [egs. (2) and (3) ].

Other more complex reactions may also occur, as indicated by the
presence of hydrogen, carbon monoxide, hydrogen cyanide, and toluene.
More recent workDinvolved the study of the decomposition products of
aromatic polyamides and -imides under oxidative conditions. The main
volatile product was found to be carbon dioxide; other products included
carbon monoxide, water and nitrogen.

Studies of the thermal decomposition of polyimides have been reported
by Heacock and Berr,11 who found the following products on vacuum
pyrolysis of H-film, at 540°C: benzene (0.7 mole-%), carbon dioxide
(35.1 mole-%), carbon monoxide (58.7 mole-%), water (1.2 mole-%),
hydrogen (2.6 mole-%), hydrogen cyanide (1.2 mole-%), benzonitrile
(0.5 mole-%), and traces of ammonia. About 40-60% of the weight loss
consisted of gases; the remainder was liquid and solid product, containing
aminophenolic and plithalimide groups. Brack2 pyrolyzed H-film under
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vacuum at 600°C and collected 60.5 mole-% carbon monoxide, 19.0%
carbon dioxide, 9% hydrogen, 7.6% water, and smaller amounts of meth-
ane, ammonia, hydrogen cyanide, benzene, phenol, and benzonitrile.
He attributes carbon dioxide to the hydrolysis and decarboxylation of
polyamic acid moieties and assumes that the polyimide group produces
only carbon monoxide. From this, he concluded, that H-film contains
22% polyamic acid. Gay and Berr3pyrolyzed powdered samples of the
polyimide from 4,4'-diaminodiphenyl ether and pyromellitic dianhydride
between 400 and 600°C. They found carbon monoxide and carbon
dioxide, and above 525°C, hydrogen, to be the major gaseous products.
They ascribe carbon dioxide to the presence of isoimide moieties (1V)

N—fi-
I

0
v

initially present in the polymer as a minor component, while a steady rate
of carbon dioxide is generated by isomerization of the imide groups to
isoimide groups.

EXPERIMENTAL

Thermogravimetric Analyses

A Chevenard thermobalance was used for tests under nitrogen, at a
heating rate of 2.5°C/min and a flow rate of 200 ml/hr. A sample size of
100 mg was used.

Degradation Studies

The results from thermogravimetric analysis were used as a guide to
select three decomposition temperatures for the degradation study. The
sample was heated stepwise to these temperatures, and volatiles, sublimate,
and residues were collected. Details of the procedure and a description of
the apparatus used for the decomposition studies have been given
earlier.1416

Mass Spectroscopy

The gas samples were analyzed in a Consolidated Electrodynamics
Corporation Model 21-103B (modified) mass spectrometer. An ionizing
voltage of 70 eV and an ionizing current of 10 ;;Awas used.

Infrared Spectroscopy

Infrared spectra were obtained by use of a Perkin-Elmer infrared record-
ing spectrophotometer, Model 137, and potassium bromide pellets. The
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polymers and especially the residues were shaken 1-4 min in steel vials in a
Wig-L-Bug (Crescent Dental Mfg. Co., Chicago, 111) and sifted through
brass sieves. The part with a particle size below 75 * was collected. De-
pending upon the opacity of the materials, 0.25-0.7% of the polymer in
IvBr was used.

RESULTS AND DISCUSSION

Description of Polymers

One aromatic polyamide and four polyimides have been subjected to
decomposition in this study.

The polyamide (polymer 1) received from the Chemstrand Research
Center, Inc., Durham, N. C. was a sterically ordered, fully aromatic poly-
amide whose structure is presumed by the authors to be:

0 0] 0 0

The fluffy, white powder was apparently of high molecular weight, it was,
however, insoluble in conventional organic solvents. Studies conducted
independently with this polymerX showed that it was essentially amor-
phous. DTA seemed to indicate a second-order transition at 275°C and
endotherms at 430 and 4t>0°C related to thermal decomposition. Our
own DTA measurements showed a second-order transition at 277°C and
an irregular pattern of endotherms and exotherms beginning at 397°C.

The polyimides (Polymers 11-V)Bwere yellow to orange films received
from Research Laboratories, Westinghouse Electric Corporation. In
general, they were prepared by addition of the stoichiometric quantity of
an aromatic dianhydride to a solution of an aromatic diamine in dimethyl-
acetamide, keeping the temperature below 50°C, and casting a film from
this solution. Dehydration of the polyamic acid to the polyimide was
achieved by curing to about 300°C.

Polymer I 1:
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Polymer 1V :

Decomposition of the Polyamide (Polymer 1)

Thermogravimetric analysis (Fig. 1) under nitrogen indicated an onset
of decomposition at 410°C. An exploratory decomposition run showed
that decomposition temperatures of 375,450, and 550°C adequately covered
the major breakdown of the polymer. This preliminary run also indicated
that keeping the polymer in an evacuated desiccator for several days was
insufficient to remove adsorbed water. Analyses of the polymer gave

CHEVENARD THERMOBALANCE,
NITROGEN , 2 1/2 °C/min

100 200 300 400 500 600 700 800

TEMPERATURE (°C)

Fig. 1. Thermogravimetric analysis of polymer I.

900
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high values for hydrogen and oxygen and low values for carbon and nitro-
gen, and the (preliminary) run yielded 8.6, 4.7, and 1.5% water (i.e., moles
water/total moles volatiles) at 375, 450, and 550°C, respectively. Drying
the polymer at 80°C for 48 hr under vacuum removes practically all of
the adsorbed water, and only insignificant amounts were formed during
the decomposition, as can be seen in Table I. Table I also shows that

TABLE 1A
Analyses of Residues of Polymer |

c,% H, % 0, % N, %
Calcd for (C,,HION2),, 70.6 4.2 13.4 11.8
Found for polymer 67.5 4.3 13.7 11.2
Found for residue, 375°C 71.4 4.3 10.1 12.0
Found for residue, 450°C 80.0 3.7 1.9 12.2
Found for residue, 550°C 83.4 2.9 2.6 10.0

TABLE IB

Analyses of Volatiles from Polymer |

Temper- Weight Total
ature Volatile products, mole-% vola- wei@ht
range, tiles, loss,

°C cthxh3cthb o CO HCN HD CH4 H2 o4 op
20-375 — 0.3 86.6 115 04 06 0.1 05 9.2 265
375-450 0.2 1.7 40.2 444 15 04 18 0.8 80 225
450-550 — 0.8 2.7 80 124 05 9.1 665 3.9 5.5

RPer cent of starting material.

carbon dioxide is the major volatile decomposition product in the lower
temperature range. Between 375 and 450°C, the carbon dioxide content
decreases, while carbon monoxide reaches a peak, and hydrogen formation
is noticeably increased. At the highest temperature range hydrogen is
the major product, while some hydrogen cyanide, methane, and carbon
monoxide are also formed. Nitrogen is given off only in the form of hy-
drogen cyanide, and no ammonia is formed. The overall loss of nitrogen
is low, which is confirmed by the analytical data of the residues. The
infrared spectra (Fig. 2) contribute little to the elucidation of a mechanism.
The spectra of the original polymer and the residue at 375°C are almost
alike, with the exception of a band in the latter at 700 cm-1; this band
may result from monosubstituted aromatic rings (more endgroups). The
spectra of the residues at 450 and 550°C are inconclusive with the exception
of the above mentioned bands.

As can be seen from the mass balance in Table I, more than half of the
weight loss may be attributed to condensables which could not be isolated
in sufficient quantity for identification. Friedman,2 who subjected the
same polymer to vacuum pyrolysis up to 1000°C at a rate of 10°C/min
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and who analyzed the effluent gases in a time-of-flight mass spectrometer,
found in addition to the products we identified, aniline, benzene, benzo-
nitrile, and also ammonia in sizeable quantities. Smaller amounts of
phenylendiamines, diacyanobenzenes, cyanoanilines, phenyl isocyanate,
acetylene, and biphenyl have been found. The presence of phenylene-
diamines, dicyanobenzenes, and cyanoanilines suggests the presence of AA,
BB, and AB functional units in the polymer.

One may be inclined to explain the breakdown of aromatic polyamides
as being analogous to that of aliphatic polyamides.7 A rupture of the
linkage between the NH-group and the ring may occur first. After ab-
straction of hydrogen from a ring, an amide endgroup is formed which
gives off water to form a nitrile. The water, in turn, hydrolyzes another
amide linkage with formation of a carboxyl and an amino end group. The
carboxyl group finally decarboxylates to form carbon dioxide as the major
volatile decomposition product at lower temperatures.

The following objection can be made against such a mechanism as a
major path of breakdown. Since one mole of water is required to form one
mole of carbon dioxide, a considerable amount of water must be produced,
and a reasonably large part of this would be expected to evolve as free
water, as is the case with aliphatic polyamides. However, practically no
free water is formed.

It seems to us that the mechanism considered as a possibility by Krasnov
and co-workers,89 namely the formation of a carbodiimide linkage via
isocyanate groups, has merit. Diphenylcarbodiimide, for example, forms
with the evolution of carbon dioxide when phenyl isocyanate is heated to
1S0°C in a sealed tube. The mechanism which leads to the five major
gaseous decomposition products, namely carbon dioxide, carbon monoxide,
hydrogen, hydrogen cyanide and methane, and which also accounts for
the additional products found by Friedman, can be written as in egs. (4)-
(12).

Phenyl isocyanate

N=C=N""" —  polymer carbon with
heterocyclic rings

HCN
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H abstraction
------------- — » CH, + polymer carbon
from other rings

From the quantities of the volatiles formed at the different temperature
levels, it is concluded that the chain cleavage indicated in eq. (4) is the
preferred one at the lower temperatures, and those in egs. (8) (9) occur at
successively higher temperatures.

Peculiar is the fact, that Friedman observed “sizeable” amounts of am-
monia, while we observed none for the same polymer. Some investiga-
tors2-4'7 studying the decomposition of nylons also found ammonia, while
others166did not. A study of this earlier work did not clearly reveal the
reason for this discrepancy, and it cannot be said whether the same reason-
ing would apply to aliphatic and aromatic polyamides. However, tem-
perature, time, and heating rate may be factors of importance, and also the
way the volatiles are collected. Hasselstrom and co-workers2 observed
that ammonium carbonate formed during the decomposition of nylon.
This may also occur during the decomposition of aromatic polyamides,
or, for that matter, during the decomposition of all substances which form
carbon dioxide and ammonia simultaneously. Feeding the volatiles con-
tinuously into a time-or-flight mass spectrometer may avoid the problem of
ammonium carbonate formation. Collecting the gases and analyzing

*Possible source for aniline, phenylenediainines, cyanoanilines, benzonitrile, and
dicyanobenzenes as found by Friedman.
f May hydrolyze some amide linkages.
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them separately may allow the formation of ammonium carbonate which
may form athin layer of sublimate and thus remain undetected.

Decomposition of the Polyimides (Polymers 11-V)

The four polyimides are very similar to one another in weight loss curves
(Fig. 3) and the kind and amounts of decomposition products (Tables
11-V), if the small amount of sulfur-containing decomposition products of

TABLE 1A
Analyses of Residues of Polymer |1
C, % H, % 0, % N, %
Calcd for (CrmHidOsNi)» 69.1 2.7 20.9 7.3
Found for polymer 67.8 2.8 20.1 7.6
Found for residue, 400°C 69.4 2.9 18.9 7.9
Found for residue, 450°C 75.5 3.4 9.9 8.4
Found for residue, 550°C 80.8 2.9 2.5 7.7
Found for residue, 620°C 83.2 2.1 2.6 6.3

polymers IV and V is disregarded. Polymers Ill and V, with a benzo-
phenone carbonyl, seem to form more carbon monoxide and less carbon

Fig. 3. Thermogravimetrie analysis (nitrogen) of polymers Il, 111, IV, and V.
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TABLE I1IB
Analyses of Volatiles from Polymer |1
Tempera- Weight Total
ature Volatile products, mole-% vola-  weight
range, tiles, loss,
°C CoHe €° Cco HCN HD Cli4 Ho %
20-400 0.2 78.0 19.7 0.2 0.5 0.4 1.0 —34 3.4
400-450 0.1 437 53.0 0.2 - 0.4 2.6 17.4 27.5

450-550 0.2 111 46.3 4.3 0.4 5.6 32.1 8.8 9.8
550-620 1.2 1.0 23.6 3.7 0.3 8.6 61.6 4.1 5.1

1Per cent of starting material.

TABLE IlIA
Analyses of Residues of Polymer 111

c, % H, % 0, % N, %
Calcd for (CZHXD 6N 2),, 71.6 2.9 19.7 5.8
Found for polymer 70.6 3.1 18.8 5.8
Found for residue, 400°C 70.9 2.9 17.8 6.4
Found for residue, 450°C 75.0 3.1 12.4 6.2
Found for residue, 550°C 85.4 2.4 2.3 5.6
Found for residue, 620°C 87.0 1.9 1.5 5.2

TABLE 11IB

Analyses of Volatiles from Polymer 111

Weight  Total

Temper- Volatile products, mole-% vola-  weight
ature tiles, loss,
°C CfH6 OO CcO HCN hd ch4 ch4 %a %a
20-400 No data, insufficient amounts of volatiles 2.8
400-450 0.2 37.7 60.1 0.3 0.8 0.1 0.8 18.3 18.9
450-550 0.4 20.7 52.3 2.0 0.6 3.8 20.2 —17.3 17.3
550-620 0.2 11 21.3 3.0 0.7 9.0 64.7 3.7 4.0

*Per cent of starting material.

TABLE IVA
Analyses of Residues of Polymer IV

c, % H, % 0, % N, % s, %

Calcd for (CZHION 5),, 66.3 2.5 16.1 7.0 8.1
Found for polymer Insufficient material

Found for residue, 400°C 66.4 2.6 15.4 7.4 7.6
Found for residue, 450°C 70.2 2.8 9.6 7.6 5.8
Found for residue, 550°C 79.0 2.5 1.7 6.9 4.2

Found for residue, 620°C 80.9 1.7 1.3 7.4 3.3
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TABLE 1VB
Analyses of Volatiles from Polymer 1V

Temper- Weight Total
ature Volatile products, mole-% vola- - weight
range, tiles,  loss,

°C C@H6 cs, ocs co2 HS CO HCN HD ch4 h2 %' %a
20-400 0.2 — 0.3 821 11 145 05 04 0.7 04 ~4.2 4.2
400-450 0.2 — 3.8 41.0 59 459 10 0.8 01 1.2 23.4 24.8

450-550 0.4 0.1 16 247 65 492 48 02 11 114 -~12.8 128
550-620 0.2 0.1 0.2 24 79 180 9.2 0.4 6.4 552 34 47

a Per cent of starting material.

TABLE VA
Analyses of Residues of Polymer V

C % H, % 0, % N, % S, %

Calcd for (CZHN0 NXB),, 69.3 2.8 15.9 5.6 6.4
Found for polymer 68.3 2.8 16.2 5.6 6.7
Found for residue, 400°C 73.8 3.1 14.2 5.9 4.1
Found for residue, 450°C 70.1 3.0 10.0 5.8 3.8
Found for residue, 550°C 80.5 2.6 2.2 5.5 3.6
Found for residue, 620°C 79.8 2.2 2.2 4.5 3.0

Fig. 4. Infrared spectra of polymer Il (1) and its residues at (2)400°C, (3) 450°C, and(4) 550°C.
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TABLE YB
Analyses of Volatiles from Polymer V
Temper- Weight  Total
ature Volatile products, mole-% vola-  weight
range, tiles, loss,
°C CH6 OCS C02 HXS CO HCN HoO ch4 H, 0% 97
20-400 06 643 52 278 04 10 04 03 5.4 7.2

400-450 04 26 265 6.4 603 09 05 02 22 =117 117
450-550 0.5 09 191 3.9 486 4.4 05 24 197 16.1 20.6
550-620 0.3 0.1 13 52 128 49 0.7 84 66.3 3.8 53

aPer cent of starting material.

dioxide than the other two polymers. Those with the sulfide linkage
produce some hydrogen sulfide, especially above 400°C, and some carbon
oxysulfide with a peak temperature between 400 and450°C.

The infrared spectra (Fig. 4-7) show a great similarity between the origi-
nal polymers and the residues at 400°C; as the tables indicate, there is
little weight loss up to that point. Changes which occur in the spectra
thereafter are the disappearance of bands in the region between 700 and
1200 cm-1. To a large extent, these may be substitution bands which

000 3000 2000 1500 1000 900 800 700

Fig. 5. Infrared spectra of polymer I11 (1) and its residues at (2) 400°C, (3) 450°C, and (4) oo0°C.
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Absorbance

1500 1000 900 800 700
cm

1to0Jo 3000 2000

Fig. 6. Infrared spectra of polymer IV (1) and its residues at (2) 400°C, (3) 450°C, (4) 550°C,
and (5) 620°C.

change with bond rupture and crosslinking. The imide band at 1775
cm~*“and the imide substitution band2 at 723 cm-1 disappeared at 550°C.
In the case of polymer V, the 723 cm-1 band had disappeared before
450°C. A new sharp band at 2200 cnrlemerged in the spectra of the
residues, especially in the case of polymers I11-VV. Bands in this region
are representative of the C=N stretching vibration, and have been ob-
served with nitriles, isocyanates, and carbodiimides Ri—N =C =N —Ib>

In order to propose a breakdown mechanism for the polyimides it be-
comes necessary to explain the rather unexpected generation of carbon
dioxide. BrackRpostulates, as has already been pointed out, that carbon
dioxide results from the hydrolysis and decarboxylation of polyamic acid
groups, whereas carbon monoxide is contributed by the imide group. If
this reasoning is applied to the polyimides we evaluated, it would mean
that in view of the considerable carbon dioxide evolution, a large amount
of polyamic acid should still be present. The analyses of the polymers,
however, especially the oxygen analyses, do not confirm this. Further-
more, we would expect that, on heating, the polyamic acids would continue
to cyclize rather than to decarboxylate. This, in turn, would generate
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Absorbance

Fig. 7. Infrared spectra of polymer V (1) and its residues at (2) 400°C, (3) 450°C, and (4) 550° C

water, which is not found in appreciable quantities. The infrared spectra
of our polyimide films did have distinct bands around 3450 cm-1, which
may be attributed to NH-stretching frequencies. They are, however,
relatively small compared to the rest of the bands and could be indicative
of only minor amounts of amide groups in the polymers, as is evident from
the results of elemental analysis. It is interesting to note that the relative
size of the NH band increases somewhat in the spectra of the 450°C resi-
dues. Asthe mechanism in eq. (13) will show, newly formed amide radicals
may abstract hydrogen to yield some NH groups.

Another route for the formation of carbon dioxide, as suggested by Gay
and Berr13 (see Introduction) is the decomposition of isoimide groups be-
lieved to be formed through isomerization of the normal imide. A doublet
in the infrared band at 10.95 n (914 cm-1) was attributed to the isoimide.
Dine-Hart and Wright2 prepared polyisoimides and found that they
rapidly revert to the more stable imide form on heating. The formation of
carbon dioxide from isoimides would, then, require some degree of equi-
librium between imide and isoimide at the decomposition temperature.

We believe, that the major decomposition reaction taking place re-
sembles the one postulated for polyamides [egs. (13)—€15) ].
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Evidence for this route is, as mentioned above, the presence of the
C=N-stretching frequency, indicative of the isocyanate or carbodiimide
linkage, and the increase of the NH-stretching frequency around 3450
cm-1 on heating the polymer to 450°C, indicating that the amide radical
in eq. (13) forms some CO—NH—linkages through hydrogen abstraction
from the ring. Since this hydrogen abstraction is expected to occur only
to a limited extent at the relatively low temperature of 450°C, a small
increase in the NH bands, as observed, may be indicative of a substantial
formation of this radical.

It appears, then, that the major mechanism for the thermal decom-
position of aromatic polyamides involves cleavage of the amide linkage as
the primary step and formation of carbodiimide moieties and carbon dioxide
via isocyanate groups. The polyimides undergo cleavage of the imide ring
between a carbonyl and the nitrogen to form, in a second step, an iso-
cyanate and a benzoyl radical. The isocyanate decomposes as explained
before via formation of carbodiimide and carbon dioxide, the benzoyl
radical yields carbon monoxide.
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Mechanical Properties of Radiation-Induced Graft
Copolymers of Styrene to Polyethylene

SUEO MACHI* and JOSEPH SILVERMAN
Laboratory for Radiation, and Polymer Science
Department of Chemical Engineering, University of Maryland,
College Park, Maryland 20742

Synopsis

Measurements were made of the tensile properties of polyethylene-styrene grafts pre-
pared by irradiating polyethylene films in liquid styrene. The films contained true graft
and occluded styrene homopolymer. It was shown that yield strength, tensile strength,
and initial modulus of elasticity increase while elongation decreases with increasing poly-
styrene content. The tensile strength and elongation were reduced when the grafted film
was soaked in benzene more than 15 hr. The film prepared by a post-irradiation graft
gave higher tensile strength and elongation than those of grafts formed by simultaneous
irradiation of the film and the monomer. These results indicate that radiation-induced
grafting makes the system of polyethylene and polystyrene compatible and potentially
useful, provided the samples are not subjected to drastic solvent, extraction procedures
for the removal of homopolymer.

Several papersl-7 have been published on the reaction Kkinetics of radia-
tion-induced grafting of styrene to polyethylene (PE), but only two brief
works18 on the mechanical properties of PE-styrene graft have been re-
ported. One paperlshows that the tensile strength of the graft prepared by
the simultaneous irradiation of the two components decreases with increas-
ing degree of grafting, and the other8indicates an increase in tensile strength
of the graft prepared by post-irradiation grafting method.

As shown in a previous paper,9the deterioration in the properties of poly-
ethylene films prepared by the simultaneous grafting method is due to
“bubbles” caused by the prolonged benzene extraction procedure usually
employed following grafting. When the grafted film is dried after soaking
in benzene for less than 10 hr, it appears to be a homogeneous and compati-
ble system in spite of the presence of considerable amount of occluded sty-
rene homopolymer. In this paper, tensile properties are presented for the
irradiated styrene-PE films as a function of polystyrene content and com-
pared with the graft produced by post-irradiation grafting of styrene to PE.

*Permanent Address: Takasaki Radiation Chemistry Research Establishment,
Japan Atomic Energy Research Institute, Takasaki, Japan.
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EXPERIMENTAL

Materials. Dupont low density PE film (additive free, specific gravity
= 0.919), 3.8 mil thick, was used in the form of 10 X 90 mm strips. Styrene
monomer of commercial grade was washed successively with 10% sodium
hydroxide agueous solution and water, dried with calcium chloride and
stored over calcium hydride for a week. The styrene was then distilled
over fresh calcium hydride before use.

Irradiation and Grafting. In case of simultaneous irradiation grafting,
the strips were immersed in styrene in a glass tube. The styrene was de-
gassed by four cycles of freezing and thawing before the tube was sealed at a
pressure of 10-5 Torr. Irradiations were carried out at 19°C in the @Co
source of the University of Maryland. For the post-irradiation experi-
ments, the strips were put in a tube and evacuated for 15 hr at 10~5Torr
and then sealed off. After irradiating the strips, purified and degassed
styrene was introduced into the tube containing the strips through a break-
seal. In the interval between irradiation and introduction of monomer, the
strips were kept at liquid nitrogen temperature. The post-irradiation
grafting reaction was carried out at 23-25°C.

After the reaction, the strips were usually washed with benzene for less
than an hour to remove dissolved styrene, dried under vacuum, and
weighed. One sample was soaked for 150 hr prior to drying.

Tensile Properties Measurements. The tensile properties of the strips
before and after treatment were measured by means of an Instron test ma-
chine. Each number reported is the mean of five measurements. The gauge
length was 1in. and the sample was pulled at 1in. per min.

RESULTS AND DISCUSSION

Stress-strain curves of grafts with different polystyrene (PS) content are
illustrated in Figure 1L The physical property measurements are sum-
marized in Table I. The plots of tensile strength, tensile yield, initial mod-

Fig. 1. Stress-strain curves of polyethylene-styrene grafts. Numbers correspond to the
sample numbers shown in Table 1.
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TABLE |
Properties of Polyethylene-Styrene Grafts
. Initial
Polystyrene Tensile Strength modulus of
Sample content Dose Yield Break elasticity Elonga-
number (Wt%) (mrad) (kg/lcm2)  (kg/cm2) (kg/cm2) tion, %
Simultaneous irradiation method

1 0 0 88 134 1520 436

2 15.4 0.60 113 159 2660 428

3 40.2 0.50 150 161 4090 313

4 75.5 0.90 204 170 6320 65

Sample 3 after 15 hr soak in benzene
5 28.6 0.50 139 137 3600 66
Post-irradiation method
6 52.3 1.60 144 181 5190 399

ulus and elongation against PS content are shown in Figure 2. Tensile
strength at yield and initial modulus of elasticity increase linearly with poly-
styrene content up to 75%. Tensile strength at break also increases with
PS content, while elongation at break decreases rapidly. It is a general rule
that the tensile properties are reduced in a graft of incompatible compo-
nents. Kargin, how'ever, points out that the physical properties of the
graft vary in a less predictable manner in incompatible systems.D

The physical blend of PE and PS is an incompatible system. Anderson
et al. show that the tensile strength of the blend is reduced by increasing the
blended polyethylene fraction.8 On the other hand, specimens molded from
powdery polyethylene grafted with styrene by the post-irradiation grafting-
method has a higher tensile strength than unmodified polyethylene.8 The
opposite effect has been reported by Ballantine et al.1for PE-styrene that

ONA KBS
G600 B x

Fig. 2. Relation between tensile properties and polystyrene content.
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the tensile strength decreases with increasing PS content. The differences
between the behavior of grafts prepared by the simultaneous and post-ir-
radiation methods are not unexpected. The former contains bubbles of
occluded styrene homopolymer49 formation in the film.39 On the other
hand, there is almost no occluded homopolymer formed in the post-irradia-
tion grafting of styrene to PE3

Since then, it was shown in this laboratory that the graft prepared by ir-
radiating PE filmin liquid styrene and dried just after irradiation appears to
be homogeneous and compatible. The bubbles were found to form and
grow as a consequence of soaking in benzene. It was expected that the
tensile properties of the grafted film without soaking might be superior in
some respects to the original PE.

Figure 2 shows measurements made on unsoaked films. They clearly in-
dicate increases of yield strength, tensile strength, and initial modulus
in PE-styrene grafts with considerable amounts of occluded PS. Thus as
anticipated, the graft copolymer, PE and occluded PS are compatible,
provided that the system is not subjected to prolonged soaking. These
facts are also consistent with the observation that blends of graft copoly-
mer and a mixture of polystyrene and polyethylene give improved tensile
strength.8

When Sample 3 is soaked in benzene for 15 hr, the polystyrene content
decreases to 28.6%, bubbles are formed in the film, and the dried sample has
a much lower elongation and tensile strength than the original polyethylene.

The polethylene film-styrene graft prepared by pre-irradiation of the
film shows more compatible appearance but has mechanical properties sim-
ilar to films with similar composition prepared by the simultaneous irradia-
tion of monomer and polymer.

The authors would like to express their thanks to Dr. J. Smith of the National Bureau of
of Standards for the use of his tensile tester and for useful discussions, and also to the AEC
Division of Research for its financial support.
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Isomorphous Replacement in Nylon 6
by 4-Aminomethylcyclohexanecarboxylic Acid

FRANK R. PRINCE, ELI M. PEARCE, and ROBERT J.
FREDERICKS, Corporate Chemical Research Laboratory,
Allied Chemical Corporation, Aforristown, New .Jersey 07960

Synopsis

It was desired to determine the effect of geometric configuration on the ability of 4-ami-
nomethylcyclohexanecarboxylic acid (AMCC) to “isomorphously” replace e-aminoca-
proic acid residues in nylon 6. However, we found that cis-AMCC isomerized to the more
thermodynamically stable trans isomer during copolymerization with caprolactam (CL)
and also during homopolymerization. A 20/80 cis/Irans ratio of AMCC residues was
found in the 50:50 copolyamides regardless of w'hether a high-cfs (72/28) or high-ira»s
(15/85) AMCC was used. Powder x-ray diagrams showed similar interplanar spacings
for the copolyamides made from both high-cfs and high-forms AMCC. The x-ray study
also showed that the nylon 6 lattice can accommodate less than 30 mole-% AMCC resi-
dues before a new structure appears. DTA and TOA data of the CL: AMCC copoly-
amide showed that AMCC raised the melting point, Tg Tc, and stability of nylon 6.

INTRODUCTION

“Isomorphous” replacement of e-aminocaproic acid residues in nylon 6
by 4-aminomethylcyclohexanecarboxylic acid (AMCC) has been reported
by several authors.1‘4 A plot of melting point versus copolymer composi-
tion for the CL-AMCC copolyamides was sigmoidal in shape and this was
accepted as evidence of isomorphous replacement. However, Tranter5
has since disproved the use of melting point versus composition curves as a
criterion for isomorphous replacement. He found significant changes in
lattice spacings with copolymer composition for some copolyamides even
though the melting point curve was linear, and no change in lattice spacings
for some copolyamide systems that had eutectic melting point curves. In
an excellent review on isomorphism in macromolecules,6 Allegra and Bassi
distinguish true isomorphous replacement from cocrystallization phenom-
ena.

AMCC can exist in both the cis and trans configurations. To date, the
effect of the geometric configuration of AMCC upon its ability to isomor-
phously replace e-aminocaproic acid residues in nylon 6 has not been
determined. In the cases mentioned above, AMCC was prepared by the
catalytic hydrogenation of 4-cyanobenzoic acid or 4-aminomethylbenzoic
acid. These are both rigidly planar molecules and would ultimately give a
high-c/s AMCC product.

3533
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The effect of monomer geometric configuration upon polymer properties
was demonstrated by Muromova and Afanas’eva.7 They prepared poly-4-
aminocyclohexylacetic acid from both the cis and trans monomer and found
that the trans polymer was higher melting and more thermally stable than
the cis polymer. We have made two series of CL-AMCC copolyamides
using a high-cfs AMCC and a high-fraws AMCC in order to determine the
effect of geometric configuration on *isomorphous” replacement in the
CL:AMCC copolyamide system. Several of these copolyamides were
hydrolyzed and the products analyzed to determine whether any ds-trans
isomerization occurs during the polymerization.

CHoNH,

Caprolactam COOH
AMCC (cis-trans mixture)

m\H— (CH25— CNHCTL

Copolyamide

EXPERIMENTAL

High-frans AMCC (85% trans) was purchased from Aldrich Chemical.
The high-cfs AMCC (72% cis) was synthesized by the hydrogenation of
benzylamine-4-carboxylic acid in acetic acid with platinum oxide. This
gave AMCC with a melting point of 244°C.

Melt condensation of mixtures of CL and AMCC were carried out at
250°C in sealed tubes in an aluminum heating block. The copolyamides
were precipitated from 90% formic acid and water (*85% vyield). Reduced
viscosities were determined in m-cresol. DTA data was obtained on the
DuPont 900 differential thermal analyzer and The Perkin-Elmer differ-
ential scanning calorimeter. When the samples were heated, quenched,
and reheated, the glass transition temperatures (TQ increased because of
the removal of volatiles. In each case, the highest Tgwas reported. TGA
data were obtained by using the Ainsworth system with an F & M tempera-
ture programmer, the samples being heated at 10°C/min in a nitrogen atmo-
sphere. The x-ray diffraction powder patterns were obtained on a Norelco
x-ray diffractometer using copper Ka radiation. The per cent crystallinity
was determined from these patterns by dividing the area of the crystalline
regions by the crystalline plus amorphous area. The nylon 6 and the 90:10
CL-AMCC polyamides were annealed because their glass transition tem-
peratures are below the drying temperature. The copolyamides were
hydrolyzed in a sealed tube with 7.2N HC1 at 110°C for 3 days, 1 ml of HC1
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being used for every 60 mg of copolyamide. The amino acids were made
volatile for gas chromatographic analysis by converting them to methyl
ester hydrochlorides through Fischer esterification. The methyl esters
were then converted to butyl esters by transesterification with butyl alcohol.
The butyl esters were iV-acetylated by refluxing with trifluoroacetic anhy-
dride and analyzed without purification.

RESULTS AND DISCUSSION

A significant difference in copolymerization rates between cis- and trans-
AMCC with CL was immediately apparent. Copolymerization of the
high-frans AMCC proceeded very rapidly. The 90:10 and 70:30 CL-
AMCC comonomer mixtures became extremely viscous melts in less than 1
hr; the 50:50 mixture copolymerized explosively with spattering and pre-
cipitation of solid polymer from the melt in less than 30 min. Similar
changes in the corresponding monomer mixtures with cissAMCC required
4 hr at 252°C. More evidence for the faster copolymerization rate of
trans-AMCC is seen by comparing the reduced viscosities of the copoly-
amides made with high-trans and high-cfs monomers (Table II). At any
given copolymer composition the copolyamide from high-iraws AMCC has a
higher reduced viscosity than the high-cfs analog, even though the copoly-
merizations with high-m monomer were allowed to proceed one and a half
times as long.

There are two factors which could retard the polymerization of cissAMCC
relative to tran.s-AMCC: (1) 1,3-diaxial shielding of either the carboxyl
or aminomethyl group, since the cis monomer must adopt the equatorial-
axial conformation whereas the trans AMCC conformer has both groups in
equatorial positions where there is no shielding; and (2) isomerization of the
cis to trans isomer before polymerization. If it is difficult for the AMCC
monomer to enter the chain in the cis configuration, then isomerization
would precede copolymerization and therefore account for the slower poly-
merization rate. This would be similar to the findings of Frunze et al.,8
who reported that the condensation of m-hexahydroterephthalic acid with
hexamethylenediamine resulted in isomerization to the trans acid. Activa-
tion of the a-cyclohexyl proton by the electron-withdrawing carboxyl group
in both these cases would facilitate isomerization of the cis monomer to the
more thermodynamically stable trans isomer. Cyclohexane monomers
which do not possess active a-cyclohexyl protons (e.g., bis-aminomethyl-
cvclohexane) would polymerize without isomerization, and in these cases
the conformational differences between the cis and trans isomers would be
the dominant factor in effecting polymerization rate differences.

In order to determine if geometric isomerization of AAICC occurred
during polymerization, the two 50:50 CL AMCC copolyamides were
hydrolyzed with HC1 according to the procedure of Heiheus.9 The result-
ing amino acids were made volatile by conversion to their N-trifluoroacetyl
butyl ester derivatives and the cis:trans isomer ratios determined by gas
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TABLE 1
Geometric, Composition of Aminomethylcyelohexane-carboxylic
Acid Samples and CL-AMCC Copolyamide Hydrolyzate»

HCL-
hydro-
lytic con-

Sample ditions cis, % trans, % Isomerization, %
High-irans AMCC No 15+ 2 85+ 2 -
High-irans AMCC Yes 17+ 2 83 + 2 0
50:50 CL-high-/rans

AMCC Yes 20 £ 2 80 + 2 ~5 (Irans-*n's)
ITigh-a's AMCC No 2% 2 28+ 2 —
High-n's AMCC Yes 64 £ 2 36+ 2 ~11 (cis—»-trans)
50:50 CL-high-a's AMCC Yes 22 £ 2 8+ 2 ~70 {cis—trans)
50:50 CL-high-n's AMCC*  Yes 22 £ 2 8+ 2 ~70 (cis-trans)

aDuplicate run.

chromatographic analysis. The chromatograms showed just three major
peaks, one corresponding to aminocaproic acid, and two for the cis- and
trans-AMCC derivatives. The relative ratios were calculated from area
per cent, and the results are summarized in Table I.

Gas chromatographic analysis of the hydrolyzate of the 50:50 CL-high-
trans AMCC copolyamide showed a 20:90 cis-trans mixture which sug-
gested a 5% trans-"-cis isomerization during polymerization. Analysis of
the 50:50 Cb high-cfs AMCC hydrolyzate showed a 22:78 cis-trans mix-
ture which definitely represents a 70% cis—-trans isomerization during
polymerization. The cis:trans ratio of the high-buns AMCC monomer
was unchanged when subjected to exactly the same hydrolysis conditions as
the copolyamides, and the high-cis monomer underwent only an 11%
cis-*-trans isomerization as compared with 70% for the copolyamide. This
shows conclusively that a cis-*-trans isomerization of AMCC occurs during
polymerization at 250°C and approaches an equilibrium 20:80 cis:trans
ratio.

TABLE 11

Differential Thermal Analysis Data for Nylon s and CL-AMCC Copolyamides
CL, AMCC, Crystal-
mole- mole- AMCC T,, Tc, Tm linity,
LA o configuration Vsplc °C °C °C +5%
100 - - 1.05 45 75 221 58

90 10 High-iraras 1.25 58 93 218 38

70 30 “ 0.72 90 135 240 21

50 50 “ 0.79 115 165 355 30

90 10 High-cis 1.08 60 95 216 45

70 30 “ 0.65 80 130 238 20

50 50 u 0.53 105 160 350 34
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Differential Thermal Analysis

DTA data (Table II) clearly show that glass transition temperatures
(Ta), crystallization temperatures (T¢), and the melting points of the CL—
AMCC copolyamide increased with increasing AMCC content. The
similarities in Ts, Tg and Tmfor the corresponding copolyamides made from
high-cis and high-irans AMCC is apparent. These similarities are not
incidental but occur because the polymer structure is identical in both cases.
Any small differences in properties can probably be attributed to molecular
weight difference between high-frans and high-efs copolyamides.

Thermogravimetric Analysis

Thermal degradation studies of the copolymers were made by measuring
the weight loss in a nitrogen atmosphere at a programmed heating rate of
10°C/min. Weight loss data (Table I11) at 400 and 4.503C showed that

TABLE 111
Thermogravimetric Analysis Data for Nylon 6
and CL AMCC Copolyamides

Weight loss, %

At At At At At
Polymer 300"C 350°C 400°C 450°C 500°C

Nylon 6 0.3 1.4 8.4 68 91
90:10 CL-high-1rans

AMCC 1.3 2.4 9.0 48 93

70:30 1.9 25 7.0 49 93

50:50 2.6 3.2 5.7 39 95

90:10 CL-high-rfs AMCC 2.7 3.3 9.8 61.5 92

70:30 14 2.4 8.3 51 91

50:50 1.9 2.1 7.3 52 94

polymer stability increases with increasing AMCC content. All of the
CL-AMCC copolymers have their catastrophic weight loss above 400°C
and show a stepwise degradation due to moisture, solvent, or other impuri-
ties.

X-Ray Diffraction

To determine the concentration of AMCC residues in nylon 6 which can
be tolerated before lattice distortion develops, the x-ray diffraction powder
patterns of the CL-AMCC copolyamides were obtained. By determining
the onset of lattice distortion for both the high-cis and the high-trans co-
polyamides one can establish whether or not one geometric configuration of
AMCC residues can be more readily accommodated by the nylon 6 lattice
than the other.

Figures 1-6 are representative of the powder patterns obtained. The
data obtained from these patterns are summarized as follows. (1) There
was no difference in the interplanar spacings of a CL-AMCC copolyamide
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BRAGG ANGLE, °20
Fig. 1. X-Ray diffraction powder pattern of nylon 0.

4.«64

BRAGG ANGLE, °2 6
Fig. 2. X-Ray diffraction powder pattern of 00:10 OL-AMCC.

? 9 I 13 15 7 19 21 23 25 27 29 31

BRAGG ANGLE,*29

Fig. 3. X-Ray diffraction powder pattern of 70:30 CL-AMCC.

33
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BRAGG ANGLE, °29
Fig, 4. X-Ray diffraction powder pattern of .50:50 CL-frans-AMCC.

Fig. 5. X-Ray diffraction powder pattern of 50:50 CL-m-AMCC.

made from high-irans AMCC and the corresponding copolyamide made
from high-cfs AMCC (Figs. 4 and 5). This could only occur if the two
polymer structures resulting from either high-as or high-irans monomer
were identical. (2) The crystal structures of the 90:10 CL-AMCC co-
polyamide and nylon 6 were essentially the same (see Figs. 1and 2). (3)
When 30 mole-% or more of AMCC residues is present in the CL-AMCC
copolyamide, a new crystal structure results.  This is somewhat at variance
with the findings of Levine and Temin3who reported that up to 40 mole-%
AMCC residues in CL-AMCC had no effect on the crystallinity of nylon 6
(see Fig. 3).  (4) At 50 mole-% or more of AMCC residues there was further
development of this new structure which now closely resembled the struc-
ture of the homopolymer of AMCC (see Figs. 4-6).
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BRAGG ANGLE, °2é>

Fig. 6. X-Ray diffraction pattern powder of AMCC homopolymer.

Our diffraction data show that “isomorphous” replacement in the CL-
AMCC copolyamide system is simply a cocrystallization phenomenon.
Up to about 20 mole-% AAICC, these residues dissolve in the nylon 6 lat-
tice, effecting a decrease in crystallinity without altering the crystal struc-
ture of the host. When a critical concentration of about 30 mole-% of
AMCC residues is reached, the a-nylon-6 lattice is destroyed and a new-
transition structure formed. At greater than 50 mole-% AMCC the crystal-
linity has increased, and the resulting structure is very similar to the homo-
polymer of AMCC. In the case of true isomorphic replacement there
should be little or no change in the lattice constants of the host with copoly-
mer composition.  One unique crystal structure should prevail.

Homopolymers of AMCC

Two homopolymers of AMCC from 50:50 and 40:60 cis-trans mixtures
were prepared by solid-state polymerization at 250°C for 20 hr.  The effects
of geometric configuration were very similar to those observed in the CL-
AMCC copolyamides. Solid-state polymerization of the 60% tram AMCC
sample at 250°C was noticeably faster than the 50:50 sample. The high-
trans polymer has about a 50% higher reduced viscosity (Table 1V), even
though both polymerizations were allowed to proceed for the same length
of time. Both polymers had the same TQ Tm and a similar Tc ~ The
similarities in properties probably resulted from similar configurations in

TABLE IV
AMCC configuration
cis, % trans, % yispic £ Oo Tm °C T,, °C
50 50 0.24 193 ~410 250

40 60 0.49 192 ~410 240
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the main chain. The homopolymer from a 50:50 mixture of cis and trans
AMCC was hydrolyzed and gave a mixture of AMCC derivatives, 28% of
which were in the cis configuration and 66% in the trans configuration.
The other 6% was a single, unidentified component. This confirms the
existence of cis-*-trans isomerization of AMCC during homopolymerization.

We wish to acknowledge the contributions of Dr. John Sibilia and Mr. John Frank
who did the gas chromatographic analyses of the amino acids and copolyamide hydrol-
yzales; Mrs. M. Il. Riggi for the x-ray diffraction powder diagrams, and Mrs. E. Turi
and Mr. Will Wenner for obtaining the DTA and TGA data on the copolyamides.
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Copolymerization of 2-Sulfoethyl Methacrylate

DONALD A. RANGAS and RONALD R. PELLETIER, Edgar C. Britton
Research Laboratory, The Dow Chemical Company, Midland, Michigan 486/+0

Synopsis

Copolymers of 2-sulfoethyl methacrylate, (SEM) were prepared with ethyl methacry-
late, ethyl acrylate, vinylidene chloride, and styrene in 1,2-dimethoxyethane solution
with JVpV'-azobisisobutyronitrile as initiator. The monomer reactivity ratios with
SEM(M,) were: vinylidene chloride, n = 3.6 £ 0.5, r2= 0.22 + 0.03; ethyl acrylate,
n =324+ 06 r2= 030 = 0.05; ethyl methacrylate, n = 2.0+ 04, r2= 10+ 0.1;
styrene, n = 0.6 £+ 0.2, r2= 0.37 + 0.03. The values of the copolymerization param-
eters calculated from the monomer reactivity ratiosweree = +0.6 and Q = 1.4. Com-
parison of the monomer reactivities indicates that SEM is similar to ethyl methacrylate
with regard to copolymerization reactivity in 1,2-dimethoxyethane solution. The so-
dium salt of 2-sulfoethyl methacrylate, SEMeNa®, was copolymerized with 2-hydroxy-
ethyl methacrylate (M2) in water solution. Reactivity ratiosofr, = 0.7 £ 0.1 andr2 =
1.6 £ 0.1 were obtained, indicating a lower reactivity of SEMeNa® in water as compared
to SEM in 1,2-dimethoxyethane. This decreased reactivity was attributed to greater
ionic repulsion between reacting species in the aqueous medium.

INTRODUCTION

2-Sulfoethyl methacrylate (SEM) is soluble in many organic solvents
such as benzene, ethylene dichloride and dimethoxyethane. Therefore, it is
possible to form copolymers of SEM with monomers such as styrene, acry-
late esters, and vinyl chloride by free-radical polymerization in a homo-
geneous solution of an organic solvent. The choice of organic solvent for
copolymerization in a homogeneous medium is limited, since the copolymer
may be insoluble although both monomers are soluble. Furthermore,
alcohols cannot be used because an interchange reaction occurs with mono-
meric esters which is catalyzed by the strong sulfonic acid, SEM. Co-
polymers prepared in organic solvents may be neutralized to form water-
soluble salts. SEM is also soluble in water; however, it undergoes an
acid-catalyzed hydrolysis. Aqueous solutions of SEM salts are essentially
stable to hydrolysis at pH 5 and slowly hydrolyze at pH’s between 3 and S.
Copolymers of SEM salts can be produced with water-soluble monomers
such as acrylamide and 2-hydroxyethyl methacrylate.

Since SEM is an ionizable monomer, its copolymerization may be af-
fected by ionic repulsion between growing polymer radical and monomer.
For example, the termination reaction in the homopolymerization of SEM®
Na® is apparently hindered by electrostatic repulsion between the reacting
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ions resulting in an increased ratio of rate constants for homopolymerization
of SEMeNa® in solutions of low ionic strength.1 Because electrostatic
repulsion is dependent on the dielectric constant of the medium, monomer
reactivity ratios may be dependent on the solvent used for copolymeriza-
tion.  Since SEAI is a strong acid, its polymerization could not be expected
to be a function of pH as is the case with methacrylic acid. The observed
decrease in the polymerization rate of methacrylic acid has been attributed
to repulsion between the methacrylate ion and the growing polymer radical
ion and the polymerization has been described as a copelymerization be-
tween the ionized and unionized methacrylic acid.2

Monomer reactivity ratios were determined for copolymerizations of
SEM with vinylidene chloride, ethyl acrylate, ethyl methacrylate, and
styrene in 1,2-dimethoxyethane solution with IV A’,-azobisisobutyronitrile
as initiator and for copolymerization of SEMeNa® with 2-hydroxyethyl
methacrylate in water with AMV'-azobisisobutyramidine *HC1 as initiator.

EXPERIMENTAL
Materials

The SEM used had an assay of 97% and contained 1.7% methacrylic acid
as impurity and 0.2% of the monomethyl ether of hydroquinone as poly-
merization inhibitor.

A stock solution of SEM in 1,2-dimethoxyethane was prepared by dis-
solving 14 grams of SEA! in 100 ml of 1,2-dimethoxyethane. An insoluble
fraction of the SEM was removed by filtering the solution through a fluted
filter. An undialyzable residue of 0.4% remains in SEM monomer after
filtration. This impurity, which cannot be removed from the copolymer
samples, apparently contains about 90% poly-SEM, as calculated from the
sulfur content. Ethylenic unsaturation was determined by the bromate-
bromide method.

An aqueous solution of SEMeNa® was prepared by simultaneous addi-
tion of 195 g of SEM and 200 ml of 5N NaOH solution to 150 ml of water
with stirring. The SEAI was added slightly faster than the NaOH to
control the pH below 5, and an ice-salt bath was used to control the tem-
perature below 10°C. Ethylenic unsaturation was determined by the bro-
mate-bromide method.

The ethyl acrylate, as received from Dow Badische, contained 1000 ppm
of the monomethyl ether of hydroquinone. It was distilled at approxi-
mately 30 mm pressure through a 1-ft Vigreaux column to reduce the in-
hibitor concentration and then stored at —10°C until it was used.

The ethyl methacrylate was used as received from Rohm & Haas with 100
ppm of hydroquinone.

The vinylidene chloride was purified by washing it with about eight
volumes of 5% NaHSO03 solution, filtering, rinsing with 1TO, and again
filtering.  Alonomethyl ether of hydroquinone, 200 ppm, was then added
to prevent polymerization. The water content was checked by Karl
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Fischer reagent and found to be only 30 ppm. The infrared and NMR
spectra did not show any significant quantity of impurities.

Styrene was freed of inhibitor by distillation.

The 2-hydroxyethyl methacrylate, inhibited with the monomethyl ether
of hydroquinone, was used as received from Rohm & Haas.

iV,]V'-Azobisisobutyroiiitrile was used as received from Matheson, Cole-
man and Bell. A/A'-Azobisisobutyramidine sHC1 was used as received
fromdu Pont.

The 1,2-dimethoxyethane, obtained from Matheson, Coleman and Bell,
was flash distilled at atmospheric pressure before use to destroy peroxides
and remove water which distilled out as the azeotrope.

Other materials were used as obtained from laboratory stock.

Preparation of Copolymers

All copolymerizations of SEM run in 1,2-dimethoxyethane solvent were
at 1.0M total monomer concentration. The copolymers were prepared by
the following procedure. The comonomer and SEM stock solution were
mixed in a citrate bottle. The concentration of comonomer was calculated
from its weight and the concentration of SEM was based on unsaturation
which included methacrylic acid as SEM. 1,2-Dimethoxyethane was
added to 200 ml total volume and 0.2 g of A,./V,-azobisisobutyronitrile was
added. The bottle was purged with N2to remove air, sealed, and rotated
end-over-end in a water bath at 50 or 60°C. After 1-4 hr, the time being
estimated to give from 5 to 10% conversion, the sample was removed from
the bath, cooled, and about 2% NaNO2inhibitor added along with four
volumes of water. The sample was then neutralized with 5N NaOH solu-
tion. The volatile comonomer and 1,2-dimethoxyethane solvent were
removed by steam distillation at 10-20 mm pressure to control the tem-
perature at less than 20°C. SEMeNa® monomer and NaN 02were removed
by dialysis through regenerated cellulose membrane against a continuous
flow of deionized water for 2 days. The copolymer sample was obtained
upon evaporation of the dialyzed solution. A residue of 0.23% of initial
monomers remained after a mixture of 40/60 mole ratio SEM-ethyl meth-
acrylate was run through the above work-up procedure. This amount of
residue would be expected from the SEM, so it can be concluded that no
polymerization occurred during the work-up procedure and monomers are
completely removed by the process.

Copolymers of SENNleNa® with 2-hydroxyethyl methacrylate were pre-
pared in water by using 0.5M monomer concentrations and 0.05 g of N,N'~
azobisisobutyroamidine *HC1 initiator/100 ml of solution. The copolymer-
ization procedure was otherwise the same as for the SEM copolymers. The
work-up procedure was also the same except that neutralization and steam
distillation were unnecessary. The copolymers were isolated simply by
dialyzing the solutions and then evaporating off the water.

The copolymer samples were dried in a 60°C vacuum oven for 24-48 hr.
The per cent conversion was calculated from the weight of copolymer ob-
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tained and tlie starting monomer weight. The copolymers were analyzed
for percent sulfur by the Schoniger method. Sulfur analyses had a stan-
dard deviation of +0.06%. Homopolymers of SEM, SEMeNa®, and
vinylidene chloride, prepared in the same manner as the copolymers, were
also analyzed for sulfur. The homopolymer and copolymers of vinylidene
chloride were analyzed for chloride. The results of these analyses were used
to calculate the mole fractions of SEMeNa® in the copolymers. The per
cent sulfur in the homopolymer was used in the calculations rather than the
theoretical sulfur content because copolymers were prepared from impure
SEM and they may contain other impurities such as moisture and catalyst
residues. Values of Fi, mole fraction of SEM in copolymer, calculated
from the analytical results of duplicate copolymer samples, had a standard
deviation of +1.0% of Fi. The undialyzable residue from SEM con-
tributes about 3% to the weight of low-conversion copolymer samples.
Although the method of calculation corrects F\ values for the residue, the
estimated maximum uncertainty of calculated % values would be +3%
of Fi.

RESULTS AND DISCUSSION

In the SEM-vinylidene chloride copolymerization series, the weight per
cent of vinylidene chloride in the copolymers were calculated by using the
per cent chloride in vinylidene chloride as determined by analysis in the
same way as the weight per cent of SEMeNa® were determined. Good
total analyses were obtained with this method as shown in Table I, which
lists the starting mole fraction of SEM, the weight per cent conversion, the
per cent sulfur and per cent chloride results, the weight per cent SEMeNa®
and vinylidene chloride, the total weight per cent accounted for and the
mole fraction of SEM in the copolymer.

The results of SEM and styrene copolymerizations are listed in Table
1.

TABLE 11
SEM-Styrene Copolymer (Jompositions
Mole fraction Mole fraction
SEM in Conversion, Sulfur, SEM in

Sample monomer (/i) % () copolymer (h\)
B-I 0.10 5.1 4.72 0.195
B-2 0.20 5.5 7.02 0.323
B-3 0.30 5.4 S.32 0.409
B-4 0.40 5.9 9.26 0.480
B-5 0.50 6.0 9.96 0.537
B-6 0.60 5.7 10.56 0.590
B-7 0.70 10.s 11.48 0.679
B-S 0.80 8.5 12.10 0.745
B-9 0.90 12.9 12.87 0.835

B-10 0.50 7.0 9.96 0.537
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The composition of SEM-styrene copolymer, obtained by sulfur analysis,
was verified by NMR analysis. A NMR spectrum was obtained on a D2
solution of a copolymer sample prepared from an equimolar mixture of
SEM and styrene (sample B-10 in Table 11). The mole fraction of SEM
obtained was 0.53 by comparison of aliphatic and aromatic hydrogens.
This result compares favorably with the 0.537 calculated from the sulfur

analyses.

TABLE 111
SEM-Ethyl Acrylate Copolymer Compositions
Mole fraction Mole fraction
SEM in SEM in
Sample monomer (/,)  Conversion, % Sulfur, % copolymer (F,)
C-l 0.10 11.2 6.14 0.263
C-2 0.30 14.0 10.72 0.596
C-3 0.50 15.4 12.40 0.772
C-4 0.70 11.1 13.38 0.897
C-5 0.90 12.3 13.84 0.962
C-6 0.10 13.5 6.14 0.263
Cc-7 0.50 3.0 12.50 0.785
TABLE IV
SEM-Ethyl Methacrylate Copolymer Compositions
Mole fraction Mole fraction
SEM in SEM in
Sample monomer (/,)  Conversion, % Sulfur, % copolymer (<)
D-I 0.10 2.9 3.30 0.113
D-2 0.20 5.6 5.15 0.241
D-3 0.30 11.3 7.22 0.370
D-4 0.40 10.2 8.89 0.493
D-5 0.50 10.3 10.28 0.612
D-6 0.60 10.7 11.40 0.722
D-7 00 15.7 12.78 0.878
D-8 0.50 18.2 10.16 0.601
TABLE V
SEMeNa®-2-Hydroxyethyl Methacrylate Copolymer Compositions
Mole fraction Mole fraction
SEM in Conversion, SEM in
Sample monomer (/,) wt-% Sulfur, % copolymer (/,)
E-I 0.10 47 1.40 0.062
E-2 0.30 12 4.12 0.197
E-3 0.50 32 7.12 0.378
E-4 0.70 18 10.11 0.601
E-5 0.90 il 12.80 0.853
E-6 0.50 12 7.09 0.376
E-7 0.50 25 7.33 0.392

E-8 1-00 20 14.11 1.00
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Tables I11 and IV list the starting mole fractions of SEM monomer, the
conversion, the sulfur contents and the mole fractions of SEM in the co-
polymers with ethyl acrylate and ethyl methacrylate. Table V lists the
same data for the SEM9Na®-hydroxyetliyl methacrylate copolymerizations
in water solution.

Copolymerization in 1,2-Dimethoxyethane

The monomer reactivity ratios were calculated from the data listed in
Tables I-V by the method described by Fineman and Ross.3 The errors
in the calculated values of and r2were estimated from the maximum and
minimum values of the slope and intercept resulting from the expected
errors in the analysis. The monomer reactivity ratios and the estimated
errors are listed in Table VI.

TABLE VI
Monomer Reactivity Ratios of SEM (Mi)

M2 Ti rz
Vinylidene chloride 3.6 £ 05 0.22 + 0.03
Ethyl acrylate 3.2+ 0.6 0.30 + 0.05
Ethyl methacrylate 20+ 04 1.0 £0.1
Styrene 0.6 £ 0.2 0.37 £ 0.03

The monomer reactivity ratios listed above are in good agreement with
the experimentally determined compositions as shown in Figures 1-4 in
which the mole fraction of SEM in the increment of copolymer forméd is
plotted as a function of the mole fraction of SEM in the monomer mixture.
The points represent the experimentally determined compositions and the
line was calculated from the n and r2values listed in Table VI.

It was surprising that styrene could be copolymerized with SEM in 1,2-
dimethoxyethane solution. When the strong sulfonic acid, SEM, is
added directly to styrene, an explosive cationic polymerization of styrene
occurs. However, in 1,2-dimethoxyethane solution, there was no evidence
of homopolymerization or copolymerization in the absence of a free-radical
initiator. It is assumed that 1,2-dimethoxyethane is sufficiently basic
to prevent the formation of the initiating cation of styrene so that ionic
polymerization does not occur.

The reactivities of SEM and ethyl methacrylate are nearly the same in
1,2-dimethoxyethane solution. The monomer reactivity ratio r2 is 1,
and the copolymer composition curve (Fig. 3) indicates that the copolymer
formed has nearly the same composition as the monomer mixture. How-
ever, n is equal to 2, indicating that SEM is slightly more reactive than
ethyl methacrylate and so the copolymer formed is slightly richer in SEM
than is the monomer mixture.

The reactivity of two monomers such as SEM and ethyl methacrylate
can be compared on the basis of reactivity with a third radical in the follow-
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Fig. 1. SEM-vinylidene chloride copolymer composition curve.

f, MOLE FRACTION SEM IN MONOMER

Fig. 2. SEM-ethyl acrylate copolymer composition curve.

ing way. Consider the copolymerization of two pairs of monomers in
which a monomer, Mi, is common to both. Propagation reactions involving
Mi type radical and the rate constants are:

ku

‘"M r + M1-> -"Mr (1)
kn

Mr + M2—a™M r (2)
A3

MI‘-f*JVTg—> /“Me (3)
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Fig. 3. SEM-ethyl methacrylate copolymer composition curve.

Fig. 4. SEM-styterie copolymer composition curve.

The monomer reactivity ratios are:

t kn/ki2 o

r kn/kig ®)

Since ku, the propagation rate constant for the common monomer, appears
in both egs. (4) and (5) the relationship (6) can be written:

kn = (r'/r)kis ©

Values of r, r' and the ratio r'/r are listed in Table VII for SEM (M2 and
ethyl methacrylate (m ) with common radicals.
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The reaction rate constant for the addition of SEM to a free radical is on
the average 1.5 times greater than the rate constant for addition of ethyl
methacrylate to a growing radical. While this cannot be considered a large
difference in reaction rate constant it shows a slightly greater reactivity of
SEM compared to ethyl methacrylate.

The slight difference in reactivity between SEM and ethyl methacrylate
could result from an inductive effect of the sulfonic acid substituent of SEAL
Since the sulfonic acid group is remote from the olefinic unsaturation, the
change in reactivity is not great. However, the fact that the reactivity
of SEM is greater than that of ethyl methacrylate is evidence of the absence
of electrostatic repulsion between the polymeric radical and the monomer
arising from ionization of the sulfonic acid in 1,2-dimethoxyethane since
this should cause a decrease in reactivity.

TABLE VII
Reactivity of SEM and Ethyl Methacry'ate
r', ethyl
Radical, Mi r, SEM (M,)  methacrylate (VI3) rlr
Vinylidene chloride 0.22 0.35% 1.6
Ethyl acrylate 0.30 0.30h 1.0
Ethyl methacrylate 1.0 1 1.0
SEM 1 2.0 2.0
Styrene 0.37 0.66* 1,S

“Data of Young.4
b Data of Paxton.5

The copolymerization parameters6Q and e were calculated for SEM from
its monomer reactivity ratios with vinylidene chloride, ethyl acrylate, and
styrene and the published4values of Q and e for these comonomers.  Since
the product of the monomer reactivity ratios, nr-, for SEM and ethyl
methacrylate copolymerization was greater than 1, it cannot be used in the
calculation. The average values calculated for SEM were Q = 1.4 ande =

0.6.
Copolymerization in Water

The sodium salt of sulfoethyl methacrylate, SEMeNa® (Mi), was co-
polymerized with 2-hydroxyethyl methacrylate in water to compare its
copolymerization behavior with that of SEM in 1,2-dimethoxyethane. The
monomer reactivity ratios weren = 0.7 £ 0.1 and == 16 = 0.1. The
copolymer composition curve and experimental points are shown in Fig-
ure 5. The copolymer contains less SEMeNa® than the monomer mixture,
indicating that SEMeNa® is less reactive than 2-hydroxyethyl methacry-
late.

Unfortunately, 2-hydroxyethyl methacrylate undergoes a rapid acid-
catalyzed exchange reaction with SEM in 1,2-dimethoxyethane, so that a
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direct comparison of SEM reactivity in 1,2-dimethoxyethane to SEMeNa®
reactivity in water could not be made.

The effect of solvent and ionic strength on the rate constant of a reaction
between ionic species can be described by the following simplified equation

Fig. 5. SEMeNa®-hydroxyethyl methacrylate copolymer composition curve.

which is derived from the Debye-Hiickel theory for dilute electrolyte solu-
tions:7

Ink —Infko T 2Zaton ~ @)

where k and f are reaction rate constants at ionic strength g and zero,
respectively; Zaand Zh are the valences of the reacting ions, and a is a
constant for a given solvent and temperature.

The reaction rate constants used in the monomer reactivity ratios are
only those for the propagation reactions:

Ai

~v/iVe £ hbO-v " Pre ®)
kn

-Pro9+ M,-> -p2e )
12

-P2e+ M, “m "VP2-e (10
kn

-P,-e+ Mi0-"m~pij-e (11)

where Mbe is SEM, Mk is nonionic comonomer, w'~Pi-0 and P ,-0 are
growing polymer radical with end from monomer 1or 2, /cn, /cdg &2>(2 are
the propagation reaction rate constants.
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The effect of solvent and ionic strength on the propagation reactions in-
volving the ionic comonomer can be written from egs. (7), (8), and (11) as
follows:

In fon —in fan + 2Zpa)il~ (12)
Inkii = In B2+ 2ZpaBl/i (13)

where Z,, is the valence of the growing polymer radical.

Since M2has a valence of zero no effect of solvent or ionic strength on k122
or kn would be predicted from eq. (7). The equations describing the effect
of solvent and ionic strength on the monomer reactivity ratios are:

Ji = kuOku exp{2JW /2} (14)
- = felfeio exp{ —2Zp(x31} (15)
ii = (knjkn) {km/kuo) (16)

The product of the monomer reactivity ratios for copolymerization of
SEM with ethyl methacrylate in 1,2-dimethoxyethane is 2.0 and for copoly-
merization of SEM with 2-hydroxyethyl methacrylate in water the product
is 1.1.  The small difference in these numbers can be attributed to the fact
that the propagation rate constant, ki2, for ethyl methacyrlate is about two
times the propagation rate constant for 2-hydroxyethyl methacrylate.8
After taking account of the difference between ethyl methacrylate and 2-
hydroxyethyl methacrylate the product of the monomer reactivity ratios
for copolymerization of SEM in water and in 1,2-dimethoxyethane are
essentially the same 1.0 and 1.1, in agreement with eq. (16).

The cross-propagation constant calculated from the ratio of r2values for
the reaction of SEM monomer with a growing polymer radical with a
nonionic end in 1,2-dimethoxyethane is three times that in water, after
taking account of the difference in reactivity of ethyl methacrylate and 2-
hydroxyethyl methacrylate. The propagation constant calculated from
the ratio of r\ values for the reaction of SEM monomer in 1,2-dimethoxy-
ethane with a growing polymer radical having an SEM and is seven times
that in water. The increase in reactivity of SEM in 1,2-dimethoxyethane
compared to water is much less than might be expected from the change in
dielectric constant of the solvents. It, would be expected, however, that the
difference might be much greater if the comparison was made to aqueous
polymerizations of low ionic strength. The fact that the SEM propagation
constant is increased about twice as much as the cross-propagation constant
in 1,2-dimethoxyethane can be attributed to a greater repulsion in water
between SEM monomer and an SEM radical end than between SEM
monomer and a nonionic monomer end which has the ionic group remote
from the reacting radical.
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Polymerization Studies oil Allylic Compounds.
V. 2-Cliloropropenes

SAAIUEL F. REED, JR., Rohm and Haas Company
Redstone Research Laboratories, Huntsville, Alabama 35807

Synopsis

The free-radical polymerization of three 2-chloro-3-substituted propenes have been in-
vestigated. Compounds studied were 2,3-dichloropropane, 2-chloro-3-hydroxypropene,
and 2-chloro-3-acetoxypropene. These compounds were found to homopolymerize with
difficulty to give low molecular weight polymers. Their effect upon the polymerization
of methyl methacrylate and styrene was investigated by rate and viscosity measure-
ments. Copolymerization occurred with a retarding action attributed to significant
chain transfer processes and differences in monomer reactivities.

INTRODUCTION

The polymerization study of 2,3-disubstituted propeneslhas been con-
tinued by use of 2-chloro-3-substituted propenes of structure I, where Y
was chloro, hydroxy, and acetoxy. The purpose of this paper is to describe

CHZC—CH2

4

the polymerization behavior of these compounds and their effect on the
copolymerization of methyl methacrylate (MMA) and styrene. Com-
pounds of type | examined were 2,3-dichloropropene (DCP), 2-chloro-3-
hydroxypropene (CHP), and 2-chloro-3-acetoxypropene (CAP). Poly-
merization rate measurements were made by a dilatometrie technique,2
and the polymers were characterized by solution viscosity properties and
elemental analysis.

EXPERIMENTAL

Materials

The monomers DCP and CHP were purchased from a commercial source
and fractionally distilled prior to use in the polymerization reactions.
Acetylation of CHP gave CAP in 81% yield. All monomers were at least
99.5% pure as determined from VPC analysis.

All solvents were reagent grade, distilled.

3557
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Azobisisobutyronitrile (AIBN) was recrystallized from methanol, mp
102-103°C with decomposition.

Techniques

Dilatometrie polymerization rate determinations have been described
elsewhere.2

Solution viscosities were determined in toluene at 30°C using Cannon
dilution viscometers.

Polymerization Reactions

All polymerization and copolymerization reactions were carried out in
toluene at 60°C + 0.05°. Reactions were carried to approximately 10%
completion.

RESULTS

Homopolymerization of DCP, CHP, and CAP was attempted with the
use of AIBN (0.0375 mole/1.) in toluene at 60°C. Measured rates were 2.2
X 10-4,0.8 X 10-4,and 2.1 X 10~4%/min at monomer concentrations of
45 (DCP), 5.4 (CHP), and 3.7 mole/1. (CAP), respectively. In no instance
could a solid polymer be isolated, and only extremely low molecular weight
liquid products were obtained. No attempt was made to purify and char-
acterize these materials. This polymerization behavior is typical of allvlic
compounds.3

The effect of the monomers (1) on the polymerization of MMA and
styrene were investigated. Copolymerization rates were measured over
the first 8-12% conversion by means of a dilatometric technique. Copoly-
mers were characterized by intrinsic viscosity and elemental analyses.
Molar ratios of MMA and styrene to the comonomers | were varied from
approximately 25:1 to 2:1. Results are represented in Tables | and II.
The RPyvalues refer to the MMA or styrene polymerization rate in the
absence of a comonomer (1) with conditions approximating those for copoly-
merization. Similarly, the [y]Jo values are the intrinsic viscosity values
for the MMA and styrene homopolymers.

The MMA copolymerization data indicated several interesting points.
At the lowest concentrations of comonomers 1, the greatest molar ratio of
MMA: I, the comonomers | displayed very limited retardation of the poly-
merization rate as evidenced by the RvWRw values near 1.0 or greater.
Upon increasing the concentration of | an almost uniform decrease in the
rate was observed. DCP showed the greatest rate retardation as would be
expected while CAP displayed very little effect.

A sharp decrease in the [j;] of the copolymers was observed with in-
creasing comonomer | concentrations. Even at the lowest concentration of
DCP or CHP the |y]wasseverelyreduced. Asexpected, DCP exhibited the
greatest effect in reducing the [?] of the copolymers.
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Experimental Dala for Copolymerization
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TABLE I
Elemental Analysis of Copolymers
Calculated Found
No." c, % H, % Cl, % c, % H, % Cl, %
2 58.24 7.72 4.09 59.5 8.27 0.85
3 54.84 7.18 11.97 59.3 8.11 2.34
4 51.66 6.67 19.35 57.7 7.92 4.14
5 58.71 7.84 2.35 59.7 8.03 0.44
6 56.18 7.53 6.95 58.6 7.97 3.37
7 53.71 7.23 11.46 56.6 7.67 5.04
S 59.22 7.86 1.35 60.2 8.00 0.42
9 57.68 7.58 3.99 59.8 7.78 1.48
10 56.22 7.33 6.57 59.3 7.64 151
12 88.34 7.42 4.24 89.6 8.05 1.76
13 80.79 6.91 12.31 86.9 7.67 3.70
14 73.77 6.43 19.80 86.1 7.65 7.68
15 88.92 7.55 2.44 92.2 7.97 0.03
16 82.38 7.27 7.13 88.5 7.69 0.58
17 75.99 6.99 11.72 86.9 7.68 1.17
IS 89.87 7.56 1.33 88.7 7.59 0.34
19 85.23 7.32 3.90 87.0 7.39 0.82
20 80.43 7.07 6.57 87.2 7.67 1.13

* Numbers correspond to numbers in Table I.

Styrene copolymerizations showed a similar behavior. The copolymer-
ization rates were not affected at the lower comonomer | concentrations,
even with DCP; however, slight decreases in rate were observed at the
higher concentrations. In all instances, the [17] values for the styrene co-
polymers were less affected than the MAIA copolymers.

Chlorine analyses (Table Il) of the copolymers showed that they con-
tained comonomers | in a ratio lower than present in the initial comonomer
charge. DCP entered the MMA copolymer to the extent of 20% of the
initial charge ratio of comonomers and the styrene copolymers to the ex-
tent of 30-40%.

The MMA copolymers containing CHP possessed a composition con-
taining 20-48% of the CHP present in the initial charge; however, CHP
displayed a reluctance to enter into copolymerization with styrene since
the styrene copolymers contained CHP in a ratio well below that present
in the comonomer charge (<10%). CAP entered all the copolymers re-
luctantly also to give a product with a composition decidedly less rich in
CAP than found in the comonomer charge.

The observed action of the comonomers | onthe polymerization of MMA
and styrene results from several factors. It is apparent from the decreas-
ingly lower values of the [rj] with increased concentrations of comonomers |
that chain transfer to monomer assumes significant importance in these
reactions. This degradative chain transfer is the major reason for the low
molecular weight products obtained in the polymerization of allyl mon-
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Omers.34 DCP exhibited a greater propensity towards chain transfer than
did CHP or CAP. This difference between the effect of DCP and CHP or
CAP on the polymerization was also apparent from the differences in their
degree of rate retardation.

The major factor contributing to the limited incorporation of the co-
monomers | into the copolymers arises from the difference in reactivity
between the comonomer systems. Both AIMA and styrene are reactive
monomers in polymerization reactions. In contrast the allylic compounds
| are relatively unreactive in polymerization reactions. Comonomer com-
binations involving a reactive monomer (MMA and styrene) with an un-
reactive comonomer are known6 to undergo copolymerization with diffi-
culty, and usually only limited quantities of the unreactive monomer be-
comes incorporated into the copolymer, i.e., the styrene-vinyl acetate
system. This characteristic behavior arises in the free-radical-initiated
copolymerizations because each monomer of the pair must compete for the
same radicals, and the greater reactivity of the most active monomer
becomes very evident.

This study of the 2-chloro-3-substituted propenes (I) has indicated that
these type monomers display polymerization characteristics similar to
allyl and methallyl compounds in general. It is indicated that degradative
chain transfer is occurring to significant extents with 2,3-dichloropropene
but to much lesser extents with 2-chloro-3-hydroxypropene or 2-chloro-3-
acetoxypropene. It is emphasized that the most important factor con-
trolling their limited copolymerization with ALMA and styrene is attributed
to gross differences in monomer reactivity.

This work was performed under the sponsorship of the U. S. Army Missile Command,
Redstone Arsenal, Alabama, under Contract DAAH01-67-C-0655.
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Dependence of the Catalytic Activity of
Organoaluminum Compounds and Some of Their
Complexes on Their Composition

R. MATEVA, CH. KONSTANTINOV, and V. KAEAIVANOV,
Technology of Plastics Department, Higher Institute of Chemical Technology,
Sofia 56, Bulgaria

Synopsis

The influence of the acidity of organoaluminum compounds and their complexes on
the catalytic activity in polymerization of trioxane has been studied. It is found that
the catalytic activity of organoaluminum compounds of the type i?,,ALX3,, depends on
n aswell as the nature of R or X. Catalytic activity of the complexes also depends on the
type of cocatalyst used. The change of electroconductivity in the course of formation of
some initiator complexes has been studied and an attempt has been made to determine
the relation between conductivity and polymerization activity.

Introduction

Organoaluminum compounds of the type R, A1X3,, where R represents
an alkyl group and X is a halogen atom, can be cationic catalystsland one
should expect them to facilitate polymerization of trioxane (TO). The
ability of some of these compounds to cause polymerization of TO was
proved during the purification process.23

Results and Discussion

It was of great interest to study the activity of different types of organo-
aluminum compounds (R3A12X3 R2A1X, and R3A1) as well as to determine
the influence of the substituents X and R. A special study of these
catalysts was carried out under the same conditions. The results are given
in Figure 1 Results from experiments with TiCh and BF3-0 (02115)2 are
given for comparison. Data for (CHQ2ALCL (CHH3AL and (i-CiHghAl
are missing in Figure 1because polymers were obtained in too small amounts
to be included. It was clear from these studies that the activity of the
initiators employed decreases in the following order:4

BF3-0(CH52 > TiCl, > RAIXK3 > RAL

The experimental results (Figs. 1and 2) indicate that bromine derivatives
3563
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Fig. 1. Dependence of yield on time for polymerization of TO at 65°C, [ilD] =
20.9 X 10-3 mole/mol TO and with various initiators: (1) BFa-OfCiHsh, 4 X 10-3
mole/mole TO; (2) TiCb, 8 X 10-3 mole/mole TO; (o) (CjHslaAljBrs, 8 X 1()-3 mole/»
mole TO; U) (CH53AIBr3 8 X 10“3mole/mole TO; (5) (CiHskAIBr, 8 X 103mole/-
mole TO.

are more active, than the corresponding chlorine compounds and as initiators
the halogen derivatives can be arranged as follows;

(CHHRAIBr3> (CHHAILI3 > (CHHAIBr > (CHH2AICL > (CHHRAI

According to acidity, the organoaluminum catalysts are arranged in the
following order:5

(CHO)AIBr3 > (CHHAIBr > (CHHAICL > (CHHAL

The catalytic activity of the organoaluminium compounds there decreases
with decreasing acidity. According to the existing data,6 the acidity of
the catalysts of the type R, AIX3, is determined with regard to the
Hammett indicators. Imai et al.6 point out that (CH32AIC1 and (CHYH
AlCl2are acid to all Hammett indicators, while (C2+,)3AL and (i-C-jHa/aAl
are acid towards the first four of the same indicators but are basic towards
anthraquinone.

If the chlorine derivatives of the organoaluminum compounds are ar-
ranged in an order dependent on the electronic density of the central atom,
calculated according to Pauling’s equation:7

S=1 - exp{ —(7/4) (AT - Xb32
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r<ci*

Fig. 2. Dependence of the yield on the molar ratio between the cocatalyst pairs BFim
0(C,HH2+ R, AIX3 , at [CO = 4 X 10-3 mole/mole TO and TiCh + R,A1X3,, at
[Co] = 8 X 10_s mole/mole TO at 75°C at various polymerization times: (1) 151'.=
0(CHH2 + (CHD53AIBra 4 hr; (V) BF3-0(CH5H2 + (CHs)3AIBr3 8 hr; (2) BF3--
0(CH52 + (CHH2AIBr, 4 hr; (3) BF3-0(CH52 + (CH6)2AIBr, 8 hr; (/) TiCh +
(CH52AIBT, 8 hr.

where S represents the electronic density of the central atom and Xa and
Xb are the electronegativity of corresponding atoms, the following order
will be obtained:

+0.624 +0.560 +0.506  +0.388
—RAI1CI2 > R3AIL]s > R2AICL > R AL

If we arrange some of the more commonly employed catalysts in a similar
way, we obtain the following dependence:

+0.870 +0.660 +0.560 0.506 0.388
BF3.0(CH52> TiCh > (CHH3AIXI3> (CHHAICL > (CHHAL

The catalysts above are arranged in the same descending order according
to their catalytic activity when trioxane (TO) is polymerized. As TO
is a compound with electron-donor properties, we must expect a transient
complex with the rate of decomposition defining the rate of polymeriza-
tion;

CH,—O0 CH2-0

/ \ . +/ \
R,AIX3, + ‘0 CH2vi R,,(X3,)Al—0 CH2 )

CII2—(/) \ CH2 ({
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Fig. 3. Dependence of the yield on the polymerization time at 60°C, [Co] = 8 X 10 3
mole/mole TO, [HD] = 20.9 mole/mole TO with various catalysts: (1) (CHQ3A1ZC13;
(3) (CHH3AIBr3; (3) TiCh + (CHB)3AIXC13 2:1; (4) TiCh + (CHE3AIBr3 2:1.

The presence of the complex (I) was proved by its isolation at —30°C
when TO was mixed with the corresponding t?,,AlX3,, in equimolar quanti-
ties in petrol.4

It was clear front this study that organoaluminum compounds did not
give results (at the reaction conditions stated in Fig. 1) which could find a
practical application, especially because of the small yields. For this
reason a new approach was tried to increase the catalytic activity of these
compounds. One of the most promising ways was to select suitable co-
catalysts which form active complexes with the organoaluminum com-
pounds. The most frequent cocatalysts were TiCl4 SnCl4 and some other
halides of metals of variable valence. It was natural to study the activity
of these types of catalytic complexes, as in the most cases the complexes
are much more active than the individual compounds.

The first complexes studied were of the type, organoaluminum com-
pound-titanium tetrachloride. The formation of such complexes has been
the object of previous studies810 and will not be discussed here. With
polymerization in the presence of this type of complex the yield of the
polymer is considerably greater than that when only organoaluminum
catalysts were used (Figs. 2 and 3). Analogous results are obtained with
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Fig. 4. Dependence of -ggp/c of polymer solutions on the molar ratio between cocatalyst.
pairs BF3-0 (021152 + R»AIX3,, at [CQ = 4 X 10-3 mole/mole TO and TiCl4 + R,,-
AIX3 nat [Cg = 8 X 10-3 mole/mole TO for polymers obtained with various com-

TiICL + (C2H53AIBr3; (£) TiCh + (C2HH2AIBr. The viscosities were measured at
65°C in p-chlorophenol.

regard to molecular weight and the reduced viscosity of the obtained poly-
mers (Fig. 4). At the same time, the results indicate a maximum with
respect to reduced viscosity of the polymer solutions (Fig. 4, curves 3, ,() is
reached at a 2:1 molar ratio of TiCh to ethylaluminum halides. The
better results obtained with an excess of TiCh can be explained on the basis
of the results obtained from the study of ethylene polymerization with Ziegler
catalysts.1 It was proved that with increasing molar ratio of (CHH3AL to
metal halide, the propagation rate and molecular weight of the obtained
polymers decreased. It is quite probable that the same processes take
place in the polymerization of TO.

From the knowledge that TiCh as well as the organoaluminum com-
pounds form complexes with TO, we should logically expect the order of
addition to the TO to be of great importance. The components of the
catalytic complex can be mixed in advance, after which TO is added;
alternatively, portions TiCh and then organoaluminum compound, or first
organoaluminum compound and then TiCh may be added to TO. The
study showed that the best results are obtained when the complex com-
ponents are mixed previously.4
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Fig. 5. Dependence of yield on polymerization time at 65°C, [Co] =8 X 10 3mole/-
mole TO for various complex pairs: (1) TiCl4 + (CH52AICL (2:1); ($) TiCl4 +
(CIT,)2AIBr. 2:1; (3) TiCU + (i-CH,)3Al, 2:1; U) TiCl4+ (G,H53AL, 2:1.

In this paper we shall not discuss the kinetic studies and the obtained
results,4but compare only the activities of the catalytic complexes. Taking
into account the experimental results (Figs. 3, 5, 6) we may arrange the
complexes according to their activity:

[TiCl4+ (CHG3AL > [TiICU + (t-CAHIBAI] > [TiCU + (CHO2ALX]
> [TiCU + (CHH3ALX3]
[TiCU + (CHH2AICY] > [TiCU + (CHH2AIBr]
[TiCU + (CHI3AICI3] > [TiCU + (CHHAIBII]

The greater activity of the complexes of the type [TiCU + R, A1CU-H com-
pared to that of their bromine analogs can be explained on the basis of the
lower electron density of the central atom in the anion which leads to the
slower breaking of the growing chain.

Another type of complex studied was the series BF3+ R3AL With in-
creasing quantities of BF3in the catalytic complex, the rate of polymeriza-
tion increases abruptly (Fig. 7). Polymers derived from boron trifluoride
and organoaluminum compound a ratio of 1:1 (Figs. 4 and 8) have the
highest molecular weight and reduced viscosity. The type of the organo-
aluminum compound is of great importance for the activity of the complex
(Figs. 2 and 6):
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[BF3+ liiAl]> [BF3+ (i - CHYAL > [RFj+ RAILX]
> [BFa + R.ALX:J
[BF3+ R3A] > [TiCli + RAI]

Unfortunately we were not able to calculate the charge density of the
central atom for the given complexes because the structure of the hydro-
carbon radical is not considered when calculating the polarity of the AI-C
bond.

Fig. 6. Dependence of the yield on the polymerization time at 60°C, [HjO] = 20.8 X
10-3 mole/mole TO, [CO = 8 X 10-3 mole/mole TO for various complex pairs: (1)
TiCL + (i-CH)),Al, i:i; (2) TiICL + (CJRhAI, 1:1; (3) TiICL + (¢-CJII+Al, 2:1;
(4)TiCL+ (C2l9,AL,2:1.

On comparing the catalytic activity of the complexes based on BF3and
TiCl4 one can see the greater activity of the complexes of the type, BF3+
RsAl (Figs. 2 and 9). The higher activity of these complexes could be

explained on the basis of the considerable density of the cation. As the
+0,629

counterions of the first complex RBF3 compared to the second complex
I’TiCli is an acid, that one will have a weaker influence on the breaking of
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the chain. This is why the probability for the monomer molecules to
polymerize to a higher extent is greater.

Therefore, if the character of the monomer is known, a comparatively
smaller number of initiators may be selected and studied on the basis of the
obtained dependence. This will save much time when a suitable initi-

Fig. 7. Dependence of the yield on the polymerization time of TO for the complex
BF3-0(0211;,), + (OsHshAl at 65°C, [C] = 2 X 10~3mole/mole TO, [HD] = 116 X
10-3 mole/mole TO, and the indicated molar ratios between the parts of the complexes.

100HBF30R2 100%P IRj

Fig. S. Dependence of ij,p/ c of the polymer solutions on the molar ratio between the
cocatalysts BF)+0(C 2Ho)2and (CjHahAl, with polymerization at 65°C, [Co] = 2 X HI-3
mole/mole TO at various [HD] : (1)1.16 mole/mole TO; {2) 0.28 mole/mole TO.
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Fig. 9. Dependence of the yield on the polymerization time at 65°C for various com-
plexes and concentrations: (1) TiCL + (CJd.iAl, 8 X 10-3 mole/mole TO, 2:1; (2)
BF,-0(CH52 + (,-C4H9Y3AL 4 X 10-» mole/mole TO, 2:1; (1) BF2-0(CH5?2 +
(CHH3AL 4 X 10-3mole/mole TO, 2:1.

Fig. 10. Electric conductivity of the complexes between BF3 and (1) (CH53AL (2)
(CHDB?2AICL, and (P (CHHAICL2 Temperature, 40°C; component concentration 22.9
X 10~4mole/mole, in toluene.
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Fig. 11. Electric conductivity at 40°C of the complexes between (CiHshAl and (1)
BFji {2) TiCfi, and (J) SnCfi. Concentration of the components 22.9 X 10-4 mole/mole,
in toluene.

ator is selected in each case of polymerization. As the theoretical cal-
culation of the central charge according to the Pauling equation is con-
siderably time-consuming and all the necessary data for such calculations
are not always available, our aim was to find a more rapid, more objective,
and experimentally easier method for the estimation of the catalytic activ-
ity of the different initiators. For this reason we decided to measure elec-
troconductivity of catalytic complexes in the process of their formation
and to determine the correlation, if any, between conductivity and poly-
merization activity of these complexes. A special cell provided with Pt
electrodes,2which was connected to a megohm-meter, constructed accord-
ing to a scheme suggested by Svestka and Matyskal3was used for this pur-
pose.

Measurements of conductivity changes accompanying the formation of
different types of catalytic complexes are presented in Figures 10-12.
The linear section a in these figures shows the conductivity of the medium in
equimolar ratio (carefully purified toluene). At the end of the linear sec-
tion a the organoaluminum compound is injected. The conductivity in-
creases abruptly, its final value depending on the number of halogen atoms
(Fig. 10) and on the kind of alkyl groups in the organoaluminum com-
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Fig. 12. Electric conductivity at 40°C of the complexes between BF3and (1) (C2H5)3
Al, and (2) (¢-CiHshAl.  Concentration of the components 22.9 X 10~4 mole/mole in
toluene.

pounds (Fig. 12). The chlorine derivatives of (ChiThAIl can be arranged
according to their conductivity:

(CH#,AL > (CH32AICL > (CHHALCI2

When tlie conductivity becomes constant (at the end of section b), BF3 0
(CH32is injected. As a result of the addition of the second component
the conductivity again increases abruptly at first and then, due to the
fact that an insoluble complex is produced, it drops abruptly and approaches
the conductivity of the solvent (toluene) (Figs. 10 and 12). If the com-
plexes from Figure S are arranged in order of decreasing conductivity, a
series is obtained which is identical to the series of the same complexes with
regard to their polymerization activity towards TO.

The data in Figure 12 of highest conductivity show a deviation from the
corresponding data regarding polymerization activity, however, it is prob-
able that the rate of complex formation is important. From the same
figures we can draw a conclusion about this rate on the basis of the slope of
the curves after the maximum (Figs. 10-12). If it is assumed that the slope
is decisive for the activity of the complexes, then the results from the
study on the complex conductivity are completely identical with experi-
mental orders of the same complexes with respect to polymerization activity
towards TO.

In Figure 11 the most interesting and difficult to discuss is the complex
between (CHG3AL and SnCh. Its conductivity remains constant after
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reaching a maximum. This is probably due to the solubility of the complex
or to the excessively slow rate of its formation. The same complex did not
cause polymerization of TO.

There is good correlation according to the data in Figures 10-12 only
between the final complex electroconductivity (15 min after the complex
components have been mixed) and polymerization activity towards TO.
The poorer the final conductivity of the complex, the higher the polymer-
ization activity towards TO.

This study is very interesting and promising but it is still difficult to
draw conclusions. We consider that further study will provide the neces-
sary experimental data and will allow us to draw corresponding conclusions
as well as to explain some anomalies.

Experimental

TO was purified as described in the previous papers.78 The presence of
moisture was checked by coulometric titration with Fisher reagent by the
method of Slovak and Prybyl. 4

The polymerization of TO was studied dilatometrically under a nitrogen
atmosphere.  Liquid paraffin, well purified and dried, was employed with
the dilatometers as reference. The reduced viscosity of polymer solutions
was determined at 90°C in p-chlorophenol or a 3:1 mixture of tetrachlor-
ethane and phenol.B

Toluene used as a medium for the conductivity measurement of the
catalytic complexes was purified from unsaturated compounds and thio-
phene and was subsequently rectified with potassium-sodium alloy in the
presence of anthracene.

Boron trifluoride etherate, a product of The British Drug Ffouses (En-
gland), was distilled in vacuo at 123-133°C immediately before use.

Most of organoaluminum compounds were products of Fluka (Switzer-
land) and were used without additional purifications.

Titanium tetrachloride, from Schuchard (Germany) and stannic tetra-
chloride, from E. Merck AG (Germany) were distilled before use.
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Synopsis

In previously reported work concerning the chain-length distributions obtained by gel
permeation chromatography (GPC) in celluloses, degrees of polymerization (DP) of un-
usually high magnitude were reported. Later work in GPC has shown that the concept
of relating extended nolecular chain length of different polymers to elution volume for ob-
taining molecular weight is not theoretically sound. Correlation of molecular hydrody-
namic volume (indicated by the product of intrinsic viscosity and molecular weight) with
elution volume has been found to place polymers of vastly different natures on a single
curve, such is now designated universal calibration. Application of universal calibration
to the determination of DP distributions in celluloses required a different method of con-
verting counts to DP. This new procedure is described in detail. Weight-average
DP’s given by the procedure for samples of cellulose I, Il, 111, and IV were 5190, 4520,
4795, and 3390, respectively. These are decreases of 74-75% from the results obtained
by the extended-chain procedure. The results compare favorably with the viscosity-
DP’s of the samples. Number-average DP’s were 1580, 1040, 1140, and 490 for the four
samples, respectively, these being decreases of 87-93% from the values formerly re-
ported. The polymolecularity ratios for the samples are now unusually large, being 3.4,
4.7, 4.2, and 7.1, respectively.

Introduction

The application of gel permeation chromatography (GPC) to the char-
acterization of celluloses has already been described in earlier publications.1'2
In these reports, the elution volumes of the sample fractions expressed in
counts were converted to degree of polymerization (DP) by means of ex-
tended chain-length calibration.  Shortly after these reports were published,
a new conversion procedure appeared in the literature. Based on coil size
of the solute molecule, this procedure formed the basis for a universal cali-
bration technicpie for all polymers. Benoit and co-workers3-5 established
a relationship that is valid for any polymer molecule, regardless of its chem-
ical nature and morphological structure. Benoit tested nine polymers of
vastly different sorts and markedly different structures and found that a

*Presented at (lie 158th National Meeting, American Chemical Society, New York,
New York, September 7-12, 1969.
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plot of the logarithm of [i\][M versus elution volume gave a single curve for
all polymers (the product is designated coil size; -] is intrinsic vis-
cosity, and M is molecular weight). This was confirmed by others.67
Assignificant and important addition to these findings is the work of Grubi-
sic and co-workers,8who found that the relationship holds also for a rigid,
rodlike molecule as well as for a flexible, coiled one.

In the earlier procedure, DP was arrived at through a series of calcula-
tions and the use of the calibration curve relating counts to extended length
of the molecule expressed in Angstrom units. Measurements of the height
of the chromatogram at each count were then used in conjunction with data
from the calibration curve to obtain the DP’s for the cellulose fractions
(DP,) and the weight- and number-average DP’s (DP,,, DPJ. Allexample
of these calculations is given by Harmon.9 The DP’s of 16,000-22,000
which were obtained by the extended chain-length calibration for the cellu-
lose trinitrate samples were very much higher than the values (3000-5000)
obtained with a conventional method. However, the high values seemed
to be supported by some reports in the literature giving similar high values
for various celluloses where conventional methods were employed.

The initial procedure for handling GPC data has become suspect from
two important standpoints.  One criticism is directed at the use of the char-
acterized polystyrenes as standards for other polymers; the other criticism
is directed at the use of extended molecular chain-length as the calibration
parameter. The postulate relating elution volume to extended chain length
does not, however, require that chains be extended in solution, only that
the polymers being compared be similar in chain stiffness—which, of course,
is not the case here for polystyrene and cellulose nitrate.

NalcajimaXwas one of the first to point out the desirability of using for
GPC standards fractionated material of the same polymer as that being
studied. Unfortunately, for cellulose work, standards consisting of narrow-
distribution, well-characterized cellulose trinitrates were not and are not
readily available.

The postulate of extended molecular chains in solution is contrary to
what is known, i.e., (1) that the polymer molecule in solution is coiled, and
(2) that the effective size of a polymer coil in dilute solution is dependent on
the nature of the polymer and the solute-solvent interactions.1l Attempts
have been made by some workers1213to relate elution volumes to hydro-
dynamic radii and other parameters, but these were not entirely successful
in solving the problem because of the approaches used.

Benoit’s approach is a breakthrough for GPC studies of cellulose. The
need for narrow-distribution, well-characterized cellulose standards for
calibration is eliminated; the readily available polystyrene standards can
be used. That the cellulose trinitrate chain becomes rigid and extended
at a DP of about 300 is no longer a problem—*the calibration is indepen-
dent of the shape of the molecules and is valid for elongated particles as
well.”6 This paper describes the manner in which Benoit’s calibration
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technique was applied in an investigation of the chain-length distributions
in various celluloses and presents the results which were obtained.

Experimental

The GPC instrumentation and experimental procedure were the same
as those used earlierlwith three modifications: First, an analog-to-digital
converter was incorporated into the system to provide a punched-tape read-
out of GPC data. The punched tape was used for direct processing of data
by computer; this involved all of the calculations for obtaining DP,,, DP,,,
polymolecularity ratios (1)",,,/1)P,)),and plots of the normalized, differential
molecular-weight distribution curves. Second, instead of measuring the
height of the curve above the baseline at the count as shown in .1 of Figure
1, the area under the curve from count to count, centered about the half-
count, as shown in B of Figure 1, was measured; these area measurements
were performed by computer using the punched-tape data. The signifi-
cance of the change to area measurement will be explained later. Third,
the sample injection time, i.e., the period of time that the sample loop is
held in the solvent stream, was changed from 120 sec (approx. 0.4 count)
to approximately 10 min (2 counts). Calculations based on the assump-
tion of laminar, incompressible, steady-state flow of a Newtonian fluid,
neglecting end effects, indicated that about 0.5 ml of solution could still
be held in the sample loop after 120 sec.  This would amount to 25% of the
dissolved polymer; measurements of the areas under the chromatograms ob-
tained by using 120-sec and 10-min (approximate) injection times verified
this percentage. Because the procedure for obtaining concentration of
polymer in the eluted solutions requires complete transfer of dissolved
sample to the solvent stream, the shorter injection time was abandoned.
An injection time longer than 2 counts or 10 min was considered unnecessary.

COUNTS

Fig. 1L Measurements made on chromatogram: (/) height of curve at the count,
for the usual procedure of calculating DP’s; (H) area under the curve centered on the
half-count for the present method of calculating DP’s.
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Fig. 2. Calibration curves for column sets used in the gel permeation chromatograph:
(set A) four columns of 107, 1.5 X 106 10% and 3 X 104 A permeability limits; (set B)
four columns of 1.5 X 105 104 103 and 5 X 102 A permeability limits. Numbers
identifying the standards are weight-average molecular weights.

The intrinsic viscosities of the polystyrene standards in tetrahydrofuran
(THF) were obtained at 25°C by means of calibrated Cannon-Ubbelohde
dilution viscometers and successive dilution; no shear dependence was
noted. Because of the high vapor pressure of THF, the solutions were
forced into the bulbs by means of cylinder nitrogen and a system of valves
designed to reduce and control the nitrogen pressure.  The usual method of
drawing in solution by means of vacuum caused considerable changes in
solution concentration because of evaporation of the solvent.
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The products (coil size) of the intrinsic viscosities and the weight-average
molecular weights of the polystyrene standards were plotted versus half-
counts on semilog graph paper to give the calibration curves shown in
Figure 2. The weight-average molecular weights furnished with the stan-
dards and the intrinsic viscosities obtained experimentally were inserted
into the Mark-Houwink equation to obtain the constants K and a for the
purpose of checking the precision and accuracy of the experimental pro-
cedure. As the values obtained, K = 1.36 X 10"2and a = 0.71, are in
good agreement with those of Benoit, 4K = 141 X 10~2and a = 0.70,
and with the values K —1.28 X 10~2and a = 0.72 calculated from the vis-
cometric data of Schulz and Baumann, ¥4 confidence could be placed in the
coil size data used in the calibration curve. It is noteworthy that the
experimental constants determined here are in excellent agreement with
the averages of the literature values, K = 1.34 X 10~2and a = 0.71.

The celluloses were the four polymorphic forms, celluloses I, 11, 111, and
IV, which were the subjects of an earlier report.1 Details of the preparation
of these materials are given in that report. Because of the high DP’s of
these samples, only the A set of GPC columns was used in the present
study.

Average degrees of polymerization of the four celluloses were determined
viscometrically (DP,,) in cadmium ethylenediamine hydroxide (cadoxen)
solutions. The cadoxen was prepared by Henley’sbprocedure. The vis-
cosities were measured at 25°C in calibrated Cannon-Ubbelohde four-bulb
dilution shear-gradient viscometers at four concentrations. The reduced
viscosities, An,/c, taken at G = 500 sec _1, were extrapolated to zero concen-
tration for obtaining intrinsic viscosity, [/]. The DP’s calculated accord-
ing to Brown and Wikstrom’s® relationship were as follows: cellulose I,
4990; cellulose 11, 3760; cellulose I11, 3780; and cellulose 1V, 2330. Be-
cause of interskein variations these values are somewhat different from
those given earlier.1

The four celluloses were nitrated according to the procedure used by
Newman and co-workers.7 The alcohol-wet nitrates, however, were kept
in alcohol in screw-cap bottles stored in the refrigerator until needed. Ni-
trogen contents determined by the semimicro lvjeldahl method of Timed
and PurvesBvaried from 13.55 to 13.85%; variation in the degree of sub-
stitution within this range has been shown to have negligible effect on
GPC data.2 Aliquant portions of the nitrated celluloses were dried as
needed in a vacuum oven (15 mm Hg) for 1 hr at 50 -55°C, and 0.0250-g
quantities for preparing I/s% solutions in THF (24.0 ml) were weighed out
in a stainless-steel weighing boat. The fiber mats, while still in the boat,
were teased apart with dissecting needles in order to put the sample into the
optimal form for pinch-wise addition to the solvent.

Dry nitrated cellulose becomes charged quite easily with static electric-
ity, and this interferes very greatly with quantitative transfer of the sam-
ple. However, this problem was solved by slowly passing a high-frequency
coil of the Tesla type (as used for detecting leaks in vacuum systems) close
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to the weighing boat. The static-free sample was added to the solvent
pinch-wise by means of tweezers with stirring (magnetic stirring bar; 4-oz,
brown-glass, screw-cap bottle). The stirring bar was then lifted out, rinsed
with a measured volume of THF, 1.0 ml, after which dissolution was com-
pleted by placing the capped bottle in a shaking apparatus for 1 hr. All
liquid measurements were made with previously dried hypodermic syringes
of appropriate volumes.

The intrinsic viscosities of the eluted fractions of the nitrated celluloses
were measured by means of special Cannon-Ubbelohde semimicro shear-
gradient viscometers. These viscometers have three measuring bulbs and
need only 4 ml of solution; they were required because of the limited amount
of eluate (5 ml). It was established very quickly that the usual procedure
of diluting the initial solution in order to obtain the necessary number of
concentrations for extrapolation to zero concentration could not be used
with the eluates because of their low concentrations. The intrinsic viscos-
ities were, therefore, calculated by means of the Schulz-Blaschke equation.9
The Schulz-Blaschke constant for the cellulose trinitrate-tetrahvdrofuran
system had to be determined because it is not to be found in the literature.
From the viscosity data obtained from 10 samples of nitrated cellulose,
ranging from 7.3 to 47.6 dl/g, an average value of 0.35 was established for
this constant.  As the relative viscosities at zero shear gradient are used in
the calculations, the intrinsic viscosities obtained by means of the Schulz-
Blaschke equation are also at zero shear gradient.

For calculating intrinsic viscosity, one must have the concentration of
the solution. The eluates, however, are too dilute to permit accurate, re-
producible weighings of the residues left by evaporation to dryness of
measured volumes of the solutions. Other means for determining concen-
tration directly could not be used for the same reason.  This problem was
resolved by using the half-count area measurements mentioned earlier.
With the area under the chromatogram directly proportional to the weight
percent of dissolved polymer@and the amount of sample injected into the
sample loop held constant (2.06 mg) in all runs, the concentration of sample
in each eluate was calculated by computer from the punched-tape data.

Because of the low eluate concentrations, it was found that reliable
measurement of the intrinsic viscosities of the fractionated solutions could
be made on only those four eluates which lay about the peak of the chro-
matogram. A plot of the logarithm of the intrinsic viscosities of the four
eluates versus the logarithm of their respective half-counts produced a
straight line, and from this the intrinsic viscosities of the more dilute eluates
could be estimated by extrapolation. Calculation of intrinsic viscosities
from the measured flow-times, calculation of the least-squares regression
of the viscosities versus half-counts, and extrapolation to obtain the vis-
cosities of the more dilute eluates were carried out by computer.

Calculation of the average degrees of polymerization for the nitrated cel-
luloses was carried out by means of the scheme2.exemplified in the equations
and arbitrary fraction number, weight, and DP data shown in Table 1.
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TABLE |
Calculation of Weight- and Number-Average Degrees of
Polymerization from Fractionation Data*’1

Weight IF

Fraction in polymer, g DP H'.'DP IF X DP
1 10 500 0.0200 5,000

2 20 1,000 0.0200 20,000

3 25 2,000 0.0125 50,000

4 25 2,500 0.0100 62,500

5 10 3,000 0.0033 30,000

6 10 4,000 0.0025 40,000
100 0.0683 207,500

*The data in columns 1, 2, and 3 are strictly arbitrary.

‘Dpy = SAT X dp) 207,500
N 2IF 100

Wi 2W 100 144
DPn — 2 (IF/DP) 0.0683 o

1)P,,/DP,, =1.42

2075

The required weight and DP data of columns 2 and 3 are obtained from
the chromatogram. The weight of polymer (in grams) in the eluate comes
directly from the area measurement about the half-count as described
earlier. The DP is calculated from the coil size in the following manner.
The calibration chart is entered at the pertinent half-count, and the cor-
responding coil size is read off on the ordinate. The intrinsic viscosity of

TABLE II
Nitrogen Content and Related Parameters of
the Nitrated Anhvdroglueose Unit

Monomer unit, 1)egree of

Nitrogen, % weight substitution
13.50 286.4 2.76
13.60 288,0 2.80
13.70 289.6 2.83
13.80 291.3 2.87
13.90 293.0 2.91
& 297.1 3.00

aCompletely substituted ester.

the eluate at the pertinent half-count, measured separately, is then divided
into the coil size to give the molecular weight for the fraction. Degree of
polymerization is then the quotient of molecular weight divided by the
proper monomer unit weight of the nitrated anhvdroglueose unit (Table I1).
All of the calculations required were done by computer. Programs are
available on request for the calculonatis mentioned in the preceding text.
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Results and Discussion

The previous calibration procedure employing extended molecular chain-
length is superficially simple, in that the only data involved are the calibra-
tion curve, the linear measurements taken from the chromatogram, and the
Q factor (molecular weight per unit Angstrom length) which usually can be
calculated from appropriate data in the literature. The present procedure
is more complex: but it is based on more acceptable concepts and gives
more acceptable results. Automation of data acquisition through the
analog-to-digital converter as well as speedy data handling and processing
by computer of the greater number of computations that are now involved
balance out the added time introduced by the viscosity measurement.

Results obtained by the new procedure are illustrated in Figures 3 and 4,
where data for several portions of the cellulose 11 sample are compiled.
Each linear plot of intrinsic viscosity versus count in Figure 3 has its cor-
responding normalized chromatogram in Figure 4. In the present experi-

Fig. 3. Relationship between intrinsic viscosity and count for portions of the nitrated
cellulose Il sample: (------ ) Portion 41A, (—-) Portion 42A, (mee) Portion 43A, (- m-)
Portion 44A, (oooo) Portion 45A.
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Fig. 4. Normalized chromatograms for portions of the cellulose Il sample: (------ )
Portion 41A, (--) Portion 42A, (...) Portion 43A, (- *-) Portion 44A, (0ooo) Portion
45A. Heights at the peaks of the chromatograms set arbitrarily to 4.

(DP) i
Fig. 5. Normalized chromatogram for a portion of the cellulose | sample. Scale for
DP added to show the range of the molecular chain-length in the sample.

ments, four to six aliquant,s were taken from each sample, and the results
averaged. The normalized chromatogram is useful “as is” for comparative
purposes, but for computations of DP, data from the actual chromatogram
must be used.

The slopes of the plots of viscosity versus count (Fig. 3) are related to the
DP range of the chromatograms, Thus in Figure 4 the chromatogram for
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aliquant 44A is furthest to the left, in the direction of lower DP, and the
viscosity-count plot has the lowest slope. The chromatogram for aliquant
41A is furthest to the right, towards higher DP, and the viscosity-count
plot has the steepest slope. The slopes of the plots and the chromatograms
for the rest of the aliquants, except one, lie between in the order indicated,
that is, slope increasing as the position of the chromatogram moves toward
higher DP. This relationship between the position of the chromatogram
and the slope of the viscosity-count plot closely reflects the parameter
being measured at each count. Because of the shifts in chain-length distri-
bution resulting from as yet undetermined factors, changes occur in vis-
cosity of the particular fraction concerned, caused by differences in the DP
of that fraction.

Conversion of counts to DP in the chromatogram is not so straightfor-
ward as before; there are still two parameters, now coil size and count, but
only count is single-ended. Coil size is a product, [i)]M, and therefore
intrinsic viscosity at the count must be measured before molecular weight,
and hence DP can be established. A fixed DP scale cannot be simply sub-
stituted once for count and used thereafter for all samples. The DP’s ar-
rived at in the present calculations are tabulated in the computer print-out
so that it is a simple matter to substitute these values for the appropriate
half counts (Fig. 5).

From the data in Table Ill it is obvious that the present results are
markedly different from those obtained by the extended-chain calibration.
The DPnis given in Table I11 are now in the order of magnitude of those
usually reported for celluloses. It is noteworthy that DP,,’s by coil size
are 74-75% less than those calculated by extended chain-length calibra-
tion. Meyerhoff’s2data obtained from fractionated trinitrate samples led
to an earlier postulatelthat if his correlations were correct, then the GPC
trinitrate DP’s based on polystyrene standards and extended chain lengths
(Table I11) should be reduced by some 65%. This earlier postulate is in
reasonably good agreement with the present findings.

It is well-known that the DPWbf a polymer is somewhat greater than its
J)P,, and in the present instance, the DP,, obtained from the GPC data
(nitrated sample dissolved in THF, calibration by coil size) is greater than
the DPCobtained for the original untreated cotton dissolved in cadoxen.
This latter situation is consistent with the findings of othersZ24that vis-
cosity measurements of cellulose trinitrates in organic solvents often give
higher DP values than do those of the initial cellulose in the alkaline cellu-
lose solvents. AgsterZattributes the observed difference to certain ester-
type bonds in cellulose which are alkali-sensitive, while Ellefsen2iconsiders
it due to some deviations in structure (e.g., carbonyl groups) which lead to
degradative effects during the viscosity measurement. The possible effects
of the highly alkaline solvent, cadoxen, on cellulose during viscosity mea-
surements has already been discussed.B Creation of alkali-sensitive link-
ages or structural deviations seems to be suggested in the present data.
Thus, there is a 3.9% difference between DPWand DP,, for the cellulose |
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sample, and the difference increases for the celluloses II, Ill, and 1V,
amounting to 16.8, 21.1, and 31.2%, respectively. The order of increase in
the differences is in accord with the direction suggested by the conditions
for preparation of these celluloses. Thus, all of three of the latter samples
were exposed to alkaline reagents which could cause actual or potential
degradation, but in addition an elevated temperature (IhO°C) was included
in the case of the cellulose IV. Actual degradation is, of course, indicated
by the decrease in the DP’s themselves.

Also in Table 111, one can see that very marked differentiation of the
cellulose samples in terms of their polymolecularities, given by the ratio
DIA/DIV is apparent in the present data, much more so than in the earlier
data. The most degraded sample, cellulose 1V, did not, according to the
previous data, differ in polymolecularity from the less-degraded cellulose
Il and I11 samples, yet this could have been expected because of the treat-
ments employed. Such a difference is clearly denoted by the present data.
The present values for the polymolecularities are considerably greater than
the previous ones and may be greater than the actual case. This would be
in accord with recent findings with polypropylene and polystyrene.  Allietd
and Crouzet and co-workersZ reported that GPC results consistently
indicated larger distribution ratios or greater polymolecularity than the
conventional methods, while Boni and Sliemers8found that Mn by GPC
was lower than that determined by osmometry.

In the present data, wide variations have been noted in DP,, when the
related 1) IVs are in good agreement. An example of this is to be seen
in the data tabulated in the body of Figure 3. The variation may be an
effect of the long injection time being used, apparently from an exaggerated
tailing of the sample plug as it passes through the system. The long injec-
tion time may also be the cause of an effect to be noted in the compiled
chromatograms of Figure 4. Between lowest count and peak position
(high-DP sector) the legs of the curves are almost coincident, but the legs
of the curves between peak position and highest count (low-DP sector) are
separated.

A potential error that could be of serious magnitude is that attributable
to zone broadening or peak spreading arising from axial dispersion in the
columns.  Corrections for this effect were not applied to the present chro-
matograms because they were not considered necessary in view of the broad
distributions of the samples. Tung23®has indicated that a correction for
peak spreading is negligible for a broad-distribution polymer. Pierce and
Armonas3l also have shown this to be true. Huang and Jenkins2applied
zone-broadening corrections to chromatograms obtained from cellulose
samples, and their results confirm the earlier conclusions of Tung. In the
present work, zone-broadening corrections led to anomalous results.
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Studies in Ring-Opening Polymerization.
I. 5,5-Diethyl-1,3,2-dioxathiolan-4-one-2-oxide

G. P. BLACKBOURN and B. J. TIGHE, Department of Chemistry,
The University of Aston, Birmingham 4, England

Synopsis

The polymerization of 5,5-diethyl-1,3,2-dioxathiolan-4-one-2-oxide has been examined
in various solvents at 60-100°C. Kinetic studies have shown that steric hindrance by
the Cs ethyl substituents prevents the occurrence of a bimoleeular propagation reaction
involving direct attack by a terminal hydroxyl group on the ring.  In dry, nonhydroxylic
solvents, the first-order rate-determining step in the sequence of reactions leading to
polymer formation is a primary ring scission reaction in which a reactive intermediate is
formed and sulfur dioxide eliminated. This intermediate, which is formally depicted as
an a-lactone, then takes part in a very rapid chain-propagation process, the individual
steps of which govern the molecular weight distribution of the polymer. The values of
the activation energy (25-30 kcal/mole) and frequency factor (10u-1013 sec-1) for this
polymerization reaction are, therefore, those associated with monomer decomposition
and not the chain growth process. The molecular weight of the resultant polymer, poly-
(3-pentylidene carboxylate) is controlled by adventitious traces of water which produce
one carboxyl and one hydroxyl group per chain. Polymers having M,, ~ 20,000 are
readily obtained; these are materials of moderately high melting point (T,,, ~ 200°C)
which crystallize from the melt into a banded spherulitic structure.

INTRODUCTION

1,3,2-Dioxathiolan-4-one-2-oxides (1) are more commonly known as
a-hydroxycarboxylic acid anhydrosulfites, the parent a-hydroxv acid
being used as a prefix to identify individual members (e.g. glycollic, lactic,
and a-hydroxyisobutyric acid anhydrosulfites, I; R1 = R2 = —H; R1
= —CH3 R2= —H; Rl = R2= «CH3respectively). Their conversion
to poly-a-esters (1) has been known for some time and we have previously
discussed polymerization mechanisms1-3 for these simpler members of the
series.  Trivial names are also used for the derived polymers (e.g., poly-
glycollic acid or polyglycollide), but for higher homologs the trivial and
derived nomenclature becomes confusing and the systematic nomenclature
is to be preferred. Hence 5,5-diethyl-I,3,2-dioxathiolan-4-one-2-oxide

R1 R1
RZ—(I:---- [ofo) H- —C—0 H
o— SO)/' |£2
| 1
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(DEAS, I; R1= R2 = —CH}5 polymerizes to give poly (3-pentylidene
carboxylate), 11;R1= R2= —CH®G

Aliphatic polyesters do not in general lend themselves to useful applica-
tion because of low softening points and poor resistance to hydrolysis.
Poly-a-esters, however, often have melting points above 200°C, and because
of the short repeat unit, substituents are able to shield the ester function
and thus hinder chain scission reactions. Hence the nonsubstituted poly-
mer (polyglycollide or polymethylene carboxylate 11; R1= R2= —H) is
hydrolyzed in boiling water, while high molecular weight dimethyl-sub-
stituted polymer (polyisopropylidene carboxylate, Il; R1= R2= —CH3J3
is stable to boiling alcoholic alkali (3N) for over 5hr.

Poly-a-esters have been described as potentially useful in the fields of
films, fibers, coatings, and surgical inserts, but methods for their preparation
are not numerous and often result in poor yields of polymer and/or low
molecular weights. Methods such as self-condensation of acids or metal
salts involve polymerization in the melt at temperatures in the region of
200°C and are accompanied by degradation reactions and discoloration.
The apparently attractive polymerization of the appropriate glycollide by
suitable catalysts, at lower temperatures, is limited to simple derivatives,
monosubstituted at the 1 and 4 positions,5 although copolymers derived
from a monosubstituted, and a symmetrical disubstituted, glycollide may
be prepared, providing that at least 50 mole-% of the former is present.6
Alternative routes via decomposition of the appropriate tert-butyl per-
ester7or by oxygenation of the appropriate ketene8are limited by the fea-
sibility of preparing the required intermediates.

Kinetic studies of the decomposition and polymerization of anhydro-
sulfites have led to the elucidation of the contributory mechanisms, and
enabled an assessment to be made of the role which impurities play during
these processes. If impurities are removed or their formation prevented,
then the controlled thermal extrusion of sulfur dioxide from anhydro-
sulfites in solution represents the best general method for the preparation
of poly-a-esters, particularly as the polymerization proceeds at convenient
rates at temperatures below 100°C. Although the analogous 1,3-dioxolan-
2,4-diones (I11) possess similar structural features, the greater thermal
stability of this ring system9prevents the occurrence of an effective chain
propagation reaction.

1t2
1t:—-C—CO

0—COo
11

In earlier papers we have discussed various aspects of (lie decomposition
of 5,5-dimethyl,1 5-methyl,2 5,5-bis(chlorometliyl)-,© 5-phenyl-, 5,5,-
diphenyl,11 and nonsubstituted3 [,3,2-dioxathiolan-4-one-2-oxides. We
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now describe the decomposition of the 5,5-diethyl derivative and the char-
acteristics of the polymer thereby formed. Previous attempts2to poly-
merize this compound produced only low molecular weight material. The
conditions used were identical to those under which the 5,5-dimethyl de-
rivative (a-hydroxyisobutyric acid anhydrosulfite HBASJ) decomposed to
yield polymer having a molecular weight in excess of 100,000. The infer-
ence drawn from these results was that the structural features of the former
were in some way responsible for its inferior polymerizability. In this
paper we compare the polymerization mechanism for the two compounds
and assess the factors governing the degree of polymerization of the final
polymer.

EXPERIMENTAL

a-Hydroxy-a-ethylbutyric acid was obtained from diethyl ketone by the
conventional cyanohydrin route.

5,5-Diethyl-1,3,2-dioxathiolan-4-one-2-oxide was prepared by the direct
action of thionyl chloride on «-hydroxy-a-ethylbutyric acid and by using
conditions described in previous papers.113 The crude anhydrosulfite was
purified by distillation, treatment with silver oxide, and prepolymeriza-
tion,3B purity being assessed by chloride ion titration and instrumental
analysis.

Rate measurements were carried out with constant volume gas evolution
apparatus designed for use at high temperature, and similar to that used
for previous studies.12

Solvents were purified by the recommended methods of WeissbergerX4 or
Vogel.® With the exception of dioctyl phthalate, all were refluxed over
a suitable drying agent, fractionally distilled, and the middle fraction
collected over fresh desiccant. The solvents were again distilled just prior
to use and the middle fraction only was used. Dioctyl phthalate was
shaken with calcium chloride for two days, the suspension allowed to settle,
and the required quantities removed by hypodermic syringe.

Infrared and mass spectra were recorded by using Perkin-Elmer 237 and
A.E.I. MS9 instruments, respectively.

Differential thermal analysis (DTA) traces were obtained by using the
Du Pont 900 thermal analyzer in conjunction with a differential scanning
calorimeter (DSC) cell.

Molecular weights were measured by carboxylic acid endgroup deter-
minations by using a hot micro-titration technique. Accurately weighed
polymer (0.04-0.05 g) was stirred on 5.0 ml of pure benzyl alcohol for 3
minutes at 160°C. The solution was then poured onto 10.0 ml of distilled
chloroform and the original vessel washed with a further 5.0 ml of benzyl
alcohol, which was then transferred to the polymer solution. Three drops
of 0.1% Phenol Red in ethanol were added and the whole stirred. Stan-
dardized benzyl alcoholic caustic soda was added from a microliter syringe
until the endpoint was reached. A blank run on solvents alone (10.0 ml
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benzyl alcohol + 10.0 ml chloroform) gave a background titer which was
subtracted from the subsequent values obtained when carboxylic endgroups
were determined. The solvents were not considered of sufficient purity
until the blank titration was below 10/d of 0.1JV alcoholic sodium hydroxide.

Rates of spherulite growth were followed by optical microscopy and a
depolarized light intensity technique as used by Barrall and Johnson,
employing the Du Pont 900 console as recorder and temperature pro-
grammer.

RESULTS

In order to obtain high molecular weight polymer and reproducible
kinetic results the DEAS was required in a high degree of purity. Other
workers412 1 rely upon prepolymerization followed by fractional distilla-
tion as means of purification, but we did not find these methods alone to be
satisfactory,13 particularly for the removal of chloride containing impuri-
ties. Use of the silver oxide purification technique, however, enabled the
chlorine content to be reduced to a concentration level of 2.8 X 10-3 moles
per mole of DEAS before the final prepolymerization step.

Thermal Polymerization

The rate of appearance of polymer and disappearance of monomer were
followed by gravimetry and gas evolution techniques, respectively. The
evolution of sulfur dioxide as a function of time was found, in dry non-
hydroxylic solvents, to correspond directly to polymer formation. This
type of behavior, in which the ring-opening decomposition to the monomer
represents the rate-determining step in the sequence of reactions leading to
polymer formation, was also observed with the 5,5-dimethyl-substituted
monomer.1

DEAS decomposition was measured in a range of solvents between 50
and 100°C. Monomer decomposition was shown to be a first-order pro-
cess by computing the gas evolution data graphically in the form log

—p)/pco] versus time, where p is the pressure of sulfur dioxide. Typi-

TABLE |
First-Order Rate Constants (ft,) and Half Lives (A/,) for the
Decomposition of DEAS in Various Solvents at [DEAS] = 0.5 inole/1.

Dielectric
constant  Temperature, 105 X ki,

Solvent b9 o) °C sec“l fi/2 min
Dimethyl sulfoxide —36 89.3 138 8.4
Glycerol —32 89.1 130 8.9
Nitrobenzene —25 90.0 20.1 57.5
p-Nitrotoluene —17 88.1 10.5 110
Chlorobenzene ~4.5 88.1 6.3 183

Dioctyl phthalate —3.5 91.0 7.3 145
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Fig. 1. FirsLorder decomposition of DEAS in various solvents at 90°C: (A) nitro-
benzene; (O) dioctyl phthalate; (¢) chlorobenzene; (U) decalin. [DEAS]0 = 0.56
mole/L  Gas evolution data expressed in terms of sulfur dioxide pressure (p) as a func-
tion of time.

Fig. 2. Polymerization of DEAS in nitrobenzene at various temperatures: () 94°C;
(O) 89°C; (O) 74°C; (A) 66°C. [DEAS]« = 0.5 mole/L
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cal examples are shown in Figure 1L The overall process can therefore be
expressed by the equation:

d[V]/dt = -d[DEAS]/di = d[S0Z)/di = AJUEAS] @)

where [I’]is the concentration of polymer. Changes in initial concentra-
tion, and variation of sulfur dioxide pressure were investigated and did not
significantly alter the measured values of A

Table | presents the rate constants observed for the decomposition of
DBAS in a series of solvents at temperatures in the region of 90°C. It
will be evident that in solvents of increasing dielectric constant there is a
trend to faster reaction; attempts to find a quantitative relationship be-
tween a function of rate and dielectric were not altogether successful. The
figures in Table I demonstrate that DEAS is more sensitive than the 5,5-
dimethyl derivative1(HBAS) to this change in solvent property.

Plots of conversion to polymer versus time for DEAS in nitrobenzene
at various temperatures are given in Figure 2 and typical rate constants
and kinetic parameters shown in Table II.  The values obtained for activa-
tion energy E, pre-exponential factor A, and entropy of activation
AtSt were derived from Arrhenius plots and are of the order expected for a
genuine unimolecular process.

TABLE 1l
First-Order Rate Constants ki, Half Lives ii/2 Energies of Activation E,
Entropies of Activation AISJ and Frequency Factors A for the Polymerization
of DEAS in Nitrobenzene at [DEASJo = 0.5 mole/1.

Temp, 105 X h, E, ASJ, cal/
°C sec-1 W2 min  kcal/mole A, sec 1 deg-mole
63 0.65 1777 ]

82 5.67 203.7
% 20.1 575 128.7 4.02 X 108 + 1.3
96 37.0 31.2 J

Transient formation of an a-lactone intermediate has been proposed
during the thermal decomposition of IIHAS; further evidence for these
species is found in the mass spectra of anhydrosulfites. As the sample
attains high temperature in the instrument no parent peak is observed
for DEAS, but the cracking pattern involved mass numbers of 114(VI-(i4),

Et Et Et
Et—(II—CO -Et—cI:— -CO Et—é:co
\ (0]
o—s/o 0 (Iv) W)
I%t Et
Et—Cll =0 e - Et—|C

V1) 1)
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98(M-80), S6(M-92) and 70(M-108) which on consulting the whole spec-
trum can be assigned to the fragments (1V), (V), (VI), and (VII), respec-
tively, of which signals for (IV) and (VI) are particularly strong.

Ketone formation was observed to a minor degree when flash distillation
was employed during the purification of DEAS (under these conditions the
crude monomer was subjected to temperatures in excess of 130°C); in
other systems, e.g., 5,5-bis(chloromethyl), 0 ketone formation is a major
competitive reaction.

Initiated Polymerization

In certain cases23 simple anhydrosulfites undergo a bimolecular ring-
opening reaction, in the presence of alcohols leading to regeneration of a
hydroxyl group. The regenerated hydroxyl group can then take part in a
bimolecular chain propagation reaction analogous to that observed to
occurBwith N-carboxy-a-amino acid anhydrides. The steric hindrance
of the two C5 methyl substituents in 5,5-dimethyl-1,3,2-dioxathiolan-4-
oen-2-oxide effectively prevents such a reaction, however. In order to
determine the sensitivity of DEAS to hydroxyl group attack rates of de-
composition in nitrobenzene solution ([M]0 = 0.5 mole/1.) containing
various quantities of added benzyl alcohol ([OH]0 = 0.1-0.5 mole/1.) were
added. The rate of DEAS decomposition was found to be independent of
initial hydroxyl group concentration, i.e.,

_d[DEAS}/dt = 7c[DEAS]OH]0 )

Finally the decomposition of DEAS was examined in pure dry benzyl
alcohol (JOH] ~ 8 mole/l.) at various temperatures. The values of the
rate constants and derived kinetic parameters which are shown in Table
I11, demonstrate that the decomposition of DEAS takes place less rapidly

TARLE 111
First-Order Rate Constants k', Energies of Activation E,
and Frequency Factors A for the Decomposition of DEAS in
Renzyl Alcohol at [DEAS]o = 0.5 mole/1.

Temp, °C 106 X k', sec-1 E, kcal/mole A, sec-1
79 5.6
90 13.9
99 42.4 25.1 1.9 X 10D
109 80
121 244.0

in benzyl alcohol than in nitrobenzene. The reaction product obtained in
benzyl alcohol was not poly(3-pentylidene carboxylate) but benzyl a-
ethyl-a-hydroxybutyrate.

More active nucleophiles were examined as potential initiators. Primary
and secondary amines reacted very rapidly with an equimolar amount of
DEAS to vyield the appropriate amide. When less than stoichiometric
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amounts of amine were used, a rapid reaction with an approximately
equimolar amount of DEAS again occurred, but the rate of the subsequent
first-order decomposition of DEAS was practically identical to that in the
absence of amine. Similarly when less than stoichiometric amounts of
amide were used, no evidence of initiated polymerization was observed.
Dimethyl sulfoxide, when used as a reaction medium, has been observed
(Table 11) to produce rapid decomposition of DEAS. When used in less
than stoichiometric amounts, however, no evidence of initiating activity
was observed. Table IV presents typical results obtained at C0°C.

TABLE IV
Effect, of Additives (X) on the First-Order Rate
Constant fc, for the Decomposition of DEAS in Nitrobenzene at 60°C

IDEAS]«,

Additive [X]Jo, mole/1. mole/1. 106 X ki, sec*1
None - 0.5 4.3(5)
Dimethyl-

formamide 0.01 0.5 4.3(5)
Dimethyl-

formamide 0.05 0.5 4.5(4)
llimethyl-

sulfoxide 0.01 0.5 4.4(0)
Dimethyl-

sulfoxide 0.05 0.5 4.5(0)

Structure and Properties of the Polymer

Examination12of the polymers produced byr the thermal decomposition
of DEAS showed that they were linear poly-a-esters, having the structure
(V).

ch5
- -0—C—cCO- -OH

CJL
Vil

The value of n is governed, primarily, by the purity of the system. Thus
although alcohols, for example, do not react directly with DEAS, their
presence lowers the molecular weight attainable and at the equimolar con-
centration level prevents polymer formation altogether. For any nucleo-
phile (N) containing a labile hydrogen atom (e.g., benzyl alcohol, benzyl-
amine, water) the degree of polymerization n at complete conversion is
given by the expression:

n = [DEAS]0/[N], 6)

In the absence of added nucleophiles, adventitious traces of water control
the molecular weight, and under these conditions each chain is terminated
by one hydroxyl and one carboxyl group.
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Fig. 3. Effeft of dissolution time (benzyl alcohol, 150°C) oil the carboxyl endgroup con-
centration of poly(3-pentylidene carboxylate).

For polymers having n = 10-50, quantitative infrared spectroscopy
with normal precautions®provides a fairly ready and convenient means of
assessing molecular weight. A calibration graph based on the relative
intensity of hydroxyl (~3470 cm-1) and ester carbonyl (~1760 cm")
frequencies correlated well with molecular weights assessed by other meth-
ods. Vapor-pressure osmometry, which had proved valuable for simpler
members of the series,12was of limited use due to the general insolubility
of polymers of structure VIII in organic solvents. The polymers were
soluble in substituted phenols, but these solvents are not ideally suited to
vapor-pressure measurements.  Solution viscometry was useful for com-
parative work only.

The most successful method for obtaining reliable molecular weight
data was found to be carboxyl endgroup titration, using a modification of
Pohl’s method.D Sources of error in the method were carefully investi-
gated. Titrimetric precision was checked and found to be of the order of
+5%, absorption of atmospheric carbon dioxide which would have drastic
effects on alkaline titers of this order was efficiently prevented by the
blanket of chloroform vapor above the polymer solution. Degradation
(in the hot benzyl alcohol necessary to achieve complete solution) was
measured by endgroup carboxyl concentration and found to increase with
time of dissolution as shown in Figure 3. Although reducing the tempera-
ture reduced degradation rate, the time for complete solution is much longer
and no improvement in total degradation was found. At 1()0°C the mini-
mum time for complete solution is approximately 2 min, whereas at tem-
peratures below 100°C the solubility is incomplete even after 15 min. In
practice a dissolution temperature of 160°C was used and a graphical cor-
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Fig. 4. Plots of (——) DTA and (-—- ) DLI traces obtained for poly(3-pentylidene
carboxylate) in air at a constant heating and cooling rate of 10°C/min.

rection applied to the result. Polymers having a true number-average
molecular weight in the region of 20.000 corresponding to n ~200, were
readily obtained by thermal polymerization of DEAS. These were
hvdroxyl/carboxyl-terminated. In order to obtain higher molecular
weight polymer more stringent precautions to exclude traces of moisture
were necessary.

The polymer was found to crystallize when cooled from the melt at a
suitable rate. Depolarized light intensity (DLI) and optical microscopy
were used for observing spherulite growth. Figure 4 (full line) shows a
typical trace of intensity of polarized light versus time. Large banded
spherulites were obtained under these conditions. It is of interest that
there is a relatively large difference between the crystalline melting point
(200°C) and onset of crystallization temperature (ca. 140°C), which
implies that crystallization occurs with some difficulty. During repeated
melting and cooling the melting point was observed to rise by up to 10°C,
this being associated with removal of imperfections in the crystalline
regions. A DTA trace (Fig. 4) on unannealed polymer shows a slightly
lower melting point (190°C) for this reason. Decomposition, under the
conditions shown, sets in at around 250°C.

DISCUSSION

Ring-opening polymerization reactions in which the propagation step
consists of a bimolecular reaction between a terminal nucleophile and an
active site in the ring are well known. Typical of this type of chain
growth process is the amine-initiated polymerization of A-carboxy-a-amino
acid anhydrides.B In this reaction a terminal (primary or secondary)
amino group attacks an active carbonyl site. The resultant ring opening
and concurrent expulsion of carbon dioxide leads to chain extension (by one
repeat unit) and regeneration of the terminal amino group [Eq. (4)]
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RCH—C\O Il
-NH, + / 0-* > NI1CO—C—NH2+ CO02 @)
Nil— CO H

An analogous polymerization mechanism has been shown to occur with
those members of the 1,3,2-dioxathiolan-4-one-2-oxide series which contain
at least one C5hydrogen atom. In this case the propagating species is
a terminal hydroxyl group, attack takes place at the C4 carbonyl group,
sulfur dioxide is expelled, and the polymer has a repeating ester rather
than amide group. Both processes are characterized by second-order Ki-
netic behavior, low (6-12 kcal/mole) activation energies, very low frequency
factors (102-2051/mole-sec), and pronounced sensitivity to reaction medium
polarity.

The Kkinetic features associated with DEAS polymerization are quite
different from these and strongly resemble the observed behavior of
HBAS.1 The reaction shows first-order dependence on monomer concen-
tration, zero-order dependence on hydroxyl group concentration, and yet
the degree of polymerization is controlled by initial concentration of hy-
droxyl groups. Furthermore in the presence of moisture the chains are
carboxyl/hydroxyl-terminated, and when monomer decomposition takes
place in the presence of a molar excess of hydroxyl groups, the product is
apparently formed by direct combination of the ring and attacking species.
The values of the activation energy (25-30 kcal/mole) and frequency factor
(1012108 sec-1) associated with monomer decomposition, both in non-
hvdroxylic solvents to form polymer and in alcohols to form esters, are
typical of reactions in which thermal cleavage of a weak covalent bond is
the rate determining step.

The sensitivity of the various members of the dioxathiolan-4-one-2-
oxide series to bimolecular hydroxyl group attack is conveniently assessed2l
by the ratio kh/kn, where khand knrepresent the first-order rate constants
obtained in benzyl alcohol and nitrobenzene respectively. Since the
hydroxyl group concentration in benzyl alcohol is of the order of 8 mole/1.,
direct attack by this species is readily detected. Thus for 1,3,2-dioxathio-
lan-4-one-2-oxide itself, the value of the ratio kb'kn at 90°C is in excess of
500. The 5,5-dimethyl derivative (HBAS) has a value of 0.9 at the same
temperature, whereas that for DEAS is 0.07. In the case of HBAS and
DEAS the steric hindrance of C5substituents effectively prevents hydroxyl
group attack. The fact that DEAS has a much lower kldkn ratio than
HBAS may imply that the steric hindrance in the latter case was not as
total as had been supposed. Alternatively it may be due to the greater
sensitivity to dielectric constant of DEAS. In neither case, however, can
hydroxyl attack form the basis of an effective bimolecular chain propaga-
tion reaction, since for this to occur a kh'k nratio, above 100, and preferably
around 500, is needed.2L

The fact that primary and secondary amines can attack DEAS directly
is entirely consistent with the observed interrelation of steric and electronic
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effects in this series.2Z The more powerful amine nucleophile overcomes
the steric hindrance of the C5ethyl substituents, but the hydroxy I-termi-
nated product is unable to do this, thus no direct bimolecular chain propa-
gation reaction is observed. Similarly tertiary amides are not able to act
as chain propagating species, since in substoichiometric amounts they do
not sensibly alter the rate of monomer decomposition. Solvents of high
polarity, or basicity, which do not contain a labile hydrogen atom, can
markedly affect the rate of monomer decomposition, however, when used
as reaction media. Other workers claim to have observed catalyzed
polymerization of HBAS with such materials but were unable to obtain
high molecular weight polymer.I7 We find that the increased difficulty of
purification outweighs the possible advantage of faster reaction rates and
have commented elsewhere on the abnormal reactivity of aprotic bases.3

The apparent inconsistencies in the behavior of DBAS can be explained
by a modification of the mechanism proposed for HBAS polymerization.

Adventitious traces of moisture will react with an equimolar quantity
of DEAS to regenerate a-hydroxy-a-ethylbutyric acid [Eg. (15)]. This
is an extremely rapid reaction, even at room temperature.

C.H6
CLtI,—CIZ—CO COOH
O+ 1,0— C2H5—IC—OH + SO, )
o—s/o ész

The rate-determining step is the decomposition of DEAS to form a
polymerizable intermediate with concurrent expulsion of sulfur dioxide
[Eg. (6)]. The intermediate which fulfils this requirement is considered,
formally to be an a-lactone (1X).

CHJ5
c—CO Cll,
\' h
0 -» CHi—C—CO + so, (6)
/ 1/
0—S0 0

IX

A rapid chain growth process then takes place, as shown ineq. (7).

CH5 cIZhS CH5
I |
HOOC—C—Oil + C,R-,—(I:—/CO IO oc—c—o- -H
| [
ckh3 0 c,hb
. Q)]
chs chb CH5
1 1 k., 1
HOoc ¢ 0 —It+ CHo—C—CO — HO oo -H

/ 1
caAi5 71 01 L. chs5 J
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Since we have proposed that 1X is a very reactive species which can react
rapidly with hydroxyl groups, fa, fa, .. k, are very much larger than kh
and reaction (G) is rate-determining. We may therefore write:

fa[DEAS] = fa[IXHXi] + fa[IX](£ [X,_i]* ®)

where, for example, X, would represent structure VIII and X represents
the parent acid. Thus sulfur dioxide evolution and polymer formation
may be equated in the following way:

f[SO*)/d< = —d[DEAS]/r// = A[DEAS] = d[Vv]/di )

which is identical with eq. (1).

Radiotracers studies enabled values of A¥fa to be obtained for the poly-
merization of HBAS in different solvents. It was demonstrated that this
ratio remained sensibly constant during the polymerization and that its
magnitude determines the molecular weight distribution in this type of
polymerization process. Although the value of fa was somewhat greater
than that of fa added quantities of parent a-hydroxy acid were always
incorporated into the polymer before monomer decomposition was com-
plete. Equation (3) demonstrates that this is also the case in DEAS poly-
merization.

a-Lactone intermediates have been proposed in other systems,7 and
supporting mass spectral evidence for the formation of fragments having-
appropriate mass numbers has been obtained in the thermal decomposition
of several 1,3,2-dioxathiolan-4-one-2-oxides.1113 The precise nature of
the intermediate formed in the decomposition of HBAS has been considered
in some detail.1 Although the preferred form is considered to be an a-
lactone, it may possess some radical or ionic character as indicated in eq.

(10).

(10)

R2 O R2 O R2 <
Xl

The rate of decomposition of DEAS is considerably more sensitive than
that of HBAS, to the polarity of the reaction medium. On the other
hand, HBAS, when freshly distilled, shows an intense violet coloration
which slowly disappears, together with other evidencelof radical character,
which is not apparent in the case of DEAS. It is likely, therefore, that
the DEAS intermediate is more polar than that formed from HBAS.

The fact DEAS polymerization in polar nonhydroxylic solvents occurs
more rapidly than that, of HBAS is attributable to increased ring strain due
to C5 substituent size. Thus the first-order rate constants for thermal
polymerization of symmetrically substituted 1,3,2-dioxathiolan-4-one-2-
oxides at 90°C in nitrobenzene are: 5,5-diethyl, fa = 2 X 1(fadsec-1; and
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5,5-dimethyl, Ay = 6 X Kiffi5sec -1; the unsubstituted ring is appreciably
more stable (ki = 5 X 10-6 sec-1)- To alleviate steric repulsion between
the C5substituents this bond angle is widened, which thus imposes com-
pressive strain on the ring. The effect becomes more apparent as sub-
stituent size is increased, being most marked in 5,5-diphenyl-I,3,2-dioxa-
thiolan-4-one-2-oxiden (& = 3 X 10-3sec-1, 90°C, nitrobenzene).

Structural features which favor polymer crystallinity include chain
polarity, linearity, molecular symmetry, and regularity. Simple poly-a-
esters, e.g., polyglycollide, polylactide, and poly(isopropylidene carboxyl-
ate), are crystalline because such requirements are satisfied but primarily
because of the high interchain cohesion consequent upon the highly polar
nature of the backbone. As the size of substituent groups is increased in
a given class of polymer, however, interchain cohesion is reduced, and
chain packing becomes more difficult. Thus, if substituent groups larger
than methyl are introduced, the optimum interchain distance of ~5 A
cannot be readily attained, and the crystallization process is impeded.

In the light of this it is perhaps surprising that the polymer obtained
from DEAS, poly-(3-pentylidine carboxylate), is crystalline. The rate of
crystallization is monitored by DLI measurements andis, however, very slow,
this being a consequence of chain-packing difficulties. A measure of the
ease of incorporation of chain segments into crystalline regions is provided
by the difference between the melting point (Tn) and the temperature of
first appearance of spherulites (T9. A comparison of values obtained for
various polyesters under identical conditions is shown in Table VI.

TABLE VI
DLI Measurement of the Onset of Polyester Crystallization
at a Constant Cooling Rate of 10°C/min

Polymer N SO
Poly(hexamethylene adipate) 8
Polyethylene terephthalate) ~20
Poly(tetramethylene terephthalate) ~20
Poly (3-pentylidene carboxylate) ~58

The formation of large banded spherulites, as obtained from poly(3-
pentylidene carboxylate) is not a common phenomenon, although this
type of crystallization has been observed with other polymer systems in-
cluding polyethylene, polyoxymethylene, and poly (ethylene terephthalate).
No uniformly acceptable explanation of this behavior has been proposed
although some suggestions have been made as to its origin.2 At present
we can only speculate on the conformation of the polymer chains. Al-
though polylactic acid chains are helicalZand ability to form helical chains
has been suggested as one requirement for banded spherulite formation,
polyglycollic acid has been shown to exist in the planar extended zigzag-
form. It seems most probable, however that poly(3-pentylidene carbox-
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ylate) crystallizes in a helical conformation, since in this manner the ethyl
substituents can be most readily accommodated.
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Emulsion Polymerization of Vinyl Acetate. Il

M. LITT, Division of Alacromolecular Science, Case Western Reserve
University, Cleveland, Ohio 44106, and R. PATSIGA* and
V. STANNETT,f State University of New York, College of Forestry,
Syracuse, Neiv York

Synopsis

The emulsion polymerization of vinyl acetate was investigated at low ionic strengths
and has quite unusual kinetics. The rate of polymerization is dependent on the initiator
concentration to the first power and independent of soap concentration. In seeded poly-
merizations, the rate of polymerization depends on initiator to the 0.8 power, particle
concentration to the 0.2 power, and monomer volume to 0.35 power. In all cases the rate
of polymerization is almost independent of monomer concentration in the particles until
85-90% conversion. These results were rationalized by the following mechanism: (a)
polymerization initiates in the aqueous phase because of the solubility of the monomer
and is stabilized there by adsorption of ionic soap on the growing polymer molecule; (b)
the growing polymer is swept up by a particle at a degree of polymerization (under our
conditions) of about 50-200. Growth continues in the particle. This sweep-up is acti-
vation-controlled as both particle and polymer are charged, (c) Chain transfer to the
acetyl group of monomer gives a new small radical which cyelizes to the water-soluble
butyrolaetonyl radical, and reinitiates polymerization in the aqueous phase; (d) the main
termination step is reaction of an uncharged butyrolaetonyl radical with a growing
aqueous polymer radical. A secondary reaction at low ionic strength is sweep-up of an
aqueous radical by a particle containing a radical. At high ionic strength, this is the
major termination step. The unusual kinetic steps are justified by data from the litera-
ture. They are combined with the usual mechanisms operating for vinyl acetate poly-
merization and Kinetic equations are derived and integrated. The integral equations
were compared with the experimental data and shown to match it almost completely
over the whole range of experimental variables.

INTRODUCTION

In the previous paper,1a study of emulsion polymerization of vinyl
acetate, initiated by potassium persulfate and with the use of a poly (vinyl
acetate) seed latex, was reported. It was found that the dependence of
the rate of polymerization on the number of particles, initiator concentra-
tion and emulsifier was quite different from that anticipated from the classi-
cal Smith-Ewart theory.2 It was postulated that much of the polymeriza-
tion took place in the aqueous phase, and a picture of the mechanism of

*Present address: Indiana University of Pennsylvania, Indiana, Pennsylvania.
t Present address: North Carolina State University, Box 5035, Raleigh, North
Carolina 27607.
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vinyl acetate emulsion polymerization initiated by potassium persulfate
was presented. In the present paper additional experimental data are
presented both with direct and with seeded polymerizing systems. The
mechanism of the polymerization presented in the first paper has been
modified and extended. The complex formal kinetics have been worked
out in detail and a number of alternative steps eliminated. The final
scheme selected is shown to be in reasonable agreement with the experi-
mental results.

EXPERIMENTAL

Materials

Vinyl acetate and styrene were obtained from the Eastman Kodak Com-
pany and purified by distillation through a 2-ft glass column filled with
pyrex helices. The monomer was stored over anhydrous sodium sulfate
at 5°C and filtered before use to remove suspended salt. The emulsifier
used was a purified grade of sodium lauryl sulfate (Sipon WD) obtained
from the American Alcolac Corporation and used directly. The initiator,
potassium persulfate, was Fisher-certified reagent grade and was used
directly from the bottle.

Polymerization Procedure

The polymerizations were conducted in a dilatometer modified from that
designed by Corrin.3 The apparatus, which gave very reproducible re-
sults, is illustrated in Figure 1L  The total contraction of the latex, as the
monomer polymerized, was measured on scale F. This was accomplished
by using nitrogen pressure to control the level of latex in the flask. Ni-
trogen was directed into inlet A until the pressure forced the latex level
to a convenient reference point on scale D. At the same time latex was
forced up side arm E where the level of latex was again measured on F.
If polymerization took place in the time interval between readings, there
would be a noticeable drop of the latex level in the side arm E. With this
apparatus, accurate conversions could be determined as often as once every
minute. The total volume contraction was about 8-10 cc. Since this
was greater than the side arm volume, different reference points were used
on scale D as polymerization progressed. These were calibrated against
the side-arm scale.

When measurements were not being made, the direction of nitrogen
flow was reversed. Nitrogen entered at B (with C and G closed), went
down side arm E and bubbled through the latex to be exhausted at A after
passing through the condenser. The bubbling action of the nitrogen en-
abled good mixing to occur in the neck D.

All polymerizations were conducted at GO = 0.03°C (water bath) under
an atmosphere of nitrogen.  The nitrogen was freed of any traces of oxygen
by passing it through Fieser’s oxygen absorption solution. Before irmn-
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mersion into the bath the reactants in the vessel were flushed for .'10-60
min at room temperature with nitrogen. The polymerizing apparatus was
attached to a rack in such a way that it could be raised or lowered into
the bath as a complete unit. Stirring speeds were kept as constant as
possible during each run, in the range of 150-200 rpm.

Fig. 1. Dilatometer: (A) nitrogen inlet or exhaust; (B) nitrogen inlet; (C) nitrogen
exhaust; (D) reference scale; (E) side arm; (F) scale; (G) stopcock; (H) truebore
stirrer; (I) condenser. Capacity: 215 ml.

Most of the polymerizing systems were based on a recipe that gave a
latex with 25 wt-% of polymer. The typical recipe used was: ITO,
180.0 g; vinyl acetate, 60.0 g; sodium lauryl sulfate (SLS), 1.2 g; potas-
sium persulfate, 0.04 g. Polymerization rates are therefore expressed as
moles/180 ml H>0-min. For Kinetic purposes, we have sometimes con-
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verted to moles per liter second. Concentrations of ingredients used are
given in terms of moles per liter of aqueous phase.

Seeded polymerizations were conducted by the same technique and
apparatus described above. The general method was to prepare a latex
which was used as seed.  This latex could be used directly or diluted to any
solids content. A desired amount of seed was placed in the reaction vessel
with additional monomer, adjusted to 25% solids, along with water, initia-
tor, and emulsifier. Polymerizations were then performed in the normal
manner.

Particle size measurements were made by light scattering or by electron
microscopy as described previously.1

EXPERIMENTAL RESULTS

Studies of the polymerization of vinyl acetate were made either on the
standard system of water, emulsifier, monomer, and initiator or on the

Fig. 2. Polymerization curves of vinyl acetate and styrene at 60°C: (—=) vinyl
acetate; (--) styrene.
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seed polymerizing system. The results of the polymerizations will be
divided into these two approach®.

The Standard System

The general appearance of a vinyl acetate emulsion polymerization curve
is shown in Figure 2. Most curves were approximately linear between 15
and 85% conversion. The duration of the induction period was between
5 and 10 min and varied with persulfate concentration as well as the length
of nitrogen purge before each run. This indicated that traces of oxygen
could inhibit the polymerization until flushed from the system or consumed
by free radical reactions. Styrene had an induction period of about 2
min when polymerized with a similar recipe and exhibited a linear curve
for only a small portion of the total reaction in agreement with that found
by other investigators when the particle concentrations were in the range

(molar x 107)

Fig. 3. Log-log plot of rate vs. initiator concentration. The line drawn has a slope equal
to unity.
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Fig. 4. Effect of injection of initiator (arrow) during polymerization. The dotted line
represents the polymerization when no persulfate is injected.

of 102to 10Bcc.46 A gradual decrease in rate was observed after .">0%
conversion; a typical curve is included in Figure 2. The induction periods
have been removed from the graph, and concentration adjusted to equal
moles of each monomer. This figure is illustrative of the differences in
mode of polymerization of the two monomers in the range of particle sizes
with which we are concerned.

Initiator Dependence. The effect of initiator on the rate of polymeriza-
tion was determined in a large number of experiments over a wide range of
potassium persulfate concentrations. Rates could be conveniently mea-
sured in the range 2 X 10~4to 2 X 10-3 mole/1. (aqueous phase) of per-
sulfate. A plot of log rate versus log initiator concentration is shown in
Figure 3. There is considerable scatter of points; however, a slope of
unity is strongly indicated. This is a great deal higher than the depen-
dency of 0.4 predicted in the original work on styrene polymerization.2
Moreover, experiments similar to those conducted by Morton et ah,4 in
which an additional amount of initiator was injected during the reaction,
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Fig. 5. Log-log plot of rate versus initiator concentration in the presence of salts: (A)
0.05 M phosphate butler; (B) 0.05 M potassium sulfate; (C) with potassium sulfate
added to give constant salt concentration of 12.0 X (D) without additives (see
also Fig. 3).

also show a considerable difference in behavior from the styrene system.
Particle sizes were comparable to those in our work.

The injection of initiator must occur at a time during the polymerization
when the number of latex particles is constant. That is, no free emulsifier
in the form of micelles should be present at the time of injection.

The introduction of persulfate into a polymerizing latex of vinyl acetate
resulted in an increase in rate which was directly proportional to the amount
of initiator added (Fig. 4). The recipe used was the normal one composed
of 180 g water, 60 g vinyl acetate, and 1.2 g SLS. The initial amount of
persulfate was 0.05 g (1.0 X 10-3 mole) and the rate before injection was
estimated as 0.0113 mole/180 ml-min. (This is the average rate found for
1 X 10-3 mole persulfate in this system.), but when an additional 0.5 g of
persulfate was added (as an aqueous solution) the rate increased to 0.0290
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mole/ISO mi-ruin. Morton and co-workers4 found no change in the rate
of emulsion polymerization of styrene when more initiator was added.

Salt Dependence. When salt (KZ0i, 0.0571/), or salt in the form of
phosphate buffer (KHOSO4/K2HSO4), total 0.057V/, pH = 7.0 was present,
the dependence of rate on initiator was decreased although the rate, at a
given initiator concentration, increased. Phosphate buffer increased the
rate to a greater extent than did potassium sulfate at the same concentra-
tion. The exponential dependence on initiator in the presence of 0.0571/
buffer was 0.40, while in 0.0571/ potassium sulfate the dependence was 0.72
(Fig. 5).

When the total salt concentration was adjusted to 12.0 X 10~4l/ by
adding KZ04 to initiator to keep constant ionic strength, the initiator
dependency decreased from unity to 0.77, but it was greater than with
0.054/ salt. The decrease does indicate, however, that there is a small
amount of influence by the initiator acting as a salt.

The particle size of the latices prepared with added salts was difficult to
determine because of their instability at high salt concentration. How-
ever, a comparison of experiments witli zero and 0.0571/ K204 ([I] =
12 X 10~3 mole 1 H&D) showed that the particle diameter doubled at
the high salt concentration.

Effect of Possible Decomposition Products. The high order dependence
of the rate on the persulfate concentration was puzzling, and it was thought
that the decrease in pH during polymerization may have been the reason.
| Lthese polymerizations, the pH was initially 5to 6, but dropped gradually
to 3.7 at the end of a polymerization (about 2 hr). The decrease in pH was
probably due to accumulation of acidic persulfate decomposition products
and/or monomer hydrolysis liberating acetic acid. Experiments were there-
fore conducted with the deliberate addition of acetic and sulfuric acids to
decrease the initial pH to 4.5 and 2.9, respectively; no change in rate could
be observed. In a similar set of experiments, acetaldehyde, known to be a
product of the acid hydrolysis of vinyl acetate, was deliberately added at the
beginning of the polymerization. Again no effect on the rate was found up
to a concentration of 8 X 10~3JI/ of acetaldehyde.

Analyses were made for residual persulfate after each run was completed.
While induced decomposition had occurred, tire remaining persulfate was
70-90% of the initial charge, even though all emulsions were kept at 60°C
for y 2hr to several hours after completion of a run to insure complete
polymerization. We feel, therefore, that while some error is introduced
by use of initial persulfate concentrations to characterize the whole run,
the error probably averages less than 10% overall, and is less than 20% in
the worst case.

Dependence of Particle Formation on Initiator. Polymerizations were
run at various initiator (K”~Og) concentrations, and the resultant
average particle size of the latices was determined by light scattering.
There was a direct relationship between initiator concentration and the
final number of particles in the latices. The number of particles per milli-
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Fig. 6. Effect of initiator concentration on number of particles, log-log plot. Slope =
1.20.

liter of latex was calculated by dividing the average volume of a particle
into the total volume of polymer per milliliter of latex

Figure 6 shows the number of polymer particles formed per milliliter
at various concentrations of initiator. The number of particles increased
with initiator, but at a considerably greater dependence than would be
predicted by the Smith-Ewart theory.2 The log-log plot shown is curved,
but has an average slope of 1.2 in this initiator range. The number of
particles is known to an accuracy of only £20%. (From run to run the
particle concentrations can vary by this much.) With this range of varia-
tion, a straight line is a reasonable approximation. More accurate work
over a larger initiator concentration range would be needed to define the
exact dependence.

Determination of Particle Size. In general, standard light-scattering
techniques were used to measure particle weight average volumes. These
have been described earlier.1 Initial attempts to use the electron micro-
scope to measure the average diameter of unshadowed particles failed as all
particles with diameters less than OQox were invisible. One emulsion sam-
ple, run 165, was hardened by post-polymerization of styrene, shadowed
with germanium to keep the particle temperature low, and photographed
by electron microscope. The technique is described, and agreement was
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found between a weight-average particle weight measured by this method
and light-scattering values.7 For run 165, the number average concen-
tration of particles was 1.7 X 108ml. We feel that this technique can
count all the particles and have used this determination to correlate the
data.

A weight average volume, obtained by light scattering measurements,
overestimates the larger particles and therefore underestimates the total
number of particles. For surface area calculations, the use of particle
concentrations determined from weight-average volumes is even more
inappropriate, as the total surface area is very strongly dependent on the
number of smaller particles. Thus the value for particle concentration
that should be used is at least double that derived from the light-scattering
determinations and probably should be larger yet. (We will show that
due to the low dependence of rate on particle concentration, the exact
value of particle concentration used does not affect the derivation of the
rate equations, though it will change the calculated rate constants some-
what.)

Rate and Emulsifier Concentration. The dependence of the rate of poly-
merization on emulsifier did not follow the Smith-Ewart prediction of 3/5
power but agreed with the results of Motoyama.8

No effect on rate was found over a fourfold change in sodium lauryl
sulfate concentration. However, the rate was considerably reduced when
no emulsifier was present. The results are presented in Table I.

Effect of Monomer-Water Ratio. Varying the monomer-water ratio
changes the total volume of polymer possessed by the particles during poly-
merization. No significant change in rate was observed, however, for a

TABLE |
Effect of Emulsifier on Rate*

SLS, g/180 ml Rate,
HD mole/180 ml-min
2.4 0.0103
1.2 0.0100
0.6 0.0105
0 0.0036

aPersulfate concentration = 8.25 X 10~*M

TABLE I
Effect of Monomer-Water Ratio on Rate*
Monomer Rate,
water ratio mole/180 ml-min
0.22 0.011
0.33 0.012
0.44 0.010

“Persulfate concentration = 8.25 X 10 W .
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twofold variance in the monomer-water ratio, as shown in Table II.
These were very early experiments, however, and were not repeated.

Seed Polymerizations

Two types of seed latex were used in this study. One was composed
of very small particles estimated by light scattering to average 0.032 in
diameter. This work was reported earlier.4

The seed reported in this work had larger particles which were measured
both by light scattering and electron microscopy. The results of the
particle size determinations of this seed are summarized in Table I1I.

TABLE 111
Particle Size
Method Average diameter, jl
Light scattering
436 irfj 0.0811
546 i 0.0765
Electron microscopy
Unshadowed 0.0885

Using an average light scattering diameter of 0.079 /i gives a particle con-
centration in the seed of 1.4 X 106mI HD. A calculated value, based on
run 165 and the finding that the number of particles is proportional to
[11,12is 1.08 X 105 particles/ml HD. This latter value agrees with
results of Elgood, et al.9when they used an anionic surfactant. A partial
explanation of this difference is in the different methods of measurement.
Light scattering measures a weight-average volume which is much larger
than the number-average volume. In counting of shadowed particles,
the number of particles, N j, in each diameter interval, d,, was counted, and
an average volume Vncalculated as

7, = (w6) S NidS/Z N,

A variation by a factor of two can be expected between the two measure-
ments, and four is far from impossible. Since we were interested in the
number of particles we used a value relating to that measurement. The
large value for the unshadowed electron microscope diameter is probably
due to the lack of visibility of all particles under 0.05 n diameter.

An extensive study was performed with this seed which involved varia-
tion of rate with particle concentration, initiator concentration, emulsifier
concentration, and polymer volume. The relative particle size of repre-
sentative latices was measured by light scattering, and the amount of
initiator decomposed was determined. While we will use the value of
1.08 X 10%particles/ml HD for the seed, we will show later that the exact
number of particles isunimportant in the kinetic analyses.
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TABLE IV
Effect of Emulsifier on Seed Polymerizations*
Final number
Expt. SLS, g/180 mi Rate, mol/180 of particles/ml
no. hd ml-min X 10 1
106 0.24» 0.00968 3.2
107 0.26 0.00830
108 0.34 0.00865
109 0.77 0.00878 2.3
110 2.38 0.00872 2.6
111 3.98 0.00785

° Recipe: 168 g HD, 11.2 g of polymer as latex particles; initiator concentration of
8.25 X 10-W, vinyl acetate monomer (44.8 g) to adjust to 25% solids. Rates adjusted
to those for 180 ml HD.

b From light-scattering measurements; initial concentration = 2.8 X 104/ml.

»No soap added; soap from seed only.

Fig. 7. Rate of polymerization vs. initiator concentration in seeded polymerization
at various seed dilutions, log-log plot: (A) 0.50 dilution; (C) 0.20 dilution; (O) 0.10
dilution; (©) 0.050 dilution. Average slope ~ 0.80.
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ioB

I

Dilution

Final Particle Concentration.
Seen Particle Concentration
Fig. 8. Dependence of polymerization rate on initial particle concentration of seed,

log-log plot at various initiator concentrations: [I] = (A) 11.0 X 10-4 M; (B) 83 X
10~4M; (C)5.6 X 10-4M; (D) 2.3 X 10~4M. Lines drawn at slopes of 0.2; £ 0.02.

Variation of Rate with Emulsifier. The insensitivity of the rates of poly-
merization toward emulsifier by the standard recipe was confirmed in a sim-
ilar study on the seed. The original seed was diluted to one-fifth its origi-
nal concentration and to it was added vinyl acetate monomer to adjust to a
total solids of 25%, to which were added calculated amounts of sodium
lauryl sulfate. The amount of initiator present in the seed was determined
by analysis and then more was added to give the desired final concentration
in these experiments of 8.25 X 10-4M. The results of the study are given
in Table IV. It is apparent that there is only a minor effect due to emul-
sifier. In fact, the greatest rate was found when no extra emulsifier was
added (run 106). The seed emulsion was diluted by five for these experi-
ments. Initial particle concentration was therefore 2.8 X 10lW/ml H2D
(light scattering). The particle concentrations for three runs were mea-
sured (light scattering) after polymerization and are given in Table IV.

The lack of any significant differences in the particle numbers indicates
that even at high emulsifier concentration there is no tendency for new
particle formation. If new particles would have been formed, this would
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Volume of Organic phase per ml 1"0 x 10

Fig. 0. Dependence of polymerization rate on the volume of the organic phase with [Np]
constant, log-log plot. Slope = 0.35.

be evident in the particle size and the ratio of particles before and after
polymerization. A similar study by Vanderhoff and co-workersD on
styrene emulsion polymerization demonstrated that at high soap concentra-
tion new particles were formed. These new particles could be seen in
photographs of the magnified latices. Electron-photomicrographs of
latex particles in the present work did not reveal any small second-genera-
tion particles.

Variation of Rate with Initiator and Particles. The method of study was
to polymerize at a given seed dilution while varying the initiator concentra-
tion. The initial particle concentration in the seed was calculated as 1.08
X 10% particles/ml.  This was diluted with -water to give portions con-
taining v, vs, v, and v.. of the concentration in the above seed. These
diluted seed latices were then used in the subsequent seed polymerizations.
Enough monomer to give 25% solids was added with a small amount of
SLS, usually 0.19-0.31%. The emulsifier was added to keep the seed
particles from coagulating as they grew and increased their surface area
during polymerization. Two important relationships were obtained from
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this series of polymerizations: the dependence of rate on initiator and on
particle concentration. Log-log plots of the initiator and particle depen-
dence are given in Figures 7 and 8.

The average dependence of rate on initiator is about 0.80 and on particles,
0.20. The value for initiator is less than that which was observed for the
standard recipe unseeded. The dependence on particles, about 0.20, was
also found when seed with small particles was used.1

Dependence of Rate on Polymer Volume. This was essentially a repeti-
tion of the experiments performed on standard recipe. However, the re-
sults with the seed polymerization method were quite different.

Various amounts of monomer were combined with the seed at Jio dilu-
tion. SLS (0.3 g) and persulfate to adjust to 8.25 X 10~W were added
in the recipe. The ratio of volumes of the organic phase to agqueous phase
Forg/Faq was calculated by dividing the total volume of the polymer/
monomer phase at the middle of the polymerization by the total volume of
water. The correlation between rate and FQg/ F agis shown in Figure 9. The
rate is given in the usual terms of moles/180 ml HD-min. It can be seen
that rate is proportional to the particle volume to about the 0.35 power.

ANALYSIS OF THE DATA

Before considering a kinetic scheme in detail we can postulate various
steps and try to estimate which can be important and which unimportant.
This can be estimated from the rates of unimolecular decomposition of
catalyst, and the concentration of particles in the polymerizing system.

Two extreme cases of polymerization may be defined; these are polym-
erization wholly in the aqueous phase and polymerization completely
within the particles. Polymerization wholly in the aqueous phase is
clearly impossible. The rate of polymerization is affected by the concen-
tration of particles and the relative volume of the organic phase. Also, if
the polymerization was in the aqueous phase, the rate should be propor-
tional to the monomer concentration in the aqueous phase. While our
first paperlsuggested that it remained relatively constant even after disap-
pearance of the separate monomer phase, further study showed that the
rate was still almost zero order even when the agueous monomer concentra-
tion had decreased by more than 50%. The possibility of polymerization
completely in the particles may also be eliminated by a simple considera-
tion of the kinetic results. Smith and Ewart have shown2that when there
are 0.5 or less radicals per particle and all polymerization is in the particles,
the rate of polymerization is first-order in monomer. This is exemplified
by the polymerization of styrene (Fig. 2). Vinyl acetate is quite different
with the rate of polymerization remaining almost constant to 85% con-
version long after the separate monomer phase has disappeared. There-
fore, we will consider the complex case where there is polymerization and
termination in both phases and try to assess the importance of each.
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Calculation of Radical Lifetimes

We shall use the data of experiment 165 (Table V) for the calculations,
since the particle size was measured accurately in this case by using the
styrene-hardening technique plus shadowing.7 When considering other
experiments, where only the weight average volume W of the particles was
measured by light scattering techniques, one must assume particle size
distributions similar to those of experiment 165 for seeded and normal
polymerizations and hope that the light-scattering measurements would be
proportional to the shadowing measurements.

TABLE V
Data for Experiment 165

12 X 10
0.320

1.95 X 1017
1.81 X 10“3

The number of radicals present at any one time can be calculated easily
for the case when most of the polymerization is in the organic phase. The
monomer concentration in the particles is calculated to be about 6.3il/ up to
40-50% conversion, as there is a separate monomer phase up to 50% con-
version. The number of radicals present can be calculated from the
polymerization rate. Rate constants for polymerization and chain
transfer are chosen from recent literature.1f* The best value of kp is
calculated by Ulbricht to be between 9.5 X 103 and 19 X 103 1/mole-
sec at 60°C.1la The exact values are not important; a change by a factor
of 4 would not alter the argument significantly. We will therefore take
kj,~ 1.4 X 1041/mole-sec, the mean value of Ulbricht. 1t

Rp = kv (R-)(M,) = 181 X 10-3= 14 X 104X 6.3(R-)
(R) = 21 X 10“8mol./l. HD

where Rv is the rate of polymerization, [R-]is the radical concentration
(phase unspecified), and [Mp] is the molar concentration of monomer in
particles. (An equal number of radicals could be present in the aqueous
phase without changing Rp significantly, as [Maqg], the concentration of
monomer in the aqueous phase, is only 0.32 mole/1. when saturated.) The
lifetime tp of a radical in the particles is calculated by dividing the aver-
age number of radicals by the rate of radical production. (For this case,
2fci[l] = 2 X 10-8mole/l.-sec as h = 8.3 X 10-6 sec-1.19

= 21 X 10-82 X 10“8= 1.05 sec
The number of monomer units polymerized per radical is therefore:

kv[Mp]t,, = (L4 X 104(6.3)(1.05) = 9.0 X 104
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The number of chain transfers to monomer per radical, which will be a
crucial factor in deciding on a kinetic scheme, is calculated below. The
chain transfer constant of vinyl acetate radical to monomer Ct was found
to be between 2.0 and 2.8 X 10~4by recent workers.llb We have picked 2.5
X 10~4asan average. The rate constant for chain transfer is then ka —
Ctkp and is 3.5 1/mole-sec, and the number of chain transfers per radical
isthen:

fict[Mp]rp = (3.5)(6.3) (1.05) = 23

Even if much of the polymerization is in the aqueous phase, the last
figure remains the same.

If all polymerization is in the organic phase, the number of particles
containing radicals is the same as the number of radicals present.  This is

21 X 10“8 mole/l. H,0 X 6.02 X 108 = 1.26 X 105 particles/l. HD

The total number of particles in this volume at an organic phase volume
of 320 cma3is 320/1.95 X 10~T7 = 1.64 X 10Dparticles/1. HAD.

Since maximally 1.26 X 10% particles are occupied, about one particle
in 1300 contains radicals at any one time. [For the concentration of
particles measured by light scattering, one particle in 180 contains a radi-
cal.] If some polymerization occurs in the aqueous phase, the propor-
tion of particles containing radicals is even lower. This means that the
standard Smith-Ewart picture2 (case 2), where 50% of the particles con-
tain radicals at any time, does not apply.

Case 1 of the Smith-Ewart theory,2 where chain transfer and free dif-
fusion is postulated, can be considered since only a small fraction of par-
ticles need be occupied. However, in the kinetic equations derived by
Smith and Ewart, the polymerization rate has a one-half-order dependence
on initiator and a first-order dependence on monomer. We find first-
order dependence on catalyst and an almost zero-order dependence on
monomer. These are major deviations; there are other minor ones.
Therefore, the polymerization does not follow the postulated case 1 kinet-
ics. This does not mean that the Smith-Ewart model is inapplicable;
it is just that, with vinyl acetate, a water-soluble monomer, other factors
must be considered as well as those in the original model.

Presentation of the Kinetic Picture

The model of polymerization given here is basically the same as that
presented in the first paper of this series.1 The initial stage, where par-
ticles are being generated, can not be understood on the basis of the data
we have gathered. We therefore start where the number of particles is
stabilized—at about 10-20% conversion in unseeded polymerizations.
Unimolecular decomposition of persulfate generates two radical ions which
react with vinyl acetate in the aqueous phase. Efficiency is considered
as 100% for convenience. A lower efficiency will increase radical life-
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times. The polymer molecule, P-ag, then grows in the aqueous phase,
adsorbing soap molecules as it grows; [P-ag] denotes the molar concen-
tration of these growing polymer molecules in the aqueous phase. It
becomes thus a polyelectrolyte and can not be swept up easily by a par-
ticle which is also electrically charged. After numerous collisions with
many particles, it is absorbed and continues its growth within the particle.
Even if absorption occurs at a DP of 100, only 2.5% of the polymerization
would be in the aqueous phase. (This implies that polymer absorption
by an emulsion particle is not diffusion controlled. If it were, radicals
would have only one or two units polymerized before they were swept up.
We have reported previouslyl that substantial amounts of polymer are
found in the aqueous phase in some cases.) Chain transfer to monomer
can occur in either phase. The chain transferred monomer radical (M-)
re-initiates polymerization by cyclizing. (The carboxymethylene radical
attacks the vinyl group to form a butyrolactone radical.) This is almost
completely excluded from the organic phase; it is much more soluble in
water than in a vinyl acetate-poly(vinyl acetate) solution, and therefore
the new polymer molecule (B-) starts growing in the aqueous phase. While
B- is still uncharged, it can react with other aqueous radicals and thus

0<n<10

B-

possibly terminate. As it grows, it will adsorb soap and become a polv-
electrolyte. Thus the sequence starts again.

Persulfate can be attacked by any radical in the aqueous phase. How-
ever, only attack by M- or B- may affect the rate of polymerization.

Termination steps can not be deduced a priori. Seven are possible:
(2) sweep-up of an aqueous radical, P-ag, by a particle containing a radical;
(2) reaction of B- with P-ag, (3) reaction of two aqueous radicals; (4) reac-
tion of a chain-transferred radical M- with an aqueous radical; (5) reaction
of M- with a radical in a particle; (6) reaction of B- with a radical in a
particle; (7) reaction of B- with itself. These are discussed in the next
section.

The polymerization model is almost static while a separate monomer
phase remains, except that the particles are increasing in size. After
about 40-50% conversion, monomer concentration in the particles, [Mp],
starts decreasing but the rate of polymerization remains constant to 85%
conversion. It seems likely that the model remains fairly faithful up to
this conversion. Above that the first termination step (Smith-Ewart
type) may become dominant. We will attempt to show that the picture
as presented, postulating the major termination reactions to be steps (1)
and (2) above is an adequate description of vinyl acetate emulsion polym-
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erization. After the mathematical consequences of the model have been
developed, we will give a more refined picture of the polymerization.

Justification for Postulated Kinetic Steps

The model outlined in the last section can be written as a sequence of
elementary reactions. All are fairly well defined and are normal reactions
of vinyl acetate and initiator. The kinetics are modified only because
we are operating in a two-phase system containing an ionic soap. The
postulated termination steps seem reasonable also, but all can not occur at
significant rates. The next task is then to analyze the various steps in the
light of the data and known rate constants of vinyl acetate polymerization
in order to decide which are important.

| -—2-scL* (1a)
+S04- -f- Md]-—P-.q (Ib)
P eag + Mac, —mP eaq )
P'ag+ Mag-—PH + M- (3)
aqg + Particle -——Pp- (4)
Pp-+ Mp-P-p (-5
P-p+ lip - PH + M- (6)
M- — B- (cyclization) 7)

soap
B- + M»q--- > P g (8)
M- + | —»MS04 + -S04- (9a)
B- + | — BStL- + -SOi- (9b)
Pmg+ Pep>—mTermination (10a)
P-aqg + B- —»Termination (10b)
p-ag + P-aqg — Termination (10c)
P-ag+ M- —mTermination (10d)
P-p + M- -—Termination (10e)
P-p + B- -——Termination (10f)
B- + B- -—Termination (109)

The following analyzes the kinetic steps where this is needed and provide
some justification from the literature for the more unusual postulates.

The reaction of the sulfate radical ion -SCh- with monomer [eq. (1)] is
assumed to be quantitative. Catalyst efficiency is low even so, due to a
large amount of induced decomposition. A portion of this could be due
to steps (9a) and (9b). If addition of -SCh- to monomer is less than 100%,
the arguments presented below become even stronger.

Equation (2) is the propagation step, fa = fa = 1.4 x 1041/mole-sec.lla
The rate constant for propagation is considered to be identical in water and
vinyl acetate; it is known that radical rate constants are essentially un-
affected by the medium. We will therefore use fa as the rate constant for
polymerization in both media.
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For step (3), h = ke — 3.5 I/mole-sec.llb The rate constant for chain
transfer to monomer is again considered to be the same in both media. We
will therefore use k6as the symbol for the chain transfer constant in both
media.

In step (4), a growing radical in the aqueous phase is assumed to be
stabilized by adsorbed soap. This has not been demonstrated explictly
to our knowledge, for example, by polymerizing a saturated solution (0.3M)
of vinyl acetate in water, in the presence of sufficient soap to stabilize all
the molecules formed. This should be about 0.05M of sodium lauryl
sulfate, just about the critical micelle concentration (CMC). Our previous
workl showed that a large amount of polymer can be stabilized in the
aqueous phase even when particles are formed. It has also been shown that
poly (vinyl acetate) dissolved in soap solution remains as a polyelectrolyte
in the aqueous phase even when the soap is diluted to below the CMC.1315

The stabilizing effect on anionic surfactants on the particle size at very
low monomer concentration was shown by Napper and Alexander,167
where a concentration of sodium cetyl sulfate of 8.7 X 10-5M (about one
fifth of the C.M.C.) decreased particle volumes about fiftyfold over none
or a non-ionic surfactant.  Priest,Bhas reported similar effects.

Eventually the growing radical is swept up by a particle after many
collisions. The sweeping up is not a simple case of diffusion; if it were,
the radical would be absorbed before it could grow at all and we would be
dealing with the normal Smith-Ewart case 1.2 Therefore, collision theory
is applicable where the sum of the cross-sectional areas of the colliding
particles (in this case a polymer molecule and a large particle) must be con-
sidered. The rate in such a case should be proportional to the product of
the concentration of aqueous radicals, the concentration of particles, and
the collision volume of the two.  The last term may be written as

Collision volume « 4w(R + r)&Br

where R and r are the radii of the particle and aqueous radical, respectively,
and dr is the shell thickness around the particle where reaction can take
place.® If, as in this case, the particle is much larger than the aqueous
radical, r -X R, the collision volume simplifies to K4irR&r. If all con-
stants are subsumed under one rate constant fo4 and particle radius R is
changed to particle diameter d, the rate of sweep-up would then be kr
[Peaq)d2 [Np] (where [Np]is the molal concentration of particles), which we
will use in the subsequent discussion.

The rate constant for step (4) should be affected by salt concentration.
An increase in the salt concentration will decrease the thickness of the elec-
trical double layer and allow polymer chains to be swept up more easily.
Thus, ksshould increase as salt concentration increases.

If some fraction/ of the particles contains radicals, the rate of step (4) is
then MWp(l-/) [P-agq]. Step (10a) would then have a rate of tfW p-
(P-ag). We have shown that in a typical polymerization/is about 1/1,300.
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Step (7) is postulated to be cycloaddition which regenerates a radical of
about the same reactivity and electronegativity as the vinyl acetate radical:

*O0H—GCG—0—CH=CH2 —> C GC
H,c—CH,

This reaction is the expected one. In order to start a new chain, the car-
boxymethylene radical must add to a vinyl group. The only question one
can ask isthen: does the radical add to a vinyl group on a different molecule
or to the adjacent vinyl group? Since a five membered ring will be formed,
cycloaddition to form a butyrolactonyl radical should be favored greatly
over intermolecular addition. In free radical polymerization of noncon-
jugated dienes, cyclization to form five- or six-membered rings is much
faster than intermolecular attack.?

The rate constant of step (7) can be estimated to about a factor of 10 from
the literature as shown in Table VI and the following discussion.

By eliminating the electron-donating methyl group and also its steric
hindrance, acrylate radicals become about ten times as reactive as the cor-
responding methacrylate radicals towards vinyl acetate. Since on going
to the carboxymethylene radical, a further electron-donating group with
high steric hindrance is removed, we would expect kn to be at least ten times
higher than that of the acrylate radical in adding to a vinyl acetate mole-
cule. In addition, when the vinyl group is on the same molecule, entropy
considerations increase the rate of reaction still further. From experi-
mental data, Butlerd shows that cyclopolymerization of nonconjugated
dienes to six-membered rings must occur about 20 to 50 times as rapidly as
addition to another molecule at 5-10M monomer concentration. The rate

TABLE VI
Calculation of Rate Constant of Reaction of Various Radicals with Vinyl Acetate
Radical ku, 1/mole-sec N —&lIII&12 k>, L/mole-sec
0
I
CH.OC—C—CHj~ 400-600° 20-22° '--20-30
CH,
0
oo
CH3»—C—C—CHn~ 1000-2000d 9+ 25° ~100-200
H
0
] >1,300-2000
CH3»>—C—CELnm (estimate)

“kn and kn are the rate constants for attack of a radical on its own monomer, ku, and
on a different monomer, kn-

hLiterature value.10

OLiterature data.111

d Literature data.10

«Literature data.1ll
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constant for cyclopolymerization to a six-membered ring therefore is about
one hundred times greater than the rate constant for normal polymeriza-
tion.

While data on free-radical cyclopolymerization to form five-membered
rings are almost nonexistent, there are data on nucleophilic cylization of com-
pounds to form five- and six-membered rings. In a case quoted by Hine,Z
cyclization of NHZCH2,,Br has a rate constant of 0.5 sec-1 when n = 4,
and only 0.008 sec-1 when n = 5, with formation of five- and six membered
rings, respectively. This is a factor of about 60 in favor of the five mem-
bered ring. Hine also states that two factors control the cyclization rate.
Below the five-atom ring, ring strain is important. From the five-atom
ring up, where ring strain is negligible, entropy factors control the rate.
Thus, a five-membered ring will form faster than a six-membered ring in
most cases, since the reacting groups tend to be closer. The factor seems
to be about 50 to 100.

Other data confirm the estimate in a general manner, though with
nucleophilic reactions in solvating media, the picture tends to be confused.
In the cyclization of phenyl chloroalkyl sulfides to the corresponding sul-
fonium ions, the rate of closure to a five-membered ring was 76 times as
fast as that to form a six-membered ring.2

The hydrolysis of chlorohydrins in water showed that the five-membered
ring formed about 25 times as rapidly as the six-membered ring.23

The hydrolysis of phenyl hydrogen succinate is 140 times faster than the
hydrolysis of phenyl hydrogen glutarate24at pH 7.0 and 25.3°C.

While other data could be added to the list, these are the best as the
others involve either very good leaving groups, which tend to diminish the
role of the attacking group, or the reacting groups are already part of a ring,
and the steric factors are not comparable. Of the cases presented, the last
comes the closest to the vinyl acetate case, in that cyclization can occur
without immediate elimination of the leaving group, and the geometries are
reasonably close.

When the data of ButlerDare combined with those reported above,21-24
we reach the conclusion that cyclization to form a five membered ring-
should be about 103to 104 faster than attack of a -CHZZOOR group on
another vinyl group. Since the rate constant for this reaction is at least
2 X 103sec. (eliminating the monomer concentration by assuming 1 M),
the rate constant for cyclization must be about 106107sec. This estimate
is very important as it gives us a criterion to judge between the different
termination steps.

Butyrolactone is very water-soluble, and the partition coefficient favors
water rather than vinyl acetate. (We have partitioned butyrolactone
between vinyl acetate and water in our laboratory. At a 0.25 weight frac-
tion of vinyl acetate, 96 of butyrolactone was found to be in the aqueous
phase. Since the particles contain 50% polymer or more, the partition
coefficient should be even more in favor of the water than with pure vinyl
acetate.) In such a case, polymerization initiated by a butyrolactonyl



EMULSION POLYMERIZATION OP VINYL ACETATE. Il 3629

radical would start in the water phase. The polymer, stabilized by the lac-
tone end, would have difficulty diffusing into the particles, and would
rapidly add soap as it grows.

If the cycloaddition step occurred while M mwas in the organic phase, one
might expect that polymerization should start there. However, at normal
rates of diffusion, a small molecule such as butyrolactone can diffuse out of
a particle long before it has time to react. This is easily demonstrated.
The particles have average diameters of about 0.1 ~ (10_5m) or less. A
radical formed in such a particle would have to diffuse an average of 0.05 n
to escape. If its diffusion constant is about 1 0 cm2sec, a normal one for
small molecules, the time it takes to diffuse out can be estimated to be about
10~6sec. At a monomer concentration in the particles of 6 molar, a radical
would react in about 0.3 X 10“4sec. Thus, almost all radicals will escape
before reaction.

While the butyrolactonyl radical is in the aqueous phase [eq (8)] it can
do two things. It may add monomer or react with growing polymer mole-
cules in the aqueous phase, P «aq [step (10b)]. Even though it adds several
monomer units, it will still be able to react with P-aquntil it picks up a soap
molecule and becomes charged. (The soap concentration is considered the
equilibrium concentration obtained in the presence of partly covered parti-
cles. It should depend only slightly on the fractional surface area of the
particles covered).

There will be an average size for B- when it picks up soap, probably when
it has added between five and ten monomer units. We take five units as
the minimum number necessary to adsorb one molecule of sodium lauryl
sulfate because we consider the adsorption due to hydrophobic bonding.
Therefore the polymer molecule needs to be about as long as the soap mole-
cule for the two to interact. Since soap is obviously picked up soon after
this point, polymer molecules in dilute aqueous soap solution are sta-
ble, L13 Bwe have taken the value of 5 <jDP <10 for the length at which
the first soap molecule is adsorbed. The rate of transformation of B « into
P e is then the rate at which the butyrolactonyl radical adds five to ten
monomers in the aqueous phase before picking up soap. This means that
A8 = ki/n where 5 < n < 10 and is therefore about 2 X 10+31/mole-sec.

We can now calculate the approximate rate at which B« will terminate
with P-ag.  The lifetime of B« before transformation to P eaqis the recipro-
cal of ks [d/ag] and will be about 1 0 to 2 X 10~3sec. Since Adwill be
about 5 X 10+81/mole-sec, the normal bulk termination rate constant for
vinyl acetate radicals, with a concentration (P-ag), for example, of 210 -7
mole/L, the highest concentration possible, average lifetime before termina-
tion of B- would be 2 X 10~2sec. At the very worst, therefore, the B-
radicals would go through ten to twenty cycles before terminating. Since
we found above that each radical undergoes about 25 chain transfers before
termination, the above calculations make steps (8) and (10b) quite reason-
able kinetically. Of course, there is a severalfold uncertainty factor in all
these estimates.
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A second induced decomposition step, in addition to egs. (9), is Peag +
1w P-SOi- + ®0i-. This was omitted because it does not affect the
rate of disappearance of monomer, the function we are most interested in.
No accurate measurements were made on properties which would have been
affected by this step. The question still remains—while much induced de-
composition can occur by steps (9a) and (9b), is this reaction rapid enough
to remove a kinetically significant percentage of Bmor M ®  We believe it is
not. The value for 9 is estimated to be about 1021./mole-sec.lB Rate
constant kwill be lower.  Since the concentration of initiator is~10-3 M
or less, the minimum lifetime of B- or M+ would have to be greater than 10
sec if all disappeared by chain transfer. Twenty-five cycles of M- to B-
or B« to P eagwould take a maximum of about 0.05 sec. Thus, chain trans-
fer to | converts less than 1% of the radicals at most and is not kinetically
significant. These steps will therefore be omitted from the subsequent
Kinetic development.

Step (10a) is not the termination step postulated by Smith and Ewart,2
though related to it. In their case, sweep-up of the growing radical is dif-
fusion-controlled, while in our case it is not.  Although we have shown that
standard Smith-Ewart kinetics cannot apply, this step must be considered,
as significant fraction of radicals may terminate in this way.

Step (10b) is probably the major termination step; the calculations show
that this is a reasonable postulate. It will be shown that none of the other
termination steps fit as well.

The termination step (10c) is unlikely. The strongest argument against
it is that solutions of poly(vinyl acetate) in water stabilized by soap are
quite stable even when the soap is below the critical micelle concentra-
tion.1518 In fact, we found it impossible to precipitate all the polymer
from the aqueous phase in one case, even when using 10% .MgSQi solution
as a coagulant.1

Since step (10c) requires the collision of two polymeric radicals in the
aqueous phase to produce termination, it implies that the molecules are
unstable as polyelectrolyt.es and react with each other in a matter of sec-
onds. We think that a collision extensive enough to allow the reaction of
the buried radical ends would entangle the molecules sufficiently so that
they would not easily separate again. After several such collisions between
molecules, which could be dead, a particle would be formed. Since these
solutions are quite stable, step (10c) cannot be very important.

We can calculate whether reaction (10d) should occur. If Al- has the
same partition coefficient as vinyl acetate, it would spend about one sixth
of its time in the aqueous phase at the organic/aqueous ratio used. The
concentration of P-agmay be as much as 10-7 mole/1. (25% polymerization
in the aqueous phase.)  Since the cross-termination rate will be at least five
to ten times the solution termination rate constant for vinyl acetate radi-
cals (the cross-termination rate constant would therefore be kud ~ 5 X
10+9 L/mole-sec) the average lifetime for M- before termination would be
2 X 10~3sec or more.
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We calculated previously that each radical undergoes about 25 chain
transfers before termination. Above we calculated an average lifetime of
M- before cyclopolymerization of 10~t-10~7see. Since step (7) must oc-
cur about 25 times for each termination, the average lifetime for M mbefore
termination must be about 2.5 X 10 psec if step (10d) is significant. Com-
paring the lifetime of Al « calculated from steps (7) and (10d), we find that
even under these conditions (25% polymerization in aqueous phase) a maxi-
mum of 1% of the termination could be by step (10d). Thus, this step
could be important only if the cross-termination rate constant is one hun-
dred times or more that of the homotermination constant and at least 25%
of the polymerization is in the aqueous phase. Thus this termination step
will be omitted since M- probably cyclizes much faster than it can react
with P eaq,

Step (I0e) can be eliminated by the same sort of reasoning.  For it to be
important, it must occur about 0.04 times as often as step (7) or the rate
per M- must be about 4 X 104sec-1 or greater. This means a lifetime be-
fore termination of 2.5 X 10~5sec.

We showed that a small molecule can diffuse into and out of a particle in
about 10~6sec. If we assume free diffusion, since only 25% of the volume
is organic, a radical will diffuse into a new particle every 4 X 10~6 sec.
Thus it can diffuse into only about six particles before termination, if step
(ICe) is to be important.  Since only one particle in 1300 contains a radical,
it is easily seen that- this termination step is not important. (Even if one
particle in 1SO contains a radical, this step is not significant.) Thus, the
only kinetically significant reaction Al mundergoes is cvclopolymerizat.ion.

Step (IOf) cannot be easily eliminated by a priori argument. However,
since B has a highly polar butyrolactonyl end which is highly water-sol-
vated, sweeping up of this radical by a particle should be activation-con-
trolled rather than diffusion controlled. If that is the case, it can be
lumped together with step (10a), as both will have similar rate constants
and dependencies. We shall consider B- then to act exactly like P-aqin a
sweep-up. However, it is much smaller and present in lower concentration
than P-ag- Thus step (IOf) will probably not be important compared to
step (10a).

A hypothetical concentration of B- can be calculated easily for any case,
since the rates of polymerization were measured. It should equal the rate
of its formation divided by the rate of its disappearance: [B-]~A'«f[Np]-
[Alp)/ffeg[Alag].  This should be about 1.0 X 10~8 mole/1. for run 165, one
of the fast polymerizations. Other runs should have lower concentrations.

The average lifetime of B- in run 165 if it disappeared by step (10g)
alone, t ~ 5 X 108 1/mole-sec, would be then about 0.2 sec. Since it
transforms into P-agin about 10~32 X 10 :! sec, step (10g) can only be a
minor termination step in the cases we are considering though it may be-
come important for runs with very high polymerization rates. It will not
be discussed further.
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Evaluation of Kinetic Equation and Correspondence of
Theory with Data

In the previous section, we presented a model for the emulsion polym-
erization of vinyl acetate and examined each step critically. Justification
for the inclusion or rejection of each step was presented. From all the
steps considered, it was found that steps (9a) and (9b) were Kinetically in-
significant, as were all the termination steps except steps (10a) and (10b).
Kinetic equations based on this model are developed in Appendix I. The
final rate equation, ignoring polymerization in the aqueous phase, is given
below.

R, = —dM/cll =
(h/ke) (hKB[II[NPI[MP])/!(L + (ficbie[Mp)/fcdiZ[Mad]))-/5  (11)

All terms in eq. (11) are known (rate constants), or are experimentally
available, except for the combination of rate constants in the last term,
kiob/kikg. Thus, at constant ionic strength, there is only one parameter to
be determined. This can be found by using the data from run 165. We
should then be able to tell whether we must consider aqueous polymeriza-
tion.

We shall use the data given in Table V for run 165 and the rate constants
discussed above. Since [Np]is 2.4 X 10~5molal, d2is easily calculated
and equals 1.2 X 10 s p2 particle. (Mag) was found to be 0.32 mole/1. at
60°C,Bwhile (Mp) is about 6.3 mole/1. when excess monomer is present.
On substituting these values and known rate constants into eq. (11), we
find that km/kik® = 4-25 X 10~4 mole-sec-iP/l.  (If the lower value of
[Np] is used, [Np] = 3.1 X 10~6molal, /ciob/fcA’s calculated to be 1.3 X
10~4mole-sec-juVI. which does not affect the arguments.)

We know approximate values for ksand kw.i (these were discussed above),
and we can therefore solve approximately for the value of fdin run 165.
From this, we can estimate the fraction of aqueous polymerization. The
value of ki is then 5.5 X 108with an uncertainty factor of at least 300%.
The lifetime of P-aqis then calculated from 1/r = kid2[Np]; r = 0.06 sec.
In this time, P-aqwill polymerize about 260 monomer units and thus will
account for about 6% of the total polymerization. Of course, within the
estimate of error it means that aqueous polymerization may be between 2
and 15% for run 165. (If the lower value for [Np] is used, aqueous polym-
erization may be between 1.5 and 12% of the total.)

Two facts emerge from this analysis. First, aqueous polymerization
may be important in cases where there are very few particles (seeded
polymerizations) and therefore the whole equation must be considered in
correlating experimental and theoretical dependencies of Rp. Secondly,
and very important, the model is internally consistent. Using the best
literature values for rate constants, we find that there is aqueous polymeri-
zation which gives fairly large molecules before sweep-up. It is such that
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the fastest polymerizations will still conform to the model and the slowest
will still have most of the polymerization in the organic phase.

Two factors not in the Kinetic equations must be considered before the
equations can be tested. First, the dependence of [Np] on [I] was mea-
sured, and we found that [Np] « [I]:2 At present this is not explain-
able. Secondly, there is a strong dependence of rate on the ionic strength
y of the water phase. This is reasonable; o4 should depend on the ionic
strength as two electrically charged species must interact, and thus Rv
depends on the ionic strength. The best empirical approach is to multiply
fiby a factor dependent upon ionic strength. The dependency is picked
to reproduce the best tested relationship, RP [1710, where the ionic
strength is due to the initiator added, KiSoOs- A good fit is found when the
dependence is to the 0.60 power:

k4= h' (MO®~ 160 X 10Dy>-@0~ 55 X 108 (Run 165)
2 X 10s< < 17 X 108
or
km/ktks ~ 1.46 X KWby~00 = 4.25 X 104 (Run 165)

We can now proceed to compare theory with experiment, having solved
for our two adjustable parameters. (In the following treatment, we will
ignore polymerization in the aqueous phase. We get a slightly better fit
and much greater mathematical simplicity if aqueous polymerization is
neglected. If it is 2% for run 165 it is not more than 10% for any run in
the range investigated. The lower value of 2% for run 165 is probably
therefore the better one, as aqueous polymerization can be neglected.)
Five dependencies were investigated quantitatively and several others
qualitatively. Therefore, the fit should be a good test of the model. In
addition, the course of the polymerization under various conditions will be
looked at. The equation should also reproduce the kinetic curves.

Equation (11) can be written for polymerization at 60°C by putting in
the estimated values for the rate constants, and including the dependence
on ionic strength.  This is given as eq. (12)

Rv = 21.2([1I][Mp]INpD)7y (I + 51 X 10-5-y0o8IMp]/d2[\fag))12 (12)

The comparison of experimental with calculated dependencies is shown in
Table VII.

It can be seen that the fit between all calculated and quantitative ex-
perimental results is within the limit of error for the values found. From
Figure 3, one can see that reproducibility of a run is about £5% with an
occasional deviation of as much as 20%. Thus over a tenfold range in
variable concentration, e.g., [I] or [Np], error in dependence of rate of
polymerization on that variable could be as high as + 0.1 in the exponent if
only one set of experiments were run. As more are run, we can be more
confident of the dependency found. At this stage we see again that the
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TABLE VII
Comparison of Experimental and Predicted lip from Equation (2) as a
Function of Polymerization Variables

Theoretical Experimental
Unseeded polymerizations
Constant ionic strength,
INA « [1]12 R, €100 Rp « [M077
No added salt, [Np] ~ [1]22 Rp & [110n Rp & 110
Seeded polymerizations
[MJ] constant, [I] varied
(all dilutions) R, @ [1075-08b Rp @ 108
[1I] constant, [Np| varied Rp © [NAO1S02ZZ g @ [Np]0.13023
[N,,] constant at 1/10 dilution, Rp  (Vonc/Fan)o-D Rp « (ForJVmT-™

[1] constant

“This value is predetermined. See previous discussion.

bThe calculated dependence varies from 0.70 to 1/20 dilution of seed to 0.80 at 1/2
dilution of seed.

0The calculated dependence varies from 0.10 at 111 = 11 X 10~4mole/1. to 0.21 at [I]
= 2 X 10-4 mole/1.

exact value of [Np] used is not very important. A change by a factor of
five would not affect significantly the dependencies observed, though it
changes kwh/kAss.

In addition to the quantitative relationships, eq. (12) also agrees with,
or at least does not contradict the more qualitative observations. These in
general were earlier observations and less accurate. The following observa-
tions were made.

In unseeded polymerizations, there is no observed dependence on emulsi-
fier concentration (Table 1). We do not know the dependence of [Np] on
soap, so our rate equation is not applicable. If it follows the Smith-Ewart
dependence, Rp would be proportional to [soap]02 The maximum rate
change is 18%, which is just detectable.

In unseeded polymerizations, there was no dependence on the monomer/
water ratio (Table I1). The maximum expected change in rate is only 15%
over the range studied. As these were early results with an error of 10-20%
per run, the lack of dependence is understandable. However, if Smith-
Ewart case 1 kinetics were followed,2 Rp should be proportional to Uar(V
\Vtata- This large change should be easily observable, thus demonstrating
again that vinyl acetate polymerization does not follow Smith-Ewart
Kinetics.

In seeded polymerizations, addition of soap seems to lower RP slightly
(Table IV). More soap in the aqueous phase should stabilize P-ag and
thus lower A3 This should lower Rp.  Since most of the added soap is ad-
sorbed on the particles, the change in Ayshould depend on soap to a low
power only.

Addition of new initiator during a run increases Rp (Fig. 4). At con-
stant [N]p, R,, « [1]08; this was shown quantitatively earlier. This run
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demonstrates the same effect qualitatively in a single run. We think that
the more than doubling of the measured R,, with the doubling of [I] is
probably due both to experimental artifact (it was an early run) and to the
difficulty of measuring rates accurately under such circumstances.

Addition of excess electrolyte lowers dependence of Rpon [I] to the 0.72
power with 0.5M KZ504added, and to the 0.47 power with 0.05 KHP04
KHZ 04buffer (Fig. 5). Increasing ionic strength has two related effects:
it destabilizes particles ([Np] decreasing) and increases Ic. Both increase
the term, /o48i2[Maq], of eq. (11) to the point where it may simplify to eq.
(13):

Rv = (Vfc.)(*ifc.[lIIMp]INp]),A (13)

The minimum dependence of Rpon [I] is obviously Rp a [I]J05when [Np]
is determined only by ionic strength and soap concentration. This is
found with the phosphate buffer. 5 With added KZ04 the dependence on
Rvon [I] isto the 0.7 power. Here [Np] may still depend somewhat on [I]
as sulfate ion does not shield as powerfully as phosphate ion.

Particle size was measured in only one case (run 151). A recipe was used
identical to that of run 165, except that it was 0.05 mole/l. in KS04
Particle diameter was measured (light scattering) as 0.144 g, compared to
0.07 g for run 165.

If we use the postulated [Np] for run 165 of 24 X 10~ molal, [N,,] for
run 151 is 2.8 X 10~6molal. Substituting this into eq. (13) we can estimate
Rp for this run as 3.1 X 10~3mole/l.-sec. The experimental value was
16 X 10~3mole/l.-sec., about one half that calculated. However, we can
also use the measured light scattering volume as a basis of calculation of
[Np], though this is a weight-average volume. Using this lower value of
[Np], we find from eq. (13) that Rv = 1.1 X 10~3mole/l.-sec. Thus, the
two values for [Np] give calculated polymerization rates which bracket the
experimental value.

The discussion above shows that eq. (13), which has no arbitrary param-
eters, can predict reaction rates. It also predicts the shape of the polym-
erization curves of those runs with added electrolyte. These differ from
normal vinyl acetate polymerization curves, in that the portion of the curve
above 50% conversion is curved rather than linear. However, the curva-
ture is one-half order in [Mp] as predicted by eq. (13) rather than first
order as the Smith-Ewart theory gives. This will be discussed fully in the
next section.

In summary, where exact data have been obtained we find good agree-
ment between our theory and experiment. In scouting experiments and
early work, the results fall within the limits of the theory, but in general
there is too much scatter or not enough data to draw conclusions. How-
ever, there is no fit at any point with Smith-Ewart equations. When excess
electrolyte is added, we find that a modified kinetic equation can still pre-
dict the observed rates of polymerization.
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Prediction of Polymerization Curves

We have shown in the previous section that the kinetic equation de-
veloped has the same dependencies of Rpunder various experimental condi-
tions as the experimental data. In addition to this, if the equation is
meaningful, it should predict the course of polymerization under any given
set of experimental conditions. We shall discuss that portion of the theory
in this section.

The course of any polymerization we shall discuss can be conveniently
divided into three parts. The first, formation of particles, terminates
somewhere between 5 and 20% conversion and is beyond the scope of this
paper. Our theory should hold from that point to about 95% conversion
where the basic assumptions start to break down. For seeded polymeriza-
tions, the theoretical curve should be followed as soon as the induction
period is completed.

The rest of the polymerization where [Np] is constant includes the last
two parts of the three.

In the second part of the polymerization, [Np]is constant and a separate
monomer phase is present. During this time, there is approximate equilib-
rium for [Mag] and [Mp] as they are replenished by fresh monomer. As
polymerization proceeds, the only gross variable is particle size; both the
particle volume and surface area increase. [Mp] is considered ~6.3
mole/1. in this phase as a separate monomer layer was observed up to about
50% conversion. (A careful study under equilibrium conditions gave a
monomer concentration of 7.6 mole/l. in polymer particles.Z This may
show that we do not reach complete equilibrium during polymerization, or
that we have that much experimental variation in our observations.
Happily, it does not affect the Kkinetics appreciably as long as we remain
consistent.)

The integrated equation for this part is derived in Appendix Il and is
given below.

where [Mo], [Al] denote the moles of monomer in the whole system per liter
of HD at the beginning of polymerization and during polymerization,
respectively, and b is the fractional conversion at which monomer phase
disappears.

Ki and A2are combinations of constant terms defined in Appendix II.
(K2includes kwbks/kjcs.  The value calculated earlier is from the maximum
R,, possible in a polymerization, rather than the average from 20 to 80%
conversion.  This term has to be changed from 51 X 10“5t0 4.6 + .3 X
10~5to get fit over the integration.)

In the third part of the polymerization, the separate monomer phase has
been used up. From this time on, the particle volumes are essentially con-
stant as is their surface area.  [Mp] starts decreasing, as does [Mag]. This
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portion of the kinetic curve has been integrated in Appendix Il also and is
given in eq. (15)

@+ - {1+ AX[Mp]/6.3)MM = A(AW6.3a)(i - U (15

where tt is the time at which the separate monomer phase disappears.

Fig. 10. Comparison of experimental data and theoretical curve for run 165. (O)
observed; (—) calculated.
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Moles polymerized per liter HO

Fig. 11. Comparison of experimental data and theoretical curve for run 162: (O)
observed; (—) calculated.

Equations (14) and (If)) should define the course of polymerization at
relatively low ionic strength. We have therefore picked four polymeriza-
tions: two unseeded and two seeded, all of which were runs done after per-
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Fig. 12. Comparison of experimental data and theoretical curve for run 120:
(O) observed; (—) calculated.

TABLE VIII
Data for Calculation of Equations (14) and (15)

lonic

(2 X a= strength,

Run [ X 10~ [Np] X 10s 11)3 N2 VorgV iy fa X 10i
165 12.0 24, 1.22 0.320 3.6
162 2.5 3.65 4.3 0.320 3.6
120b 2.3 1.54 7.6 0.320 0.7
132 8.25 1.54 3.6 0. 106 2.5

aN,, calculated from [N,,] @ [I]112with run 1(55 as standard.
bSeed polymerizations, 1/10 dilution. [N,,] for seed calculated as in note a. Mea-
sured [Np| for seed shows same ratio to [Np] for run 165 by use of light-scattering values.

fection of the experimental technique and which cover the range of variables
investigated. The information for these runs is given in Table VIII.

The comparisons of the theoretical curves for these runs with the experi-
mental points are given in Figures 10-13. Run 165 was calculated by using
kiobkt/kks = 4.4 X 10-5 y~aM while the other three runs were calculated
by using a value of kwbkt/kjca = 4.9 X 10-5 The second value
diminishes the slope of the theoretical curve by 5% over that using the
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Moles polymerized per liter HO

Fig. 14. Comparison of experimental data with egs. (16) and (17) for runs 150 and 151:
(O ) observed for run 150, recipe normal, [I] = 1.2 X 10~3V; 0.05.1/K;11ld), KIL!"O*;
Ki = 2,35 X 10n3mole/l.-sec; (*) observed for run 151, recipe normal, [I] = 1.2 X

0.05A/ K&04 K, = 1.72 X 10~3mole/l.-sec; (—"calculated.
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first value of the rate constants. This is within the experimental variation
of runs done at different times using supposedly identical recipes. We
deliberately do this in order to show how g'ood the fit can be between the the-
oretical curves and the experimental results. It is the sort of fit which con-
firms that egs. (12), (14) and (15) are a good description of vinyl acetate
emulsion polymerization. In run 132 (Fig. 13) at one third the organic vol-
ume usually used, the calculated rate is too high by 20% though the shape of
the polymerization curve is correct.  Such a difference is at the outside limit
of the experimental variation. As the run was also at the outside limit of
the experimental variations, high dilution of seeds and very low Forg, de-
viations might be expected. Without repetitions of the run, we can not.
tell whether the discrepancy is experimental or due to the choice of im-
proper parameters. In addition, with the addition of only a small amount
of monomer the rates tend to be lower than expected (see Fig. 8 for the re-
sults at a relative seed concentration of 0.50).

In unseeded polymerizations, inspection of Figures 10 and 11 shows that
the equations hold between about 10-15% to 95% conversion. Above
95% conversion, Rvseems to be slightly slower than that calculated. This
may be due to the high viscosity of the system at such high conversions.
Since we used the two termination steps which we felt were important, Equa-
tion (15) should hold, theoretically, as long as the rate constants remain
constant.

As mentioned in the last section, addition of salts should raise k4 and
thereby change eq. (12) into eg. (13). Since [Np] is not known in those
cases, the best that can be done is to curve fit the integrated eq. (13) to the
data.

The kinetic curve in this case falls into two parts. In the first, where a
separate monomer phase is present, the rate should be constant as soon as
[Np] is constant.  This seems to happen very early in the polymerization.
The polymerization in this phase can be expressed by eq. (10):

[Mo] —[M] = Kit (16)

In the last phase, monomer concentration in the particles is decreasing.
Integration of eq. (13) then gives eq. (17),

1- (MpVIMpDI = (Ai/2[Mpda) (t - % an

where is the time at which the separate monomer phase disappears.

Kh obtained from the linear portion of the polymerization curve, can be
used in eq. (17) to calculate the whole dependence of conversion versus time.
This was done for two runs which were identical in recipe, except that one
contained 0.05 mole/1. KZO, (run 151) and the other 0.05 mole/1. KFFPO,-
KZHPO:i buffer (run 150). The comparison of experimental points with
theoretical curves is shown in Figure 14.

It can be seen that the predictions follow run 150 with phosphate buffer
exactly, but run 151 with KZS04polymerizes slightly faster than the predic-
tions. This probably means that the sweep-up step still has slight effect
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here, lowering the monomer dependence of Rr from one-half towards one
quarter power. All the other runs with added salts show essentially identi-
cal curves, though of course Ivxdepends on initiator concentration and
[NP].

The foregoing analysis suggests a convenient method to obtain very rapid
rates in vinyl acetate polymerization. The polymerization should be
started with no buffer present and the use of anionic surfactant. After
[Np] has stabilized, phosphate buffer containing extra soap is added. De-
pending on the initiator concentration, the rate should increase by a factor
of two to five over the rate in the absence of salt. Of course this can only
happen if [Np] does not decrease, which is why extra soap is needed.

Comparison with Literature

There are three reports on emulsion polymerization of vinyl acetate
which are close enough in experimental methods to this investigation for a
comparison to be made®282 The latest and most comprehensive is that
of Gershberg.® His only major experimental difference was that some
phosphate buffer was present.® He finds R,, € [1]06 which indicates a
reaction that has rapid sweep-up by particles, though less than we found
using 0.05M phosphate buffer. His measured dependencies were of Rv
on soap and VAIV.KE Using og. (13), we predict no dependence on
Uorg/D,,g, which is what Gershberg finds. At high ionic strength, the
function of soap should be to stabilize the particles and thus [Np] should
depend on soap concentration. Gershberg does find a 0.25 power de-
pendence of [Np] on soap.

Vinyl propionate, which should follow similar kinetics to vinyl acetate,
is anomalous; Gershberg reports that Rv remains linear to high conver-
sions, as with vinyl acetate. However, the rate is independent of the
particle concentration and the total organic volume as well. Thus, from
his data, it does not follow our equations nor those of Smith-Ewart, case 1
For this monomer, [Np] @ [soap]%S; this also does not agree with results
for vinyl acetate.

The other two reports282 used nonionic emulsifiers, which distinguishes
these data from ours, since aqueous polymer radicals are not sufficiently
stabilized by the sulfate or butyrolactone endgroup to exist for long.
Nevertheless, since the dependence on [Mp] is less than first order, we shall
consider them.

In the work of French,B only one persulfate concentration was used,
and no correlation can be made. French found [Np] « [soap]3 Rvvaried
randomly with emulsifier concentration and also [Np] for the four runs
given. It usually accelerated slightly after 30% conversion. We can
draw no conclusions from this work except to hypothesize that for nonionic
surfactants [Np] @ [soap]3

In the work of O’Donnell et al.,2Bno particle measurements were made,
but dependence of Rv on emulsifier [partly hydrolyzed polyfvinyl ace-
tate)], and persulfate concentration was measured. Results showed were
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Rp @ (soap)'-9*-1 (recalculated from the data given), and Rv  [I]07
If we postulate that [Np] ¢ (soap)3 as found by French,Band if eq. (13)
of our work is followed, we would expect to get Rp dependent on soap to
the 1.5 power. If [Np] « [I]04as calculated for the Smith-Ewart theory
of particle formation, then Rvshould be proportional to [I]0-7as found.

The comparison with literature is obviously very tentative, as no investi-
gators used exactly the same experimental conditions we did, nor did any
except Gershberg measure enough of the variables to make a comparison
really meaningful. In his case, a general area of agreement is found, though
experimental conditions are not completely comparable.

SUMMARY AND CONCLUSIONS

We have considered in this paper the effect on the rate of vinyl acetate
emulsion polymerization of soap (sodium lauryl sulfate), concentration of
particles, initiator concentration, total organic volume and ionic strength.
We have presented a polymerization mechanism, derived its mathematical
consequences and have shown that it fits our data reasonably in every
respect.

The scheme presented differs from the standard thinking on emulsion
polymerization in two important aspects.

(1) Initiation starts in the aqueous phase, and chain growth proceeds
there up to DP  50-300. We postulate that this happens because ionic
soap is adsorbed on the aqueous polymer, transforming it into a water-
soluble polyelectrolyte. Sweep-up therefore is not diffusion-controlled
when an ionic soap is used (and may not be so even when a nonionic sur-
factant is used, since solvating water molecules must be desorbed).

(2) Because there is a significant concentration of radicals in the
aqueous phase and we have chain transfer to monomer to give small, water-
soluble radicals, two termination steps are postulated. Neither of these
correspond to the Smith-Ewart termination. The standard step, sweep-up
of a radical into an active particle, is now of minor importance if the ionic
strength is low, and not diffusion-controlled. It is proportional to the sur-
face area of the particle. The second and major step, termination of a
growing butyrolactonyl radical B « with a stabilized aqueous polymer radi-
cal is reasonable from the analysis. It has not been postulated before.
The combination of these with the standard steps of vinyl acetate polym-
erization leads directly to the final kinetic equations.

The model presented initially can now be confirmed. Polymerization is
initiated in the aqueous phase. As the polymer grows it picks up soap
and becomes a polyelectrolyte. (Even before this, it contains highly
water-soluble groups.)  After many collisions, the polymer with an average
DP between 50 and 300 is swept up by a particle. This implies a non-
diffusion-controlled process with an activation energy necessary for break-
ing through the ionic double layers of the polymer and the particle.
Growth of the now nonsolvated radical continues in the particle until
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chain transfer to monomer occurs. The monomer radical cvclizes to a
butyrolactonyl radical which partitions into the aqueous phase and usually
reinitiates chain growth there. This completes the cycle. The major
termination occurs when the neutral butyrolactonyl radical with perhaps
several vinyl acetate residues added, (B-), reacts with a growing aqueous
radical (P-ag). A secondary termination step, which probably become
the major one when salts are present, is sweep-up of a growing radical into
a particle containing a radical.

It now is clear why vinyl acetate polymerization has an almost zero-
order dependence on [Mp], even after the monomer phase has been used up.
While polymerization proceeds mainly in the particles, termination occurs
mainly in the aqueous phase. Since [Maq] « [Mp]l/!!, conditions in the
aqueous phase change very slowly and sweep-up rates are almost constant.
Meanwhile, as [Mp] decreases, the rate of chain transfer to monomer de-
creases also. Thus, radicals stay in particles longer and their concentra-
tion, /[N p], increases almost inversely to [Mp] as that decreases. The rate
of polymerization then remains almost constant. At about 90% conver-
sion, [Maq] starts decreasing rapidly, radical termination is favored, and
R p decreases.

APPENDIX |

Solution of Complete Kinetic Equations by Using Steps (10a) and (10b)

The elementary reactions considered in this derivation are listed in egs.

(1)-(10).

|- >2P-aq (1)

1+ + Maq i >B- & (2)
Pag+ Mag' *1Hag + M e (3)
P-ag + P - >P’P (4)
P-p + Mp - >P'P (5)
P-p + Mp - >P + M- (6)
M- meeeeee >B- (7)

B+ + Maqg ﬁ>f'aq ®
Pag + Pp - >Termination (10a)
P-aq + B- - >Termination (10b)

By using the steady state assumption, the following egs. (A-I)-(A-4) can
be written.
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d(P-ad/dt = 2h[I] - fB[Mag][P-aq] -
M 2[NP](1 -/)[P-an] + /8[M.](BO
- M 2[N,J/[P-aq] - /tiob[B-][P'agq] = 0 (A-l)
c//[Np]M = M 2[INPJ(1 - 2/)[Peaq] - f6[Mp)/[Np] = 0 (A2
d[M-]/cU = f&[Mp]/[Np] + f6[Maq][P-aq] - A[Mes = 0 (A-3)
r[7?-1/f« = K7[M+] - [B[Mag][B-] - AQ,[B<][Pmg] = 0 (A-4)
From eq. (A-2) we can solve for [P-aq], obtaining eq. (A-5):

AA
M 21- 2/)

We can substitute egs. (A-3) and (A-0) into eq. (A-4) and omit A
[B- 1[P-aqd] as it is only about 4% of the other terms. Solving for [B- ],
we obtain eq. (A-6):

[Be] = G[IZIR;[QP 14 s - 20
As usual, the initiation rate equals the termination rate [eq. (A-7) ]:
h [1] = M 2[Np]/[P-aq] + /uo,[B- ][P-ad] (A-7)

Substituting egs. (A-0) and (A-6) in eq. (A-7) and collecting terms in
/[N p], we obtain eq. (A-8):

[P'a (A-0)

(A-6)

[,\!P]Zz} = (P6[Mp])-W e[1][M PI[Np]
i <, MONNIMED) Mz (AS)
/f>W2[Mad] M*[NPIQ - 2/)

Since / is about 1/1300 for run 165, up to 50% conversion 1 —2] =
0.998. Thus, during most of the run (1 —2/) will be about equal to 1.00.
This is true for all the unseeded runs, as Rp « [I]+ while [Np] « [I]:2
In the seeded runs, / can be as much as five to twenty times higher (~-0.004
to 0.010), at the highest dilutions. Even so, within our kinetic error,
1 —2) ~ 10 Towards the end of the reaction, / will increase and
will be inversely proportional to [M\P] [from eq. (A-S)]. Therefore, in the
worst case/ will be about 0.07 at 90% conversion. Omission of 1 —2/ in
the term, /2(1 —2/), will then change the value of / by about 7%. Thus
we can say that in all the cases we are considering where 1% or less of the
particles are occupied by radicals during most of the polymerization, it is
legitimate to omit 1 — 2/ completely. Solving now for (A-S) we obtain
eq. (A-9):

[Npl/ = (Pe[Arp] )  [1][Ap][No])" N
AacdNND) A6[-\Wit] (A9)

X1+ oapmafe 1T M 2INP
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The rate of polymerization is:

R, = ?e«,) + k.(Mp)f(Np)
On substituting egs. (A>) and (A-9) in this we obtain eg. (A-10):
(AAe [I T[AIp][Np1yw2 (1 + 76[AI“<
R,, = "M h M*[Npk A-10
oA e, AdrelAp h[AU (A-10)
N|i'8</2fA[.11t] M 2[NP

If polymerization in the aqueous phase is considered kinetically insignifi-
cant, terms involving /[Maq] drop out and we obtain eq. (A-l 1):

Rv= -dM/dt = ~ (We[IJ[Ap][Np)12 (1 + iif kK r\ (A-11)

APPENDIX I
Integration of Equation (A-II)

Polymerization in the Presence of Separate Monomer Phase. The
polymerization was be divided into two sections as discussed in the text.
In the first part, when no new particles are being formed and a separate
monomer phase is present, [Mp] and [Mnq] remain constant. [I] and [Np]
are always considered constant during one polymerization. The Kinetic
equation we are considering is

—dM Aioblie|A1p]

>, 1 + A-Ill
it o MMl (1 2IM,q] A

In the first part of the polymerization, everything is constant but d; as
each particle grows, eg. (A-1l) can bo written as (A-12)

;d dtM ATfl + KiRU/d,y-)-1l (A-12)
where

Ah = (ks,/k6) (kikt [I ] [MpO] [Np]) 15
and

= kiohk'GlAIj0]/ k\edo~ [Nlago]

[M] and d can be cast as functions of one variable by making the following
substitution:

y* = (d/dg)3 = ([Mo] - [U/)/b[M,] (A-13)
Solving for dy/dt and substituting this and eq. (A-13) into eq. (A-12), we
obtain eq. (A-14):

YAl + Km-*)I/'dy = (A,/3[Mo ]b)dt (A-14)
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This is easily integrated. The final equation after integrating fromy =
Otoy = land replacing y by a function of [M]is eq. (A-If>):

| [(IMO] - [M])/[M,]6]\V*+ AhJ2- K.y = (M[Mo]b)t (A-15)

Polymerization after Separate Monomer Phase Is Consumed. Dining
the second part of the polymerization, monomer concentration in the
organic phase, [Mp], is decreasing, as is also [Mag]. Here d remains ap-
proximately constant at do.  (d does decrease slightly as monomer is con-
verted into polymer, but this is neglected for simplicity since it is a second-
order effect.) Over most of the polymerization range [Mag] was found3L2
to be proportional to [Mp]’s. We have also checked this relationship and
it is approximately valid when [Mp] > 1.0M, about 92% conversion.
Below this, it approaches the expected linear relationship.  This will be the
subject of a separate communication. With the postulate, (A-16),

(A-16)

eq. (A-112) can be put in integrable form for this part of the polymerization:
-dM/dt = A[IMpl/[Mp])/i51 + A|Mp]/|IM L.DJAV=(A-17)

This can be integrated when one realizes that [M] = a[Mp] once the
separate monomer phase has disappeared, and substituting y = [Mp]/
[M,0]. Integrating between the limits of y = 1.0 to [Mp]/[MpJ] and t,
to t, we obtain eq. (A-1S)

@+ KO- {L + tFA[Mp]/[Mp])Ar 22
= VtiAiAid/aMpo])® - t) (ALS)

We thank National Starch and Resin Corporation for support to one of us (R. P.)
while the experimental work was performed. W. L. thanks the other authors for their
patience and encouragement while the theory was being worked out. We wish to thank
Dr. L. Utracki for his criticism of the manuscript.
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NOTES

A Determination of the Molecular Weight of Nylon 6

The number-average molecular weight of nylon 6 (Perlon staple fiber) has been deter-
mined by the methylation method described in an earlier notelon nylon 6fi, the assump-
tion again being that fibers methylated with ethereal diazomethane would contain one
methyl ester end group per chain molecule if the end groups were fully accessile to the re-
agent.

Before methylation, the fiber was extracted with hot methanol and with 60% formic
acid to remove caprolactam and oligomers. The figures given in Table | show that the

TABLE |
Methylation of Nylon 6 with Diazomethane

No. of

Methoxyl content (parts per 100,000

Pre-treatment methyl-  Total y G P )
of nylon 6 ations time (hr) Mean
Extracted with 0 — 5 2 5 6 0 4
methanol 1 24 219 199 200 201 192 202
2 89 227 227 235 213 223 225
Extracted with 0 - 4 3 12 0 u 6
(1) methanol 1 24 191 196 199 179 188 191

and

(2) 60% formic 2 91 216 223 223 226 211 220
acid 3 163 231 228 226 231 220 227

formic acid treatment, which dissolved 5.4% of the fiber, made little difference to the re-
sults. Methylation was initially very rapid and the methoxyl content reached 0.175%
in 2 hr compared with 0.191% after 24 hr.  There was very little increase after the second
methylation (91 hr) and the highest figure obtained corresponds to a molecular weight of
about. 14,000. Previous results based on viscosity measurements or titration of end-
groups indicate that polycaprolactam suitable for fiber production has a molecular weight
ranging from 14,000-20,000 (Ref. 2).

Materials

Perlon fiber (3 den; I'A in. staple) was extracted with methanol in a hot Soxhlet ex-
tractor for 8 hr and was air dried. Part of it, to be used directly for methylation, was
steeped in 10% acetic acid for 30 min, washed free from acid bj7repeated changes of dis-
tilled water, dried in vacuo over phosphorus pentoxide and exposed to moist air. The
remainder was steeped in 60% w/w formic acid (50 cc per g) for 75 min at 25°C, iinsed
three times with 60% and once with 30% acid, washed with distilled water until free from
acid, and dried as above.

Alcohol-free ethereal diazomethane was prepared by De Boer’s second method3and its
concentration determined.1 Before use it was diluted to 0.25M, mixed with water (10
g/1. of ethereal solution), shaken at intervals during ¥2 1 hr, and separated from surplus
water.
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Methylation Procedure

Perlon fiber was suspended in moist 0.25M ethereal diazomethane (50 cc/g) and stored
in a refrigerator at about 6-7°C for the required time. It was collected, washed with
ether, air dried, soaked in 10% acetic acid and washed and dried as already described.
The washing procedure frees the fibers from adsorbed ether which otherwise interferes
with the Ziesel determinations. Perlon soaked in moist ether and washed in this way
had the same apparent methoxyl content (0.006%) as the untreated Perlon; determina-
tion of the methoxyl content of one of the methylated products by a procedure involving
gas-liquid chromatography indicated the presence of methoxyl in about the expected
amount, but no ethoxyl Increases in weight on methylation were less than 1%.

Determination of Methoxyl Content

The modified Zeisel procedure was as indicated in the earlier note,1but all results were
corrected by subtracting the mean titer of six blank determinations.

The author wishes to thank Mrs. I. Williams for help with the analytical work.
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Living Anionic Polymerisations of o- and p-Methylstyrenes
in 2-Methyltetrahydrofuran

It is well known that, in living anionic polymerizations of styrene in ethereal solvents,
the active ends can be ion pairs, free ions,1,2and triple ions.3-6  When only the two types
of the active ends, ion pairs and free ions, are responsible for the propagation and when
the concentration of the free ions is much less than that of the ion pairs, the apparent
propagation rate constant kpis given12 by

kp = kp' + kp'K '/'/ [LE]Z* Q)

where kp’ and kp" are the rate constants of ion pairs and free ions, respectively, K is the
dissociation constant of ion pairs, and [LE] is the concentration of living ends. It has
been found that k,,' and K for the anionic polymerizations of styrene are highly dependent

Fig. 1. Linear dependence of kpof o- and p-methylstyrylsodium on [LE] 12in MTHF at
25°C.

on gegenions as well as on solvents.3-12 Furthermore, a comparison of anionic poly-
merizations in tetrahydrofuran of p-methoxystyrene with that of styrene has revealed that
the kp' and K values of living poly-p-methoxystyrene are much smaller than those of
living polystyrene when Na+ion is used as a gegenion.13 On the other hand, the values
for Cs salts of these two living polymers are about the same.13 Most recently, we have
studied systematically the effects of the alkali metal cations on the propagation kinetics
of styrene in 2-methyltetrahydrofuran (MTHF) and found that the kp' and K in this
solvent are not sensitive toward the gegenions.}4 Therefore, this solvent seemed suit-
able for comparative study of anionic reactivities of various monomers. Thus, in the
present paper, v/e report anionic polymerizations of sodium salts of poly-o-methylstyrene
and poly-p-methylstyrene in MTHF and describe the influence of methyl group on the
kinetic and dissociation behavior in comparison with the results of styrene.

The propagation rate constant was determined spectrophotometrically. Though
living polymers in MTHF were not so stable as in THF, kinetic and conductivity studies
are possible if MTHF is most elaborately purified. Equation (1) also applies to the
polymerizations of o- and p-methylstyrenes in MTHF, as is shown in Figure 1. Ap-
parently, the slope kp"K 13 of o-methylstyrene is larger than that of p-methylstyrene.

© 1970 by John Wiley & Sons, Inc.
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The intercepts and slopes obtained from Figure 1, together with those of styrene, are
given in Table I. The kp' can also be determined in the presence of NaBPh4 Recently,
the validity of this method was questioned by Schulz et al. 5 They found that in the
presence of the added salt, the ultraviolet absorption measurement gives higher values
of the living end concentration and lower values of the kp than in the absence of the
salt. Thus, we determined the kp' by the extrapolation procedure. Since the slope is
not so steep in the present case, the kv' values we obtained seem reliable. The dissocia-
tion constant K obtained from conductivity values is listed in the fourth column of
Table I. Furthermore, from the K value and the slope of kpversus [LE]-1/2plot, the
free-ion rate constant k,," was obtained and is given in the last column of Table I. We
note that o-methylstyrene has the smallest kp' and kp", and its K value is largest. There-
fore, the steep slope of o-methylstyrene in Figure 1is attributed to the large dissociation
constant.

TABLE |
Kinetic Results of Living Anionic Polymerizations of
0- and p-Methylstyrenes in MTHF at 25°0

kp j kp"K'N\ K X 10» kp" X 104

Monomer 1/mole-sec I.'/ymole’/*-sec mole/1. 1/mole-sec
o-Methylstyreue 1 0.51 2.7 3.0
p-Methylstyrene 5 0.25 0.5» 3.7
Styrenel 23 1.1s 2.4 7.4

“Gegenion: Na+.
bFrom Hiroharaet al.4

Consequently, the difference between the k k p", and K values of p-methylstyrene
and those of styrene is attributed to the difference of the reactivities of monomers due to
an electron-repelling effect of the methyl group. On the other hand, the behavior of
o-methylstyrene cannot be accounted for in a similar manner. The methyl group in the
ortho position prevents the gegenions and the monomers from approaching the negatively
charged growing center. Accordingly, the K value is large, and the kp and kp" values
are small compared with the respective values of styrene. In short, the steric hindrance
of the substituent group has an influence on the Kinetic and dissociation behavior of
living anionic polymers. A detailed study is in progress and will be published in due
course.
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Overall Activation Energies for Addition Polymerisation
by Differential Thermal Analysis

Reed et al.1have presented methods for using differential thermal analysis (DTA) to
determine chemical reaction kinetic parameters. These authors extend the theory of
Borchardt and Daniels2 and point out the shortcomings of the Kissinger3 method.
Recently, Piloyan et al.4have described a much simpler means for determining the activa-
tion energy Er. This method requires only a single DTA curve obtained at some arbi-
trary reasonably normal rate of heating (10-40°C/min). Their analysis predicts that

INAT = C - (Ea/RT) @)

where C is a constant and AT is the extent of departure of the DTA curve from the base-
line at T. Eais obtained from the slope of a (In AT) vs. (1/T) plot. Results are pre-
sented by Piloyan et al.4for a number of endothermic dehydration and dissociation re-
actions which show excellent agreement between Ea values obtained by their DTA
method and literature values.

DTA has also been used for determining activation energies of very exothermic reac-
tions, i.e., the decomposition of explosives.5 Using differential scanning calorimetry
(DSC), Rogers and Morris6 obtained erroneously high activation energies for the de-
composition of explosives, (RDX, Tetryl, HMX and KM1104) when measurements were
made on the pure solids but true values when the measurements were made in solution.
The reasons for this are obvious. The heat output from the decomposition of the solid
explosive can exceed the rate at which heat is supplied by the instrument and therefore
the former contributes to the rate of departure of the curve from the baseline. Since
most high explosives follow first-order decomposition kinetics which are sometimes com-
plicated by autocatalysis,7solution of the explosive in a suitable solvent controllably re-
duces the rate and probably also reduces the extent of autocatalytic decomposition.

A recent paper describes the use of sealed vials for DTA measurements at high tem-
peratures and pressures.8 To illustrate the technique these authors chose to study an exo-
thermic radical chain reaction, i.e., the determination of the overall E afor styrene homo-
polymerization. They obtained very similar values (21.3-24.0 kcal/mole) for the ther-
mal bulk polymerization, the thermal solution polymerization in toluene, and the benzoyl
peroxide initiated bulk polymerization. The method they used was that of Piloyan et
al.4and their values are those normally found for the thermal and catalyzed polymeriza-
tion of styrene.9 A possibly unintentional implication of this work is that DTA is a suit-
able means of obtaining overall activation energies for vinyl polymerizations. This, we
feel, is misleading.

Using the Model 900 duPont Differential Thermal Analyzer, we attempted to obtain
overall activation energies of polymerization for various monomers under different condi-
tions of concentrations and heating rate. Sample sizes ranged from 7-15 mgs and they
were contained in small sealed aluminum caps. Values of Ea were calculated by the
method of Piloyan et al.4 Data are presented in Table I.

Again, the value found for styrene is normal whereas the other values are erroneously
high. For many catalyzed vinyl polymerizations, the rate of polymerization Rpis given

by:
RP = kp(fkd[I11/kt)Ih[M] (2)

where kp, k,i, and k t are rate constants for propagation, initiator decomposition and ter-
mination, respectively: [I] and [il/] are initiator and monomer concentrations; and/is a
measure of initiator efficiency. The overall activation energy is then

Ea= V.Ed+ Ep- V,Et @)

© 1970 by John Wiley & Sons, Inc.
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TABLE |
Overall E,, for Vinyl Polymerizations by IJTA
Heating
rate Fa kcal/mole
Monomer Concentration (°C/min) Obs. Lil.
Acrylyl- 20% in DMF 20 478 £ 105
glycinamide 0.1% benzoyl peroxide
20%. in DMF 20 473 * 8.7
0.2% AIBN*“ 10 318 + 34
20% in DMSO 20 57.3 4125
0.2% AIBN
20% in HD 20 448 + 10.5 15.8*
0.5% KXS20s
Bulk (solid) 20 Very high
Methacrylyl- 20% in DMF 20 339 + 31
glycinamide 0.1% benzoyl peroxide
20%, in DMSO 20 185 + 1.7
0.2%, AIBN
Acrylonitrile Bulk
0.1% benzoyl peroxide 1 70.8 £ 145
2.5 66.0 + 12.2
5 78 + 76
10 64.8 £+ 5.9
8.5% in DMF 10 339+ 26 17.0
0.034% AIBN 10 315+ 6.2t0 21.41
Vinyl acetate Bulk 10 130.2 + 10.0
0.1% benzoyl peroxide 10 252.6 + 34.7
10 190.0 + 355 19.79
5% in toluene
0.017% AIBN 10 (No exotherm)
Styrene Bulk
0.1% benzoyl peroxide 10 230+ 15
10 219+ 14 22.0®
10 235+ 1.2

“AIBN is azobisobutyronitrile.

Since E,i for many initiators (benzoyl peroxide, AIBN, KZ2 § etc.) is 30 +1 kcal/mole,
and (Ep — >/ZEj) can range from slightly negative valuesDup to about 7 kcal, values for
E a for initiated vinyl polymerizations will normally fall in the 15-22 kcal/mole range.
E afor acrylonitrile (Table I) was calculated from E,, and E, datallby eq. (3).

Vinyl polymerizations are radical chain reactions and they maintain this kinetic char-
acter regardless of dilution or other variations in reaction conditions. If under the condi-
tions selected, Rpis too fast, or the heat of polymerization, AH,, is at (he high end of the
AHprange, or both simultaneously exist, erroneous values of E,, will be observed as deter-
mined by DTA. Styrene fortuitously has only a moderatel2 AH,, of —16 kcal/mole and a
relatively low (kp/k,)"-ratiolland therefore DTA vyields a reasonable value for E,, un-
der almost all conditions. For many other monomers, the use of DTA for the measure-
ment of E ais worthless as can be seen from the data of Table I. Considerable dilution
of acrylylglycinamide and acrylonitrile still results in values of E awhich are much too
high. Vinylacetate with a high value2for AHVof —21.2 kcal/mole and a high (kp/ki)ZI-
ratiollyields an extremely high value for E,,, When the necessary drastic dilutions were
made in both monomer and catalyst, the polymerization failed to occur. Only nielli-
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acrylylglycinamide gave one value (18.5 kcal) which falls within the normal range of E,,
values. This is probably the result of an abnormally low AHp of only —6 keal/mole for
this very sterically hindered 1,1 disubstituted ethylene.13 If by DTA, for example, a
value of Eaof 22 keal/mole is obtained for a vinyl polymerization, conditions would still
have to be varied to be sure that the value is the experimentally observable minimum.
As shown by some recent publications,4DSC allows isothermal measurements of poly-
merization reaction rates from which Eacan be calculated. The difference results from
basic instrument designs. Whereas in DTA there is a built-in constant rate of tempera-
ture increase with time, with DSC the heat input is modulated so as to maintain the sam-
ple temperature constant. Consequently, for rapid exothermic reactions, DSC should
be the met hod of choice since it is less likely that the reaction exothermicity will contrib-
ute to its own rate of reaction.
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Synthesis of Polyamide from Bisanhydrides and Diamines

Polyamide is usually prepared by the polyeoudeusation of «-amino acid or diamine-
dicarboxylic acid. The reaction is carried out in the melt by healing the reactants
together above the melting point of the final polyamide, and driving the process to com-
pletion by removing the last traces of water. Polyamide can be also prepared at a rela-
tively low temperature by the interfacial or low-temperature solution polycondensation
which are related with the Schotten-Bauman reaction where acid chloride is used in place
of carboxylic acid.

Recently, it was found that the exchange reaction is an effective method for preparing
condensation polymers at low temperature. For instance, the exchange reactions (1)
and (2) are known12to be effective to prepare polyamide or polyester at room tempera-
ture:

R—COOC=CH2+ E'-SHs R—CONH—R' + CH;COCH3 (1)
CFT
CH2CH0II  CH2CH20H

! i
R—COOCHa + R'-NH R—CON—R' + CIROH 2)

Aromatic polyamides with a high molecular weight were obtained3at room tempera-
ture by the exchange reaction of imidazolide of carboxylic acid with aromatic diamines,
which is caused by the difference in basicity between imidazole and aromatic amine.

/=N Hd N =\
R—CON_j + R—NH2 —» R—CONH—R + j NHHCL 3)

Polyimide is prepared from bisanhydride and diamine and a soluble polyamide acid is
obtained at the first stage on the course of the reaction.

+ R—NH2 —>

— CONHR'

V J — COOH *oHD (&)
This reaction is the exchange reaction between anhydride and amine to form amide

and acid. Therefore, it is possibly expected to form polyamide from bisanhydride and

diamine through the exchange reaction (5).

RCO—O0—CO—R'—CO—0O—COR. + NH<—R"—NH?2
-f-CO—IT—CONH—R"—NH+ + 2RCOOIl (5)

It is expected in this reaction that the difference in dissociation constant of carboxylic
acids and the acid acceptor may play important roles on the formation of a high mo-
lecular weight polyamide, and the reaction conditions were investigated in this paper.

EXPERIMENTAL

Synthesis of Bisanhydrides

Bisanhydrides were synthesized by the reaction of dicarboxylic acid chloride with
sodium salt of monocarboxylic acid such as acetic acid or trichloroacetic acid in tetra-
hydrofuran. After evaporating tetrahydrofuran, the bisanhydrides were purified by
reprecipitation from tetrahydrofuran-re-hexane or by distillation in a high vacuum. The
yields, melting points and elementary analyses of bisanhydrides are as shown in Table 1.

© 1970 by John Wiley & Sons, Inc.
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TABLE |
RCO—0 —co—ir— - —FElementary analysis—--—m
CO—0O—COR Yield, Mp, ~—- Found--—-- ----- Caled-—- .
R R' ¥ °C C% H % ¢ % H %
ch3 —(CH28— 72 117-120 595 7.83 587 775
CCh —(CH2)8— 46 63-66 352 371 341  3.24
Cell;, —(CH28— 68 87-90 69.7 5.83 702  6.39
CM, __ oy _ 65 >220“ 585 4.60 57.6  4.03

““ Sublimes.

Polycondensalion

Interfacial polycondensation was carried out by dissolving diamine and acid acceptor
in water and bisanhydride in organic solvent, and by mixing two solutions at 20°C.
The polymers were filtered, washed with acetone, and dried. The inherent viscosity of
polymers was measured in concentrated sulfuric acid at 30°C.

Solution polycondensation was carried out in rV-methyl pyrrolidone or cyclohexanone
at room temperature by dissolving stoichiometric amount of the two monomers and acid
acceptor, and the solution was poured into water. The polymers were filtered and
washed with acetone.

RESULTS

Results of the interfacial polycondensation are summarized in Table 11, which indi-
cates that triethylamine is an effective acid acceptor although the yield and inherent
viscosity of polymers are poor.

Results of the solution polycondensation in N-methy Ipyrrolidone are shown in Table
11, where it is seen that among the monomer combinations of bisanhydride of sebacic
acid and diamines, trichloroacetic acid is an effective partner to yield polyamide. The
kind of diamine was not related to the yield or inherent viscosity of polyamide, while the
acid acceptor did have an influence on the polycondensation. No polymer was obtained
in cyclohexanone solution.  The infrared spectrum of polymers from sebacic acid showed
aspectrum characteristic of polyamide as shown in Figure 1

TABLE 11
Interfacial Polycondensation of Hexamethylenediamine with Acid Anhydride*
RCO—0O—CO—
(CHAS-
CO—0O—COR
R Acid acceptor Solvent Yield, % riinh, dl/gb

CH3 NaOH CHC13H,0 0 —
ch, EtN CHCu/H 20 46.0 0.05
CM, EtN THF/HD 40.0 0.05
CeH, NaOH CHCu3/H20 8.4 0.06
ch, ElN CHCu/H20 21.6 0.06
ct, Na,CO, CHCu3/H 20 28.7 0.10
cth. Imidazole CHCu/H 20 24.8 0.08

a Concn, 0.125 mole/1. at 20°C for 2 hr.
bIn H,S04at 30°C.
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Fig. 1 Infrared spectra of (— ) CHsCO—0—CO(CH28C0O—0—COCH3and (-—--)
polymer obtained from bisanhydride and hexamethylenediamine.

It was difficult to obtain polyamide with a high molecular weight in a quantitative
yield by the exchange reaction of bisanhydrides with diamines. The reason might be
attributed to the small difference in the dissociation constants among carboxylic acids
and the cross-amidation reaction might take place between dicarboxylic and mono-
carboxylic acids, which caused low yield and low molecular weight of polyamide in the
course of the polycondensation.
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Polybenzimidazole Containing Adamantane Units

Vogel and Marvellhave demonstrated the extreme thermal stability of polybenzimid-
azoles prepared by condensation of diesters with 3,3'-diaminobenzidine. If the esters
were derived from aliphatic acids such as adipic acid, the polymers decomposed at.
about, 470°C. Those polymers which were purely aromatic were stable to 590°C.

We have synthesized diphenyl adamantane-l,3-diearboxylate (I) and have used this

novel building block for preparation of a polybenzimidazole by reaction with 3,3'-
diaminobenzidine. Our reason for choosing the adamantane skeleton is its outstanding
stability resulting from astrain-free geometry.2

Figure 1shows the thermal gravimetric analysis of the new polybenzimidazole (I1).

As expected, the decomposition temperature of the adamantane-containing polymer
(540°C) was higher than that of other polybenzimidazoles with aliphatic linkages. The
new polymer, however, was not so stable as the wholly aromatic polybenzimidazoles
prepared by Vogel and Marvel.1

Experimental

TGA analysis was carried out on a Fisher Model 260-F thermal gravimetric analyzer
equipped with a Cahn electrobalance. DTA was carried out with a DuPont 900 differ-
ential thermal analyzer.

All melting points are uncorrected.

Diphenyl Adamantane-1,3-dicarboxylate. A solution of 1.8 g (0.0080 mole) of
adamantane-l,3-diearboxylic acid3in 150 ml of thionyl chloride was refluxed for 20 hr.
The resulting mixture was filtered to remove suspended solid and concentrated under
reduced pressure yielding 2.1 g (90%) of crude adamantane-1,3-dicarbonyl chloride, mp
80-83°C (rccu = 1780 cm-1). A sample of 2.0 g (0.0068 mole) of the diacid chloride
was ground together with 2.8 g (0.030 mole) of phenol. The liquid mixture was then
stirred in a nitrogen atmosphere at room temperature for 1 hr and at 100°C for 0.5 hr.
The product was dissolved in 80 ml of methylene chloride and washed twice with 75-ml
portions of 3% aqueous sodium hydroxide. The methylene chloride solution was dried
over magnesium sulfate and concentrated yielding 1.4 g (55%) of white crystalline di-
ester, mp 121-124°C. Infrared and NMR spectra were consistent with the proposed
structure (1). Heerystallization from methylene chloride-hexane gave an analytical
sample, mp 125-126°C.

Anal. Calcd for CAUI2W4 C, 76.57%; IT, 6.43%. Found: C, 76.87%; IT,
6.65%.

© 1970 by John Wiley & Sons, Inc.
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Fig. L Thermal gravimetric analysis of the polybenzimidazole II.

Preparation of the Polybenzimidazole. A finely pulverized mixture of 1.07 g (0.002S
mole) of the diester and 0.61 g (0.002S mole) of 3,3'-diaminobenzidine (recrystallized
twice from methanol) was placed in a 50 ml round-bottomed flask and purged for 1 hr
with nitrogen. The flask and contents were then heated at 290-310° for 2 hr, forming
an amber, glassy foam. This foam was crushed to a pale orange powder and was
heated at 290-310°C for 3 hr at 0.20 torr. The yield of polymer was 0.54 g (52%).
The inherent viscosity of the polymer was 0.19 (measured as a 0.5% solution in formic
acid at 30°C).

Anal. Calcd for CaH2N4: C, 78.69%; H, 6.01%; N, 15.30%. Found: C,
76.39%; H, 6.07%; N, 13.84%..

The polymer was also soluble in dimethyl sulfoxide and hot dimethylformamide but
was insoluble in all other common organic solvents. DTA analysis revealed no sig-
nificant. change up to 500°C; TGA showed decomposition at 540°C in a nitrogen
atmosphere.

Acknowledgment is made to the National Aeronautics and Space Administration
under which support was afforded one of us (A. L. S.) under multidisciplinary research
grant NsG-394.

We wish to thank Mr. Ronald D’Amelia (Adelphi) for the thermal gravimetric
analysis of the polymer, and Mr. Thomas P. Brady (Dow) for DTA data.
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Preparation of Polystyrene with Terminal Functional Groups

Introduction

The unusual and useful properties of block copolymers are now widely recognized;
one may mention the styrene-butadiene-styrene nonvulcanized elastomer and spandex
elastomeric fibers as striking examples of the unique character of block copolymers.

In this paper we report a new approach to the preparation of vinyl polymers with
reactive functional groups which may be coupled to form blocks.

Results and Discussion

In order to prepare vinyl polymers or copolymers containing reactive functional
groups, styrene was copolymerized with vinylene carbonate,1followed by methanolysis
of the copolymer(l) to the I,2-glycol(ll) and cleavage with periodate. This polymer
has been prepared earlier by Judge and Priceland by Hayashi and Smets.2

;ZH— C\H— (CH2— CH),— CH—CH

V 0

0

NaOMe
NaOH
THF

CK—CH— (CH*— CHV—CH—CH-

11 L
OH OH cH5 OH OH

Il
' fflO,, KMnO,
HQ

0
;c—(ch2—ch),—cr 'c —(ch2—ch),— c—oh
H | ~AH HOx |
cthb cthb
HI v

Poly (sty rene-co-vinvlene carbonate), I, was prepared in bulk with the use of azobisiso-
butyronitrile as initiator. The copolymer composition was determined by elemental
analysis and quantitative infrared spectroscopy. Homopolymer mixtures of known
composition were used to prepare a calibration curve by utilizing the 1800 cm*1absorp-
tion due to carbonyl stretching and phenyl deformation and the 1946 cm-1 band due to
phenyl deformation only. Results are presented in Table I.

Although copolymer | is not hydrolyzed at any appreciable rate in heterogeneous
systems consisting of sodium hydroxide in aqueous dioxane or sodium methoxide at
room temperature, methanolysis did occur with sodium methoxide in a tetrahydrofuran-
methanol solution to yield the copolymer of styrene and vinylene glycol (I1). The con-
tribution to the 1800 cm*“1band in the infrared spectrum of 11 due to the carbonate had
largely disappeared.

Copolymer Il was then cleaved by periodic acid in THF to yield polystyrene termi-
nated by aldehyde groups (I11); alternatively, cleavage by periodic acid and potassium
permanganate yielded polystyrene terminated by carboxylic acid endgroups. The fact

© 1970 bv John Wiley & Sons, Inc.
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TABLE |
Intrinsic Viscosities, Number-Average Molecular Weight, and Composition of Styrene-
Vinvlene Carbonate Copolymers and Their Products

Copolymer |
Vinylene
carbonate,
mole-%
; Copolymer Copolymer  Copolymer
By eie- iJ m Ry
mentary By = -------meeeeeee-

Run [ Mn analysis IR M Mn M Mn M Mn

A 0.47 64,000 15 1.4 043 56,400 0.26 27,900
B 0.92 164,000 2.4 2.8 0.90 159,000 0.20 19,400 o.11 8,300
C 0.47 64,000 4.9 0.13 10,500

that cleavage occurred is shown very clearly by the drop in intrinsic viscosity and by the
appearance of weak carbonyl bands in the infrared.

Number-average molecular weights have been calculated from intrinsic viscosities
by using a relationship found by Gregg and Mayo.3 Although the Gregg-Mayo equa-
tion would not be expected to be quantitative in our case, one can get a qualitative idea
of the degree of cleavage from Table I.

A simple calculation reveals that the decrease in molecular weight, after hydrolysis and
cleavage of copolymer 1 is less than what one would expect on the basis of the vinylene
carbonate content. This may be due to incomplete hydrolysis of the carbonate, to
incomplete cleavage of the glycol or both. It is not necessary, however, that all vinylene
carbonate linkages cleave in order to obtain a polymer terminated with functional
groups at each end.

Experimental

Vinylene Carbonate. Chloroethylene carbonate4 was pyrolyzed according to the
procedure of Johnson and Patton.5 Physical properties and spectra were in accord with
the previously reported information. The compound was distilled from sodium boro-
hydride prior to Use.

Determination of Copolymer Composition. Films containing homopolymer mixtures
of polystyrene and poly(vinylene carbonate) of known content were used to determine
the composition of the copolymers of styrene and vinylene carbonate (1A, B, and C).
Solutions of 13% polymer concentration in 73% carbon tetrachloride and 14% dimethyl-
formamide were used to deposit films on a metal gauze. Upon drying, infrared spectra
were obtained from the films. The area of the absorption at 1946 cm-1, phenyl com-
bination band, was used to standardize the area at 1800 cm% which consists of an over-
lap of phenyl overtone and carbonyl carbonate stretching bands.

Poly(styrene-co-Vinylene Carbonate) (IA). A solution of styrene (23.4 g, 0.225
mole), vinylene carbonate (7.21 g, 0.0838 mole), and azobisisobutyronitrile (0.155 g,
0.944 mmole) was degassed by freeze-thawing and heated under a nitrogen atmosphere
at 60 + 2°C for 17.5 hr. The resulting polymer was reprecipitated twice from benzene
into methanol (19.2 g, 62.8%) and freeze-dried from benzene.

Anal. Found: C, 91.65%; H, 7.68%; O (by difference), 0.67%. The infrared
(film) spectrum was nearly identical to that of polystyrene except for a larger peak at
1800 cm-1 due to overlap of carbonyl carbonate absorption with a polystyrene band.

Poly(styrene-co-Vinylene Carbonate) (IB). A solution of styrene (13.0 g, 0.0833
mole), vinylene carbonate (21.5 g, 0.250 mole), and azobisisobutyronitrile (5.47 mg.
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0.0333 mmole) was polymerized for 4 days at 60 + 2°C. After 28 hr, styrene (5.0 g,
0.048 mole) and initiator (0.0031 g, 0.019 mmole) were added. After 2 hr of polymer-
ization, a second liquid phase formed. At the end of the polymerization period, the
upper phase was very viscous and tacky, while the lower phase was a fluid material.
The lower phase upon pouring into methanol yielded only a small amount of precipitate
and was discarded. The upper layer was worked up in the same manner as IA. The
yield was 4.7 g (13.6% based on initial feed) of polymer; [jj 0,92, benzene, 25.00 +
0.05°.

Anal. Found: C, 91.27%; H, 7.61%; O, 1.12% (by difference).

Poly(styrene-cc-Vinylene Carbonate) (IC). A solution of styrene (27.5 g, 0.320 mole)
viuylene carbonate (8.33 g, 0.0800 mole), azobisisobutyronitrile (3.28 mg, 0.0200 mmole),
in 8 ml of benzene was polymerized at 60°C for 22 days; styrene (2.0 g, 19 mmole) was
added after 2, 4, 11, 15, and 19 days. Initiator (3.30 mg, 0.0201 mmole), and (1.00 mg,
0.00609 mmole) was added after 4 and 15 days, respectively. An additional 10 ml of
benzene was added after four days to redissolve a second phase which appeared after
3 days. The product was worked up as previously described to yield 3.9 g of polymer;
rm 0.47 + 0.01 (benzene, 25.00 + 0.05°C).

Poly(styrene-co-Vinylene Glycol) (I11A). A solution of 2.0 g (IA) and sodium (1 g,
0.04 mole), 10 ml of methanol, and 100 ml of tetrahydrofuran was stirred for three days.
The polymer (1.8 g, 90%, m 0.43 + 0.01) was purified in the same manner as (1A).
The infrared spectrum (film) indicated no measurable carbonyl carbonate band.

Poly(styrene-co-Vinylene Glycol) (11B). A solution of 1.0 g of (IB) and 0.2 g of
sodium in 3 ml of methanol and 20 ml of THF was stirred for 2 days. After work-up,
1.0 g (100%) of polymer was obtained, 7 0.90 + 0.02, benzene, 25.00 + 0.05.

Poly(styrene-co-Vinylene Glycol) (I11C). This material was prepared in an analogous
manner to 11B. The infrared (film) was nearly identical to polystyrene except for a
slight hydroxyl absorption at 3580 cm-1.

Preparation of Aldehyde-Terminated Polystyrene (I11A). A slurry of 11A (1.5 g),
periodic acid (1.0 g, 4.4 mmole), and 8 ml of THF was stirred for 18 days at room tem-
perature under nitrogen. A solution of periodic acid (0.5 g, 2 mmole) and 4 ml of THF
was added after three days. The color of the THF solution changed from colorless to
pale red-brown, and increasing amounts of white, insoluble materials (n103 ?) were
formed. The precipitate was soluble in water. The solution was filtered and the
polymer purified in the usual manner. A total of 1.5 g (100%) of polymer which slowly
turns pale pink on standing was obtained: [ 0.265 £ 0.002, 25.00 + 0.05°C.

Preparation of Aldehyde-Terminated Polystyrene (I111B). A solution of 11B (0.9 g),
periodic acid (1.0 g, 4.4 mmole), and 20 ml of THF was stirred for 3 days and treated in
an analogous manner to 111A: 7 0.200 = 0.005, benzene, 25.00 + 0.05°C.

Preparation of Aldehyde-Terminated Polystyrene (I11C). This was prepared in an
analogous manner to I11A from IIC; [ 0.13 £ 0.02, benzene, 25.00 + 0.05°C.

Preparation of Carboxyl-Terminated Polystyrene (IVB). A total of 0.3 g of 1B,
0.3 g (1 mmole) of periodic acid, 0.3 g (2 mmole) of potassium permanganate (insoluble
in THF), 50 ml of THF, and sufficient water (ca. 0.2 ml) to cause a slight pink-gray
coloration was stirred for 25 days. The polymer was precipitated in a 4iV hydrochloric
acid solution, washed twice with a mixture of 30 ml of methanol and 10 ml of concen-
trated hydrochloric acid, washed with methanol, and vacuum dried. A white polymer,
0.3 g (100%), was obtained; [m 0.11, benzene, 25.10 £ 0.05°C. The infrared spectrum
showed a carbonyl band at 1720 cm-1 which was of the same intensity as the 1800 cm-1
band.
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of Ipolysulfide polymers, 3259
polypropylene, 1269
Degrfg%ion, photo, of polypropylene,

Degradation, thermal,
and acidic of poly-1,3-dioxolane, 2375
carborane containing polymers, 111
epoxy novolac, 593
of polyvinyl chloride, 1596
polypropylene, 961
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polyquinoxalines, 1107
poly-p-xylylene, 2517
polytvinyl chloride), 37
polyvinyl chloride, 1887
PVC and MS stud?/, 1887
styrene-acrylonitrile, 139
styrene-acrylonitrile, 2653
styrene-acrylonitrile, 2665
styrene-acrylonitrile, 2679
Dehydrochlorination, thermal, 1201
Depolymerization,
nylon s, 1261
of polysulfides, 325!)
of sulfur, 1587
Depropagation, within copolymerization,
699, 1675, 1687
Detergent nonionic, 991
Dialkylaluminum acetylacetonate 1601
Iliallyl compounds, 7
Diallyl ether, 1557
Diallyl succinate polymer,
crosslinked, 3009
DlaIIyIcyanamlde 2091
Diazonium salts, in polycarboxylic
resins, 1481
Dibenzazepine polymers, 3285
Diborane, for reduction of
polycarbonates, 1414
1.1- Dichloro-2-viny(cyclopropane,
617, 739
Diels-Alder polymers, 2245
1,3-Dienes, crosslinks in emulsion
polymerization, 2989
Diethyl succinylsuccinate, 2563
Dihydrocivetone, 15
Dimethyl sulfoxide,
polymerization of amino acids in, 1851
solvent in vinyl polymerization, 1493
Dimethyldivinylsilane, 523
1.2- Dimethyleneoct afluoroeyclohexane,
2061
Dimethylstannyl dimethacrylate, 2021
1.2- Dinitrile polymers, number average
molecular weight, 2049
Disordered systems, 1731
Divinyl monomers, 2807
Diphenylsulfone-potassium complexes,

Dioxane hydroperoxide, 2957
?»,p-Divinylbenzene, 792
1,1"-Divinylferrocene, 2853
Donor polymers, 2747
Electrochemical polymerization, 225
controlled molecular weight distri-
bution, 1055
Electroinitiated, 3339
Electron beam, copolymerlzatlon 179
Emulsion polymerlzatlon
mass transfer at interface, 3045
molecular weight, 2733
morpholo?y 2617
number of crosslinks in 1,3-dienes, 2989
Endgroup analysis, 917
Episulfides, 2579
Epoxides,
crosslinking in, 2595
curing with amines, 1357
dialkylaluminum acetylacetonate 1601
Epoxy novolac, degradation, 593
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Epoxy plasticizer, 2905
ESR study, 2309
butadiene with tri(acetylacetonato)-
titanium and AlEtn, 2543
re-butyl titanate-triethylaluminum, 147
dehydrochlorination, 1201
grafting on preirradiated poly-
propylene, 1831
nitroethylene, 495
on polymer fracture, 237
poly-3,3-bis(chloromethyl)oxe!ane, 583
polycarbonate, 651
polymerization of dienes, 2393
redox polymerization, 77
of vinyl esters, 77
Ethyl acrylate, solvent transfer, 3079
Ethf\;lene,
otopolymerization, 3295
radlation induced polymerization,
3303
Et hylene copolymers, melting behavior,
1623

Ethylene polymerization, 2637
chain transfer, 1513, 1535, 1543, 1549
Ethylene-vinyl acetate copolymer,
2555

Excited monomer, in y-ray induced
polymerization of ethylene, 3303
Fe(l1T)-thiourea, Kinetics with, 67
Ferric ion-hydrogen peroxide, 641
Ferri2(:7r21&11phthenate-triisobutylalumhium,

Ferrocene-containing polymers, 2853
Filler, 813, 835
Fluorescent, 2219
Fluorocarbon elastomers, 1091
Formaldehyde-p-hydroxybenzoic
acid polymers, 1299
Fracture, ESR study, 237
Gas-chromatography, pyrolysis, 139
Gel permeation, 3575
Gel systems, 1213, 1725
thermal reversible, 1131, 3405
Gelatin solution, 1793
Glass transformation temperatures, 2339
Glucose, oxidation, 301
GPC,
cellulose, 25
effect of nitration, 25
y-ray polymerlzatlon of styrene, 49
GPC analysis, benzo-substituted
aromatics, 1165
GPC study, of pulp cellulose acetate,
2935

Graft copolymerization, 693

anionic, 1343

of phenyl glycidyl ether, 1343

methyl-methacrylate, 641

ESR-study, 1831

styrene on polypropylene, 1831

of maleimide, 1227

of jV- vmylcarbazole on poly(vinyl
chloride), 777

on cellulose, 1069

on polyamide 6, 2491

with carbon suboxide, 2491

on polyethylene with carbon
suboxide, 2501

on poly(vinyl alcohol), 641
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on wool, 917
of poly(methyl methacrylate), 917
y-ray and ultraviolet, 1227

Graf:t3 5c%)olymers, radiation-induced,

Grafting, within the temperature range
of glass transition, 693

Grafting on polyethylene, effect of
swelling, 3329

Halatopolymers, 2231

Helix formation, in gelatin solutions, 1793

3,3,4,4,5,5,5-Heptafluoropentene-I,
2441

Heterogeneous polymerization, 1013
p-Hydroxybenzoie acid-formaldehyde
polymers, 1299
Hydroxyl-catalyst complex, 2883
Initiation,
by cyclic amines, 2161
by diphenylsulfone-potassium, 2827
Initiator,
Fe(l11) thiourea, 67
ketone-zinc chloride, 15
metallic ion-hydrogen peroxide, 1069
poly-2-vinylpyridine, 387
Initiator system, metal containing, 785
Interfacial syntheses, of polyphosphonate
and polyphosphate esters, 163
Interfacial technigue,
for organometallic polymers,
3051, 3367
organometallic polymers, 973
lon-exchange membranes, 2949
lonic polymerization, general theory, 95
Irradiation, of terephthalophenone,
2103
IR-study, poly(vinyl formal), 1693
Isobutyl vinyl ether, 2775, 3311
Isobutylene oxide, 2971
Isocyanate-catalyst complex, 2883
Isocyanate structure, 1923
Isomerization,
of double bond, 2689
olefin, 3503
Isomorphous replacement, 3533
Kinetics,
diallyl esters, 751
heterogeneous polymerization, 1013
of terpolvmers on triangular coordinates,
1373
Ketone-zinc chloride, initiator, 15
Ladder polymers, 2079
hydrocarbon aromatics, 2245
Latices, 399, 407
Lead salt, as stabilizer, 2631
Lewis acids, 215
Lewis acid complexes, 463
Linear pol¥mers,
viscous flow of, 3417
structure of, 3417
Line-intersection method, for configura-
tional parameters, 1191
Long range order, 1731
Maleimide, for vapor phase grafting,
1227
Mass spectral, divimdbenzene, 792
Membrane potential, 2949
Mercaptides, 3391
Metal-alkyl halide system, as initiator,
785

INDEX

Metal coordination polymers, molecular
\ivsgé%hts of Be-phosphiuate polymers,

Methyl azelaaldehyde glycerol acetal, 429
Methyl methacrylate,
by azobisisobutyramidine, 3019
by charge-transfer complex, 387
Lewis acid complexes, 2407
with Co(ll) or (I111) acetylacetonate-
tert-butyl hydroperoxide, 2957
Methacrylonitrile,
stereospecific, 2383
stereosFecific polymerization, 377, 1901
Methallylic compounds, 2535
3-Methylbutene-1, 3359
Methoxo-/3-diketone nickel chelates, 1981
1-Methylcyclopropeue, 2009
Methylindene, 2867
a-Methylstyrene oxide, 577
Microgel, 1306
Mobility of ring structure, 3009
Molecular weight, of Nylon 6, 3649
Molecular weight distribution,
controlled by electrochemical
polymerization, 1055
in solid state polymerization, 483
polyacrylamide, 1785
Monolayers, 2807
Nadic methyl anhydride, 593
Neocarboranedicarboxylic dichloride, 2351
Nickel catalysts, in butadiene-1,4-poly-
merization, 979
Nitroethylene, 495
Nitrogen dioxide, for chain scission, 711
Nitrophthalic acid, 2747
NMR spectrum, of polyfpropene sul-
fones), 3373
NMR-study,
acryg%nitrile-methyl methacrylate,

high resolution of poly (vinyl formal),
3

molecular weight of 1,2-dinitrile poly-
mers, 2049
polyvinyl chloride, 801
vinyl chloride by ¢-butyl magnesium
chloride, 1099
Nylon 6, 3533
anionically, 515
properties, 515
decarboxylation, 3265
depolymerization, 1261
désamination, 3265
molecular weight of, 3649
Nylon 66, 3089
Octylammonium thiocyanate, 263
Olefin oxides, 2339
Olefin sulfides, 2339
Oligobenzyls, linear, 2453
Optical activity, 929
copolymers with iV-bornylmaleimide,

of poly[(U)propylene oxide], 1589

of \eina(su)lgoxi% copolyme]rs, 2293
Organoaluminum compounds, 3563
Organometallic polymers, 973, 3051, 3367
Oxidation coupling, 1427
Oxidation, polypropylene, 1077
Particle growth theory, 1037
Perfluoro(methyl vinyl ether), 1091



SUBJECT INDEX

Phenothiazine polymers, 3285

Phenyl glycidyl ether, anionic, 2595

0-Pinene, 727

Photochromie polypeptides, 2361

Photocycloaddition, 1939

Photodegradation, of polypropylene, 1279

Photolytic coupling, of aromatic diketones,
1987

Photooxidation, 3163
Photopolymerization,
four center type, 2151
in presence of group IV elements, 273
singlet-triplet transition in ethylene,

Photosensitization, 1022
by uranyl ions, 3429
Phthalaldehyde isomers, cationic co-
polymerization, 1323
Polyacetylenes, 1022
Polyacrylamide, molecular weight dis-
tribution, 1785
Polyacrylonitrile, by hydrogen abstrac-
tion, 797
Polyamide synthesis, 3659
Polyamide, 2611
Polyamide esters, ordered, 3135
Polyamide imides, 683
Polyamide 6, grafting, 2491
Polyamides,
dissymmetric, 2275
from neocarboranedicarboxylic di-
chloride, 2351
thermal degradation of, 3511
Polybenzimidazole, 3663
Polybenzimidazoquinazolines, 2265
Polybenzopinacols, 1987
Poly(beuzoxazole amides), ordered, 1955
Polybenzyls, linear, 2453
Polybutadiene, oxidation, 3163
Polycarbonates, 651
reduction of pendent ester groups, 1419
Polycarboxylic resins, diazonium salt
derivatives, 1481
Polycondensation,
benzyl chloride, 2475
(tV-hydroxyalkyl)amine with carboxylic
acid ester, 277
Polydienes, 1993
Polydihydrobenzothiazine, 63
Polyelectrolyte, sodium amylopeetin xan-
thate, 1713
Poly(ester acetals), 415, 429
Polyester fumarate, curing, 2839
Polyesterification, calculation of rate, 2861
Polyesters, from neocarboranedicarboxylic
dichloride, 2351
Polyethylene, 3529
branched, 1623
chain twisting, 289
double-bond isomerization and hydro-
genation, 2689
from 3-methvlbutene-I, 3359
grafting, 2501
7-ray induced polymerization, 451
Polyethylene glycol, block copolymers,
2171

Poly(ethylene oxide), radiation chemistry
of, 253
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Polyethylene terephthalate, diethylene
glycol, as side reaction, 679
Polyfethylene terephthalate), post-irradia-
tion reactions, 2703
Polyimidazoles, 3189
Polyiminobenzothiazoles, 563
Polyisoprene, rubber extension, 1503
Poly (heterocyclic imides), alternating
units, 2197
Polyhydrazides, 2429
Polymer network, theory, 813, 835
Polymer solutions, excluded volume
effects, 861
Polymerization,
anionic, 533, 3391, 3651
autoacceleration, 1313
addition, 3655
by differential thermal analysis, 3655
by hydrogen abstraction, 797
by oxidation coupling, 1427
emulsion, 3605
electrochemical, 1055
of caprolactam, 335, 351
of 3,3,4,4,5,5,5-heptafluoropentene-l,
3483
of vinyl acetate, 3605
radiation induced, 1657, 3061, 3483
radical, 1313, 1813
termination, 1813
ling-opening, 3589
Polymers,
containing anthraquinoue units,
3177, 3189, 3199, 3211, 3225, 3235
1,2-dinitrile, 2049
from 1,4-diaza[2.2.2] bicyclooctane,
3495

precipitation of nonionic, 263
Poly-3,3-bis(chloromethyl)oxetane, 583
PolyOV-bornyl maleimide), optically

active, 929
Poly(«s-1 ,4-irans-l,4)butadiene, 1993
Poly-2-chloromethylbutadiene, 2123
Poly-1,3-dioxolane, 2375
Polv(2,6-diphenyl-l,4-phenylene ether),
' 1427

Poly (4,4'-dipiperidyl Jamides, 1841
Poly-1V-isopropylhydrazide oxadiazoles,
' 2429

Poly (methacrylate),

2-aminoethyl, 783

stereoblock, 1289
Poly (methacrylie acids), stereoregular, 319
Polyolefins, reactions with Lewis acids, 215
Polyoxazolidones, 2759
Poly-2-oxazolidones, 609
Polyphosphonate esters, 163
Poly(propene sulfone), 8373
Polypropylene,

isotactic, 961

degradation, 961

grafting with styrene, 1831

oxidation, 1077

photodegradation, 1279

process degradation, 1269
Poly-iV,iV'-polymethyleuebisdiehloro-

maleimides, 1939

Poly[(R)-propylene oxide], 1589
Polypeptides, photochromie, 2361
Polypivalolactone, 2161
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Polypyrrolones, 3189, 3225

Polyquinoxalines, de?radat_ion,_ 1107

Polysilylalkylene(arylene)diamines,
3051

Polystyrene, 3667
Poly (sty renesulfonic acid), stereoregular,
909

Polysulfide polymers, depolymerization,
3259

Polysulfones, 1915
Polytriazolines, 1003
Polygtris(diorganophosphinato)-alanes], 1
Polyftin esters). 3367
Polyurethane, thermal analysis, 1923
Poly(vinyl acetate), 407
Poly(vinyl acetate) latices, 399
Polytvinyl alcohol), reaction with form-
aldehyde, 1647
Poly-A"-vinylcarbazole, 483
Polytvinyl chloride), 777
branching in, 1239
ESR spectroscopy, 1201
in presence of second polymer, 1596
mechanism of chlorination, 3123
of resin and plastisols, 1887
processability, 1949
pyrolysis, 1887
radiolysis of, 209
stabilization by lead salts, 2631
thermal degradation, 37, 1596
thermal stabilization, 2905
Polytvinyl chloride)-/3,d-d2 NMR study,
801

Polyvinyleyclopropane, 359

Polytvinyl formal), 1693

Poly(vinylidene chloride), ESR-spectros-
copy, 1201

Poly-2-vinylpyridine liquid sulfur dioxide,
387

Poly-p-xylylene, 2517
Poly-p-xylylene-ra-carborane, 943
Postpolymerization, radiation induced,

Precipitation, 263

Process degradation of polypropylene,
1269

Propa?ation, steric course, 665

Propylene polymerization, TiCh-
AL(C2H.0CL, 2717

Pyropolymers, sorption behavior, 771

Pyrrolidine derivatives, 2091

Quinone copolymerization, with vinyl
monomers, 1385

Quingf%ine-phenylated imide copolymers,

Radiolysis, polytvinyl chloride), 209

Radiation, of polyethylene oxide, 253

Itadiation-induced polymerization, mo-
lecular weight-distribution of poly-
styrene, 49

7-Radiation induced polymerization,
ethylene, 451

Reactivity indices, in copolymerization,

Reactivity ratio, 3113
determination technique, 2713
charge-transfer model, 901
electronegativity model, 885
mathematical models, 1863

Redox polymerization, vinyl esters, 77
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Redox system, pinacol-ceric ion, 2725
Reduction, of polycarbonate ester groups,
1419

Ring,
eleven membered, 3009
effect on properties, 3009
Rubber extension, 1503
Silarylene-1,3,4-oxadiazole polymers, 869
Silk fibroin, 2791
Siloxanes, 2509
Singlet oxygen, 3163
Singlet-triplet transition, 3295
Sodium amylopectin xanthate, 1713
Sodium 2-sulfoethyl methacrylate, 1813
Styrene oxide, 2791
Solid state,
photopolymerization, 2151
a,cc'-dicyano-j)-benzenediacrylic acid,
2151 °

Solid-state polymerization, 483, 3061
Solubility parameters, 3039
Solution polymerization, of styrene, 1657
Sorption behavior, pyropolymers, 771
Spiro polymers, 2109
Spirobenzothiazoline polymers, 63
Stabilization of polytvinyl chloride), 2905
Starch xanthate, 1637
Statistical study, in condensation poly-
merization, 1871
Stereoblock polymethyl acrylate, 1289
Stereoregularity,
in polyvinyl alcohol, 1647
of poly [(R)-propylene oxide], 1589
Stereospecific polymerization,
isobutyl vinyl ether, 2775, 3311
methacrylonitrile, 377, 1901, 2383
Styrene, 3529
Styrene-Acrylonitrile, characterization
by pyrolysis-GC, 139
Styrene-methyl acrylate, 3461
Styrene-methyl methacrylate, 3461
Substituent effects, 3155
Substituent effects, in copolymerization,
1777
Sulfonium derivatives of butadiene, 2123
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Swelgggé effect on grafting polyethylene,

Telomerization, 2255
Tensile behavior, of acrylic copolymers,

Terephthalophenoue, irradiation of, 2103
Termination rate constant, 1813
Terpolymers, kinetics on triangular co-
ordinates, 1373
Tetraamino diquinoxalpyrene, 2079
1,2,5,6-Tetraaminoanthraquinone, 3177,
3189, 3211
Tetrachloroquinoxaline, 3211
Tetrafiuoroethylene, 1091, 2441
Tetraoxane, 505
ESR-study, 2309
Thermal degradation,
polyamides, 3511
aromatic polyamides, 351 |
Thermal rearrangement, 63
Thermal stability,
earborane containing polymers, 111
silarylene-1,3,4-oxadiazole, 869
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Thioacetone, 2187
Thiobenzophenone, alkali-metal com-
plexes, 125
TiCl-AlfCsHslaCl, propylene, 2717
Torsion pendulum, 329
Torsional stiffness, of polymer chain,
1737
Transfer reaction, in ethyl acrylate poly-
merization, 3079
Trifluoroaeetaldehyde, 2923
Trimethylstannyl methacrylate, 2021
Trioxane, 3061
equilibrium concentration, 157
Tris(acetylacetonato)titanium, 2543
Uniform site theory, 1025
Vapor-phase method, in grafting, 1227
Vin%/I acetate,
effect of preformed latex, 407
monomer effect on particle size, 399
A'-vinylcarbazole, 3349
with organic halides, 7X9
Vinyl chloride,
cationic polymerization, 2325
low molecular weight polyesters, 1247
copolymers, 1247

N.MR study of low molecular weight
compounds, 1099

polymerization by alkyllithium, 1525

with AIEt3CuCI-CCI4 3033
4-Vinylcyclohexene, 2421
Vinylidene chloride, cationic polymeriza-

tion, 2325

Vinyl polymerization,
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role of DMSO, 1493

with salts of bronsted acids, 1571
4-Vinylpyridine,

electrochemical polymerization, 225

with organic halides, 789
Vinyl sulfoxide copolymer, optically ac-

tive, 2293

A-vinylthiopyrrolidinone, 2073
Viscoelastic torsion pendulum, 329
a,a'-Xylylene diallyl ethers, 1557
Ziegler catalyst,

particle growth theory, 1037

uniform site theory, 1025
Ziegler-Natta polymerization, of 3-methyl-

butene-1, 3359



Board of Editors:

journal of Polymer Science

PART A-1: POLYMER CHEMISTRY

H. MARK . C. G. OVERBERGER + T. G FOX

Volume 8,1970

Advisory Editors: R. M. FUOSS « J. J. HERMANS . H. W. MELVILLE + G. SMETS

Editor: C. G. OVERBERGER « Associate Editor:

Advisory Board:

T-alfbey, jb.
Midland, Mich.

W. J. Bailey

Baltimore, Md.

D.S. Ballantinio
W ashington, D. C.

M. B. Bihenbaum
Trenton, N. J.

F. A. Bovey
Murray Hill, iV. J.

J. W. Bbeitenbach
Wien

W. J. Buritant

Dearborn, Mich.

G. B. Butler
Gainesville, Fla.

S.Bywater
Ottawa

T. W. Campbell

W aynesboro, Va.

W. L. Garrick
Bound Brook, N. J.

H. W. Coover, Jr.
Kingsport, Term.

F. D anusso
M ilano

F. R. Eirich
Brooklyn, N. Y.

E. M. Fettes
Monroeville, Pa.

N. D. Fietd

Easton, Pa.

F. C. Foster
Rolling Meadows, IIl.

H N. Friedrander
Durham, N. C.

K. C. Frisch

Wyandotte, Mich.

N. G. Gaylord

New Providence, N. J.

W. E. Gibbs

Dayton, Ohio

A. R. Gilbert

Schenectady, N. Y.

J. E. Guillet

Toronto

H. C. Haas

Cambridge, Mass.

J. P. Kennedy
Linden, N. J.

W. Kern

Mainz

J. Lal

Akron, Ohio

R. W. Lenz

Amherst, Mass.

C. S. Marvel

Tucson, Ariz.

F. R. Mayo

Menlo Park, Calif.

R. B. Mesrobian
Chicago, IlI.

Il. Morawetz
Brooklyn, N. Y.

M. Morton
Akron, Ohio

S. Murahashi
Osaka

G. Natta

Milano

K. F. O’Driscoll

VUlanova, Pa.

E. M. PEARCE

S. Okamura
Kyoto

P. Pino

Pisa

C. C. Price
Philadelphia, Pa.
B. RAnby
Stockholm

J. H. Saunders
New Martensville, West Va.
C. Schuerch
Syracuse, N. Y.
W. H. Sharkey
W ilmington, Del.
W. R. Sorenson
Ponca City, Okla.
V. T. Stannett
Raleigh, N. C.

J. K. Stille
loioa City, lowa
M. Szwarc
Syracuse, N. Y.

A. V. Tobolsky

Princeton, N. J.

E. J. Vandenberg
W ilmington, Del.

L. A. Wall

W ashington, D. C.

F. X. Werber

Garfield, N. J.

0. Wichterle

Prague

F. . Winslow
Murray Hill, N. J.
M. WISMER

Springdale, Pa.

E. A Yoitngman

Emeryville, Calif.

INTERSCIENCE PUBLISHERS

Copyright © 1970, by John Wiley & Sons, Inc



Statement of ownership, management. and circulation (Act of October 23, 1002: Section 4369, Title 39
United States Code)

Date of filing: October 12, 1970
Title of Publication: Journal of Polymer Science

Frequency of issue: monthly
Iigoc‘?ztion of known office of publication: 20th and Northampton Streets, Easton, Pennsylvania

(S A

Location of headquarters of general business offices of publisher: 605 Third Avenue, New York,
New York 10016

6. The names and addresses of publisher, editor, and managing editor:
Publisher: John Wiley & Sons, Inc., 605 Third Avenue, New York, New York 10016
Editor: Herman Mark, Polytechnic Institute of Brooklyn, 333 Jay Street, Brooklyn, New York
11201, C. G. Overberger, Univ. of Michigan, Ann Arbor, Mich., and T. G Fox, Mellon Institute,
Pittsburgh, Pennsylvania 15213
Managing Editor: None

7. Owner: John Wiley & Sons, Inc., 605 Third Avenue, New Y'ork, New York 10016

The following is a list of stockholders owning or holding 1% or more of John Wiley and Sons, Inc. stock
as of August 31, 1970: . . .

Cynthia W. Darby, Box 651, Bridgehampton, New York 11932; John P. Gilbert, Executive of Estate
of Julia Wiley Gilbert, c/o Wells Fargo Bank, Trust Division 37165, P. 0. Box 3820, San Francisco,
California 94120; Edward P. Hamilton, 605 Third Avenue, New York, New York 10016; W. Bradford
Wiley & Francis Lobdell, Trustees Elizabeth W. Hamilton Trust, 605 Third Avenue, New York, New
York 10016; Edward P. Hamilton, Trustee under will of Elizabeth Wiley Hamilton, c/o Gifford, Woody
Carter &Hayes 1 Wall Street, New York, New York 10005; I. M. Kolthoff, Unlversny of Mlnnesota
School of Chemistry, Mlnneapolls Minnesota; Charlotte Levmger Executive of Estate of Willy Lev-
inger, 336 Central Park West, New York, New York; Eric S. Proskauer & Charles H. Lieb, Trustees
u/a by Jenny R. Proskauer, 220 Central Park South, New York, New York 10019; Francis Lobdell it
William J. Seawright, Trustees f/b/o Deborah Elizabeth W|Iey, c/o John Wlley & Sons, Inc.. 605
Third Avenue, New York, New York; Cynthia W. Darby & Julia Gilbert, Trustees under will of Kate
R. Q. Wiley, clo Gifford, Woody Carter & Hays, 1 Wall Street, New Y'ork, New York; Francis Lobdell
& WilliamJ. Seawright, Trustees f/b/o Peter Booth Wiley, c/o John Wlley & Sons, Inc., 605 Third
Avenue, New York, New Y'ork; Francis Lobdell & William J. Seawright, Trustees f/b/o William Brad-
ford Wlley I, c/o John Wlley & Sons, Inc., 605 Third Avenue, New York ,New Y'ork; Edward P.
Hamilton & Cynthla Wiley Darby, Trustees under will of William 0. Wlley clo Gifford, Woody,
Carter & Hays, 1 Wall Street, New Y'ork, New Y'ork; Adele E. Windheim, 8 Dundee Roa_d, Lareh-
mont, New Y'ork; Cudd & Company, 1 Chase Manhattan Plaza, New York, New Y'ork; Dif & Com-
pany, P. O. Box 1447, 135 Devonshire Street, Boston, Massachusetts; W. Bradford Wiley & E. P.
Hamilton, Trustees for Edward P. Hamilton Foundation, c/o John Wlley & Sons, Inc., 605 Third
Avenue, New Y'ork, New Y'ork: Pitt & Company, P. O. Box 2444, Church Street Station, New Y'ork,
New Y'ork; Reing & Company, P. O. Box 491, C urch Street Station, New York, New Y'ork: Shaw &
Company, P. O. Box 491, Church Street Statlon New Y'ork, New Y'ork 10015 Jog & Company,
P. O. Box 1447, Boston, M assachusetts 02104; Slgler & Company, c/o Manufacturers Hanover Trust
Company, New York, New York 10015; and Trussal &Company, National Bank of Detroit, c/o
Trust Department, Detron Michigan

8. Known bondholders, mortagees, and other security holders owning or holding 1 per cent or more of
total amount of bonds, mortgages or other securities: None

9. Paragraphs 7 and 8 include, in cases where the stockholder or security holder appears upon the
books of the company as trustee or in any other fiduciary relation, the name of the person or corporation
for whom such trustee is acting, also the statements in the two para%raphs show the affiant’s full knowl-
edge and belief as to the circumstances and conditions under which stockholders and security holders
who do not appear upon the books of the company as trustees, hold stock and securities in a capacity
other than that of a bona fide owner. Name and addresses of individuals who are stockholders of a
corporation which itself is a stockholder or holder of bonds, mortgages or other securities of the pub-
lishing corporation have been included in paragraphs 7 and 8 when the interests of such individuals are
eqm}/alent to 1 per cent or more of the total amount of the stock or securities of the publishing cor-
poration

Average no. copies Single issue
. . each_issue durin nearest
10. Extent and nature of circulation preceding 12 months to filing date
A.  Total no. copies printed (net press run) 2900 2900
B. Paid circulation
1. Sales through dealers and carriers, street vendors
and counter sales
2. Mail subscriptions 2400 2400
C. Total paid circulation 2400 2400
D. Free distribution (including samples) by mail, carrier or
other means 104 104
E. Total distribution (Sum of C and D) 2504 2504
F.  Office use, left-over, unaccounted, spiled after printing 390 396
G. Total (Sum of E dc F—should equal net press run shown
in A) 2900 2900

(Signature of editor, buisiness manager, or owner)
| certify that the statements made by me above are correct .
and complete. .Tames A. McNeish



CONTENTS
Vol. 8, Issue Nos. 1-12

Journal of Polymer Science
Part A-I: Polymer Chemistry

Issue No. 1, January

Edward E. Flagg and Donald L Schmidt: Poly [tris(diorgano-
pPhosphinatoj-alanes]......ccccvvriereiereeire e
Prabir K. Dutt and Santi R. Parit: Ketone-Zinc Chloride Com-
bination as an Initiator of Polymerization..........c.cccccoocvveinnnne.
Leon Segal,J. D. Timpa, and J. I. Wadsworth: Gel-Permeation
Chromatography and Cellulose. 1. Effect of Degree of
Nitration of Cellulose on Molecular Weight Distribution Data.
V. P. Gupta and L. E. st. Pierre: Thermal Degradation of Poly-
(vinyl Chloride). 1. Structural Effects in the Initiation and
Decomposition Chain Lengths........ccoceveveniviiininnienienceeenn,
Robert 5. M. Huang and John F. Westlake: Molecular Weight
Distributions in Radiation-Induced Polymerization. IIl. y-
Rav-Induced Polymerization of Styrene at Low Temperatures.
1 M. Augr and W. J. Wrasidlo: Synthesis of a Spirobenzothiazo-
line Polymer and its Thermal Rearrangement to a Polydiliydro-
DENZOthIAZINE.......ceiiii e
B. M. Manual, U. S. Nandi, and S. R. Parit: Vinyl Polymeriza-
tion with Fe(lll)-Thiourea as Initiator System. Part II.
Kinetics: Predominant Primary Radical Termination.............
KOTCHr Takakura and Bengt Ranby: WSR Studies of Vlnyl
Polymerization. Il. Initial Reactions of Vinyl Esters with
Redox Systems in AqQUeoUS Media........ccoeevevvvvrenienenenineeineens
Th. Deleanu and M. Dimonie: Reformulation of the General
Theory of lonic Polymerization. Il. Rate of Change of
Degree of Polymerization With Time......c.ccoovovvvnencieneiiniennns
A D. Delman, J. J. Kelly, and B. B. Simms: Thermal Stability of
Structurally Related Polymers Containing Carborane and
PhtINndoCYaning GrOUPS......ccvveeeiererieeesesieseeieeere e eeseenes
Yujt Minoura and Sadao Tsuboi: Polymerization of Vinyl
Monomers by Alkali Metal-Thiobenzophenone Complexes. . ..
R. Vukovic and V. Gnjatovic: Characterization of Styrene-
Acrylonitrile Copolymer by Pyrolysis Gas Chromatography. . .

25

37

49

67

77

95

125

139



v COiYI'KYI'S

Hidefumi Hirat, Katsuma Hiraki, Isamu Noguchi, a\ d Shoji
Makishima: Electron Spin Resonance Study on Homogeneous
Catalysts Derived from w-Butyl Titanate and Triethylaluminum

T. Miki, T. Higashimura, and S. Okamura: Equilibrium Con-
centration of Trioxane in Cationic Polymerization.....................

F. Mirtich and C. E. Carranher, Jr.: Interfacial Syntheses of
Polyphosphonate and Polyphosphate Esters. [l. Depen-
dence of Yield and Molecular Weight on Solvent VVolumes and
Concentrations of Comers in Basic Polymerization of Hydro-
(luinone and Phenylphosphonic Dichloride..........cc.ccocvrievveienenn.

Jerry Higgins and C. S. Marvel: Benzimidazole Polymers from
Aldehydes and Tetraamines........ccocvveveieeierveiesiene e

S. S, Parana: Kinetics of High-Intensity Electron-Beam Co-
polymerization of a Divinyl Urethane and 2-Hydroxyethvl
MELNACTYIALE. .. cviieeieice s

Tadashi lkegami and Hidefumi Hirai: Polymerization of Co-
ordinated Monomers. IIP  Copolymerization of Acrylo-
nitrile-Zinc  Chloride, Methacrylonitrile-Zinc Chloride or
Methyl Methacrylate Zinc Chloride Complex with Styrene. .. .

R. Salovey and J. P. Puongo: Radiolysis of Poly(vinyl Chloride). .

Wayne P. Carrick: Reactions of Polyolefins with Strong Pewis

S. N. Bhadani and G. Parravano: Electrochemical Anionic
Polymerization of 4-Vinylpyridine in Pyridine.........cc.ccocovveveene
Iv. P. Devries. D. K. Roylance, and M. P. Wirtiams: Pises of
Electron Paramagnetic Resonance in Studying Fracture.........
P. A King and J. AL Ward: Radiation Chemistry of Aqueous
Poly (ethylene Oxide) SOIULIONS.  L.....cccoveievvenrrnire e
Shuji Satto: Precipitation of Some Nonionic Polymers by Octyl-
ammonium ThiOCYaNAtE.......cccveeeire e

Notes

Yuji Minouha and Hiroyuki Tosliima: Photo Polymerization
of Vinyl in the Presence of Tetrachlorides of Group IV Elements

K. Sanui and N. Ogata: Room-Temp rature Condensation of
W-(Hydroxyalkyl)amine with Carboxylic Acid Ester.................

Book Reviews

Preparative Methods of Polymer Chemistry, Second Edition,
Wayne R. Sorenson and Tod W. Campbell, Eds. Reviewed
DY Jo R. E B B0 ot

Advances in Polyurethane Technology, J. M. Buist and H.
Gudgeon, Eds. Reviewed by Kurt C. Frisch ...

Carbanions, living Polymers, and Electron-Transfer Processes
by Michael Szwarc. Reviewed by Donald J. Cram...............

147

157

I(id

171

179

195
209

215
225
237

253

273

277

283
283

284



CO\Ti:\TS

Newer Methods of Preparative Organic Chemistry, Volume IV,
W. Poerst, Ed. Reviewed by Daniel T. Longone....ccoouuue....

Information for ContribUtOrS.......cccovvii i

Issue No. 2, February

H. K. Weish: Chain Twisting in Long-Chain Aliphatic Com-
pounds and POlYethyIENe.......cccooeieviiierseeeee e
Siiigeru Yabumoto, lviyoshi Ishi, and Ivoichiro Arita: Alter-
nating Copolymerization of Polar Vinyl Monomers in the
Presence of Zinc Chloride. 111. NMII Study of Methyl
Methacrylate-Styrene Copolymer........cccooveiviieniiine e
Charles R. Pottenger and Donald C. Johnson: Mechanism
of Cerium(IV) Oxidation of Glucose and Cellulose...................
N. N. Ayiward: Stereoregular Poly (methacrylic Acids)..............
R. D. Grauz: Transient Analysis of a Viscoelastic Torsion Pen-

C. Giort and B. T. Hayes: Hydrolytic Polymerization of Capro-
lactam. 1. Hydrolysis-Polycondensation Kinetics...............
C. Giori and B. T. Hayes: Hydrolytic Polymerization of Capro-
lactam. IlI. Vapor-Liquid Equilibria......c.cccccooniiiennininnnns
C. G. Overberger and G. W. Haitek: Synthesis and Reactions
of PolvvinylcyClopropane........ccooveevivrenenenceeeee e
Y asushi Joh, Seiki Kurihara. Toshio Sakurai, Yoshikatsu
Imai, Toshio Yoshihara, and Tatsunori Tomita: Stereo-
spec.ific Polymerization of Methacrylonitrile.  1V.  Poly-
merization by Ate Complex-type Catalysts..........cccorvvriinnne.
Minoru Matsuda and Yasuhiro lIshioroshi: Polymerization
Initiated by an Electron Donor-Acceptor Complex. Part IV.
Kinetic Study of Polymerization of Methyl Methacrylate
Initiated by the Charge-Transfer Complex Consisting of Poly-
2-vinylpyridine and Liquid Sulfur DiOXide.........c.ccoovivienerenns
A. Netschey and A. E. Ailexander: Polymerization of Vinyl
Acetate in Aqueous Media. Part IlIl. Distribution of Free
Monomer and its Effect upon the Particle Size of Poly(vinyl
ACETALE) LaAlICOS...iiiiiii i e s
A. Netschey and A. E. Alexander: Polymerization of Vinyl
Acetate in Aqueous Media, Part IV. Influence of Pre-
formed (“Seed”) Latex upon Polymerization Kinetics and
PartiClE SIZ8....ciiiieiiet e
W. R. Mitter, R. A Aw1, E. H. Pryde, and J. C. Cowan: Poly-
(ester-acetals) From Azelaaldehydic Acid-Glycerol Compounds
Robert W. Lenz, R. A. Awi, W. R. Mitter, and E. IT Pryde:
Poly (ester-acetals) from Geometic Isomers of Methyl Azela-
aldehydate Glycerol Acetal........ccccoovvivvvieiieiiinniiie e

286
287

289

295

301
319

329

335

351

359

377

387

399

407

415

429



COXTKYI'S

Takayuki Otsu, Shuzo Aoki, and Iveisuke ltakuka: VinyI
Polymerization Initiated by System of Organic Halides and
Tertiary AMINES......ccvciiiirereiee sttt neas 445

Hiroshi Mitsui, Fumio Hosoi, and Tsutomu Kagiya: Effect of
Hydrogen on the 7-Radiation-Induced Polymerization of
B NY LN e 451

Tadashi Ikegami and Hidefumi Hirai: Polymerization of Co-
ordinated Monomers. IV. Copolymerization of Methyl
Methacrylate- and Methacrylonitrile-Lewis Acid Complexes
WIEN STYTENE ..o e 463

T. Higashimura, T. Matsuda, and S. Okamura: Molecular Weight
Distribution of Poly-V-vinylcarbazole Obtained in Catalytic
Solid-State Polymerization..........c.ccocvverenienvninse e 483

Hitoshi Yamaoka, Isamu Obama, Koichiro Hayashi, and Seizo
Okamura: Radiation-Induced Postpolymerization of Nitro-
BENYIEBNE. ..o 495

T. Miki, T. Higashimura, and S. Okamura; Polymerization and
Reaction of Tetraoxane with Various Olefins Catalyzed by
BFEI(CH )2 oot 505

T. Konomi and H. Tani: Properties of Nylon 6 Anionically Ob-
tained with NaAl-(LAcy Catalyst and Polymerization of e
Caprolactam with NaAl(Lac)s(OEt) Catalyst......ccccecevvrveeennne 515

George P. Butler and Airfred F. Campus: Studies in Cycloco-
polymerization. VI. Copolymerization of Trimethylvinylsilane

and Dimethvldivinylsilane with Maleic Anhydride................... 523
H. L. Hsien: Effect of Lithium Alkoxide and Hydroxide on Poly-
merization Initiated with Alkyllithium..........c.ccooviniininnennn 533

George B. Butler and Aifred F. Campus: Studies in Cyclo-
copolymerization. V. Further Evidence for Charge-Transfer

Complexes in Cyclocopolymerization...........ccoceoevevervsencnsnnennns 545
Robert C. Evers: Synthesis and Characterization of Polyimino-
DENZOthIAZOIES........oveeeeece e 563

Issue No. 3, March

Wallace M. Pasika gnd Shu-Pin Chen: Cationic Polymerization

of a-Methylstyrene OXide........ccocvvvririneiniieierene e 577
Ko0zo Tsuji, Koichiro Hayashi, and Seizo Okamura: Electron

Spin Resonance Study of Poly-3,3-bis(chloromethyl)oxetane

Irradiated with Electron Beams and Ultraviolet Light............. 583
N. A Gac, G. XLSpokes, and S. W. Benson: Thermal Degradation

of Nadic Methyl Anhydride-Cured Epoxy Novolac................... 593
R. R. Diteone: Synthesis of Poly-2-oxazolidones from Diisocya-

nates and DIEPOXIUES.......cccvvivriereieeeire e nes 609

Takako Takahashi: Polymerization of Vinylcyclopropanes. V.
Radical Copolymerization of I,I-Dichloro-2-vinylcyclopropane
with Maleic Anhydride........cooiiiiiicc e 617



COMLYI'S

Elizabeth Dyer and Richard A Dunbar: Phosphorus-Contain-
ING POIYUrethans........cccvcviiiiie e
Y oshitaka Ogiwara and Masahiro Uchiyama: Graft Copoly-
merization of Methyl Methacrylate to Poly(vinyl Alcohol)
Initiated by Ferric lon-Hydrogen Peroxide System...................
Y oshimasa Hama and Kenichi Shinohara: Electron Spin Reso-
nance Studies of Polycarbonate Irradiated by y-Rays and
Ultraviolet Light. ..o
Toyoki Kunitake and Chuji Aso: A Proposal on the Steric Course
of Propagation in the Homogeneous Cationic Polymerization
of Vinyl and Related MONOMENS......ccccvvvieveerierieirie e
S. G. Hovenkamp and J. P. Munting: Formation of Diethylene
Glycol as a Side Reaction during Production of Polyethylene
Terephthalate. ..o
S. Terney, J. Keating, J. Zielinski, J. llakala, and H. Sheffeii:
Polyamide-ImMides......ccccooivreieieiiseeie e
Eckehard Schambeiig and Jurg Hoigne: Radical and Radiation-
Induced Grafting of Some Synthetic High Polymers within the
Temperature Range of Their Glass Transition.............cccccevevaee.
John A Howell, Masatsugu lzu, and Kenneth F. O’'DriscolI:
Copolymerization with Depropagation. 11l.  Composition
and Sequence Distribution from Probability Considerations.. .
li. Id G. Jerrinek and F. Frajsman: Chain Scission of Butyl
Rubber by Nitrogen Dioxide in Absence and Presence of Air. . .
Heikki Pietila, Arto Sivola, and Howard Sheffeii: Cationic
Polymerization of /3-Pinene, Styrene and a-Methylstyrene.......
Takako Takahashi: Polymerization of Vinylcyclopropanes. V.
Radical Copolymerization of I,I-Dichloro-2-vinylcyclopropane
with Monosubstituted Ethylenes........ccccoovevciiiiiviiiiicienn,
Akira Matsumoto and M asayoshi Oiwa: Studies of the Poly-
merization of Diallyl Compounds. VII. Kinetics of the
Polymerization of Diallyl Esters of Aliphatic Dicarboxylic Acids
N. Z £ rdy, C. F. Ferraro, and A V. Tobolsky: Preparation of
Block Copolymers by Use of Peroxide-Terminate 1Prepolymer.

Notes

Stephen D. Brucic and Peter V. Liao: Sorption Behavior of
Organic Pyropolymers in Aqueous SoIUtions..........cccccceveveerene
0. F. Sotomon, M. Dimonie, and C. (Ciuciit: Cationic Graft
Copolymerization of V-Vinylcarbazole onto (Poly(vinyl
(04 0] [oT Lo 1= T TS
Donald A. Smith, Robert ll. Cunningham, and Barbara
Coultter: Anomalous Behavior of a Polymeric Amino Ester..
Shuzo Aoki, Akira Akimoto, Ciiiaki Shirafuji, and Takayuki
Otsu: Metal-Containing Initiator Systems. XXJII. Effect
of Solvents on Radical Polymerization of Methyl Methacrylate
Initiated by Metal-Alkvl Halide Systems........ccccvvvevevivnivennnn.

vii

629

641

651

665

679

683

693

699

711

727

739

751

763

771

i

783

785



viii CONTENTS

Takayuki Otsu, Munan Ko, and Tsuneyuki Sato: Polymeriza-
tions of N-Yinylarbazo® and 4-Yinylpyridine with Various
Organic HalidesS.......coovvveieiiiirisie s

Richard H. Wirtey: Mass Spectral Characteristics of in- and p-
DiVINYIDENZENE.....ccvi et

Chuji Aso, Toyoki Kunitake, and Masatake Shinsenji : Pon-
merization of Acrylonitrile Initiated by Hydrogen Abstraction.

Issue No. 4, April

L. Cavalli, G. C. Borsini, G. Carraro, and G. Com ai.omehi :
NMR Study of Poly(vinyl Chloride)-/?,/S-02..........cccoevenecinnanne
A. F. Branchard: Crosslinking, Filler, or Transition Constraint of
Polymer NEetWOrKS.  T.voviieiiiiiie e
A F. Branchard: Crosslinking, Filler, or Transition Constraint of
Polymer Networks. Tl
R. Yen and A lIsihaha: Some Consideration of Excluded Volume
Effects in Dilute Polymer Solutions..........cccooveevvvvieneneiene
Hanna Nagy Novacs, Alvin D. Delman, and Bernard B.
Simms: Thermally Stable Sila-rylene-1,3,4-Oxadiazole Polymers
James R. Hoyland: Studies on Monomer Reactivity Ratios. I.
An Electronegativity Model........c.ccoovvivniienniiineccese e
James R. Hoylrand: Studies on Monomer Reactivity Ratios. II.
A Charge-Transfer Model..........ccoovviiiiiiiciieee
N. N. Ayrward: Stereoregular Poly (styrenesulfonic Acid).............
IVOZO Arai, Shigeo Komine, and Michiharu Negishi; Endgroup
Analysis of Isolated Polyfmethyl Methacrylate) from Graft
Copolymers of WOOL......ccocooeeiiiiiiiiiescee e
Hidemasa Y amaguchi and Yuji IMinoura : Preparation of Optically
Active A~Bornyl Maleimide and Poly(V'-Bornyl Maleimide). . .
Alvin D. Dertman: Thermal Behavior of Poly-p-xylylene-ra-
(o7 T o0 - Vg 1= TSRS PROPPROR
Ismat Abu-lsa: Thermal Degradation of Thin Films of Isotactic
Polypropylene and Polypropylene withKetonic Additives.......
Charles E. Carranher, Jr. and George Id. Iviimiuk: Production
of Organometallic Polymers by the Interfacial Technique. V.
Partial Mechanistic Study of the Production of Poly [alkyl
(AryD)OXYSIHANES]....cieeie e s
J. P. Durand, F. Dawans, and Pn. Teyssie: Polymerization by
Transition Metal Derivatives. Nil. Factors Controlling
Activity and Stereospecificity in the 1,4-Polymerization of
Butadiene by Monometallic Nickel Catalysts........cc.ccccoveneenee.
Shoichi ldeda and Gerald D. Fasman: Absorption and Fluores-
cence of a Nonionic Detergent in Aqueous Solution...................
P. M. Hergenrother and E. A. Carison: Polytriazolines.............

789

792

797

801

S13

SOl

809

885

901

909

917

929

961

973



COYI'KYI'S ix

Notes
Masayoshi Iguchi: A Comment on tlie Kinetics in :i Hetero-
geneous Polymerization SYStemM......c.ccocvvieverenieeniesinne e 1013
A S. Hay, I). A Bolox, and K. IT. Leimer: Photosensitization
Of POIYACELYIENES....ccvveeiieeieece e 1022

Issue No. A May
V. W. Buis and T. L. Higgins: A Uniform Site Theory of Ziegler

CatAlY SIS i 102
V. W. Buis and T. L Higgins: A Particle Growth Theory for
Heterogeneous Ziegler Polymerization..........cccccoevevvicvnivinnienen, 1037

B. Lionel Funt and Derek IT Richardson: Electrochemical
Polymerization to a Controlled Molecular Weight Distribution. 1055
Yoshitaka Ogiwara and Hitoshi Kubota: Graft Copolymeriza-
tion to Cellulose by the Metallic lon-Hydrogen Peroxide

INItIAtOr SYSIEM .ciiiiciccc e 1009
J. H. Adams: Analysis of the Nonvolatile Oxidation Products of

Polypropylene I.  Thermal OXidation.........cc.ccocevvvverrrerneennnns 1077
A L. Barney, W. J. Ketter, and N. M. van Gulick: A High-

Performance Fluorocarbon Elastomer.........ccocoovvivvieveienvenennnn, 1091

Pham Quang Tho and Maurice Taieb: Précisions apportées au
Mécanisme de la Polymérisation du Chlorure de Vinyle par le
Chlorure de Tertiobutyle-magnésium en Milieu tétrahydro-

furanniciue. Etude par Résonance magnétique nucléaire....... 1099
W. W rasidlo: Thermal Degradation of Polyquinoxalines.............. 1107
Howard C. Haas, Charles K. Chiklis, and Robert D. Moreau:

Synthetic Thermally Reversible Gel Systems. [11................. 1131

Junji Furukawa, Yutaka lIseda, Kazuo Haga, and N obuyuki
Kataoka: New Information on the Alternating Copolymeriza-
tion of Butadiene-1,3 with Acrylonitrile............ccocoovvievvieivennn, 1147
R. E. Thompson, E. G Sweeney, and 1). C. Ford: GPC Analysis
of Model Compounds. I. Phenyl- and Benzo-Substituted
Aromatic COMPOUNGS......c.cveieieirrer e seeeeee e neenas 1105
E. Kiesper: Line-Intersection Method for Determining the
Configurational Parameters of Cross Propagation in Co-
POIYMETIZALION ....coveviecec e 1191
J. N. Hay: Study of the Thermal Dehydrochlorination of Poly-
(vinylidene Chloride) and Poly(vinyi Chloride) by ESR

SPECLIOSCOPY eevvererieeiestee ettt sttt sttt st nne e 1201
Howard C. Haas, Ruby L. MacDonald, and Atran N. Schuler:
Synthetic Thermally Reversible GelSystems. [V .....ccccceee. 1213

Kiyoshi Hayakawa, Hiromi Yamakita, and Kaoru Kawase:
7-Ray and Ultraviolet Graft Copolymerization of Maleimide
by Vapor-Phase Method.........ccoovevviviiiiiine e 1227



COYIi'KYIS

A A Cakaculacu, E. C. Bezdadea, and Gabiuela Istrate:
Structure of Branching in PVC.......ccocevvviecivi e 1239
Roberta C. |. Chow, C. S. Marvel, and Frank C. Macne:
Copolymers of Vinyl Chloride with the Vinyl Esters and
Acrylates of Low Molecular Weight Polyesters of Hydroxy acids 1247
T. Konomi and H. Tani: Depolymerization Behavior of Nylon (1
Anionically Obtained with NaAl(Lac)i at High Temperature. .. 1201
1 H. Adams and J. E. Goodrich: Analysis of Nonvolatile Oxidation

Products of Polypropylene. Il. Process Degradation........... 125
J. H. Adams: Analysis of Nonvolatile Oxidation Products of
Polypropylene. IIP  Photodegradation...........c.ccoceeevevnnnnns 1279

Sunit S. Dixit, A B. Deshpande, and S. L. Kapur: Kinetics and
Mechanism of Polymerization Yielding Stereoblock [I’oly-
(metliyl Methacrylate) with VCU-AKCsHOs Catalyst System.. 1289

Notes
S. K. Chatterjee: Acid Character of p-Hydroxybenzoic Acid-

Formaldehyde Polymer in Relation to Its Structure................. 1299
Arthur Cammarata and Sunh Jen Yau: A Comment on Mono-
mer Reactivity Indices for Copolymerization...........cc.ccocvveeee. 1303
J. R. Purdon,Jr.and R. D. Mate: Determination of Microgel in
0] 1Y LT S 1300
George Odian and Leslie S Fliraoka: Copolymers of Chloral
and MONOISOCYANALES. .......ccververreeeiriese e sie et 1309

Issue No. 0, June

Katsukiyo Pro: Relationship between the Autoacceleration of

Chuji Aso, Sanae Tagami, and Toyoki Kunitake: Polymerization
of Aromatic Aldehydes. V. Cationic Copolymerization of
Phthalaldehyde Isomers and Styrene.........ccccoceveeiviinnieseneennnn, 1323
N. R. Fetter and C. M. Grieve: Metal Coordination Polymers.
I11.  Molecular Weights of Beryllium Phosphinate Polymers in

ChIOrOfOrM.. ..o 1337
Gabriel Ezra and Albert Zitkha: Anionic Graft Polymerization
and Homopolymerization of Phenyl Glycidyl Ether................. 1343

K. Horie, H. Hiura, M. Sawada, |. Mita, and H. Ivambe: Calori-
metric Investigation of Polymerization Reactions. IIl. Cur-

ing Reaction of Epoxides with AMINeS.........ccccvvvvivriererereeennnns 1357
D. R. Cruise and R. G. Lacomve: Representation of Terpolymer
Kinetics on Triangular Coordinates........ccccovevvviivrivrerienereennn, 1373

C. F. Hauser and Nathan L. Zutty: Qninone Copolymerization.
I. Reactions of p-Chloranil, p-Benzoquinone, and 2,5-Dimethyl-
p-benzoquinone with Viny I Monomers under Free-Radical
INTEIATION ... 1385



CONTENTS Xi

Joost Manassen and Robert Rein: The Reactive Intermediate
in Acetylene Polymerization: Results of Quantum Chemical
Calculations on Charge Delocalization and Its Consequences... 1403
R. E. Wnite and Z. G. Gardlund: Reduction of Pendent Ester

Groups in Polycarbonates by Use of Diborane...........cc.ccooeeuenee. 1419
Dwain M. White and Howard J. Klopfer: Polymerization by

Oxidation Coupling. 1. A Study of the Oxidation of 2,6-

Diphenylphenol to Poly(2,6-diphenyl-1,4-phenylene ether). ... 1427

John N. Majerus and Anthony R. Pitochelnti: Influence of
Microstructure on the Tensile Behavior of Acrylic Copolymers. 1439

Hidemasa Yamaguchi and Yuji Minoura: Copolymerization of
Optically Active iV-Bornylmaleimide with Vinyl Monomers. .. 1467

Gianni Linoli, Enzo Mannucci, and Carlo Bergonzi: Natural

and Synthetic Polymers as Reagents. 1. Diazonium Salt

Derivatives of Polycarboxylic Resins (Insoluble Diazonium

Salt ChroOMOGENS)....cciiiiiirieieierteee e 1481
Satyendra Nath Gupta and Uma Sankar Nandi: Role of

Dimethyl Sulfoxide as a Solvent for Vinyl Polymerization....... 1493

R. G. Christensen and C. A. J. Hoeve: Comparison between
Theoretical and Experimental Values of the Volume Changes

Accompanying Rubber EX{enSion........cccoeevivveieiereieeinnnnn, 1603
George AL Mortimer: Chain Transfer in Ethylene Polymeriza-

tion. V. Additional Study at 1360 Atm and 130°C............... 1513
V. Jisova, M. Kolinsky, and D. 1Jm: Polymerization of Vinyl

Chloride by Alkyllithium Compounds.........cccccoevvevviervrenineennnn 1625
George A Mortimer: Chain Transfer in Ethylene Polymerization.

V. The Effect of Temperature.......cccoceoeevevviviivnceseneneeeeens 1533
George A Mortimer: Chain Transfer in Ethylene Polymerization.

VI. The Effect of Pressure.......ccenncneiicneneseee 1543
Paut W. Tidwerl and George A Mortimer: Chain Transfer in

Ethylene Polymerization. [Il. An Improved Method of

Calculating Polymerization Chain-Transfer Constants............. 1549
J. P. staltings: Preparation, Reaction, and Polymerization of the

Nuclear Chlorinated a,a'-Xylylene Diallyl Ethers................... " 1557
Koichi Yamaguchi and Yugi Minoura: Polymerization of Vinyl

Monomers with Salts of Bronsted ACIdS........ccccocvreveiiieneninne 1571
Notes

Gary C. vezzo1i: Polymerization-Induced Electrical Effects in
Sulfur: The Electrical Resistance of Sulfur as a Function of
TOMPEIALUTE ..ot 1587

Emo Chiellini, Piero Salvadori, Maseh Osgan. and Piero
Pino: Optical Activity of Poly [(R)-Propylene Oxide] Samples
of Different Stereoregularity.......ccccocevevviveinininin v 1589

A. Guyot, M. Bert, A Michel, and R. Spitz: Thermal Degra-
dation of Poly (vinyl chloride) in Presence of a Second Polymer. 1596



CONTENTS

Issue No. 7, July

Irving Kuntz and W. Il. Kror1: Polymerization of Epoxides

with Dialkyl-aluminum Acetylacetonate Catalyst Systems. ... 1001
Richard G. Griskey and George N. Foster: Melting Behavior of
Ethylene Copolymers and Branched Polyethylenes................... 1(123

G. G. Maher, J. A Douglas, C. R. Russell, and C. E. Rist:
Crosslinking of Starch Xanthate. 1l. Reaction with Poly-
ACTOIBIN. ..o It>37

Kyoichiro Shibatani and Kiyoshi Eujii: Reaction of Poly (vinyl
Alcohol) with Formaldehyde and Polymer Stereoregularity.
Model COMPOUNGS......ccccoiiiirieierieeee e s 1047

F. T. Osborne, S. Omi, V. Stannett,and E. P. Stahe1: Radiation-
Induced Solution Polymerization of Styrene in an Engineering
FIOW SYSTEM ..ttt 1657

M. lzu and K. F. O’Driscoll: Copolymerization with Depropaga-
tion. 1V. Computer Simulation of Copolymerization with
REVErSIDIITY ... 1075

M. Izu and K. F. O’Driscoll: Copolymerization with Depropaga-
tion. V. Copolymerization of a-Methylstyrene and Methyl
Methacrylate between Their Ceiling Temperatures................... 10N7

Kyoichiro Shibatani, Yuzuru Fujiwara, and Kiyoshi Fujii:
High-Resolution Proton Magnetic Resonance and Infrared

Spectra of Poly(vinyl Formal) and Its Model Compounds....... 1093
J. P.J. Higgins and K. E. Weale: Effect of High Pressures on the
Cyclopolymerization of Acrylic Anhydride........cccocoovvivvvieneee. 1705

A. G. Pramanik and P. K Choudhury: Polyelectrolyte Behavior
and Macromoiecular Properties of Sodium Amylopectin

Xanthate in Dilute SOIUtION..........coooiiiiie 1713
Howard C. Haas, Moms J. Manning, and Martin H. Mach:
Synthetic Thermally Reversible Gel Systems. 4'................... 1725
F. Gutmann: Carrier Mobility and Long-Range Order in Disordered
SYSEEMS. Tl 1731
John X. Majerus: Influence of Torsional Stiffness upon Tem-
perature Response of a Polymeric Chain........c.ccocovcevevvineenne. 1737

Jan W. H. Faber and W. F. Fowler, Jil: Substituent Effects in
Free Radical Polymerization of Substituted Styrenes with

Acrylates and Methacrylates........c.ccoovvvriveienciniene e 1777
K. Venkatarao and M. Santappa: Molecular Weight Distribution

in Polyacrylamide Prepared by a Photochemical Method......... 1785
I. H. Coopes: Helix Formation and Formaldehyde Crosslinking in

Gelatin SOIULIONS.......ccoeiii e 1793
D. A «angas: Polymerization of Sodium 2-Sulfoethyl Methacrylate

iN AQUEOUS SOIULION......oiiieieieeeee e e 1813

Katsukiyo lto: Termination Rate Constants in Radical Poly-
MEFIZATION. ...t 1823



COivYIlvYI's Xiii

Bunzo Eda, lveichi Nunomb, and Machio Iwasaki: Electron
Spin Resonance Studies on Graft Copolymerization of Gaseous
Styrene onto Preirradiated Polypropylene. 1. Preirradiation
in the Presence of OXYQeN....ocoiiiie e 1831
J. Preston and R. W. Smith: Poly(4,4"-dipiperidyl)amides......... 1841
M asanao Oya, Keikichi Uno, and Y oshio lwakura: Kinetics of
Polymerization of M-Carboxy Amino Acid Anhydride in

Dimethyl SUIFOXIAE........ccooeiiiiiiicc e 1851
James R. Hoytand: Studies on iMonomer Reactivity Ratios. 1lI.
Comparison of Various Mathematical Models...........c..ccceuvenee. 1863

V. S Nanda and S. C. Jain: Statistical Study of the Effect of
Variation of Bimolecular Rate Constant in Condensation
POIYMETIZALION.......ciiiiriiie e 1871

Michael M. O’Mara: Higli-Temperature Pyrolysis of Poly(vinyl
chloride): Gas Chromatographic-Mass Spectrometric Analysis
of the Pyrolysis Products from PVC Resin and Plastisols......... 1887

Y asusiii Joii, Toshio Yoshihara, Seiki Kurihara, Toshio
Sakurai, and Tatsunori Tomita: Stereospecific Polymeriza-
tion of Methacrylonitrile. V. Il'ormation of the Carbonyl in

TN POIYMET ... i 1901
Note
R. S. Bauer, H. E. Hunk, and E. A Youngman: Diene Poly—
sulfones. I. Structure of the Butadiene-Sulfur Dioxide
(070 010 Y/ 44T S 1915

F O @ W O M d s 1921
G. W. Mitter and J. S. Saunders: Thermal Analyses of Polymers.
I11. Influence of Isocyanate Structure on the Molecular
Interactions in Segmented Polyurethane..........cccccovcvviinenee 1923
F. C. De Schryver, W. J. Feast, and G. Smets: Photocyclo-
addition Polymerization. 1. Preparation and Characteriza-

tion of Poly-M-V'-polymethylenebisdichloromaleimides........... 1939
Rudolph D. Deanin and Roger E. Somers: Polymerization and
Processability of Poly(vin,vl Chloride).........cccccoovviviiencienncennn 1949

Walter De Winter, Ralph Stein, Henri Uwexts, and Camille
Masquelieh: Synthesis and Preliminary Evaluation of
Ordered Aliphatic Poly(benzoxazole AMIdes)........cccceevevvvvrennen. 1955

Donald h. Murfin, Katsumi Hayashi, and Leonard E. Miltter:
V,Ar,-(Disubstituted methylene)-bisacrylamides Preparation

and PolyMErization.........cccoviviiniiniiiscese s 1967
T. Shono, M. Mori,and K. Shinra : Polymerization of Acrylonitrile
Catalyzed by Methoxo-/3-diketone Nickel Chelates................... 1981

Jerry Higgins, Arland H. Johannes, .Joe F. Jones, Ronald
Schultz, D. A, McCombs, and C. S. Menon: Polybenzopina-
cols. 1. Photolytic Coupling of Aromatic Diketones............. 1987



XV CONTENTS

J. C. Marechal, F. Dawans, and Ph. Teyssie: Equimolecular
Binary Polydienes. V. Equibinary Poly(cis-1,4-trans-1,4)-
butadiene from Bis(7r-allyl Nickel Trifluoroacetate)................. 1991

W. S. Anderson: Copolymers of 1-Methylcyclopropene............... 2009

Bunichiro Yamada, Hiroshi Yoneno, and Takayuki Otsu:
Radical Polymerizations and Copolymerizations of Dimethyl-
stannyl Dimethacrylate and Trimethylstannyl Methacrylate.. 2021

H. A Vogel: Polyarylsulfones, Synthesis and Properties............. 2035

R. Liepins, B. Crist, and H. C. O1f: 1,2-Dinitrile Polymers. 1lI.
Number-Average Molecular Weight by Pulsed NMR Technique 2049

A T. Blomquist, Donald W. Durandetta, and Gordon B.
Robinson: Synthesis and Polymerization Studies of 1,2-
Dimethyleneoct-afluorocyclohexane.........ccccooceveeieecviinnvneneennn, 2061

L. E. Coteman and J. F. Bork: W-Vinylthiopyrrolidinone........... 2073

F. E. Arnoid: Ladder Polymers from Tetraaminodiquinoxalpyrene 2079

Neal O. Brace: Cyclopolymerization: Cyclization of Diallyl-

cyanamide to Pyrrolidine Derivatives........cccoovvevivvinencrienennnns 2091
D. E. Pearson and P. D. Thiemann: Irradiation of Terephthalo-

phenone in Isopropyl AICONOL..........cccvoieiiiiiie 2103
William J. Bailey and Angelo A Volpe: Synthesis of Spiro

POIYIMETS. ..ot e 2109

Giffin D. Jones, W. C. Meyer, N. B. Tefertiller, and D. C.
MacWilliams: Quaternary Ammonium and Sulfonium
Derivatives of 2-Chloromethylbutadiene and Poly-2-Chloro-
MEthYIDULAIENE ..o 2123

Munenori Sakamoto, Junichi Takeda, Yoshio Yamada, and
Hiroaki Tonami: Reversible Crosslinking in Cellulose. 11I.
Factors Controlling the Oxidation Behavior of Mercapto
Groups in Cotton DeriVatiVeS.......cocvereireeirenene e 2139

Fusae Nakanishi and Masaki Hasegawa: Four-Center Type
Photopolymerization in the Solid State. 1V. Polymerization
of a,a-Dicyano-p-benzenediacrylic Acid and Its Derivatives. . 2151

D. Il. witson and R. G. Beaman: Cylic Amine Initiation of
POlypivalolactone.......ccccocvveiericice e e 2161

Yukio Shimura and Wen-Shi Lin: Block Copolymer from aw-
Dihydroxyl Polystyrene and Polyethylene Glycol..................... 2171

Jeffrey K. Hecht: Polymerization of Complexes Monomers. I.
Alternating Copolymers from Cyclopentene and Complexed

POIar IMONOMELS.......viiiiiiiice ettt 2151
R. D. Lipscomb and W. H. sharkey: Characterization and Poly-
merization Of ThiOACETIONE........ooivvceeeee et 2187

N oriaki Dokoshi, Shunroku Tohyama, Saburo Fujita, Masaru
lyurihara, and Naoya Yoda: Cyclopolycondensation. XIII.
New Synthetic Route to Fully Aromatic Poly (heterocyclic
imides) with Alternating Repeating Units.........ccocoeevvienvcennnnn 2197



CONTEXTS

Chester M. Himel, Richard T. .Mayer, and Larry L. Cook:
Design of Active-Site-Directed Fluorescent Probes and Their
Reactions with BiOpOIYMErS.......cccccoeveiiiveiininsnse e

J. Economy, J. H. Mason, and L. C. Wohrer: Halatopolymers. ..

J. Iv. stitte, G. K. Noren, and L. Green: Hydrocarbon Ladder
Aromatics from Diels-Alder Reaction.........ccocecvvevneiiiiiineennnn

George P. Scott and Abdetaziz M. R. Eighout: Telomerization
by Free-Radical Mercaptan Chain Transfer. V. Effects of
Structure, Solvent and Initiator Variation on the Stereo-
chemistry of Acrylate Ester-Mercaptan Telomers.....................

M. Saga, M. Hachihama, and T. Shono: Preparation of Some
New Polybenzimidazoquinazolings...........ccccevvvivvvsnnenerieneeenn,

C. G. Overberger, T. Yoshimura, A  Ohnishi, and A. S, Gomes:
Synthesis of Inherently Dissymmetric Polyamides...................

J. E. Mulvaney and R. A Ottaviani: An Optically Active Vinyl
Sulfoxide Copolymer and the Configuration of Sulfoxide
Adjacent to Radical or AnioniC SiteS.........ccocvvivrerericivnininseneen,

Issue No. 9, September

E. Saito, C. Cannavo, et K. Hayashi : Etude par RPE des Radicaux
Fibres daus le Tetraoxane Irradie........cccoveoneiinencennciineen
E. N. Zitberman, A E. Kutikova, N. M. Pinchuk, N. iv. Taikova,
and N. A. Okradnov: Transformations of Chloroethylenes in
the Presence of Aprotonic ACIUS........cocoevverirrioneneeinenesecens
Joginder Lar and G. S. Trick: Glass Transformation Tem-
peratures of Polymers of Olefin Oxides and Olefin Sulfides.......
V. V. Ivorshak, N. |. Bekasova, and L. G. Komarova: Synthesis
and Properties of Polyamides and Polyesters from Neocarbo-
ranedicarboxylic Dichloride..........ccoovvveiviieieeinnnse e
P. H. Vandewyer and G. Smets: Photochromic Polypeptides........
E. N. Ivumpanenko, A |. Varshavskaya, L. V. lvarmilova, and
N. S. Enikotopyan: Kinetics of Thermal and Acidic Degrada-
tion of Poly-1,3-diOXO0laNe......cc.covvieiiiriie e
Y asushi Joh, Seiki Kurihara, Toshio Sakurai, and Tatsunori
Tomita: Stereospecific Polymerization of Methacrylonitrile.
VI. Effect of Esters as a Complexing Agent with Diethyl-
Magnesium CatalySt......cccovriiiiiie e
Htdefumi Hirai, lvatsuma Hiraki Isamu Noguchi, Takeo
Inoue, and Shoji Makishima: Electron Spin Resonance
Study on Polymerization of Conjugated Dienes by Homo-
geneous Catalyst Derived from n-Butyl Titanate and Tri-
ethylaluminUM.....ocoiic e
Hidefumi Hirai and Tadashi lkegami: Polymerization of Co-
ordinated Monomers. V. Polymerization of Methyl Meth-
acrylate-Lewis Acid COMPIEXES.......ccvrereieerieiie e

XV

2219
2231

2245

2255

2265

2275

2293

2309

2325

2339

2351
2361

2375

2383



Wasaburo Kawai and Shigeru Katsuta: Cyclocopolymerization
of p-Chlorostyrene with 4-Yinylcyclohexene..........ccccocvvvriennee.
Yoshio Iwakura, Keikichi Uno, and Shigeru Kurosawa:
Polyhydrazides. 1V. Preparation and Properties of Poly-Ar-
Fthyl- and Isopropylhydrazide Oxadiazoles...........cc.ccocvrvurnene.
Daniel W. Brown, Robert E. Lowry, and Leo A. War1: Radia-
tion-Induced Copolymerization of Tetrafluoroethvlene and
3,344,455 b5-Heptafluoropentene-l Under Pressure.................
G. Montaudo, F. Bottino, S. Caccamese, P. I'inocchiaro, and
G. Bruno: Svthesis and Properties of Some Linear Oligo-
benzyls and PoOlYDENZYIS........cccovvviiiieiiiceece e
P. Penczek and St. Penczek: The Role of Solvent Polarity and
Cocatalyst Structure in the Cationic Polymerization of 3,3-
Bis(chloromethy)OXetane..........ccocvveierieniveinie e
G. Montaudo, P. I'inocchiaro, S. Caccamese, and F. Bottino:
Polycondensation of Benzyl Chloride and its Derivatives: A
Study of the Reaction at Different Temperatures..........cccoeuene...
Andrzej Bukowski and Stanislaw Porejko: Use of Carbon
Suboxide to Obtain Block and Graft Copolymers. I. Grafting
of Carbon Suboxide on Polyamide (i........ccoevvervrvrivninnennrienennns
Andrezej Bukowski and Stanistlaw Porejko: Use of Carbon
Suboxide To Obtain Block and Graft Copolymers. Il.  Graft-
ing of Carbon Suboxide on Polyethylene........c..ccccoovvviierrnennne.
Jonhn C. Saam and D avid .7. Gordon : Chain Transfer with Siloxanes
During Free-Radical Polymerization..........cccccoceevevvivicnninnennnnnnn
H. H. G. Jertinek and S. X. Lipovac: The Vacuum and Oxidative
Pyrolysis of Poly-p-XYIYIENe.......cccoviveiiiviiniieecce e,
R. L. Harville and Samuel F. Reed, Jr.: Polymerization Studies
on Allylic Compounds. V. Methallylic Compounds...........
Katsuma Hiraki, Takeo Inoue, and Hidefumi Hirai: Electron
Spin Resonance Study of Polymerization of Butadiene with
Tris(acetylacetonato)titanium and Triethylaluminum.............
Mitsutaka Saito, Hideo Tada, and Yujiro Kosaka: Alkyl
Chain Branching in Ethylene-Vinyl Acetate Copolymer.........
Fukuji Higashi. Akira Tai, and Kazuo Adachi: The Reaction
Between Diethyl Succinylsuccinate (1,4-Diethoxycarbonyl-2,5-
dihydroxy-1,4-cvclohexadiene) and Amines and Its Application
to POlymer SYNtheSiS......ccovieieiieiee e
F. Lautenschlaeger and H. Schnecko: Polymerization of Un-
saturated EPIiSUITIES........ccoviviieiiiieice e
T. Banks and IL H. Peters: Polymerization and Crosslinking of
Epoxides: Base-Catalyzed Polymerization of Phenyl Glycidyl

Prabir K. Dutt and C. S. Marver: A Polyamide from Anthra-
QUINONEAIKELENE. ....cuvivieeieeee e

2421

2429

2441

2455

24Gr1

2477

2493

2703

2511

2519

2537

2545

2557



GOYI'KVI'S XVI1

M. R. Grancio and I). J. wirtiams: Tlie Morphology of the

Monomer-Polymer Particle in Styrene Emulsion Polymeriza-
(02 SRRSO 25521

E. N. ZILBERVAN, A, E. MULIKOVA S. B. MELMAN, X. A. UKLADNOV,
and V. P. Lebedev: A Study on the Mechanism of Polyvinyl

Chloride Stabilization by Lead Salts.....c..cccceceveveivvrnininiennne. 2(535
J. P. Hogan: Ethylene Polymerization Catalysis over Chromium
(0 ) [T 2641

X. Grassie and D. R. Bain: Thermal Degradation of Copolymers
of Styrene and Acrylonitrile. 1. Preliminary Investigation
of Changes in Molecular Weight and the Formation of Volatile

o 10 To 11Tt TSSO 2(557
X. Grassie and D. R. Bain: Thermal Degradation of Copolymers
of Styrene and Acrylonitrile. Il. Reaction Products............. 2669

X. Grassie and D. R. Bain: Thermal Degradation of Copolymers

of Styrene and Acrylonitrile.  11l.  Chain-Scission Reaction. . 2683
D. R. witt and J. P. Hogan: Double-Bond Isomerization and

Hydrogenation in Polyethylene with Soluble Xickel Catalysts. 2693
D. Campbert, L. K. Monteith, and D. T. Turner: Post-lIrradia-

tion Free-Radical Reactions in Poly(ethylene Terephthalate).. 2707

Xotes

lchiro Okura, Kazuo Soga, Akira Kojima, and T ominaga
Keii: Abnormal Effect of Hydrogen on Propylene Polymerlza-
tion with TiCli ALCH,)2 Cl'....coerveeeeeee e 2717
W ittiam J. Trepka and Richard J. Sonnenfeld: Polymeriza-
tion of Terminal Acetylenes by the Ferric Xaphthenate-Triiso-
butylaluminum Initiator System........ccccocevivveiiicinnine e 2721

Issue Xo. 10, October

Hiroshi Xarita, Tomoyuki Okimoto, and Seishi Machida:
Polymerization of Acrylamide Initiated with Pinacol-Ceric

10N REAOX SYSIEM...cviiiiiiiieiesieicece e 2725
M. R. Grancio and I). J. wirriams: Molecular Weight Develop-
ment in Constant-Rate Styrene Emulsion Polymerization....... 2733

Theodore Sulzberg and Robert J. Cotter: Charge-Transfer
Complexing in Polymer Mixtures. V. Acceptor Polymers
from Xitrophthalic Acids and Their Mixtures with Donor Poly-

mers from Aryliminodiethanols...........ccocooeveivivciiiiieieee 2747
J. E. Herwenh and W. V. Whitmore: Poly-2-oxazolidones: Prep-
aration and Characterizztion..........ccoeeevennenniense e 2759

Y ashushi Joh, Heimei Yuki, and Shunsuke Murahashi: Stereo-
specific Polymerization of Isobutyl Vinyl Ether by AIR3
\/CL, Catalysts. 1. Influence of Preparative Conditions of the
CatalYSES i 775



xviii CONTENTS

Hideki Siiiozaki and Yoshio Tanaka: Suit-Catalyzed Reaction

between Sytrene Oxide and Silk Fibroin.........ccccccceeveevviviiviennnns 2791
X. Beredjick and W.  Burtant: Polymerization of Monolayers

of Vinyl and Eivinyl MONOMErS. ..o 2507
Ivatsukiyo lto: Treatments of Cross-Termination Rate Constants

in Radical Copolymerization . .. 2519

T akujt HiiU hara, Takaaki Sugimuiia, and Y uji Minoura : Poly-
merization of Vinyl Monomers by Diphenylsulfone-Potassium
COM P IEXES ittt ettt et es 2827

Kazuyuki Horie, ltaru Mita, and Hiiiotaro lvambe: Calori-
metric Investigation of Polymerization Reactions. 1V. Curing
Reaction of Polyester I'umarate with Styrene...........c.cccvvenee. 2839

Toyoki Kunitake, Toshihide Nakashima, and Chuji Aso:
Syntheses and Reactions of Ferrocene-Containing Polymers.

1. Cyclopolymerization of I,I'-Divinylferrocene................. 2853

I. Vancsd-Szmercsanyi, E. Makay-Bady, E. Szaba-Réthy, and
P. Hirschberg: Studies on Polyesterification Reactions:

Calculation of the Rates of Reverse ReactionS.......coecveieciicnnas 2861
Ernest Maréchal: Polymérisation et Copolymérisation Cation-

iques des MethyliNdenes.........ccocvvviieiine e 2867
S. L Reegen and K. C. Frisch: Isocyanate-Catalyst and Hydroxyl-

Catalyst Complex FOrmation........cc.ccocvviereeinieseninnence e 28,83

Pham-Quang-Tho €t Jean Guillot: Etude de la Cotacticilé des
Copolymeres Acrylonitrile-Méthacrylate de Methyle par Reson-
ance Magnétique Nucléaire—haute Resolution.............cccuevue.e. 2893
Donald F. Anderson and D. A. McKenzie: Mechanism of the
Thermal Stabilization of Poly(vinyl chloride) with Metal
Carboxylates and Epoxy PlastiCizers.........ccovvvviiiiiiiiiiinenns 290"
W. K. Busfield and R. W. Humphrey: Mechanism of the Poly-
merization of Trifluoroacetaldehyde Initiated by Azobisiso-
DULYTONITIITE. .o 2923
F. J. Tanghe, W. J. Rebel, and R. 1 Brewer: Prehump in the
Gel-Permeation Chromatography Fractionation of Pulp Cel-
IUIOSE A CETATE....c.i i 2935
X. l,akshminarayanaiah and Fasih A Siddigqi: Relationship
Between Membrane Potential and Electrolyte Uptake by
lon-Exchange Membranes.........ccocovevvvnesinnenieneneeniee s see e 2949
Zenjiro Osawa, Tetsuaki Shibamiya, and Toshio Kawamata:
Catalytic Action of Metallic Salts in Autoxidation and Poly-
merization. V. Polymerization of Methyl Methacrylate by
Cobalt(l1) or (I11) Acetylacetonate-fert-Butyl Hydroperoxide

or Dioxane HYdroperoXide .o 2957
R. S. Bauer and W. W. Spooncer: Radiation-Induced Polymeriza-
tion of Isobutylene OXide.........cccovvriviiinriirienereee e 2971

Y oshiaki Kobuke, Takayuki Fueno, and Junji Furukawa:
Polymerization of cis- and ¢rans-Cinnamonitriles by Anionic
CatAlYSTS. . s 2979



L. E. Dannats: Number of Crosslinked Monomer Units per
Weight-Average Primary Chain at the Gel Point in the Emul-
sion Polymerization 1,3-Di€NeS.........ccoceruereinrieinenenienene e

Shinichi Isaoka, M akihiko Mori, Akio Mori, and .JU Kumano-
tani: Mobility of the Ring Structure and the Characteristic of
Crosslinked Polymers: The Structural Effect of the Eleven-
Membered Ring and Its Homologs upon the Dynamic Mech-
anical Properties and Glass Transition Temperature of Cross-
linked Diallyl Succinate POIYMErsS........ccocovevivveivicinenieieneeenn,

Satyendra Nath Gupta and Uma Shankar Nandi: Studies on
the Polymerization of Methyl Methacrylate Activated by
Az0obisisobutyramiding........cccoocerereirieiiesce e

Notes

W araburo Ivawai, Masaji Ogawa, and Taichi lchihashi:
Polymerization of Vinyl Chloride and Copolymerization with
Ethylene Catalyzed by Triethylaluminum-Cuprous Chloride-
Carbon TetraChloride.........cccccoveiieiicice e

A J. Yu, R. H. Gobran, and R. F. Foerster: Solubility Par-
ameters of Ethylene-Diethyl Fumarate Copolymer.................

Erratum

Irving Kuntz and W. R. Kro11: Polymerization of Epoxides
with Dialkylaluminum Acetylacetonate Catalyst Systems.
[Article in .7. Polym. Set. A-1, 8,1601 (1970)].....cccccocerererrvennnn.

Issue No. 11, November

S. A Nikitina, V. A Spiridonova, and A. B. Taubmann: Influence
of Mass Transfer at the Monomer-Water Interface on Poly-
merization EMUISION. ..o

Charles E. Carranher, Jr.: Production of Organometallic
Polymers by the Interfacial Technique. X. Influence of the
Nature of Base Employed on the Synthesis of Polysilylalkylene
(arylene) diamineS......ccccovcvrererieresiee e

Isao lkhigaki, Akihiko lto, Tadashi lwai, and Koichiro Hay-
ashi: Radiation-Induced Postpolymerization of Trioxane in
the Solid State. Il. Kinetic Study of Radiation-Induced Post-
polymerization of Trioxane in Dry and High-Vacuum System. .

P. V. T. Raghuram and U. S. Nandi: Studies on the Polymeriza-
tion of Ethyl Acrylate. 111. Effect of Temperature on the
Solvent-Transfer REACTION......cccoveierieiri e

James S. Ridgway: Structure-Property Relationships of Ring-
Containing Nylon 66 Copolyamides.........cccceeervinieiienesnnienannas

Edmund F. Jordan, Jr., Richard Bennett, Andrea C. Shuman,
and A N. Wrigley: Reactivity Ratios and Copolymerization

Parameters for Copolymers Incorporating n-Octadecyl Acrylate

and A—a-Octadecylacrylamide............ccooeireininninicc

2989

3009

3019

3033

3039

3045

3051

3061

3079

3113



XX COINTICNTS

V. R. Atten and R. 1). Young: Investigation of the Mechanism of
Chlorination of Poly(vinyl Chloride) as Influenced by Chain

MICTOSIFUCTUNE. ...ttt 3123
J. Preston: Self-Regulating Polycondensations: Ordered Aromatic

POlY amide-ESterS.....cccoviiieieee e 3135
J. M. Aug1: Phenylated Imide-Quinoxaline Copolymers............... 3145

Y oshiaki Kobuke, Y oshio Eukui, and Junji Furukawa: Effects
of Substituents on the Anionic Copolymerization of Ring-
Substituted CinNAmMONItrles. ..., 3155
M. L. Kaptan and P. G. wertener: Photo-Oxidation of Polymers
without Light: Oxidation of Polybutadiene and an ABS Poly-
blend with Singlet OXYGEN........covvvviveiiiiiiiere e 3163
William Bracke and C. S. Marvel: Polymers Containing Anthra-
quinone Units: Polymers from 1,2,5,6-Tetraaminoanthraqui-
L1 PR PP TP 3177
Rolf Pense and C. S. Marvel: Polymers Containing Anthra-
quinone Units: Polyimidazoles and Polypyrrolones from
1,2,5,6-TetraaminoanthraqUinone.........cceoverveeriesereseersreeennens 31S9
Hendrik Kokelenberg and C. S. Marvel: Polymers Containing
Anthraquinone Units:  Benzimidazole and Benzothiazole
POIYMEIS....i it see e 3199
A. Banihashemi and C. S. Marvel: Polymers Containing Anthra-
quinone Units: Polycondensations 1,2,5,6-Tetraaminoanthra-

quinone with Some Tetrachloroquinoxaline Compounds........... 3211
Prabir K. Dutt and C. S. Marvel: Polymers Containing Anthra-
quinone and Quinoxaline Units: Polypyrrolones.........cc.ccceu..... 3225

Hendrik Kokelenberg and C. S. Marvel: Benzimidazole,
Benzothiazole, and Benzoxazole Polymers with Anthracene

ReCUITING UNITS ..o 3235
G. Smets and A Bourtembourg: Copolymerization of Aryl-
dIaZOMELNANES. ..o 3251

Viadimir J. Rekalic, Slobodan D. Radosavljevic, and M irjana
E. Tenc-Popovic: Depolymerization of Polysulfide Polymers

DY Dithionite TONS. ..o 3259
FI. K. Reimschuessel and G. J. Dege: Polyamides: Decarboxyla-
tion and Desamination in Nylon 6 Equilibrium Polymer......... 3265

Edward Gipstein, William A Hewett, and Omar U. Need:
Synthesis of Homologous Monomers and Polymers of Carbazole,
Phenothiazine and Dibenzazeping..........ccccvvvveveevieiveiesvsinseiennns 3255

Miyukt Hagiwara, Hidemasa Okamoto, Tsukasa Kagiya. and
Tsutomu Kagiya: Importance of the Singlet-Triplet Transi-
tion of Ethylene in its Photopolymerization in the Presence of
(@ QY =] o TSRS 3295

Miyuki Hagiwara, Hidemasa Okamoto, and Tsutomu Kagiya:
Participation of an Excited Monomer in the Propagation
Reaction of the 7-Ray Induced Polymerization of Ethylene. ... 3303



CONTEXTS

Yasuhi Joh, Heimei Y tjki, and Shunsuke Mueahashi: Stereo-
specific Polymerization of Isobutyl Vinyl Ether by AIR#
VCb-LiCl Catalyst. 1l. Effects of Polymerization Condi-
tions on POlyMErization.........cccccveiveieieenecceeee e

Sueo Machi, lhab Kamel, and Joseph Silverman: Effect of
Swelling on Radiation-Induced Grafting of Styrene to Poly-
BENYIENE .o

B. L. Funt and T. J. Brain: Electroinitated Cationic Poly-
MEriZAtion OF STYTENE....ccocciiiviieie e

M asaaki Fujimatsu, Tauao Natsuume, Hirotaka Hirata,
Y asuhiko Shirota, Shtgekazu Kusabayashi, and Hiroshi
Mikawa: Mechanism of Charge-Transfer Polymerization.
Il. Propagation Mechanism of the Polymerization of N-
Vinylcarbazole with Organic Electron Acceptors..........ccceveene.

Notes

Yujr Atarashi: Polyethylene Formation in Ziegler-Natta
Polymerization of 3-Methylbutene-l........ccccoveiiiiiiiicnnnn,

Charles E. Garraher,Jr. and Roger L. Dammeier: Production
of Organometallic Polymers by the Interfacial Technique.
XI11.  Importance of Hydrolysis in the Interfacial Synthesis of
POIY(LIN ESTEIS) .uiiiiiiicieiee ettt

Erratum

Jan W. H. Faver and W. F. Fowler, Jr.: Substituent Effects
in Free Radical Polymerization of Substituted Styrenes with
Acrylates and Methacrylates.  [Article in /. Polym. Sci. A-I,

8, 1777 (L970)] ettt

Issue No. 12, December

K. J. Ivin and M. Navratir: High-Resolution NMR Spectrum of
Deuterated and Undeuterated Poly(propeneSulfone)................
Takuji Hirahara and Yujt Minoura: Effects of Mercaptides on
Anionic Polymerization. 1l. Polymerization of Acrylonitrile
Initiated by Mercaptides.......ccccoriiireiineieniinne e
Howard C. Haas, Ruby L. MacDonald, and Atan N. Schuler:
Synthesis Thermally Reversible Gel Systems, Vl..................
G. M. Bartenev: Viscous Flow and Structure of Linear Polymers. .
K. Venkatarao and M. Santappa: Photosensitization of Vinyl
Polymerization of Uranyl 10NS.......ccccovieniiinniieece
G. hi. Burnett, G. G. Cameron, and P. L. Thorat: COpO'y-
merization of Styrene and Butadiene in Emulsion. 1. Com-
position of the Latex Particles...........ccovvvvinieniiniciiesneniee,
G. M. Burnett, G. G. Cameron, and P. L. Thorat: Copoly-
merization of Styrene and Buadiene in Emulsion. 11. Relative
Rates of Crosslinking and Propagation..........ccccocvevvvnevneenee.

XX

3311

3329

3339

3349

33:19

3307

3373

3391

3405
3417

3429

3435



XX CONTENTS

G. M. Burnett, G. G. Cameron, and I’ L Thokat: Copoly-
merization of Styrene and Butadiene in Emulsion. 1ll.  Cross-
linking Studies by Partial Conversion Properties..........cccc.cvou.... 3455

J. I’.Marano,Jr., L. H. Shendalman, and C. A Walker: Direct
Rotating-Sector Studies of the Systems. Styrene-Methyl
Methacrylate and Styrene-Methyl Acrylate........cccoevvvneneee. 3461

Daniel W. Brown, Robert E. Lowry, and Leo A Wa11: Radia-
tion-Induced Polymerization of 3,3,4,4,5,5,5-Heptafluoropen-

tene-1 at High PreSSUIe......ccociveieiese e 3483
J. C. Salamone and B Snider: Quaternary Ammonium Polymers

from 1,4-Diaza[2.2.2 [bic.vclooctane........ccccocevvevicviivnenieneneennnn, 3495
J. M. Roberts, Z Katovic, and A. M. Eastham: Catalysis of

Olefin Isomerizations by Boron Trifluoride..........ccccocvvivvenenee. 3503

G. F. L. Enters, K. R. Fisch, and W. R. Powel1: Thermal
Degradation of Polymers with Phenylene Units in the Chain.
IV. Aromatic Polyamides and Polyimides..........ccccoevvevrennnne. 3511
Sueo Machi and Joseph Siltverman: Mechanical Properties of
Radiation-Induced Graft Copolymers of Styrene to Poly-
BENYIENE. ..o 3529
Frank R. Prince, E1i M. Pearce, and Robert J. Fredericks:
Isomorphous Replacement in Nylon (i by 4-Aminomethyl-

cyclohexanecarboXylic ACIH........ccoeveirveiiiinir e 3533
Donald A Kangas and Ronald R. Pelletier: Copolymerization

of 2-Sulfoethyl Methacrylate.........ccoevvivvinivnine e 3543
Samuel F. Reed, Jr.. Polymerization Studies on Allylic Com-

pounds. V. 2-ChIOrOpropenes.......ccoovvivrereeriereeesieseesnsreneenens 3557

R. Mateva, Ch. Konstantinov, and V. Kabaivanov: Depen-
dence of the Catalytic Activity of Organoaluminum Compounds
and Some of Their Complexes on Their Composition................. 3563
L. Segal, J. D. Timpa, and J. . Wadsworth: Gel Permeation
Chromatography and Cellulose. 1l. Application of Uni-
versal Calibration..........ccooeiii i 3577
G. P. Biackbourn and B. J. Tighe: Studies in Ring-Opening
Polymerization. I. 5,5 - Diethyl - 1,3,2 - dioxathiolan - 4 -

Lo g TR ) [ [T .3591
M. Litt, R. Patsiga, and V. Stannett: Emulsion Polymerization of

Vinyl Acetate. Tl 3607
Notes

Frank S. H. Head: A Determination of the Molecular Weight of
N 12 o T TSRS 3651
M asatoshi Nakayama, Hideo Hirohara, Katsuhiko Takaya,
and Norio Ise: Living Anionic Polymerizations of n- and p-
Methylstyrenes in 2-Methyltetrahydrofuran...........ccccoevvevvenn .3653
H. C. Haas, IN. J. Manning, and S. A Horttander: Overall
Activation Energies for Addition Polymerization by Differential
Thermal ANALYSIS......ccocoireieeere e 3657



CONTENTS

K. Sanui and N. Ogata: Synthesis of Polyamide from Bis-
anhydrides and DiamiNeS.......cccuvvvreirnenisirnene e
Sung Moon, Arthur L. Schwartz, and Jeffrey K. Hechrt:
Polybenzimidazole Containing Adamantane Units..........c..........

J. E. Mulvaney, H. G. Gollmar, and J. R. Gross: Preparation
of Polystyrene with Terminal Fund ional Groups........cc.ccccvveeee.

Erraium

Y ashushi Joh, Seiki Kurihara, Toshio Sakurai, and Tat-
sunori Tomita: Stereospecific Polymerization of Meth-
acrylonitrile. VI. Effect of Ethers as a Complexing Agent
with Diethylmagnesium Catalyst. [Article in J. Polym. Sci.
A-l, 8,2383 (1970) J.veveeeierierrisieseeteisie e eeere et srere e seenns

AUTNOT TNUEX ettt
ST o] [=T o) A 1 o = SRS
VOIUME Title PAQE....coiiiiiiiieseeecs e
VOIUME CONTENTS....ccviiicic e

xxiii



Solve

back

ISsue

problems with
microfilm

Scientists are discovering that microfilm provides quick information ac-
cess, is simple to read, and affords time-saving print-out capability. On the
other hand, librarians find that microfilm is convenient to store, easy to use,
and preserves file integrity. The journals are available in negative microfilm
on reels; in Kodak cartridge; and in 3-M cartridge.

JOURNAL OF APPLIED POLYMER
SCIENCE microfilm

Voi. 1, 1959 to

VOi. 6, 1962 (L UNit).ooooerecocceers $50.00
Voi. 7. 1963 30.00
Voi. 8, 1964 40.00
Voi. 9, 1965 60.00
Voi. 10, 1966 35.00
Voi. 11, 1967 45.00
Voi. 12, 1968 30.00
Voi. 13, 1969 60.00

The JOURNAL OF POLYMER SCIENCE
microfilms are available in two sets:

'Old Series: Vol. 1—1946 through

Vol. 62-1962 ....cceveviiriircens $450.00
‘New Series: Vol. 11963 .......... 95.00
Vol 2-1964 ..o 95.00
Vol. 3-1965 ... 95.00
Vol 4-1966 ... 95.00
Vol. 5-1967 ... 95.00
Vol. 6-1968 95.00
Vol 7-1969 oo 95.00

‘These prices only for subscribers to the journal.

Prices for non-subscribers are available on request.

For more information write to Subscription Department

JOHN WILEY & SONS, Inc./ 605 Third Avenue / New York, N.Y. 10016.

111*9



Journal of Polymer Science Part A-1: Polymer Chemistry

Contents (continued)

Mas_a_toshi Nal_(ayama, Hideq Hirohara, Katsuhiko Takayq, and Norio Ise:
Living Anionic Polymerizations of o- and p-Methylstyrenes in 2-Methyltetra-

Y ATOTUTAN (ot et s 3653

H. C. Haas, M. J. Manning,and S. A. Hollander: Overall Activation Energies
for Addition Polymerization by Differential Thermal Analysis........cccoviiiininnne 3657

K. Sanui and N. Ogata: Synthesis of Polyamide from Bisanhydrides and Di-
amines 3661

Sung Moon,Arthur L. Schwartz,and Jeffrey K. Hecht: Polybenzimidazole
Containing Adamantane U NS ... e 3665

J. E. Mulvaney, H. G. Gollmar,andJ. R. Gross: Preparation of Polystyrene
with Terminal FUNCLIONal GrOUPS .o 3667
=N U 1 TSP 3671
AUTNOT TNAEX ittt bbb bbb 3673
SUDJECT IO EX ittt ettt b bbbttt benen 3687

Volume Title Page

Volume Contents

The Journal of Polymer Science publishes results of fundamental research in all
areas of high polymer chemistry and physics. The Journal is selective in accepting
contributions on the basis of merit and originality. It is not intended as a reposi-
tory for unevaluated data. Preference is given to contributions that offer new or
more comprehensive concepts, interpretations, experimental approaches, and re-
sults. Part A-1 Polymer Chemistry is devoted to studies in general polymer chem-
istry and physical organic chemistry.  Contributions in physics and physical chem-
istry appear in Part A-2 Polymer Physics. Contributions may be submitted as full-
length papers or as “Notes.” Notes are ordinarily to be considered as complete
publications of limited scope.

Three copies of every manuscript are required. They may be submitted directly
to the editor: For Part A-1, to C. G. Overberger, Department of Chemistry, Uni-
versity of Michigan, Ann Arbor, Michigan 48104; and for Part A-2, to T. G Fox,
Mellon Institute, Pittsburgh, Pennsylvania 15213, Three copies of a short but
comprehensive synopsis are required with every paper; no synopsis is needed for
notes. Books for review may also be sent to the appropriate editor.  Alternatively,
manuscripts may be submitted through the Editorial Office, c/o H. Mark, Poly-
technic Institute of Brooklyn, 333 Jay Street, Brooklyn, New York 11201. All
other correspondence is to be addressed to Periodicals Division, Interscience Pub-
lishers, a Division of John Wiley & Sons, Inc., 605 Third Avenue, New York, New
York 10016.

Detailed instructions in preparation of manuscripts are given frequently in Parts
A1 and A-2 and may also be obtained from the publisher.



Polymer Chemistry
from Wiley-Interscience

THE CHEMISTRY AND USES OF
FIRE RETARDANTS

By John W. Lyons, Monsanto Company

The chemistry of phosphorus, antimony, boron,
chlorine, and bromine is prepared in enough detail
to enable the reader to understand the use of com-
pounds of these elements as fire retardants. The
applications are discussed in terms of substrates:
wood, paper, other cellulosics, paints and mastics,
polymers with all-carbon backbones, and polymers
with heterogeneous backbones.

The Chemistry and Uses of Fire Retardants re-
views current progress in the area of fire retardation
and sets the stage for the recent surge of technical
activity initiated by the increased efforts of the last
decade. The author offers the broadest possible
view of the field of natural and synthetic polymers
in terms of flammability and its control. More than
2000 references are included, deficiencies in the
state of the art are pointed out, and future develop-
ments are speculated upon.
$22.50

1970 462 pages

THE CHEMISTRY OF
ALKENES

Volume 2

Edited by Jacob Zabicky, Institute for Fibres and
Forest Products Research, Jerusalem, and The Weiz-
mann Institute of Science, Rehovoth, Israel

A volume in the Chemistry of Functional Groups
series, edited by Saul Patai

This volume deals with the chemistry of the carbon-
carbon double bond, with emphasis on comparative
critical discussion of the chemistry of alkenes. The
material is presented in three main parts. The first
part is concerned with general-theoretical aspects
a-nd includes a chapter on nuclear magnetic reso-
nance spectroscopy. The second part deals with
chemical behavior and includes chapters on re-
arrangements, hydrogenation, olefinic ions, com-
plexes with transition metals, and the effects of
various types of radiation. The third part treats
related compounds in chapters on olefinic polymers
and cyclopropanes.

1970 669 pages  $31.00

VINYL AND DIENE MONOMERS
Parts 1, 2, and 3

Edited by Edward C. Leonard, Kraftco Corporation

Volume 24 of High Polymers, edited by H. Mark,
C. S. Marvel, H. W. Melville and P. J. Flory

Vinyl and Diene Monomers offers, in three volumes
a comprehensive, systematic, and uniform treat-
ment of vinyl and diene monomers. Part One
describes the manufacture, chemical and physical
properties, purification and polymerization be-
havior of some of the commercially important vinyl
monomers. Part Two describes the manufacture,
chemical and physical properties, and polymeriza-
tion and polymer characteristics of styrene, ethylene,
isobutylene, butadiene, isoprene, and chloroprene.
Part Three describes the manufacture, physical and
chemical properties, and polymerization and poly-
mer characteristics of vinyl and vinylidene chloride,
the fluorocarbon monomers, and certain miscel-
laneous monomers.

Part 1 1970 477 pages $19.95
Part 2 1970 704 pages $37.50
Part 3 1970 432 pages $24.95

VISCOELASTIC PROPERTIES
OF POLYMERS

Second Edition
By John D. Ferry, University of Wisconsin

About eighty per cent of the material in the first edi-
tion of this well-known and widely used book has
been rewritten for the second edition to take into
account new developments since the book's first
publication in 1961. Two new chapters have been
added: on viscoelastic properties of dilute solu-
tions and on the behavior of cross-linked polymers.

The book is concerned with the phenomenological
and molecular theory of viscoelastic behavior of
macromolecular systems, ranging from dilute solu-
tions of rodlike and coiled polymers to rubbery,
glassy and polycrystalline solids. It also describes
methods for measuring transient and oscillatory
viscoelastic properties, and their dependence on
chemical structure, molecular weight, temperature,
pressure, and plasticization.

1970 671 pages $29.95

WILEY-INTERSCIENCE

a division of JOHN WILEY & SONS, Inc.

605 Third Avenue, New York, N.Y. 10016

In Canada: 22 Worcester Road, Rexdale, Ontario

2 5s.n 254



	THE JOURNAL OF POLYMER SCIENCE PART A-1 POLYMER CHEMISTRY 1970 VOLUME 8 NO.12 
	Contents
	High-Resolution NMR Spectrum of Deuleraled and Undeuterated Poly(propene Sulfone)
	Effects of Mercaptides on Anionic Polymerization. II. Polymerization of Acrylonitrile Initiated by Mercaptides
	Synthetic Thermally Reversible Gel Systems. VI
	Viscous Flow and Structure of Linear Polymers
	Photosensitization of Vinyl Polymerization by Uranyl Ions
	Copolymerization of Styrene and Butadiene in Emulsion.
	I. Composition of the Latex Particles
	II. Relative Rates of Crosslinking and Propagation
	III. Crosslinking Studies by Partial Conversion Properties

	Direct Rotating-Sector Studies of the Systems: Styrene—Methyl Methacrylate and Styrene—Methyl Acrylate
	Radiation-Induced Polymerization of 3,3,4,4,5,5,5-Heptafluoropentene-l at High Pressure
	Quaternary Ammonium Polymers froml,4-Diaza[2.2.2]bicyclooctane
	Catalysis of Olefin Isomerizations by Boron Trifluoride
	Thermal Degradation of Polymers with Phenylene Units in the Chain. IV. Aromatic Polyamides and Polyimides
	Mechanical Properties of Radiation-Induced Graft Copolymers of Styrene to Polyethylene
	Isomorphous Replacement in Nylon 6 by 4-Aminomethylcyclohexanecarboxylic Acid
	Copolymerization of 2-Sulfoethyl Methacrylate
	Polymerization Studies oil Allylic Compounds. V. 2-Cliloropropenes
	Dependence of the Catalytic Activity of Organoaluminum Compounds and Some of Their Complexes on Their Composition
	Gel Permeation Chromatography and Cellulose. II. Application of Universal Calibration
	Studies in Ring-Opening Polymerization.I. 5,5-Diethyl-l,3,2-dioxathiolan-4-one-2-oxide
	Emulsion Polymerization of Vinyl Acetate. II
	NOTES
	A Determination of the Molecular Weight of Nylon 6
	Living Anionic Polymerisations of o- and p-Methylstyrenes in 2-Methyltetrahydrofuran
	Overall Activation Energies for Addition Polymerisation by Differential Thermal Analysis
	Synthesis of Polyamide from Bisanhydrides and Diamines
	Polybenzimidazole Containing Adamantane Units
	Preparation of Polystyrene with Terminal Functional Groups

	ERRATUM
	AUTHOR INDEX, VOLUME 8
	SUBJECT INDEX, VOLUME 8

