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Spin-Probe Studies. 1. Applications to Latexes and
Micelle Characterization

GARY PAUL RABOLD, Radiochemistry Research Laboratory,
The Dow Chemical Company, Midland, Michigan 48640

Synopsis

The interaction of sodium dodecyl sulfate (NaDS) with styrene-butadiene latexes
was investigated by application of the recently developed spin-probe technique. It is
possible by this method to detect the presence of micelles in a latex reasonably quanti-
tatively. The effective surface area occupied per molecule of soap was calculated to be
53 A2 Differences in purity can readily be detected for several NaDS samples. The
less pure samples show a lower critical micelle concentration (CMC) and a significantly
more ordered micelle structure. The addition of hexane to NaDS solutions above the
CMC leads to a greater immobilization of the spin probe. This is interpreted as reflect-
ing a tighter packing of the soap molecules. The addition of ethanol, acetic acid, and
acrylic acid leads to a looser association of the probe with the micelles. The micelles
catalyze the decomposition of the nitroxide probe in the presence of organic acids. The
aggregation of sodium deoxycholate was also conveniently followed by the spin-probe
method.

INTRODUCTION

The spin-label technique was first introduced by McConnell and co-
workerslin 1965. It has since been applied to a wide variety of problems,
concerned mostly with biological macromolecules, where questions of
binding and of conformational changes have been of interest.24 The
essence of the technique is that one is able to study the motion of a free
radical in its microscopic environment by electron spin resonance (ESR)
spectroscopy. Those free radicals which have proved most suitable for
such use are organic nitroxides which have the essential moiety (1) in their
overall structures. The nitroxide group possesses the paramagnetism

0
I

which enables one to employ ESII, while the adjacent gem-dimethyl sub-
stituents confer an extremely high degree of stability upon the molecule.
The list of nitroxides reported in the literature is rapidly increasing, as
different areas of application necessitate specific syntheses.
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The calculated relation between the molecular motion of the nitroxide
and the shape of its ESR spectrum has been treated in detail in the litera-
ture.2-6 For our purposes it is sufficient to note that under the proper
conditions one may calculate the value of rc, the rotational correlation
time. The value of rc can be thought of as the time required for the
nitroxide to rotate through an angle of one radian. Equations (1) and (2)
are abbreviated expressions of the more detailed equations for calculating
the rotational correlation time.1' 35 The ESR spectrum usually consists of
three lines.  TTOis a linewidth measure and hi, ho, and /;_i are the measured

t0 = Wo[(hahi)w - (ho/hAyirC (1)
To = WoKho/hi) + (/joA-i)12 - 2]C" @

amplitudes of each of the three lines. The values of C and C' are charac-
teristic of the nitroxide and the particular experimental conditions em-
ployed. We repeat here that we are looking at the tumbling of a nitroxide
on its microscopic environment and are studying the manner in which
changes in the environment can bring about changes in the tumbling
motion of the nitroxide.

Griffith and co-workers have recently demonstrated that one may con-
veniently study solutions of micelles by the spin-label technique.3 In
particular they were able to obtain a good measure of the critical micelle
concentration (CMC).

We report herein our observations on the behavior of certain soaps and
also on soap/latex interactions. Strictly speaking, we are using the
nitroxide as a probe in our experiments, not as a label, and the experiments
should therefore be referred to as spin probing.

EXPERIMENTAL

Materials

The nitroxide (1), 2,2,6,6-tetramethvi-4-hydroxypiperidine-l-oxyl ben-
zoate (BzONO), has been previously described in the literature.7 Nitrox-
ides 111 and 1V were prepared in a similar manner from the nitroxide
alcohol and the corresponding acid chlorides. Compounds I11 and IV had
melting points of 144.5-145.5°C and 113.5-115.5°C (uncorrected), respec-I

1 11 v

tively. The composition of the latexes employed is given in the specific
sections relating to their use. They were synthesized by laboratories



SPIN-PROBE STUDIES. | 1189

within The Dow Chemical Company. The soaps used are all samples of
sodium dodecvl sulfate (NaDS) of various degrees of purity. They are
(lauryl alcohol content in parentheses): Dupont’s Duponol WAQE (ca.
1.3%), Alcolac Chemical’s Sipex SB-D (ca. 2%), Alcolac Chemical’s Sipon
WD (ca. 0.15%), and Eastman Kodak’s NaDS, which has a low impurity
level. Sodium deoxycholate was obtained from Sigma Chemicals and was
used without further purification.

Methods

A Varian V4502 X-band spectrometer was used to obtain the ESR
spectra. The Fieldial was initially calibrated with a gaussmeter and sub-
sequent corrected readings were taken directly from the Fieldial. The
power saturation studies made use of the attenuator calibration chart
supplied by the manufacturer. For the micelle studies a nitroxide concen-
tration of ca. 2 X 10-6M was used. In the latex studies it was necessary
to go to solutions which were nominally ca. 10-W in nitroxide because of
the broadness of the lines.

RESULTS

Figure 1 shows the ESR spectra one obtains for BzZONO dissolved in
water and in 0.30% EK-XaDS. It can be seen that the relative amplitudes
of the three peaks vary in the two situations. The peak-to-peak width of
the central line is broadened by about 0.25 gauss, and the widths of the
other two lines are also correspondingly broader.

In Figure 2 we compare the results of a spin-probe determination of the
CMC of four different samples of NaDS by using the method of Griffith

Fig, 1. ESR spectra of BzZONO in (a) water and (b) 0.3% EK-NaDS.
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WT. PERCENT NoDS

Fig. 2. Rotational correlation time of BZONO vs. % NaDS for several soaps.

and co-workers.3 The tendency is for the CMC to decrease as the impurity
levels increase. The less pure samples not only display a lower CMC, but
also have a larger value for the rotational correlation time.

Referring to the EK-NaDS results, the initial flat part of the curve
corresponds to a mixture which contains BzZONO and the soap in true
solution. The plateau reached at 0.3% soap corresponds to a solution of
micelles which contain solubilized BzONO in their hydrocarbon interior.
The intermediate region corresponds to the transition from free soap to
micelles.

Other closely related nitroxides show behavior similar to BZONO. Thus
nitroxide 1V in WAQE and nitroxide 11l in EK-NaDS give curves which
are virtually superimposable on their respective counterparts in Figure 2.

An ESR determination of the distribution coefficient of BzONO in
equilibrium with water and hexane at room temperature gives a value
K = 122 X 104 where K = (BzONO solubility in hexane)/(BzONO
solubility in water).

The addition of hexane to a 3.0% aqueous solution of WAQE containing
BzONO leads to a greater immobilization of the spin probe, as shown in
Figure 3. As the molar ratio of hexane to soap is increased, the rotational
correlation time also increases. At a hydrocarbon./WAQE ratio of about
12, the degree of immobilization is maximized. At the higher hexane levels
examined the degree of immobilization remains fairly constant. It requires
more than 24 hr for an equilibrium value of rOto be attained, indicating
that the reorganization of the micelle structure is a rather slow process.
The values reported here are equilibrium values.

The effects of acrylic acid, acetic acid, and ethanol were also noted.
With WAQE in a 1% aqueous solution of acrylic acid the CMC is essentially
unchanged, but the value of the rotational correlation time is lowered
considerably, as is shown in Figure 4. A similar change in the rotational
correlation time is observed when acetic acid is substituted for acrylic acid.
The nitroxide is fairly unstable under these conditions, disappearing com-
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Fig. 3. Rotational correlation time of BZONO vs. the molar ratio of hexane to WAQE,
(WAQE ca. 3.0%): (upper curve) calculated from eq. (1); (lower curve) from eq. (2).

Fig. 4. Rotational correlation time of (upper curve) BzONO in water and (lower curve)
BzONO in 1% aqueous acrylic acid vs. % WAQE.
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pletely, as monitored by ESII, after 24 hr. It should be noted that BZONO
is quite stable in soap solutions alone and in acetic acid solutions of all
concentrations. The rotational correlation time of BzZONO in EK-NaD$S
is decreased by the addition of 5% by weight of ethanol and the CMC is
not appreciably changed. The break in the curve, however, at the lower
soap concentrations is not nearly as sharp as it is in the absence of ethanol.

Sodium Deoxycholate Aggregation

Although it is by no means correct to call the sodium deoxycholate
(NaDC) aggregates micelles, the phenomenon studied is, nevertheless,
quite similar to that with NaDS, namely, the association of lipophilic
molecules in an aqueous serum.8 Figure 5 is a plot of the rotational

Pig. 5. Rotational correlation time of BZONO vs. % sodium deoxycholate.

correlation time of BzZONO in aqueous NaDC solutions as a function of
the NaDC content. Below ca. 0.2 wt-% NaDC there is no significant
change in the value of t(. Over the region 0.2-1.0 wt-% NaDC, the slope
of the curve changes fairly abruptly, and above the 1.0% level, the slope
remains constant at a lower value than the slope in the 0.2-1.0% range.



SPIN-PROBE STUDIES. | 1193

Latex Studies

Among the latexes examined we have done the most work on SB-62.
The compositions of all the styrene-butadiene latexes used are listed in

TABLE |
Compositions of the Styrene-Butadiene Latexes Employed0
Styrene Approximate
Identification content, % particle diameter, A
SB-62 62 1900
MC-745 62 1090
MC-747 52 1150
MC-762 42 1130

0AIll formulations contain 1.0% WAQE.

Table I. The ESR spectra of BZONO in SB-62 under different conditions
are shown in Figure 6. The spectrum of Figure 6a is that of BzZONO in a
stock solution of SB-62 at 52% solids, and that of Figure 6c is of BZONO

Fig. 0. ESR spectra of BzZONO in (a) SB-62 latex, (6) SB-62 film, and (c) SB-62 latex
with WAQE micelles present.
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WT. PERCENT WAQE

Fig. 7. Titration of SB-62 with WAQE. Amplitude of the ESU micelle peak vs. %
WAQE added.

PERCENT SOLIDS SB 62
Fig. S. Plot of Vo WAQE required for micelle formation vs. % SB-62 solids.

itt SB-62 with sufficient added WAQE to have micelles present in the
solution. The former spectrum will be referred to as the latex spectrum,
and the low-field peak labeled A will be referred to as the latex peak. The
spectrum of Figure Ib will be referred to as the micelle spectrum and the
high-field peak labeled B will be designated as the micelle peak. This
high-field micelle peak is clearly visible in spectrum Gc. It must be empha-
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sized that this terminology is used only for convenience; it refers to the
spectra and the peaks of the spin probe solubilized in the latex and the
micelle, respectively. Spectra indistinguishable from that of Figure 6c are
obtained when BzONO is dissolved in the other three latexes listed in
Table 1. When films of these BzOXO-doped latexes are cast and allowed
to dry, the ESR spectra are all identical at room temperature. The
spectrum shown in Figure 66 is obtained from a film cast from SB-62. At
higher temperatures the spectra differ from each other in a regular manner.
This interesting aspect will be the subject of a separate publication.
Figure 7 is a plot of the data obtained from the titration of BZONO-doped
SB-62 with WAQE, where the amplitude of the micelle peak is plotted
against the soap concentration. At low soap levels the amplitude of the
micelle peak remains constant and low. At the higher levels of WAQE
the micelle peak height increases linearly. Titrations were run at four
different levels of latex solids (20.8, 26.0, 34.6, and 43.3%) and similar
plots to that of Figure 7 were obtained in all cases. Figure 8 is a plot of
the total soap present in the system at the point of intersection of the two
lines versus the latex per cent solids. The least-squares y intercept is at
0.50% WAQE.

Power Saturation

The line shapes of the ESR spectra are sensitive not only to their molec-
ular motion but also to the levels of microwave power used for detection.

Fig. 9. Rotational correlation time of BzZONO in 0.5% EK-NaDS vs. square root of
(P/Po), where P = attenuated microwave power, P0 = unattenuated power: (O)
calculated from eq. (1); (O) calculated from eq. (2).
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This is illustrated in Figure 9, which is a plot of the rotational correlation
time for BzONO in 0.5% EK-NaDS versus (P/PQ12 where P is the
attenuated microwave power and PO is the unattenuated power. Here
rad) and rod were calculated from egs. (1) and (2).

DISCUSSION

NaDS Micelles

Adequate explanations have been advanced3 for spectra of the type
shown in Figure 1. Griffith et al. have convincingly demonstrated that
the nitroxide is strongly associated with the hydrocarbon portion of the
micelle. The rotational correlation time calculated from the spectra of
Figure 1 are 3 X 10~n sec for the spin probe in water and 3.4 X 10-10 sec
for the probe in EK-NaDS micelles.

Turning our attention first to the EK-NaDS curve of Figure 2, the values
of rcon the portion of the curve with a nonzero slope can correspond to two
distinct physical situations. One possibility is that the nitroxide is com-
pletely dissolved in the micelles which exist above the CMC, which is
0.20 wt-%. In this case, the value for rc would reflect the presence of
different micelle structures up to the plateau at about 0.30% NaDS. The
second possibility is that the probe is distributed between the agqueous
serum and the micelles, in which case the calculated tcwould really be an
“effective” rc, that is, a weighted average of the contributions from each
environment.  Our results strongly support this latter case for the following-
reason. To a first approximation one may draw an anology between the
distribution of the spin probe between the serum and the micelles in the
aqueous soap solution and the distribution of the same probe between a
hydrocarbon and water in contact with each other. The measured dis-
tribution coefficient for BZONO for the immiscible solvent pair hexane-
water is 1.22 X 104 Using this value to obtain the distribution of the
probe between the water and the micelles, one can then calculate values
for t0in the 0.20-0.30% soap region which are in excellent agreement with
the measured values.

In the previous study3it was reported that there was no difference ob-
served between the behavior of the commercial and the laboratory samples
of NaDS. Both samples gave curves which are quite similar to what we
have observed with EK-NaDS (cf. Fig. 2). It is extremely interesting in
our case that the less pure samples of NaDS not only display a lower CMC,
but also show a tighter micelle structure as reflected by the higher plateau
values of rc.  In speaking of a tighter micelle structure we are referring to
the motional restrictions the micelles impose on the solubilized spin probe.
The major organic impurity in our soap samples is lauryl alcohol. Becher
has commented on the role of impurities such as lauryl alcohol in enhancing
the stability of emulsions by strengthening the hydrocarbon-to-watcr
interfacial film.0 It would appear from our results that the micelle struc-
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ture is affected in the same manner as is the emulsion interfacial film. It
is possible that the alcohol acts to decrease polar endgroup repulsion, which
could then lead to a more ordered array of the hydrocarbon chains.

The change which the ESR spectrum of the spin probe undergoes when
hexane is added to a 3.0% aqueous solution of WAQE is somewhat sur-
prising. The generally accepted working model for the molecular structure
of an emulsion is of a radial distribution of the soap and synergistic impu-
rities about the hydrocarbon or oily liquid core.1l Based on this we antici-
pated that as we added a hydrocarbon to the aqueous BzZONO-doped soap
solution the solubilized hydrocarbon would allow the spin probe a greater
degree of rotational freedom up to the point where the nitroxide would be
nearly completely dissolved in the central hydrocarbon core of the soap-
coated sphere.  Such was not the case. As can be seen from Figure 3, the
rotational correlation time of the spin probe becomes larger as the ratio of
hexane to soap increases up to a molar ratio of about 12. It shows no
further change as the hexane to soap ratio is increased right up to the point
where phase separation is evident. The increase in the rotational correla-
tion time as hexane is added can be explained if the spin probe remains
associated with the hydrocarbon portion of the soap molecules and is not
significantly dissolved in the inner liquid region. In this case, the greater
degree of molecular orientation of the surface film, which has been proposed
by Shulman and Cockbain,Zlwould strongly hinder the spin probe’s molec-
ular motion.  Although this interpretation is in accord with the hypothesis
of a more highly organized outer film, it is nevertheless puzzling in one
respect. It is not clear why the spin probe should be preferentially soluble
in the surface layer of soap molecules rather than in the hexane interior.
Simple calculations show that the spherical inner liquid core would have a
minimum diameter several times the diameter of the spin probe. Therefore
if the nitroxide were in the interior of the emulsion droplet, it would be
readily apparent from the ESR spectrum.

The addition of the more polar molecules, acrylic acid, acetic acid, and
ethanol, to the soap solutions has an effect unlike the nonpolar hexane.
In all cases the apparent rotational correlation time is considerably lower,
indicating that a less ordered micelle structure exists under these conditions.
Again, the term “less ordered” refers to the decreased ability of the micelle
to hinder the molecular tumbling of the solubilized nitroxide. Interest-
ingly, the CMC is essentially unchanged. Figure 4 shows the results for
BzONO-doped WAQE solutions in 1% aqueous acrylic acid. The plateau
value of the rotational correlation time decreases by about 40% in this case
compared to the acid free case. While the mode of action of these polar
molecules is not known one possibility is suggested here. The solvation of
the sulfate end of the soap chains by these relatively bulky polar organic
molecules could make it more difficult for the hydrocarbon chains to form
as organized a structure as they otherwise do.

The instability of the nitroxide in soap solutions containing acrylic or
acetic acids is interesting in view of the fact that the spin probe is quite
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stable in soap solutions alone, and in acetic acid solutions ranging from 1%
aqueous to glacial. How this reaction occurs is not known at present, but
one cannot overlook the possibility that the micelle functions as a catalytic
surface and provides an active site where the nitroxide and the acid may
come together to react. NaDS has been shown to exhibit catalytic
behavior in a large number of instances.2

Sodium Deoxycholate Aggregation

It is well documented that NaDC forms molecular aggregates in aqueous
solution.8 These aggregates produce an increased viscosity which is thixo-
tropic in nature. Under certain conditions it is possible to draw out
helical microfibrils from these solutions. We felt that it should be possible
to follow the NaDC aggregation by the use of a spin probe just as was done
with the NaDS micelles. This would require, of course, that the aggregates
which form are able to bind the nitroxide. The curve of Figure 5 indicates
that this requirement is fulfilled and that as the NaDC molecular aggre-
gates form, the nitroxide probe does associate with it very strongly. Below
about 0.2% NaDC the unchanged value of the nitroxide rotational corre-
lation time indicates that there is no significant degree of association of the
NaDC molecules. In the 0.2-1.0% region, the fairly rapid rise in rcshows
that the probe is now in a microscopic environment which hinders its
molecular motion. The same is also true above 1.0%, but the rate of
change of tcis not as great. On drawing an analogy between the NaDC
aggregation and the NaDS micellization, the broadness of the concentration
range on the maximum slope portion of the curve implies either that there
is not a unique stoichiometry to the aggregate formed or that the stoichi-
ometry is quite low.13 From the x-ray data of Bonamico and Giacomello
on some crystalline choleic acidsX4 one can estimate the radius of a 2:1
deoxycholic acid:BzONO complex to be not less than 10A. Using the
Stokes law relationb

re= injad/?jkT 3)

one calculates a rotational correlation time of 1.0 X 10~9sec for a nitroxide
complexed with two NaDC molecules. In eq. (3) ?is the solvent viscosity
and a is the particle radius. Previous workers have shown that correlation
times calculated by the Stokes law relation are about twice as large as the
values obtained from direct ESR measurements,3and we would therefore
expect a value of about 5 X 10~1sec for rhe complex with a 10 A radius.
As can be seen from Figure 5 the probe does not have a correlation time
of this magnitude until the NaDC is present at about the 2.0% level.
This is well past the 0.2% NaDC level where association of the probe with
the bile acid is evident. It is thus clear that the probe forms a fairly loose
association with the NaDC aggregates. The change in slope of the curve
of Figure 5 beyond the 2.0% level, where the NaDC aggregates probably
exist in a helical chain structure,8 may reflect the smaller effect that an
increased molecular weight and chain length has on local chain structure
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and motions. The steady increase in the correlation time is in interesting
contrast with NaDS, where the correlation time remains constant at soap
concentrations appreciably above the CMC.

Latex Studies

A problem arose where it was necessary to detect micelles in a latex. It
seemed that the spin-probe technique would prove useful in this area and,
indeed, it showed itself to be of quite broad applicability.

The spectrum of Figure 6a is of BzOXO in SB-62. This is to be con-
trasted with the spectra of Figure 1. The much broader latex spectrum
is indicative of a rotational correlation time at least three orders of mag-
nitude greater than that associated with the micelle spectrum. There is
superimposed on the pure latex spectrum a less than 0.1% contribution
from a more free species, which can be seen as an inflection on the low-field
latex peak, A, and as a separate peak between the middle- and high-field
latex peaks. These are more clearly indicated in Figure 6¢c. This more
mobile species has a rotational correlation time very nearly equal to that
of BzZONO in a NaDS micelle. This does not necessarily mean that it is
in a micelle, since there may be other ways it can associate with the latex
polymer particles. It is clear, however, that greater than 99.9% of the
spin probe is intimately associated with the polymer particles. It is most
likely that the nitroxide is solubilized in the interior of the latex particle,
since our evidence points against it being on the surface. Thus if a film
is cast and allowed to dry completely the ESR spectrum of the probe-doped
solid polymer is identical to that of the original latex, with the exception
of the complete absence of the 0.1% contribution from the more mobile
species. This latter spectrum is shown in Figure 66. If the probe in the
latex were associated with the surface of the polymer particles one would
expect to see a change in the ESR spectrum as the particles coalesced.
No such change was observed with SB-62 nor with the other three latexes
of Table I.

If one adds sufficient WAQE to the probe-doped latex the spectrum of
Figure 6c is obtained. This spectrum is the resultant of the superposition
of a latex spectrum and a micelle spectrum. In this situation where the
nitroxide is distributed between the polymer particles and the micelles, the
ESR spectrum clearly reflects the two environments. Fortunately, the
latex peak A and the micelle peak B are nonoverlapping, permitting a
straightforward analysis. Thus, at a low soap/polymer ratio the amplitude
of the micelle peak is a direct measure of the micelle concentration (see
Appendix 1). Titration of a stock sample of SB-62 with WAQE gives the
results shown in Figure 7. The amplitude of the micelle peak remains
very small and constant up to about 0.25% added WAQE. From that
point on the amplitude of the micelle peak increases linearly. The amount
of soap present initially was 0.40%, so at the 20.8% solids level it can be
seen that there are essentially no micelles present below 0.65% WAQE.
Similarly, at other levels of polymer solids we have calculated the soap
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levels below which there are no appreciable quantities of micelles in solution.
The graph of Figure 8 shows the results. This can be interpreted in terms
of a saturation surface coverage of the polymer particles by the soap
molecules. When the saturation point is reached, the soap molecules are
then able to reach the solution concentration necessary for micelle forma-
tion. The intercept of 0.05% WAQE required for micelle formation at
zero polymer solids should equal the CMC. The agreement of this value
with the value obtained by direct measurements is quite good.

Assuming that the soap forms a monolayer on the polymer surface, it is
possible from these data to calculate an effective surface area occupied by
each soap molecule. The range of particle sizes for SB-62 is 1S00-2000 A.
The calculated values for the effective surface coverage per molecule of
soap is 51 A2and 55 A2based on polymer particle diameters of 2000 and
1S00 A, respectively. The details of these calculations are in Appendix 1.

APPENDIX |

Calculation of the Expected Distribution of BZONO Between Polymer
Particles and Micelles in the Same Solution

Let K = (a x)/(bly)

where a/x = a grams BzOXO per .r grams latex and b // = 5grams BzOXO
per y grams micelles.

a/b
b

K(xly).a+ b=c
cyl(y + Kx)

For the latex and micelle mixture we assume

K$1
Then forx >> vy

b= @y)/(Kx).

Thus, when the latex solids are present in sufficient excess over the
micelles, the micelle ESR peak is a direct measure of the micelle concen-
tration.

APPENDIX I
Calculation of the Effective Surface Area of WAQE on SB-62

Using the data of Figure 8 one calculates that 0.5 g polymer solids requires

0.0141 g of WAQE for complete coverage. The particle size distribution
for SB-62 is 1800-2 000 A.

For the 1800 A particle size,

A
\

4 w2= 101 X 10-» cm2particle
Vs n,i= 3.02 X 105 cm3particle
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Grams per particle:
(3.02 X 10-16 cm3particle) (1.03 g/cm3 = 3.11 X 10-15 g/particle
Particles per 0.5 g:
(5 X 10-19)/(3.11 X 10 g particle) = 161 X 10Kparticles
Total area per 0.5 g:

(1.01 X 10 8cmz2 particle)(1.61 X 104 particles)
Total WAQE required per 0.5 g polymer solids:
V(141 X 10~2g)/(2.SS X 102g/mole) = 2.95 X 1019molecules

Effective area occupied per soap molecule:
(1.62 X 106cm2 X 1065A2cm2/(2.95 X 100particles) = 55 A2molecule
A similar calculation based on a 2000 A diameter gives a value of 51
AZmolecule WAQE.

The author is pleased to thank Dr. E. Birkhimer for helpful discussions and Mr. G.
Meier for his generosity in providing the latexes which were used in this work.

1.62 X 106cm2

References

1 T. J. Stone, T. Buckman, P. L. Nordio, and Il. M. McConnell, Proc. Nat. Acad.
Sci. U. S,, 54, 1010 (1965).

2. L. Stryer and O. n . Griffith, Proc. Nat. Acad. Sri. U. S., 54, 1785 (1965).

3. A. S. Waggoner, O. H. Griffith, and C. R. Christensen, Proc. Nat. Acad. Sci. U. S.,
57, 1198 (1967).

4. M. D. Barratt, D. K. Green, and D. Chapman, Biochem. Biophys. Acta. 152,
20 (1968).

5. D. Kivelson, J. Chem. Phys., 33, 1094 (1960).

6. N. Edelstein, A. Kwok, and A. H. Maki, J. Chem. Phys., 41, 179 (1964).

7. E. G. Rozantsev, V. A. Golubev, and M. B. Neiman, Bull. Acad. Sci. USSR,
1965, 379.

8. D. M. Blow and A. Rich, J. Amer. Chem. Soc., 82, 3566 (1960).

9. G. P. Rabold, J. Polym. Sci. A-1, this issue.

10. P. Becher, Emulsions: Theory and Practice, 2nd ed., ACS Monograph No. 162,
American Chemical Society, Washington, D. C., 1965, pp. 104-110 and references
therein.

11. J. H. Shulman and E. G. Cockbain, Trans. Faraday Soc.. 36, 651 (1940).

12. R, B. Dunlap and E. H. Cordes, J. Amer. Chem. Soc., 90, 4395 (1968).

13. A. E. Alexander and P. Johnson, Colloid Science, Vol. 2, Oxford, 1949, pp. 670-75.

14. M. Bonamico and G. Giacomello, Gazz. Chirn. Ital., 92, 647 (1962).

15. G. E. Pake, Paramagnetic Resonance, Benjamin, New York. 1962, Chap. 5.

Received September 17, 1968



JOURNAL OK POLYMER SCIENCE: PAR I' A-I VOL. 7, 1203-1223 (1069)

Spin-Probe Studies. 11. Applications to
Polymer Characterization

GARY PAUL PABOLD, Radiochemistry Research Laboratory,
The Dow Chemical Company, Midland, Michigan 48640

Synopsis

The spin-probe technique has been employed to study interactions between several
small organic nitroxides and host polymers in which they are dissolved. By this method
one is able to study the mobility of the dissolved molecule in its microscopic environment
using electron spin resonance spectroscopy. The behavior of one nitroxide has been
examined in twelve different polymers and copolymers. An E.SR line shape parameter
has been correlated with Tmand Tg. In addition, energy barriers for the rotation of
the dissolved nitroxides in the polymers have been calculated. They range from 7.S
to 18 kcal/mole, depending on tlie structure of the nitroxide and the polymer. Similar
experiments in a hydrocarbon solvent afford a rotational energy barrier of 3.S kcal/mole.

INTRODUCTION

lu  recent years a great deal of attention has been focused on the relation

between the macroscopic behavior and properties of polymers and the
microscopic molecular motions of the polymer chains. Prominent among
those methods which have been found to be useful in such studies are
differential thermal analysis, dynamic mechanical testing, and nuclear
magnetic resonance. In a review article Boyer describes the application
of these methods to questions of molecular motions in polymers.1 The
three methods mentioned above all have the common feature that they
involve making a direct measurement on the system being studied. A
second approach to studies of polymer behavior would be to use a suitable
molecular probe, some measurable parameter of which responds to the
molecular motions of the host polymer. We have attempted to use such
an indirect method by the application of the spin-probe technique,2 and
we present some of our results in this report.

THEORY

The spin-probe technique is based on the response of the line shape of
the ESR spectrum of a suitable paramagnetic probe to its molecular motion.
The probes used to date have all been members of the class of paramagnetic
compounds known as nitroxides. Comprehensive treatments of the mo-
tional dependence of the ESR line shapes for nitroxides have appeared in
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Fig. 1. ESR spectra of BzZONO in polyethylene (11X 116) (a) at —1S0°C, and () at
+<S0°C. The external field increases from left to right.

the literature.34 Typical ESR spectra for nitroxicle 1under two different
conditions are shown in Figure 1

Bz— 0 HO
0 0
[ I
(BZONO) (HONO)

Spectrum la, of BzONO in high-density polyethylene at —1S0°C, is
characteristic of a slowly tumbling nitroxide in an environment which
restricts its tumbling frequency to the order of < 105to 10cHz. Spectrum
Ib, of BzZONO in high density polyethylene at + S0°C, is indicative of a
much less restrictive environment and a reorientational frequency of 106
Hz can be calculated, where this frequency is defined as the reciprocal of
the rotational or reorientational correlation time. The rotational frequen-
cies which can be examined by the present method fall in the range 106 10*
Hz. The rotational frequencies which can be measured with a fair degree
of confidence are in the approximate range 5 X 1085 X 100Hz. Values
for the correlation time (r¢) are calculated from egs. (1) and (2).
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Figure 16 is used as a representative example; WO is the peak to peak
linewidth of the center line, hi, ho, and Li are the peak to peak amplitudes
of the low-, middle-, and high-field peaks, and C and C' are constants which
are characteristic of the g and hvperfine tensor anisotropies and of the
particular experimental conditions.3 The value of rOcan be thought of as
the time required for the nitroxide to rotate through an angle of one radian.

The experiment that is carried out is to make a solid solution, about
100 ppm, of the nitroxide probe in a polymer and then to study the response
of the dissolved nitroxide’s ESR spectrum with temperature. The rationale
is that the motion of the nitroxide will reflect the motion of the chain
segments of the host polymer. It is assumed that a rigid polymer matrix
will impose more severe motional restrictions on the dissolved probe than
will a flexible polymer.

Te®

EXPERIMENTAL

Materials

The nitroxides | (2,2,6,6-tetramethyl-4-hydroxypiperidine-1-oxyl benzo-
ate), 1l (2,2,6,6-tetramethyl-4-hydroxypiperidine-1-oxyl), and 111 (2,2,5,5-
tetramethyl-3-carbamido pyrroline-1-oxyl) have been described previously
in the literature.56 Details on the latexes are given in Table I. The
polyethylenes used were low density (0.921 g/cm3 and high density (0.964
g/cm3. Both the poly(vinyl chloride) and the polystyrene were latexes
obtained from within The Dow Chemical Company.

TABLE |
Composition of the Styrene-Butadiene Latexes Employed
Identification Styrene, % WAQE, wt. %
SB-62 62 1
MO-745 62 1
SB-57 57 1
MC-747 52 1
MC-762 42 1
Methods

ESR spectra were recorded with a Varian V4502 X-band spectrometer
using 100 KHz field modulation. In some cases enhanced resolution was
obtained by using a field modulation line sharpener which is described by
Glarum.7 Varian’s standard variable temperature accessory was employed
for temperature control. A calibration of the variable temperature unit
showed it to be accurate to within one degree. Samples were allowed to
equilibrate for a minimum of 3 min for each 10°C change in temperature
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(the manufacturer’s recommendation is 7 min/100°C change). Power
saturation studies utilized the attenuator calibration chart supplied by the
manufacturer. Most spectra were run under conditions where power
saturation effects were negligible.

Samples of the nitroxide probes in polyethylene and in polypropylene
were prepared by blending weighed amounts of the probe into the polymer
near its melting point by the hot roll/cold roll technique. The nitroxide
was introduced into polystyrene, poly(vinyl chloride), and the various
copolymers by adding it to the corresponding latexes and casting films
which were then allowed to dry. It has been shown previously that the
nitroxide is solubilized by the polymer.2 In all cases the nitroxide was
less than 0.01% by weight of the polymer mixture.

RESULTS

The ESR spectra of BzZONO in high-density polyethylene and in poly-
vinyl chloride) are shown in Figures 2 and 3, respectively. These spectra

Fig. 2. ESR spectra of BZONO in polyethylene (HX 116) at the indicated temperatures
(deg. C).
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Pig. 3. ESR spectra of BZONO in poly(vinyl chloride) at the indicated temperatures.

are representative of those obtained from all of the BZONO doped polymers.
At the lower temperatures the spectra are dominated by the broad, asym-
metric triplet which is characteristic of a high degree of nitroxide immo-
bilization.48 In some samples there are contributions from a second, less
hindered species, superimposed on the more dominant broad spectrum.
As the temperature is raised the spectrum slowly narrows. Ultimately,
when the melting temperature of the host polymer is approached the ESR
spectrum is essentially that of the nitroxide in a low molecular weight
liquid hydrocarbon.  Similar temperature studies were made using HONO
as the probe. Figure 4 shows the variation of the ESR spectra with
temperature for HONO in poly(vinyl chloride). The greater degree of
resolution in these spectra is the result of employing the field modulation
line sharpener. The superposition of the broad and the narrow spectra is
much more clearly seen.

The data for the several polymers can be plotted as AW versus tempera-
ture, where AW is the peak to peak separation of the two extrema. Such
curves all show a fairly sharp break considerably below Tm The position
and sharpness of the break depends both on the particular nitroxide used
and on the composition of the host polymer. Curves for BzZONO and
HONO in high-density polyethylene, polypropylene, poly(vinyl chloride),
and polystyrene are shown in Figures 5, 6, 7, and 8, respectively. The
difference in the approximate points of inflection for the BzONO and
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Fig. 4. EBIi spectra of HONO in poly(vinyl chloride) at the indicated temperatures.
The field modulation line sharpener was used to obtain enhanced resolution. The
center lines at —100°C and at 40°C are truncated for clarity.
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Fig. 5. Plots of extrema separation vs. temperature in the ESR spectra of (O) B/.ONO
and (m) HONO in polyethylene.
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Fig. & Plots of extrema separation vs. temperature in the ESI! spectra of (O) BzONO
and (¢) HONO in polypropylene.

Fig. 7. Plots of extrema separation vs. temperature in the ESIt spectra of (0) BzONO
and (¢,*) HONO in poly(vinyl chloride).

HONO curves for high-density polyethylene is nearly the same as that for
poly(vinyl chloride), while the difference for polypropylene is somewhat
larger, and that for polystyrene is considerably greater. Figure 9 shows
similar plots over a more limited temperature range for BzZONO in the
styrene-butadiene copolymers MC-762, MC-747, and MC-745. As the
ratio of styrene to butadiene increases the inflection point is shifted to
higher temperatures.

As will be discussed below, there is a temperature region where the rate
of tumbling can be calculated with a good degree of confidence. For most
of the polymers the data from this region gives excellent straight line fits
for plots of Infrotational frequency) versus 1/°K, where the rotational
frequency is defined as the reciprocal of the rotational correlation time.
The slope of such a plot affords a value for the rotational activation energy
of the nitroxide in the polymer. One such plot is shown in Figure 10,
which is for BZONO in polypropylene. A summary of the results of the
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Fig. S. Plots of extrema separation vs. temperature in the ESR spectra of (O) BzONO
and (m) HONO in polystyrene.

Arrhenius plots is included in Table Il.  Such a treatment was not possible
in the cases of polystyrene and poly(vinyl chloride), since the nitroxide
was unstable at the higher temperatures these polymers required.

The ESR spectra of the nitroxides in the polymer matrices are decidedly
sensitive to the incident microwave power levels. Figure 11 shows plots
of the reciprocal of the correlation time as a function of the incident power
for BzZONO in polyethylene at three different temperatures. For most of
the results discussed in this report the incident power was such that it did
not appreciably alter the line shapes.

TABLE I
Summary of Experimental Results

Activation energy, -------—--— T c_b
Polymer kcal/mole™ BzONO HONO

MC-762 11.1 39

MC-747 11.7 52

SB-57 12.3 47

SB-62 13.7 62

MC-745 14.0 65

SB-62» 12.0

Polyethylene (low-density) n.0 1

Polyethylene (high-density) 11.0 5 -10
Polypropylene 12.3 42 1
Ethylene-propylene, 50/50 10.5 10
Ethylene-propylene, 75/25 0.6

Ethylene-propylene, 75/25d 7.6

Polystyrene 1S.3 130 45
Poly (vinyl chloride) 120 9s

aEstimated to be reliable to + 0.2 kcal/mole.
bTemperature at which the extrema separation is 50 gauss.
¢ Nitroxide Il used as the probe.

dHONO used as the probe.
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The styrene-butadiene copolymers showed a limiting value of >1.3 gauss
for the linewidth of the M =0 line for dissolved BzONO, whereas the
BzONO M =0 linewidth had a limiting value of ~1.6 gauss when poly-

DEG C

Fig. 9. Plots of extrema separation vs. temperature in the ESI! spectra of (¢) BzONO
in MC-745, (O) MC-747, and (3) MC-762.

(I/DEG K) x 103

Fig. 10. Arrhenius plot for BzZONO in polypropylene. The rotational frequency is
defined as the reciprocal of the rotational correlation time.



Fig. 11. Plots of (correlation time)'l X 10 Dvs. (P/P Q12 for BzONO in polyethylene,
where PO = unattenuated microwave power: (#) 1/tQ@); (©) I/r0P; (O) I/rctav

LINEWIDTH OF CENTER LINE (GAUSS)

CORRELATION TIME x 109 (SEc)

Fig. 12. Plots of linewidth (M = 0) vs. correlation time for BzZONO in polypropylene
and in SB-62.
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Fig. 13. Plots of the extrema separation vs. temperature for BZONO in hydrocarbon

solvents: (upper curve) methylcyclohexane; (lower curve) 1:1 mixture of toluene and
cyclohexane.

ethylene or polypropylene served as the host polymer. These limiting
values were obtained from plots of the linewidth versus the correlation
time as in Figure 12,

As a point of reference, the ESIt spectra of BZONO in methylcyclohexane
and ina 1:1 mixture of toluene and cyclohexane were run as a function of
temperature. Plots of the separation of the outermost lines of their ES11
spectra versus temperature are shown in Figure 13. The break in the
curve for the toluene/cyclohexane mixture is much more sharp than that
for methylcyclohexane. The break in both curves is much sharper than
for any of the similar plots for BzZONO in the polymers.

DISCUSSION

A discussion of the results should be prefaced by a few general remarks.
The measurements afford information about the steric interactions between
a small molecule and the chain segments of its host polymer. Kosfeld has
discussed this general problem earlier in a paper on plasticized polystyrene,9
in which he suggests a microscopic model of the polymer-plasticizer system.
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In his model Ivosfeld proposes that at and below Tgthere exist submicro-
scopic cavities in which a plasticizer molecule may possess a liquid-like
mobility, although no quantitative relation was suggested between the
relative sizes of the cavity and the plasticizer. Our results in general
conform with the above model. Thus the spectrum for BzZONO in poly-
ethylene at —130°C, shown in Figure 2, points to the onset of molecular
motion well below T,, As a convenient point of reference we have arbi-
trarily defined Twas that temperature at which the extrema separation is
equal to 50 gauss. This is approximately the point of maximum slope on
the plots of extrema separation versus temperature, and it corresponds to
a tumbling frequency of about 108Hz. The 10°C spectrum of Figure 2 is
representative of those obtained at Twwhen the nitroxide environments are
all quite similar. It is not possible to assign a definite site within the
polymer matrix to the probe at a given temperature, say Tw but it is
reasonable to assume that there are submicroscopic cavities which allow
the nitroxide this high degree of rotational mobility. There is reason to
believe that there may be correlations between the extrema separation
versus temperature plots and loss peaks observed by mechanical spec-
troscopy. The evidence is not sufficiently strong at present, however, to
justify an extension of the discussion to this possibility.

It will be noted from Figure 3 (100, 120°C) and Figure 4 (—180 to 110°C)
that the spectra reflect two nitroxide environments. This was clearly
manifested in the spectra of both BzZONO and HONO in several of the
polymers. We are unable to make specific assignments regarding these
environments, but it appears that there is not a continuous distribution of
cavity sizes within the polymer matrix, but rather that there are at least
two discrete narrow distributions of cavity sizes present under those con-
ditions mentioned above.

At this stage such variables as molecular weight and tacticity have not
been examined. Neither have we looked closely for effects brought about
by the rate of experimental variation of the temperature, or similar facets
of a given sample’s history. It is possible, therefore, that some of the
scatter in the results could be accounted for by a proper consideration of
some of these variables. Nevertheless, as will be seen below, the trends
in the experimental results arc sufficiently distinct to allow firm conclusions
to be drawn. In the case of the latexes if is assumed that the probe is
dissolved in the pure polymer, and that the emulsifier effect is negligible.
This is based on the mechanism of latex particle coalescence put forth by

Vanderhoff, wherein it is proposed that the emulsifier is exuded to the
surface of the polymer film.1

Polyethylene

Both a high-density (0.964 g/cm8 and a low-density (0.921 g/cm3
sample of polyethylene were examined. Figure 2 shows the ESR spectra
of BzONO in the high density polyethylene over a wide temperature range.
The arrows below the —184°C curve point to the high- and low-field
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extrema, whose separation should be equal to 2A for a completely frozen
random sample of nitroxide where A is the magnitude of the hyperfine
splitting resulting from the orientation of the nitroxide axis parallel to the
external magnetic field. A plot of the extrema separation versus tempera-
ture is shown in Figure 5 for BZONO and HONO in high-density poly-
ethylene. Nearly superimposable curves are obtained for these same two
nitroxide probes in the low-density sample of polyethylene. For BzONO
and HONO in polyethylene the values for Tware 5and —10°C, respectively.
Since the 50 gauss extrema separation for the respective values of T,,
implies that the nitroxide moiety in each probe molecule is tumbling in the
host polymer at the same frequency, it is apparent that at —10°C the
smaller HONO has the same degree of motional freedom as does BzZONO
at 5°C.

There is a second aspect of the temperature dependent spectral changes
which is of considerable interest.  Inspection of the —30 and —10° spectra
of Figure 2 shows that each is a superposition of two spectra, one corre-
sponding to the probe in a restrictive environment and one corresponding
to the probe in a looser structural network. This is quite similar to what
we showed earlier for BzZONO distributed between the polymer and the
micelle phases in a latex.2 In the present case it is possible that the two
environments reflect contributions from the probe in those regions of the
polymer where crankshaft chain motion is occurring and from other regions
where lower frequency chain motion is dominant.

The spectra of BZONO in polyethylene near the polymer’s melting point
are amenable to a reliable calculation of the rotational correlation time.
If we define the rotational frequency as the reciprocal of the correlation
time and assume that the tumbling of the probe in the host polymer can
be treated as a typical rate process, we can then obtain an estimate of the
energy barrier to rotation by plotting the natural logarithm of rotation
frequency versus I/°lv. For both the high-densitv and the low-density
samples of polyethylene we have obtained activation energy values which
are essentially identical, 11.0 + 0.2 kcal/mole based on t{2 and 10.7 + 0.2
kcal/mole based on ro@). For the remainder of the discussion we shall
refer to activation energy values based on rc. Our results are in quite
close agreement to those reported by Strukov and llozantesevl for the
nitroxide IV in polyethylene. They obtained a value of 10.7 kcal/mole
for IV in a low-density (0.918 g/cm3 polyethylene and a value of 10.4
kcal/mole for IV in a high-densitv (0.950 g/cm8 polyethylene, based on t(2).

The close agreement would imply that the measured activation energy is
primarily a function of the polymer and not of the particular probe used.
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This is borne out in one instance below, but is not supported in a second
case. More experiments with nitroxides of various sizes will help to clear
up this point.

Figure 11 depicts the dependence of the results of the correlation time
calculations on the microwave power levels employed. Although the re-
sults shown are for BzZONO in the low-density polyethylene, similar results
were obtained with all the samples for which the correlation time could be
calculated. From a pragmatic standpoint, the near constancy of the values
of rQi\) justify its introduction as a measure of the nitroxide’s molecular
motion.

When the tumbling frequency of the nitroxide probe increases the line-
widths all tend to narrow, due to an averaging out of the ¢/-factor and
hyperfine anisotropies. It is interesting that the limiting linewidth for the
M =0 line (i.e., center line of Figure 1) is about 1.65 gauss for BzZONO in
the polyethylene and the polypropylene samples, but is about 1.35 gauss
for the styrene-butadiene copolymers (Fig. 12). In the previous paper (2)
the linewidth for BZONO in a sodium dodecyl sulfate micelle was shown
to be 1.40 gauss, suggesting that its limiting value would be similar to
those of the styrene-butadiene latexes. One explanation of this apparent
discrepancy is that the motion of the probe in the polyethylene and poly-
propylene host is not entirely isotropic. This could arise from the high
degree of orientation which might exist between the chains of the poly-
ethylene and polypropylene samples, an orientation which might not be
present in the styrene/butadiene copolymers. The limiting linewidth
(M=0) for BzZONO in the ethylene-propylene copolymers listed in Table
| is about 1.55 gauss. It is known that the lines of nitroxides in hydro-
carbon solvents can be narrowed by removing the dissolved oxygen. With
BzONO in polyethylene we were able to decrease the linewidth about 5%
by pumping on the sample during the measurements. The oxygen broad-
ening is not large enough, however, to account for the differences mentioned
above.

Polypropylene

The variations of the ESI! spectra for BZONO and for HONO in poly-
propylene are quite similar to those for BZONO in polyethylene (cf. Fig. 2).
As with polyethylene, there is evidence for a small fraction of the probe
being in a mobile environment. Again, as with polyethylene, the smaller
HONO has a larger fraction in the looser areas of the polymer. Figure 6
is a plot of the extrema separation versus temperature for BZONO and
HONO in polypropylene. These two probes have values of 42 and 1°C,
respectively, for Tw each being somewhat higher than the corresponding
values for the same nitroxides in polyethylene.

A calculation of E,,, the rotational energy barrier for BzZONO in poly-
propylene, affords a value of 12.3 = .2 kcal/mole, which is significantly
higher than the corresponding value for BzONO in polyethylene. An
Arrhenius plot for BzZONO in polypropylene is shown in Figure 10. We
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are not able to draw any firm conclusions at this point concerning the
physical basis of the higher energy barrier. 1t could be due either to a
more rigid chain structure or to the steric effect of the pendant methyl
groups.

Ethylene-Propylene Copolymers

We have examined the behavior of BZONO and HONO in two ethylene-
propylene copolymers, whose compositions are 50 and 75% ethylene.
From a plot of the extrema separation versus temperature one obtains a
value of Tw= 16°C for BzOXO in the 50:50 ethylene-propylene copolymer,
which lies between the values for this nitroxide in polyethylene or poly-
propylene. In the 50:50 ethylene-propylene sample the spectra display
the two polymer environments which were mentioned above for the poly-
ethylene and polypropylene results.

The values of E&for BzONO in the 50% and in the 75% ethylene copoly-
mers are 10.5 and 9.6 kcal/mole, respectively. HONO in the 75% ethylene
copolymer gives a value of 7.6 kcal/mole. The results for BzZONO are

FRACTION PROPYLENE

Fig. 14. Plots of the rotational activation energy Ea vs. polymer composition for
BzONO in the ethylene-propylene copolymers and in the corresponding homopolymers:
(a) based on rc(av); (b) based on r0@2).
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shown in Figure 14, where the activation energy is plotted as a function of
the polymer composition. There isa minimum in the curve at a propylene
fraction of 0.33. It is interesting to compare this with the NMR results
of Routes and Slichter?2 and the mechanical measurements of TurleyB
where minima are obtained at the same propylene content. The lower
energy barrier undoubtedly reflects a minimum in the content of ordered
structural regions in the copolymer.

The activation energy value of 7.0 kcal/mole for HONO in the 75%
ethylene copolymer is 2 kcal/mole less than for BzONO in the same
polymer. This is in contrast to the results with BzOXO and nitroxide 1V
in polyethylene, where only a 0.5 kcal/mole difference was observed. The
actual physical significance of the calculated activation energies will remain
somewhat clouded until one can determine what sort of an interplay there
is between the polymer structure and the probe structure. Nevertheless, it
is clear that it is not the polymer structure alone that determines the
activation energy value which is obtained.

Polystyrene

The ESII spectra of polystyrene containing BzOXO, and HOXO show a
temperature variation which is similar to the results obtained with poly-
ethylene and polypropylene. With both probes there is evidence of two
microscopic polymer environments which differ with respect to the degree
of their motional restrictions. The plot shown in Figure 8, which is the
variation of the extrema separation versus temperature for BzOXO and
HONO in polystyrene, differs from the similar plots for polyethylene and
polypropylene in that the changes in the separation occur over a wider
temperature range for polystyrene than is the case for the latter two
polymers. It is most likely that this reflects a higher energy barrier to
rotation which polystyrene offers the nitroxides. In the polystyrene sample
derived from the latex the BzONO was unstable in the temperature region
necessary to measure rotational correlation times for an activation energy
calculation. However, using a polystyrene sample obtained from solution
polymerization we were able to go to temperatures as high as 200°C without
any noticeable nitroxide decomposition. The activation energy obtained
from this sample is 18.3 kcal/mole. It should be pointed out that extrema
separation versus temperature plots for both samples are essentially the
same.

With polystyrene the difference between the values of Twfor HOXT and
for BzOXM is larger than it is for any of the other polymers. If we assume
that a cavity must exist in which the nitroxide can rotate we can draw
certain conclusions about the changes that take place in the polymer as it
is heated. The data from Figure 8 shows that cavities which are large
enough to allow HONO to undergo rapid rotation are present at about
40°C. This is about 100°C below the temperature at which the cavities
are large enough to allow BzONO to undergo the same degree of rotation.
If the mode of nitroxide entrapment is similar for each of the polymers,
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then it can be concluded that the loosening of the polystyrene matrix
occurs over a wider temperature range than for the other polymers exam-
ined. This is supported by a comparison of the coefficients of expansion
for polystyrene and polyethylene where that for polystyrene is smaller.

Poly (vinyl Chloride)

The ESR spectra of BzZOXO and of HONO in polyfvinyl chloride) over
a wide temperature range are shown in Figures 3 and 4, respectively. It
was not possible to obtain results above 190°C because the nitroxide was
completely reacted at higher temperatures. This is most likely due to
reaction of the nitroxide with decomposition products of the poly(vinyl
chloride).

The feature which is most notable in these spectra is that they very
clearly reflect the presence of two environments in which the nitroxide is
situated. The more mobile nitroxide fraction is present in detectable
amounts well below the glass transition temperature. The presence of the
more mobile fraction is much more clearly seen with HONO as the probe,
as is shown in Figure 4. These spectra were obtained by using the field
modulation line sharpener described by Glarum.7 The resolution is greater
than what would ordinarily be obtained and the linewidths recorded are
narrower than the actual linewidths. We have not attempted to make a
quantitative estimate of the relative amounts of the probe in each par-
ticular type of environment for two reasons. First, such calculations
would be extremely tedious and time-consuming. Second, and more
important, one would need the distribution coefficient of the probe between
the two regions, and it is not easily seen how such a number could be
obtained.

The poly(vinyl chloride) data have been plotted in Figure 8 as the
extrema separation versus temperature, as was done with the other poly-
mers. It should be noted that these plots do not describe everything that
is taking place with respect to the motion of the nitroxide. They pertain
only to the behavior of the less mobile fraction, since it is this fraction
which has the largest separation between its outermost lines. It is reasonable
to assume, therefore, that such a plot is descriptive of the more ordered
regions of the polymer matrix. This would also hold, of course, for the
other polymers examined above. The break in the curve for BzZONO in
poly (vinyl chloride) is of about the same degree of sharpness as is observed
for the polyethylene and polypropylene curves, and is sharper than was the
case for the polystyrene curve. Also, the difference in Twfor the BzZONO
and HONO curves is about 25°C, which is quite similar to the polyethylene
and polypropylene results. We shall discuss these figures in more detail
below.

Styrene-Butadiene Copolymers

The composition of the styrene-butadiene copolymers is listed in Table
. They vary over the limited range of 42-62% styrene. We have plotted
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PERCENT STYRENE

PERCENT STYRENE

Fig. 15. Plots of the rotational activation energy E» vs. polymer composition for
BzONO in the styrene-butadiene copolymers of Table 1: (a) based on rQ(*V); (b) based
on ro(Ad

the temperature variation of the extrema separation for three of the
styrene-butadiene copolymers with styrene contents of 42, 52, and 62% in
Figure 9. The curves for the copolymers which are higher in styrene are
shifted toward higher temperatures, indicating that at a given temperature
the nitroxide probe has less rotational mobility in these copolymers. This
is also shown by an examination of the rotational energy barriers for
BzONO in each of these copolymers listed in Table 1l. These values for
the rotational activation energy were calculated from the slopes of the
Arrhenius plots. The values of Ea for each of the styrene-butadiene
copolymers, taken from Table II, are plotted in Figure 15 as a function of
the per cent styrene. While there is considerable scatter in the points,
the trend is quite clear. If it is valid to extrapolate the data of Figure 15
to pure polystyrene one obtains a value of Ib kcal/mole for the rotational
activation energy of BzONO in polystyrene. This is in agreement with
the value of 18.3 kcal/mole obtained from measurements on the polystyrene
homopolymer.

As with the other polymers, there is evidence from the ESIt spectra for
the presence of two microscopic environments in which the probe is situated.
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The contribution from the more mobile fraction is very much smaller than
that from the more hindered fraction, and its relative amount in the
styrene/butadiene copolymers is also much lower than the corresponding
amount in poly (vinyl chloride).

We have measured the energy barrier to motion for nitroxide Il1 in
SB-62, which has 62% styrene, and have obtained a value of 12.6 + 0.2
kcal/mole which is to be compared with 13.7 £ 0.2 kcal/mole for BzZONO
in this same polymer.

Hydrocarbon Solvents

It is of interest to compare the results mentioned above with the results
of similar experiments in hydrocarbon solvents. Figure 13 shows the plots
of the extrema separation versus temperature for BZONO in methylcyclo-
hexane and in a 1:1 mixture of toluene and cyclohexane. The curve for
methylcyclohcxane is not as sharp as that for the toluene-cyclohexane
mixture, but is much more sharp than those curves for the polymers. The
methylcyclohcxane forms a glasslike structure when rapidly cooled to
—180°C. For the first half hour in this temperature region the spectra are
remarkably similar to those for the probe-doped polymers. They clearly
indicate the presence of two environments in the methylcyclohcxane. At
this temperature the solvent is about 10°K above its reported T,, of S5°K. 4
After standing at these low temperatures for about / 2hr the narrow lines
of the spectrum broaden until just a single environment is visible. This
change very likely reflects a relaxation of the stresses which were frozen
into the solvent during its rapid cooling. We hope to discuss this aspect
of the relaxation of frozen solvents at a later date. The plot of Figure 13
is on the stress-free solution. We do not dwell on the results from the
toluene/cyclohexane mixture but merely point out that the shape of its
curve in Figure 13 probably reflects a solid-liquid transition rather than a
glass-liquid transition.

An Arrhenius plot of the data for BZONO in methylcyclohexane yields a
value of 3.S + 0.2 kcal/mole for the energy barrier to rotation. This is
about three times lower than the values for this same nitroxide in poly-
ethylene and polypropylene. The value is about twice as large as the
rotational energy barrier for a methyl group in poly(methyl methacrylate). 5

General Considerations

From the results and discussion above it is apparent that the spin-probe
technique can be applied quite profitably to a study of molecular motions
in polymeric materials. The data obtained cannot only be correlated well
with known parameters of the polymers, but they can also yield a new
parameter, the activation energy for the rotation of a guest molecule in a
host polymer. This measure of the rotational energy barrier should be
directly applicable to studies of plasticized polymers and also to questions
relating to the behavior of antioxidants. In addition to these areas, one is
also able to determine from the ESR line shape that a particular material,
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Fig. 16. Plots of (O0) T,nand (O) Tgvs. Twfor polyethylene, polypropylene, poly-
(vinyl chloride), and polystyrene. Note that units of Tmare degrees Centigrade and
those of Tgare in degrees Kelvin. The lines are therefore vertically offset.

in this case the nitroxide probe, is not only uniformly dispersed throughout
the polymer matrix, but that it is in true solution.

An example of the correlation of the data from the spin-probe experiments
with known parameters of the polymers examined is presented in Figure
16. This is a plot of Tmand Tgversus Tw. The Tmand Tgdata were
taken from the Polymer Handbook,36 and all values reported thei’e are
included in the points on the graph. We do not at present have a physical
model to describe the polymer-probe interactions, but it does appear that
one can use Twand the slope of the lines of Figure 16 to obtain reliable
values for Tmand TO. Since Twappears between Tmand Tg it might be
more desirable to measure Twin cases where Tmor Tgappear at incon-
veniently high or low temperatures. The difference between the values of
Twfor HONO and BzONO in each of the polymers can serve as a secondary
measure of the rate of expansion of polymer with temperature. The larger
ATwis, the lower will the rate of expansion of the polymer be.

1 thank Mr. Jim Shaffer, Air. Gary Aleier, and Dr. Bill Bergert for their help in
obtaining samples and Mr. Art Pettis who has been very helpful in the area of sample
preparation. Mr. Ray Narlock provided very capable technical assistance in some of
the experimental work. | also thank Dr. Walter Reifschneider, who synthesized one
of the nitroxides used in this work, and Mr. Vic Caldecourt, who was responsible for the
construction of the field modulation line sharpener.
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Selective Reactivities and Accessibilities of the Hydroxyl
Groups in Cotton Cellulose Based on Equilibrium
Data from a Reversible Chemical Reaction*
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U. S. Department of Agriculture, New Orleans, Louisiana 70119

Synopsis

In order to determine Ore relative equilibrium constants for reactions of the hydroxyl
groups at C2 C3 and C6of the D-glucopyranosyl units, methyl vinyl sulfone was reacted
with cellulose dissolved in benzyltrimethylammonium hydroxide. The reaction was
carried to constancy in distribution of substituents between the 2-0- and 6-0-positions.
The distributions of substituents in the D-glucopyranosyl units were measured by gas-
liquid chromatographic analysis of the products from hydrolysis of the modified cellulose.
Relative equilibrium constants were then evaluated, assuming complete accessibility of
all three types of hydroxyl groups of the cellulose in solution. For determination of the
relative accessibilities of the individual types of hydroxyl groups in heterogeneous
reactions of cotton cellulose with methyl vinyl sulfone, the reactions were carried to
equilibrium distributions in media of various normalities of sodium hydroxide (i.e.,
media of various swelling strength). The distributions of substituents in the D-gluco-
pyranosyl units were measured. From these values and the ratio of equilibrium con-
stants, the relative accessibilities of the hydroxyl groups at C« versus those at C« were
calculated. Apparent accessibilities of the hydroxyl groups at C2are approximately
double those at Cs when the reaction is carried out in 1N sodium hydroxide and about
triple those at C6when the reaction is carried out in 0.5N sodium hydroxide.

INTRODUCTION

Chemical reactions of cellulose have generally been interpreted to occur
with the hydroxyl groups of chain segments in regions of imperfect lateral
order.1 The concept of Marchessault and Howsmon,2which pictures these
regions ranging progressively from near perfect order to complete disorder
(laterally), has often been adopted as a part of the larger concept such as
the fringed micelle theory of the microstructure of cellulose.3

An increasing disparity of physical data with this type of picture of the
microstructure of cellulose has developed over the past several years, the
data being rather more indicative of a fringed fibril structure (i.e” lower

* Presented at the 24th Annual Southwest Regional Meeting of the American Chem-
ical Society, Austin, Texas, December 4-6, 1968.
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order only in the fringed regions of the fibrils4 or ;i paracrystalline fibril
structure (low order in imperfections in an otherwise crystalline structure).5
The latter case requires accessible hydroxyl groups to be those on the sur-
faces of elementary fibrillar structures. Recently, Jeffries et al.6 inter-
preted the distribution of substituents introduced into the D-glucopyranosyl
units of cotton cellulose from repeated methylations with dimethyl sulfate
and 2N sodium hydroxide to be consistent with a rapid reaction occurring
on the surfaces of elementary fibrils together with a slower reaction resulting
from penetration to hydroxyl groups beneath these surfaces. At the ex-
trapolated point which represented completion of the rapid stage of the
reaction, 56% of the D-glucopyranosyl units were without substituents,
i.e., inaccessible to the reagent. This degree of inaccessibility is essentially
that to be expected from the reaction on surfaces of elementary fibrils hav-
ing dimensions (from electron microscopy) of ca. 50 A by 50-100 A and
having a rectangular cross section consisting of 8 D-glucopyranosyl units
on one side and 12 units on another. More recently, Wade et al.7 have
shown that the selectivity of reaction of 2-chloroethyldiethylamine at the
hydroxyl group at C2 of the D-glucopyranosyl unit of cotton cellulose
increases as the normality of the sodium hydroxide (catalyst) is decreased
from 42V (borderline mercerizing) to 12/to a nonaqueous system in which
the base is insoluble. On the basis of these results, it was considered
probable that heterogeneous reactions of cellulose which are conducted in
media which are weaker swelling agents than mercerizing caustic take
place on the surfaces of the microstructural units of the cotton cellulose
fiber.

The work described here was undertaken with the twofold objective:
(@) to test the simple method of Touzinsky8for estimating the distribution
of substituents in the D-glucopyranosyl units of cellulose from a reversible
reaction carried to equilibrium in a mercerizing medium and (6) to utilize
a modification of his mathematical approach on data from reactions in
various nonmercerizing media to obtain measures of accessibilities under
these conditions of reaction. It soon became evident that with the reagent
of our choice, i.e., methyl vinyl sulfone, the relative reactivities of the
hydroxyl groups at C2 C3 and C6 in the D-glucopyranosyl units were
dependent upon the degree of substitution;9 it now appears quite general
that a substituent in the 2-0-position activates the hydroxyl group at G3
by a factor of ca. 2-4.0 Further, it became impossible to attain the same
distribution of substituents at equilibrium in nonmercerizing media as in
mercerizing media. This dilemma is discussed in this report; the selective
reactivities which have been encountered in these reactions of fibrous cot-
ton in aqueous media of various swelling strengths are pertinent to selective
accessibilities of the hydroxyl groups at C2and, we believe, to the further
evidence that reactions of cotton cellulose may be limited to surfaces of
microstructural units or to controlled penetration into the structural units

depending upon the swelling strength of the medium employed for the
reaction.
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EXPERIMENTAL

Materials

The cotton cellulose (desized, scoured, bleached, S0 X SO print cloth
weighing 3.3 0z/yd) was reduced to the form of (1) chopped fibers (chopped
in a Wiley mill to pass a 20-mesh screen) and (2) decrystallized cotton
cellulose (ball-milled 30 min in a vibratory mill''). Reagents were used as
received from the following sources: methyl vinyl sulfone (K&K Labora-
tories, Inc.); trimethylchlorosilane (General Electric Co.); hexamethyl-
disilizane (Peninsular Chemresearch); acid-washed dimethyldichlorosilane-
treated Chromosorb G, 100-120 mesh (Johns-Manville Corp.); QF-1
liquid phase (Wilkens Instrument and Research, Inc.); benzyltrimethyl-
ammonium hydroxide (aqueous, 409, Triton B) (Miles Laboratories, Inc.);
Aerosol OT (American Cyanamid Co.).

Gas-Liquid Chromatography

The gas chromatograph was an F&M Model 1609 unit equipped with a
Hame ionization detector. The column was prepared from 39, QF-1 on
Chromosorb G in stainless steel tubing 0.25 in. in outside diameter and
5.5 ft long.

Methylsulfonylethyl Celluloses

Homogeneous Reaction with Chopped Fibers (A). Chopped fibers
[2 g 0.0123 mole calculated as anhydroglucose units (AGU)] were wet
with distilled water (14.10 g, containing 0.049, Aerosol OT) and added
to aqueous benzyltrimethylammonium hydroxide (45.10 g of 639, solution).
The mixture was stirred under an atmosphere of nitrogen until a solution
resulted. The benzyltrimethylammonium hydroxide of 639, concentra-
tion was prepared from 409/, material by evaporation on a rotary evaporator
while immersed in a water bath at 40°C. Sodium hydroxide (11.22 g of
a 19.89, solution, 0.0555 mole) was added to the dissolved cellulose. The
solution was stirred at 4°C under nitrogen. Methyl vinyl sulfone (11.26 g,
0.106 mole, about a threefold excess over hydroxyl groups) was added and
stirring was continued. Samples were removed at 10-min, 30-min, 3-hr,
24-hr, and 48-hr reaction times, and the samples were neutralized with
dilute acetic acid; methanol was added to facilitate filtering. The insol-
uble material was removed by filtration and washed several times with
methanol-water (1:1) then with methanol and finally allowed to air-
equilibrate.

Homogeneous Reaction with Ball-Milled Cotton (B). Sodium hydroxide
(11.2 g of 409 solution, 0.112 mole) was added to 4 g (0.0247 mole of
AGU) of ball-milled cotton, which had been wet with 28.1 g water (con-
taining 0.049, Aerosol OT) and dissolved in an aqueous solution of benzyl-
trimethylammonium hydroxide (115.48 g. of 55.59, solution). The
solution was stirred under an atmosphere of nitrogen and maintained at
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s-8 °C.  Methyl vinyl sulfone (22.53 g, 0.213 mole, ca. threefold excess
over hydroxyl groups) was added and stirring was continued. Samples
were withdrawn at reaction times of 19 min, 60 min, 12 hr, 32 hr, and
48 hr. The reaction mixtures were neutralized with dilute acid and
isolated as described above.

Homogeneous Reaction of Ball-Milled Cotton with Higher Concen-
trations of Methyl Vinyl Sulfone (C). Sodium hydroxide (3.05 g of a
24.6% solution, 0.0188 mole) was added to ball-milled cotton (« g, 0.0062
mole of AGU) which had been wet with 7.05 g water (containing 0.04%
Aerosol OT) and dissolved in aqueous benzyltrimethylammonium hydrox-
ide (24.9 g of 55% solution). Methyl vinyl sulfone (9.8 g, 0.0925 mole,
ca. fivefold excess over hydroxyl groups) was added. The reaction was
stirred under an atmosphere of nitrogen and maintained at 10-11°C.
Samples were withdrawn at 48 and 72 hr. The samples were neutralized
with dilute acetic acid and isolated as described above.

In another experiment (D), a reaction was conducted under the same
conditions as (C) except that the ball-milled cotton (wet with water con-
taining Aerosol OT) was dissolved in 20.9 g. of 65% benzyltrimethylam-
monium hydroxide (aqueous solution) and a 7.5-fold excess of methyl
vinyl sulfone (14.3 g., 0.135 mole) was added. The mixture was stirred
under an atmosphere of nitrogen and maintained at 10-11°C. Samples
were withdrawn, neutralized, and isolated as described above.

Heterogeneous Reaction of Fibrous Cotton to Determine Equilibrium
Conditions (E). Chopped fibers (4 g, 0.0247 mole of AGU) were dis-
persed in 120 ml of 0.5N sodium hydroxide solution (0.060 mole) at room
temperature for 30 min. Methyl vinyl sulfone (38 g, 0.358 mole) was
added with stirring. The reaction was continued with agitation for
periods of 17 min, 64 min, 5 hr, 22 hr, 46 hr, and 70 hr. At the end of
each period ca. 1,6 of the reaction mixture was withdrawn and neutralized
with dilute acetic acid. The samples were washed with distilled water
until the wash water was free of salts. The samples were then allowed to
air-equilibrate.

Heterogeneous Reactions of Fibrous Cotton (F). Samples of chopped
fibers (1 g, 0.0062 mole of AGU) were dispersed in 30 ml of sodium hydrox-
ide solution (0.5, 1.0, 2.0, or dGiV) at room temperature for 30 min.
Methyl vinyl sulfone (9.5 g, 0.0896 mole) was added with stirring. The
reactions were continued until equilibrium was reached (one series for
48 hr and a second series for 72 hr). At the end of the reaction periods
the samples were neutralized and isolated as described above.

Hydrolysis of Methylsulfonylethyl Celluloses and Estimation
of the Distribution of Substituents

Samples of the methylsulfonylethyl celluloses were dissolved in 72%
sulfuric acid and hydrolyzed according to the method of Rowland et al.2
The acid was neutralized with barium hydroxide, filtered, and the filtrate
freeze-dried to a solid mixture of glucose and O-methylsulfonylethyl-D-
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glucopyranoses.  Trimethylsilyl ethersis of the dry hydrolyzates were
prepared and analyzed for the ratio of the 2-0-, 3-0-, and 6-0-mono
(methylsulfonylethyl)-D-glucopyranoses by gas-liquid chromatography:
(isothermal at 220°C and 50 psig on a QF-: column).

RESULTS

The general course of a reaction of methyl vinyl sulfone with cellulose
is that in which the degree of substitution increases rapidly, passes through
a maximum, and decreases progressively to zero as the reagent in the aque-
ous medium is depleted by side reactions (i.e., formation of 2 -hydroxyethyl
methyl sulfone and bis[2-(methylsulfonyl) ethyl] ethery..a  The relationship
between degree of substitution and duration of reaction is illustrated in
curves A and B of Figure 1 for reactions of cotton cellulose of conventional
molecular weight (curve A, chopped fibers) and of reduced molecular
weight (curve B, ball-milled cellulose) dissolved in benzyltrimethylam-
monium hydroxide at 4-8°C. The differences here appear to be due to
the fact that the cellulose of conventional molecular weight (DP ca. 3500)
was present to some extent as dispersed gel particles while the ball-milled
cellulose (DP ca. 500) was present in true solution.

The ratio of substitution in the 2-0-position to that in the 6-0-position
of the monosubstituted D-glycopyranosyl units is plotted in Figure 2 (Curve
AB) as a function of the duration of the reactions described above. It is
evident that this ratio decreases and approaches a constant value as ex-
tended time is allowed for reaction within the cellulose to reach equilibrium

Fig. 1. Variation in degree of substitution (DS) with reaction time in the homogeneous
reactions of methyl vinyl sulfone with cellulose: (A) chopped fibers dissolved in benzvl-
trimethylammonium hydroxide, 3-fold excess methyl vinyl sulfone; (B) ball-milled
cotton dissolved in benzyltrimethylammonium hydroxide, 3-fold excess methyl vinyl
sulfone; (C) ball-milled cotton dissolved in benzyltrimethylammonium hydroxide, 5-fold
excess methyl vinyl sulfone; (D) ball-milled cotton dissolved in benzyltrimethylammo-
nium hydroxide, 7.5-fold excess methyl vinyl sulfone.
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distribution between these two positions. In order to extend the data in
Figure > beyond the 48-hr limit of reactions represented by curves A and
B in Figure 1, reactions similar to that of curve B were conducted witli
higher concentrations of methyl vinyl sulfone; the results, which are
shown in Figure 1 as curves C and D, provide the smooth extension of

Fig. 2. Variation in 2-0-/6-0-substitution with reaction time in reactions of methyl
vinyl sulfone with cellulose: AB homogeneous reactions; (E) heterogeneous reaction in
0.5N sodium hydroxide.

curve AB in Figure 2 to 72 hr. The scatter of points in curve AB of
Figure 2 is substantially broader than our normal experience in the measure-
ment of the ratio of substitution in the 2 -0 - to ¢ -0 -position; it appears to be
related to the medium for this reaction.

Heterogeneous reactions of methyl vinyl sulfone with cotton cellulose
were conducted in the presence of solutions of sodium hydroxide of various

TABLE |
Ratio of 2-0- to 6-0-Substit.ution in Cotton Cellulose as a Result of
Reactions Conducted in Alkaline Media of Various Swelling Strengths

Ratio of 2-0- to 6-0-substitution

Medium At 48 hr At 72 hr Average
Homogeneous solution in benzyltri- 0.083 0.078 0.08
méthylammonium hydroxide
4Ar Sodium hydroxide 0.101 0.092 0.10
(mercerizing strength)
2Ar Sodium hydroxide 0.120 0.100 0.11
(nonmercerizing)
LV Sodium hydroxide 0.178 0.107 0.17
0.5/V Sodium hydroxide 0.27 0.268 0.27

011V Sodium hydroxide No reaction
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concentrations. The change of the ratio of substitution in the 2-0- to
s -0 -position throughout the reaction of methyl vinyl sulfone with fibrous
cellulose in 0.5N sodium hydroxide is shown in Figure » (curve E). Equi-
librium distribution of substituents among the various types of hydroxyl
groups was complete at 48 hr of reaction. The results at these steady
states of distribution of substituents between the 2-0- and s-o-positions
for the reactions conducted in various concentrations of sodium hydroxide
are listed in Table I (together with results for the reactions conducted in
solution in benzyltrimethylammonium hydroxide) in descending order of
(potential) swelling strength for cellulose. The 4iV sodium hydroxide
(13.9% solution) is a borderline mercerizing medium for cellulose at 25°C;
the lower concentrations are below mercerizing strength and can only be
estimated to have swelling effects in the order listed.,s It is significant
that the ratio of substitution at the 2-- and s-o -positions increased pro-
gressively from top to bottom of the table: i.e., as the estimated swelling-
strength of the medium decreased.

It is interesting that the reactions in the more concentrated solutions of
sodium hydroxide showed patterns of reaction similar to that of curve A
of Figure 1L On the other hand, the reaction in 0.5N sodium hydroxide
proceeded rapidly to a degree of substitution of approximately 0.15 and
maintained a similar level at 4S and 72 hr of reaction. Thus, the side
reactions of the methyl vinyl sulfone occur to much smaller extent in the
dilute solutions.

Changes in the ratio of substitution at the 3-0- to 6-0-positions with
variation in reaction media are subject to considerable uncertainty. Con-
stancy in this ratio was observed in products from 48-hr and 72-hr reaction
periods in the cases involving fibrous cellulose in heterogeneous reactions.
On the other hand, constancy was not realized in the case of homogeneous
reactions in benzyltrimethylammonium hydroxide. Only a tentative ex-
planation can be offered at this time: i.e., that the slow reverse reaction at
the 3-0-position is significantly slower than the rate at which the overall
equilibrium is upset by the consumption of methyl vinyl sulfone in side
reactions in this medium. Qualitatively, the significance of the side re-
actions appears to decrease from reaction in homogeneous solution in
benzyltrimethylammonium hydroxide to heterogeneous reactions in 42V,
2N, IN, and 0.5N sodium hydroxide. The ratios of 3-0- to 6-0-substitution
observed for reactions in the various media are: o.22/1.00 rather arbi-
trarily, 0.17/1.00, 0.07/1.00, 0.05/1.00, and 0.08/1.00 for benzyltri-
methylammonium hydroxide solution and for 42V, 2V, 1N, and 0.5N
sodium hydroxide media, respectively.

DISCUSSION

The reversible reaction of methyl vinyl sulfone with the hydroxyl groups
at Cz, Ci, and Cs of the D-glucopyranosyl units may be abbreviated as
shown in eq. (1) where CellOH designates cellulosic hydroxyl groups, It
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designates reagent (methyl vinyl sulfone), and CellORH designates the
o -[2-(methylsulfonyl)ethyl]cellulose resulting from the reaction.

CellUll + R <*CellORH @

For each type of hydroxyl group (as indicated by the subscript), the
expression of the equilibrium constant, K, is as shown below:

A aCIoRH? [CellORH(2)] 7celiorn) AN
ficenoH2°r  [CEllOHG)[R] 7cenon@7r

The activity for each species (designated by a) is the product of the con-
centration of that species (in brackets) and an activity coefficient 7, the
latter being referred most commonly to the standard state of infinite dilu-
tion of the solute.ss For equilibrium measurements involving dilute solu-
tions, it is often possible to obtain adequate accuracy by replacing the
activities with concentrations: i.e., the activity coefficients are unity.

It is assumed that in solutions of cellulose the hydroxyl groups are
equally accessible at C: and C& i.e., [CellOH@)] = [CellOHE]. Since the
concentration (or activity) of the reagent, R, in equilibrium with the vari-
ous hydroxyl groups is one and the same, the ratio of the equilibrium
constant for the reaction at the hydroxyl group on C: to that for the
reaction at the hydroxyl group on Cs becomes [CellORH()]/[CellORH(6)].*
At low degrees of substitution this is the ratio of substituents in the mono-
substituted D-glucopyranosyl units. The value of A: "7vBdetermined from
the reactions in homogeneous solutions in benzyltriméthylammonium
hydroxide is 0.08 (see Table I).

In the case of reactions of fibrous cellulose, it is well known that only a
fraction of the total hydroxyl groups is accessible; thus, the concentrations
of hydroxyl groups at C. and at Ce which are available to the reagent are
unknown. Furthermore, the chemical reaction may involve surfaces, and
the diffusion of the reagent to the surfaces or the diffusion of byproducts
away from the surfaces may be rate controlling. However, in neither case
is the thermodynamic statement of equilibrium violated, since both the
forward and reverse reactions depend on the surface area in the same way;
this factor cancels out when the two rates are equated at equilibrium. s

To express the equilibrium constant for reactions involving fibrous cellu-
lose in a heterogeneous phase, it is useful to express the activity of each
species as the product of three factors: the activity of the reference state,
F; a factor expressing concentration (in brackets); and the activity co-
efficient, - , which again expresses the deviation from ideal solution behav-

*This same expression, i.e., A2/A'e = CellORH(2)/CellORH (6), results when the right
side of equation (2) is divided by a corresponding expression for the reaction at the
hydroxyl group on C«. It then follows that the activity coefficients for CellORHA) and
CellORfI(6) may be considered to be essentially equal, if not identical; the same applies
lo the activity coefficients for CellOI11(2 and CellOlLc).
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ior.s  When the expression for the equilibrium constant for reaction of
the hydroxyl group at C2 as indicated in eq. (3), is divided by

rcetiorH@ [CEllORH@@)] 7cenorn@
rcenor@rr [CEIOHE)IR] 7ceion@7r

K% —

a corresponding expression for the equilibrium constant for reaction of the
hydroxyl group at C6 the ratio of the two equilibrium constants may be
reduced to eq. (4). This simplification is based on the equivalency

[CellORH(*] [CellOH®)]
[CellORH(®)] [CellOH(2]

of the reference states and on the reasonable assumption or approximation
that the activity coefficients of the different types of hydroxyl groups in

SODIUM HYDROXIDE (NORMALITY)

Fig. 3. Comparison of relative accessibilities of hydroxyl groups on C2 and Cs from a
nonreversible reaction and a reversible reaction with normality of sodium hydroxide
(H = homogeneous reactions in benzyltrimethylammonium hydroxide): (X) relative
accessibilities from reactions of methyl vinyl sulfone; (O) relative accessibilities based
on reactions of 2-chloroethyldiethvlamine.7

the “solid solution” are equal and that the same is true for the individual
types of substitution products. The rearrangement of eq. (4) to the form
shown in eq. (5) provides an expression for evaluating the ratio

[CelloH<,] K6[CellORH@] _ 1 [CellORHE]
[CellOH@©] — Ki [CellORH@E]  0.08 [CellORH (]

of accessible hydroxyl groups at C: to those at Ce- The ratio of equilibrium
constants is known from the equilibrium data for the reaction in homo-
geneous solution and, again, [CellORH()]/[CellORH(®)], at low degree of
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substitution is the ratio of substituents in the 2-0- and ¢ -0 -positions of the
monosubstituted D-glucopyranosyl units.  Thus, the apparent accessibility
of the hydroxyl groups at C: relative to those at Cs is obtained by dividing
the value of [CellORH(2)]/[CellORH(B)] listed in Table 1 by 0.08. The
quotients are plotted in Figure 3 in relation to the normality of the solu-
tion of sodium hydroxide employed for the reaction of methyl vinyl sulfone.
The (X) symbols represent data from the reactions of methyl vinyl sulfone,
whereas the square symbols refer to data of Wade et al - from the reactions
of 2-chloroethyldiethylamine. The published data on the latter reaction
have been divided by the value of the ratio of the 2-0- to s -0 -substitution
obtained from reactions in mercerizing media (i.e., 1.25) in order to put
them on a basis similar to that employed for data from the methyl vinyl
sulfone reaction.

The experimental scatter of data points in Figure 3 may be due in large
part to the fact that there are inherent differences (of necessity) in the way
the reactions have been carried out. It should be noted that the base is
diluted with different reagents in each case and that the order in which
the cellulose has been contacted with the components of the total reaction
medium has also been different.

It is rather remarkable that data from a nonreversible reaction (i.e.,
with .-chloroethyldiethylamine) at the outset of reaction and from a
reversible reaction (i.e., with methyl vinyl sulfone) carried to steady state
or equilibrium distribution of substituents yield generally similar indica-
tion of selective reactivities of the hydroxyl groups at C: and C& It is
evident that the selective reactivities or apparent accessibilities of the
hydroxyl groups of the fibrous cellulose change in a very similar manner
for the two different types of reactions as the base strength of the reaction
medium is altered. The confirmation between the two different reactions
is considered indication that the effect is one of general and basic signifi-
cance. It is well known that cotton cellulose swells to increasing extents
in aqueous solutions of sodium hydroxide as the concentration of the base
is increased.:s The obvious possibility that changes in the selective re-
activities or apparent accessibilities are due solely to different extents of
penetration of reagent into the fibrous cellulose must be tempered by the
consideration that other factors may also be operative. It must be empha-
sized that the activity coefficients of the hydroxyl groups at C. and Cu
have been assumed to be equal in the various media of reaction. Thus,
inequalities or changes in the activity coefficients which actually occur
from one to another reaction medium will be reflected in the foregoing-
selective reactivities or apparent accessibilities of the hydroxyl groups at
Czand C6 This is the subject of other studies.

The authors are indebted to Dr. Frank G. Carpenter for helpful suggestions and to
Mr. George I. Pittman for preparation of the line drawing.

Mention of a company and/or product by the U. S. Department of Agriculture does
not imply approval or recommendation of the product to the exclusion of others which
may also be suitable.



REACTIVITIES AND ACCESSIBILITIES 1235

References

1. J. Honeyman, Recent Advances in the Chemistry of Cellulose and Starch, Hevwood,
London, 1959, pp. 147-185.

2. R. H. Marchessault and J. A. Howsmon, Text. Res. ./., 27, 30 (1957).

3. J. W. S. Hearle and R. H. Peters, Fiber Structure, Biitterworth, London, 103,
pp. 212-213.

4. J. W. S. Hearle, J. Polym. Sci., 28, 432 (1958).
R. Hosemann, Polymer, 2-3, 349 (1901-1962).
. R. Jeffries, J. G. Roberts, and R. N. Robinson, Text. Res. J., 38, 234 (1968).
C. P. Wade, E. J. Roberts, and S. P. Rowland, ./. Polymer Sci. It. 6, 673 (1968).
G. F. Touzinsky, J. Org. Chem., 30, 426 (1965).
V. O. Cirino, A. L. Bullock, and S. P. Rowland, Anal. Chem., 40, 396 (1968).

10. S. P. Rowland, E. J. Roberts, A. L. Bullock, V. O. Cirino, C. P. Wade, and
M. A. F. Brannan, Text. Res. ./., 38 (1968).

11. A. L. Bullock, S. P. Rowland, and V. O. Cirino, Text. Res. J., 38 (1968).

12. S. P. Rowland, V. O. Cirino, and A. L. Bullock, Can. J. Chem.. 44, 1051 (1966).

13. C. C. Sweeley, R. Bentley, M. Maketa, and W. W. Wells, ./. Amer. Chem. Soc...
85, 2497 (1963).

14. S. P. Rowland, A. L. Bullock, V. O. Cirino, and C. P. Wade, Can. J. Chem., 46.
451 (1968).

15. J. O. Warwicker,./. Polym. Sci. A-I, 5, 2579 (1967).

16. A. A. Frost and R. G. Pearson, Kinetics anil Mechanism, 2nd ed., Wiley, New
York, 1961, p. 127.

17. A. W. Adamson, Physical Chemistry of Surfaces, Interscience, New York, 1960,
p. 284.

18. G. N. Lewis and M. Randall, revised by K. S. Pitzer and L. Brewer, Thermo-
dynamics, 2nd ed., McGraw-Hill, New York, 1961. p. 250.

Received September 25, 196S

©*® N o



JOURNAL OF POLYMER SCIENCE: PART A-I VOL. 7, 1237-1245 (1969)

Free-Radical-Induced Polymerization of Epoxides
in the Presence of Maleic Anhydride

SOHEI SUGA and HAJIME AOYAMA, Department of Industrial Chem-
istry, Faculty of Technology, Kanazawa University, Kanazawa, Japan

Synopsis

The free-radical-induced reactions of cyclohexene oxide in the presence of maleic
anhydride have been found to lead to polyether in presence of AIBN and to a mixture of
polyether, ester, and maleic anhydride adduct of polyether with di-tot-butyl peroxide
(DTBP), the amounts of the mixture components depending on the concentration of
DTBP and the temperature. Analogous reactions in the presence of succinic anhydride
lead to no polyether. The obtained polyether has no hydroxyl group. The reaction
appears to consist of three different steps, radical initiation, cationic propagation, and
radical termination.

INTRODUCTION

The free-radical-indueed polymerization of epoxides has been studied
extensively. For example, propylene oxide is scarcely polymerized in the
presence of di-ierf-butyl peroxide (DTBP,: or ultraviolet light. as the
initiator. Styrene oxides affords polymer having a molecular weight of
ca. 1500-2 000 with DTBP. Conant and Peterson. observed that in the
presence of benzoyl peroxide, cyclohexene oxide (CHO) was polymerized
to a viscous liquid with difficulty, even under severe conditions. Lenzi
and Meles reported that it can be polymerized to give a solid amorphous
polymer by ionizing radiation (- -ray). From these studies the preparation
of polyether of high molecular weight from epoxides by free-radical poly-
merization seems practically impossible. The free-radical-induced reac-
tions of epoxides with 1-octenei=s and of tetrahydrofuran with maleic
anhydride (MAH,7 s lead to 1:1 adducts. These studies prompted us to
prepare a succinic derivative by the free-radical-induced reaction of CHO
with MAH. However, this reaction proceeded in an unexpected way.
Thus, when initiated by AIBN, polymerization of CHO was markedly
accelerated to produce polyether exclusively with recovery of most of the
MAH, while by the initiation with DTBP a mixture of ester and MAH
adduct of polyether were obtained, in addition to polyether.

The present paper is concerned with a detailed study of the polymeriza-
tion of CHO.

1237
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EXPERIMENTAL

Materials

Cyclohexene oxide (CHO) was prepared according to the method of Guss
and Rosenthals and distilled before use (bp 129-130°C, Kd 1.4526). Com-
mercial grade maleic anhydride (MAH) was purified by vacuum sublima-
tion (bp 93-94°C/23 mm Hg). Succinic anhydride was purified by re-
crystallization from ethanol (mp 119-120°C). Di-ferf-butyl peroxide
(DTBP) was purified by vacuum distillation (bp 45-46°C/76 mm Hg).
a,a'-Azobisisobutyronitrile (AIBN) was the purest grade commercially
available and used without further purification. All other reagents were
purified according to standard procedures.

Procedure

AIBN-Induced Polymerization of CHO. Polymerization was carried
out at 60°C in a sealed glass ampoule (diameter 20 mm, length 200 mm),
charged with appropriate amounts of reactants in benzene and flushed
with nitrogen. The tubes were immediately chilled in a Dry Ice-ethanol
bath to stop polymerization. All volatile materials were removed in vacuo,
and a large amount of methanol was poured into the residue. The precipi-
tated polymer (I) was washed thoroughly to remove unchanged CHO,
remaining MAH, and a small amount of poly(MAH), if any, then filtered
and dried in vacuo.

DTBP-Induced Polymerization of CHO. Polymerization was carried
out as described above at 150°C. All volatile materials were removed
in vacuo, and the residue was separated into petroleum ether-soluble (I1),
water-soluble (MAH), and insoluble parts (I11), in order. After petroleum
ether was removed in vacuo, Il was washed with a large amount of methanol
to remove CHO and MAH. 111l was saponified with 10% sodium hydrox-
ide for 1 hr and then acidified with concentrated hydrochloric acid. The
precipitate was filtered, washed with distilled water till free of chloride ion,
dried, and separated into petroleum ether-soluble (V) and -insoluble parts
V).

Free-Radical-Induced Reaction of CHO in the Presence of Succinic
Anhydride. A solution of 0.05 mole of CHO, 0.05 mole of succinic anhy-
dride and 5 X 10.. mole of radical initiator in 0.15 mole of benzene was
charged in a glass ampoule as described above. The experiments with
AIBN or DTBP were carried out for 5 hr at 00°C or 150°C, respectively.
All volatile materials were removed in vacuo, and succinic anhydride was
separated off by the addition of petroleum ether. No polyether was
isolated from the petroleum ether solution.

Analytical Methods

For analysis of polymer, 1and Il were purified further by reprecipitation
from chloroform solution with a large amount of methanol. Viscosity
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measurements of benzene solution of polyether were performed in an
Ostwald viscometer at 30°C. Molecular weight of polyether was deter-
mined by the cryoscopic method in cyclohexane. Acid equivalent mea-
surements of V were carried out by the following procedure. The polymer
(V) was dissolved in warm 0.11V sodium hydroxide, and excess alkali was
titrated with O.liV hydrochloric acid, thymolphthalein being used as
indicator.

RESULTS

AIBN-Induced Polymerization of CHO

Polymer | obtained by AIBN-induced polymerization of CHO in the
presence of MAH was a white powder melting at 87-92°C and was soluble
in hydrocarbons and ether and insoluble in ethanol and acetone. Analyti-
cal data show fairly good agreement with the calculated value for (CHO),,.

Anal. Calcd for poly (CHO): C, 73.46%; H, 10.20%. Found: C, 71.44%; IlI,
10.93%.

The infrared spectrum (Fig. 1) exhibited characteristic bands at 1085 cmrl
(ether) and at 2925, 2858, and 1450 cnrl(methylene). It seems clear
that polymer | has the polyether structure derived from CHO.

The effect of the concentration of CHO on polymerization is shown in
Figure 2. Polymerization of CHO rarely occurred in the absence of radical
initiator at 60°C without coloration. In the presence of radical initiator,

Fig. 1. Infrared spectra of polymers obtained by the free-radical-induced polymeriza-
tion of CHO in the presence of MAH.
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Fig. 2. AIBN-induced polymerization of CHO at different concentration of CIK) in
the presence of AIAH in benzene at 60°C. (O) [CHO] = 20 mole-%; (X) [CHO] =
40 mole-%; (A) [CHO] = 00 mole-%; (O) [CHO] = 80 mole-%, (#) [CHO] = 20
mole-%, no radical initiator (based on the total amount of reaction mixture); [AIAH] =
20 mole-%, [AIBN] = 0.2 mole-%.

Fig. 3. Effect of the concentration of AIBN on polymerization of CHO in benzene
at60°C for 15 hr; [CHO] = 20 mole-%, [MAH] = 20 mole-%, based on the total amount
of reaction mixture.

Fig. 4. Relation between reaction time and intrinsic viscosity of polyet her at 30°C in
benzene. Polymers obtained under the following reaction conditions: [CHO] = 40
mole-%, [MAH] = 20 mole-%, [radical intiator] = 0.2 mole-%.
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the rate of polymerization increased with increasing concentration of CHO,
while the reacting mixture turned yellow brown.

The vyield of | increased with increasing concentration of AIBX up to
0.1 mole-%, and remained constant above that concentration (Fig. 3).

The intrinsic viscosity of | was in the range of 0.11-0.14 as shown in
Figure 4. The molecular weight of | was estimated to be 6 000-10 000 from
these values in comparison with the literature6and determined to be about
6000 by the cryoscopic method in cyclohexane.

DTBP-Induced Polymerization of CHO

Polymers IV and V, in addition to Il, were obtained by DTBP-induced
polymerization of CHO in the presence of MAH; this result is different
from that of AIBN-induced polymerization described above. The reacting
mixture became reddish brown with increasing reaction time, similar to the
case of AIBN-induced polymerization.

The infrared spectra of Il and IV are essentially identical with that of I,
except that IV has a hydroxyl band at 3440 cm-1 (Fig. 1). IV seems to
be formed from the ester of polyether by saponification.

REACTION TIME (hr)

Fig. 5. DTBP-induced polymerization of CHO at different concentrations of CHO
in the presence of MAH in benzene at 150°C: (O) [CHO] = 20 mole-%, (X) [CHOQO] =
40 mole-%, (A) [CHO] = 60 mole-%; (*) [CHO] = 20 mole-%, no radical initiator.
[MAH] = 20 mole-%, [DTBP] = 0.2 mole-%.

Fig. 6. Acid equivalent of polymer: V obtained under the following conditions: (O)
[CHO] = 20 mole-%, (X) [CHO] = 40 mole-%, (A) [CHO] = 60 mole-%; [MAH] =
20 mole-%, [DTBP] = 0.2 mole-%.
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At 150°C polyether was formed in low yield even in the absence of
radical initiator; the yield increased with reaction time (Fig. 5). When
DTBP was used, the yield of Il increased through a maximum with reaction
time and was related to the concentration of CHO. Consequently, the
radical initiator was effective in accelerating the polymerization of CHO
at the early stage.

The intrinsic viscosity of 11 (Fig. 4) was in the range of 0.06-0.09, being
about half that of I, and the molecular weight of 11 was about 2 000-3 000
by the cryoscopic method in cyclohexane.

Polymer V was soluble in ether, acetone, and aqueous alkali and insoluble
in hydrocarbons.  The infrared spectrum of V (Fig. 1) exhibits characteris-
tic bands at 1085 cm-1 (ether), at 1720 cm-1 (carbonyl), and at 3440 cm-1
(hydroxyl). The intensity of the carbonyl band of Y did not vary, even
after several alkali treatments followed by acidification. V seems to be

Fig. 7. DTBP-induced polymerization of CHO in benzene at 150°C. [CHO] = 20
mole-%, [MAH] = 20 mole-%, [DTBP] = 0.2 mole-%, based on the total amount of
reaction mixture. Yield is based on the amount of CHO.

Fig. 8, Effect of the concentration of DTBP on polymerization of CHO in benzene
at 150°C for 5 hr. [CHO] = 20 mole-%, [MAH] = 20 mole-%, based on the total
amount of reaction mixture. Yield is based on the amount of CHO.
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the adduct- of polyether to the double bond of MAH. The acid equivalent
of V was about 400 and was independent of the reaction time and the mole
ratio of reactants (Fig. 6); therefore V appears to be composed of CHO
and MAH in 7:1 mole ratio.

The yield of each polymer (Il, 1V, and Y) was followed with reaction
time and the concentration of DTBP as shown in Figures 7 and 8. As
shown in Figure 8, Il and IV were produced within an appropriate concen-
tration range of DTBP and vanished above 1.5 mole-% of DTBP.

Free-Radical-Induced Reaction of CHO in the
Presence of Succinic Anhydride

Analogous reactions in the presence of succinic anhydride instead of
MAMH led to no polymer of CHO, suggesting that the double bond of MAH
and radical initiator play an important part in polymerization of CHO.

DISCUSSIONS

Recently, Okamura and co-workers10-12 reported that cyclic ethers such
as trioxane are easily polymerized in the presence of MAH by radical
initiators. It was considered that the free radical formed from cyclic
ether by hydrogen abstraction and MAH form a charge transfer complex
which initiates polymerization of cyclic ether. This view seems partly to
elucidate the formation of our polyether. A further detailed proposed
mechanism will be discussed below.

The fact that polymerization of CHO rarely occurs even in the presence
of MAH without radical initiator except at high temperature suggests that
abstraction of a hydrogen atom from CHO by radical initiator plays an
important role in the initial step in polymerization. Previously, Gritter3
reported that in DTBP-induced reaction of CHO, abstraction of a hydrogen
atom occurs mainly in the position alpha to the oxygen atom, as shown in
eq. (L).*

Radical initiator
-H-

Polymerization of CHO occurs easily in the presence of MAH only on
addition of a small amount of radical initiator. Consequently, it is pre-
sumed that, owing to the strong electron-accepting property of MAH,
electron transfer between MAH and the free radical formed from CHO
by abstraction of a hydrogen atom may lead to the formation of a cationic
complex, which may initiate cationic polymerization [eq. (2)].

*In the ease of AIBN, the initiating radical is probably formed by reaction of a small
amount of 0 2present with the radicals from AIBN, i.e,,

CH3
I

CHa—C—0—0 -
CN
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In the infrared spectra of | and Il the appearance of a weak carbonyl
band reveals that the polymers contain a cyclohexanonyl end group, which
may be ascribed to the formation of the cationic complex [eq. (3)]. The
absence of the hydroxyl group in the polyethers (I and I1) indicates that,
in the propagation step, preferential attack occurs on the oxygen atom
rather than on the ring carbon atom of epoxide. On the other hand, it
has been reported that in the radical process186 an attack on the ring
carbon atom occurs to give a hydroxyl end group. Therefore, the fact
that the attack the oxygen atom occurs indicates that, cationic propagation
may occur as shown in eq. (4).

The formation of 1V and V suggests that polymer-cation complex (VI)
and polymer radical (V1) may exist. Asshown in eq. (6), at high tempera-
tures, the polymer-cation VI may attack the oxygen atom of the counter-
anion-radical (anion-radical of MAH) to give the ester IV. But the acid
component of the ester was not investigated further, since radical VIII is
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considered to be highly reactive, and therefore the subsequent termination
product may be complex. YII may attack the double bond of MAH to
give V [eq. (8)] or may abstract a hydrogen atom to form I or 11 [eq. (7)].
The facts that V forms easily at high temperature and that the molecular
weight of | obtained with AIBN is higher than that of Il obtained with
DTBP indicate that an equilibrium between VI and VII may exist, as
shown in eq. (5), and have a tendency to proceed to the right at high
temperature. At high concentration of DTBP the polyether is scarcely
obtained, the MAH adduct of polyether being the only product. These
facts show that owing to the increase of radical initiator, a free radical
formed from the terminated polyether by another hydrogen abstraction
may attack further the double bond of MAH to give MAH adduct.

Our results are explained by a cationic mechanism at lowr temperature.
However, at high temperature, both the cationic and radical mechanisms
operate, since the addition of polymer radical to MAH is subsequent to the
radical-induced cationic polymerization.

These reactions appear to consist of three different steps, radical initia-
tion, cationic propagation, and radical termination.
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Radiation Chemical Studies of Protein Reactions:
Effect of Irradiation Liquid Containing Aromatic
Hydrocarbons and pH on Viscosity

MIZUHO X1SIZAWA, Department of Chemistry,
Defense Academy, Yokosuka, Japan

Synopsis

When protein is irradiated by 7-rays from a “Co source in various liquids containing
aromatic hydrocarbons, such as benzene, naphthalene, and phenanthreue, the effect of
the radiation varies with the irradiation liquids containing aromatic hydrocarbons.
An empirical equation for the viscosity change was obtained. Protein irradiated by
7-rays from a “Co source in air showed the effect of pH on protein reactions. An
empirical equation for the viscosity change was obtained.

INTRODUCTION

It is well known that macromolecules are more stable to radiation on
mixing aromatic hydrocarbons with the macromolecules,1and also that on
increasing the pH the viscosity of protein in urea solution increases.2
Since the effect of irradiation liquid containing aromatic hydrocarbons and
the effect of pH on protein reactions are problems of general interest, it was
therefore considered desirable to study them.

The dénaturation of protein by urea was selected as the protein reaction,
since it was described in previous papers.35 The determination can be
followed conveniently by measuring the reduced viscosity of the solutions.

EXPERIMENTAL
Materials

Albumin and urea used in this work were commercial materials pro-
duced by the Kanto Chemical Co., Inc.

Carbon tetrachloride was a commercial material produced by the Kanto
Chemical Co., Inc.

Benzene, naphthalene, and phenanthreue used were commercial ma-
terials produced by Wako Pure Chemical Industries, Ltd., Kanto Chemical
Co., Inc., and Junsei Pure Chemical Co., Ltd., respectively.

Sodium hydroxide and boric acid used were commercial materials
produced by the Kanto Chemical Co., Inc.

1247
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Phosphoric acid and acetic acid used were commercial materials pro-

duced by Nippon Rikagakuyakuhin Kabushikikaisha and leda Pure
Chemical Ltd., respectively.

Apparatus and Procedure

The irradiation was from a 300 Ci 6Co source. The dose rate in this
experiment was 1.7 X 103r/hr.

In the studies of effect of irradiation liquid, the solid albumin was put
into each irradiation bottle and the bottles were filled with irradiation
liquid (carbon tetrachloride) containing various amounts of benzene,
naphthalene, or phenanthrene. The irradiation was carried out at the
room temperature. The irradiated solid albumin was cleaned with fresh
carbon tetrachloride, dried at 30°C under vacuum, powdered, dissolved
with distilled water, and mixed with urea solution; the viscosity was then
measured.3

In the pH studies the solid albumin (powder) was irradiated at room
temperature. The irradiated albumin was dissolved with distilled water
and mixed with urea-buffer mixtures; the viscosity was then measured.3

The pH values were measured with a glass electrode pH meter.

RESULTS
Effect of Irradiation Liquid

The change with time in reduced viscosity at 30°C of 3% albumin in
1071/ urea was measured after irradiation with y-rays of the albumin in
liquid containing small amounts of aromatic hydrocarbons.

TABLE |
Compounds Used in Irradiation Liquid for Solid Protein

Resonance energy,

Compound Formula and structure kcal/mole
a
Carbon tetrachloride CcoL cCl—c—cl 0
d
Benzene
Naphthalene ciLn @il

Phenanthrene (04
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Fig. 1. Relationship of reduced viscosity to time in the presence of various amounts of
benzene (in CC14: (o) none; (¢) 1 mole; (d) 2 moles; (©) 4 mole; (v) 6 moles;
(X) 8 moles; (a) Il moles. Conditions: 3% albumin in IOAf urea, 103r, 30°C.

Time Chr.)

Fig. 2. Relationship of reduced viscosity to time in the presence of various amounts of
naphthalene (in CC14: (o) none; (©) 0.2 mole; (v) 0.4 mole; (#) 0.5 mole; (X) 1.0
mole; (O0) 1.5 mole. Conditions: 3% albumin in 10.11 urea, 10sr; 30°C.

The irradiation liquid was CCL. (because it is not a denaturant); the
aromatic additives were benzene, naphthalene, and phenanthrene. For-
mulas, structures, and resonance energies are shown in Table I.

Experimental results are shown in Figures 1-3. From these it is clear
that the reduced viscosity does not continue to increase, but approaches a
limiting value. When the values of the reduced viscosity at infinite time
in Figures 1-3 are plotted against the concentration of aromatic hydro-
carbons, the relation shown in Figures 4-6 is obtained. W.ith increasing
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concentration of aromatic hydrocarbons, the reduced viscosity first de-
creases, reaches a minimum, and then increases; the minimum in the
reduced viscosity indicates the maximum effective protective effect for the
dénaturation of protein.

Effect of pH

The change with time in reduced viscosity at 30°C of 3% albumin in
10M urea after irradiation by - -rays in buffer solutions of various pH’s
was studied.

Fig. 3. Relationship of reduced viscosity to time in the presence of various amounts
of phenanthrene (in COU): (©) none; (a) 0.01 mole; (a) 0.05 mole; (X) 0.1 mole;
(o) 0.3 mole; (#) 0.5 mole; (O) 8 moles. Conditions: 3% albumin in 10M urea, 103r,
30°C.

Fig. 4. Dependence of the protective effect on the concentration of benzene. Condi-
tions: 3% albumin in 10M urea, 103r, 30°C.
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Experimental results are shown in Figure 7. It is clear that the reduced
viscosity does not go up to an infinite value, but approaches a limiting
value. When the values of the reduced viscosity at infinite time in

Fig. 5. Dependence of the protective effect on the concentration of naphthalene. Con-
ditions: 3(7c albumin in 10.1/ urea, 1()3r, 30°C.

Concentration Crno')

Fig. 6. Dependence of the protective effect on the concentration of phenanthrene.
Conditions: 3f/ albumin in 10.1/ urea, 103r, 30°C.

Figure 7 are plotted against the pH values, the relations shown in Figure s
are obtained. W.ith increasing pH the reduced viscosity at infinite time
of the irradiated albumin in urea increases. This increase shows the effect
of pH on the dénaturation of the irradiated protein.
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Fig. 7. Relationship of reduced viscosity to time at different pH’s. Conditions: 3%
albumin, in 10.1/ urea, H)3r, 30°C.

pH

Fig. 8. Reduced viscosity as a function of pH. Conditions: 3ri albumin in 10.1/ urea,

103r, 30°C.

DISCUSSION

As stated above, it is known that macromolecules can be made more
stable to radiation by mixing aromatic hydrocarbons with the macro-
molecules: and also that on increasing the pH the viscosity of protein in
urea solution increases..

A discussion of the effect of irradiation liquid containing aromatic
hydrocarbons and of pH in a protein reaction follows. The protein
reaction is estimated from the change in viscosity as shown in Figures 1-8.

The relation between the viscosity change and the concentration of
aromatic hydrocarbons is related to that between the protein reaction and
protective reaction. When the concentration of protein and urea and
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radiation dose are constant, a change in the concentration of aromatic
hydrocarbons results in a change of activation required for dénaturation
reaction (Figs. 4-6). The reaction mechanism must, therefore, depend on
the concentration of aromatic hydrocarbons. If the main processes for
the protective action are assumed to be as shown in egs. (1)-(4)

P-P — P* + p* 0)

P* + P*—>I—P + E, %)
A+ E,—>A* (3)

A* —»A + (2, - ED )

where P-P denotes the protein molecule, A is an aromatic hydrocarbon,
A, is the activation energy of the y-ravs, and Kris the resonance energy of
aromatic hydrocarbon, then the protective step is reaction (3), which means
that the observed protective effect follows a parabolic curve versus the
concentration of aromatic hydrocarbons. Therefore the response of
albumin molecule to aromatic hydrocarbons may be determined by meas-
uring the reduced viscosity.

If in the system A'is the concentration of aromatic hydrocarbons, and
a, b, and r are adjustable constants, then eq. (5) expresses the protective
effect:

TruC ) = aX2+ bX + ¢ )

This formula agrees with the experimental data that describe the curves in
Figures 4-6.

In the mechanism these aromatic hydrocarbons may be involved in
energy loss by fluorescence from the electron system of the aromatic rings.

Second, the relation between the viscosity change and the pH change is
related to swelling of protein molecule caused by the electrostatic repulsion
associated with the increased net charge of the molecule activated by
y-rays. When the concentrations of protein and urea and the radiation
dose are constant, the increase in the pH results in an increase of the
viscosity change required for dénaturation (see Fig. 7). The reaction
mechanism must, therefore, depend on the pH. If the main processes
for the effect of pH are assumed to be

P—P - P* + p* ®

P* o >P (7)

where P-P is the protein molecule, OH- is a hydroxyl radical, then the
rate-determining step is reaction (7), which means that the observed
viscosity change is related to the pFl value. Therefore the response of the
albumin molecule to OH~ radical may be determined by measuring the
reduced viscosity.

If in the system A is the concentration of the OH“ radical, and a, b, and k
are adjustable constants, then eqg. (8) expresses the effect of

Tored(00) = ct(l — e’“kl) . b 8)
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This formula agrees with the experimental data that describe the curve in
Figure s .

The author wishes to thank (lie First Research and Development Center, Technical
Research and Development Institute, Defense Agency, for the use of their 300 Ci “Co
y-ray source.
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Polymerization of Vinyl Chloride

S. ENOMOTO, Kureha Chemical Industry Company,
Tokyo Laboratory, Shinjuku-ku, Tokyo, Japan

Synopsis

Polymerization of vinyl chloride (VC) was studied. Natural evolution of HC1 from
VC occurred in the polymerization. VC, VC-adi, VC-/3,/3d2 and vC-d3were used to
study the reactivities of the hydrogen atoms in the polymerization and the /3-hydrogen
atoms contributed to the chain transfer. Chemical and physical methods were used to
observe irregular structures, such as branching, double bonds, and head-to-head or
tail-to-tail addition, and also to confirm the relation between conversion and the irregular
structures.

INTRODUCTION

Polymerization of vinyl chloride (VC) has been studied by many in-
vestigators. A rate increase with conversion was observed in the bulk
polymerization.la Mickely et al . reported that the high reactivity of the
growing radical accelerated the rate of polymerization and the rate de-
pended on the surface area of the precipitated particle. Jones and Mel-
villes detected butadiene in the polymerization and explained the chain-
transfer reaction by the following mechanism of egs. (1) and (2).

CH2CHC1 + CHZCHC1 -> CH2—-CHCb + CH2=CH- @
CH2ZCH- + CH=CH2-> CHo=CH—CH=CH2 2

Lim and Kolinsky: carried out the polymerization in 2,4-dichloropentane
and 2,4,6-trichloroheptane to determine the chain-transfer constant by the
usual kinetic theory based on the assumption of a stationary state. The
model polymers swelled the produced polymer and facilitated the mobility
of the monomer; however, the observed value of the chain transfer was
rather low, and it was concluded that the value in heterogenous system
would be less than the value obtained in approximately homogenous sys-
tem. Methyl methacrylate, acrylic esters, and acrylonitrile showed a
similar gel effect.lb These effects could be explained on the basis of an
occlusion theory, and ESR proved the presence of substantial amounts of
radicals occluded in the polymerss-s However, this method was not suc-
cessful in the detection of a trapped radical in the polymerization of VC.
It was also interesting that the degree of polymerization depended rather
on temperature of polymerization than concentration of catalyst o

Bier and Kramer discussed the formation of double bonds and branching
on the basis of the kinetics of VC polymerization..o Cotman hydrogenated
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poly (vinyl chloride) (PVC) to polyethylene with LiAlIH. to study the
branching by infrared spectroscopy.” Nakajima et al... reported that the
amount of branching was reduced by lowering the temperature of poly-
merization..= Boccato et al.1z investigated the same problem in detail with
respect to the mechanism of branch formation during polymerization.s
Ultraviolet spectroscopy and visible spectroscopy were available to deter-
mine the polyene structure of the thermally degraded polymer, but these
methods did not give us any information about the type of unconjugated
double bonds which were expected to be present in the degraded polymer.
Branching and the double bonds would be less stable to heat treatment
than regular structures.

Asahina and Onozuka studied heat stabilities of model compounds which
contained branching, double bonds, or both..« A lowering of pH was ob-
served in the suspension polymerization, and this increased with increasing
conversion. It was found that VC peroxide which was prepared by addi-
tion of oxygen to VC decomposed to acidic substances in presence of water;
thus it was suggested that the decrease in pH was due to such a reaction
with VC peroxide formed with oxygen which was contained in VC and
water or from peroxide catalyst.%

Enomoto and Asahina previously studied the mechanism of VC addition
by use of partially or completely deuterated monomers and infrared
spectroscopy.ss The same technique and mass spectrometry have been
applied to the study of the polymerization of VVC in this report.

EXPERIMENTAL

Preparation and Purification of Materials

The deuterated monomers used in this study were CH:=CDC1,
C1)==CHC., and CD:=CDC1. Their preparations and purities were
described in detail previously..s After drying the monomer with CaCl:
in the gaseous state, it was charged into a glass ampoule connected to a
vacuum line in the liquid state. Freezing and thawing in vacuo was re-
peated four times to remove traces of air completely. Water was distilled
after refluxing with AgNOtand was redistilled with NaOH under a stream
of nitrogen to remove C02 The purified water in a vessel containing the
catalyst and methyl cellulose (stabilizer) was degassed in vacuo by the
same method as the monomer, and the purified monomer was added to the
vessel in vacuo. The prepared 2,4,6-trichloroheptane was also degassed
before addition of the purified monomer.

Detection of HC1 Produced in Polymerization

Suspension Polymerization. Lauroyl peroxide and azobisisobutyro-
nitrile were used to confirm the effect of peroxide on the lowering of pH,
The purified CH.=CHCL1 was sealed into several glass ampoules contain-
ing purified water, initiator, and methyl cellulose. They were immersed
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in a bath at 50°C and mechanically shaken. The polymerization was
stopped at various intervals anti the pH of the water was measured by a
pH meter in a dry box filled with highly purified argon.

Bulk Polymerization. Bulk polymerization of CH ,=CHC1 was carried
out to ascertain the effect of water. The purified monomer was charged
into an autoclave containing lauroyl peroxide in vacuo at —78°C. A trace
of the charged monomer was sealed into a small gas cell from the autoclave
through a vacuum line before and after polymerization at its boiling point.

Reactivities of Hydrogen Atoms of VC in Polymerization

In order to study differences in the reactivities of the a and 3hydrogens
in the polymerization, rates of polymerization and degrees of polymeriza-
tion were observed with CH.=CHC1, CH.=CDC1 (VC-adi), CD.=CHC1
(VC+/3)sd?) and CD-—CDC1 (VC-d3. The reaction was carried out by
the suspension polymerization method described above. The ratio of
monomer to water was 1:2 (by weight), the concentration of catalyst
(lauroyl peroxide) was 0.1 wt-% (based on monomer), the concentration of
commercial poly(vinyl alcohol) was 0.5% wt-% (based on water), and the
temperature of polymerization was 58°C.

Polymerization of VC-ds in 2,4,6-Trichloroheplane

Lim and Kolinsky polymerized VC in 2,4,6-trich'oroheptane to measure
the constant of chain transfer kinetically, but they did not prove the addi-
tion of the monomer to the model polymer experimentally. Pure PVC-ds
should not have any CH stretching mode in its infrared spectrum. The
polymerization of VC-cl3was carried out in 2,4,6-trichloroheptane to ob-
tain a direct evidence. The feed ratio of VC-ds to the model polymer was
0.5, and 0.1 mole-% of azobisisobutyronitrile (based on monomer) was used
as a catalyst. The temperature was 55°C, the time was 48 hr, and the
conversion was 50%. The polymer was dissolved in tetrahydrofuran and
precipitated three times with methanol to remove the occluded model poly-
mer completely. The inherent viscosity and the infrared spectrum were
observed after drying the purified polymer at 00°C in vacuo. The degree
of polymerization was 203.5. Similar polymerizations at different feed
ratios were carried out to measure the constant of the chain transfer, but
the conversions were less than 3%.

Detection of Double Bonds

Asahina and Onozuka pointed out the double bond initiated thermal
degradation of poly(vinyl chloride)..« Infrared spectroscopy could not
show the presence of double bonds in the undegraded polymer because of
their quite low content. Some spectral change could be expected in the
infrared spectrum of the low molecular polymer, and CS. was used to ex-
tract this fraction from the commercial polymer at room temperature. The
extracted solution was evaporated by vacuum distillation without heating
to avoid structural changes, and then the residue was purified by repeated
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precipitation with tetrahydrofuran and methanol. The dried polymer was

a white powder. This white powder was also brominated in CCU at room
temperature.

Thermal Degradation of PVC-adi

PVC-arfi was degraded thermally to observe the possibility of evolu-
tion of DCL. The pressure of HCL in a gas cell was proportional to the
band at 2940 cm.: in the infrared spectrum and the infrared absorption
band of DC1 at 2110 cm.: had the same relation. A 2-g portion of the
polymer was filled into a small glass ampoule which was attached to a gas
cell with XaCl windows through a glass tube. The whole system was
connected to a vacuum line to dry the polymer in vacuo (10-s mm Hg) at
room temperature for 24 hr. The connecting part was sealed to keep the
system in vacuo and the ampoule was immersed in a bath at 180°C to
degrade the polymer. The infrared spectrum of the gas evolved from the
thermally degraded polymer was observed. The intensity of the DCl
evolved during initial degradation was very weak. Mass spectroscopy
was also used to analyze the evolved gas. Aliquots of the evolved gas were
collected into a small glass ampoule by cooling with liquid nitrogen every
half hour for the mass spectroscopic analysis.

Thermal Degradation of Polyfvinyl Chloride) Prepared with
Combination of VC and VC-d3

The branching and the double bonds were expected to initiate the
thermal degradation of poly(vinyl chloride). These structures might be
produced by the attack of radicals such as those derived from the de-
composing catalyst or the growing chains on the polymer chains during
the polymerization. The polymer formed at the initial stage of polymeri-
zation was thought to receive a prolonged attack as compared with the
polymer formed at the later stage. However, the relative heat stabilities
were not certain, and two series of suspension polymerizations, e.g.,
VC + VC-ds and VC-d3 + VC, were carried out to evaluate this point.
The first monomer of each pair was polymerized at 55°C in an autoclave
equipped with a stirrer until the conversion reached about 50%, when the
residual monomer was recovered completely through a stainless steel pipe
into an evacuated vessel immersed in a liquid nitrogen bath. Then an
equal amount of the second monomer was added to the autoclave under
stirring.  This added monomer diffused completely into the polymerized
particles and did not separate if the agitation was stopped. The tempera-
ture of the autoclave was kept at 0°C to prevent polymerization during the
recovery of the first monomer and refilling procedures, and then the tem-
perature was raised to 55°C and polymerization continued up to a certain
predetermined conversion. If the second monomer was identical to the
first one and the total time of both polymerizations was equal to that of a
single monomer addition, there was no difference with regard to the de-
grees of polymerization and the conversions. If the second monomer was
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different from the first one, particular care was required to control the
time of polymerization in order to adjust for the isotope effect. The com-
positions of the deuterated polymer were determined by infrared spectros-
copy and the infrared spectroscopic method was applied to observe the
HC1 and the DC1 evolving from the polymers during their thermal degra-
dation at 1S0°C.

DISCUSSION

Table | shows the decrease of pH in the suspension polymerization.
The pH of the mixture with only methyl cellulose was lower than that of
pure water and this tendency increased with heating time. However, the
mixture with only VC showed a far lower value. No difference with re-
gard to lowering the pH was observed between azobisisobutyronitrile and
lauroyl peroxide. In spite of complete removal of oxygen from the sus-
pension polymerization system, the pH decrease was more marked with
increasing conversion, and the pH at high conversion was of the same order
of that of a heated VC-water mixture. Obviously, the previously pro-
posed mechanism by which water decomposed the peroxide structure
—CH:CHCI—0—0—CH:CHCI— to yield acidic substancesdl does not
seem to play the main role in the lowering of the pH. Evolution of HC1
in the bulk polymerization is observed by analysis of mass spectroscopy.
VC is split into HC1+ and CHCH+, and the evolved HCL1 is expressed by
the relative intensity based on the HCl+ fragments obtained from VC
before polymerization. Table Il shows that IiCl was evolved in the bulk
polymerization and that the amount increased with the time of polymeri-
zation.  Slight hydrolysis of VC and a trace of thermal degradation of the
formed polymer may be involved in lowering the pH in the polymerization.

TABLE |
Lowering of pH in Suspension Polymerization
Methyl
CH2=CHC1/HD cellulose, Catalyst, Polymerization Conversion,
No (weight ratio) ora o * time, hr % pH
1 0 0 0 0 0 6.7
2 0 0.05 —- — - 5.3
3 0 . — 30 - 4.0-4.03
4 - — 30 - 3.5
5 0.05 AIBN, 0.1 8 2k, 5 4.0-4.05
G . . 12 45.6 4.0-4.02
7 18 87.0 4.0
8 . 24 89.0 3.9
9 LPO, 0.1 15 31.0 4.3
10 20 54.0 4.2
1 30 88.7 3.9

a Concentration based on water.
VAI BN = azobisisobutyronitrile; LPO = lauroyl peroxide; concentrations arc
based on monomer.
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TABLE 11
Analysis of HC1+in Bulk Polymerization™
Polymerization Relative intensitiesI
No. time, hr Jrici+ 38HC1+ Mean
12 5 1.06 1.08 1.07
13 15 1.10 1.10 1.10

""Catalyst, LPO, 0.2% (based on monomer).
bRelative intensity = It/In, where 10is intensity of HC1+ fragment from VC before
polymerization and It is that from residual VC after polymerization for time t.

Figures 1 and 2 show the effects of deuterium substitution in the mono-
mer on the rate of polymerization and the degree of polymerization.
Bartlett and TateI’ reported that the deuteration of allyl acetate
(CH2ZCHCD20CO0CH3 doubled both values and that the isotopic effect
prevented the transfer reaction. The same effect was observed in the
polymerization with the various deuterated vinyl chlorides; however, the
two kinds of hydrogen atoms showed different effects. The deuteration of
the «-hydrogen atom prompted the rate of polymerization to change in the
order, VC-d3 > VC-adt= VVG/3/3d2 > VC. On the other hand the /3-deu-
terium atom increased the degree of polymerization extraordinarily in the
order, VC-d3 > VC-/3j3d2 > VC=VC-adi. This marked effect cannot be
explained without assuming that the /3-hydrogen atom is more active than
the «-hydrogen atom or the chlorine atom in the transfer reaction, because
the transfer reaction is the most important factor which determines the
degree of polymerization in the polymerization with a fixed concentration
of catalyst. The dominant role of the «-hydrogen atom in the rate of

TING GF RAVKKIZATICH (hrs)

lig. 1. Relations between time of polymerization and conversion in polymerizations
of VC and its deuterated monomers: (0) CH,=CHC1; (X) CH2=CDC1; (A)
Cl),—CHC1; (O) CD,=C1)ClI.
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polymerization is not explained satisfactorily at present because this atom
is not active in increasing the degree of polymerization. However, the
effect of the /3-hydrogen atom must be taken into account, as the rate of
VC-adi is not so much different from that of VC-fr/Sr-

Figure 3 shows the result of polymerization of VC-d3in 2,4,6-trichloro-
heptane. The two strong CH-stretching modes of 2,4,6-trichloroheptane
appeared in the infrared spectrum of the purified PVC-rf3which was poly-
merized in 2,4,6-trichloroheptane, and this fact is experimental evidence

TIME GF RALYMERZATION (hrs)

Fig. 2. delations between time of polymerization and degree of polymerization in
polymerization of YC and its deuterated monomers: (0) CH2=CHC1; (X) CLL-
Clici; (A) CDs=CHC:; (O) CD2=CDCI.

of the addition of VC to the polymer. The transfer constant at 55°C,
from eq. (3), was 9.8 X UP4

1 P —a+ xyr2(kt+ kp){RPMI) + cn + CsiS/Al). (3)

As shown in Figure 4, three weak bands appeared at 800, 753, and 740 cm-1
in the infrared spectrum of the low molecular weight FVC extracted from
a commercial PVC. The bands at SO0 and 740 cm-1 disappeared on bromi-
nation of the polymer, and they may be assigned to the CH out-of-plane
modes of the double bonds. In spite of the uncertainty, this spectral
change suggests that PVC has two kinds of double bond. The band at
800 enwlis probably due to the double bond at the chain end and the other
band corresponds to an inner double bond.
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\V4

Fig. 3. Polymerization of VC-d3in 2,4,6-trichloroheptane (TCH): (top) infrared
spectrum of PVC-ds prepared in absence of TCH; (middle) infrared spectrum of PVC-dj
prepared in TCH solution; (bottom) relation between 1/P and TCH/VC-c/3 mole ratio
in the polymerization.

Fig. 4. Infrared spectral change of low molecular weight PVC by bromination.
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Figure >shows the pressures of evolved gases in the thermal degradation
of PVC-odi. This monomer was prepared by the reactions summarized
in egs. (4) and (5), and its purity was confirmed by infrared spectroscopy

CH2=CCL + DBr — CILBr—CDCL (2)
CILBr—CDCh + Zn ~ CIL=CBCI + ZnBrCl (f)
HEATING TIME (hrs)

Fig. 5. Relation between pressures of evolved gases and heating time in thermal degra-
dation of PVC-adj: (A) HCI; (X) DCL

Fig. 6. Relation between DC1/HC1 ratio and heating time in thermal degradation of
PVC-ad,.
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Fig. 7. Relation between DC1/IIC1 ratio and conversion in thermal degradation of
PVC-adi: (A) 0-30 min; (X) 30-60 min.

and high-resolution NMR spectroscopy. It was pure CH2=CDC1, and
no trace of CHa=CH C 1was observed in its spectrum.’6 Splitting out of
HC1 was expected only in the initial thermal degradation of the PVC-ach
because of the structure of the monomer and of the absence of crosslinks;
however, DC1 was also evolved, even with the very first degradation. The
mass spectroscopic data of the evolved gas are shown in Figure G the
ratio of the DC1 to the HC1 evolved within the initial half hour was rather
large and remained unchanged with heating time. No crosslinking could
be found in this initial degradation product, which dissolved completely
in tetrahydrofuran. This abnormal dehydrochlorination is probably due
to some abnormal additions occurring in the polymerization. The evolu-
tion of DC1 in the later stage is caused by the intermolecular dehydro-
chlorination, and the ratio was constant. Figure 7 shows that the ab-
normal degradation also depended on the conversion. The initial ratio
increased with the conversion, its maximum value being reached at around
70% conversion; then the value decreased slowly.  This omission seemed to
be like the variations of the rate of polymerization and the degree of poly-
merization. As it is impossible to expect the initial splitting of DC1 from
the usual structure formed by head-to-tail addition, —CHjCDCICFF-
CDC1—, some abnormal structures

—CH,CDC1GDC1CH2— and —CH.CD—CHXDC1—
'l
CDCICHDCI—

are probably formed; it may be reasonable to anticipate these abnormal
additions in the polymerization of VC.

Table 111 shows results for typical polymerizations with combination
of VC and VC-<h.

The formation of branches and double bonds and some abnormal addi-
tions in the polymerization of VC are supported by the spectroscopic meth-
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TABLE II1I
Polymerizations with (VC + VC-dl)and ( Y C + VC)a
First polymerization Second
. polymerization Total Molec-
Time, Conver- conver- PVC/PYC-d3 ular
No. Monomer hr sion, % Monomer Time sion, % ratio weight
14 YC 4.70 42.5 VC-d, 11.25 90.5 51.3/48.7 1270
15 YC-d, 2.50 49.2 VvC 13.50 80.9 60.9/39.1 1400

16 VvC 5.00 50.3

“Monomer: water = 1:2; catalyst, lauroyl peroxide, 0.3 wt-%; suspension agent,
commercial PYA, 0.15 wt-% based on water.

ods described above. It seems probable that these formations are stimu-
lated by the chain-transfer activity of the 0-hydrogen atom. These
structures are less heat-stable than the regular head-to-tail bond. Thus,
thermal degradation of the polymer prepared with combination of VC
and VC-d-i is a convenient method to study the relation between the less
stable structures and conversion. The samples used for this experiment
are listed in Table Ill, and Figure 8 shows the result of their thermal

Fig. 8. Thermal degradation of PYC: (X) I1C1, sample 14; (+ ) DC1, sample 14;
(A) HC1, sample 15; (O) DC1, sample 15; (O) 1ICL sample 16.

degradations. As the samples were mixtures of PVC and PVC-d3 both
HC1 and DC1 evolved from the original polymer. Therefore, the observed
pressures were corrected to their values based on the corresponding pure
polymer. Sample 16 of 50% conversion showed the lowest evolution of
HCl. Sample 14, where VC was polymerized first, was intermediate;
the highest evolution of HC1 was found with sample 15, where VC was
added as the second monomer. The polymer formed in the initial stage
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is more stable than that formed at the later stage, but the initially formed
polymer becomes less stable when it is kept in the field of polymerization
until high conversion is reached. The same phenomenon is observed in
the evolution of DC1 from PVC-d3 however, the amount of DC1 evolved
is far less than that of HC1 and the PVC-d3of samples 14 and 15 are more
stable than the undeuterated PVC of both samples. The dénaturation of
(he initially formed polymer is probably due to attack by radicals, such as
growing chains and catalyst fragments, on the polymer resulting in the
formation of some unstable structures at higher conversion.

The polymer formed in the later stage is less stable than the polymer
which is formed in the initial stage and is kept within the field of poly-
merization during the polymerization. This experimental fact is not ex-
plained satisfactorily, but it seems to be related to the monomer concen-
tration in a polymer-monomer particle. The rate of the polymerization
decreases gradually above about 50% conversion in the suspension poly-
merization. A relatively ideal polymerization probably proceeds in the
particle because the monomer swells the particle and moves easily between
the polymer chains during the initial stage; however, the mobility is de-
creased and the remaining monomer polymerizes locally in the particle as
the conversion increases and the particle becomes rigid. This local poly-
merization yields less stable polymer.

From the above one might conclude that the high transfer ability of the
/3-hydrogen atom and the tail-to-tail addition result in some abnormal
structures (branches and double bonds) which cause the formation of HC1
and containing consequently result in a decrease of the pH during the
polymerization. The present study should present some insights into the
complicated polymerization of vinyl chloride, but there are still problems
left which require further clarifications.
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Electron-Transfer Polymers. XXXIX.

Redox Polymers based on Duroquinonyl Glycol

NOBUO XA KABAYASHI,* GERHARD WEGNER,f and HAROLD
G. CASSIDY, Sterling Chemistry Laboratory,
Vale University, New llaven, Connecticut 06520

Synopsis

Redox polyurethanes, polyesters, and alternate copolyurethanes and copolycarbonates
from two kinds of benzoquinonyl glycol were prepared based on 2-(duroquinonyl)-
propan-1,3-diol. The oxidized polymer is stable. When the fully reduced polymer in
solution is exposed to air the durohvdroquinonyl residues are oxidized to the quinone
form while the less substituted hydroquinonyl glycol residues remain stable in the
reduced form. There is thus prepared polymer with oxidized and reduced groups
alternating along the chain.

Redox polyesters,1polyurethanes,2and polycarbonates3based on benzo-
quinonyl glycols4 have been reported as part of our continuing study of
oxidation-reduction polymers. In all of these, the redox group has two
hydrogens on the ring. Experience has shown the desirability of replacing
these with methyl in order to improve stability toward oxidation. Further-
more, in these polymers the redox group has been part of the polymer chain,
so that as it is oxidized or reduced the chain must change in length.5 It was
therefore decided to prepare polymer with fully substituted redox groups
which would be pendant to the main chain. The redox monomer that
seems most suitable is 2-(duroquinonyl)-propan-I, 3-diol (Du).f It is pre-
pared from trimethylhydroquinonc [eq. (1)] and is very stable. In the
presence of pyridine, polyesters (E) could be prepared by reacting Du with
terephthaloyl chloride (T) or isophthaloyl chloride (I), or sebacoyl chloride.
The first two were obtained as yellow powders; the last (not studied fur-
ther) as viscous yellow oil. By use of dibutyltin diacetate catalyst in dry
THE, polyurethanes (U) were obtained by condensing Du with met.hylene-
bis(4-phenylisocyanate) (M) or hexamethylenediisocyanate (H). They
were both obtained as yellow powders.

These quinoid polymers are very stable. In contrast, when reduced
with dit hionite, or sodium borohydride, or by catalytic hydrogenation, they

*Present address: Institute for Medical and Dental Engineering, Tokyo Medical

and Dental University, Kanda, Tokyo, Japan.
t Present address: Laboratory for the Physics of High Polymers, Institute for

Physical Chemistry, University of Mainz, Mainz, Germany.
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are immediately oxidized upon exposure to air. They are best preserved in
the yellow oxidized form.

With two types of monomers available, namely Du and the benzo-
quinonyl glycols 2,5-bis(2'-hydroxyethyl)-l,4-benzoquinone4 (Et) and
2,5-bis(3,-hydroxypropyl)-1,4-benzoquinone4 (Pr), it seemed of interest to
prepare polymers containing the two functions (which have quite different

fig. 1. Relation between increase of quinoid extinction coefficients with time: ()
Ye of U-HDUETt at 262-263 (O) Aeof U-HDu at 264 ni/i.
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Du + 20OCN— R— NCO —*

OCNRNHCOOCI!I ( IK'H.OCOMIRNCO + Et

CIL
CHv. 1. ,0
tr j "CH

CH;

CHX’H.OCONHRNHCOOCH.CHCH.OCONHRNHCO-I-  (2)

']
CH

CH,
U-H-DuEt
U-M-DuEt
U-H-DuEt: 11= — (CH,)6—
U-H-DuEt R= — C,H— CH.— CYH— (both para)
midpoint potentials) arranged alternately along the chain [eq. (2)]. It
might be possible, then, to obtain polymer with alternate oxidized and
reduced portions on the same chain, with consequent interesting charge
transfer and other properties.

Accordingly, alternate copolyurethanes were prepared according to eq.
(2) by reaction througli M or H.  Alternate copolycarbonate (C) was pre-
pared according to eq. (3) from the bischloroformate of Du by condensa-
Du + 2COCL —* CICOOCH CHCH.OCOt'l + Et

CH.
()
ch'V vy
cr y “CcH
CHj

C-DuEt
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(ion with Et in dry THF containing pyridine. All of these copolymers
could be reduced. The data for oxidized and reduced forms (where obtain-
able) are collected in Table I. The spectral data for the reduced forms of

TABLE 1
Summary of Measurement of Polymers
Ultraviolet data0 Infrai ed data, cm Id
Polymer* State dl/gb A,..mu £X 10“3 Quinone Urethane or ester
E-T-Dn Ox 0.06 253 26 0 1640 1720, 1265
lied 0.10 292 4.8 — —
E-1-Du Ox 0.04 262 14.7 1640 1720, 1234
Red 0.0S 292 3.3 — —
U-H-Du Ox 0.10 264 24.8 1640 1710, 1535, 1250
Red 0.15 291 4.2 — —
U-.M-Du Ox 0.20* 251 57.0 1639 1726, 1709, 1530,
1218
C-H-DuEt Ox 0.11 262 30.3 1659,
1648, 1640 1704, 1536, 1250
Red 0.12 295 7.6 — —
U-M-DuEt Ox 0.12 252 84.5 1648 1730, 1710, 1535,
(broad) 1217
U-M-DuPr Ox 0.13 252 84.0 1650 1730, 1710, 1538,
(broad) 1220
C-DuEt Ox ' 260 30.1 1645 1750, 1250
(broad)
Red - 290 12.0 - -

aE = polyester; T = from terephthaloyl chloride; Du = 2(duroquinonyl) propan-
1.3- diol; 1 = from isophthaloyl chloride; U = polyurethane; M = methylenebis(4-
phenylisocyanate); H = hexamethylenediisocyanate; Et = 2,5-bis(2'-hydroxyethyl)-
1.4- benzoquinone; Pr = 2,5-bis(3'-hydroxvpropyl)- 1,4-benzoquinone; C = polycar-
bonate. DuEt and DuPr mean alternate copolymer.

hT$/c:  concentration of polymer solutions 0.50 g/100 ml in THF containing 5%
water.

c Spectra taken in THF containing 5% water; the extinction coefficient is based on
(he repeating unit.

dSpectra were taken as film.

0In dry dimethylacetamide at 25°C.

TABLE 11
Elementary Analysis of Polymers
Calcd Found
Polymer Formula c,% H % N % ¢, % H % N %
E-TDu (CaiHa00e)« 68.47 5.47 - 6S.18 5.52 -
E-TDu (CaiH 2006 )» 68.47 5.47 — 68.21 5.51 -
U-HDu (CoiHsoNoCe)» 62.05 7.44 6.89 61.80 7.33 6.79
U-MDu (CogHosN 68.84 5.78 5.74 68.77 5.98 5.63

U-HDuEt (CAHEINO ) 62.05 744  6.89 6220 7.33 .74
U-MDuEt (CssHsoNa4oi2)»  68.08  5.39 599 67.91 6.04 538
U-MDuPr (CssHssN 40 12)n 68.59 5.65 5.82 68.34 6 .11 5.52
C-DuEt (CosH26010)n 61.72 5.3 - 61.54  5.42 -
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some of the polymers could not be obtained; where they were obtained
this was accomplished in a special optical cell under hydrogen. Elemen-
tary analyses are given in Table II.

The fully reduced copolymers are colorless in solution, but extremely
sensitive to air oxidation. To prepare the half-oxidized copolyurethane
U-HDuEt it suffices to transfer a solution of the reduced polymer to the
optical cell and allow air present above the liquid in the sealed cell to react
with it.  Absorption at 295 mju falls while that 262-263 m” rises as the
durohydroquinonyl functional groups are oxidized to the quinoid form (Fig.
1). In experiments of this kind a stable state is reached with X&*-262 mu,
6-21.0 X 103 corresponding to the value of oxidized U-HDu. A shoulder
at \max-295 m/q e-4.0 X 103 corresponds to reduced U-H Et. This indi-
cates that the durohydroquinonyl residues in the HDu part are oxidized,
while the less substituted hydroquinonyl groups of the glycol part (HEt)
remain reduced. This state is stable in air for at least 150 hr. When the
polymer is precipitated it appears as a red powder. We would have needed
more material than we had available to measure this new presumably
quinhydrone-like absorption. When the copolymer is fully oxidized it is
yellow. The potential of the half-oxidized copolymer was found to be high,
even in the presence of detergent.7

It was observed that the molar extinction coefficients of the copolyure-
thanes are close to additive functions of the individual polyurethanes.
Thus U-MDu (57.0 X 103; + U-M Et (185 X 109 corresponds to
U-M DuEt (845 X 103; U-M Du (57.0 X 103 + U-MPr (21.2 X 103
corresponds to U-M DuPr (84.0 X 105; U-H Du (24.8 X 103 + U-H Et
(11.0 X 103 corresponds to U-H DuEt (30.3 X 103 ; and reduced U-H Du
(42 X 103 + reduced U-H Et (3.9 X 103 corresponds to reduced U-H
DuEt (7.6 X 103. This would seem to imply no marked electronic inter-
action between the separated species.

Viscosity numbers, as is commonly found,12 are higher for the reduced
than the oxidized forms, and upon reoxidation return to the original value
for the oxidized form. This is an indication that the linkages are stable
to oxidation and reduction under the employed conditions. There is no
evidence of viscosity obstruction that interchain quinhydrone formation
(with weak crosslinking) would produce if it were present.

EXPERIMENTAL

Materials. The benzoquinones Du, Et, and Pr were recrystallized just
before use. Du is very stable. The diisocyanates M and H were purified
by vacuum distillation. The acid chlorides T and | were recrystallized
from w-hexane. THF was dried over sodium and distilled; pyridine
was dried over barium oxide and distilled.

Polyester E-TDu. In 10.0 ml dry THF were dissolved 0.2349 g T
and 0.2743 g Du. The solution was cooled in ice water, and 0.35 ml
pyridine was added with stirring. The stirred mixture was allowed to
come to room temperature, and after about 2 hr the mixture was poured
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into water. The yellow precipitate was collected, dried in vacuo, and
dissolved in THF. This solution was poured into ether; the yellow pre-
cipitate was gathered, and the treatment repeated. The yield was essen-
tially quantitative.

Polyurethane U-MDuPr. M (0.4603 g) and Du (0.2187 g) were dis-
solved in dry THF. To the stirred mixture was added a drop of dibutyltin
diacetate (Eastman, used without purification). (Amines are not suitable
catalysts with these redox monomers4) After an hour at 25°C, 0.2061 g Pr
was added to the mixture, and the polymerization was allowed to take
place over a 2-hr period at the same temperature. The viscous mass was
treated with alcohol to destroy any terminal isocyanate groups, and
poured into n-hexane. Yellow flakes precipitated, were collected, dis-
solved in dimethylacetamide, and reprecipitated by pouring into a mixture
of THF and n-hexane. The yield was 0.85 g.

Polycarbonate C-DuEt. About 5 ml of phosgene was collected from
a Dry Ice condenser in a flask cooled in an ice-salt mixture. To it, a
solution of 0.2371 g Du in 10 ml dry THF was added gradually. The
mixture was then allowed to come to room temperature. After about 4 hr
at room temperature all volatile material had evaporated. The red,
viscous oil was dissolved in dry THF containing 0.1956 g Et. The mix-
ture was cooled in an ice bath, and polycondensation was initiated by addi-
tion of 0.30 ml dry pyridine. Water was then poured into the mixture
and a gummy material was collected and dried. This was taken up in
THF and precipitated as dark yellow powder by pouring the solution
into n-hexane. The yield was 0.30 g.

Reduction of Polymers. Copolymers containing reduced Du residues
are not stable in air. Reduction was carried out by palladium on charcoal
in 95% THF. The amount of hydrogen taken up was between 10 and 20%
more than that required for the polymer alone.  After reaction the catalyst
was separated, and the solution was used directly for ultraviolet and
viscosity measurements.

We acknowledge with thanks the support of this work through Research Grant
G M 10864, Research Grants Branch, National Institute of General Medical Sciences,
Public Health Service, and the technical assistance rendered by Mrs. Irmlind Stron-
kowski.
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Electron-Transfer Polymers. XL. Redox Polyamides

NOBUO NAKABAYASHI* and HAROLD G. CASSIDY,
Department of Chemistry, Yale University, New Haven, Connecticut 06520

Synopsis

By condensing a hydroquinone bis-lactone of 1,4-dihydroxybenzene-2,5-bis(ethyl-
2'-carboxylic acid) with diamines such as hexamethylene diamine, piperazine, 4-amino-
ethylpiperidine, or 1,3-di-(4'-piperidinyl) propane, redox polyamides can be prepared.
The lactone functions protect the hydroxyl groups until the polymerization occurs at
which point, due to the opening of the lactone rings, free hydroquinone hydroxyls appear.
The resulting polymer is oxidizable. When the oxidized polymer is reduced the viscosity
is higher than that of the original reduced polymer.

The earliest synthetic redox polyamide was produced by Harwood ami
Cassidy,1 who had considerable difficulty in removing hydroquinone-
protecting acetyl groups from the initial product of polymerization without
damaging the main chain. In the present work we bring together the
polycondensation of bis-lactone with diamine, reported by Iwakura and
co-workers,2and the concept of a redox monomer containing two lactone
rings that involve hydroguinone hydroxyls. When polycondensation is
carried out, the hydroxyl groups released are those of the redox function,
so that redox polyamide immediately results.

The monomer, 3H, 4H, si I, 9H-bcnzo [1,2-b: 4,5-b'J dipyran-2,7-dione
(1), the bis-lactone of hydroquinone-2,5-bis(ethyl-2'-carboxylic acid), was
prepared by heating the acid34 at 250-280°C without catalyst or solvent,
preferably in vacuo. Polycondensation was carried out as reported,2with
the use of hexamethylenediamine, piperazine, 4-aminomethylpiperidine, or

*Present address: Institute for Medical and Dental Engineering, Tokyo Medical
and Dental University, Tokyo, Japan.
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1,3-di-(4'-piperidinyl)propane as diamines. A small excess of I was used
in order to place lactone groups at the ends of the chains. This is in order
to avoid possible crosslinking which might occur on oxidation if there were
a terminal amino group in the presence of benzoquinone. It appeared
that crosslinking nevertheless occurred (see below). For comparison pur-
poses, hydroquinone-2,5-bis(ethyl-2’-n-butylamide) was prepared from I
and n-butylamine.

The polymers were white to light brown powdery flakes. All except
that from piperazine were soluble in dimethylacetamide (DMAce), dimethyl-
formamide (DMF), and formiec acid. The piperazine polymer was soluble
only in hot solvents. When the first two polymers in Table I were dis-
solved in concentrated sulfuric acid in the cold, spectral changes oceurred—
possibly associated with sulfonation of the hydroquinone residues. The
oxidation of the polymers was carried out with the stoichiometric amount
of ceric ammonium nitrate in DMAc. The yellow polymers so obtained
were precipitated by addition of water. They were soluble in the same
solvents as the reduced forms except for the hexamethylenediamine poly-
mer which required hot solvents. Re-reduction could be carried out by
dithionite or hydrogenation over palladium on charcoal. Optical and
viscosity properties of the polymers are gathered in Table I.

It appeared that during the sequence of reactions from original reduced
form to oxidized form and back to re-reduced form some crosslinking or
other side-reaction occurred, because the viscosity of the recovered reduced
form was higher than that of the original polyamide polymer.

EXPERIMENTAL

The monomer I. Into a sublimation apparatus was placed 2.0 g (0.079
mole) hydroquinone-2,5-bis-(ethyl-2’-carboxylic acid).® This was evacu-
ated to 2 mm Hg and held at 250-280°C. White needles of sublimate,
mp 290-292°C (1.5 g, 879,) were obtained. When crystallized from
acetonitrile, these yielded a product that melted at 294-295°C.

Axan. Caled for Cpll04 C, 66.05%; H, 4.629,. Found: C, 65.86%;; H,
4.51Y,.

The infrared spectrum (IXBr disk) showed ester absorption bands at 1740,
1271, 1181, 1 154 em™, and no hydroxyl or carboxylic acid bands. When I
was reduced with lithium aluminum hydride, hydroquinone-2,5-bis(pro-
panol-3')® was obtained in 609, yield.

Typical Polycondensation. In the polycondensation of I with hexa-
methylenediamine, 0.2044 g (1.763 mmole) of freshly distilled hexameth-
ylenediamine and 0.3845 g (1.765 mmole) of I were dissolved in 15 ml
dry DMAc. The mixture was stirred and heated to 70°C. After 1 hr
the temperature was allowed to fall to 50°C. The total heating time was
5.5 hr. After evaporation of DMAc in vacuo, the viscous solution was
poured into water. A quantitative yield of flaky material was collected.
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It was purified by twice repeated solution in DMAc and reprecipitation
with water. A final yield of 0.44 g (759%,) was obtained.

Anan. Caled for (CisH2eN:04).: C, 64.65%; H, 7.849%,; N, 8.389,. Found:
C, 64.449%,; H, 7.88%,; N, 8.86%,.

Calculated and found nitrogen values for the three other polyamides were, respectively,

for 4-aminomethylpiperidine, 8.43, 8.589%,; for 1,3-di(4’-piperidinyl)propane, 6.54,
6.19%; and from piperazine, 9.21, 8.939,.

The polymer with piperazine was very insoluble, and the analysis is the
only measurement obtained on it.

Hydroquinone-2,5-bis(ethyl-2’-n-butylamide). Monomer I (0.44 g)
and n-butylamine (0.29 g) were stirred in 10.0 ml dry DMAc at room
temperature. After 2 hr, when the butylamine odor had disappeared,
DMAc was removed ¢n vacuo at 60-70°C. and the residue was recrystallized
from acetonitrile. White plates, mp 201-203°C, were obtained in a yield
of 0.65 g (899,).

AnaL.  Caled for CyH;N.0.: C, 65.91%; H, 8.85%; N, 7.69%. Found: C,
66.13%:; H, 8.929%,; N, 7.53%.

We acknowledge with thanks the gift of 4-aminomethylpiperidine and 1,3-di-(4'-
piperidinyl)-propane from Reilly Tar and Chemical Corp., New York. We also thank
the Research Grants Branch, National Institute of General Medical Sciences, Public
Health Service, for support of this work through Research Grant G M 10864, and
Mrs. Irmlind Stronkonski for technical assistance.
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Effects of Substituents on Chain-Transfer Reactivities
of p-Substituted Cumenes in Radical Polymerization of
p-Substituted Styrenes

TADAHIRO YAMAMOTO* and TAKAYUKI OTSU, Department of
Applied Chemistry, Faculty of Engineering, Osaka City University,
Suyimotofiio, Suniiyashi-ku, Osaka, Japan

Synopsis

In order to study the effects of the substituents in both substrate and attacking
radical on the chain-transfer reactivities of nuclear-substituted cumenes toward sub-
stituted polystyryl radicals, the polymerizations of p-substituted styrenes in the presence
of p-substituted cumenes were carried out with a,a'-azobisisobutyronitrile as an initiator
at 60°C, and their chain-transfer constants were determined. The relative chain
transfer reactivities of p-substituted cumenes toward given p-substituted polystyryl
radicals did not follow the Hammett equation, but were correlated with the modified
Hammett equation, \og(k/k0) = ptr + yEn, which was proposed by the present authors
for evaluating the substituent effects in radical reactions. On the other hand, the
relative reactivities of poly-(p-substituted styrene) radicals toward given p-substituted
cumenes were correlated by the Hammett equation. Thus, it was concluded that the
effects of the substituents in substrate cumene depended upon the contributions of both
polar and resonance factors, while those in attacking polystyryl radical depended upon
only a polar factor.

INTRODUCTION

A relationship between the structure and the reactivity in the reactions
of a series of compounds toward a growing polymer radical is one of the
interesting problems in the radical polymerization of vinyl monomers.
Useful information to clarify this relationship is easily obtainable by study-
ing the effects of substituents in both the compounds and the attacking
radicals on copolymerization and chain-transfer reactivities.

In the previous papers, we studied the substituent effects on the reactiv-
ities in the chain-transfer reaction of nuclear-substituted cumenes toward
the polystyryl,1 poly (p-substituted styryl),2 and poly(methyl methacry-
late) radicals.3 Similar substituent effects on the reactivities of a series of
nuclear-substituted compounds such as toluenes,4acetophenones,6 benzal-
dehydes,6 dibenzoyl disulfides,7 and diphenyl disulfides89 toward attack
by a particular polymer radical have been also investigated in our previous
papers. However, previous investigations of the substituent effects in

*Present address: Himeji Institute of Technology, ldei, Himeji, Japan.
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radical reactions have dealt exclusively with those in substrate, and there
is little information regarding the substituent effects of attacking polymer
radicals toward a definite substrate compound. The purpose of the present
study is to clarify not only the substituent effects in substrate but also
those in the attacking radical.

The effect of the substituents on reactivities has been usually evaluated
by the Hammett equation, eq. (1).

log(k/ko) = pa, or pe™ (1)

However the reactivities in radical reaction series are not always correlated
with the Hammet o or o constants of the substituents as those observed
in many ionic reactions. In the previous papers,!*:" we have proposed the
generalized Hammett equations, eq. (2), including the resonance term for
evaluating the effect of the substituents in both radieal and ionic reactions:

log(k/ko) = po + vEr (2)

where ¢ and Er are polar and resonance substituent constants, and p and vy
are reaction constants giving the susceptibilities of the polar and resonance
effects caused by the substituents, respectively. Recently, it has been
found that the radical reaction series for over a hundred examples are
fitted by eq.(2).10

In the present paper, the polymerizations of unsubstituted, p-methoxy,
p-methyl, and p-chlorostyrenes in the presence of cumene and its p-substi-
tuted derivatives were carried out by using «,e’-azobisisobutyronitrile
(AIBN) as an initiator at 60°C, and the chain-transfer constants were de-
termined. The effects of the substituents in both the substrate cumenc
and the attacking polystyryl radical on the chain transfer reactivities of
these reactions are described and discussed on the basis of eq.(1) and eq.(2).

The p-substituents in styrene and cumene used in this study were as
follows: for styrenes: CH;0, CH;, H, and CI; for cumenes: CH;0,
-C,H,, -C3H;, H, CI, Br, and CN.

EXPERIMENTAL
Materials

Styrene was used after purifying the commercial product. p-Chloro-
styrene was prepared by the aluminum isopropoxide reduction of p-chloro-
acetophenone, followed by dehydration over potassium bisulfate according
to the procedure of Brooks;? bp 53-54°C/3 mm Hg, n}y1.5658 (lit.!> bp
52-53°C/3 mm Hg, n%51.5658). p-Methylstyrene was prepared by acetyla-
tion of toluene, followed by Meerwein-Ponndorff reduction and then dehy-
dration®; bp 54.5°C/11 mm Hg, n151.5453, (lit.1® n'5*1.5446). p-Methoxy-
styrene was synthesized by Grignard reaction of methylmagnesium bromide
with anisaldehyde, followed by dehydration; bp 45°C/0.5 mm Hg, %)
1.5623 (lit." n}1.5622). Styrene and its derivatives were purified through
distillation under reduced pressure before use.
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The substituted cumenes exeept cumene were prepared by the methods
reported previously,! and these materials were also purified by distillation
before use. The other reagents were also used after purification by the
usual method.

Polymerization Technique

Polymerizations were carried out in sealed glass tubes at 60°C under
shaking. The required amount of benzene solution of cumenes was placed
into a hard glass tube which contained given amounts of monomer and
AIBN. This tube was degassed by the ordinary freezing and thawing
technique and then sealed off under vacuum. After polymerization to
below 109, conversion, the polymerization mixture was poured into a
large amount of methanol to precipitate the polymer. The resulting poly-
mer was filtered, washed with methanol, and then dried under vacuum.

Determinations of Average Degrees of Polymerization
and Chain-Transfer Constants

The intrinsic viscosities [7] of the resulting polymers were determined by
using an Ubbelohde viscometer in benzene at 30°C. The number-average
degree of polymerization (P,) were then calculated from eqs. (3)—(6).

Polystyrene, 30°C:*%
log P, = 3.205 + 1.37 log [9] (3)

Poly-p-methoxystyrene, 30°C:'¢
log P, = 3472 4+ 1.43 log [4] (4)

Poly-p-methylstyrene, 25°C:"
log P, = 3.312 + 1.42 log [»] (5)

Poly-p-chlorostyrene, 20°C:'
log P, = 3.419 + 1.29 log (9] (6)

Chain-transfer constants (C') to cumenes toward given polymer radicals
were calculated from the Mayo equation; eq. 7:

1/P, = (1/P.) + CIS]/[M] @)

where [S] and [M] are the initial concentrations of cumene and monomer,
respectively.

RESULTS AND DISCUSSION

The rates of polymerizations of these styrenes, whose concentrations
were kept constant, were determined as a function of the concentration of
cumenes to benzene used as diluent. The detailed results for determining
chain-transfer constants of cumenes in polymerizations of unsubstituted,’
p-methoxy-,!® p-methyl-'" and p-chlorostyrenes?® were described in previ-
ous papers. Since no appreciable retarding effect of all cumenes on the
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TABLE |
Chain-Transfer Constants C of p-Y-Cumenes Toward p-X-Styrene Radicals at 60°C

C X 1Ws with various

. . substituents (X) in styrenes
Substituents in

Cumenes Y a E\i 11 p-ClI p-Clh p-OClIlI
p-OCH:, -0.268 0.11 3.23 3.86 3.27 3.40
p-MTIb -0.11)7 0.03 3.46 3..72 3.7)1) 3.64
p-/-C;,It, -0. 17 0.03 3.30¢ 3.62¢ 3. ()7 —
n 0.00 0.00 3.ss 3.44 4.12 4.28
p-Cl 0.227 0.10 6.1)0 4.1)7 7.07 S.72
p-Br 0.232 0. 12 7.7 7. 71 0.23 11.8
p-ON 0.660 0.24 15.6 S.S4 26.0 40.9

“Indicates Hie C value for one isopropyl group.

polymerization rates was observed, it was thought that accurate chain-
transfer constants were obtained. Table | summarized the resulting chain
transfer constants of the substituted cumenes toward attacks of various
substituted polystyryl radicals at 60°C.

As is seen in Table I, the chain-transfer constants of the substituted
cumenes are greater than those of unsubstituted cumene, regardless of the
electron-attracting or -repelling character of the substituents. The plots
according to eq.(l) are shown in Figure 1

From Figure 1, it is observed that these plots do not give straight line
relationships, but concave curves. Similar results were observed in chain-
transfer reactivities of various other substrates4-9 than cumene and in
many radical reactions.0

Then, the plots of \og{k/kQ —yEn against Hammett a constants of the

Fig. 1. Plots according to Hammett equation [eq. (1)] for the chain-transfer reactivities
of p-substituted cumenes toward given poly(p-substituted styryl) radicals. Numbers
refer to the same substituents in the polystyryl radical as indicated in Table I1.
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Fig. 2. Plots according to modified Hammett equation [eq. (8)]. Numbers refer to
Ihe same substituents in the polystyryl radical as indicated in Table II.

substituents according to eg. (8), which was derived from eq. (2) were at-
tempted.

logfAYAU) —yEr = pa ®

The results are shown in Figure 2, from which linear relationships be-
tween log(k/k) — jEr and a constants were found when the y values
were assumed to be about unity. These results strongly indicated that
the reactivities of cumenes toward radicals were controlled by both polar
and resonance effects caused by their substituents. The resulting pand y
values are listed in Table I1.

It is expected that the pand y values ineq. (2) depend on the structures
(i.e., substituents) in both the substrate and the attacking polymer radical.
From the p values in Table Il, all of these chain-transfer reactions were
observed to proceed nucleophilically, i.e., the chain-transfer reactivities of
substituted cumenes toward these polymer radicals increased as electron-
attracting substituents were introduced in the substrate cumene. It was
also found that the p values changed widely and regularly with the sub-
stituents in the attacking polymer radical. The introduction of electron-
attracting substituents in the attacking polystyryl radical decreased the
p value as a result of a decrease in its nucleophilicity.

TABLE I
p and 7 Values in the Application of Equation (2) for Chain-Transfer Reactivities of
Cumenes Toward Given Radicals at 60°C

No. Attacking radical P 7
1 Poly-p-methoxystyryl + 1.0 1.3
2 Poly-p-methylstyryl +0.8 1.1
3 Polystyryl +0.7 1.0
4 Poly-p-chloroslyryl +0.2 1.0
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Fig. 3. Plots according to the liammett equation [eq. (1))] for the chain-transfer
reactivities of poly (p-substituted styrene) radicals toward given ~-substituted cumenes.
Numbers refer to the same substituents in p-substituted cumene asindicated in Table IV.

However, the resulting y values in Table Il were almost unchanged
with the nature of the attacking polystyryl radicals in these reactions.
Recently, the y values were found to depend mainly on the principal struc-
ture of the radical produced from the substrate used.46 These results
were in contrast to those that the effect of the substituents in attacking
polystyryl radicals toward y values in given substituted cumenes were
found to be zero (see Fig. 3).

The effect of the substituents in the attacking polystyryl radical toward
given substrate cumenes was investigated by applying the Hammett equa-
tion (9):

log(k'/ko) = parad ©)

TABLE 111
Chain-Transfer Rate Constants k' of p-X-Substituted Polystyryl Radicals
Toward Given p-Y-Substifuted Cumenes

k' X 104for various polystyryl radicals, mole/1 -seca

Y in

cumene p-OCIL, p-ClI3 Hb p-Cl
p-och3 241 275 342 579
p-i-ClHg 258 326 367 525
P-i'-CiHt — 308 350 543
H 304 346 411 516
p-Cl 605 044 731 746
p-Br 838 775 802 857
p-CN 2904 2184 1932 1326

aReported propagation rate constants for p-OClls, p-CH3 H, and p-Cl styrenes were
71, 84, 106, and lot) mole/1 -sec at 30°C.2
bIndicated fcd values.
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where k' and ko are chain-transfer rate constants of p-substituted and
unsubstituted polystyryl radicals toward given cumenes, respectively (see
footnote of Table 111), and orad is the Hammett constant for the substitu-
ents in the substituted polystyryl radical. The values of k' and ko were
calculated from the reported rate constants for propagation of polymeriza-
tions of /~-substituted styrenesZ2las shown in Table III.

The plots of log(k'/k'o) with <rad are illustrated in Figure 3; all of these
plots were found to satisfy straight-line relationships, indicating that the
7 values in eq. (2) were zero, i.e., the resonance effect of the substituents in
the attacking radical was not significant. One reason might be that the
resulting radicals in the entire reaction series have the same structure. A
similar result was reported by Imoto et al.2for the effect of the substituents
on the copolymerization reactivities of p-substituted polystyryl radicals
toward p-substituted styrenes.

The p values obtained from Figure 3 are shown in Table IV.

TABLE IV
p Values in Equation (9) Obtained from Figure 3

Substituent

No. in cumenes P
1 p-OCIL, +0.68
2 p-i-04Mo +0.55
3 p-i-CJh +0.50
4 ] +0.40
5 p-Cl +0.10
6 p-Br +0.04
7 p-CN -0.65

Table IV indicates that the p values also change regularly, depending
on the polar nature of the substituents in the attacking polystyryl radical.
Accordingly, it was concluded that the polar effects of the substituents in
both the attacking radical and the substrate were significant for these chain-
transfer reactions. However, the resonance effect of the substituents was
considered to become important only for the reaction series giving radicals
which have different substituents.

The authors wish to thank Professor M. Imoto, Osaka City University, with whom
we had stimulating discussions.
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Polymerization of A£-Cyanopropionaldehyde. V.
Polymerization by the Adduets of
/3-Cyanopropionaldehyde with Triethylaluminum

KAZUKIYO KOBAYASHI* and HIROSHI SUMITOMO, Faculty of
Agriculture, Nagoya University, Chikusa, Nagoya, Japan

Synopsis

Adducts (X, Y, and Z) between triethylaluminum and /3-cyanopropionaldehyde (CPA)
have been prepared and characterized. It was found that an equimolar amount of
triethylaluminum undergoes Grignard type addition reaction with aldehyde group of
CPA to give aluminum alkoxide and that another equimolar quantity of triethylalu-
minum undergoes coordination with the nitrile group of CPA (adduct X, in which the
molar ratio of CPA to aluminum is 1:2). The coordinated triethylaluminum in adduct
X may be changed to aluminum alkoxide by the addition of further equimolar amount
of CPA (adduct Y, molar ratio = 1:1); on the other hand, heating at 130°C affords
mixtures of aluminum aldimine and aluminum ketenirnine structures (adduct Z, molar
ratio = 1:2). From the cryoscopic measurement, adduct Z may be regarded as a
coordinated polymer joined through bridged structures | and II.

\ \
Al Al
I\ z1
—0 o— N =
v
Al Al
I\ I\

In the polymerization of CPA at —78°C, the stereoregularity of the resulting poly-
(cyanoethyl)oxymethylene was found to increase in the order: X < triethylaluminum <
Y < Z The polymerizations with triethylaluminum, X, and Y are considered to be
initiated by NCCHZXHXH(CH5—0—AL(C2H52 The degree of association of the
species may influence the stereoregularity of the polymer.

INTRODUCTION

/3-Cyanopropionaldehvde (CPA), having a polar nitrile group, is ex-
pected to exhibit characteristic polymerization behavior different from
that of the common aliphatic or chlorinated aldehydes.

It was previously pointed outlthat complex formation between the
nitrile group of CPA and titanium makes a contribution to steric control
in the polymerization of CPA with use of organoaluminum-titanium
chloride complexes as initiators.

*On leave from the Department of Chemical Technology, Faculty Of Engineering,

Osaka University, Japan.
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During' the course of the subsequent investigation, some types of adducts
of triethylaluminum with CPA have been prepared. It was found that
the nitrile group, as well as the aldehyde group, of CPA participates in the
reaction with triethylaluminum and that the resulting adducts can initiate
the stereospecific polymerization of the monomer at low temperature.
The present paper is concerned with the preparation of the adducts and
the elucidation of the polymerization of CPA initiated by them, compared
with the polymerization mechanism of acetaldehyde.

Preparation and Characterization of Adducts of
d-Cyanopropionaldehyde with Triethylaluminum

The preparation and purification of CPA and triethylaluminum have
already been described.1-3 The air- and moisture-sensitive adducts were
prepared and examined in a glass apparatus and in a dry box filled with
dry nitrogen. A solution of CPA in benzene was added dropwise with
stirring to a solution of triethylaluminum (14.22 g, 0.1246 mole) in benzene
(40 ml) on cooling at 0°C over 30-60 min. Addition of the solution of
CPA (5.18 g, 0.0623 mole) in benzene (20 ml) gave adduct X, in which the
molar ratio of CPA to triethylaluminum is 1:2. Adduct Y (molar ratio =
1:1) was obtained by further adding the same amount of CPA solution to
X. The solvent was removed from X in vacuo and the residue was heated
at 130°C for 30 min, leaving a brown, viscous liquid (adduct Z).

It is generally known4that the aldehyde group is susceptible to Grignard-
type addition with organoaluminum compounds. For example, acetal-
dehyde was treated with triethylaluminum to give (CaHs"AIOCHfCHg)-
CH@G which was hydrolyzed to sec-butanol.6 The infrared absorption
spectra of adducts X, Y, and Z were measured in benzene as shown in
Figure 1. Xo band was observed in the region of carbonyl stretching in
any of the spectra, but the vibration of C—O stretching was suggested by
the appearance of a new absorption at 1040 cm-1 (9.62 ¢1). Hydrolysis of
X and A gave 4-hydroxyhexanenitrile (yield, 5.4 g from X and 11.0 from
Y), which was confirmed by infrared- and NMR spectra. It may be
reasonable to assume that the aldehyde group of CPA is converted to
aluminum alkoxide by the reaction with triethylaluminum.

Noticeable variations of the absorption peak are also observed in the
region around 2200 cm-1 in the infrared spectra shown in Figure 1. CPA
originally exhibits nitrile absorption at 2250 cm-1 (4.44 u)}-~ The peak is
found to shift to 2300 cm-1 (4.35 u) in the infrared spectrum of adduct X.
However, it returns to the original position of 2250 cm-1 in the spectrum
of adduct Y. The characteristic shift of the nitrile stretching band to
higher wave number is well known to be assignable to the coordination of
the nitrile compounds with Lewis acids16-8 or with organometallic com-
pounds.911 It may be concluded that in adduct X one equimolar amount
of triethylaluminum reacted with aldehyde group of CPA to give aluminum
alkoxide and that the second equimolar triethylaluminum underwent
coordination with the nitrile group of CPA. The coordination bond,
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which is considered to be weak and reversible, may be broken down by the
approach of the new incoming aldehyde group. In this way the addition
of another equimolar amount ot CPA to adduct X may result in the forma-
tion of adduct Y.

The reaction mixture ol CPA with triethylaluminum prepared in toluene
at —78°C underwent ethanolysis at this temperature to give 4-hydroxy-

WAVE NUMBER, cm:.1

WAVE NUMBER. cm.1
4000 2500 2000 1500 1300 1100 1000 900 800 700

WAVE LENGTH, M
25 3 4 5 6 7 8 9 10 15

Fig. 1. Infrared absorption spectra of CPA-triethylaluminum adducts (in benzene,
10%).

hexanenitrile. This means that aluminum alkoxide can be formed even
at —78°C.

Adducts X and Y are estimated to have g dimeric structure from the
results of cryoscopic molecular weight measurements carried out in benzene
under nitrogen (Table 1). Bridged structures resulting from the coordina-
tion of oxygen to aluminum may be present in both adducts X and Y.
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Adduct Z displayed characteristic absorption peaks at 1660 cm-1
(6.02 g) and at 2160 cm-1 (4.63 ), but no C= N stretching vibration in the
infrared spectrum.

The hydrolysis of Z vyielded liquid product (6.1 g). The product
(0.92 g) was treated with acidic 2,4-dinitrophenylhydrazine to give 2,4-
dinitrophenylhydrazone (1.99 g) of 4-hydroxyhexanal, mp 127-129°C.

Anal. Calcd. for CiJTIBN 4 5: C, 48.05%; 11, 5.44%; N, 18.91%. Found: C, 48.00 %;
H, 5.21%: N, 18.59%.

The molecular weight was determined to be 299 by vapor pressure osmom-
etry (calcd. for C2HIGN405 296). The absorption maximum at 363 mg
(e = 20900) in ethanol in the visible absorption spectrum shifted to 435
mg (« = 14400) and 540 mg (e —7 000) on treatment with 0.251V ethanolic
sodium hydroxide. Both peaks almost disappeared within 90 min after
mixing. It is reported to be characteristic of 2,4-dinitrophenylhydrazone
of aldehyde compounds.22 The formation of 4-hydroxyhexanal indicates
that adduct Z contains the aluminum aldimine unit, —CH=N—/AI<,
which can also be confirmed by the absorption at 1660 cm-1 (6.02 g) in
the infrared spectrum.

Thermal rearrangement at U0-240°C of the coordinated compounds of
nitriles with organoaluminums and organogalliums was studied in detail
by Wade et al.““11 It was reported that in the trimethylaluminum and
triphenylaluminum systems an organic group migrated from aluminum to
the carbon of the nitrile to yield an aluminum ketimine structure. How-
ever, if the organic group was an alkyl group other than a methyl group,
it separated as an olefin, leaving hydrogen to become attached to the
nitrile carbon and to yield an aluminum aldimine structure.910 The results
are also supported by the fact that Aliiaitself (where R is a higher alkyl
other than methyl), on heating above 120°C, gives the corresponding olefin
and AIIRH,13which acts as a strong reducing agent toward nitrile, through
the aldimine structure as an intermediate.910 In the system of the
present paper, although the possibility of the migration of an ethyl group
might not be completely excluded, it is assumed that there is formed
principally the aluminum aldimine structure, which affords the aldehyde
on hydrolysis.

TABLE |
Cryoscopic Measurement of Molecular Weight of CPA-Triethylaluminum
Adducts in Benzene

Observed Degree of
Adduct molecular weight association
X 579 1.9
Y 441 22
z 1346 4.8

*The value was estimated from the average molecular weight of Z, and Z2 units
(Eq. (1)].
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Fig. 2. Ultraviolet spectrum of adduct Z (in chloroform, 0.087 g/1.; path length, 1 cm).

On the other hand the ultraviolet spectrum of Z shown in Figure 2
shows absorption maxima around 255 and 338 mju in chloroform solution.
It is known that ketenimine compounds exhibit ultraviolet absorption
maxima at these regions.1415 The ketenimine structure may also be con-
firmed by the strong absorption at 2 160 cm-1 (4.63 n) in the infrared spec-
trum. Little is known about ketenimine formation through the reaction
of organometallic compound with nitrile groups, except for the preparation
of (CH3XBa—X=C=CH2 and (CH3®BiCH=C=N—Si(CH33®5

The evidence presented above indicates that the reaction of triethyl-
aluminum with nitrile group of CPA at 130°C affords mainly mixtures of
aluminum aldimine and aluminum ketenimine structures. The proportion
of the two structures and the mechanism of their formation are still not
clear. The analysis of gas liberated during the reaction would also be
useful for the more quantitative discussion.

Adduct Z can be presumed to have not only the four-membered
bridged structure | but also the structure 11.9-11
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This seems to be supported by the fact that degree of association of adduct
Z, as estimated cryoscopically, is 4.8 (Table I). It is interesting to note
that Z may be regarded as a coordinated polymer, in which the bridged
structures containing nitrogen and oxygen come out alternately to extend
linearly.

The presumed reaction scheme and structures for the adducts are sum-
marized ineg. (1). Further investigation to clarify the detailed structures
of these compounds must be the subject of future research.

Et Et

A4

Et Al Et
f X /
CPA 1 mole Et-Al«-NCCH CH CH-O\ * *>0-CHCH,,CH.CN-*Al-Et
Zh / 221\ / 122
Et Et Al Et Et
A
Et Et

Et Et + CPA 1 mole
Al
NCCH,,CH,,CH-0\ /0-CHCH,,CH,,CN
2 \ 122

Et Al Et

Et Et

We have as yet very little information on the reaction of organometallic
compounds with compounds having two or more reactive functional groups
such as aldehyde and nitrile. Some possibility of the formation of a new
type of linear coordinated polymer may be introduced here. The forma-

tion of ketenimine structure in the present reaction system as shown in Z
is also noticeable.

Polymerization

The polymerization of CPA was carried out with the use of triethyl-
aluminum, adduct X, Y, and Z as initiators in methylene chloride at —78°C.
A solution of initiator in methylene chloride (10 g) was prepared in a glass
tube, the aluminum content being maintained at 1% relative to monomer.
A cold solution of CPA (10 g) in methylene chloride (10 g) was added on
cooling at —78°C. After evacuation at liquid nitrogen temperature, the
ampoule was sealed and then placed in a Dewar flask filled with solid
carbon dioxide. The method of termination and elution fractionation and

the measurement of the optical density ratio, 22120 of the resulting-
polymer were identical with those described previously,1-8
The results of polymerization of CPA are listed in Table 1l. Catalysts

are arranged in order of decreasing polymer yield. The content of DMF-
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TABLE 11
The Results; of Polymerization of CPA»
Total polymer DMF-insoluble fraction
Catalyst % Dms/Di«® % DmtfDn;
X 40.8 <1.0 8.0 1.30
AltCoHY. 33.9 <1.(1 33.6 1.53
Y 26.2 1.47 54.6 1.50
z 8.1 1.50 69.3 1.56

» CPA, 10 g; aluminum content in catalyst, 1 mole-% (on monomer); solvent, meth-
ylene chloride, 20 g; —78CC; time, 1 day.

insoluble fraction is found to increase in the same order with decreasing
polymer yield.

The unfractionated polymers prepared with X and triethylaluminum
show values of Dvas/Dv=olower than unity. Adducts Y and Z afforded
unfractionated polymer having a high optical density ratio, D&% D 12q
and little increase in the value was observed even after the fractionation
with DMF. It was mentioned previously that the optical density ratio
Dum/D wo increases with the stereoregularity of poly(cyanoethyl)oxy-
methvlene.l The poly(cyanoethyl)oxymethylene prepared with adducts Y
and Z may be thus considered to have a rather high and uniform stereo-
regularity, although X and triethylaluminum produce a larger amount of
amorphous polymer. It may be concluded that the catalytic activity
decreases in the order: X > triethylaluminum > Y > Z, and the stereo-
regularity of the resulting polymer increases in the reverse order:
X < triethylaluminum < Y < Z

It is clear that triethylaluminum, X, and Y are originally different from
one another, but, as pointed out earlier, triethylaluminum and nitrile-
coordinated triethylaluminum in X would react with the aldehyde group
of CPA monomer newly added at —78°C to form aluminum alkoxide.
This suggests that the addition of cold CPA monomer to catalyst solution
of triethylaluminum, X, and Y may all afford the same molecular species,
NCCHZHZH(CHH—0—AI(Clvlis)swhile the degrees of association are
different.

Furukawa et al.5’1718 pointed out that the active species in the poly-
merization of acetaldehyde with use of triethylaluminum is aluminum
alkoxide, (CPIH2A1—0—CH(CH3CAHS5S It seems reasonable to assume
that the aluminum alkoxide is also involved in the coordinated anionic
polymerization of CPA. Though all polymerizations of CPA with tri-
ethylaluminum, X, and Y are probably induced by the same initiator,
NCCHXHZH(C216—0—A1(CHY2 the polymer vyield and stereo-
regularity do not agree. This may be explained by the concept that the
stereoregularity of the resulting polymer depends upon the degree of asso-
ciation of the initiator. This concept was first proposed by Fujii et al.6
It was suggested that an aluminum alkoxide having a dimeric structure
yielded highly stereoregular polymer, while monomeric alkoxide, if if could



1294 KOBAYASHI AND SUMITOMO

not form dimer owing to the solvation through aldehyde and nitrile, would
exhibit little steric control.

The cryoscopic molecular weight measurements support a dimeric
structure for adduct Y, which can carry out highly stereospecific poly-
merization of CPA. Adduct X consists of two kinds of aluminum com-
ponents: one is an aluminum alkoxide which is also considered to be
dimeric; the other is triethylaluminum coordinated to a nitrile group, and
it would probably form monomeric aluminum alkoxide if mixed with CPA
at lowtemperature. Therefore nearly equal amounts of dimeric and mono-
meric aluminum alkoxide may be derived from X. On the other hand, tri-
ethylaluminum was also found to make a steric contribution to the poly-
merization of CPA as effectively as adduct X. This may be due to the
fact that triethylaluminum itself is dimeric.419 If the reaction is assumed
to take place, as it were, in the cage solvated through an amount of polar
functional groups of the monomer, dimeric triethylaluminum would react
with CPA to be ready to give dimeric aluminum alkoxide, while nitrile-
coordinated triethylaluminum would give monomeric aluminum alkoxide.

Poly(cyanoetliyl)oxymethylene of high stereoregularity was also ob-
tained in the catalyst system with Z. Both AL—O and Al—X2 species
are assumed to be able to initiate the stereospecific polymerization of
aldehyde, but which species exhibits effective steric control is a future
problem. The length and rigidity of the catalyst species might also affect
the steric control in the polymerization.
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Polysiloxanes Having Aromatic Heterocyclic Units.
I. Polydimethylsiloxane Benzimidazole Polymer

TOSHINARI NAKAJIMA and C. S. MARVEL, Department of
Chemistry, University of Arizona, Tucson, Arizona 85721

Synopsis

A polymer containing dimethylsiloxane units (35) and benzimidazole units (1) has
been prepared by the condensation of 3,3'-diaminobenzidine and an a,w-bis- (y-carboxy-
n-propyl) polydimethylsiloxane. The new polymer has some rubbery properties, but
it decomposes catastrophically at 400°C.

In a search for a thermally stable rubber material, the condensation of
a polydimethylsiloxane with carboxyl end groups (I) with 3,3-diamino-
benzidine has been carried out. The polysiloxane contains approximately
35 dimethylsiloxane units. The benzimidazole polymer obtained (II),

ClL CH,
I
HO,C(CH,)3— Si- -0— Si— ~(CHJj— COH
|
CH, CH,

was a light tan-colored, rubbery material which did not melt completely
until heated to 105-110°C. Various samples varied in inherent viscosity
of 0.38 to 0.66 (0.5 g/100 ml THF at 30°C).

CHi CHT
|
A— (CH),— SI- -O— Si— "(CH).-
N_
CH, CH,

The conditions used in various condensations and the properties of indi-
vidual samples of polymers are given in Table I. The best condition
seemed to be heating at about 280°C. At 300°C, insoluble material seemed
to form.

1295
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TABLE |
Polvsiloxane-Benzimidazole Polymers
Reaction at Reaction at the
1 atm. pressure reduced pressure
(0.1 mm Hg)
. Inherent
Run Starting Temperature, Time, Temperature, Time, viscosity
no. material °C hr °C hr 4i. b
E-l 1“+ 3,3'-diamino- 24(1 14 300 V5 0.38
benzidine
E-2 la+ 3,3'-diamino- 201 2
benzidine 200 ->250 1 255 2 0.28
E-3 Polymer E-2 230 -» 205 Ve« 280 ‘A 0.47
E-4 Polymer E-2 200 V3 280 | 0.06
E-5 la+ 3,3'-diamino- 220 17 - - 0.21
benzidine
E-6 Polymer E-5 — — 300 Vi 0.32
E-7 Polymer E-5 — — 270 Vs 0.53
“n = 0.06.

*ll.-, g/100 ml THF at 30°C.

The thermogravimetric analysis of the polysiloxane-benzimidazole poly-
mer (E-4) is shown in Figure 1

Attempts to make the diphenyl ester of the siloxane | through the acid
chloride resulted in degradation of the siloxane. Attempts to equilibrate

Fig. 1. TGA curve for polydimethyl-siloxane with imidazole units.
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diphenyl SjS-tetramethyl-hJ-disiloxaneoxaundecanoatel with octamethyl-
cyclooctasiloxane only resulted in partial hydrolysis of the ester.

The model compound 111 was prepared from the polysiloxane dicarboxylic
acid and o-phenylenediamine. The polymeric diacid, | was prepared as
previously described.2

EXPERIMENTAL

Model Compound 111. Under nitrogen atmosphere, compound |
(0.662 g, 0.00022 mole) was heated with o-phenylenediamine (0.047 g,
0.00044 mole) at 220°C for 2 hr.  The flask was then evacuated to 0.15 mm
Hg and heated at 290CC for an additional ¥ i hr to yield 0.360 g (52.6%)
of product.

The infrared spectrum of compound I11 shows Si-CHs linkage (1020 cm-1
and 1100 cm-1), and its ultraviolet spectrum showed \ntt{ at 277 and 2S3
mg in ethanol.

Anal. caicd for COHI2U0FN.ISES ¢, 37.0%; w. S.03%; si, 34.2%. found:
c, 32.86%; . 8.57%; si, 34.10%.

It will be noted that all carbon analyses are low, perhaps due to formation
of some silicon carbide during the analysis. The other values check well.

Polysiloxane Benzimidazole Polymer (1) (Run E, Table I). In a re-
action tube fitted with nitrogen inlet and outlet, and a magnetic stirrer
were placed 1.899 g. of a,w-bis(z -carboxy-n-propyl)dimethylpolysiloxane
(D (Ors = 0.06) and 0.162 g of 3,3'-diaminobenzidine. The mixture was
heated under nitrogen. After being heated at 120°C for 2 hr, the reaction
tube was heated at the same temperature for 1 hr and at 300°C for addi-
tional 20 min. The reaction mixture was cooled, and ethyl alcohol was
added to the reaction tube to give 1.500 g of cold alcohol insoluble rubbery
material and 0.311 g of cold alcohol-soluble material. Tetrahydrofuran
solution of the cold alcohol-insoluble part had an inherent viscosity of 0.38
at 30°C (0.5 g/100 ml).

Anal. Calcd for (CBH28 3N&IB),,: C, 37.1%; 11, 7.97%,; N, 1.80%; Si, 34.2%.
Found: C, 33.04%; 11,8.18%; N, 1.81%; Si, 34.2%.

The infrared spectrum (film from tetrahydrofuran) of the polymer shows
the presence of Si-O-Si linkage (1020 and 1100 cm-1), Si-CH3linkage (800
and 1255 cm-1), and the ultraviolet spectrum of the polymer shows \ nax
at 228, 277, 283, and 300 (shoulder) mg in ethanol.
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Syntheses and Reactions of Functional Polymers.
XLII. Preparation and Use of Polymers Having
N-Hydroxy-succinimide Unit in the Chain

MASAYASU AKIYAMA, MITSUAKI NARITA, and MAKOTO
OKAWARA, Research Laboralory of Resources Ultilization, Tokyo Institute
of Technology, Meguro-kw, Tokyo, Japan

Synopsis

Styrene—maleic anhydride alternating copolymer was converted to N-hydroxymale-
imide-styrene copolymer by reaction with hydroxylamine in pyridine at room tempera-
ture. The conversion was more than 909,. From this copolymer, N-acetoxy- or N-
benzoyloxymaleimide—styrene copolymers were derived by action of acetic anhydride
or benzoyl chloride in dimethylformamide at room temperature. Acylation of several
primary amines was carried out effectively by use of these N-acyloxyimide-styrene
copolymers. The reaction of the acetylated copolymer with diethylamine at room
temperature afforded N-hydroxyimide copolymer.

INTRODUCTION

The utilization of functional polymers in organic syntheses can be clas-
sified into three major categories:' (I) as catalysts, (2) as supports, and
(3) as chemical reagents. Extensive studies of polymeric catalysts in
enzyme model work? or of polymer supports in peptide® and nucleotide?
syntheses have been made, and, in practical applications, ion exchange
resins are widely used. Except for these, few polymers have been utilized
as chemical agents. Fridkin used polymers carrying pheny! ester groups as
acylating agents in oligopeptide syntheses.? Similarly, a phenol-formalde-
hyde resin was used by Wieland® and a polycarbodiimide was tested as a
polymeric condensing agent by Wolman.” However, we have been working
with various polymeric reagents since our earlier use of N-bromoimide
polymers in bromination reactions.®

Polymeric agents because of their characteristic solubilities, might be
used in some organic syntheses as a means of simplifying the procedures
and obtaining products of high purity and good conversion.

The esters of N-hydroxysuccinimide, introduced by Anderson in peptide
chemistry,® have been used frequently and found to be free from racemiza-
tion during peptide bond formation.® A polymer having the N-hydroxy-
imide structure in the chain was anticipated to retain the reactivity, and
hence to be a good polymeric activator component for carboxylic acid
group. As an extension of our investigations, the preparation and use of
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A-acyloxysuccinimidl type polymers were undertaken in this paper. A
report along this line has recently appeared.1l

RESULTS

Styrene-maleic anhydride copolymer with an anhydride content of 50
mole-% served as a starting material in the present synthesis. A series of
polymer modifications was carried out as shown in eq. (1). Styrene-
maleic anhydride copolymer(l) was converted to A-hydroxymaleamic acid
and/or A-hydroxymaleimide-styrene copolymer (IF) by treatment with
hydroxylamine in pyridine. The designation Il was used for A-hydroxy-
maleamie acid-styrene copolymer which was not obtained here. Cycliza-
tion with simultaneous acylation of 11" in dimethylformamide then pro-
duced A-acyloxymaleimide-styrene copolymers (I11), from which A-
hydroxymaleimide-styrene copolymer(IV) was obtained by treatment with
diethylamine in dimethylformamide.

The polymer structures were characterized by comparison of the in-
frared spectra with those of model compounds as well as by chemical re-
actions. The compounds used as models were the corresponding deriva-
tives of succinic anhydride(V), A-hydroxysuccinamic acid (VI), A-
acetyloxy- and A-benzoyloxysuecinimide (Vila and VI1Ib), and A-hydroxy-

CH— COx
CH— CO/
CH, o
and/or Aewétlng agents
CH— COCH CH— CCk in DMF
.N— OH
CH— CONHOH ch— or
1l v
ndr + Tv)
) CH,
(Ktj.NH L
CH— COx in DMF CH— COx @
| N— OCOR N— OH
CH—or ch— 0
Ilia. R= CH, v

1), R=C,,H,
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succinimide(VIIl). Major infrared absorption bands of the polymers
obtained are listed in Table | and those of the model compounds are given
in Table 1.

TABLE |
Characteristic Infrared Absorptions of the Polymers (KBr Disk)

Infrared absorptions,”“ cm*“1

Poly-

mer —OH ~>C=0 Others

i’ 3500-2700S  1780m, 1705s, 1650sh IGOOw, 1230s, 1060m

llia 1815m, 1785m, 1710s 1385m, 1220s, 1170s, 1060m, 830s
11b 1770s, 1735s 1360m, 1240s, 1060m, 995s, 840w

v 3500-2700S  1780m, 1705s, 1655sh 1230s, 1060m

aAbsorption intensity: s = strong, m = medium, w = weak, sh = shoulder.

TABLE I
Characteristic Infrared Absorptions of the Model Compounds (KBr Disk)

Infrared absorptions, cm 1

Com-

pound —OH ~0 -o Others

\ 3300-2500S  1700s, 1660m, 1620m 1570W, 1220m, 1100m, 890s

Vila 1815m, 1790m, 1750s 1385m, 1220s, 1160m, 1060m, 835s
VHb 1770m, 1735s 1365m, 1235s, 1070m, 995s, 840w
VIIl  3500-2700s 1780m, 1705s, 1650sh 1225s, 1080m, 815w

The reaction of | with hydroxylamine was conducted in dry pyridine at
room temperature for a few days in order to convert | to Il. However, the
colorless product obtained was not 11, since its infrared absorptions were
not in good agreement with those of VI, but rather similar to that of VIII.
The differences were noted in the hydroxyl and carbonyl regions. The
similarity and the presence of absorption at 1780 cm-1 indicated that the
reaction was primarily formation of the hydroxyimide structure which was
favorable for later modifications. This is tentatively denoted I1', which
means that the product might be a mixture of 1l and 1V, although it was
found to be mainly M-hydroxymaleimide copolymer(IV) after transforma-
tion of Ilia into IV. The elemental analysis showed that I1' was rich in
hydrogen as compared with the pure alternating copolymer of styrene and
AMlydroxymaleimide, and water and maleic acid group were present.
The extent of reaction was roughly estimated to be more than 90% imide
structure based on nitrogen analysis, indicating the ease of the cycliza-
tion process.

In connection with the polymer reaction, treatment of V with hydroxyl-
amine in pyridine below 40°C gave an oily substance (V1Y) whose infrared
spectrum showed that it mainly consisted of VIII. Treatment of VI' with
acetic anhydride or benzoyl chloride at room temperature in dimethyl-
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formamide gave Vila or VIIb, respectively. The structures of Vila and
V1lb were confirmed by the NMR spectra.

To attain complete cyclization with simultaneous esterification of the
iV-hydroxyl group of the polymer, I1' was treated with acetic anhydride
or benzoyl chloride in dimethylformamide at room temperature. An N-
acyloxymaleimide-styrene copolymer (llia or Illb) was obtained as a
colorless powder. The infrared spectrum of Ilia exhibited characteristic
absorptions similar to those of Vila, though very minor differences in the
1740-1 7d0 cm™"1 region were observed. The absorption bands of Illb
were consistent with those of VIlb. These show that the maleic acid moiety
of the polymer has the correct iV-acyloxyimide structure based on the model
compounds. When the cyclization was conducted at elevated tempera-
ture, colored products with lower purity were obtained. The acyl content
of the polymers was roughly determined by the crude yield of A-cyclo-
hexylacetamide obtained in the reaction with excess cyclohexylamine.
The contents thus determined chemically agreed with the values obtained
by the elemental analysis of polymers. The conversion from Il' to llia
or ll1b was more than 90%.

In order to test the utility of Ilia and Illb, acylation of several primary
amines was carried out in dimethylformamide at room temperature, with
the use of an excess of polymer agents. The consumed polymer agent was
removed by precipitation in methanol, affording residual acylated products
easily isolated by evaporation of solvent. Table 111 shows the yield and
melting points of the crude products obtained in the acylation reaction.

TABLE 111
Crude Products in Acylation of Amines with iV-Aeyloxyimide Polymers (llia and 1llb)
Acetylation with Ilia Benzoylation with I11b
Yield, Lit. Yield, Lit.
Amine 9z mp, °C mp, °C 9% mp, °C mp, °C
Benzylamine 81 59-60 612, 55  102-104 10613«
Cyclohexylamine 85 102-104 10410 91 139-143 14713
Aniline 25 94-104 11513 10 ~90 16113
p-Toluidine (€9) 142-144 146ud 15 140-148 15813
Ethyl glyeinatea 84 43-45 48>3 85 54-57 6738
Ethyl DiAeucinate* 90 Qil 59 Gl-64 791

The hydrochloride was used in the presence of equimolar triethylamine.

Aliphatic amines were easily acylated, whereas aromatic amines generally
gave low-melting products in poor yields. The effect was marked in ben-
zoylation with 1llb, suggesting that the phenyl group in the polymer chain
might hinder sterically the aminolysis reaction. These acylations demon-
strate transfer of the acyl group from polymers to amines, affording acylated
products and the AMiydroxysuccinimide unit in the polymer chain.
Formation of the ammonium salt of VIII was noted in the reaction of
Vila with alcoholic ammonia.4 The pKavalue of V111 was (1.0, 5making
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it a weaker acid than acetic acid. Treatment of Ilia with a slight excess
of diethylamine in dimethylformamide at room temperature, followed by
addition of acetic acid gave a clear solution, from which A-hydroxy-
imide type copolymer (IV) was precipitated as a colorless powder from
water. The infrared sped rum exhibited absorptions which were consistent
with those of VIII and similar to those of I1'. The difference between 11/
and IV was observed in solubility; Il' was partially soluble in dioxane,
whereas IV was not.

To confirm the structure of IV and also to check the possibility of the
convenient transformations into the Ar-acyloxyimide type polymer, 1V was
treated with acetic acid in the presence of dicyclohexylcarbodiimide in
dimethylformamide at room temperature. Ilia was again obtained as
colorless product ; similarly 11/ afforded Ilia.

These experiments show that simple treatment of maleic anhydride
copolymer with hydroxylamine in pyridine gives A-hydroxyimide-type
copolymer easily. As compared to the described polymer,1l all the poly-
mers obtained in the polymer transformation were colorless products;
therefore, the process appears to be useful.

EXPERIMENTAL

Melting points were uncorrected. Infrared spectra were run on a
Hitachi infrared photometer, Model EPI-S2, and NMR spectra were
obtained on a Japan Electron Optics 00 Me spectrophotometer in chloro-
form solutions, tetramethylsilane being used as an internal standard. The
chemical shift was expressed in 5

Styrene Maleic Anhydride Copolymer (1)

This copolymer was supplied by Arakawarinsan Co., Ltd., Osaka, Japan.
It had an average molecular weight of 50000. The anhydride content was
determined to be 50 mole-% by titration with sodium methoxide.®

Model Compounds

A-Hydroxysuccinamic acid (VI) was obtained by Ames’s procedure, 5mp
102-103° C (Lit. mp, 103° C). A-Hydroxysuccinimide(VIIIl) was pre-
pared according to Anderson,9mp 100-101° C (Lit. mp, 99° C). The oail-
(VI"* was obtained as follows. A mixture of 4.0 g of succinic anhydride
and 2.8 g of hydroxylamine hydrochloride in 33 ml of pyridine was kept
at room temperature for IS hr. Pyridine was removed below 40°C under
vacuum to give a residue. The aqueous solution of the residue was made
alkaline with sodium carbonate and again evaporated. The residue was
made acidic with dilute hydrochloric acid, concentrated to dryness, and
extracted with methanol. Evaporation of methanol gave the oil(VI').

Treatment of VI' with excess acetic anhydride or benzoyl chloride at
room temperature gave A-acetoxy- or benzoyloxysuccinimide, Vila or

* The oily product of VI was reported.1l
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Vb, respectively. Recrystallization from ethanol yielded Vila, mp 132
133°C (Lit.®¥mp, 131-132°C) and VIIb, mp 135-136°C (Lit.T7mp, 136°C).
The NMR peaks were at 2.985 (—CH2—) and 2.305 (—CH3J3 for Vila,
and 2.855 (—CH2—) and 7.20 -S.305 (—(\/JT) for VIIb. The methylene
peak of both Vila and VIIb was a singlet, showing the symmetrical
structure.

Copolymer of ;V-Hydroxymaleamic Acid and/or A'-Hydroxymaleimidc
with Styrene (IT)

To a suspension of 32.0 g of hydroxylaminc hydrochloride in 040 ml of
dry pyridine was added 63.0 g of I. The mixture was kept at room tem-
perature until all of | went into solution (0 days). After dilution with 500
ml of dimethylformamide, the resulting solution was poured dropwise into
a large volume of water which contained a sufficient amount of hydro-
chloric acid to neutralize pyridine, yielding I1' as a colorless product.
It was filtered and washed with water and dried under vacuum at room
temperature. The yield was 09.0 g. Reprecipitation twice from dioxane
to water and drying at 50°C under vacuum gave an analytical sample.
Drastic drying of the sample was avoided to prevent cyclization into the
imide structure at this stage. The ratio of hydroxyimide group to hydrox-
amic group was not determined.

Anat. Calcd for [(CSII»)»:(C<H}OjN)46:(C~O .,)4:60.HjO]»: C, 60.30%; H, 5.66%:;
N, 5.38 (assuming nitrogen came from the A-hydroxvimide structure). The degree

of hydroxylamination was roughly estimated to be 92% in this calculation. Found;
C, 60.56%; H, 6.06%; N, 5.57%.

Copolymer of A-Acetoxymaleimide with Styrene(ll1a)

To asolution of 20.0 g of I1' in 200 ml of dimethylformamide was added
100 ml of acetic anhydride in one portion. The mixture was kept at room
temperature with stirring for 10 hr and added dropwise into a large volume
of methanol to give llia as a colorless product. The residue filtered and
washed with methanol, redissolved in dioxane, and precipitated in methanol,
yielding 22.4 g of Ilia. This procedure was repeated twice more affording
an analytical sample.

Anar. Caled for [(C8H8)»: (CBHRNN)4: (CjHTbBhD .CHA],,: C, 64.64%"; H, 5.18% ;

N, 4.70%. The conversion from IT" into 11Ta was calculated to be nearly 90%. Found:
C, 64.43%; H, 5.75%; N, 4.60%,.

The found value for nitrogen of 4.60% corresponded to 3.28 mmole/g.
A value of 3.1 mmole/g was obtained by a chemical reaction which was

based on treatment of 1.00 g of cyclohexylamine in dimethylformamide
to give 0.44 g of crude A-cyclohexylacetamide.

Copolymer of iV-Benzoyloxymaleimide with Styrene (lllb)

A similar treatment of 10.0 g of I1' in 100 ml of dimethylformamide

with 50 ml of benzoyl chloride as in Ilia gave 13,4 g of I1lb as a colorless
product.
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Anan. Caled for [(CgHs)soi (CuI‘LO:iN )441 (C4H404)5220 ¢ CH40]n: C, 6922%, II
5.07%; N, 3.839,. The conversion was estimated to be more than 909%,.
Found: C, 69.049,; H, 4.989,; N, 3.689.

The nitrogen content of 3.689 corresponded to 2.62 mmole/g. Treatment
of 1.00 g of IIIb with 0.80 g of cyclohexylamine in dimethylformamide
gave 0.50 g of crude N-cyclohexylbenzamide (2.5 mmole/g).

Copolymer of N-Hydroxymaleimide with Styrene(IV)

To a solution of 10.0 g of IIla in 160 ml of dimethylformamide was
gradually added 3.5 g of diethylamine in 40 ml of dimethylformamide.
The gel-like solution resulting was kept at room temperature for 3.0 hr
under stirring. By addition of 5 ml of acetic acid, the gel turned to a clear
solution. The solution was poured dropwise into a large volume of water,
yielding 8.0 g of IV as colorless precipitate. Reprecipitations from di-
methylformamide to water gave an analytical sample.

ANaL. Caled for [(CsHs)so: (CaH3zO3N )ai: (CaH4O4)g:32. Ho O] C, 62.849; H, 5.47%
N, 5.019%. The conversion of IIIa into IV was estimated to be nearly 90%. Found
C,62.879%; H, 5.649%,; N, 4.80%.

Acylations of Amines

To a solution of 1.0 g of IITa or ITIb in 15 ml of dimethylformamide was
added 2.0 mmole of an amine in 5 ml of dimethylformamide; the solution
was stirred for 2.0 hr at room temperature and then poured into 400 ml of
ether. The consumed polymer was removed as insoluble product. After
evaporation of ether and dimethylformamide under reduced pressure,
30 ml of methanol was added to the residue to separate a small amount of
polymer. A clear methanol solution obtained was evaporated to give an
acylated amine as oil or crystals. In the benzoylation of aromatic amines,
the residue thus obtained was dissolved in ether, washed with dilute hy-
drochloric acid, and dried; evaporation of ether gave products. Acyla-
tion of amino acid ethyl esters was performed by using their hydrochlorides
in the presence of equimolar triethylamine. The yields and melting points
of the crude products are listed in Table III. Recrystallizations of the
crude products afforded pure compounds.

Conversions of II' and IV into Illa

To a chilled mixture of 1.0 g of II” or IV and 0.50 g of acetic acid in 10
ml of dimethylformamide was added 2.20 g of dicyclohexylcarbodiimide.
The mixture was kept at room temperature for 20 hr and filtered to remove
the N,N’-dicylohexylurea produced. The clear dimethylformamide solu-
tion obtained was poured into 150 ml of methanol to separate a white
precipitate. Reprecipitation from dioxane to methanol gave 1.10 g of a
colorless product having an infrared spectrum identical with that of IIIa.
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Kinetics of Polymerization of N-tert-Butylacrylamide.
Part 11

E. A. 8. CAVELL and I. T. GILSON, Department of Chemistry,
The University, Southampton, England

Synopsis

The effect of ferric chloride on the kinetics of the radical polymerization of N-fert-
butylacrylamide has been investigated in methanol solution at 25°C, with the use of
4,4'-dicyano-4,4’-azodipentanoic acid as initiator. A shrinkage factor of 0.193 mmole
polymerized for 1 mm contraction in a capillary of 1 mm diameter has been obtained
from density measurements. In the absence of ferric chloride, rates of polymerization
were found to be proportional to the concentration of monomer and to the square root,
of the initiator concentration. With ferric chloride present, the rate of polymerization
becomes directly proportional to the initiator concentration and inversely proportional
to the concentration of ferric salt. From measurements of the rates of production of
ferrous iron, the specific rate constant of the initiation reaction has been found to be
(1.8 4= 0.4) X 10~¢ sec™ at 25°C, compared with a value of 7.63 X 108 sec! calculated
from the kinetic data obtained with no ferric salt present. The value of the ratio ko/ka,
where kp is the propagation coefficient and k, is the velocity coefficient for termination
by ferric chloride, has been calculated to be 6.0 X 10 at 25°C, which is considerably
smaller than the value found for the ferric chloride-terminated polymerization of
acrylamide in water. This markedly lower value of kp/ks has been attributed prin-
cipally to the steric effect of the tert-butyl group on the magnitude of p.

INTRODUCTION

The mechanism of polymerization of N-tert-butylacrylamide (NTBA)
appears to be similar in most respects to that of the unsubstituted mono-
mer acrylamide, although its overall rate of polymerization is about an
order of magnitude smaller.! The reduced rate of polymerization of
NTBA probably reflects principally the net steric effect of the tert-butyl
substituent on the magnitudes of the propagation and termination rate
coefficients. In the case of electron-transfer reactions, such as those which
are known to occur between polymeric radicals and salts of transitional
metals,? steric effects are likely to be less significant than in reactions
involving two radicals. In the presence of transitional metal salts, there-
fore, the difference between the rates of polymerization of NTBA and
acrylamide should be larger than that observed when such salts are absent.!

Ferric chloride is particularly suitable as an effective linear terminator
of radical polymerization by an electron transfer mechanism and has been
widely used for this purpose.? In a previous investigation with acrylamide
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as monomer,? water was used as solvent. In the present study, it has been
necessary to carry out kinetic measurements in methanol, owing to the
insolubility of poly-NTBA in water, although the monomer itself is appreci-
ably soluble in water. As in previous investigations into the effects of
transitional metal salts on rates of polymerization, 4,4’-dicyano-4,4'-
azodipentanoic acid (ACV) was used to initiate polymerization.

EXPERIMENTAL

Materials

Commercial N-tert-butylacrylamide was purified by a series of crystalli-
zations from benzene solution followed by drying 7n vacuo at room tempera-
ture: mp 128-130°C. Purified NTBA was stored in a vacuum desiccator
under reduced pressure. The initiator ACV was prepared and purified as
deseribed in a previous paper.® Analar grade methanol was used as solvent
in kinetic measurements without further purification, since it was found
that the presence of up to 109, water in the solvent had no detectable effect
on the rate of polymerization. If the concentration of water exceeded
209, however, then polymer was precipitated during the course of the
reaction, although initial rates of contraction were unaffected.

Stock solutions of ferric chloride were prepared by dissolving freshly
precipitated ferric hydroxide in methanolic hydrochloric acid. These were
analyzed both gravimetrically and volumetrically for iron and were diluted
to an appropriate coneentration as and when required. The concentration
of hydrochloric acid was adjusted to be decimolar throughout. Diluted
solutions of ferric chloride were allowed to stand for several days before
use to ensure that ionic equilibration processes were complete.

Measurements

Rates of polymerization were measured either by precipitating and
weighing the polymer produced during a known interval of time or by
measuring the contraction in volume which occurs during polymerization
in a suitable dilatometer. Liquid oxygen was used to freeze the solutions
during deaeration cycles, but otherwise the details of the procedures adopted
were similar to those outlined previously.? Water was found to be a satis-
factory precipitant for the polymer in the gravimetric determinations of
reaction rate, the monomer itself being appreciably soluble in water.

It has been observed that in the presence of ferric chloride, the rate of
polymerization of NTBA, employing ACV as initiator, is dependent upon
the intensity of the incident light. In all kinetic experiments, therefore,
care was taken to exclude all light as far as possible from the polymerizing
solution. Details of the precautions taken have been outlined elsewhere.®
In the present investigation, reproducible linear plots of contraction against
time were obtained in replicate dilatometrie experiments. It was therefore
concluded that the precautions taken were adequate to ensure that photo-
chemical effects were negligible.
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The increase in the concentration of ferrous iron, which oceurs during
polymerization with ferric salts present, was followed spectrophotometri-
cally as described in a previous paper.t o-Phenanthroline was used as the
complexing agent and measurements of optical absorption were made at
504 my.

RESULTS AND DISCUSSION

Rates of Polymerization with Ferric Chloride absent

In order to evaluate rates of polymerization from measured rates of
contraction, a shrinkage factor of 0.193 mmole polymerized per millimeter
contraction in a 1-mm diameter capillary was employed. This value was
initially calculated from the appropriate density measurements of monomer
and polymer. The general agreement between values for the rates of poly-
merization obtained by the gravimetric and dilatometric procedures for

TABLE I
Comparison of Rates of Polymerization Rp Obtained by Dilatometric
and Gravimetric Methods at 25°C

[NTBA], [ACV] X 10¢, Rp X 108, mole/l.-sec
mole/l. mole/l. Dilatometric Gravimetric
0.253 17.3 1.90 1.86
0.253 17.3 1.70 1.75
0.253 56.4 3.19 3.19
0.253 46.3 2.86 2.98
0.253 8.92 1.31 1.28
0.452 6.72 1.92 1.88
0.313 9.34 1.75 1.61

identical reaction conditions and summarized in Table I provides a satis-
factory confirmation for the value of the shrinkage factor used.

The variation of the rate of polymerization R, with monomer concentra-
tion [M,] is illustrated in Figure 1; in Figure 2, R, has been plotted against
the square root of the initiator concentration used [ACV].Y2 Both plots
are linear within the limits of experimental error and the mean value of the
ratio R,/[M][ACV]'/2 estimated from their slopes is (1.74 + 0.07) X 10—*
1.12-mole~1/2-sec™! at 25°C. An alternative analysis of the kinetic data
summarized in Figures 1 and 2 by the method of least squares has shown
the rate of polymerization to be proportional to [M;]-%? and to [ACV]e-4
for conversions of up to 10%.

The linearity of the plots shown in Figures 1 and 2 indicates that primary
radical termination is not a significant feature under the experimental con-
ditions employed in the present investigation. This conelusion is con-
firmed by the value of 1.90 X 10~*1.12-mole2-sec™! estimated from a plot?
of the reciprocal of the rate of polymerization against [ACV[7'2, for the
ratio kp(fiki/k.)?, where fiki k,, and k, are the velocity coefficients for
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initiation, propagation, and termination respectively. Within the limits
of experimental error, this result is not distinguishable from the value
quoted above, for the ratio i2p[Mi][ACV]If2, which can of course be equated

Fig. 1. Variation of rate of polymerization Rp with monomer concentration [Mi] at
25°C. Initiator concentration, 6.72 X 10_4Af.

Fig- 2. Plot of rate of polymerization Rp against the square root of initiator concentration
[ACV]IR at 25°C in absence of ferric chloride. Monomer concentration, 0.253M.
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to ky(fiki/k)!? when the effects of primary radical termination are negli-
gible.

In the calculation of the initiation coefficient fik,, i.e., 2fkq, where kg is
the velocity coefficient for the decomposition of the initiator, k,(fik./k )\
has been taken as 1.74 X 10— [.1%-mole—'2-sec! and k,/k,\'? as 0.63 1.1/2-
mole~12-sec™'2, as reported previously.! The value of fik; so obtained is
7.63 X 1078 sec.”! at 25°C., which is somewhat smaller than that obtained
in aqueous solution with acrylamide as monomer,® i.e. (12.9 + 2.9) X 10-#
sec.”’. In the case of the related initiator, azobisisobutyronitrile, varia-
tions in the specific rate of decomposition of up to 409 have been observed
in different solvents,® and it is possible therefore that with the present
initiator, ACV, similar variations in rate constant may oceur with changes
in solvent.

Effect of Ferric Chloride on Kinetics

In the presence of a fixed concentration of ferric chloride of about 10—541,
the rate of polymerization of NTBA becomes directly proportional to the
concentration of ACV as shown by the linear plot illustrated in Figure 3.
A plot of R, against the reciprocal of the coneentration of ferric chloride
with constant initiator concentration is also linear within the limits of
experimental error as shown in Figure 4. Both observations indicate that
linear termination by the ferric salt is the predominant mechanism of chain
termination under these experimental conditions. An analysis of the rele-
vant kinetic data by the method of least squares has shown the overall rate
of polymerization to be proportional to [ACV ]!t and inversely proportional
to [FeCls]t-04,

10}
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Fig. 3. Variation of rate of polymerization Rp with initiator concentration ([ACV])
at 25°C in the presence of 8.0 X 107¢}M FeCl;. Monomer concentration, 0.50M ; HCI
concentration, 0.100M.
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Fig. 4. Plot of rate of polymerization Tip against the reciprocal of the concentration
of ferric chloride at 25°C. Initiator concentration, 6.4 X 10~34/; monomer concentra-
tion, 0.504/; 1ICI concentration, 0.1004/.

Owing to the sensitivity of the rate of polymerization to light when ferric
chloride was present, the kinetic results summarized in Figures 3 and 4 were
obtained under conditions in which light was excluded as far as possible
from the polymerizing system. It was found, however, that if the initiator
ACV was absent, then no detectable polymerization occurred in mcthanolic
solutions of NTBA containing ferric chloride and hydrochloric acid, when
these were exposed to daylight at 30°C. These observations suggest that
in methanol solution ferric chloride can act as a photosensitizer for the
decomposition of ACV. Increased rates of initiation by ACV in the pres-
ence of ferric salts have previously been found to occur in the polymeriza-
tion of acrylamide in aqueous solution.4 It now appears that a similar
process can also take place in methanol solution, although in the latter case
the process is apparently photosensitive. In the absence of ferric chloride,
variation in the intensity of the incident light has no detectable effect on
the rate of polymerization of NTBA with ACV as initiator.

Rate of Formation of Ferrous lron

If the concentration of ferric chloride is such that polymer chains are
exclusively terminated by a reaction which is first order with respect to
both the ferric salt and polymer radicals, then in present circumstances
the rate of production of ferrous iron can be equated to the rate of initiation
of polymerization by ACV. The manner in which the concentration of the
ferrous salt increases with time during the polymerization of NTBA is
illustrated in Figure 5, which summarizes the measurements made in a
typical experiment, from which light was excluded as far as possible. The
average value of the initiation rate coefficient (/,/,) calculated from the
results of a number of replicate experiments of this kind was found to be
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Fig. 5. Plot showing rate of production of ferrous iron ([Fell]) with initiator concen-

tration of 2.28 X 10~2It. Monomer concentration, 0.504/; HC1 concentration, 0.100/1/;
temperature, 25°C.

(1.8 £ 0.4) X I0”sec-1. Although the experimental uncertainty is larger
than that for other kinetic measurements in this investigation, it is evident
that the effect of ferric chloride is to facilitate the decomposition of ACV
into radicals and that the proportionate increase in the specific rate of

initiation is similar in magnitude to that observed in aqueous solutions with
acrylamide as monomer.4

Comparison of Polymerization of NTBA and Acrylamide

The mean value of the ratio f2p[Fe(111)]/[Mi][ACV] estimated from the
rate measurements summarized in Figures 3 and 4 is (1.08 = 0.06) X 10~9
sec-1 which for the experimental conditions employed in this investigation
can be equated to kifiki/k4, where fadis the velocity coefficient for the linear
termination reaction with ferric chloride. With equal to the value
calculated from the measured rates of formation of ferrous iron, kp'kA
becomes 6.0 X 10-4. This is considerably smaller than the value of the
corresponding ratio of rate coefficients found in the ferric chloride terminated
polymerization of acrylamide in water as solvent,4 for which kp'k Aequals
0.23 at 25°C.

The magnitude of the termination coefficient (kA would be expected to
show a marked increase if a substituent having a large capacity for electron
release is introduced into an appropriate position in the parent monomer.
The replacement of hydrogen in the acid amido group of the acrylamide
molecule by a /«e/-butyl group is unlikely to increase the electron availability
to the extent required to account completely for the observed reduction
in the value of kp’kA It is also possible that the change in solvent from
water to methanol increases the relative reactivity of the ferric salt as a
chain terminating agent, although experiments were conducted in decimo-
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lar hydrochloric acid in order to minimize the degree of solvolysis of the
ferric ions. The principal reason for the marked reduction in the value
of k,/ks is more likely to be a significantly smaller propagation constant
arising from the sterie effect of the bulky tert-butyl substituent.

We wish to thank the American Cyanamid Co. for a gift of N-tert-hutylacrylamide.
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Vinyl Polymerization Photosensitized by
Anthraquinone

Sulfonates in Aqueous Solutions

Q. ANWARUDDIN and M. SANTAPPA, Department of Physical
Chemistry, University of Madras, Madras, India

Synopsis

The kinetics of the photopolymerization of the vinyl monomers MMA and MA
sensitized by anthraquinone sulfonate-NaCl-HCIO, systems have been studied sys-
tematically. The wavelength 365 mu was used for irradiation. Sodium anthraquinone-
2-sulfonate and disodium anthraquinone-2,6-disulfonate were used as sensitizers, and all
experiments were conducted in deaerated conditions. The polymerization was followed
by the measurement of monomer disappearance (gravimetrically), rate of sensitizer
disappearance (spectrophotometrically) and the chainlength of the polymer formed
(viscometrically). Monomer econcentration, ke, [NaCl], and I were varied. In thelight
of the experimental results a prima facie kinetic scheme was proposed. The specific
rate constants for the various steps have been evaluated.

INTRODUCTION

Photosensitized oxidation of ethyl and isopropyl aleohols by anthra-
quinone g-sulfonates was elaborately studied by Wells! and Bolland and
Cooper.2  The oxidation products as well as the anthrahydroquinols were
identified, a detailed mechanism was suggested and the reactive state of
the sensitizer was proved to be a triplet by quenching reactions® and by
flash photolytic studies.® The quantum yields with respect to the produe-
tion of anthrahydroquinols or acetone in case of isopropanol were almost
unity within the limits of experimental accuracy for the anthraquinone
g-sulfonate sensitizers. Grafting® of a vinyl monomer on cellulose back-
hone by using disodium anthraquinone-2,7-disulfonate as sensitizer by
ultraviolet light was studied and hydrogen abstraction by the excited sensi-
tizer to produce radical ends in cellulose and the addition of this radical to
the vinyl monomer was inferred. Egerton et al.® used aminoanthra-
quinones for the phototendering of cellulose at wavelengths X < 300 mg.
Not much work except a few patents were reported regarding the vinyl
polymerization by anthraquinone g-sulfonates. Dainton and Tordoff?
conducted photopolymerization of acrylamide using disodium anthra-
quinone-2,6-disulfonate, but no detailed kinetic studies were given. A
regular detailed study of the photochemical polymerization of vinyl mono-
mers in aqueous solution by anthraquinone g-sulfonates was undertaken.

1315
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In this paper the results of the photopolymerization of methyl acrylate
(MA) and methyl methacrylate (MMA) by sodium anthraquinone-2-
sulfonate and by disodium anthraquinone-2,6-disulfonate at A = 365 mg
are given and discussed. With the anthraquinone /3-sulfonates alone in
the presence of monomer in aqueous solution, polymerization did not start
even under deaerated conditions for long times (of the order of about 2-3
hr).

A reducing agent like chloride ion in combination with the sensitizer
was found necessary. Some qualitative experiments were also done using-
sodium bromide or a phosphate-citrate buffer in place of sodium chloride.
Light of A= 365 mg was employed for irradiation of the system. From
the experimental results obtained with the use of monomer concentration,
light absorption fraction ke sodium chloride concentration, and light in-
tensity | as variables we have attempted to throw light on the nature of
initiation and termination reactions in the photopolymerization.

EXPERIMENTAL

Optical Arrangement

The light source used was a 125-W bulb type ultraviolet lamp (B.T.H.
Mazda, MBW/U) which gave almost 98% of A = 3650 A light. The
lamp was connected to the mains through the necessary choke. The light
beam from the lamp was collimated by means of a quartz condenser lens,
and the parallel beam of the monochromatic light was allowed to fall on
the quartz window of a metal thermostat inside which the reaction cell was
mounted. The reaction cell (length 4.6 cm in the direction of the beam
and 5 cm in diameter, capacity about 75 ml) fused at both ends with flat
Pyrex plates, is fitted with two outlet tubes, of standard B-14 cones on
the top.

Reagents

All the chemicals used in the preparation of solutions were B.D.H.,
AnalaR, E.Merck, G.R. or M & B reagent grade. Water doubly distilled
(over alkaline permanganate) in an all-glass quickfit apparatus and then
passed through Biodeminrolit (Permutit, London) resin was used through-
out for the preparation of solutions. Sodium anthraquinone-2-sulfonate
(AnalaR, B.D.H.) and disodium anthraquinone-2,6-disulfonate (Fluka)
were recrystallized from ethanol-water mixtures. The monomers, methyl
methacrylate and methyl acrylate (Rohm and Haas Co., U.S.A.), were
washed free of inhibitor with a solution of sodium hydroxide (5%), then
with water, and finally distilled under reduced pressure in an atmosphere
of nitrogen. The monomers were distilled frequently before use and stored
at 5°C. The sodium chloride (AnalaR, B.U.H.) was used without further
purification.
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Estimations

The system consisting of anthraquinone sulfonate-NaCI-HC104 (pH =
2-5), and methyl acrylate or methyl methacrylate in aqueous solution at
g = 0.2 in the reaction cell (capacity >80 ml) was deaerated by passing-
through the former oxygen-free nitrogen (Fieser’s solution8. To prevent
loss of monomer in the deaeration process, nitrogen was first passed through
a blank wash bottle containing the same concentration of monomer as the
reaction solution and then through the reaction system. The reaction
cell was then placed in the cell holder inside a thermostat maintained at
35 + 0.1°C by use of a toluene regulator and a hot wire vacuum switch
relay (Gallenkamp) in the path of the light beam and then irradiated for
about 45 min in the case of both the monomers. The precipitated polymer
was then filtered off, dried and weighed. Almost all experiments were
conducted under deaerated conditions.

Fig. 1. —d[MVdt vs. [M] X = 365 mM: (1) AQ-2-SO»Na-NaCIl-MA system;
(5) AQ-2,6-diSOsNa-NaCI-MA system; (C) AQ-2-SONa-NaCI-MMA system; (D)
AQ-2,6-diSON a-N aCl-MM A system.
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Fig. 2. Chainlength n vs. [M] (X = 305 mft): (A) AQ-2-SuaNa-NaCIl-MA system;
(B) AQ-2,6-diSOsNa-NacCI-MA system; (C) AQ-2-SONa-NaCI-MMA system; (D)
AQ-2,6-diSONa-NaCl-MMA system.

The rate of monomer disappearance {—el[M]/dt) was computed from
the weight of polymer obtained (gravimetrically). In the case of poly-
(methyl acrylate) the polymer was a colloidal suspension and so was coagu-
lated by addition of ammonium nitrate before filtration. I’oly(methyl
methacrylate) was precipitated as a fine flocculent precipitate,

The rate of sensitizer (anthraquinone sulfonate) disappearance was fol-
lowed by measuring the optical density of the reaction solution initially
and of the filtrate obtained after irradiation of the system and filtering of
the polymer. A calibration curve at A= 365 mg for sensitizer concentra-
tion versus optical density was constructed for the two sensitizers (2- and
2,6-sulfonated, and all absorptiometric measurements were made in a
Uvispek Spectrophotometer (Hilger-Watts, H-700 type) with matched
Corex silica cells. For measuring the chainlengths the polymers were
purified by reprecipitation with methanol from their benzene solutions and
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Fig. 3. —d\y\\/dl vs. /w12 (\ = 365 ni/i): (1) AQ-2-iSOuNu—NaCLMA system;
(7)) AQ-2-SOsNa-NaCI-MMA system; (C) AQ-2,6-diSONa-NaCI-MA system; (D)
AQ-2,6-diSO»Na-NaCI-MMA system.

dried. The viscosities of solutions of the PMMA (0.1%) and PIMA in
benzene were measured in a viscometer (PCL Ubbelohde type, ASTM speci-
fication D445-46T) thermostated to + 0.01°C in a viscometric bath
designed for precision viscometry (Krebs Electrical and Manufacturing Co.,
New York). Front the viscosity measurements chainlengths were evalu-
ated by using the Mark-Houwink type relationships of eq. (1)

n =28l X 103M*-2 @
at 25°C for polyfmethyl methacrylate), due to Baxendale et al.,9and eq. (2)
[m = 1282 X 10-4V1°-718 )

at 35°C for poly (methyl acrylate) due to Sen, et al.1
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The light absorption fraction k, for the sensitizer for 4.6 cm thickness was
calculated from optical density (OU) values for 1 cm cell thickness (OD
for 1 cm of 1 X 10-4di sodium anthraquinone-2-sulfonate = 0.121). As
an example, k,(—10 —1/10 for 1 X 10 4M of sodium anthraquinone-2-
sulfonate was calculated to be 0.2775. The light absorption fraction was
varied from about 0.25 to 0.85. We would like to emphasize that under
conditions of strong absorption (ke~ 0.85) the data on photochemical

Fig. 4. —d[AQ]/di vs. k, (X = 365 mM: (4) AQ-2-SO0sNa-NaCIl-MA system;
(B) AQ-2-SO3Na-NaCI-MMA system; (C) AQ-2,6-diSOsNa-NaCI-MA system; (D)
AQ-2,6-diSONa-NaCl-MMA system.

rates would be complicated by nonuniform rates, diffusion of active species
etc., and should be taken with caution.

Potassium ferrioxalate actinometryll was used throughout to determine
the light intensities. This method was particularly useful for the measure-
ment of low light intensities (2 X 10~7to 7 X 10~7Nhv .“1sec-1). The
amount of ferrous ion produced was estimated colorimetrically by forming
a colored complex with o-phenanthroline and making absorption measure-
ments at 510 mg in a Hilger-Watts ultraviolet spectrophotometer (H-700).
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KINETIC RESULTS

With the anthraquinone sulfonates alone and no CI* in the system, no
polymerization of the monomer took place under deaerated or undeaerated
conditions. With the anthraquinone sulfonate plus CI* or buffer (phos-
phate-citric acid, pH 6) polymerization was initiated without an induction
period. Br* was less effective, and no polymerization took place when 1“
was used. No thermal polymerization took place (30-80°C). In the pH
range of 1-3 the rate of polymerization increased and then decreased for
pH 4 and 5 in HC104acid medium. It was therefore obvious that initia-

A'B " i cnr - ; E.F — tocj X.

Fig. 5. Plots of log n (\ = 365 m”): (A) log n vs. log ke, AQ-2-S0sNa-NaCI-MA
system; (B) logn vs. log k,, AQ-2,6-diSO3Na-NaCl-MA system; (C) logn vs. log[NaCl],
AQ-2-S0sNa-NaCI-MA system; (D) log n vs. log [NaCl], AQ-2,6-diSOsNa-NaCI-MA
system; (E) log n vs. log I, AQ-2-S0sNa-NaCI-MA system; (F) log n vs. log I,
AQ-2,6-diSO™Na-NaCI-MA system.
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Fig. < -ritmaas vs. s~ (X= 306 mM: (A AQ-2-SONN-NjiCI-MA system; (Il)
ACJ-2-SONa-NaCI-MMA system; (C) AQ-2,6-cliSONa-NaCl-.MA system; (D) AQ-
2,6-diSOaNa-NaCI-MMA system.

tion of polymerization was free radical in nature and probably that Cl
atoms were initiators; slow or no initiation by Br and | atoms (fast
terminators) under corresponding conditions would therefore be under-
standable.

Che effects of the variables, viz, monomer concentration, A, [XaCl], and
1 on the rates of monomer disappearance (—<I\M]/d(), sensitizer disappear-
ance (—d[AQ]/cft), and chainlength n were investigated in detail.

Effect of Varying Monomer Concentration

The rate of monomer disappearance was found to be proportional to the
first power of monomer concentration in the cases of both MA and MMA
(Fig. 1). The chainlengths evaluated were directly proportional to the
first power of monomer concentration (Fig. 2).
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Effect of Varying k t

kewas varied from ~ 0.2 to * 0.85 and —d[M]/dt was directly propor-
tional to square root of kt (Fig. 3), —d[AQ]/dt was directly proportional
to kt itself (Fig. 4). The chainlengths were found to be inversely pro-
portional to A€ 6 (Fig. 5).

Pig. 7. —f[AQIM vs. | (x = 307) mu): (A) AQ-2-SOsNa-NaCIl-MA system; (B)
A<4-2-S0,Na-NaCl-MMA system; (O AQ-2,6-diSO»Na-NaCI-MA system; (D) AQ-
2,(j-di8()Na-Na('l-MMA system.

Effect of Varying Light Intensity /

The light intensity | was varied by interposing diaphragms in the light
path. —cl[MVdt and —d[AQ]/dt were found to vary directly with the
square root and first power of light intensity, respectively, with MA and
MMA (Figs. 6 and 7). The chainlengths depended inversely on 7°8(Fig. 5).
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Effect of Varying Sodium Chloride Concentration

The optimum concentration of sodium chloride chosen for the majority
of the experiments was 0.1.1/. —d[M] dt was proportional to the square
root of sodium chloride concentration and —d[AQ]/di was proportional

(==}

d x Shn
o r~+

ABC Q Il
&

Fig. 8. —d[AQ]/di vs. [NaCl] (X = 365 niju): (A) A( 2-SONa-NaCl-MA system;
(B) AQ-2-SOjNa-NaCI-MMA system; (C) AQ-2,6-diSONa-NaCI-MA system; (D)
AQ-2,6-diSONa-NaCl-MM A system.

to the first, power of sodium chloride concentration (Fig. S). The chain-
lengths varied inversely with the square root of sodium chloride concen-
tration (Fig. 5).

KINETIC SCHEME AND DISCUSSION
Mechanism 1

Steps (1) to (7) shown in the reaction scheme embody the possible
reactions.



VINYL POLYMERIZATION 1325

The first step is excitation of the transient complex between the anthra-
quinone sulfonate sensitizer and sodium chloride:
ke (complex) 1

(AQ -+ HCl) == (AQ -+~ HCI* (1)

kq

k4 18 the rate constant for the dark deactivation reaction in which complex
may lose the extra energy.
Step (2) is radical formation:
k,

(AQ --- HC)* — AQH" + Cl (2)
The chlorine atom may attack AQ to form AQ:

K,
Cl + AQ — HCl + AQ .
where AQ is (3)

0
! I l S0,”
0

in the case of sodium anthraquinone-2-sulfonate.
The fourth step is initiation of polymerization:
k
Cl + M — My (4a)
ks
AQ + M — My (4b)

This is followed by propagation as shown in egs. (5):
kﬂ
;\[1' + M — )Ig
kl’
My + M — DNy

kp
1\{("_1)' + M — Mn. (5)

Termination may be of the mutual type [eq. (6a)], by the Cl atom, [eq.
(6b)] or by the sensitizer [eq. (6¢)].
k

M, + My ——‘> M,ym or M, + M, (polymer) (6a)
&,

M, + ClI' — Polymer (6b)
ky

M, + AQ — Polymer (6¢)
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The final step is given by eq. (7).
ks
2AQH' -* AQ + AQH2 W)

The light absorption fraction involved in the reaction scheme is actually
that due to photosensitive complex /c@piex}- It can be shown that

~complex)  Af(total) AICIH /(1 + AICI ) (8a)

where [Cl~] denotes concentration of sodium chloride, if the equilibrium of
eq. (9) is assumed:

AQ + HC1 A (AQ *++ HC1) ©)

The extinction coefficients for the complex and free sensitizer are assumed
to be same because the absorption spectrum of the sensitizer is not altered
by the presence of a large excess of sodium chloride. Since under the
experimental conditions A[CC] « 1 equation: (8) becomes,

C(complex) C(total) K[Cl'] (8b)

A(total) ~ A (ersiizey = K,, since sensitizer is the only absorbing species.
The possibility of direct interaction of the excited anthraquinone sulfonate
and monomer leading to monomer radical was excluded because there was
no polymerization at long times in aqueous solution without the aid of a
reducing agent. Bolland and Cooper2 studied the photosensitized oxida-
tion of ethanol by disodium anthraquinone-2,6-disulfonate and suggested a
cyclic mechanism. The excited singlet of the sensitizer was assumed to be
the reactive state for the hydrogen abstraction from alcohol. The primary
act was interpreted in terms of the formation of a pair of radicals, one being
semiquinone and the other a substrate radical:

Q-> Q*(S) (10)
Q*(S) + CHXHDH -* QIC + CHjCHOH (11)

Wilkinson3noticed that acceptors with lower triplet levels retarded the
photooxidation of isopropyl alcohol and so the excited triplet state was
assumed to be the reactive state in the case of anthraquinone derivatives.
CooperRdescribed the retarding action of halide ions in the photooxidation
of ethyl alcohol by anthraquinone sulfonates as probably due to the chemi-
cal quenching of the excited triplet by electron transfer. The primary step
of the photochemical reaction in the present investigation probably com-
prises the excitation of the weak (or loose) complex (the anthraquinone
sulfonate-sodium chloride) which then decomposes by the oxidative
electron transfer from halogen anion to the anthraquinone sulfonate
sensitizer, forming semiquinone and halogen atom. The chlorine atom so
produced initiates the polymerization of MA or MMA. Analysis by the
dye-partition test1314 indicated the presence of chlorine in polymer, which
supports initiation by CI.
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Assuming steady-state kinetics for the radicals involved, the rate ex-
pressions under conditions of initiation by Cl atom and termination of
mutual type are

k ikAK[CNNi
AIMIAE e\ e+ kg 1) (12
-d\AQJ/dt = @ KKdoHD (13)
(kr + kj) 112 ”

62 kikeK[C\-]If U J

Mechanism 2

Steps (3)-(7) may be considered identical with mechanism 1 The
primary process not involving sensitizer-halide ion, complex is also possible
when steps (1) and (2) of the reaction scheme are replaced by (la) and
(2a), respectively:

ktl
AQ N AQ*(S) (la)
K
AQ*(S)  AQ*(T)
kl
AQ*(T) + HCl4 AQH' + Cl (2a)

The anthraquinone sulfonate sensitizer may itself pass to an excited singlet,
AQ*(S), on light absorption which is then converted to the AQ*(T) triplet
by intersystem crossing. The AQ*(T) interacts with chlorine anion by an
electron-transfer mechanism to produce chlorine atom, which initiates
polymerization. The rate expressions for this second possibility coupled
with mutual termination under conditions of k'd 5> fc'r[CI- ] could be:

~ ‘Kkd[ci- 1
= o IM] (15)
-d[AQ]/dt = (K/K'QKJI[Ck (16)

"= rrteney AV (7)
It may be seen from egs. (12)-(17) that it is not possible to distinguish be-
tween these two possible primary processes by kinetics alone. The fact
that there is no change in optical absorption of the sensitizer with increased
[CI“] and that constant K values could not be obtained from the data go
against the mechanism 1; mechanism 2 must indeed be the correct one.

The square root dependence of the rate of polymerization on the incident
light intensity indicates that the termination was of the mutual type. The
—d[AQ]/d7 was found to be directly proportional to the first powers of the
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concentration of sodium chloride, Apand /. Toppet et al. Bobserved simi-
lar dependences of the rate of dye disappearance on variables in the poly-
merization of acrylamide sensitized by eosin. The other modes of termi-
nation, e.g., by Cl or AQ itself do not agree with the proportionalities
observed with respect to variables. For termination by CI there will be
square dependence of —I[M]/clt over [M] and no dependences on Aeand /.
For termination by AQ itself, —d[M]/di will be proportional to the first
powers of Aeand |. Since no such proportionalities have been observed,
termination by ClI or AQ will have to be discounted.

Rate and Equilibrium Parameters

It may be mentioned that K/'k'd of mechanism 2 is equal to K[kr (kr+ kd)]
of mechanism 1, while kn/kI'n by both mechanisms will be identical. From
the slopes of the plots of —d[AQ]/di versus A [CI-], and /, Krk'd was calcu-
lated. By plotting —d[M]/dt versus V], A2 CF12 and / 12 (Figs. 1, 3, 6)
and substituting the average value of Krk'd into the slopes, kp'k ti2values
were obtained; the average values are given (Table ). For AYA/12in the
dye-sensitized polymerization Sheriff and Santappa®bgot the values 1.19
and 1.56 for VIA and VIVIA respectively; Subramanian and Santappa,l”
using a ceric redox system obtained the values 1.2 and 1.2 for VIA and
VIMA. In the photopolymerization by cobalt complexes Natarajan and
Santappa®Breported the values 1.221 and 1.188 for VIA and VIVIA, respec-
tively. Vlahadevan and Santappa,® using uranyl ion sensitizer got the
values 0.374 and 0.3009 for VIA and VIVIA, respectively. Atkinson and
Cottonobtained a value of 0.5591 for VIVIA. The literature values agree
with the other values obtained in our laboratory. The values for the pre-
cipitating media are higher than the values for homogeneous media in the
cases of both VIA and VIVIA.

The overall quantum yields for monomer disappearance ym

-cl[M]/dt
Tm - Kj

increased with increasing monomer concentration and decreased with
increasing A,[CI-], and I. For monomer variation at X = 365 mn the ym
varied in the range of 30-120 for VIA and 5 15 for VIVIA. The quantum
yields were found to be in the order of reactivity of monomers, i.e., VIA >

VIVIA. The quantum vyields with respect to the sensitizer $8q =

(—(I[AQV/cIt)/kJ did not vary much with the variations carried out. The
value of 43q ranged from 0.01 to 0.015 for VIA and 0.01 to 0.02 for VIVIA
for kt variation at X = 365 mp. The low $ag may be explained on the
basis of probable deactivation of the excited sensitizer.

Grateful acknowledgment is made to the Government of India for the award of a
Senior Research Training Scholarship and to the Council of Scientific and Industrial
Research, New Delhi for the award of a Junior Research Fellowship to one of us (Q-A.)
during the course of this work.
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Polymerization of A£-Cyanopropionaldehyde.
V. Anionic Polymerization Initiated by
Benzophenone—Alkali Metal Complexes

HIROSHI SUMITOMO and KAZUHIKO HASHIMOTO,
Faculty of Agriculture, Nagoya University, Chikusa, Nagoya, Japan

Synopsis

Anionic polymerization of /3-cyanopropionaldehyde was studied with use of benzo-
phenone-monosodium, -disodium, and -dilithium complexes as initiators. The resulting
poly(cyanoethyl)oxymethylene was compared with that obtained by cationic and
coordinated initiators previously reported. Polymer of higher stereoregularity but lower
molecular weight was formed in the present system. The marked influence of the
initiator concentration on the polymer yield and stereoregularity is explained on the
basis of the difference in the degree of association of the alcohélate ion pair, i.e., the
associated ion pair may form stereoregular polymer and the nonassociated or less-
associated ion pair may form a large amount of amorphous atactic polymer. The
initiation with benzophenone-dialkali metal complex was found to lie bond-formation
type. Chain transfer with active hydrogen of /3-cvanopropionaldehyde frequently
occurs.

INTRODUCTION

In the preceding studies,1'4/3-cyanopropionaldehyde (jS-CPA) was poly-
merized by using ionic initiators, e.g., boron trifluoride etherate, diethyl-
zinc, triethylaluminum, and triethylaluminum-titanium chloride com-
plexes at low temperature to give high molecular weight poly(cyanoethyl)-
oxymethylene (1).

nNC— CH,— CH,— CHO

(*lIl— CH,— CN

The present investigation is concerned with the anionic polymerization
of /J-CPA initiated by benzophenone-monosodium, -disodium, and dilith-
ium complexes, in comparison with the results obtained in the cationic and
coordinated polymerization.

EXPERIMENTAL

All the procedures, including purification of materials, preparation of
initiators, and polymerization, were carried out in a high-vacuum system
1331
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(<10“6 mm Hg). General experimental techniques of a homogeneous
anionic polymerization developed by Szwarc5 and Morton et al.f were
employed with some modification.7-9

Materials

(3-Cyanopropionaldehyde (/3-CPA) prepared as already describedl was
distilled in vacuo after drying over molecular sieves.

Tetrahydrofuran (THF) and toluene used as solvents were distilled after
refluxing in the presence of sodium and drying over the mixture of sodium
and benzophenone in a high-vacuum system until a reddish-violet color
appeared. Benzophenone was purified by recrystallization from ethanol.

Preparation of Initiators

Benzophenone-disodium complex (Na--BzPh) was prepared by treating
benzophenone-THF solution at 0°C with excess of sodium freshly distilled.
After 1 or 2 days the reddish-violet solution was filtered prior to use. The
formation of the complex was confirmed by the measurement of its ultra-
violet and visible absorption spectra. The concentration of initiator solu-
tion was determined by acid titration. Commercial lithium metal was
used for the preparation of benzophenone-dilithium complex (Li2BzPh).
Benzophenone- monosodium complex (Na-BzPh) solution was prepared
by adding an equivalent amount of benzophenone to the Na2BzPh solu-
tion prepared previously.

Polymerization

Cold solution of /3-CPA was added to cold initiator solution with stirring
under high vacuum. Polymerization was stopped by the addition of acetic
anhydride following by the addition of a large amount of cold methanol.
Polymer obtained was washed with methanol and dried under reduced
pressure.

Fractional extraction and measurements of melting point, solution vis-
cosity, and optical density of polymer were conducted by the same methods
as previously described.1'4

RESULTS AND DISCUSSION

Polymerization was initiated, accompanied by the fading of the color
of the initiator immediately after the addition of d-CPA solution to the
initiator solution. The results of polymerization with use of Na2BzPh,
Li2BzPh and Na-BzPh are given in Tables | and II.

In the tables are listed also the values of Dlibs/Dmo, he. the ratio of
optical density of the stereoregular band (1 25S cm“) to that of the amor-
phous band (1 270 cm-1) in the infrared absorption spectrum of polymer,
as a semiquantitative measure of stereoregularity of polymer.3
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TABLE |
Polymerization of /3-Cyanopropionaldehyde with
Benzophenone-Dialkali Metal Complexes*

Initiator
concn., Volume
mole-% ratio of Polymer
Run B-(’PA, (based on  solventto Time, Yield,
no. g Initiator  monomer) monomer days % ~270
14 10.4 Na-j-BzPh 0.01 2 2 17.0 0.81
42 7.8 il 0.02 5 1 49.2 0.87
43 3.1 I( 0.10 “ < 63.6 0.57
37 3.9 u 0.20 “ 58.1 <1.00
39 4.1 ( 0.49 “ L 24.5 1.77)
29 4.2 u 1.01 ' < 12.3 2.97
a 25 h 1.48 fi “ 4.8 2.37
15 10.1 LI.-BzPh 0.05 2 2 16.7 <1 .00
30 10.3 1 1.00 5 1 4.7 2.41

“At <UP5mm Ilg; —7S°C solvent, TUF.

TABLE 11
Benzophenone-Monosodium Complex Initiated Polymeriznlion
of d-Cyanopropionaldelivde*

Na-BzPh, Volume

mole-% ratio of Polymer

Run d-CPA, (based on  solvent to  Time, yield,

no. g monomer) monomer days /c Am,
35 10.2 0.05 5 1 45.0 0.82
33 10.7 0.19 l 1 71.9 <1.00
36 2.0 0.54 « U 44.2 <1.00
32 10.3 0.94 1 “ 24.0 1.68
31 10.3 1.97 i( “ 15.7 2.44
34 5.7 2.96 it u 17.1 2.50
281 10.3 0.10 “ “ 4.1 1.61
25b 10.4 1.00 “ u 14.0 1.67

“At <10 5mm Illg; —78°C; solvent, THF.
b Solvent, toluene.

It is interesting to note that the polymerization starts even at extremely
low concentration of initiator, such as a mole ratio of initiator to monomer
of 1/10 000 (run 14 in Table I).

The polymer obtained here is also found to be poly(cyanoethyl)oxy-
methylene from the comparison of its infrared absorption spectrum with
that obtained previously. No absorption at 700 cm 1 based on mono-
substituted phenyl group appears in the infrared spectrum of polymer pre-
pared from Na-BzPh, but does in those from Na2BzPh and Li2BzPh.
The NMIi spectra of the latter also show a peak due to phenyl protons at
a r value of about 2.6.
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It was mentioned by Vogl'® that Na-BzPh dimerized to benzopinacolate,
and these alcoholate anions initiated the polymerization of aliphatic

aldehydes [eq. (1)].

2 «C—0" Nat — Na©™ 0—C——C—0" Na* (1)

sle

It was also considered by Takida and Noro!! that the initiation induced
by Na-BzPh might involve bond formation through the alcoholate anion.
The initiation mechanism in the present system might also be of the bond
formation type. No confirmation on this point, however, was still ob-
tained here, since no initiator residue was detected in the polymerization
product obtained with Na-BzPh. The occurrence of the chain-transfer
reaction and of degradation of polyacetal produced make confirmation
difficult. Takida et al.!! described the initiation mechanism with Nas—BzPh
including the electron-transfer step shown in eq. (2).

Na®* 7C—0~ Na* + CH=0 —> C—O"Na* + CH—O Na*& (2

This mechanism seems improbable by virtue of the fact that the mono-
mer radical anion must be too unstable to form, though the Na-BzPh
simultaneously formed would start the polymerization.

I'rom the fact that the initiator residue was detected in Na,—BzPh-
initiated polymer but not in Na—BzPh polymer in the present investigation,
it 1s suggested that the initiator residue is more stably incorporated in the
chain derived from Nay,-BzPh than that from Na-BzPh and that it is also
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Fig. 1. Influence of initiator concentration. Initiator, Na,-BzPh; solvent, THF;
volume ratio of solvent to monomer, 5; time, 1 day; temperature, —78°C.
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possible to initiate by bond formation with the carbanion of the dialkali
metal complexes [eq. (3)].

Na® 7C—O0~ Nat + 20H=0 —

CH,—CH,—CN

Nat "0—CH—C—O0—CH—0" Na*

NC—CH,—CH, CH,—CH,—CN  (3)

Figures 1 and 2 show that the concentration of initiators (Na,—BzPh
and Na—-BzPh) has a marked influence on the yield and stereoregularity
of polymer. The polymer yield has a maximum at a certain initiator
concentration, and the optical density ratio, in index of stereoregularity
of polymer, increases with decreasing polymer yield. It should be noticed
that there may be a main difference between Figures 1 and 2 in an initiator
concentration scale, namely the concentration of Na,~BzPh corresponds
to twice of that of Na—BzPh. This suggests that the concentration of the
active species plays a more important role than the kind of initiator in
these polymerization systems. A simplification of this tendency is made
in Figure 3. A larger amount of amorphous atactic polymer is produced
at lower initiator concentration, and the content of stereoregular polymer
increases with the initiator concentration.

Two kinds of growing species may be presumed to be present here. The
one is an associated ion pair which may form a stereoregular polymer, and
the other species is a non- or less-associated one which may form an amor-
phous atactic polymer. Higher initiator concentration results in higher
concentration of an aleoholate-type ion pair as growing specics, and the

100

)
ol

80+

60 p//l’——-) 1

40 /

%

AY
N
OPTICAL DENSITY RATIO,

1
1

D258/ D270

20

POLYMER YIELD,

o] | 2 3
INITIATOR CONCENTRATION, mole %

Fig. 2. Influence of initiator concentration. Initiator, Na-BzPh; solvent, THF;
volume ratio of solvent to monomer, 5; time, 1 day; temperature, —78°C.
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Fig. 3. Simplification of the influence of initiator concentration.

Fig. 4. E ffect of elution farcmentation of polymer on optical density ratio (polymer

sample, from run 25 in Table I1).

species may be associated enough to form stereoregular polymer and to
decrease polymer yield. At lower initiator concentration, the growing
chain is assumed to be not associated or less highly associated, leading to
the formation of a larger amount of amorphous atactic polymer. It was
mentioned by Richards and SzwarcRthat the alcoholate-type ion pair was
associated.  Such marked effects of initiator concentration on the polymer
yield and on the stereoregularity have never been observed in the vinyl
polymerization with a carbanion-type ion pair. It seems, therefore, that
these phenomena may be characteristic of associative alcoholate-type ion
pair. Further investigation of the effect of solvents on the active species
will be needed.

Polymer was elution-fractionated with use of acetone and dimethyl-
formamide (DMF) as solvents. The effect of the fractionation on the
optical density ratio, Dum/D mo, is shown in Figure 4.

In general, the solubility of polymer depends upon its average molecular
weight and stereoregularity when the chemical structure is the same. In
the present system it may depend mainly upon the stereoregularity.
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TABLE IIT
Results of Elution Fractionation of Produced Polymers®
Original polymer DM F-soluble DMF-insoluble
- Disss .
Run Na-BzPh, e e jl
no. mole-9%  Solvent D)z % Disro % Dz
28 0.10 Toluene 1.61 18.5 1.11 81.5 2.11
25 1.00 & 1.67 60.4 1.08 39.6 2.94
33 0.19 THF <1.00 <99.5 <1.00 < 0.5 —
32 0.94 “ 1.68 96.9 1.59 3.1 2.15
34 2.96 ¢ 2.50 96.6 1.95 3.4 —_—

* At <107°* mm Hg; —78°C; 1 day; volume ratio of solvent to monomer, 5.

In Table III are given some results of the elution fractionation with the
use of DML as solvent for the polymer samples prepared in toluene and
in THF. ‘

The econtent of DMF-insoluble fraction of polymer prepared in toluene
is much higher than that in THF. Some of the polymers obtained in THF
give a large amount of DMI™-soluble fractions having relatively high values
of Disss/Dizro.  This means that low molecular weight stereoregular poly-
mer is produced in THF.

TABLE 1V
Properties of Polymer
Polymer prepared Polymer prepared with
Properties with Na,~BzPh triethylaluminums
Melting point, °C 120-125.5 162-172
Reduced viscosity, 7.p/cP 0.015-0.065 0.76
Solubility in y-butyrolactone Almost soluble at Partially insoluble at
room temperature high temperature
Optical density ratio Dy2ss/Diaze
Amorphous <1.0 <1.0
Stereoregular 2.5 1.84

2 Unpublished data.
b DMF soluble fraction, DMF, 25°C, ¢ = 0.3 g/100 ml.

Table IV shows a comparison between the properties of polymer obtained
from benzophenone-alkali metal complexes and that obtained with tri-
ethylaluminum. Marked differences were observed with respect to melting
point, solution viscosity, and solubility in y-butyrolactone. It appears
that anicnic polymerization of g-CPA with use of alkali metal complexes
may result in the formation of polymer of lower molecular weight but
higher stereoregularity than polymer obtained by cationic and coordinated
ionic polymerization.

A chain-transfer reaction may be thought to occur frequently in the
polymerization, in view of the fact that the molecular weight of the polymer
is lower than expected and also independent of the initiator concentration.
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It must be accompanied by the migration of one of the hydrogens of
jS-CPA, but which hydrogen participates in the reaction is still not clear,
since both a- and /3-hydrogens of the monomer are quite active. Chain
transfer to polymer may also be possible, but this point must be the subject
of future research.
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Synthesis of Difunctional Polystyrenes
and Their Incorporation in Block
Copolymers with Bisphenol A

Polycarbonate

M. N. BERGER, J. J. K. BOULTON, and B. W. BROOKS,*
Shell Research |Awiteli, Urmston, Manchester, England

Synopsis

Block polymers of polystyrene and bisphenol A polycarbonate have been prepared
and their bulk viscosities studied as functions of both shear stress and polystyrene block
length. The polystyrene blocks were a,w-diacid chlorides prepared from the reaction
of “living’ polystyrenes with diacid chlorides. These reactions were studied in order
to discover the most effective way of preparing the polystyrene diacid chlorides. The
polystyrene diacid chlorides are best prepared by reaction of disodiopolystyrene with
phosgene The flow properties of the block copolymers depend on the composition of

the polymers but do not depend on the length of the polystyrene blocks.

INTRODUCTION

The preparation of block copolymers presents a number of problems.
When the copolymers are prepared by condensation reactions of presynthe-
sized blocks it is essential that the blocks should have a high degree of a,®
difunctionality. Various techniques such as chain-transfer processes, 0zo-
nolysis, and the use of “living” polymers have been used by previous
workers1-4 to prepare difunctional blocks.

In our work, we have presynthesized polystyrene a,co-diacid chlorides
from “living” polystyrene. After a careful investigation of various pro-
cesses (described below) for preparing this material, we found that the best
product was obtained by reaction of a,«-disc>d<plystyreiio with excess
phosgene. Dilithiopolystyrene also reacted with phosgene to produce a
polystyrene acid chloride, but in the presence of tetrahydrofuran (THE)
(solvent for (lie initiator) coupling of polystyrene blocks was unavoidable.
The polystyrene was incorporated into block copolymers with bisphenol A
polycarbonate by condensation reactions (described below).

Molten bisphenol A polycarbonate exhibits8 Newtonian flow at tempera-
tures around 250°C, i.e., the viscosity of the melt does not change with
applied stress, and the output of a molding machine is proportional to the

*Present address: Chemical Engineering Department, Loughborough University of

Technology, England.
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load applied. Other polymers such as polystyrene show non-Newtonian
behavior, so that the viscosity of the melt decreases with increasing stress.
This aids the fabrication process at high loads. Polystyrene is, therefore,
easier to process than polycarbonate. It was considered desirable to ex-
amine this aspect of the rheological behavior of block copolymers of styrene
and polycarbonate. The properties might depend on many factors includ-
ing overall composition, final average molecular weight and block lengths.
In the experiments described we were able to control the overall composi-
tion and polystyrene block length.  The polystyrene blocks were randomly
distributed along the polymer chains.

RESULTS AND DISCUSSION

Preparation of polystyrene diacid chloride

a,w-Disodiopolystyrene was prepared by reaction of styrene (in toluene
solution) with the disodio tetramer of «-methylstyrene (in THF solution).
This reaction was carried out at 0°C to avoid chain transfer.6 The
polymer solution was added to a 500 molar excess of liquid phosgene
at 0°C. The color of the living polystyrene was immediately discharged.
After reaction the excess phosgene was displaced with nitrogen at room
temperature and samples were quickly extracted for viscometric molecular
weight determination. A living polymer of molecular weight 19 000 gave
a product of molecular weight IS000. We concluded that no significant
coupling took place but that a simple end-tipping reaction occurred :

N a+ PS '"Na+ + 2COCH CilCO—PsSs—COC1 + 2NacCl (1)

Finaz et al.3obtained coupling with much smaller amounts of phosgene.

Polystyrene diacid chlorides prepared in this manner were used in the
synthesis of the block copolymers. These blocks would probably have a
higher percentage difunctionality than the polystyrene blocks used by
Merrill7in his preparations.

Preparation of Block Copolymers

A typical block copolymer was prepared as follows. A solution of poly-
styrene diacid chloride in toluene was added over 2 hr to a solution of a
large molar excess of bisphenol A in dry pyridine; the mixture was then
refluxed for 2 hr. Thus, the polystyrene molecules became end-tipped
with phenolic hydroxy groups having the same chemical reactivity as the
hydroxyl groups in bisphenol A.

CH3

2110 —C6H4—C— C6H 4—-— OH + CI1ICO—PS— COC1 -»

CHa
ch3 ch3

HO—C&H4—C—CH4—-0OCO— s - COO—CH4—C—CaH,—OH + 2HCL (2
¢h3 CH;
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The molecular weight of the polymer did not increase during this process.
The resultant mixture was cooled to 0°C and pure phosgene was passed
through it. Orange-red colors developed as the phosgene complexed with
the pyridine which marked the end of the reaction. Excess phosgene was
displaced with nitrogen and a small quantity of bisphenol A was added to
end-tip the polymer with hydroxyl groups. The polymers were precipi-
tated in methanol and the unreacted polystyrene (< 1% of original) was
extracted with boiling cyclohexane. Copolymer yields were >95%.  Solu-
tions of the polymers in dichloromethane were washed with aqueous hydro-
chloric acid to remove pyridine.

Table Il gives the results. The polystyrene blocks having been made
as “living” anionic polymers should have a very narrow molecular weight
distribution. The copolymers were all made by condensation reation un-
der very similar conditions. The final intrinsic viscosity values are all
similar, and the distributions can be expected to be typical of linear con-
densation polymers, with

Mw 9
Mn 13

Flow Properties of Block Copolymers

The shear stress-shear rate relations for the materials were examined
with a melt index grader at 250°C with the use of various loads. The
throughly dried copolymers showed no significant breakdown at 250°C.

Shear rates (Table 1) were found from the equation

shear rate (sec-1) = 4W/irpr3

where W is the weight of extrudate (in grams/second), p is the density (in
grams/cubic centimeter), r is the radius of die (in centimeters). For the
copolymers we took each density as the arithmetic mean of the densities of
molten polystyrene8and molten bisphenol A polycarbonate6at 250°C; thus

Pep = /psPpS + (1 Ips)ppc

where/Sdenotes the weight fraction of polystyrene and pQ, pps, ppcare the
densities of the copolymer, polystyrene, and polycarbonate, respectively.

(The pure bisphenol A polycarbonate was prepared as above but without
the polystyrene.) Intrinsic viscosities of the polymers in tetrachloroethane
at 25°C were also measured.

Figure 1 shows plots of shear stress against shear rate at 250°C (the
copolymers were unstable at higher temperatures). In all cases the vis-
cosities of the copolymers were considerably lower than the viscosity of
bisphenol A polycarbonate. As the polystyrene content increased the
deviation from Newtonian flow became more pronounced.

The copolymers which had almost equal polystyrene contents (19 and
22%, respectively), had similar flow properties even though the polystyrene
block lengths in these two polymers were decidedly different (2900 and
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Fig. 1. Shear sensitivity of polycarbonate-polystyrene block copolymers. (O: 0%
polystyrene; X: 19% polystyrene; A: 22% polystyrene; O: 29% polystyrene).

9300, respectively). These results indicated that the total proportion of
polystyrene in the copolymers had a greater effect on flow properties than
had the block length of the polystyrene segments.

Reactions of Lithiopolystyrene with Phosgene

In addition to the method described above we attempted to prepare
polystyrene a,co-diacid chlorides from reactions of lithiopolystyrenes with
various diacid chlorides, including phosgene.

Solutions of a.w-dilithiopolvstyrene in toluene (containing small amounts
of THE) were prepared using dilithiostilbene as an initiator. These solu-
tions were treated with phosgene as described above for disodiopolystyrene.
Table Il shows that the phosgénation reaction did not lead to a molecular

TABLE 11
Reaction of a,w-l)ilithiopolystyrene with Phosgene at 0°C

Concentration of

polystyrene Molecular \vt Molecular wt

living ends, THF, of living of phosgenated
mole/l. X 10* vol-% polymer** polymer*
3.70 1.0 30 000 60 000
2.47 0.67 45 000 85 000
1.11 0.3 120 000 130 000
0.986 0.027 152 000 163 000
0.952 0.026 210 000 205 000

Determined viscometricnlly.
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weight increase for polymers of high molecular weight, but as the initial
molecular weight was lowered (i.e., the amount of original initiator solution
was raised), coupling reactions occurred.

It seems reasonable to assume that once the benzylic acid chloride is
formed, the coupling results from the reaction, (3):

PS—OH.CHCOC1 + PS Li+ PS—CHOO—PS + LiCl
c‘ 6h 5 cI 6 6
and that in the presence of THF this reaction is faster than reaction (4):

PS- Li+ + COCt. -+ PS—COC1 + LiCl @«

THF could be excluded from the system only by preparing monolithium
polystyrene with butyl lithium as an initiator in an all-hydrocarbon solvent.
A solution of monolithium polystyrene was prepared in this manner (molec-
ular weight 35 000) with the use of cyclohexane as a solvent.  The initiator
was sec-butvllithium dissolved in n-heptane. After treatment with phos-
gene a sample of polymer solution was estimated for acid chloride content
by hydrolysis with excess standard aqueous alkali followed by titration
with standard aqueous hydrochloric acid. The number-average molecular
weight for the final polymerwas calculated to be 32000, on assuming one acid
chloride group per molecule. The remaining reaction solution was poured
into excess methanol; the precipitated polymer had a molecular weight of
38400 as determined viscometrically.

Thus, it seems that under the conditions used, one acid chloride group

is deposited on one end of each polymer molecule without any substantial
coupling,

PS- Li+ + Cl—CO—01 -> PS—COCL + LiCl ©)

Since coupling does occur with dilithiopolystyrene, we may assume that
the presence of THF (used to dissolve the dilithiostilbene) greatly acceler-
ates the coupling reaction. At high initiator concentrations (i.e., higher
amounts of THF' in the reaction mixture) coupling is quite pronounced.

To obtain some indication of the nature of the coupling reaction the
following model reactions were carried out.

Monolithium polystyrene (molecular weight about 500; 2 X 10~2mole)
in a heptane-toluene mixture was added in two aliquots to a solution of 1.0
X 10~2mole of acetyl chloride in THF' solution.  Addition of the first,
aliquot produced a pale yellow solution containing a white precipitate.
After stirring for 5 min the second aliquot was added rapidly, giving a
noticeable exotherm and a dark brown solution.  After 15 hr the solution
was quenched with water. An infrared spectrum of the recovered polymer
showed no carbonyl absorption in the 5.9 nregion. In a similar two-stage
experiment with lithium polystyrene of molecular weight (1700, the molecu-
lar weight of the polymer was found to be 9000 after the addition of the
first aliquot and 14 000 after the addition of the second aliquot.
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These two experiments indicate that one mole of acetyl chloride will
couple two moles of lithium polystyrene. The reaction sequence may be
either reaction (6) followed by reaction (7),

PS- Li+ + CILCOC1 -» ClIsCO—PS + LiCIl (6)
PS

PS- Lih+ CILICO—PS — CH,—C—OLi )
P

with reaction (7) competing with reaction (6) even in the presence of excess
acetyl chloride. An alternative sequence might be reaction (S) followed
by reaction (9), or (10),

a
PS-Li+ + CHsCOCI -> cu:,—(il—ou ®
PS
a
oIL -#- OLi — OIL—C =0 + LiCl ©0)
Ps F|>s

cl P S

C 113~ ¢C—- OoLi + P S-L i+ — Cll;,— € —= OLi + Lic 1 (10)

I I
with reaction (10) competing with reaction (9).

It may be that similar addition reactions of the carbonyl group feature
in the reaction of dilithiostyrene with phosgene. However, the formation
of appreciable amounts of (PS)3COLi would result in crosslinking. No
evidence for crosslinking was obtained.

Further Routes to Difunctional Polystyrene

The reaction of adipyl or terephthaloyl chloride with a,co-dilithiopoly-
styrene might be expected to produce polymer molecules tipped with acid
chloride groups of a reactivity similar to that of the acid chloride originally
added [eq. (11)].

Li+ - PS- Li+ + C1CO—R—COC1l -> Li+ - PS—CO—R—COC1 + LiCl (11)

Therefore, we added solutions of a,«-dilithiopolystyrene to an excess of
adipyl chloride and terephthaloyl chloride respectively in toluene solution
at room temperature. As with phosgene, the color of living polystyrene
was immediately discharged. The polymer solutions were boiled with
water, filtered (to remove terephthalic acid), and then poured into methanol.
Table 111 shows the molecular weights of the polymers before and after
reaction with the acid chlorides.

No coupling occurred in these reactions. However, the polystyrene
diacid chlorides prepared by these methods were not used for the prepara-
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TABLE 111
Reaction of a,w-Dilithiopolystyrene with Acid Chlorides

Concentration of

living ends of Molecular wt Molecular wt
Acid polystyrene, of living of polymer
chloride rnole/1. X 104 polymer* after reaction*
Terephthaloyl 2.88 69 400 68 100
Terephthaloyl 8.51 23 500 26 200b
Adipyl 2.99 66 900 55 900
Adipyl 5.88 34 000 34 000"

° Determined viscometrically.
bMn by endgroup analysis
0Mnby endgroup analysis

13 100.
33 000.

tion of block copolymers because of the difficulties encountered in removing
excess tipping reagents.

EXPERIMENTAL

All starting materials were purified and stored in a dry nitrogen atmo-
sphere. All the experimental procedures involving these materials (except
polymer precipitation and molecular weight determinations) were also
conducted in dry nitrogen atmospheres. The nitrogen was purified by
passing it through columns of manganous oxide and Lindé molecular sieves,
type 4A. This procedure reduced the water content to 1 ppm and oxygen
to < 2ppm. The nitrogen was passed to the reaction vessels, etc., through
thick-walled high-density polyethylene tubing.

Materials

Tetrahydrofuran (THE) was refluxed for S hr over molten potassium*
the appearance of a red color on addition of a few drops of a-methylstyrene
indicated the absence of impurities which could react with benzylic anions.
The THE was then fractionally distilled and used within two days.

Toluene was refluxed over sodium then fractionally distilled. Cyclo-
hexane (spectroscopic grade) was fractionally distilled. Styrene (inhibitor
free) was stirred over Lindé molecular sieves for 8 hr, fractionally distilled
at reduced pressure, and stored at —10°C. a-Methylstyrene was treated
similarly. Pyridine was dried over molecular sieves before use.

Acetyl chloride and terephthaloyl chloride were fractionally distilled,
the latter under reduced pressure. Adipyl chloride was synthesized from
thionyl chloride and adipic acid, then doubly distilled. Phosgene from a
cylinder was condensed at —15°C, purged with nitrogen for 1 hr to remove
CO: and HC1 and used within 2 hr.

Stilbene (BDH laboratory grade) was used as supplied. Sodium and
lithium were freed of oxide layers and washed with toluene. The sodium
was then dispersed in hot toluene and filtered off for use. Solutions of
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dilithiostilbene (1:2 dilithio 1:2 diphenyl ethylene) were prepared by reflux-
ing solutions of stilbene in THF over lithium turnings for 2 hr.  Solutions
of a,co-disodio a-methylstyrene tetramer were prepared by reaction of
«-methylstyrene in THF with a sodium dispersion at 0°C for 1 hr. Both
of these metal alkyls were filtered (to remove excess metal) and standardized
with aqueous hydrochloric acid.

sec-Butyllithium was supplied as a solution in n-heptane by Pfizer I.Id.,
it was filtered and standardized with aqueous hydrochloric acid.

Preparation of Living Polymers

The techniques used in preparing the “living” polystyrenes have been
described previously.6 Polystyrene molecular weights (unless otherwise
stated) were calculated from intrinsic viscosities measured in benzene solu-
tion at 25°C by the equations of Ivrigbaum and Flory.9

The authors wish to thank Dr. R. N. Haward for valuable discussions and Messrs.
A. Bridgford, R. Cureton, and D. Worrall for experimental assistance.
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Polymers of 2-Vinyl-1,3-Dioxolanes

J. DAVID NORDSTROM,* Ashland Chemical Company,
Research Center, Bloomington, Minnesota 5520

Synopsis

Lewis acid-initiated polymerizations of 2-vinyl-1,3-dioxolanes have been studied.
Evidence is presented showing at least three types of structural units in the polymer.
Polymerization is propagated by 1,2 addition, by acetal ring opening, and by rearrange-
ment, ring opening mechanisms. Polymerization is accompanied by the formation of a
dimer consisting of a 1,4-dioxepane and 1,3-dioxolane ring. Film formers from metha-
crylate esters of vinyl dioxolane compounds are also described.

INTRODUCTION

This work was part of a program to prepare film formers which could be
applied in liquid form and be cured without the loss of inert volatile mate-
rials (solvent). The materials under investigation were multifunctional
so that crosslinked, chemically resistant films could be prepared.

A monomeric material with a vinyldioxolane portion and an acrylic ester
portion (1) was prepolymerized with Lewis acids to a viscous liquid. This
was convertible to a crosslinked, insoluble film by free-radical sources. The
conversion was accomplished by heat or at room temperature under ultra-
violet light radiation or with a redox initiator system.

CHa=CH
/ CH\
0 0 0 R,
\ i
ch2—ch— r,— OC— C=CHo CH3— CH— R3
I, R,= H, CH3 I, R3= H, CH3

While attempting to optimize prepolymerization conditions, the cationic
polymerization of model vinyldioxolanes were studied. During the course
of the study an interesting phenomenon was discovered. The infrared
spectrum of the polymerized material exhibited an absorption in the car-
bonyl region. This suggested the possibility of the rearrangement, ring
opening polymerization shown in reaction (1). Recently, Tada et al.l
published results of Lewis acid-initiated polymerization of 2-vinyl-I,3-

*Present address: Industrial and Chemical Products Division, Ford Motor Company,
Dearborn, Michigan 48121.
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dioxolane (2VvD) which showed evidence for this mechanism. The present
work shows a number of other interesting events occurring in this polymer-
ization reaction, including ring-opening polymerization and dimer formation.

I® + CH,=CH |I— CH2— CH®
|
C C
H H
0 0 3 .
CH— CHR CHjCH—R
ICHZCH? ICILCH.
,C=0
0
\
'CH2— CHR CH.,%H@ @

Two types of products are isolated from the reaction mixture. A poly-
mer of relatively high molecular weight is precipitated from aliphatic
hydrocarbons and a liquid material containing a vinyldioxolane dimer is
obtained from the precipitation solvent.

This report describes the him formation from the acrylate-dioxolanes,
presents evidence for the structure of the dimer, and discusses the polymeri-
zation of 2-vinyldioxolanes and the polymer structure.

EXPERIMENTAL

The spectroscopic investigations were performed with a Perkin-Elmer
Infracord infrared spectrometer and a Variai) AO0 N.MR spectrometer.
Elemental analysis were done with an I' A M carbon-hydrogen-nitrogen
analyzer (Model 185) and molecular weights with the Mechrolab vapor-
pressure osmometer (Model 301A).

Synthesis of Cyclic Acetals

The vinyldioxolanes were all prepared according to the procedure of
Fischer and Smith.2

Synthesis of Methacrylate Functional Vinyl Dioxolanes

The esters were prepared by transesterification of methyl methacrylate
or methyl acrylate in the presence of sodium methoxide.3 The dioxolane
containing alcohols used were 2-viny1-4-(4-hydroxy butyl)-l,3-dioxolane,
2-vinyl-5-ethyl-5-hydroxymethyl-1,3-dioxane, 2 - vinyl- 4-hydroxymethyl-
1,3-dioxolane, and 2-(I-propenyl)-4-(4-hydroxybutyl)-1,3-dioxolane.



POLYMERS OF 2-VINYL-1,3-DIOXOLA.NES 1351

Polymerization Procedure for Model Compounds

The monomers were distilled just prior to use and dried by chromatogra-
phy through alumina. In the cases where methylene chloride was used as
solvent, it was redistilled in glass at atmospheric pressure. The boron
trifluoride etherate was redistilled prior to use. The monomer, cocatalyst,
and solvent (if used) were sealed in a serum-capped bottle containing a
magnetic stirrer. The solution was cooled at 0°C in an ice-water bath.
The initiator was added dropwise with stirring over a 60-sec period. The
solution was kept at 0°C for 30 min and then allowed to warm to room
temperature. The mixture was stirred at room temperature overnight
and then worked up.  The initiator was inactivated by addition of a slight
excess of 30% ammonium hydroxide. The solvent was removed by reduced
pressure distillation and the polymer isolated by precipitation into hexane.
After reprecipitation the polymer was dried under vacuum (1 mm Hg).
The liquid product was isolated by reduced pressure distillation of the
hexane solvent. The reactants, reaction conditions, yields, and molecular
weights of products are shown in Table I.

Polymerization of Methacrylate-Functional Vinyldioxolane

4-(4'-Methacryloxybutyl)-2-vinyl-I,3-dioxolane | [Ri=(CH2s», R2CH J
was treated as described above. Boron trifluoride etherate (2 wt-%) was
added to the neat monomer containing 2 wt-% hydroquinone. The prod-
uct was worked up by dissolving it in benzene and washing with 10%
sodium hydroxide solution and then saturated brine. After drying the
benzene solution over MgSCR, the benzene was stripped, leaving a light
yellow syrup having a viscosity of 2.5 S.

Film Formation from Polymer of |

To 10 g of the resinous product described above was added 0.083 g
cobalt naphthenate and 0.10 g of methyl ethyl ketone peroxides. A 0.003-
in. thick film was drawn on glass plate by a doctor blade. The film was
nontacky after 6 hr and resistant to attack by methyl ethyl ketone after
24 hr. The Sward hardness was 60.

Isolation of the Dimers

The liquid product from the polymerization of 2-vinyl-4-methyldioxolane
was distilled under reduced pressure; 58% of the material distilled at 115—
132°C at 0.01 mm Hg. The residue was solid at room temperature but
still soluble in acetone.

The distillate exhibited the following infrared absorptions: 3070,
1640 cm-1 (weak, C=C); 2960, 2920, 2860 cm-1 (strong, C—H); 1460,
1370 crewl (strong, C—H); 1410, 930 cm-1 (medium, C=C); 1165,
1090 cm-1 (strong, C—0O—C).

The molecular weight (Mechrolab vapor-phase osometer, benzene
solvent) was 232. (Calculated molecular for Ci:H:0 4 is 228.)
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TABLE I
Nuclear Magnetic Resonance Absorptions
Absorption
(vs. TAIS), Description Relative
ppm area, % Assignment
1.15 double triplet 30 C—CH:i of dioxolane and
dioxepane rings
1.95 multiplet 5 C—CI I—C of dioxepane
3.0-4.5 many overlapping patterns 45 O—CH—C in both rings
4.95 singlet 5 vinyl hydrogen
5.1 doublet 5 O—CH—O in dioxolane
5.4 singlet 5 vinyl hydrogen
5.6-6.4 octet 5 vinyl hydrogen

Elemental analysis showed C = 63.37% and H = 8.97%. (Calculated
values for CiH2004are C = 63.11%, H = 8.83%.)

Nuclear magnetic resonance absorptions as determined on a (Varian
A-60) are listed in Table II.

Distillation of the liquid product from 2-vinyl-1,3-dioxolane polymeri-
zation gave 75% recovery of a liquid distillate (bp S0-S3°C/0.1 mm Hg).
The molecular weight was 207 (ealed for CidHisos = 200). Elemental
analysis showed C = 59.40%,, H = 7.74% (ealed for C.d1, 4:C = 59.99%,
H = 8.05%). The features of the infrared and nuclear magnetic resonance
spectra were similar to those of the 2-vinyl-4-methyl-J ,3-dioxolane dimer
except for the methyl group features.

RESULTS

Film Formation from Difunctional Materials

Early work resulted in a wide variance in viscosity when the methacry-
late-dioxolanes were treated with boron trifluoride etherate. It was dis-
covered that hydroquinone, used as an inhibitor in synthesis, codistilled
with the monomer and acted as a cocatalyst for the cationic polymerization.
Controlled levels of this or other hydrogen donating cocatalysts resulted
in reproducible viscosities.

Several methods were used to convert the methacrylate functional
prepolymers to crosslinked films. The use of a peroxide-metal redox
system at room temperature resulted in films which were nontacky after-
several hours and resistant to solvent attack after one day. The films
developed Sward hardnesses of 50-70. Puddles of ketonic solvents stand-
ing on the fully cured films for several hours did not soften the film surface.
Weight loss measurements on the films at room temperature during cure
showed that a minimum of 93% of the original weight was reached after
30 min and then a small weight increase occurred. Peroxide development
upon vinyl dioxolanes have been described,4and this is likely an important
process in the development of a hard surface.
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Polymerization of the Model Compounds

Table I shows the results of a variety of conditions for the polymerization
of 2-vinyl-4-methyl-1,3-dioxolane (2V4\MD). The effects of initiator
levels and cocatalyst concentrations are those expected for a chain process.
The presence of a hydrogen-donating cocatalyst is necessary for significant
conversion of monomer to product. Hydroquinone was especially con-
venient, since it is easily handled and weighed in small quantities. It was
valuable in the methacrylate functional dioxolane polymerization, as it
prevented premature gelation during polymerization and storage. Poly-
merizations attempted at 35°C or higher resulted in runaway polymeriza-
tions and yielded insoluble products. The polymerization described in
Table I had to be cooled in an ice bath for the initial 30 min due to an
exothermic reaction when the initiator was added.

The unsubstituted 2-vinyl-1,3-dioxolane (2VD) was more reactive toward
BF;-Et,O-initiated polymerization, requiring the presence of cocatalyst
and solvent to moderate the reaction so that soluble polymer was obtained.
A higher ratio of polymer to dimer resulted from the polymerization of
2-VD.

Other Cyclic Acetals

Attempts to polymerize 4-methyl-1,3-dioxolane and 2-ethyl-4-methyl-
1,3-dioxolane under conditions which cause 2V4MD and 2VD to polymerize
resulted in no polymer or dimer. The dimethyl acetal of acrolein gave no
nonvolatile products under these polymerization conditions. Both type
of reactive species, cyclic acetal and vinyl unsaturation, appear to be
necessary for polymerization to oceur.

2-Vinyl-1,3-dioxane (2VDOX) was polymerized in a similar manner. A
vigorous exotherm occurred, and slow initiator addition to a cold solution
was necessary to prevent local gel formation. A low molecular weight
product was isolated from the dioxane polymerization which was very
similar to the dimer from the dioxolanes, but it was not characterized.

Characterization of the Dimer

In every case where polymerization occurred, a low molecular weight,
material was isolated by removing the precipitable polymer. The molecu-
lar weight of the liquid product from 2V4MD was always in the 280-340
range. Gas chromatography showed that the major portion was a single
compound. Upon vacuum distillation about 609}, was recovered and was
shown to be a single compound by gas chromatography. The compound
was identified as III by elemental analysis, molecular weight and nuclear
magnetic resonance. The position of the methyl group on the dioxepane
ring of III has not been established. Distillation of the liquid produect of
2VD polymerization gave 759, yield of product IV. The elemental analy-
sis, nuclear magnetic resonance spectrum, and molecular weight established
the structure of IV. The position of the dioxolane substituent on the
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CH,=CH
O-CH
XH
O—CH— CH, 0"\ N o-ch2
| CH— CH
ch2 '0 —CH,
CH, CH,
N ) L} [

v

dioxepane ring is shown by the presence of just one proton in the 2 ppm
region of the N.\IR spectra of the two compounds.

Compound 111 was refluxed in methanol for 72 hr with a trace of acid
catalyst, and the new compound isolated was the dimethyl acetal of 11l
(identification by nuclear magnetic resonance).

Rearrangement Polymerization

Saponification of four separate polymers of 2V4MD in IN methanolic
potassium hydroxide indicated ester equivalent weights of 1200-1400.
Apparently S-10% of the units are the result of the rearrangement, ring-
opening mechanism outlined by Tada et al.1

DISCUSSION

The study of the polymerization of model vinyldioxolanes show that
the methacrylate functional syrups produced by the cationic polymerization
of type | compounds are mixtures of monomer, dimer, and higher molecular
weight species. The monomer and dimer are capable of participation in
the free-radical crosslinking of the polymer and provide the fluidity neces-
sary for making films under ambient conditions.

TABLE 111
Relative Nuclear Magnetic Resonance Absorption of Vinyl Dioxolanc Polymers

Polymer 0-3.0 ppm 3.0-4.5 ppm 4.5 ppm
C— CH2—-CH—C

0" h'vO o.tio 0.30 0.10
I H |
CH—CH— CH;

Runs 0.53 0.30 0.11

C—CH—CH-C

G-i"0 «'>

Run BE 0.20 0.50 0.15
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The isolated polymers of 2V4MD and 2VD have been studied by nuclear
magnetic resonance and apparently are not simply 1,2-addition polymers
with a few units resulting from the rearrangement ring opening mechanism.
The fact that neither noncyclic vinyl acetals or dioxolanes without the
2-vinyl group undergo significant polymerization under the conditions
described above indicates that the propagation steps must involve both
the vinyl group and the cyclic acetal portion. Previous reports indicate
that 2-substituted dioxolanes will not undergo cationic polymerization.56

Table 111 compares the absorption regions of the nuclear magnetic reso-
nance spectra of the 2VvD and 2V4MD polymers with theoretical absorp-
tions if 1,2-addition were the sole propagating mechanism. Units of the

H

type —C—C—C or C—CI13will absorb in the 0-3 ppm range, those with
H

—0—C—C— units in the 3-4.5 ppm region, and protons on unsaturated
carbons or acetal protons absorb higher than 4.5 ppm. Studies of model
compounds verify these assumptions. The spectra of the 2V4MD polymer
exhibits a large C-mcthyl absorption at 1.3 ppm, a low broad absorption
peaked at 1.7 ppm, two broad maxima centered at 3.5 and 4.05 ppm, a
small broad absorption at 5.05 ppm, and very weak absorption features of
the vinyl group in the 5.2-6.3 ppm region. The noteable features are the
increased absorption in the 3-4.5 ppm region with an accompanying
decrease in the 0-3 ppm region. There is an increase in absorptions above
4.5 ppm. The rearrangement mechanism [reaction (1)] does not explain
these features since that propagation step would yield a repeating unit
with increased absorption in the 0-3 ppm region.

The increased absorption in the 3-4.5 ppm region indicates more ether-
like structure in the polymer. The new absorption appears primarily at
3.5 ppm. This is the region where polyfethylene oxide) shows strong
absorption. The infrared spectra of the polymers exhibit a larger, broader
absorption than do the monomers in the C—O—C region (1100 cnrl).
This evidence supports a propagation mechanism involving ring opening
as well as 1,2 vinyl addition polymerization. Electrophilic attack of the
propagating species on an acetal oxygen would produce a species of carbo-
nium ion, stabilized by resonance into the vinyl portion and by the neigh-
boring oxygen. Okada5reported evidence for bond scission between the
O—C: bond in the polymerization of unsubstituted cyclic acetals.

CH,=CH
C

ch2—ch?2
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The intermediate species VV would be capable of propagating the polymeri-
zation through a vinyl group or ring oxygen of another monomer. This
unit introduces unsaturation onto the polymer backbone and replaces a
carbon-carbon backbone unit of the 1,2 vinyl polymer with an oxygen-
carbon-containing backbone unit.  Units from ring opening polymerization
would increase the nuclear magnetic resonance absorption in the 3.0-4.5
ppm regions. This evidence along with that of Tada et al. supports the
presence of at least three types of repeating units in the backbone. A
polymer of structure VI, with 70% of x units,

CH, H 0
| | |
-CR— CH=-mme -OCH— CH.,0— C- -CH,,CH,COCH,CH-
o
ANTH N CH=CH, '
[o]
CR— CHCHi
Vi

20% y units, and 10% z units, would have a ratio of NMR absorptions in
the three regions discussed above of 0.54: 0.33:0.13 compared to the
actual ratio of 0.53: 0.36: 0.11 (Table Ill). Tada presented quantita-
tive evidence for the amount of glycol produced by acid hydrolysis of the
polymer. Both units, x and y, would yield glycol, and only unit z would
be a non-glycol-producing unit.

Dimers and other low molecular weight species are often isolated in
cationic polymerizations of cyclic ethers and acetals and in copolymers of
vinyl compounds with cyclic ethers.7-10 Much evidence has been presented
to describe their formation by a depolymerization or back-biting mecha-
nism. If a dimer of structure I1l1 were to be produced by back-biting,
the unit involved must be one introduced by a 1,2 addition mechanism
where the a carbon was the entering position. Tada could find no evidence
for

P— CH,— OCH— CROCH------- CH— CH,® — PCH% + Il
CH, CH /OH
@ / J)
CH \CRCHCH,
P— CH— CH,— 0— OH— CROCI!' P+ H
ANCH\A CH, CH= CH,
< 0

/
CR-  CH— CH,
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attack at the a carbon during chain propagation. This attack would
probably introduce C—CH3groups by isomerization or in the rearrange-
ment ring opening step. There is no absorption in the C—GH3region of
the nuclear magnetic resonance spectrum of the 2VD polymer.

It seems more likely that the dimer is formed by a direct process of some
type. Dietrich et al.9 showed that dimers were foi'med directly in the
copolymerization of dioxolane and chloral. If dimer formation is in com-
petition with polymerization, then more dimer should form from a monomer
which polymerizes with difficulty. Table | shows that dimer formation is
considerably more prevalent with 2vV4MD than with the 2VD monomer.
Prior studies56indicated that 4-substituted dioxolanes do not polymerize
as well as unsubstituted dioxolanes due to steric hindrance.

The processes occurring in the cationic polymerization of vinyldioxolanes
are complicated. Besides the variety of reaction steps that can occur in
ionic polymerizations of simple materials, the multiplicity of propagation
steps with this type of monomer makes a very complex process.
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Graft Polymerization of Styrene on Lithiated
Poly(2,6-Dinietliyl-1,4-Phenylene Ether)

A. J. CHALK and T. J. HOOGEBOOM, General Electric Research and
Development Center, Schenectady, New York 12301

Synopsis

Styrene has been grafted onto poly(2,6-dimethyl-l1,4-phenylene ether) (1) with the
use of lithiated | as an initiator. In benzene solution, solvent metalation resulted in
some polystyrene homopolymer. In tetrahydrofuran, however, only graft copolymer
was formed. By forming a derivative with trimethylchlorosilane and examining by
NMR, it was possible to establish the proportion of lithium scavenged by impurities,
the amount of polymeric lithium which reacted with styrene, and the amount which
did not. The chain length of the grafted polystyrene was also calculated. No cross-
linking was found, except where a high ratio of lithium to styrene resulted in some
unreacted ring-metalated polymer. In this case only, reaction with trimethylchloro-
silane causes some crosslinking.

INTRODUCTION

Earlier papers describe the direct metalation of poly(2,6-dimethyl-1,4-
phenylene ether) (1) with alkali metals and its use for the synthesis of graft
copolymers by reaction with vinyl monomers.12 This paper in the series
reports the results obtained in further investigating the graft polymeriza-
tion of styrene onto lithiated | and the synthesis of graft copolymers of
controlled dimensions.

Anionic polymerization offers one of the most versatile methods of poly-
mer synthesis. It allows the formation of living polymers capable of
building successive blocks, and the carbanions are capable of undergoing
all the varied reactions of Grignard or organolithium reagents. Corre-
spondingly the use of polymeric polyanions offers one of the most versatile
methods of graft polymer synthesis. In a clean system, the ratio of the
monomer concentration to the number of metalated sites directly deter-
mines the chain length of the grafted polymer, and this fact may be checked
by terminating the reaction with a suitable marker such as trimethyl-
chlorosilane.  Trimethylsilyl groups are readily identified by NMR which
provides a sensitive measure of their concentration and chemical environ-
ment.12

Reviews on block and graft copolymerization3-7 reveal that anionic graft
polymerization has, however, received little attention. A number of pa-
pers have recently appeared on the subject,8-16 but the systems used have
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suffered from a variety of problems,8including chain scission during meta-
lation134 and crosslinking.12% On the contrary, the metalation of | can
be accomplished without chain scission or crosslinking.12 The reaction of
lithiated | with trimethylchlorosilane can result in crosslinking, but this
appears to be related to the presence of ring-metalated sites2which would
not be present if completely reacted with a monomer such as styrene.

The choice of solvent is an important consideration, since even though
butvllithium may have completely disappeared by reaction with I, solvent
metalation can still give species capable of initiating styrene homopoly-
merization. For this reason, results in benzene and tetrahydrofuran are
discussed separately.

EXPERIMENTAL

Materials

The materials are described in the previous paper.2 The styrene was
stirred overnight with calcium hydride and distilled in vacuo immediately
prior to use.

Graft Polymerization of Styrene

Lithiated | was prepared with butyllithium as described previously2
with the use of solvents degassed under nitrogen. Unless otherwise noted,
I was left 1 hr at room temperature after addition of butyllithium to ensure
complete reaction before adding styrene. Styrene addition was made at
room temperature when benzene was employed as solvent and at —40°C
when tetrahydrofuran was used as a solvent. After varying times, the
reaction was terminated with methanol or trimethylchlorosilane, the poly-
mer recovered by precipitation in methanol, and dried in vacuo at 70°C for
IS hr.

Samples were examined by NMR (Varian AGO CDCL solution, dioxane
standard), gel-permeation chromatography, automatic osmometer (Halli-
kainen model 1361), capillary viscometer, and light-scattering photometer
(Brice-Phoenix). Except for NMR, all measurements were made in ben-
zene solution.

Determination of the Ratio of Polystyrene to |

The NMR spectra of polystyrene and (I) overlap in both the aromatic
and aliphatic regions (see Fig. 2). For this reason, the only ratio of areas
which can be obtained accurately is R (total aromatic/total aliphatic) =
on + 2m/3n + 6m, where n/m = molar ratio of polystyrene/l. Unfortu-
nately, a 5% error in R results in a 15% error in n/m.

A somewhat more accurate determination can be made from infrared
measurements by using a band at 695 cm-1 in polystyrene and a band at
1185 cm-1in I.T7
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RESULTS AND DISCUSSION

On adding styrene to the lithiated polymer, the deep red color of the
styryl anion was observed. The polymerization was accompanied by a
noticeable exotherm and increase in viscosity. At the higher concentra-
tions of lithium, the met.alated polymer precipitates from solution to some
extent,2so that the styrene polymerization becomes a heterogeneous reac-
tion. In Table | samples 1, 2, and 3 gave homogeneous polymerizations

TABLE |
Effect of Varying the Amount of Lithium (Solvent Benzene)
[Liy[n [Polystyrene]/[l]
Yield, (added), mole (found), mole/ Molecular weighto
Sample % BulLi/120 g la mole monomers Graft Homopolymer
1 55 0.05 0.26 104 None
2 So 0.10 0.68 104 5000
3 86 0.20 0.88 104 2000
4 86 0.50 1.03 104 None
5 80 1.0 0.78 104 5000

alnitial values.

b Determined by NMR, added ratio = 1.0.

cMaximum in gel-permeation chromatograph. These compare to a value of 40,000
found for initial I.

(benzene solvent). When tetrahydrofuran was used as solvent, somewhat
higher levels of lithium could be used in a homogeneous system (samples
22-31). The results will be discussed in terms of the solvent used.

Benzene Solution

The formation of graft copolymers was clearly shown by the molecular
weight distribution curves obtained from gel-permeation chromatography.*
Figure 1 shows a typical curve revealing the presence of both styrene
homopolymer and graft copolymer. Styrene homopolymer presumably
resulted from solvent metalation to form phenyllithium.2 The styrene
homopolymer usually coprecipitated with the graft copolymer except when
large ratios of lithium to styrene were used. In such cases the molecular
weight of the polystyrene was often low enough for it to remain in solution
in the precipitating solvent. No unreacted | was found.

The amount of polystyrene homopolymer cannot be obtained accurately
from gel-permeation chromatographs such as Figure 1, since the different
fractions vary in composition and structure. Further, the abscissa is not

*Maxima in gel-permeation chromatograms (GPC) occur at approximately m w foi
the most, probable distribution of linear polymers (m ,,7mn — 2).18 The GPC appearance
volumes depend on the hydrodynamic volumes of the polymer molecules.i.o»o For graft
copolymers of the type discussed here, maxima should occur at molecular weights
somewhat lower than m w, since the masses of the molecules are increased by grafting
without a proportional increase in the hydrodynamic volumes (see Table V).
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GRAFT
COPOLYMER

Fig. . Styrene polymerization on lithiated 1. Formation of styrene homopolymer
with benzene ns solvent.

linotir in log molecular weight. In spite of this the areas were found to be
approximately proportional to weight fractions partly because of the simi-
lar refractive indices for (I) and polystyrene. The amount of styrene
which grafted onto (I) was generally in excess of 50%.

Table 1 shows the effect of varying the amount of butyllithium used.
All samples were left one hour at room temperature after addition of sty-
rene before quenching with methanol. Although graft polymerization
occurred in all cases, the low values of the ratio of polystyrene to 1 for

TABLE I
Effect of Varying (lie Time of Styrene Polymerization (Benzene Solvent)

Molecular weight

Time, Yield, [Lil/(11 [Styrene]/[I] Homo-

ample min® % (added) (Added. (Found) Graft polymer
G 0.0S 37 01 2.0 <o0.1 100000 None
7 1 30 0.1 2.0 <o0.1 100000 None
8 2 40 0.1 2.0 0.07 100000 None
] ](1 56> 0.1 2.0 0.6 100000 2200
i) 20 S0 0.1 2.0 1.3 100000 5000
11 60 85 0.1 2.0 2.3 110000 soon
12 120 0L 01 2.0 2.5 110000 0000
13 1SO 08 0.1 2.0 2.0 110000 0000
14 480 06 0.1 2.0 2.6 130000 10000
15 4320 06 0.1 2.0 2.1 130000 8500

“Time allowed for the styrene to react with lithiated polymer before quenching with
trimethylchlorosilane.
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samples 1 and 2 indicated incomplete reaction. The amount of lithium
was then kept constant, and the length of time allowed for the styrene
polymerization varied (Table Il1). Here several factors can be used to
judge completion of reaction, namely a high yield, a constant maximum
value for the molecular weights, or the ratio of polystyrene to | found.
When the styrene polymerization was terminated by trimethylchlorosi-
lane, information was obtained both on the amount of lithium and whether
or not it initiated polymerization. Figure » shows relevant parts of the
XMR spectrum of sample 19, Table Ill, which was typical of samples
17-21. Absorption at 9.53 r is typical of | substituted on the ring position
with Si(CHs)s. A broad absorption from 1001 to 10.27 r was similar to
that found for low molecular weight polystyrene terminated with trimethyl-
chlorosilane (10.13-10.27 r). Unfortunately the latter absorption is con-
tiguous to the value expected for Si(CHs)s on the side chain of I (10.05 r) 2
This makes it difficult to know whether such an absorption is present.
However, the bulk of the absorption from 10.00 to 10.27 r would seem to
be due to SitCHsU ... polystyrene. From the areas of these two absorptions,
the corresponding amounts of silicon were calculated and expressed as a
percentage of the amount of butyllithium added (Table IIl), included
in Table 11l are data for sample 10, which gives the values expected at
9.53 and 10.05 r for | in the absence of styrene. These values are the
average for a number of samples. From the values at 9.53 r it is apparent
that a considerable amount (generally > 50' () of the lithium on the ring
position of I, initiated styrene polymerization. If Si(CHs)s substituted on
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TABLE 111
Identification of Lithium on Graft Copolymer by Trimethylchlorosilane
Quench (Benzene Solvent)

Time, [Styrene]/[I1] Si found, %a
Sample min Added ” Found 953 r 10.06-10.27r

16 0 0 48b 28b
17 10 2 2.1 30 4S
18 20 2 2.0 30 48
19 30 2 1.8 16 38
20 40 2 1.6 18 38
21 60 2 1.9 12 42
6 0.08 2 <0.1 8 12
7 1 2 <0.1 16 14
8 2 2 0.07 8 16
9 10 2 0.6 4 16
15 4320 2 2.1 0 40

a100% would correspond to the amount of butyllithium added, which for samples
16- 21 was 1 mole per 2 equivalents of I (240 g) and for samples 6-15 was. 1 mole per
10 equivalents of I.

bThese are the values expected for I at 9.53 and 10.05 r in the absence of any styrene
(for 1 mole butyllithium per 240 g I).

the methyl group of | is assumed to absorb only at 10.05 «, it can also be
said that a considerable amount of the lithium in this position also initiated
styrene polymerization. The absorption corresponding to low molecular
weight polystyrene (10.06-10.27 r) includes a fraction due to styrene homo-
polymer. The homopolymer was removed experimentally in some cases by
reprecipitation of the graft copolymer in octane. The NMR spectra of
the resulting pure graft copolymers gave slightly lower values than those
in the fourth and sixth columns of Table I1l. The shape and range of the
absorptions from 10.06 to 10.27 t were unchanged, however, showing that
these truly represented Si(CH33on grafted polystyrene.

At the low level of butyllithium used in Table Il the Si(CH33absorp-
tions were so weak that they were only clearly evident in some cases.
These are included in the latter half of Table I11. Styrene polymerization
was slow in this case but appears to be complete for sample 15, since it had
the expected [polystyrene] 17 ratio. It showed only a single absorption
at 10.06 r in the Si(CH33region. This was accordingly attributed to
silicon at the end of a longer polystyrene chain than was present in samples
17- 21

From the results of Table I11 it appears that it is possible to react all the
lithium on | with styrene only if the amount of lithium is quite small, at
least in comparison to the amount of styrene.

An average value for the chain length of the polystyrene present as both
homopolymer and graft copolymer was obtained by assuming the sixth
column of Table Il represented only lithium at the end of polystyrene
chains. The corresponding molecular weights agree quite well with molec-
ular weight values for the homopolymer obtained from gel-permeation
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TABLE 1V
Molecular Weights

Molecular weight

Graft Polystyrene Polystyrene
Sample (I-polystyrene)* homopolymer= (average)®

17 80000 1050 910
18 80000 1000 940
19 80000 1020 960
20 80000 1100 870
21 80000 1030 ' 920

9 100000 2200 3900
15 130000 8500 5300

2 From gel-permeation chromatography (GPC).
b Caleulated average value for homopolymer and graft (see text).

chromatography (Table IV). To a first approximation then it appears
that the polystyrene grows to a similar length regardless of whether it is
initiated by Lithium on I or phenyllithium. Table IV also includes data
for the two samples (9 and 15) where a smaller amount of butyllithium
was used, resulting in higher molecular weights.

Tetrahydrofuran Solution

No homopolymer was found in any of the samples. Presumably this
is due to further reaction of the metalated tetrahydrofuran to produce
lithium alkoxides incapable of initiating styrene polymerization.

Table V gives the results for varying polymerization times for two butyl-
lithium concentrations. Iigure 3 shows the relevant parts of the NAMR
spectrum of sample 27. As in the earlier results, there were NMR ab-
sorptions at both 9.53 7 and 10.06-10.27 7. As before, in the absence of
styrene, one would expect absorptions at 9.53 and 10.05 = with areas in
the approximate ratio 2/1. Clearly with these large amounts of lithium
on the polymer, the styrene polymerization in tetrahydrofuran is so fast,

TABLE V
Polymerization of Styrene on Lithiated I in Tetrahydrofuran

Time, Yield, [Styrene]/[1] Si found, % Mol. wt.

Sample min % Added Found» 9.53 + 10.06-10.27 r of graft
22 2 27 2 2.4 33 22 150000
23 5 42 2 2.5 35 28 170000
24 10 84 2 3.8 36 29 160000
25 60 90 2 2.3 35 29 100000
26 10 38 2 2.5 32 18 100000
27 60 36 2 2.1 34 18 130000

a Calculated from infrared measurements.

51009, corresponds to the amount of butyllithium added, which for samples 22-25
was 0.4 mole per equivalent of T and for samples 26 and 27 was 1.0 moles per equivalent
of T.
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Fig. 3. NMR of I-Polystyrene graft copolymer (sample 27).

even at —40°C, that much of the lithium on the ring position remains
unreacted.

Table VI shows some results of varying the lithium concentration for
a constant ratio of the two polymers. The length of time allowed for
styrene polymerization was 18 hr to ensure complete reaction at the lower
lithium concentrations. Surprisingly, even at the higher concentrations a
much higher fraction of the lithium turned up at the end of polystyrene
chains (e.g., samples 30 and 32). This would seem to indicate a slow poly-
styrene depolymerization followed by reaction with metalated sites on I.
At the lowest levels of butyllithium, e.g., [Li]/[I] = 0.02, no polymerization
took place. This probably resulted from a scavenging of such small
amounts of butyllithium rather than slowness of reaction. At the lower
concentrations of butyllithium, a trimethylsilyl absorption appeared only
at 10.06 r; this was attributed to silicon on polystyrene. Irom these
values a polystyrene chain length was calculated and assumed to be correct

TABLE VII
Variation of 7', with Polystyrene Chain Length

T, (from DSC), °C

Sample Chain length* At 40°C/min At 80°C/min
29 46 122.1 123.6
31 18 121.9 123.4
33 8 121.8 122.3

a Calculated from the ratio of styrene found to lithium found on polystyrene for the
trimethylchlorosilane terminated samples.
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also for the corresponding methanol terminated samples which were as-
sumed to be identical except for the lack of a silicon end group. The latter
samples (29, 31. and 33) thus had identical 1/polystyrene compositions and
varied only in the number and chain length of the polystyrene grafts.
They were examined by differential scanning calorimetry (DSC); the
results are reported in Table VI1

The effect of increasing the number of chain ends is seen to result in a
decreasing value of T,, but the effect is small. All the samples have sig-
nificantly lower values of T,, than a physical mixture of high molecular
weight polystyrene with | of the same composition (Tg = 12G°C).2Z

No crosslinking was found except for sample 32, a sample where ring-
metalated | was terminated by trimethylchlorosilane. This confirms
earlier evidence that crosslinking is associated with these two factors. The
crosslinking is clearly evident from the reduced yield and the molecular
weights from GPC and light scattering for this sample. The values for
Mnand Mmfor the grafts agree quite well with the expected values for a
mole ratio of polystyrene/l of 25 [Mn = 18500 + 2.5(104/120) = 58 500].

In conclusion it may be said that the results confirm that the system is
capable of “tailor-making” graft copolymers if allowance is made for the
amount of lithium lost due to solvent metalation. Measurement of the
average chain length is possible by forming a derivative with a suitable
reagent. A limitation here is the sensitivity with which the trimethylsilyl
group can be detected. The range over which chain lengths can be use-
fully measured could doubtless be increased by more sensitive techniques,
e.g., bv using computer methods to eliminate NMR background noise
(CAT).

Details concerning the synthesis of a wide variety of other graft copoly-
mers will be reported in a subsequent paper.

The authors wish to thank Dr. A. 1l. Shultz, Dr. A. S. Hay, and Dr. E. E. Bostick
for their helpful advice at all times.
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NOTES

Macrocyclic Neopentyl Adipate

Recently, several papers!—3 have appeared in the literature on cyclic oligomers which
are found in fiber-forming and film-forming condensation polymers. These oligomers,
although present in small amounts, can affect product quality and lead to processing
problems. This paper describes the isolation and characterization of an interesting
cyclic oligomer from polyneopentyl adipate.

The oligomer was obtained by liquid-liquid extraction with hexane from a hydroxyl-
terminated poly(neopentyl adipate) ester (M, = 2000), which was made by well known
methods. About 29 of colorless crystalline solid (recrystallized from alcohol) melting
at 127-128°C was isolated. This oligomer was found to have a 22-membered ring
structure:

0 0
O—(!—(JHg—(CHg)g—CHg—(@——O
CH, Ch,
CHs—CLCH;, CHﬁcLCHS
éHz CH,
oacﬁkcnﬁ(CHg).2-4;1{2(ljl—o1
0

This was shown by the results of analyses and determinations of neutralization equiva-
lent and molecular weight.

ANAL. Caled: C, 61.66%; H, 8.47%; neutralization equivalent, 107; molecular
weight, 428. Found: C, 61.59%; H, 8.589,; neutralization equivalent, 107; molecular
weight (by vapor pressure osmomelry in benzene), 435.

The NMR spectrum in CDCl; had singlets at 6.1 = (R;C—CI,—0—), 9.0 =

0

I
(CHy—C-—Cl1;), and multiplets at 7.7 7 (—CH,—CH,—C), 8.3 7 (R—CH,—CH,—1)
in the ratio 2:3:2:2 which agreed with the proposed structure. The infrared spectrum
(Nujol) showed a strong, sharp peak at, 1728 ¢cm~! and no hydroxyl peak in the 3300 cm™*
region.

According to Carothers and other workers,® the 11-membered ring would not be likely
{o form because of nonbonded interactions, although 11-membered cyclic esters can be
made under special conditions. Only (he 22-membered macrocyclic ester was found in
the polyester poly(neopentyl adipate). It is interesting to note that macrocyclic
neopentyl adipate and neopentyl glycol have identical melting points and both sublime.
This may explain why the cyclic ester has escaped detection in these polyesters.
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Reinvestigation of the Reaction of Piperazine with Aldehydes

In our continuing investigations of the reaction of formaldehyde with nitrogen hetero-
cycles and other active hydrogen-containing materials to produce thermosetting ma-
terials it was of interest to investigate piperazine.

The literature reveals few data concerning the products of the reaction of aldehydes
with piperazine. Herz! reported that the reaction of piperazine with an excess of
aqueous formaldehyde at 70°C gave a substance which analyzed for the structure
C4HyN,-2CH,0 and was insoluble in all solvents. Forsee and Pollard? and later
Butler® reported that formaldehyde reacted with piperasine to give a material assumed
to be polymethylene-piperazine based only on its elemental analysis. In addition, the
later product was similar to the product obtained from methylene iodide and piperazine.
More recently Burns and Moss* described the preparation of dimethylpiperazine by the
hydrogenation of the intermediate, but not isolated, dimethylolpiperazine. Forsee and
Pollard? also reported that acetaldehyde and n-butyraldehyde reacted with piperazine
to give products of undetermined structure.

Reacting two or more moles of formaldehyde (379,) with one mole of piperazine at
temperatures ranging from 15 to 85° gave a white solid which was readily soluble in
water and had a molecular weight of 168. The NMR. spectrum of this material was
consistent with the 1,4-dimethylolpiperazine structure, as described in the Experimental
Section of this report. The elemental analysis and infrared spectral data were also
consistent with this structural assignment.

When equimolar amounts of piperazine and formaldehyde were reacted, poly-
methylenepiperazine was obtained as deseribed in Tables I and II. This polymer was
insoluble in all solvents (DMF, DMSO, THF, etc.) except acids.

Under the same conditions, acetaldehyde was found to undergo a polycondensation
reaction even in the presence of trace amounts of piperazine to give nitrogen-containing
oligomers. Diethylamine gave similar results.’

Excess n-butyraldehyde in the presence of piperazine unexpectedly gave a 799, yield
of the mono-N-1-butenylpiperazine and a mixture of 2-ethyl-2-hexenal with higher
molecular weight products. These results suggest that N-piperazinyl-l1-butanol was

Scheme 1.

excess

N / \ 2 (CH.=( / \
Polyacetaldehyde— ~"% pyN NH 2= HocH,—N N—CH,OH
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— CH.CH=0 _/
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HN N—CH=CH—CH,CH,
/
I
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probably an intermediate which dehydrated under the reaction conditions. Another
example exists in the recorded literature which indicates that this type of reaction occurs
with isobutyraldéhyde to give di-re-isobutenylpiperazine under refluxing conditions.s
The isolation of 2-ethyl-2-hexenal also suggests that some of the w-butyraldehyde
undergoes a base catalyzed condensation to its aldol which subsequently dehydrates.
The latter was also found to be true when potassium hydroxide was used in place of
piperazine under the same experimental conditions7 as described in Tables | and II.

Benzaldehyde (1-2 mole) reacted with 1 mole of piperazine at 0-10°C in THF to give
polymers instead of the expected monomeric piperazinyl phenylcarbinols. These
polymers were high-melting and were insoluble in all solvents except acids.2

The data of our investigation are briefly summarized in Scheme 1

TABLE 11

Elemental Analysis and Molecular Weights of the Reaction Products
of Piperazine With Aldehydes

Analysis
Caled Found
Expt Molecular
no. C, % H, % N, % C, % I, % N, % weight*
1 49, 24 9..58 19. 18 49. 39 9.61 19.05 168
2 49..24 9..58 19. 18 48. 92 9.74 19..14 160
3 49..24 9..58 19. 18 49. 15 9. 80 19. 01
4 49..24 9..58 19. 18 49. 13 9. 80 19..00
5 61.23 10 .20 28.58 58.93  10.24  27.84 b
6 61..23 10.20 28. 58 60..02 10 .45 27,95
7 61..23 10 .20 28. 58 59.,47 10.62 27..85
8 67 .89 9.11 8.01 1025
9 65..75 10 .89 17..63 450
10 (1) 76..20 11 .12 75,,65 11.11 —
10 (M) 68.58 11 .42 20.00 68.40 11,36 19..75 140
11 76..20 11.12 75,.95 11.11 —
12 75 .80 8.10 16 .10 75 .45 8.50 15.67 b
13 75 .80 8.10 16.10 75 .66 8.03 16.00 b

“Determined at Galbraith Laboratories, Knoxville, Term, by vapor-pressure
osmometry.

bThese compounds were highly insoluble in all solvents (PRO, THF, C2HsOH, CoHf
DMF) except acids.

The intrinsic viscosities for experiments 6, 12, and 13 in glacial acetic acid were 0.145,
0.093, 0.092 dl/g, respectively, determined at 30.0°C.

EXPERIMENTAL
General Procedure Followed for the Reaction of Piperazine with Aldehydes

The aldehydes and piperazine were obtained commercially and were not further
purified.

To a resin kettle was added the aldehyde and brought to the appropriate temperature.
Piperazine was slowly added, the temperature being kept within the desired range.
After 16-24 hr, the contents were filtered and the filtrate concentrated under reduced
pressure. Two typical procedures are described below. The more detailed data are
given in Tables I and 11.

The NMR spectra were recorded on a Varian Associates A60A or HA100 spectrometer,
and the s values are in parts per million against tetramethylsilane. The infrared spectra
were recorded on a Perkin-Elmer Model 21 spectrophotometer.
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1,4-Dimethylolpiperazine

As an example illustrating the general procedure, 49 g (0.5 mole) of 37% formaldehyde
was added to a resin kettle. The pH was adjusted to 8.0-8.5 with 50% sodium hy-
droxide. The flask was cooled to 0-5°C, and 25.9 g (0.3 mole) of piperazine dissolved in
105 g water was slowdy added, the temperature being kept at 15-20°C. The clear
solution was stirred for 1 hr at 0-5°C and then kept at room temperature for 16 hr. On
concentration of the clear solution under reduced pressure a white solid, soluble in
water, was obtained in 66% yield. The melting point was 360°C. The analysis of the
product is shown in Table Il. The NMR spectrum in D2 showed a singlet at 2.63 s
(157 cps) and another singlet at 4.16 s (249 cps) in tlie ratio of 8:4. Some of the
major infrared absorption bands are: 2.9 (—OH), 3.20 (—N—CH2, 3.52, 8.70, 9.80,
10.10, and 12.52 &

Reaction of Piperazine with n-Butyraldehyde

To a flask with 288 g (4.0 mole) of n-butyraldehyde cooled to —20°C w'as slowly
added a suspension of 172 g (2.0 mole) of piperazine in 300 ml of THF over a period of
1 hr. The reaction was exothermic, and the highest temperature reached in the flask
was 35°C. The reaction mixture was stirred for an additional hour at 0°C, and then
200 ml of THF was added. The flask w'as then stirred at room temperature for 16 hr,
filtered, washed, and dried. The solid product of iV-l-butenylpiperazine (I) was
obtained in 79% yield, mp 83-85°C. The analytical data are summarized in Table Il.

The major infrared absorption bands (KBr disk) were at 3.4, 3.57, 6.05 ( C=C ),

S.65, and 10.08 ix

\
NMR (CDChi) showed a triplet at 0.98 s (—CI113, multiplet at 1.98 s (/ CH), mul-

tiplet at 2.98 8 (N—C—C—N—C—C), multiple! at 4.5 5 (=C11—CH2), and a doublet
|
at5.7 5595 (—N—CH=).

This material appears to polymerize on standing in chloroform to give a red solution,
as seen by the disappearance of the vinyl protons in the NMR.

The residue was vacuum-distilled to yield 2-ethyl-2-hexenal and a high boiling residue
as described in Table 1. The 2-ethyl-2-hexenal had an infrared spectrum identical to
an authentic sample made by the reaction of n-butyraldehyde and potassium hydroxide
(Table 1). Some of the major infrared absorption bands w'ere as follows: 3.37,

\ \ /
590 ( C=0), 6.07 ( C=C ), 6.85, 9.25, 9.42, and 1253 M
y / \

\!
The NMR showed a multiplet at 0.95 s (—OH3), multipletat 1.5 5( CH2, multiplet

at 2.25 s (CH2, triplet at 6.15 s (—CH=), and singlet at 9.0 s (—CH =0).

The analytical data are given in Table Il. The elemental analysis was obtained by
Dr. Stephen M. Nagy, 78 Oliver Rd., Belmont, Mass. The molecular weight determi-
nations were carried out at Galbraith Laboratories, Knoxville, Tenn.
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