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tained about one C Klabeled ethyl group per molecule.l3 The C X4 specific
activity in these polymers gave Mnvalues directly, with appropriate cali-
bration converting counts per minute to moles of C 4labeled alkyl groups.

This method cannot be used directly on systems in which chain transfers
with monomer or solvent, or via hydride formations give nonlabeled new
chains or in which chain termination is by bimolecular combination.
However, when properly used with other methods of molecular weight de-
termination, it yields a wealth of information.

Viscometric Determination of M n

By refractionation of fractions of 50 g. samples of Hi-fax polyethylene,
Henry¥obtained

b] = 4.60 X 10-4ii?,07 @)

for fractions of very narrow distribution. To obtain Mw; it is assumed that
the Wesslau distribution function adequately describes the polymers,

Mw= Mo exp {yZT} (2

Mn= Moexp {-074} 3)
and

Mn= Moexp {a”~/i} 4)

The definitions of Mo and d can be found elsewhere.6 Combination of
egs. (1), (2), and (4) gives

b] = 4.60 X 10-4il?K-Bexp {(a/324)(a-1)} (5)

Values of d w'ere determined by polymer fractionations.
Sometimes, the value of d is not known. Then Mwmay be calculated
from viscometric data by using Chiang’s equation,3

b] = 6.77 X 10"4Mw"-v (6)

This equation gives the correct Mwif the unknown polymers and the poly-
mers used originally to derive the equation have the same values of a and
d. Otherwise, the error involved in the use of eq. (6) to calculate values of
M wis estimated as follows.
Intrinsic viscosity is related direct ly only to M nby
bl = k™ va (7)

Assuming that the polymers have a Wesslau type of distribution, it can be
shown that

M, = (b]JA")l/aexp {(dV4) (1 - a)} (8)
The error is then simply

Error, % = [exp{(l — a)/4} (db — H2 —1]100 9)
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where /3i is that of the polymer used to obtain eq. (6) (fii = 2.18) and
is that of the polymer under investigation.

Calculation of Muand M,, from Kinetic Data

In ethylene polymerizations initiated by the (C6HHZTiCI2(CH 32AICI
system, the individual processes may be represented by the equation:12

(ceHezricl2 + (CHIMAlelaj\l (CeHZTiCl2-(CH32AICI (10)
(ceHgzriclz2-(CH32a IC I- [AT] (CH)) (11)
[AT] (CH,) + nCH4- [AT] (CH4,(CHJ (12)
2 [AT] (C,H4.(CH,) - polymers (13)
fc,[m]28 'KO@@akx) + A70@a@x)
n = In (14)
kt [T], @ - x2/ . Ko(cto) + A7e(a0
Mw= [[TI0@ - x2/ + 3hP[m] in KQ(oQr) + A'ln(aa)
k, _ Ko(ao) + A'/o(ao)
4V[m]2 dw

In X' — [Ko(w) + A'/»(ay] |, w[KO(allv) + A'l»{aiw) ]

N KO0(a,0x) + A'lo(dox) 1-1
[Tlo(l —x2f + n Ku@au) + A'loiao) ! (15)
where [m] is the monomer concentration; [T]uis the initial concentration
of (C,H9ZTiCla; / = catalyst efficiency; x = exp {—Afi/2}; m = 2(k,
[Tlo/A')Y; A" = Ki(an/li(a0; and/o, Ko, and/i, Ki are hyperbolic Bessel
functions of zero and first order, respectively.
For propylene polymerizations initiated by a-TiCl:r-('C2H§2AICI, time-
dependent expressions were similarly derived for Mnand Mw.u

EXPERIMENTAL

The preparation of the catalyst systems, the purification of the solvents,
the polymerization technique, the sampling procedures, the polymer
work-up methods, the radioactivity determinations, and the viscometric
measurements with the appropriate shear corrections have been given in
detail.121316 Shyluk fractionated the polymers, using the method of
Francis, Cooke, and Elliottl6for polyethylenes and the method of Shyluk?
for polypropylenes.

RESULTS

Comparison of Mw Obtained by Fractionation and by Viscometry for
Linear Polyethylene

In Table I, the values of Mwfor eleven samples of linear polyethylenes
obtained by various methods are compared. The fractionation data were
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treated by the method of summation¥® (method A) to give the values of
Mmlisted in Column 2. The values of Mw calculated from viscometric
data by using egs. (5) and (G) are found in columns 3 and 4, respectively.
In the calculations employing eq. (5), values of d obtained from fractiona-
tion experiments were used. Column 5 gives the errors for the results
in column 4 as estimated according to eq. (9).

TABLE |
Comparison of m , Calculated from Viscometric Data

M wx 10-1
Determined
by Error estimated
fractionation Calculated Calculated for the use
No method A from eq. (5) from eq. (6) of eq. (6), %
1 3.9 4.1 4.1 + 8.5
2 8.6 9.4 10.6 +7.6
3 10.5 10.2 11.8 + 7.6
4 17.5 14.1 16.4 + 9.8
5 40.3 — 24.8 —
6 1.6 1.7 2.1 +30
7 5.5 5.7 6.6 + 13
8 4.8 5.7 7.1 + 23
9 57.6 36.3 37.0 -14
10 6.6 6.4 8.1 + 22
11 60.6 37.1 47.1 + 9.0
Avg. +11.6

Conparison of the Results of M w/ M n Determinations

Fractionation data were also treated by the use of a Wesslau distribution
function (method B). Table Il summarizes and compares the results
of Mw, Mn, and Mw/Mn as obtained by fractionation methods A and B,
viscometry, and the ratioactivc tracer method.

A similar comparison of the results of Mm Mn, and MwM,, for three
samples of crystalline polypropylenes was made in Table I11.

MwIM n Variation During Ethylene Polymerization

In most psuedosteady-state polymerizations, the molecular weight dis-
tributions of the products do not vary with the polymerization time.
Whereas it is the general belief that olefin polymerization initiated by Zeig-
ler-type catalysts gives products with time-dependent molecular weight
distributions, no definitive results have been reported to date. The
methods described here for the determination of Mw/Mn and their ratio
made possible measurements on small samples taken during a polymeriza-
tion. The variation of M,,/Mn during polymerizations is illustrated
in Figures 1 and 2. Also included were the results calculated with egs.
(14) and (15). Also shown are the amounts of 113l introduced into the
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polymer by quenching a polymerization sample with 113*labeled iodine.
These values are used as a measurement for the number of active growing
chains in the system.12 Both the observed and the calculated values of
Mw/ Mn for the early samples vrere less reliable than the samples taken at
later stages of polymerizations. The observed values were less certain
because the very low molecular weight portion of the sample is not retained
by precipitation. The calculated results were less valid because of the
small values of tused in the calculations.

Dependence of Mw/ Mnupon Experimental Variables in Ethylene
Polymerizations

A study vras made on the effect of the temperature of polymerization
upon the nonuniformity of the polymers. The results are summarized
in Table IV. The dependence of Mw/ Mnupon catalyst concentrations are
shown in Table V.

TABLE IV
M wm n of Polyethylenes Obtained at Various Temperatures”

Temp., °C.
60 2.4
45 3.6
30 4.5
15 5.4
0 6.1

“ Conditions of polymerization: [(CrTLLTiCloJo = 2 mmole/l.; [(CH32AlCll =
5mmole/l.; vemt = 100 cm.
bValues of m wm n at the end of polymerization.

Fig. 1. Variation of m w/m a during an ethylene polymerization: (A) observed; (o)
calculated; (A) fractionation value. Experimental conditions: [(CiHsLTiCldo =
2m m; [(CH32ALIC1]0 = bmm; ¢ = 30° pc,H = 100 cm. Also shown (e) is 1317 in
polymer, mmoles.
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Fig. 2. Variation of m wim n during an ethylene polymerization:

calculated; (A.) fractionation value. Experimental

2mill; [(CH2AICII0 = smm; t = 15° prju = 100 cm.

polymer, mmoles.

Fig. 3. Dependence of m w/m n on AI/Ti ratios in ethylene polymerizations:

(A) observed; (O)

conditions: [(CtHs~TiCyo =

Also shown (*) is 1317 in

Experi-

mental conditions: [(CH3)2AICl]Jo= sm m; t = 30°; pcZ4= 100 cm. AI/Ti ratios: (O)

2.5; (A)5; (0) 10.

TABLE V

Dependence of m u/m , on Catalyst Concentration in Ethylene Polymerizations”

[Ti],b ramole/1. [Al loc mmole/1. Temp., °C.
2 5 30 4.5
i 2.5 30 3.3
4 10 15 7.4
2 5 15 5.4
1 2.5 15 3.6
4 10 0 8.2
2 5 0 6.1
1 2.5 0] 4.6

“ Polymerizations at a monomer pressure of 100 cm,
bAs(C85),TiCl,,
OAs (CH 3);AlC1,
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The influence of the ADTi ratio on the uniformity of the polyethylenes
is illustrated in Figure 3.

Mw Mn Variation During Propylene Polymerizations

The variations of Mw Mn during propylene polymerization was insensi-
tive to experimental variables such as the catalyst concentration, the

Fig. 4. Variation of m w/m n of crystalline polypropylene with polymerization time.
Experimental conditions: t = 50°; pc,n, = 100 cm. Concentrations of a-TiCL and
(CHs),AlLCL, millimolar, respectively: (0O) 5, 1.3; (A) 2.5, 5; (O) 1.25, 10; (®) 10, 20;
(-0)5,40; (-0)10,5.

Fig. 5. Variation of m u-/m n of crystalline polypropylene with polymerization time.
Experimental conditions: T = 00°, pcae = 100 cm. Concentrations of a-TiCL and
(CiHjJsAICI, millimolar, respectively: (0)2.5, 5; (A) 2.5, 10; (0)2.5,20; (o) 2.5, 2.5.

AIl/Ti ratios and the monomer pressures and sensitive only to polymeriza-
tion temperatures. These are shown in Figures 4 and 5.

The variation of Mw/Mn of atactic polypropylene as a function of the
polymerization time is summarized in Figure (i. The uncertainty of these
results is discussed below.
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Fig. 6. Variation of m w/m n of amorphous polypropylene with polymerization time.
Experimental conditions: t = 90° (one exception); pc,ne = 100 cm. Concentrations
of a-TiCh and (Col+bAICI, millimolar, respectively: (0) 2.5, 5; (A) 2.5, 10; (O) 2.5,
20; (0-)5, 15(95°).

DISCUSSION OF RESULTS
Comparison of Mm Mn, and MwM,, Obtained by Various Methods

The values of Mw calculated from viscometric data by use of egs. (5)
and (6) were in good agreement (Table I). The average deviation was
+ 11.6%. Furthermore, these values were also in good agreement with
those obtained by the summation fractionation method A. For the pur-
pose of calculating the nonuniformity coefficient, the values of Mwderived
from the approximate relationship (6) are adequate. These values will
be used in subsequent discussions.

For polyethylenes with viscosities ranging from 0.5 to 2.36, there was
substantial agreement in the values of M nobtained by fractionation (both
methods A and B) and by the tracer method. The values of Mwobtained
by viscometry and by fractionation method A were also in good agreement.
However, higher values of Mwwere obtained when the fractionation data
were treated according to method B. The reason is that the Wesslau
distribution function is a definite integral with limits of zero to infinite
degree of polymerization. Calculations based on this distribution function
would be expected to give values of Mwthat are too high (see discussion
below). The values of M n are relatively insensitive to the overestimation
of a small number of polymer molecules of very high molecular weight.
Therefore, the values of Mn obtained by the fractionation method B are
in better agreement with the others except for extreme cases.

There are three samples of polyethylene, sample nos. 5, 9, and 11 in
Table I, whose fractionation gave values of M, much lower than those
obtained by the tracer method and values of Mwmuch higher than those
obtained by the viscometric method. All three samples have high vis-
cosities.

The results on crystalline polypropylene obtained by all methods com-
pare favorably. Again, higher values of Mw were obtained by the frac-
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donation method B. However, data on more samples are required to
make a valid comparison of the various methods. In fact, there were
many samples of high viscosity polypropylene of which the values of
Mw, M,, and MwMn were readily determined by the present method.
These results are not included here because the available technique does
not allow the fractionation of these polymers. The polymerization condi-
tions used to obtain polymers 5, 9, and 11 were not very different from the
conditions used to prepare the other polymers. The values of MwMn
determined by the present method are in line with the expected, whereas
those calculated from fractionation data appeared high. The integral
distribution curves and the probability distribution curves of these samples
indicated that the fractionation technique used was not able to resolve the
high molecular weight portion of the samples. These samples will be
fractionated again by use of improved techniques and solvent systems.

Mw/ Mnand Ethylene Polymerizations

In ethylene polymerizations initiated by the soluble (CEH@ZTiCls-
(CH32A1C1 system the initiation is first-order and the termination is bi-
molecular disproportionation. It was expected that the Mw/Mn of the
polymers would first decrease to a minimum and then increase asympto-
tically to a final value. The results shown in Figures 1 and 2 realized
the expectation, in that they agreed with the calculated values. Polymers
of narrowest distributions should be formed when the number of growing
chains is at the maximum. The number of growing chains could be de-
termined by reacting a polymerization sample with | 13:-labeled iodine and
counting of the I 13 activity in the polymers. Figures 1and 2 showed that
the time when polyethylenes with lowest Mw/ Mnwere formed corresponded
approximately to the time when the concentration of the growing chains is
at the maximum.

The above results suggested that it is feasible to prepare polymers of
high uniformity under a pseudosteady-state condition by replenishing cata-
lysts during a polymerization. Under carefully controlled conditions, the
polymers would have Mw/ Mn —=2 as anticipated for systems terminating
by bimolecular disproportionation.B8

The dependence of Mu/Mn upon the temperatures of polymerizations
shown in Table IV can be easily understood. Polymers with a narrow
distribution were obtained at 60°C. ; at this temperature, the initiation and
the termination processes were very fast. Values of Mw/Mn increased
with the decrease of polymerization temperature. The decrease of initia-
tion rates with temperature was accompanied by a larger decrease of the
termination rates, giving polymers with increasing width of distribution.
The activation energy for the termination process is 16.4 kcal./mole; the
activation energy for the initiation process is 15.5 kcal./mole.2

The kinetics of the second-order termination process required the ter-
mination of many short growing chains when the concentration of growing
chains is large. Consequently, polymers formed at high catalyst concern
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tration will have a broader distribution than those prepared at low eatalyst
concentrations. The results in Table V support this prediction.

In Figure 3 the values of Mw/M,, of polymers for three polymerizations
carried out at different A] Ti ratios but constant [((1H32A1C1]are summa-
rized. In these experiments, two variables need to be taken into considera-
tion, the concentration of [(CsHs~TiCb] and the Al/Ti ratios. At the
lowest [Ti] and the largest AIl/Ti ratio, the values of MwfM nis low, about
2, and is independent of the polymerization time. The low catalyst con-
centration and the fact that chain transfer processes are important at this
Al/Ti ratio are responsible for the observation. In average, each Ti ini-
tiated about seven polymer chains.3 At a somewhat higher (CEHZTiCl2
concentration (1 mmole./l.) and Al/Ti ratio (5), the distribution is slightly
broader; the distribution increases gradually with polymerization time.
Each Ti initiated about three polymer chains in this experiment. At
a (CHOHZTiCI2 concentration of 2 mmole/l. and an AIl/Ti ratio of 2.5,
where each Ti initiated about one polymer chain, Mwf M,, increases rapidly
to 4.5.

Mw Mnand Polymerizations to Crystalline Polypropylenes

The crystalline polymer samples taken during a propylene polymeriza-
tion initiated by a-TiCI3(C»H§,AICIB have different distributions. The
values of Mw/Mnwere high at the beginning and decreased to a low con-
stant value with the polymerization time. This variation is especially
noticeable at lower polymerization temperatures.

At 50°C. (Fig. 4), the initial values of Mw/ Mnwere between 8 and 10,
and the final values were between 4 and 5. The dependence of MwM,,
upon catalyst concentration and the AIl/Ti ratio is not marked. Somewhat
narrower distribution polymers were obtained at large AIl/Ti ratios.

According to the kinetics of the propylene polymerization there are no
important termination reactions. Therefore, variation of eatalyst con-
centration should have no effect on the molecular weight distribution of the
polymers formed. Furthermore, in these heterogeneous systems, the con-
centration of (CaHeioAICl is in large excess over the concentration of sur-
face sites on a-TiCh. Consequently, there should be no significant de-
pendence of Mw/ Mnupon the Al/Ti ratios. The time dependence of MwWM,,
is interpreted as follows. It was postulated13 that the sites initially on
a-TiClg were mostly (CHBTICI2(C2HHA1C12 When TiCI3 catalyst
was added to a solution of (C2H§2A1C1, (CHHTIiCl2-(C2H62A1Cl sites were
also formed. The latter is the more reactive species. The polymers
formed at the beginning of the polymerization should have broad molecular-
weight distribution. Mw/Mndecreases to a final low value when a state
of pseudoequilibrium is established for the active sites. Chain transfers
also contribute to the lowering of Mwf M n.

Another mechanism must also be considered in any explanation for the
time dependence of Mn/M,. The catalyst particles may be considered
as polymer-coated permeable spheres containing inner active sites. The
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concentration of monomer within Iho sphere is determined by diffusion
processes and by the rate of monomer consumption. A gradient of mono-
mer concentrations results. Combining the second law of Kick and the
rate equation of polymerization gives the expression

d? [m}/drd - (k,[Ti]JtzD) [m] = O

which describes the situation under pseudosteady-state conditions, where
r is the distance from the center of the particle, [m] is the monomer con-
centration, D is the diffusion coefficient, and [Ti]; is the concentration of
active sites inside the sphere. The solution is simply

fm] = Acos (UTilt/D)'hr + Bsin [TilfZz>)r

The constants A and B can be determined from the initial conditions. It
is not possible to estimate the contribution of the polymerization without
the knowledge of [Ti], and of the diffusion coefficient of propylene in TiCh
coated with solvent swollen polypropylene. Furthermore, the real system
is more complicated because the particles grow and change in porosity with
polymerization. Qualitatively, the diffusion controlled polymerization
could give rise to products of large Mw/ Mnbut it is not possible to predict
whether the value would increase or decrease with polymerization time.
This process may not be of importance here since the catalyst system is
relatively inactive and the monomer concentration gradient discussed
above is probably small, it is conceivable that the process may become
one of great significance for very active catalyst systems.

At elevated temperatures, the dependence of the Mw/M,, of the polymers
upon polymerization time was less pronounced than at 50°C. (compare
Figs. 4 and 5). Furthermore, lower values of Mw/M, were obtained at
higher temperatures. Probably the equilibration of the two types of ac-
tive sites was achieved more rapidly at higher temperatures. In addition,
one of the transfer processes in this systemI3has a high activation energy
(18.6 kcal./mole). At these temperatures more frequent chain transfers
would lead to narrower polymer distributions. However, it is not pos-
sible to rule out the effect of diffusion-controlled polymerizations at less
accessible sites under the catalyst particle surface. Increase of temperature
would increase the monomer diffusion velocity constant and increase swell-
ing of the polymer coatings on these particles. Both factors could con-
tribute toward yielding polymers of narrower distributions.

Mw Mnand Polymerizations to Amorphous Polypropylenes

The values of M, for amorphous polypropylenes were calculated from
the CX4 specific activity. However, corresponding polymers have not
been fractionated to check these values. The values of M wwere calculated
from the intrinsic viscosity bv use of the relationship5developed for crys-
talline polypropylene, with the assumption that the same relationship
describes the amorphous polypropylene. The numerical values for K
and a in the relationship hi = KM ,“ between isotactic and atactic poly-
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styrenes are the same within the limits of experimental error.19 In view
of these uncertainties, the validity of the MwM,, values obtained here
isunknown. However, the relative values are believed to be correct.

Conclusions in the kinetic study of propylene polymerization to amor-
phous products were that the active sites were formed at the expense of
those sites which yield crystalline polymers and that the former were also
heterogeneous sites which differ from the others in the great ease of chain
transfers. Figure 6 shows that the Mw/ Mnof amorphous polypropylenes
is independent of polymerization time, catalyst concentrations, Al/Ti
ratios and other variables. The values of MW Mn remained consistently
at about 2. These observations are consistent with the conclusions of the
kinetic study summarized above.

The author is grateful to Dr. H. M. Spurlin for critical comments on the treatment of
the data, to Dr. W. E. Davis for derivations of egs. (14) and (15), to Mrs. S. K. Shyluk
for fractionation of polymer samples, and to Mr. C. E. Green for programming and com-
putation of .M,and M,,.

APPENDIX

From the reactions (10) to (13), we can write the rate equations for
[(CH,)*A1C1)]> [(C@&H,)ZTiC]2] as

dI[AT](CH )l/<ft = fc,[T]o (16)
d[Ri]/df = fc,[Tloe™*<' - kp [m] [Ib] -k t [Ib] [It] (18)
d[RaJ/dE = «. [m] [R,] - «p [M] [R2] - «. [R] [R] (19)
d[R<]/di = k, [m] [Rw]- Mm] [R] - k [Rf] [R] (20)
where
[Ri] = [[AT] (CH4(CHA]
[R*] = [[AT] (CH42(CHI]
[Rli = [[AT] (CH4i(CH9]
and

R= £ R,
i

1

Additions of equations over all values of i yields
d[R]/dt = k, [(CHEZTiCl]oc-i"i- MR]2
the solution of which is

Ki(aox) — ~.(ao.r))

[R] = & (MT]ollr,)A Ko(aox) + A'lo(aox)j

(22)
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where

X exp {—ktt/2}

ao 2 (kilTwWki)»
A' = Ki(ao)/li(ao)
and /o, IU and /i, 7v, are hyperbolic Bessel functions of zero and first order,

respectively. Using the usual definitions for the first and the second mo-
ment of the DP (degree of polymerization) distribution,

2 = ¢ f[Pw 23
& (P 23)

and
y = t£_| »[R«l (24)

the following results were obtained.

1 omi | fm] _ Ko(ao) + A'lo(ao) \ (25)
kt \ Ko(aox) + A'lo(aox)f
_ mikp2[m2
y = 3Z —2[R] + Kikt
[KO(@,) + A'lo(@a®]Inx  Si [iCOao) + A'TO@@@v)] dw/w] 26)

Kviogx) + A'l0ak)

The results for [R], Z, and'y are those of the active polymers. Differential
egs. (16) to (20) neglected the fact that when R, reacts with R(, both dis-
appear. The correct equations are

d[Ril/d< = kt[TJoe~k¢ - kv[m][R,] - k,[RX] [R] - k,[RX2 (22)
d[Ri\/dt = kp[m][RX] — /cP[m] [R2] — k,[R2] [R] — /c,[R2]2 (23)
d[Ri]/dt

[Ri_i] — fep[m][R,] — ¢IJRAR] - /w[Ri]2 (24)

These equations do not appear to be soluble in closed forms. However,
the approximate expressions for [R], Z, and y above are reasonably ac-
curate when i does not approach infinity for any Rt.

To derive the expressions for the moments of the DP distribution of the
total polymers, let

DM — [Ri] + [Qi] (25)

where [P,] is total concentration of f-mer and [R4] and [Q,] are concentra-
tions of active f-mer and of inactive f-mer, respectively. Since the system
under consideration terminates predominantly by disproportionation, that
is,

diegardt = 7o {[Rj] [R] + [R(]2} (26)
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Then,
d\\}J/dt = /,-*[!>- Mm] [IT] 27
d[\\/dt = Mm] [Ri] - kv [m] [R,] (28)
d[i\\/dt = kp[m] [RM - fc,[m] UM (29)

Define the zeroth, first, and second moments of DP distribution as

Ah = E [Pd (30)
1=1
Mi = Eﬂdpj (31)
and

Mt = e %np(\ (32)

Then,
dvic'dt = Kkj [T],(« (33)
dAh/Zdl = [T ],(-*® + Mm] [tt] (34)
dAhJdt = A-JT],.G~ + k,[m] ([R] + 22) (35)

The solutions of e<is. (24) and (25) are
Ah = [Tlu @ - zs»¥ (36)

k, [m] K u(ava’) + -1°lii(elir)
= - 37
Ah = [TIO(1- M + N In K@) + Alofa) (37)

2/,-dm] | K («nro) + A'lujaa)
n

Ah = [Tl01 - aP) +
kt _ Ko(<h) + A'laao) _

IMimp j dw
In x [KoW + R '/,(«)]f
M i | w[KO0(a,w) + .1'/o(alwn) ]k

(38)

Depending upon the ratios of (CH32A1C1 to (CsHsdTIiCP used in the cata-
lyst system, each Ti initiates/ polymer chains. On incorporating the cata-
lyst efficiency and eqgs. (37) and (38) into the relationships between Mw
and M,,, and d7o, JITf, and 472 one obtains the egs. (14) and (15) for Mn
and Mw respectively.
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Résumé

Qu a décrit une méthode pour la détermination rapide du coefficient de nonuniformité
(Mw/Mf) de polyéthylenes linéaires et de polypropyléenes cristallins. Le poids molé-
culaire moyen en nombre, M,, était déterminé en comptant le nombre des groupes
alcoyles maqués au C14 introduits pendant I'initiation. Le poids moléculaire moven en
poids, M m était calculé a partir de données viscosimétriques. On a évalué les erreurs de
ces calculs. Pour zone échantillons de polyéthylenes linéaires et pour trois échantillons
de polypropylénes cristallins, on a comparé les valeurs ainsi obtenues aux résultats
correspondants obtenus par fractionnement des polyméres. 1l y avait une bonne con-
cordance pour tous les échantillons de polyéthyléne de haute viscosité avec des valeurs
élevées de M w et. des valeurs basses de M ,, trouvées par fractionnement. Les valeurs
M n/Mn on été déterminées pour des échantillons de polymeéres, prises durant les poly-
mérisations de I'éthyléne initiées par le systeme (COHsbTiClo-JCHsbAICI. Ce rapport
diminuait au début avec la durée de polymérisation, puis atteignait un minimum quand
la concentration de chafnes croissantes atteignit un maximum. La comparaison de poly-
éthylenes, produits a différentes températures, montre que la largeur de distribution des
polymeres diminue pour des températures de polymérisation croissantes. Cette
décroissance est attribuée a une augmentation de vitesses d’initiation et de terminaison
et a une valeur plus élevée de I'énergie d’activation des processus de terminaison. Des
concentrations élevées en catalyseur produisent des polyéthylénes de large distribution.
Pour des concentrations élevées en catalyseur, les concentrations en chaines en croissance
sont également élevées. De ce fait, un nombre plus élevé de chaines de poids molé-
culaire bas termine rapidement en donnant des produits de M wMn élevé. D ’'autre
part, I'augmentation du rapport AI/Ti dait augmenter le transfert de chaines donnant du
polyéthyléne qui ont un M wMn bas. Un effet additionnel de I'augmentation du rap-
port AI/Ti est une variation plus faible de M w/M,, en fonction de t On présente égale-
ment les valeurs M w/ M n d’échantillons de polypropyléne prélevés au cours de poly-
mérisation initiées par a-TiCls-(C2Hs):AICI. Elles étaient élevées au début des poly-
mérisations et décroissent graduellement jusqu’'a une valeur constante plus faible. A
températures plus élevées, cette variation était moins prononcée et les valeurs de M u/M™M,
étaient plus faibles que celles des polymeéres obtenus a plus basses températures. En
accord avec les résultats cinétiques, les valeurs de M ,wM , étaient insensibles aux vari-
ables expérimentales telles que concentration en catalyseur, rapport AIl/Ti et pression en
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monomeére. Les valeurs Mmw/Mn d’échantillons de polypropylénes amorphes pris au
cours de polymérisation de propylene ne varient ni avec t ni avec les autres conditions de
polymérisation. Ces résultats appuyent l'interprétation cinétique antérieure selon
laquelle des transferts de chaines importants auraient lieu au cours de la formation de
polypropylénes amorphes.

Zusammenfassung

Eine Methode zur raschen Bestimmung des Uneinheitlichkeitskoeffizienten M w/ M n
von linearem Polyéathylen und kristallinem Polypropylen wird beschrieben. Das
Zahlenmittel des Molekulargewichts, M ,, wurde durch Zahlung der beim Startschritt in
das Polymere eigenfuhrten CXmarkierten Alkylgruppen bestimmt. Das Gewichts-
mittel des Molekulargewichts, Mmw, wurde aus Viskositatsdaten berechnet. Die bei
diesen Berechnungen auftretenden Fehler wurden bestimmt. Die so fir elf Proben von
linearem Polyathylen und drei Proben von kristallinem Polypropylen erhaltenen Mw /M -
Werte werden mit den entsprechenden Fraktionierungsergebnissen verglichen. Die
Ubereinstimmung war fuir alle untersuchten Polyathylen- und Polypropylenproben gut,
mit Ausnahme von drei Polyathylenproben hoher Viskositat mit hohen M,,,-Werten
und niedrigen il/,,-Werten aus der Fraktionierung. Die M w/ M ,-Werte wurden an Poly-
merproben bestimmt, die wahrend der durch (CsHsATiCL-fCHshAICI gestarteten
Athylenpolymerisation entnommen worden waren. Dieser Wert nahm zuerst mit der
Reaktionsdauer ab und erreichte bei der maximalen Konzentration der wachsenden
Ketten ein Maximum. Ein Vergleich des bei verschiedenen Temperaturen gebildeten
Polyathylens zeigt, dass die Verteilungsbreite mit steigender Polymerisationstemperatur
abnimmt. Diese Abnahme wird einer Erhdhung der Start- und Abbruchsgesehwindig-
keit und der héheren Aktivierungsenergie fir den Abbruchsprozess zugeschrieben. Bei
hoher Katalysatorkonzentration wurde Polyathylen mit breiter Verteilung erhalten.
Folglich werden mehr niedermolekulare Ketten unter Bildung von Produkten mit hohem
M w/ M n frihzeitig abgebrochen. Andererseits erhdht eine Zunahme des Verhéltnisses
Al/Ti die Kettenubertragung und liefert Polyathylen mit niedrigem Mw/Mn. Eine
zuséatzliche Wirkung der Erhéhung des Verhéltnisses Al/Ti ist die Abnahme der Abhan-
gigkeit von Mw/Mnvon t. Weiters werden M w/ M ,,-Werte fur kristalline Polypropylen-
proben mitgeteilt, die wahrend der a-TiCL-fCjHs/iAICI-gestarteten Polymerisation
entnommen wurden. Diese waren am Beginn der Polymerisation hoch und fielen mit
fortschreitender Polymerisation zu einem niedrigeren konstanten Wert ab. Bei hoherer
Temperatur war diese Abhangigkeit weniger ausgepragt und die »Werte lagen
niedriger als bei den bei niedrigeren Temperaturen erhaltenen Polymeren. Die Mw/ M n-
Werte waren in Ubereinstimmung mit den kinetischen Ergebnissen gegen Variation von
Katalysatorkonzentration, Al/Ti-Verhé&ltnis und Monomerdruck unemiffindlich. Die
M wlM n'Werte von amorphen Polypropylenproben, die wahrend der Propylenpolymeri-
sation entnommen wurden, zeigten weder eine Abhangigkeit von t, noch von den anderen
Polymerisationsbedingungen. Diese Ergebnisse bilden eine Stitze fur den fruheren
kinetischen Befund, dass némlich bei der Bildung von amorphen Polypropylen die
Kettenubertragung eine bedeutende Rolle spielt.

lieceived February 2G, 1962
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The Reference Point for Liquid Relaxation Processes.
I. Melt Viscosity of Polystyrene

A. A. MILLER, General Electric Company Research Laboratory.
Schenectady, New York

Synopsis

Recent theories have suggested or implied that below the experimental glass tem-
perature, Tg, there exists a temperature, 7,, which governs the temperature dependence
of relaxation processes in a liquid. In the “free-volume” approach, T, should be asso-
ciated with an “occupied” volume, vB In the present paper, published melt viscosity-
temperature data for a series of polystyrene fractions (M = 1675-134,000) are shown
to conform to a “modified” Arrhenius equation: j = A exp \B/{T — 70)}. From this
and from a previous free-volume treatment of the same data, the reference point (To,
Vo) is derived. Either or both of these approaches indicate that this reference point is
situated on the liquid specific volume-temperature curve, extrapolated linearly into
the glass region. In the series of polystyrene fractions for which T g increases from 40
to 100°C., the corresponding To values increase from 5 to 50°C. Further relationships
between the parameters in the modified Arrhenius, the Doolittle free-volume, and the
Williams-Landel-Ferry (WLF) equations, are expressed.

Introduction

It is well known that the simple Arrhenius equation, r = A exp {E/RT],
does not adequately describe the temperature dependence, at constant
pressure, of relaxation processes in liquids, particularly at temperatures
approaching the glass transition region. For this region, the relaxation
behavior usually requires an empirical equation (which hereinafter will be
referred to as the “modified” Arrhenius equation) of the form r = A exp
{B'/(T - TO}, where TOmay be well below the experimental glass transi-
tion temperature, Tg.1

On the basis of the viscosity behavior of n-alkanes, Doolittle developed
the “free-volume” concept with the relation y = A exp {Bva/vf}, where A
and B are temperature-independent constants, vf is a “free” volume, and
V0is an “occupied” volume.2® Guttmann and Simmons3reported that the
n-alkane viscosity data could be represented equally well by the “modified”
Arrhenius equation.

More recently, in a discussion of molecular transport in liquids and
glasses, Cohen and Turnbull demonstrated that, at least with respect to
the exponential terms, the free-volume and the “modified” Arrhenius
equations are equivalent.4 For the present discussion, the essential fea-
tures of the Cohen-Turnbull theory are that vf = 0 at TO and that vf
increases linearly with temperature above TO. In the present paper.

1857
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these ideas will be applied to published viscosity-temperature data for
polystyrene and related to previous treatments of these data.

Williams’ Free Volume Approach5

Using the glass temperature, T,, as a reference point, Williams expressed
the specific volume of the liquid above Tgas: v = vg+ (dv/dT)(T — To9,
where dv/dT is the thermal expansion coefficient of the liquid and vgis the
specific volume at Tg. Substituting in the Doolittle free-volume equation
he derived a relation for viscosity containing the experimentally measur-
able quantities 77, T,, vg, dv/dT, and the three Doolittle parameters A, B,
and v,. This relation was applied to the Fox and Flory viscosity-tempera-
ture data for twelve fractions of polystyrene6and the best values of A, B, and
vOwere determined on a programmed (least-squares) computer. Williams
found B = 0.91, essentially independent of molecular weight, and v, =
0.934-0.940 cc./gm. He also showed that the parameter A was governed
only by the molecular weight, with an approximately first-order dependency
below M = 35,000.

An important consequence, not explicitly stated by Williams but im-
plied in his treatment, is that vOshould lie on the liquid specific volume-
temperature curve, extrapolated linearly into the glass region. This
feature, together with the Cohen-Turnbull concepts, leads directly to the
alternative method of treating the viscosity data.

Approach Based on Temperature Dependency

If we use a reference temperature TOrather than Tgwe have v = V0 +
(dv/dT)(T — T0, where dv/dT is the liquid expansion coefficient which, in
principle, also applies in the glass below Tg, down to TO Since vf =
v—w = (dv/dT)(T — T°) and vf/v, = a(T — To), where a = (dv/dT)/v0,
the Doolittle equation becomes:

v = A exp {B/a(T — TO} 2)

which is the modified Arrhenius equation.

The Fox and Flory viscosity-temperature data for polystyrene fraction
Cs (M = 1675) were plotted as log ? against 1/{T — TO0, with the use of
trial values of TOuntil a straight line was obtained. As shown in Figure 1,
the plot is linear for TO = 5°C., but has detectable upward and downward
curvatures for TO= 0 and 10°C., respectively. Also shown for comparison
are the curves for TO = 0°K. (the normal Arrhenius plot) and for TO =
Tg = 40°C. The slope of the linear plot is 620° and the intercept is log
A = -3.45.

From eq. (1) the slope of the linear log q versus 1/(T — TO plot equals
5/2.3«. Using Williams’ values, B = 0.91 and « = 6.3 X 10~4for M =
1675, we obtain a calculated slope of 628°, in good agreement with the ob-
served value. Similarly, for M = 1675 Williams’ relationship* gives log
A = —3.47, to be compared with the observed intercept, log A = —3.45.

Equation (14), ref. 5.
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Fig. :. Normal and modified Arrhenius plots of viscosity for pofystyrene fraction:
M = 1675 (T, = 40°C.).

From the definitions of vin the Williams method and the present method,
we have the simple relationship:

Ts — TO= (s — vO/(dv/dT) = (y, — vO/av0 @)

Using measured values for T, v,, dv/dT, and Williams’ derived value for
V0, we can calculate TOfor any of the polystyrene fractions. Similarly, the
slopes and intercepts for eq. (1) can be calculated from Williams’ results, as
indicated earlier. These derived parameters are shown in Table | for
three polystyrene fractions.

In Figure 2 the straight lines are drawn by using the derived parameters
log A and the slopes in Table I. The points are the Fox and Flory vis-
cosity-temperature data for these fractions, and it is apparent that these
conform satisfactorily to the modified Arrhenius equation.

TARLE 1
Derived Parameters for logy = log A + £/2.3a(7' — T0)
Fraction M T, °C. To, °C. log .4 5 12.3a
Cs 1675 40 4 -3.47 628
Cs 3041 64 22 -3.18 650

R4 6650 7 38 -2.80 665
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Fig. 2. Modified Arrhenius plots for three polystyrene fractions. Lines are drawn
according to derived parameters: log A and slope. Points are Fox and Florys viscosity
data.

Viscosity-Temperature-Molecular Weight Relations

The complete viscosity-temperature-molecular weight relation for
polystyrene will involve the molecular weight dependence of the several
parameters in eq. (1). Thus, A is determined directly from the molecular
weight, with a different dependency below and above M = 35,000.“ The
slope, B/2.3a, contains the expansion coefficient which also varies with
M: dv/dT = (6.5 + 643/M)10-4.7 Finally, TQ through its relationship
to Tg is dependent on M (see, for example, Table I). If all of these factors
were included, eq. (1) would lead to a complete rj-T-M relationship as
complex, though not necessarily of the same form, as the empirical equation
found by Fox and Flory.6

Activation Energies

The slope of the modified Arrhenius plot gives the true activation energy
for viscous flow: slope = B/23ce = E/2.3R. On the basis of Williams’
values for B and a for polystyrene, the activation energies change only
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slightly, from E = 2.9 kcal./mole for M = 1675 to E = 3.1 kcal./'mole for
M = 134,000.

The apparent activation energy, ET, is obtained by differentiating the
modified Arrhenius form:

23R[d\ogv/d{\/T)\ = ET= E[T/(T - T,)p

At high temperatures Er approaches E, the true activation energy,
as a limiting value. With decreasing temperature, ET increases exponen-
tially, attaining extremely high values at Tg.

Comparison with Williams-Landel-Ferry Equation¥

Equation (1) can be readily converted into the WLF form, based on
Tg, for example:

log aTo = log v/vg = (B/2Ma) [1/(T — TO — 1/(1TO — To)]

Substituting TO= T, — Ci\ we obtain:

log aTy = (B/2.3aC,q)[(Tg - T)/CJI>+ T - T,)]

= —Ci(T - Tg/(CZ+ T - Tg) (WLF)

where CfCf = B/2.3a.

For the polystyrene fractions in the range M = 1675-134,000 the
CVLy values will change from 630 to 675, compared with the “universal”
value of CViV = CiC2 = 900.8 Since the viscosity data for the poly-
styrene fraction C8 (M = 1675, TQ= 40°C.) cover the temperature range
75-190°C. and are governed by eq. (1), which in turn can be expressed in
the WLF form, it appears that the WLF equation should be applicable
even for T > Tg + 100, provided the proper values of the constants, C,
and Co, are used for the specific material.

Discussion

The major conclusions derived in this paper are summarized in Figure 3,
which shows specific volume-temperature plots for the three polystyrene
fractions being considered. The lines are drawn so as to converge at
absolute zero temperature, according to the relation7v = 0.767 + (5.5 +
643/M)10~4T, and include the measured T, and v, values.6 The v, values
are those derived by Williams5and the TOvalues are from the present work,
derived directly (Fig. 1,1/ = 1675) or indirectly by eq (2) {M = 3041,
6650). The specific volume of the glass below T, shown for M = 1675, is
drawn according to (dv/dT)g= 2.5 X 10-4.6

Definitions and theoretical interpretations of “free” and “occupied”
volume have been discussed by others479-11 and are beyond the scope
of the present paper. It may be pointed out that above (VO TO the present
treatment does not specify whether v} depends on a, the liquid expansion
coefficient alone, or on Aa, the difference between the liquid and “solid”
expansion coefficients. In either case, v, should be directly proportional
to T — To- Also, it may be mentioned that the locus of the (v,,T,) points
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cc./gm./°C. This value, derived from a series of polystyrene samples,
may be related to the true “solid” expansion coefficient for a single sample.

Conclusion

The treatment of the polystyrene viscosity data described here, together
with Williams' approach, supports the idea that there exists a unique
zero point, TOvo, situated below and quantitatively related to (Tgv,),
which is the true reference point for kinetic relaxation processes occurring
in the liquid above T,. As implied by others,12 this may be a thermo-
dynamic transition point and the theoretical lower limit for experimental
Tgand vavalues at “infinite” equilibration times. Although not directly
accessible by practical measurements because of the kinetic barrier in the
glass, this reference point, together with the directly measurable glass
transition point (Tgyvg, should provide a basis for the further understand-
ing of glass transition phenomena and liquid state theory.

Stimulating and informative discussions with J. M, O'Reilly are acknowledged.
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Résumé

Des théories récentes ont suggéré ou impliqué qu’en dessous de la température vitreuse
expérimentale, i',, il existe une température To qui détermine la dépendance de la tem-
pérature du processus de rélaxation dans un liquide. Dans I'approximation du “volume
libre’” Ta doit étre associé a un volume “occupé” vo. Dans le présent article, on montre
que les données publiées sur la viscosité a I'état fondu et la température pour une série
de fractions de polystyrene (il/ = 1675 a 134.000) sont conformes a une équation d’-
Arrhénius “modifiée”: y = A exp {B'/(T —T0)j. A partir de cette équation et a partir
du traitement antérieur du volume libre des mémes données, on dérive le point de référ-
ence (To, v0). L'une ou l'autre de ces approximations indique que ce point de référence
est situé sur la courbe du volume spécifique-température du liquide, extrapolée linéaire-
ment dans la région de vitrification. Dans les séries des fractions de polystyréne pour
lesquelles T, augmente de 40 a 100°C, les valeurs correspondantes T0 augmentent de
5 a 50°C. On exprime en plus des relations entre les parametres dans I'équation d’-
Arrhénius “modifiée”, I’équation du volume libre de Doolittle et I’équation de Williams-
Landel-Perry (W'LF).

Zusammenfassung

Neuere Theorien bedienen sich der Annahme, dass unterhalb der experimentellen
Glastemperatur, Tg, eine Temperatur, T,, besteht, welche die Temperaturabhéangigkeit
der Relaxationsprozesse in einer Flussigkeit beherrscht. Bei der Methode des “freien
Volumens” sollte T, mit einem “besetzten” Volumen Zusammenhéangen. In der vorlie-
genden Mitteilung wird gezeigt, dass in der Literatur vorhandene Daten fur die Schmelz-
viskositats-Temperaturabhangigkeit einer Reihe von Polystyrolfraktionen (M = 1675
bis 134000) einer “modifizierten” Arrheniusgleichung entsprechen: y = A exp {B'/
(T — T0)j. Darausund aus einer friher durchgefiuhrten Behandlung der gleichen Daten
nach der Methode des “freien Volumens” ward der Bezugspunkt (T,, va) abgeleitet.
Jede der beiden Methoden zeigt, dass dieser Bezugspunkt auf der linearen Extrapolation
der Kurve spezifisches Volumen der Flussigkeit gegen Temperatur in den Glasbereich
liegt. In der Reihe der Polystyrolfraktionen, bei welchem T, von 40 auf 100°C ansteigt,
nehmen die entsprechenden To-Werte von 5 auf 50°C zu. Weitere Beziehungen zwischen
den Parametern der “modifizierten” Arrhenius-Beziehung, der Freien-Volums-Gleichung
von Doolittle und der Williams-Landel-Ferry-(WLF)-Gleichung werden angegeben.

Received June 27, 1962
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The Reference Point for Liquid Relaxation Processes.
Il. Melt Viscosity of Polyisobutylene

A. A. MILLER, General Electric Research Laboratory,
Schenectady, New York

Synopsis

Published (Fox and Flory) viscosity-temperature data for polyisobutylene are ex-
pressed by a modified Arrhenius equation: log J = log A + B'/(T — To). For higher
molecular weight fractions {M > 2000) with estimated glass temperatures in the range
Tg = —64 to —79°C., the derived reference temperature Tois —150 (+10)°C., and
B' = 1240°. By comparison with Fox and Flory’'s empirical equations, the molecular
weight dependency of the A parameter, below and above the “chain-entanglement” point
(M = 17000), is derived. The modified Arrhenius equation can also be expressed with
WLF (Williams-Landel-Ferry) constants, where To = Tg — C«" and B' = CACJ> The.
melt viscosity-temperature behavior is consistent with free-volume concepts if vf -~
(T — To), as suggested by the Cohen-Turnbull theory.

INTRODUCTION

lii the previous paperlit was shown that the temperature dependence
of melt viscosity for polystyrene fractions could be expressed by a modified
Arrhenius equation of the form:

logy = log A + B'/CT - To) (1)

which could be related to the Doolittle free volume and the Williams-
Landel-Ferry (WLF) equations. The merits of this approach, as a basis
for viscosity-temperature-molecular weight (4T-M) relationships in
polymers and as a method of deriving some fundamental parameters for
viscosity theory, are further demonstrated in the present paper, which
deals with polyisobutylene (PIB).

VISCOSITY RELATIONS FOR POLYISOBUTYLENE

Fox and Flory2 measured melt viscosities up to 217°C. for a series of
PIB fractions ranging from M = 520 to 1,480,000. The following are
some of the empirical y T M relationships which were derived:

log nrlifts, = 56 x 1H(1/T3 - (1/4902 \e-m/il )
er = (Bl x ioy7>-iGw (2a)

log 727 = M4 log M — 1d.55 (M > 17000) ®3)
log ©17 — l75|og M — 655 (M < 17000) (4)

1865
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Fig. 1. Normal and modified Arrhenius plots of viscosity for polyisobutylene (M =
5380).

Fox and Flory found that the log 777-77217 versus 1/T curves coincided for
all fractions with M > 2000, where the term in eq. (2) approaches
unity. In eqgs. (3) and (4), the value M = 17,000 is the chain-entangle-
ment transition point for PIB.3

In the present paper, only the range M > 2000 will be considered in
detail. The Fox and Flory data for M = 5380 are shown in Figure 1,
plotted according to eq. (1), with trial values of TOin increments of 10°
between —130 and —170°C. The best straight line is obtained for TO =
—150°C. (£10) or 123°K., giving a slope of B' = 1240° and an intercept
log A = --3.50. Trial plots for several other fractions with M > 2000
showed that the same values of TOand B' were applicable and this will be
confirmed shortly. Thus, for M > 2000, we obtain:

log 4 = log A + 1240/(T - 123)
and at 217°C.:

log 27 — log A + 3.38
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Fig. 2. Modified Arrhenius plots of viscosity for polyisobutylene fractions with
M < 17000. Lines are drawn according to derived parameters: B' = 1240° and log A
from Table I. Points are Fox and Flory: data with To = —150°C. Log 3 displacements
indicated by c values.

Comparing this with the Fox and Flory egs. (3) and (4) we find:
log A= 34 logM — 1694 (M > 17000) (5)
log A 1.75log M - 9.93 (M < 17000) (s)

The values of log A calculated by these two equations are listed in
Table 1.

In Figures 2 and 3, the straight lines are drawn according to the pa-
rameters: log A from Table | and slope B' = 1240°. An additive constant
¢ was usedwhere indicated on the log » axisto disperse the curves. The
points are the Fox and Flory viscosity data, all plotted with = —150°C.
The experimental values conform very well to the modified Arrhenius
eq. (1), particularly for the higher fractions (Fig. 3).
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Fig. 3. Modified Arrhenius plots of viscosity for polyisobutylene fractions with m >
17000.

The true, temperature-independent activation energy for viscous flow
is given by E = 2.3 RB"', and for PIB the value thus obtained isE = 5.7
kcal./mole, compared to 3.0 kcal./mole for polystyrene.l The apparent
activation energy is given by ET = E(T/T — T0.2 For TO= —150°C.
calculated values are 18.8 kcal. at 0°C., decreasing to 10.3 kcal. at 200°C.
The Fox and Flory eq. (2a) for this range of M, where e~m/M ~ 1, gives

Et = 18.7 and 10.8 kcal. at these two temperatures. It should be noted

TABLE |
Log A Parameters for PIB
M (<17000) Log A M {>17000) Log A
4170 -3.58 57,600 -0.74
5380 -3.40 80,000 -0.24
6610 -3.24 480,000 + 2.36

8500 -3.05
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that the limiting, high temperature value for ETis E = 5.7 by the modi-
fied Arrhenius form, but reduces to zero by the Fox and Flory equation.
The former is probably more reasonable.

FREE VOLUME REPRESENTATION

Fox and Loshaek4 have reported the following relationships for PIB.
For the glass temperature, Tg= Tg@>) — 0.7 X 1059il/, where Tg&>) =
210°K. (—63°C.); and for specific volumes of the liquid: dv/dT = (6 +
1020/M) 10-4and y3c. = 1-131 + 31/AT7.

As a basis for further discussion, the calculated values are shown in
Table Il over a broad range of M.

TABLE 11
Calculated Parameters for PIB

dv/dT X 104

M T, °C. Wal)’c., cc./g. cc./g./°K.
&57600 -64 1.131 6.0

8500 -71 1.134 6.12

4170 -79 1.138 6.25

2000 -98 1.147 6.5

1000 -133 1.162 7.0

It can be seen that these parameters approach constant, limiting values
at high M but become increasingly sensitive to M at lower molecular weights.

Figure 4 shows the specific volume as a function of temperature for high
molecular weight fractions of PIB. The line, at, is drawn according to the
parameters: v = 0.95 cc./g. at 0°K. ;4 y3c. = 1.131 cc./g., and dv/dT =
6 X 10-4 (Table Il). The limiting value of Tg<®>) = 210°K., with the
corresponding volume, vg = 1.075 cc./g., are also shown. The derived
value of TO = 123 (x10)°K., placed on the linear v-T plot,1gives VO =
1.023 (+0.005) cc./g. Ferry and co-workers56 found that for the liquid
and glass expansion coefficients of PIB (Mn~ 4900), at — a, = 45 X
10"4which, for at = 6 X 10~4 gives ag= 1.5 X 10~4 In Figure 4, this
value is used for the v-T line of the glass.

In discussions of free volume, two limiting cases have been mentioned.4
(1) The “occupied” volume VO does not change with temperature; in the
present treatment, this leads to

vr = at(T — T0

where the temperature coefficient of vt is equal to the liquid expansion
coefficient alone. (2) The occupied volume vOalso increases with tempera-
ture, corresponding to a “solid-lattice” expansion coefficient as and the
change in vris governed by the difference:

V; = {at — a9 (T — To)
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Fig. 4. Specific volumes and suggested free volume representation, typical for high
molecular weight PIB (it/ » 2000).

Since in either case, vf is directly proportional to (T — TO0, the present
method in itself cannot distinguish between the two. For PIB, if case (1)
obtains, the volume fraction of free volume at the glass point is

fi — (vs ~ Vo)/v0 = 0.048

For case (2), if we assume as A a@ we obtain as a minimum, v,, = (4.5 X
10-4) 87 = 0.039 cc., leading to f,, ™ 0.036. For either case, these values
are greater than the “universal” WLF value, fO~ 0.025.%

In relation to the Doolittle free volume equation: log = log A +
Bvo/2.3vf, previous papers derived B = 0.91 for polystyrenes7 on the basis
that as = o in the more general expression:

v, = (at —as) (T — T0

It is now evident that the value of the Doolittle B constant derived from
B', the slope of the linear log wversus 1/(7° — TO plot, will depend on the
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assumption regarding a . For polyisobutylene, case (1) with as = 0, gives
B = 2.3(1240) 6 X 10-41.023 = 1.67. For case (2), with as = a, =
15 X 10"4and al — as = 4.5 X 10~4 we obtain B = 1.25.

In a theoretical approach to the WLF equation, Bueche suggested that
the Doolittle B constant can be identified with a minimum critical volume
required for the “jump” of a group of polymer segments.8 On this basis
it would appear reasonable that within a homologous polymer series B
should remain constant, independent of molecular weight, but it may still
vary significantly between different polymers, presumably according to
chemical structure. Indeed, on the basis of WLF parameters, if B =
2.3AaCi°C2°,1several-fold variations in B between different polymer systems
are already indicated by reported values of the WLF constants. 9l It
may be recalled that the calculated WLF free-volume values, i.e., /,,, have
assumed that B ~ 1 for all materials.%

Although the present approach does not eliminate the uncertainties
regarding the quantitative values off,, and B, it is still completely consistent
with the free-volume concepts, if vf ~ (T — TO0), as suggested by the Cohen-
Turnbull theory. 1 For the higher molecular weight fractions of PIB,
since the specific volumes and expansion coefficients are not very sensitive
to M (Table I1), the slope B' in eq. (1) remains relatively constant.
Similarly, the calculated Tgin Table Il shows only a 15° decrease down to
M — 4170. Since To is related to TO 1the decrease in the true value of Ta
in this molecular weight range should be of the same order. Apparently,
this change in TOis not great enough to be readily detected by the log
y versus /(T — To) plot, particularly since TOis so far removed from the
temperature range of the viscosity measurements (—13 to 217°C.).

COMPARISON WITH WLF CONSTANTS
The WLF equation with Tgas the reference temperature is:

logar = logWu. = “ CAT - Ts)/(C/ + T — TO.

For high molecular weight (Mv~ 106 PIB, the WLF constants have been
reported as C/ = 16.56, C2 = 104.4°, and CYC/ = 1731.% In relation
to the modified Arrhenius equation, it was shown in the previous paperl
that Co = T, — TOand CAY = B'. Thus, from the present results,
for TO = 210°K. we find C/ = 87 (x10)°, C/C/ = 1240, giving C/ =
14.3. (The Fox and Loshaek limiting value (Table Il) is used, which is
higher than the value 202°K. cited by Ferry.®

The two sets of constants are compared in Figure 5 on the basis of the
Fox and Flory viscosity data for 11/ = 80,000, a molecular weight high

enough to attain the limiting values in Table Il. The solid straight line
is based on To = —150°C. and B' = 1240. The broken straight line is
for the WLF value, C/C/ = B' = 1731. The intercepts of both of these
lines were fixed at log A = —0.24 (Table I). For Ts — 206°K. (the mean

of the two reported values) and the WLF value C° = 104, we have TO
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Fig. 5. Comparison of present parameters with reported WLF constants9 for high
molecular weight PIB (M 2000).

~ —170°C. In Figure 5, not only does this value of TOshow an upward
curvature but also its slopes do not conform to the value given by C\Ci =
1731. This suggests that, at least for viscosities of high molecular weight
PIB, the revised WLF constants may be more appropriate.

CONCLUSIONS

For polystyrenel and for polyisobutylene the rt-T-M data can be ex-
pressed by a modified Arrhenius equation. Only one adjustable parameter
To is used for viscosity-temperature data referring to a single material or
polymer fraction. The proper TO immediately defines the intercept A
and the slope B'. For a given polymer system, the parameter A is ap-
parently governed only by the molecular weight, with different dependencies
below and above the chain-entanglement point. For a given polymer,
B' and TOare essentially constant in the high M range, becoming increas-
ingly sensitive to M for lower molecular weights. This behavior is the
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result of parallel changes in specific volumes, expansion coefficients, and
Tg, with decreasing il/.

Empirical equations have been reported which show log ij as linear func-
tions of 1/7'", with n ranging from 1 to (5L The present work suggests
that all such empirical equations should be equivalent to the modified
Arrhenius equation. Even for measurements of highest accuracy, the
choice of the best empirical equation will be determined by such factors
as the number of rj-7' points measured, the temperature range, and es-
pecially the temperature region with respect to TO. For example, by in-
spection of eq. (1), the further the experimental temperature range is from
TO the more nearly will the viscosity data appear to conform to the or-
dinary Arrhenius relationship (n =1).

Equation (1) can also be expressed with WLF parameters with Tgas the
reference. Since CA = Tg- T, and IT = LY'C/,1we have:

logV=log,l+ C\HV. (Y + T - Tg).

This equation retains the important log A term which has been cancelled
out in the log aT form of the original WLF equation. It becomes evident
that although the two approaches are essentially equivalent, the emphasis
is quite different. The WLF method emphasizes Tg, vg as the reference,
while the present method, based on the modified Arrhenius equation, by-
passes the experimental glass point and leads directly to TO, vQ which seems
to be the ultimate reference point for liquid relaxation processes.

Note Added in Proof. With regard to the free volume interpretation of polyisobutylene
and polystyrene: viscosities, a more recent analysis suggests that the occupied volume,
v,, IS determined by the liquid structure and that the temperature coefficient, as, is
neither zero nor related to a,.
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Résumé

Des données viscosité-température publiées (Fox et Flory) pour le polyisobutyléne ont
été exprimées a l'aide d’'une équation d’Arrhénius modifiée: logy = log .4 + B'/{T —
Ta). Pour les fractions de poids moléculaires plus élevés (M > 2000) avec estimation des
températures de transition vitreuse dans le domaine Tg = —64 a —79°C, la température
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de référence dérivée, Ta, est de —150 (£10°C), et B* = 1240°. Par comparison avec les
équations empiriques de Fox et Flory, on a déduit la dépendance du poids moléculaire en
fonction du parametre A, en-dessous et au-dessus du point d’enchevétrement des chaines
(M = 17.000). L’équation modifiée d’Arrhénius peut aussi étre exprimée a l'aide des
constantes WLF (Williams-Landel-Ferry), ot TO= Ta— CVetB' = sV (2. Lecom-
portement température-viscosité a I’état fondu est compatible avec les concepts “volume
libre” si V, ~ (77 — Ta), comme il I'a été suggéré par la théorie Cohen-Turnbull.

Zusammenfassung

Literaturdaten (Fox und Flory) uber die Viskositat von Polyisobutylen in Abhangig-
keit von der Temperatur werden durch eine modifizierte Arrhenius-Gleichung darge-
stellt: logTi = logA + B'/{T — Ta). Fur hohermolekulare Fraktionen (M > 2000) mit
Glastemperaturen im Bereich Tg = —64 bis — 79°C betréagt die abgeleitete Bezugstem-
peratur, Ta = —150 (+10)°C und B' = 1240°. Durch Vergleich mit der empirischen
Gleichung von Fox und Flory wird die Molekulargewichtsabhédngigkeit des Parameters A
unterhalb und oberhalb des “Kettenverschlingungspunktes” (M = 17000) erhalten.
Die modifizierte Arrhenius-Gleichung kann auch mit WLF (Williams-Landel-Ferry)
Konstanten dargestellt werden; es ist dann 1\ = Tg — CV und B' = CVCV. Die
Schmelzviskositats-Temperaturabhéangigkeit stimmt mit vf ~ (T — Ta), wie es von der
Cohen-Turnbull-Theorie angenommen wird, mit dem Konzept des “freien Volumens”
Uberein.

Received July 17,1962
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Growth and Morphology of Single Crystals of
Cellulose Triacetate

R. ST. JOHN MANLEY, Physical Chemistry Division, Pulp and Paper
Research Institute of Canada, and Department of Chemistry, McGill
University, Montreal, Canada

Synopsis

Single crystals of cellulose triacetate were prepared by supercooling dilute solutions
in mixtures of nitromethane and re-butanol. The crystals are approximately square in
shape and thicken by spiral growths centered on screw dislocations. The chain mole-
cules are perpendicular to the lamellae which are about 180 A. thick. In spite of their
stiffness the molecules appear to assume folded configurations in the lamellae. Various
morphological features of the crystals are described and discussed.

INTRODUCTION

In recent years a number of investigatorsl-6 have described the growth
of single crystals of several linear synthetic high polymers by precipitation
from dilute solution through supercooling. The crystals thicken by a
screw dislocation mechanism and consist of layers about 100 A. in thickness.
Electron diffraction patterns show that the long chain molecules are
oriented normal to the plane of the layers, and since the chain length
greatly exceeds the layer thickness, it has been proposed by Keller2 that
the chain molecules must be sharply folded in order to fit into the layers.
Thus the crystal is built up of sharply folded polymer chains packed in
an ordered arrangement. This hypothesis is now considered to be well
established.

In comparison with the synthetic polymers on which these observations
have been made, it is well known that molecules of cellulose and its deriva-
tives are relatively inflexible. Consequently, the question arises whether
the phenomenon of chain folding can also exist in these polymers. The
long-range interest of the present work lies in the possible role of chain
folding in the fine structure of fibers of native and regenerated cellulose.
As a starting point we have chosen the study of single crystals and their
aggregates in cellulose and its derivatives. The present paper deals with
a study of the growth and morphology of single crystals of cellulose
triacetate.

Cellulose triacetate is a linear macromolecule composed of glucose
triacetate residues connected by 1 —m4 /3-glycosidic bonds. The chains
possess sterical as well as chemical regularity and as such are able to
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crystallize. There are two stable polymorphic modifications; cellulose
triacetate | and cellulose triacetate Il. The first form can be obtained by
the heterogeneous acetylation of cellulose I, while cellulose triacetate Il
is formed during the acetylation of cellulose Il or by the precipitation
of homogeneously acetylated triacetate | from solution. The material
of the present investigation was the triacetate Il modification. Inter-
planar spacings for cellulose triacetates have been published by a number
of authors,7-14 and Dulmadgel3 has determined the crystal structure of
cellulose triacetate Il. The unit cell is orthorhombic and contains four
cellobiose oetaacetate residues, pairs of which are related by a twofold
screw axis in the direction of the fiber axis. The glucose residues of such
a pair are parallel and inclined at about 45° with respect to the a axis.

In this paper it will be shown that under suitable conditions cellulose
triacetate can be made to form well-defined single crystals having a mor-
phology quite analogous to that of crystals of the linear synthetic polymers.

EXPERIMENTAL
a. Materials and Experimental Technique

The material used was a highly substituted acetate obtained through
the courtesy of Eastman Kodak, Rochester. The acetyl value of 44.7%
corresponds to virtually maximum substitution. The intrinsic viscosity
in methylene chloride/methanol (90/10) was 2.12, corresponding to an
estimated degree of polymerization of 300. Several fractions ranging in
molecular weight from 36,000 to 135,000 were prepared by the fractional
solution process using mixtures of methylene chloride and ethanol.

In preliminary experiments crystallization was effected by dissolving
the polymer in hot nitromethane and cooling the solution to room tem-
perature. Under these conditions the polymer precipitates from solution
as spherulites at higher concentrations (above about 0.5%) and as small
thick crystals at lower concentrations.’5 However, as these crystals
were unsuitable for electron microscope studies, attempts were made to
grow them wider and thinner. It was found that this could not be achieved
from pure nitromethane, and it was necessary to add a nonsolvent in
suitable quantities in order to facilitate growth. Although many other
solvents were tried, none were found to give crystals. The crystals used
in the present investigation were grown as follows. The polymer was
dissolved in hot nitromethane at concentrations varying from 0.002 to
0.05%. To this solution was added an appropriate amount of hot /;-bu-
tanol. The solution was then either cooled slowly to room temperature,
or else placed in a thermostat at the desired crystallization temperature
(usually in the range 20-50°C.). The amount of butanol used depends
on the molecular weight of the polymer; the higher the molecular weight,
the lower the volume ratio of butanol/nitromethane.

For examination in the optical microscope, drops of the crystal suspension
were placed on a glass slide and the solvent allowed to evaporate at room
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temperature. For electron microscopy the suspension was placed on
a slide precoated with carbon. After drying, the specimen was shadowed
with Au-Pd; the film was subsequently floated off on water and then
transferred to electron microscope grids.

In the optical microscope the crystals were best viewed with incident
illumination. Electron optical investigations were made in a Siemens
Elmiskop | instrument. Electron diffraction experiments were carried
out in the electron microscope with the lenses set in the diffraction
condition.

b. Observations

It was found that the habit of the crystals is rather strongly dependent
on the crystallization conditions, in particular on the polymer concentration
and the proportion of butanol used. If an excessive amount of butanol
was used the polymer precipitated exclusively in a compact globular form,

Fig. 1. Globular particles of cellulose triacetate. Optical micrograph with incident
steep oblique illumination. 570X.

Fig. 2. Optical micrograph of thick pyramidal crystals of cellulose triacetate. Thin
square shaped basal lamellae can be recognized. Incident steep oblique illumination.

855 X.
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(c)

Fig. 3. (a) Optical micrograph with incident steep oblique illumination showing a
cellulose triacetate crystal with overlapping lamellae (the wartlike protrusions are dis-
location overgrowths), 585X; (h) tracing of the crystal in Fig. 3(a) illustrating the
closed loops by which each lamella grows into the next; (c) electron micrograph showing
an example of a closed dislocation loop. Shadowed with gold-palladium, 13,200X-



SINGLE CRYSTALS OF CELLULOSE TRIACE TALE 1879

as shown in Figure 1. Although no detailed investigation of these struc-
tures has been made, it is believed that they are spherulitic in nature.
As already stated, cellulose triacetate can be crystallized from solution
as spherulites.

On the other hand, if the ratio of butanol to nitromethane was too
low, the crystals obtained tended to be rather thick and were in the form
of a pyramid with a craterlike depression at the apex (Fig. 2). The origin
of this depression is not known at present. In many cases the thin,
square-shaped basal lamella could be seen protruding around the edge
of the crystals.

Under optimal conditions of growth the crystals attained widths up
to about 200 n without excessive thickening. Figure 3a is an optical
micrograph showing a characteristic mode of development in which the
square-shaped basal lamellae overlap one another in such a manner as
to produce re-entrant faces. This type of growth is very similar to that
found in some polyethylene crystals19 which consist of twins repeating
in a regular sequence. Actually, it appears that the various lamellae
form a single continuous sheet. As seen in the line drawing of Figure 36,
overlapping occurs only at those positions, adjacent to the re-entrant angles,
mwhere the lamellae merge into one another. The agency through which
the lamellae grow into one another is an apparent closed dislocation loop,
an example of which is shown in Figure 3c. The appearance of these loops,
with the shadow ending halfway along one face (Fig. 3c), strongly suggests
that they actually consist of two spirals at the top and bottom of the
lamella. It may be presumed that during solvent removal the shearing
of the layers produces the closed loops seen.

An increase in the concentration of the polymer solution (0.05%) favored
the growth of large thick dendritic crystals as illustrated in the optical
micrographs of Figure 4. At lower concentrations the tendency towards
dendritic growth was also found to increase for higher molecular weight
fractions. The central portion of a large dendritic crystal is shown in
Figure 4a. The crystal is thickest in the middle due to a broad ridge
running lengthwuse. Fracture has occurred at several points along the
ridge, probably on drying down. Figure 46 shows an area near the tip
of another dendritic crystal. The crystal of Figure 4a tapered off in a
similar manner. The dendritic crystals so far described had only a simple
elongated habit. In some other preparations (Fig. 4c) the crystals had
an overall starlike habit. The diagonals consisted of pronounced ridges
intersecting at right angles, and there was a depression at the point of
intersection similar to that seen in the square crystals of Figure 2.

In some preparations, “picture frame” type crystals were observed
(Fig. 5) similar to those reported by Keller for polyethylene¥and poly-4-
methylpentene-1.7 Even in the optical micrographs it could be clearly
seen that the frame formed a border around a thin plate. These crystals
formed whenever a suspension of the crystals in their growth medium was
heated close to the solution temperature and then allowed to cool. Keller®
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Fig. 4. Optical micrographs with steep incident oblique illumination showing thick
dendritic crystals of cellulose triacetate: (a) central portion of a crystal 450X; (b)
region near the tip of a crystal 450X ; (c) crystal with heavy ridges along the principal
diagonals. There is a craterlike depression at the intersection of the diagonals. 450 X.

has shown that the picture-frame phenomenon is due to reprecipitation
of dissolved polymer.

Electron micrographs (Fig. 0-8) confirmed that the crystals consist
of approximately square-shaped lamellae, and indicated further that
thickening takes place by spiral growth centered on screw dislocations in
accordance with Frank’s theory of crystal growth.188 For all the fractions
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Fig. 5. Optical micrograph of “picture-frame” type crystals. Incident steep oblique
illumination. 580 X.

Fig. s . Electron micrograph of a cellulose triacetate crystal showing (at the center of
the photograph) the development of a closed sheet from two dislocations of opposite
hand. Shadowed with gold-palladium. 11,400X .

investigated the layer thickness was of the order of 180-200 A. as deter-
mined by the shadow length method.

In Figure 6 there are two screw dislocations of opposite hand close to
each other and equally developed. The resultant growth pattern leads
to a closed sheet. Figure 7 shows a further example of the interaction of
dislocations of opposite sign leading to an interleaving of the growth layers.
The more complex growth which arises from the development and inter-
action of large numbers of dislocations is shown in Figure 8.
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A characteristic feature of the crystals is a pronounced system of coarse
striations running perpendicular to the edges of each layer. This is
particularly well revealed in Figure 7. The striations change direction
along the layer diagonals. Accordingly, each layer of the crystal appears

Fig. 7. Electron micrograph of a cellulose triacetate crystal showing interleaving
from dislocations of opposite hand. Note particularly the surface striations changing
direction at the layer diagonals. Shadowed with gold-palladium. 13,440X.

Fig. s . Electron micrograph of a crystal showing complex growth from multiple disloca-
tion centers. Shadowed with gold-palladium. 11,400X.
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Fig. 9. Electron micrograph showing pleats along the edge of a crystal. Shadowed with
gold-palladium. 24,000X .

to be divided into four sectors which differ from one another in the direction
of the striations. In some photographs crystals were observed which had
folded back on themselves near a corner on drying down ; the lower surfaces
could then also be seen. When allowance is made for the fold, the stria-
tions are in the same direction as those on the top surface of the crystal.
The striations must therefore either be restricted to the upper and lower
surfaces of the layers or else pass right through them, giving a lamellalike
structure perpendicular to the face of the crystals. On the face of it neither
alternate can be dismissed as a priori improbable. However, were the
latter true, it might be expected that the crystals should show a tendency
to fracture preferentially along the striations under suitable stress. In
Figure 7 the crystal is broken at one corner. The fracture obviously oc-
curred subsequent to the completion of growth, presumably on drying
down, and is along the striations. Other photographs show similar effects.
This suggests that the striations are points of weakness in the crystal, and
offers some support to the view that the striations are not merely a surface
feature, but constitute a structural discontinuity running through the
layers.

Figure 9 shows a further interesting morphological feature frequently
observed. These are short pleats running parallel to the striations and
invariably terminating on a bounding face of a lamella. Pleats have
been observed previously2Z in lozenge-shaped polyethylene crystals,
their direction being most frequently along the short diagonal. These
have been explained on the basis that the crystals grow as hollow pyramids
which collapse and flatten on drying down, the excess material being pushed
into a pleat. In the present case the appearance of the pleats indicates
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@) =)
Fig. 10. (a) Electron diffraction pattern of cellulose triacetate crystals; (b) scale drawing
showing the position of the principal spots in Fig. 10 a.

that they are not formed during the growth of the crystal but are the
result of compression forces acting parallel to the plane of the layers during
the removal of the solvent when the crystals are dried down on the specimen
support. The location of the pleats at the crystal edges suggests that
the crystals grow flat. If growth was nonplanar, the pleats would be
expected near the center as in the case of polyethylene. It is interesting
to note that the pleats always occur in the same direction as the striations.
This does not seem fortuitous. It is suggested that 1his observation
may lend further support to the previously mentioned hypothesis that
the striations as structural discontinuities within the lamellae are points of
weakness.

A considerable amount of attention was devoted to electron diffraction
experiments in an effort to obtain unequivocal proof that the objects being
investigated were single crystals, and to determine the orientation of the
chain molecules with respect to the layers. The experiments proved to
be very difficult. It is now well known that an electron beam destroys
the diffracting power of polymer crystals without altering their shape.®
Diffraction patterns can, however, be obtained by using low beam in-
tensities and working rapidly. The triacetate crystals appear to be
particularly sensitive to the electron beam, even at very low intensities.
The few patterns obtained were very weak, poorly defined and difficult to
reproduce.

Attempts were also made to photograph the crystals at very low mag-
nification and intensity in an effort to detect any structures which might be
beam sensitive. The technigue employed was that found successful in
photographing single crystals of polyethylene as described by Agar et al.®
In no case was any diffraction contrast observed.



SINGLE CRYSTALS OF CELLULOSE TRIACETATE 1885

(a) (b)

Fig. 11. X-ray diffraction patterns of a tablet formed by filtering crystals from solu-
tion: (o) x-ray beam perpendicular to the plane of the tablet; (6) x-ray beam parallel
to the plane of the tablet.

Figure 10a shows an electron diffraction pattern of the crystals. Be-
cause of the weakness of the spots, their positions are defined in the scale
drawing of Figure 106. The pattern corresponds to an orthogonal net-
work in the basal plane of the reciprocal lattice. There are three principal
reflections which have been indexed as (020), (040), and (600), the cor-
responding spacings being 5.92, 2.96, and 4.1 A., respectively. The di-
mensions of the unit cell in the plane normal to the electron beam are
then 24.6 A. and 11.8 A. These values are in good agreement with the
dimensions of the ab projection reported by Dulmadge, 13 who has proposed
an orthorhombic unit cell with a = 245 A., s = 11.56 A., and c (the chain
axis) = 10.43 A. From these observations we conclude that the chain
molecules are oriented perpendicular to the plane of the lamellae.

According to x-ray evidence to be presented shortly, the strongest re-
flections are the (110), (210), and (310). These were not observed in any
of the electron diffraction patterns, but at least two of them, (110) and
(210), could be masked by the halo due to the main beam at the center.
It can be clearly seen that there are three pairs of (600) reflections, and
there are indications that there may be more than one pair of (020) and
(040) reflections. None of the patterns were sufficiently well defined to
allow more definite conclusions. It is, however, at least clear that this
type of pattern cannot be due to a single triacetate crystal but must arise
from the superposition of a number of the orthorhombic lattices in some
form of twin orientation.

Corroborative evidence on the orientation of the molecules was obtained
from a study of wide-angle x-ray diffraction patterns. The crystals were
recovered from suspension by slow filtration. Diffraction patterns were
obtained in a flat film camera with the use of nickel-filtered CuKa radia-
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TABLE |
Observed X-Ray Spacings

Index Observed spacing, A. Intensity
110 10.32 VS
210 8.44 Vs
111 7.47 vw
310 6.67 'S

(410)(220) 5.12 '
320 4.70 S
212 4.43 w
600 4.16 m

(520)(430) 3.81 m
322 3.49 w

(422)(032) 3.31 m

(522)(232) 3.06 w
340 2.72 VW
004 2.60 vw

tion. When the x-ray beam was oriented perpendicular to the horizontal
plane of the cake, a powder pattern showing several well defined reflec-
tions was obtained (Fig. 11a). With the beam parallel to the plane of
the cake, which was oriented along the equator, the pattern showed pre-
ferred orientation (Fig. 116), the intensity maxima for all (hko) reflections
being on the equator and for (hkl) on the meridian. The positions of the
intensity maxima are consistent with the assumption that the ab plane of
the unit cells lie in the plane of the crystal and that within the cake the
crystals are preferentially stacked on top of one another in the direction of
their c axes.

In Table | the observed x-ray spacings are listed, together with the
indices as obtained by reciprocal lattice methods. The data are in excellent
agreement with the results of othersi2'1s on oriented fibers and films and
serve to identify the crystals as those of cellulose triacetate Il as distinct
from triacetate I.

We endeavored to obtain low-angle x-ray diffraction patterns in an
attempt to uncover long spacings which might be identified with the thick-
ness of the layers.as A Kiessig vacuum camera was used.o The pinholes
were 0.3 mm. in diameter, the specimen film distance was 400 mm., and the
resolution vias about 300 A. The specimens were prepared as described
above for wide-angle studies and the horizontal plane of the cake was
oriented parallel to the beam. It was found that the crystal aggregates do
not give discrete low-angle reflections but only a strong continuous scatter-
ing. In some experiments thick crystals were used. These contain many
hundreds of layers stacked regularly on top of one another and would be
expected to give at least a povrder pattern with continuous rings. The
absence of discrete reflections may indicate that within the filtered aggre-
gate the mode of packing of the lamellae is not sufficiently uniform to fulfill
the diffraction conditions. It may also be due to lack of uniformity in the
thickness of the individual lamellae on the molecular scale.
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DISCUSSION

In the preceding sections it has been shown that cellulose triacetate
crystallizes from solution as square-shaped, lamellar crystals in which the
chain molecules are oriented perpendicular to the layers. The observed
layer thickness corresponds to about 18 unit cell lengths in the direction of
the c axis. We wish now to consider the evidence for chain folding.

The molecular weights of the fractions were estimated by using Cumber-
birch and Harland’s relationship2: connecting the molecular weight of this
polymer and the limiting viscosity. In Table Il the D.P. values for the
various fractions are shown. The length of a glucose acetate residue is 5.15
A., and the identity period of 10.3 A. along the c axis indicates that the
molecules must assume a highly extended configuration in the lattice. The
length of the molecules may therefore be taken as the degree of polymer-
ization multiplied by 5.15. The values thus obtained are given in Table II.
It is seen that with the exception of fraction F1L the length of the molecules
exceeds the measured layer thickness. Accordingly, as the molecules
evidently cannot be simultaneously straight and perpendicular to the
layers, it would appear the phenomena of folding also occurs in these
crystals. A study of a Stuart-Briegleb atomic model indicates that pro-
vided the successive residues in the fold are permitted to rotate around the
glycosidic linkages, only about four residues are required for the chain to
fold back on itself.

It is seen from the foregoing that the inflexibility of the triacetate chains
is really no hindrance to folding. However, having regard to the apparent
ease with which it occurs, one is led to wonder whether the molecules may
not already be folded in the solution. It is not proposed to enter here into
considerations of the theory of the formation of polymer crystals with
folded chains. This has been treated in detail by Lauritzen and Hoffmanza
and others.2s29  Nevertheless, it may be of interest to give passing mention
to an attempt to detect a possible one-dimensional ordering in the super-
cooled solutions due to intramolecular interactions. Viscosities of solu-
tions of cellulose triacetate in nitromethane were measured over a wide
temperature range (25-90°C.). Plots of viscosity against temperature gave
smooth curves with no indication of a discontinuity which might be attrib-
uted to the onset of folding. This could mean either that the change in
molecular configuration from the coiled to the folded state is not reflected in

TABLE 11
Degrees of Polymerization and Molecular Lengths o

Fraction No. M dl./g. Mol. wt. D.P. L, A.
F1L 0.30 10,000 35 180
F2L 0.42 15.000 50 270
F1H 0.90 36,000 125 640
F2H 1.55 85,000 300 1520

F5H 2.60 130,000 450 2300
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the viscosity measurements or that folding does not occur in solution; the
latter would imply that the molecules only fold when they are being laid
down in the crystal lattice.

For one of the fractions (F1L, Table I1) the chain length is of the same
order of magnitude as the observed layer thickness. This suggests that in
these crystals the step height is determined by the length of the fully
extended chain. It would then follow that before folding can occur the
chains must attain a certain critical length, which would appear to be about
180 A. In the case of polyethylene, Keller has shown that when the hy-
drocarbon chains are shorter than 90 A., folding does not occur. The
greater critical fold length in cellulose triacetate very likely results from the
inflexibility of the molecular chains.

We consider next the question of the symmetry of the crystals. The
observed apparent square habit suggests that the crystals have fourfold
symmetry, yet the dimensions of the unit cell in the basal plane would lead
one to expect twofold symmetry. This apparent inconsistency is, however,
removed on closer examination. Indeed, measurement of the length of the
diagonals and of the angles between adjacent bounding faces shows that the
crystals are not square. The ratio of the lengths of the diagonals is about
1.04, and the angles between the bounding faces at the end of the long and
short diagonals are approximately 87° and 93°. Thus, in reality the
crystals have twofold symmetry as expected, and the apparent fourfold
symmetry only results from the very close approach to a square habit. It
is of interest then to enquire how this particular habit is developed.

Figure 12 shows a c-axis projection of the ab plane of the lattice. A
monolayer crystal is drawn on the lattice with edges parallel to the [210]

Fig. 12. Diagram showing a projection of a monolayer crystal of cellulose triacetate onto
the {001} plane of the lattice.
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directions. This is the only construction which satisfies the observed shape
of the crystal. The angles of intersection of the {210} faces calculated on
the basis of the unit cell dimensions given by Dulmadges are 93.1° and
86.9°, in excellent agreement with the observed values given above. We
infer from these considerations that the a and b axes are, respectively, along
the long and short diagonals of the plates. Consequently, growth takes
place along the {210} faces, and it is then reasonable to assume that the
plane of the folded molecules lie in the {210} planes, i.e., parallel to the
growth faces. The diagonals are in the [010] and [100] directions.

In the case of the crystals shown in Figure 3 each basal layer grows into
the next through the development of an apparent closed dislocation loop
situated adjacent to the re-entrant angles. Dislocations therefore appear
to provide a mechanism not only for the thickening of the crystals but also
for their lateral extension. The diffraction pattern of Figure 10 was ob-
tained from crystals of the same type as those considered here. As dis-
cussed earlier this pattern is not that of a single triacetate crystal but arises
from a superposition of lattices. It therefore seems reasonable to suggest
that the type of growth in Figure 3 may be due to repeated twinning.
Proof of this is, however, a matter for further investigation.

It was mentioned earlier that the diagonals divide each crystal layer into
four distinct sectors. This is consistent with our interpretation of the
folded chains being in the {210}, {210}, {210}, and {210} planes. The
striations and concomitant sectorization described here are not new.
Similar observations have been made in polyethylene, 19 polyoxymethylene,z
and nylon.s However, in contrast to the other polymers, the striations in
cellulose triacetate do not appear to be sensitive to ageing on drying down
or to destruction by the electron beam in the microscope.

In the terminology of Reneker and Geilzs the sectors are defined as fold
domains and the diagonals as fold domain boundaries. The latter are lines
of demarcation between those sections of the crystal in which the fold planes
have a common orientation. The lattice is however, continuous across the
domain boundaries.

One of the most puzzling features of the striations is their direction. As
the folded chains lie in the {210} planes, it would intuitively be expected
that the striations should be parallel to the bounding faces and not perpen-
dicular as observed. It may be noteworthy to point out here that the
striations have also been observed in crystals for which, as shown earlier
(fraction F1L, Table I1) there is no folding, the layer thickness being equal
to the length of the extended molecules. Accordingly the striations are not
a feature related to chain folding, unless the terminal acetyl groups are able
to act in the capacity of folds. The origin and significance of these stri-
ations is not understood at present, but it seems possible that they may be
purely crystallographic in origin, being due to the manner in which the
chain molecules are constrained to pack together in the chain direction.
Kellerzs has accounted for striations in polyethylene on a similar basis.

It remains to consider briefly some possible modes of chain packing.
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(b)

Fig. 13. (a) A c-axis projection of a crystal showing the positions of the chain molecules
in the unit cells (The median plane of the chain segments is indicated by the short lines
inclined to the a axis); (b) diagram showing one possible way in which a single molecule
might fold to form a nucleus. View along the c axis. Solid lines indicate folds on upper
surface of lamella; dashed lines indicate folds on lower surfaces.

According to the work of Dulmadge, 13 the unit cell of cellulose triacetate 11
contains two sets of cellulose acetate chains, each paired about a twofold
screw axis in the direction of the chain molecules and with their median
planes roughly perpendicular to each other. On the basis of this model
two possible modes of chain packing are here discussed.

Consider the projection of a crystal on the j001} planes illustrated in
Figure 13. The molecular chains are normal to the plane of the figure and
the median plane of each chain is indicated by a line inclined at about 45°
to the a axis. The pair of chains in the lower left-hand corner of each cell
generates through the agency of the screw operations a new pair of chains in
the center of each cell. Assuming, as before, that the folds lie in the {210}
planes, we have the following possibilities.
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The plane of adjacent segments of chains bridged by folds are turned at
right angles or nearly so, to each other. This would require successive
glucose triacetate residues within the fold to rotate around the glycosidic
bonds, so as to permit the median plane of the chain segments to change
direction. Following Lauritzen and Hoffman,24 a single molecule might be
considered to form the nucleus by folding in a spiral manner as indicated in
Figure 136. Folds on the upper 001 surface are indicated by the solid lines
in the {210} planes while the dashed lines similarly indicate folds on the
lower 001 surface. The plane of the folded molecules changes orientation
at the domain boundaries but the planes are continuous across the
boundaries.

The alternative structure is one in which the median planes of adjacent
segments of chains connected by folds are parallel to each other. This
would imply that the crystal contains two sets of folded chains, one running
approximately parallel and the other perpendicular to each growth face.
The fold length of each set of chains must differ so as to allow one set of
chains to be caged within the other. This inclusion effect arises from the
fact that the chains folded in one direction would have to cross over or under
those folded in the other direction. Enough has been said to indicate the
general properties of this type of fold packing. It must now be pointed out
this arrangement is considered inadmissable, since in the first place seg-
ments of the folded molecules would protrude from the growth faces.
Secondly, it is difficult to imagine the characteristics of the folded nucleus
which would allow the development of a crystal with this disposition of the
folds. On the basis of the above, it may be tentatively concluded that the
chain segments joined by folds are those at the corner and center of each
unit cell.

The success in growing lamellar crystals of cellulose triacetate raises the
question of the possibility of saponifying them without destroying the
lattice. A preliminary report of such an investigation has already been
made.so The details will appear in a forthcoming paper.s

The author isindebted to Dr. S. T. Bayley, Division of Applied Biology, National Re-
search Council, Ottawa, for his generous assistance in obtaining the electron micrographs.
Thanks are also due to Mr. C. P. Henry for assistance with the experimental work and
Dr. P. H. Geil of the Research Triangle Institute for his comments on the manuscript.

The work was supported under the Pioneering Research Program administered by the
Institute of Paper Chemistry, Appleton, Wisconsin, to whom grateful acknowledgment
is hereby made.
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Résumé

On a préparé des monocristaux du triacetate de cellulose par surfusion dans des
mélanges de nitrométhane et de rc-butanol. Les cristaux ont environ une form me
carrée et ils épaississent par croissance en spirale ecentrée par dislocations en hélice. Les
chaines moléculaires sont perpendiculaires avec lamelles qui ont une largeur d’environ
ISO A. Malgré leur rigidité les molécules semblent avoir des configurations pliées dans les
lamelles. Plusieurs données morphologiques des cristaux sont décrites et discutées.

Zusammenfassung

Cellulosetriacetat-Einkristalle wurden durch Unterkiuhlung verdinnter Ldsungen in
Nitromethamn-Butanolgemischen dargestellt. Die Kristalle besitzen annédhernd
quadratische Gestalt und ihre Dickenzunahme erfolgt durch Spiralwachstum Uber
Schraubenversetzungen. Die Kettenmolekiule stehen senkrecht zu den etwa 180 A.
dicken Lamellen. Trotz ihrer Steifigkeit scheinen die Molekile in den Lamellen
gefaltete Konfigurationen anzunehmen. Verschiedene morphologische Eigenschaften
der Kristalle werden beschrieben und diskutiert.

Received June 2,1962
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Hydrolysis of Cellulose Triacetate Crystals

R. ST. JOHN MANLEY, Physical Chemistry Division, Pulp and Paper
Research Institute of Canada, and Department of Chemistry, McGill University
Montreal, Canada

Synopsis

Crystals of cellulose triacetate were hydrolyzed in an attempt to obtain single crys-
tals of cellulose. The hydrolyzed material retains the morphology of the triacetate
crystals, but its crystalline state depends upon the method of hydrolysis. In an
aqueous medium, polycrystalline cellulose is formed, while a nonaqueous medium gives
an amorphous cellulose. The results suggest that the hydrolysis is accompanied by a
disruption of the lattice and that recrystallization of the resulting amorphous cellulose
is caused by the water.

INTRODUCTION

In the first paper of this series the growth and morphology of crystals of
cellulose triacetate was described.1 It was shown that the crystals are
lamellar in structure and thicken by spiral growths centered on screw
dislocations. The chain molecules are oriented normal to the crystal layers
and, since the length of the molecules exceeds the layer thickness, it was
concluded that in spite of their inflexibility the molecules must assume
folded configurations within the lamellae.

As an extension of this work it was of interest to investigate the pos-
sibility of saponifying the triacetate crystals without destroying the lattice.
Crystals of cellulose would be thus obtained. A preliminary account of
this work has already been given.2 In the present paper further details
are presented.

EXPERIMENTAL

The crystals of cellulose triacetate were grown, as described previously, 1
by supercooling dilute solutions in mixtures of nitromethane and butanol.
The crystals so obtained were washed with absolute methanol and then
saponified by two methods as follows.

a. Hydrolysis in Aqueous Media. Deacetylation was carried out in
2% potassium hydroxide solution in aqueous methanol (50:50 v/v) at
room temperature for about 10 hr.s After saponification the crystals
were separated from the saponification medium and washed thoroughly
with water.

b. Hydrolysis in Nonaqueous Media. Deacetylation was performed in

1893
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@ (b)
Fig. 1. X-ray powder pattern of (a) cellulose Il obtained when crystals of cellulose
triacetate are saponified with potassium hydroxide in aqueous methanol; (b) cellulose
triacetate crystals.

Fig. 2. X-rajf diagram of cellulose triacetate crystals saponified with sodium methylate
in absolute methanol.

0.5N sodium methylate in anhydrous methanol at room temperature for
about 10 hr. The saponified crystals were separated from the reaction
medium and washed with absolute methanol.
In both cases the suspension was agitated gently during the reaction.
Observations were made in the optical microscope after drying down the
crystals on glass slides. It was found, as mentioned in an earlier paper,2



CELLULOSE TRIACETATE CRYSTALS 1895

w

Fig. 3. Electron micrographs of (a) a cellulose triacetate crystal before hydrolysis;
(b) a cellulose triacetate crystal after hydrolysis. 16.750X.

that the crystals remained intact following hydrolysis. The only con-
spicuous change was a lateral contraction of about 30%, which could be
accounted for as due to the replacement of the bulky acetyl groups by
hydrogen.

For x-ray examination the crystals were dried from their respective wash
liquids, and powder patterns were obtained in a flat film camera with the
use of nickel-filtered CuKa radiation. The results obtained in the two
cases were quite different. Figure la shows the x-ray diagram of the
crystals hydrolyzed in the aqueous medium. For comparison a powder
pattern of the cellulose triacetate crystals is shown in Figure 13> The
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Fig. 4. Selected area electron diffraction pattern of a cellulose triacetate crystal hydro-
lyzed with potassium hydroxide in aqueous methanol.

pattern of the hydrolyzed specimen is well defined and corresponds to the
structure of cellulose Il. Furthermore, there are no residual reflections
from the acetate, indicating that the reaction had proceeded throughout
the lattice and not merely on the surfaces of the crystals.

This evidence for the completeness of reaction is, however, not conclusive
as small amounts of acetyl groups could remain undetected by the x-ray
method. However, the infrared diagram of the product showed no absorp-
tion for carbonyl groups, and an analysis for acetyl groups by the Eberstadt
methods gave negative results. It can therefore be safely concluded that
the hydrolysis was complete.

In sharp contrast is the diagram for crystals hydrolyzed in the non-
agqueous medium (Fig. 2). A single, broad, diffuse maximum dominates
the pattern, but weak traces of the strongest triacetate reflections could
also be detected. The position of the diffuse halo corresponds to that of the
(I0l) and (002) reflections in the cellulose Il pattern. Thus this method
of hydrolysis produces a two-phase system comprised chiefly of amorphous
cellulose but also containing smaller amounts of unhydrolyzed triacetate.
Accordingly, in this reaction the lattice is not completely penetrated.

For examination in the electron microscope the crystals were deposited
on a carbon substrate, mounted on standard specimen screens and shadowed
with gold-palladium. A Siemens Elmiscope | instrument was used. In
Figure A electron micrographs of unhydrolyzed and hydrolyzed acetate
crystals are shown. It is evident that there is not much difference in the
surface morphology of the two specimens. The square-shaped lamellae,
spiral growths, and striations are evident in both pictures. The hydrolyzed
samples, however, usually showed a slight increase in surface irregularity,
and the sharpness of the lamellar boundaries was reduced, as if a partial
melting of the crystal had occurred. Similar pictures were obtained for
both methods of hydrolysis.

Electron diffraction experiments were carried out on the hydrolyzed
specimens in order to establish their crystalline nature. Patterns of
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selected individual crystals were obtained in the electron microscope with
the lenses set for diffraction. The hydrolyzed crystals proved to be rather
less sensitive to destruction by the electron beam than were the acetate
crystals.1 Figure 4 shows a selected area electron diffraction pattern of the
material hydrolyzed in the aqueous medium. In agreement with the
X-ray evidence, the pattern is that of cellulose Il. The appearance of rings
as distinct from spots indicates that the specimen is polycrystalline. The
innermost interference (101), is discontinuous and points to preferred
orientation of the corresponding planes within the specimen.

DISCUSSION

The observations described above indicate that the hydrolysis of single
crystals of cellulose triacetate takes place without a change in morphology.
While at first sight this might seem somewhat surprising, it should be noted
that a similar phenomenon is well known in mineralogy as pseudomor-
phism.s A change in the internal structure of a crystal need not necessarily
be reflected in a change of external form. The hydrolyzed acetate crystal
is, however, not a single crystal but is polycrystalline in nature, and may be
referred to as a pseudomorph. Accordingly, in the hydrolyzed acetate
pseudocrystals, the external morphology represents only a matrix or shell,
the interior being fragmented into crystallites.

An estimate of the average size of the crystallites can be obtained by
measuring the radial broadness of the x-ray reflections.s The dimensions
can be calculated from the well-known Scherrer equation for line broaden-
ing.

D — (K AJ3iJ sec 9

where D is the mean crystallite dimension in angstroms, A is the wave-
length, A is a constant (here taken as unity), 8 is the Bragg angle, and /3,2
is the breadth of the diffraction defined as the angular width in radians at
half maximum intensity. The D values thus obtained are 42 A., 36 A., and
32 A. corresponding to the (101), (101), and (002) reflections, respectively.
These dimensions are of the same order of magnitude as those normally
obtained for ordinary regenerated cellulose and suggest a comparable
degree of molecular order. This conclusion is borne out by accessibility
measurements by a gravimetric deuterium oxide exchange method.7 Both
bulk regenerated cellulose (e.g., cellophane) and triacetate crystals hy-
drolyzed by the aqueous method show accessibilities of about 78 per cent.
On the other hand, the accessibility of crystals hydrolyzed in the non-
agqueous medium was about 90%, in accord with the amorphous character
as shown by the x-ray diagrams.

For the material hydrolyzed in the agueous medium the electron diffrac-
tion patterns show that the (101) and (0o2) reflections are isotropic, while
the (101) appears as arcs indicating preferred orientation. Accordingly,
the crystallites are randomly arranged with the b axes (chain direction)
roughly perpendicular to the plane of the pseudocrystal. This type of
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diffraction pattern is typical of a selective uniplanar orientation,s which
probably originated during the shrinkage of the crystal as described earlier.
The presence of preferred orientation in the pseudocrystals clearly indicates
that shrinkage does not occur along all three axes, as in that case all the
interferences would have been isotropic. It can thus be reasonably
anticipated that shrinkage occurs only in directions perpendicular to the
chain direction of the original acetate crystals.

The marked difference between the results obtained in the two methods of
hydrolysis (i.e., in aqueous and nonagueous media) came as somewhat of a
surprise. The potassium hydroxide method (aqueous medium) is a simple
double decomposition reaction, while the sodium methylate method
(nonaqueous medium) is a catalytic transesterification catalyzed by the
sodium. From the chemical point of view, both reactions should give the
same product. It is therefore of particular interest that crystalline cellulose
is formed in one case and amorphous cellulose in the other. In an effort
to further elucidate the significance of this observation a number of addi-
tional experiments were made.

Triacetate crystals were hydrolyzed with sodium methylate in absolute
methanol, washed with methanol, followed by water and dried. The
resulting material was crystalline, giving an x-ray diagram similar to that
of Figure la. On the other hand, as shown earlier, when the hydrolysis
is carried out in the same way and the drying done from methanol, an
amorphous product is obtained. These observations indicate that the
recrystallization is caused by water. It may be assumed that the water
acting as a plasticizer promotes molecular motion so that interchain and
intrachain hydrogen bonds may form and thereby lead to the development
of lateral order.

The question now arises whether the hydrogen bonding takes place in the
presence of water or whether it occurs only during the removal of water on
drying. An effort was made to answer this question in the following
manner. Crystals were saponified with potassium hydroxide in aqueous
methanol, washed with water, and the x-ray diagram of the water wet
crystals was taken. If the cellulose is already crystalline at this stage,
the x-ray diagram should show the characteristic cellulose interferences
superimposed on the water scattering. Although there were indications
that this was so, the experiment was not entirely satisfactory as the cellulose
reflections were largely masked by the strong scattering due to the water.
In an alternative experiment, crystals saponified with potassium hydroxide
in agueous methanol were washed with water, followed by methanol,
benzene and dried from hexane. The x-ray diagram was crystalline as in
Figure la. It has already been shown above that amorphous cellulose
does not crystallize when dried from nonaqueous media; it therefore
appears that the cellulose was already crystalline in the presence of the
water. Crystallization does not, therefore, appear to require the process
of water removal by drying.
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From the foregoing the following general picture emerges. The trans-
formation of triacetyl cellulose to cellulose is not simply a question of
replacement of acetyl groups by hydrogen in the crystal lattice. The
hydrolysis is accompanied by a disruption of the lattice and recrystalliza-
tion of the amorphous cellulose is induced by water. These results suggest
that water plays an important role in the crystallization of cellulose.

The original purpose of this investigation was to attempt to produce
single crystals of cellulose by the hydrolysis of triacetate crystals, and
thereby to ascertain whether the cellulose molecules are folded in the lattice.
In view of the polycrystalline nature of the hydrolyzed crystals, no deduc-
tions about chain folding are possible. Efforts to obtain single crystals of
cellulose by more direct methods are in progress.

The author is indebted to Dr. S. T. Bayley, Division of Applied Biology, National
Research Council, Ottawa, for his generous assistance in obtaining the electron micro-
graphs. Thanks are also due to Mr. C. P. Henry for assistance with the experimental
work.

The work was supported under the Pioneering Research Program administered by
the Institute of Paper Chemistry, Appleton, Wisconsin, to whom grateful acknowledge-
ment is hereby made.
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ooswNe

Résumé

On hydrolyse les cristaux de triacétate de cellulose afin d’obtenir des mono-cristaux
de cellulose. Le produit hydrolyse conserve la morphologue des cristaux de triacétate
mais son état cristallin dépend de la méthode d’hydrolyse. Dans un milieu agqueux on
forme la cellulose polyeristalline tandis qu’un milieu non-aqueux une cellulose amorphe.
Les résultats supposent que I'hyrolyse est accompagnée d’une cassure du réseau et que
la recristallisation de la cellulose amorphe résultante est due a I'eau.

Zusammenfassung

Um Einkristalle von Cellulose zu erhalten wurden Cellulosetriacetatkristalle hydroly-
siert. Das hydrolysierte Material behéalt die Morphologie der Triacetatkristalle bei,
sein Kristallinitatszustand hangt aber von der Hydrolysenmethode ab. In wassrigem
Medium wird polykristalline Cellulose gebildet, wahrend ein nichtwéassriges Medium
amorphe Cellulose liefert. Die Ergebnisse zeigen, dass die Hydrolyse von einer Zer-
storung des Gitters begleitet und die Rekristallisation der entstehenden amorphen
Cellulose durch das Wasser verursacht wird.
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Morphology of Polyethylene Single Crystals

P. GIORDANO ORSINI, B. MARCHESE, and L. MAZZARELLA,
Centro Nazionale di Chimica delle Macromolecole, Sez. Ili, Istituto Chimico
University of Naples, Italy

Synopsis

An electron microscope study of polyethylene single crystals is reported. The follow-
ing points have been investigated: (1) influence of crystallization temperature on crystal
shape; (s) effect of solvent etching on already formed crystals. Crystals were deposited
from very dilute solutions at temperature ranging between 80 and 120°C. Solvents like
xylene, butyl acetate, isoamyl acetate, and diphenyl ether were used. Besides the al-
ready reported true and truncated lozenges, hexagonal crystals have been obtained with
tendency to regularity as the temperature of crystallization increases. The melting
point of hexagonal crystals is somewhat lower than that of lozenges. Their structure,
as revealed by electron diffraction, is orthorhombic, similar to that of lozenges. Dia-
mond-shaped crystals etched with solvent under strictly controlled conditions display
unexpected morphology. The peripheral region of the crystal of the sectors composing
the crystals is characterized by a lower solubility and a lower density.

Introduction

Polyethylene single crystals may be prepared by cooling solutions in
several solvents at various temperatures.1*3 The habit of these crystals
appears to depend on the conditions of crystallization. Keller,4 using
xylene as solvent, at temperatures around 80°C. has prepared diamond-
shaped crystals, while at temperature slightly above 85°C. truncated
lozenges are deposited. Whatever the habit, these crystals have an ortho-
rhombic symmetry and display a lamellar shape (thickness around 100 A.)
implying a repeated folding of the molecules, their chain axis being perpen-
dicular to the lamellar plane. A number of observations have led several
authors5s to propose a hollow pyramidal model for the lozenge-shaped
crystals which tend to accommodate themselves on the specimen support
with characteristic modifications of their morphology.9 The present in-
vestigation was undertaken with the aim of studying the morphology of
polyethylene single crystals obtained at higher crystallization temperatures
and to obtain some information on the mechanism of their dissolution.

Experimental

a. Material. A commercial sample of unfractionated Marlex-50 was
investigated. The density of the bulk polymer determined on a homo-
geneous thin film with the gradient tube method was 0.965 g./ml. The melt-

1901
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ing point measured with the procedure described below was 135°C., and the
Xx-ray crystallinity, as evaluated according to Aggarwall and Tilley,D
was 0.87.

b. Crystallization from Various Solvents. Polyethylene was crystallized
from very dilute solutions (0.1 g./l.). Solvents like xylene, butyl acetate,
isoamyl acetate, and diphenyl ether were used.1l The bulk polymer was
dissolved by heating in a thermostatted oven to a temperature well above
the cloud points. The temperature of the oven was slowly lowered at a
rate of 10°C./hr. When the cloud point was reached, the temperature
was held constant overnight, and then lowered at a very slow rate down to
60°C. After reaching room temperature, the crystalline precipitate was
dried in air on a glass slide, metal shadowed at 15° with Au-Pd alloy, and
then reinforced with a carbon film. After detachment by floating on
water, the specimen was transferred to the electron microscope grid
with a supporting membrane of cellulose nitrate (Parlodion).

c. Melting Point. Crystals obtained from different solvents were kept
several days in a dry state and successively 48 hr. under high vacuum, to
remove solvent vapors completely. Melting points of crystallized samples
as well as bulk polyethylene were measured by placing them on the heating
stage of a Leitz microscope, model 350. Measurements were repeated
many times, the position of the sample being changed each time in order to
check the uniformity of temperature through the stage.

d. Electron Diffraction. Experiments were performed with a Philips
electron microscope 11980. Unshadowed specimens were used. Suitable
areas were selected by observation with a very low intensity beam in order
to prevent excessive electron radiation damage.22 However, since this ef-
fect could not be completely eliminated, no attempts were made to inter-
pret either the degree of sharpness or the intensity of the diffraction spots on
the photographs.

e. Controlled Solvent Etching. Etching of single crystal was achieved in
two different ways. (1) Soon after the cloud point (85°C.) was reached, the
xylene solution was reheated up to 90°C. and then cooled down to 86°C. in
order to stop a further growth of crystals and partially dissolve them. The
temperature was kept constant at 87°C. overnight and then lowered slowly
down to 60°C. (2) A glass slide, on the surface of which single crystals had
been deposited from xylene, was exposed for 10 min. to hot xylene vapors
which, by condensing onto the slide, partly dissolved the crystals.

f. Density. Density differences between etched and intact crystals were
evidenced by ultracentrifugation in a density gradient. The specimen ob-
tained according to (e), method (1), was suspended in a xylene-carbon
tetrachloride mixture and then centrifuged at 47,000 rpm at room tem-
perature in the analytical cell of a Phywe ultracentrifuge. After 7 hr. of
running a concentration gradient was set up along the cell. Suspended
particles banded according to their own density. Light scattering by the
particles allowed the observation and recording on a photographic plate of
the formation of two sharp bands with different density. The particles
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forming each band were withdrawn with a syringe and observed with the
electron microscope.

Results and Discussion

Polyethylene crystallizes from isoamyl acetate at 144°C. as planar, ir-
regular, hexagonal crystals (Fig. 1). Similar crystals deposit from butyl
acetate at 108°C. Crystallization from diphenyl ether may be effected at
temperatures as high as 120°C. Less irregular hexagonal crystals are ob-
tained (Fig. 2).

The structure of these crystals, as revealed by the electron diffraction
photographs, is orthorhombic. The two long prism faces in the crystals
shown in Figure 1 have {100} indices, while the remaining four have {110}
indices. The j 100} faces form an average angle of 110°, whereas in lozenge-
shaped crystals this angle is, with good constancy, 114°. According to

Fig. 1. Electron micrograph of polyethylene single crystals obtained from isoamyl ace-
tate at 114°C. Magnification 3,900X.

Fig. 2. Electron micrograph of polyethylene single crystal obtained from diphenyl
ether at 120°C. Magnification 5,200X.
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Fig. 3. Screw dislocation growth steps on crystal obtained from isoamyl acetate.
Magnification 9,750 X.

Fig. 4. Unmelted diamond-shaped crystals near melting six-faced prism-shaped crystals.
Magnification 2,440 X .

Fig. 5. Polyethylene single crystal partially dissolved. Magnification 7,150X.
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Fig. 6. Etched hollow pyramidal polyethylene single crystal. Magnification 4,550 X.

Fig. 7. Etched step-grown polyethylene single crystal. Magnification 2,600X.

Fig. 8. Electron diffraction pattern from ribbonlike unextracted fraction.
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Fig. 9. Microphotometer scanning of the plate obtained in the ultracentrifugation.

Bunn’s unit cell parameters,13this value should be 113°. X-ray diffraction
studies on the polyethylene crystals showing the irregular hexagonal habit
are in progress in our laboratories.

It is of interest that the six-faced, prism-shaped crystals show, like di-
amond-shaped ones,¥screw dislocation growth steps as in Figure 3.

The melting point of six-faced prism-shaped crystals, whatever the sol-
vent used, is 129.5°C., while the melting point of lozenges from xylene
is 133°C. A record of this melting point difference has been obtained by
placing a glass slide, with both types of crystals on it, on a temperature
gradient bar in the region between the two melting points. In these con-
ditions a selective melting of the six-faced prism-shaped crystals only was
achieved (Fig. 4). A small but detectable difference in melting point be-
tween lozenge-shaped and six-faced prism-shaped crystals must therefore
be correlated to the morphological differences. In future work it is in-
tended to investigate possibly small structural differences by proper x-ray
techniques.

As to the solvent etching of the diamond shaped crystals, as may be
observed in Figures 5-7, it is of interest that the etched crystals display
unexpectedly new morphology. In fact, ribbons are left after controlled
solvent attack of the initial crystals, which are often reminiscent of an
empty frame either of a lozenge-shaped crystal (Fig. 5), or of a collapsed
hollow pyramidal crystal (Fig. 6) (which may incidentally be taken as a
further proof of their existence). Segmented spiral ribbons are also ob-
served mainly when the etched material contained a large amount of spiral
grown steps (Fig. 7). As shown by electron diffraction (Fig. 8) the ribbons
have in all cases the typical orthorhombic crystal structure, the chain
axis of the molecules being perpendicular to the ribbon plane.

The density of these ribbonlike aggregates, as revealed by ultracentrifuga-
tion, is slightly smaller than the density of unetched crystals. Micro-
photometer scanning of the plate obtained in the ultracentrifugation in a
density gradient described above, as shown in Figure 9 reveals two distinct
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bands, whose separation corresponds approximately to 0.002 g./ml. differ-
ence in density, the average density being 0.9690 g./ml.

Electron microscope observations of the banded material show that
ribbons are contained in the lighter fraction whereas the heavier layer con-
sists of unetched crystals. From the above results it may be concluded
that polyethylene single crystals do not have a strictly uniform structure.
The peripheral region of the crystals or of the sectors composing the crystals
as in the hollow pyramids is characterized by a higher stability toward
solvent attack and a lower density than the core. However this well
detectable distinction in behavior probably reflects only a subtle difference
in structure, since no gross changes can be observed in the diffraction pho-
tographs.

It ishoped to grasp this aspect by a suitable x-ray technique.

It is a pleasant, duty to acknowledge the kindness of Prof. A. M. Liquori for stimulat-
ing the authors’ interest in the field of polymer single crystals and for continuous encour-
agement and suggestions. Thanks are due to the Consiglio Nazionale delle Ricerche for
support given to this work, and to Dr. A. Keller for a critical reading of the manu-
script.
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Résumé

On décrit I’étude au microscope électronique de monocristaux de polyéthyléne. Les
aspects suivants sont examinés: (1) I'influence de la température de cristallisation sur la
forme du cristal; (£) I’effet du solvant sur des cristaux déja formés. Des cristaux ont été
déposés de solutions tres diluées, a des températures entre 80 et 120°C. On employait
des solvants comme le xyléne I'acétate de butyle, I'acétate d’isoamyle et I’éther diphényl-
ique. A cOté de vrads losanges et de losanges tronqués, on a obtenu des cristaux hexa-
gonaux dont la régulairté augmente avec la température de cristallisation. Le point
de fusion des cristaux hexagonaux est un peu plus bas que celui des losanges. La diffrac-
tion électronique montre qu’ils ont une structure orthorhombique semiblable a celle des
losanges. Les cristaux de forme analogue au diamant présentent une morphologie in-
attendue quand ils sont attaqués par un solvant dans des conditions strictement con-
trolées. La région superficielle des secteurs cristallins composant le cristal est carac-
térisée par une solubilité plus basse.
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Zusammenfassung

Uber die elektronenmikroskopische Untersuchung von Polydthyleneinkristallen wird
berichtet. Folgende Punkte wurden untersucht: (1) Einfluss der Kristallisationstem-
peratur auf die Kristallgestalt. (2) Einfluss von L6sungsmittelatzung auf schon ge-
bildete Kristalle. Kristalle wurden aus sehr verdinnter LOosung bei Temperaturen
zwischen 80 und 120°C. erhalten. Als Lésungsmittel wurden Xylol, Butylacetat, Iso-
amylacetat und Diphenylather verwendet. Neben den schon beschriebenen voll-
standigen und verkirzten Rauten wurden sechseckige Kristalle mit grésserer Regelmaéss-
igkeit bei hoherer Kristallisationstemperatur erhalten. Der Schmelzpunkt der sech-
seckigen Kristalle liegt etwas niedriger als der der rautenférmigen. Durch Elektronen-
beugung ergibt sich ihre Struktur, &hnlich wie die der Rauten, als orthorhombisch.
Rhombenférmige Kristalle zeigen bei der Atzung mit Lésungsmittel unter streng definier-
ten Bedingungen eine unerwartete Morphologie. Der periphere Kristallbereich in den
Sektoren, die die Kristalle aufbauen, wird durch eine geringere Ldslichkeit und geringere
Dichte charakterisiert.

Received April 23, 1962
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Solid State Polymerization of Methacrylamide and

iV-Arylmethacrylamides

P. JAGER* and E. S. WAIGHT, Imperial College of Science
and Technology, London, S.IF. 7, England

Synopsis

The y-ray initiated solid state polymerization of methacrylamide at room temperature
has been described and discussed in terms of reaction mechanisms previously applied
to the radiation-induced polymerization of acrylamide. Log (m ,/m ) increased, after
a short initiation period, linearly with (time)2up to conversions of about 20%. This
was followed at higher conversions by a second linear region with a higher slope. The
conversion rate (%/Mrad.) increased for intensities between 0.3 and 0.075 Mrad./hr.,
but it dropped unexpectedly at the lowest dose rates. Irradiated methacrylamide
showed a post-irradiation polymerization, the rate of which was influenced by the
presence of air for reaction times longer than 200 hr. Among the solid A-arylmetha-
crvlamides, which were all less reactive than methacrylamide, some ort/io-substituted
compounds (o-Cl, o-Br, o-ethoxy) showed a relatively high reactivity. These results are
discussed in connection with differences in hydrogen bonding found in the infrared
spectra.

Introduction

Following the first paper by Henglein and Schultzla number of publica-
tions have dealt with the radiation-induced solid state polymerization of
acrylamide.2-11 Restaino et al.5 found that the polymerization rate of
methacrylamide was considerably less than that of acrylamide. Detailed
results are presented on the course of the solid state polymerization of
methacrylamide. An attempt has also been made to obtain polymers by
irradiation of a number of solid Af-arylmethacrylamides, some of which have
been reported before.12-16 For comparison, these substances have also
been polymerized in solution using benzoyl peroxide as an initiator.

Experimental

Methacrylamide

A commercial product was dried and sublimed (at 10-3 mm.). The
pure white material had a m.p. of 108-109°C.

* Present address: Forschungsabteilung, Emser Werke AG, Domat-Ems, Switzerland.
1909
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N -A rylmethacrylamides

These compounds were prepared as described in the literaturel2-16;
their melting points are given in Table I1.

Preparation and Irradiation of Samples

Weighed samples of monomer were evacuated (at 10-3 mm.) overnight
in Pyrex tubes (6 or 12 mm. diam.), which were then sealed. In some ex-
periments, samples were sealed after the admission of dry air. Irradiations
were carried out at room temperature (20 + 3°C.) with Co®y-ray sources
of 80 and 1000 C. The field intensities at varying distances from the source
were determined by ferrous sulfate dosimetry. The rate of energy input
was corrected to current dates in accordance with the known decay rate of
Co@ The small difference between the electron densities of ferrous sulfate
solution and monomer was neglected.

Determination of Monomer Conversion

The tubes used for “in-source” experiments were opened immediately
after irradiation; those used for post-irradiation experiments were stored
sealed at room temperature, or opened and kept in a desiccator. The
monomer conversion was determined by one (or both) of the following
methods:

Gravimetric Determination of Polymer

A weighed amount of irradiated monomer was poured with stirring into
a large volume of methanol or chloroform. The precipitate was crushed,
separated by centrifuging, washed with methanol, and dried at room tem-
perature in vacuo (at 10-3 mm.).

Titrimetric Determination of Residual Methacrylamide

A weighed amount (60-80 mg.) of irradiated methacrylamide was shaken
for 20 min. with a measured amount of standardized aqueous bromine-
potassium bromide solutionT and ice. Potassium iodide solution was
added and the iodine formed titrated with 0.1A7 sodium thiosulfate. With
samples of at least 45 mg. and a reagent excess of 60-80%, results were
found to be reproducible within 1%. The contribution of terminal double
bonds to the result was small, e.g., 0.75% with respect to polymer, for a
monomer conversion of 18%. By combination of the gravimetric and
titrimetric methods, 98% of the methacrylamide could be accounted for.
For determination of the post-irradiation effect in air, the amount of poly-
mer formed during the irradiation was determined on an aliquot of the
sample. These polymer yields do not include the polymer formed during
irradiation and are based on the experimentally determined concentration
of monomer at the end of irradiation, Mo*, as 100%.
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Results and Discussion

For the sake of convenience, the example of Baysal et al.8will be followed,
and the in-source reaction and the post-irradiation effect will be discussed
separately.

In-Source Reaction

Some data on conversion versus time for the in-source polymerization of
methacrylamide are given in Figure 1. The results obtained showed only
a slight difference in the reactions of samples which had been irradiated
with or without the presence of air. It is suggested that the oxygen orig-
inally sealed into the tubes together with the monomer is exhausted after
a short period by reaction with radicals formed during irradiation. As
the samples received relatively high doses the difference between deaer-
ated and aerated samples disappears. As will be shown later on, the poly-
merization rate of individual methacrylamide chains decays with time.

Fig. 1. In-source polymerization of methacrylamide. Dose rate: (O) 0.2 Mrad./hr.,
in vacuo; (*) 0.038 Mrad./hr., in vacuo; (3) 0.03S Mrad./hr., sealed with air.

Over the long irradiation periods used, up to 320 hr., this decay in individual
chain growth is expected to occur parallel with the initiation of new chains
due to irradiation. The presence of chains at different stages of growth and
with different growth rates leads to the exclusion of steady state Kinetics at
later stages of the irradiation.

Treating the data of Figure 1in away comparable to that used for acryl-
amide8using eq. (1) gave curves of similar character (Fig. 2):

log(MUM) = kpkjflt/4.606 1)
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Fig. 2. Time dependence of the in-source polymerization of methacrylamide. Dose
rate: (O) 0.2 Mrad./hr., (¢) 0.038 Mrad./hr.

where k;j is the initiation rate constant, / is a frequency factor, and | is the
radiation intensity. It is assumed that no radical termination step in-
volving the growing chains R- occurs. As shown in Figure 2, log(M0OM),
after a short initiation period, increases linearly with t2up to conversions of
about 20%, depending somewhat on the dose rate. This is followed, at
higher conversions, by a second linear region with a higher slope. A
similar effect has been reported previously by Baysal et al.8 for acrylamide,
where the break in the curve occurs at about 20% conversion for compara-
ble dose rates, but at a much lower total dose. These workers concluded
that the increasing rate can only be explained by an increase in/ with
higher conversions, due to the release of trapped radicals.

The influence of dose rate on conversion is shown in Figure 3 for in-
tensities between 0.04 and 0.42 Mrad./hr. and for a constant dose of 12

Fig. 3. In-source polymerization of methacrylamide in vacuo. Variation of conversion
with dose rate. Total dose, 12 Mrad.
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Mrad. At high dose rates, the conversion has a constant value of about
6%, increasing to a maximum conversion at an intensity of 0.06 Mrad./hr.
This behavior is as expected since it follows from eq. (1) that

\og(MM) = const. X (dose)2/ 2)

The sharp decrease at dose rates less than 0.06 Mrad./hr. cannot readily
be explained.*

TABLE |
Post-Irradiation Effect*

Polymer
Expt. Post-irradiation treatment formed, %
25a Worked up immediately 0.05
25b Kept open in desiccator fur 19 hr. at 20°C. 2.1
27a Kept sealed for 19 hr. at 20°C. 3.2
27b As 27a, then kept open for 187 hr. 5.8
26 Kept sealed for 187 hr. at 20°C. 9.7
28 Kept sealed for 187 hr. at —78°C. 0.7

alrradiation of methacrylamide at —78°C. Formation of polymer in the post-ir-
radiation period (dose rate, 1 Mrad./hr.; total dose, 24 Mrad.).

The results in Table | indicate that methacrylamide shows a weak post-
irradiation effect even at —78°C. At room temperature atmospheric
oxygen acts as an inhibitor. The course of the post-irradiation effect in air

Fig. 4. Time dependence of the post-irradiation effect in methacrylamide. Dose rate
0.038 Mrad./hr., in air (1-4), in vacuo (5).

was followed with several samples, sealed with or without air, which had
received doses of 13 and 3.75 Mrad. respectively at a dose rate of 0.04
Mrad./hr. (at 20 £ 3°C.). For reasons mentioned earlier no difference
was observed between deaerated and aerated samples.

* The reference has suggested that this effect might be explained by the limitations of

eq. (1) which does not take into account the decay in the rate of propagation of individual
chains and that this becomes important in extended experiments.
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Fig. 5. Time dependence of the post-irradiation effect in methacrylamide; in air (1, 3, 1).
in vacuo (5). For further details see Fig. 4.

Of two contradictory kinetic schemes proposed for this type of post-
irradiation effect in acrylamide,6-810 the second proposes a first-order reac-
tion of radicals with monomer with no appreciable termination reaction.8
Some electron spin resonance (ESR) measurements indicating constancy
of the radical concentration over a long period support the validity of this
scheme.

The authors’ data (Tig- 4) confirm earlier results of experiments with
acrylamide,8 i.e., a reaction scheme involving a bimolecular termination
step must be excluded. Curves 1, 3, and 4 in Figure 5 seem to be in even
greater disagreement with the second scheme, but this may be due to the
influence of air, admitted after irradiation, which decreases the number of
growing chains. Curve 5, however, seems to suggest that in vacuo log-
(Mff/Al) increases linearly with time, as required by the expression8

\og(Mr*/M) = k,R0/2.303 3)
Influence of Atmospheric Oxygen on the Post-lIrradiation Effect

A comparison of the results in Table | shows that in the presence of air
the rate of the post-irradiation polymerization decreases faster than in
vacuo. Further evidence for the retarding influence of air may be seen by
comparing experiments 4 and 5 (Fig. 5), the former being carried out in the
presence of air, the latter in vacuo. Up to 200-250 hr. no retarding effect
by air is noticeable, after this the rate of the post-irradiation polymerization
in air decreases more rapidly than the corresponding rate in vacuo. Pub-
lished results for acrylamideX do not appear to exclude a slow, diffusion-
controlled, inhibition by atmospheric oxygen.

Influence of Secondary Factors on the Reproducibility of the
Post-Irradiation Effect

Fadner and MorawetzD described the influence of sample preparation
on the polymerization rate of methacrylamide, reporting the highest reac-
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tion rates for shock-cooled samples, the lowest with large, slowly grown
crystals. In the case of methacrylamide, something similar was noticed.
Varying rates of sublimation gave different crystal sizes which gave rise
to noticeably different polymerization rates. A dose of 13.9 Mrad. in
vacuo (at 0.04 Mrad./hr.) gave a conversion of 11.9% in small crystals ob-
tained by slow sublimation, but only 7.6% in large crystals obtained
rapidly.

A-Arylmethacrylamides

The irradiated crystals were in many cases discolored, the color fading in
the presence of air ordy after several weeks, but disappearing immediately
on pouring the crystals into methanol. The infrared spectra (as KC1 discs)
of the solid, methanol-insoluble, irradiation products were found to be
identical with the spectra of polymers obtained by peroxide initiation.

Some results on the conversion of nrl/io-substituted A-arylmethacryl-
amides are given in Table Il. The corresponding meta- and para-isomers
after identical irradiations (total dose, 24-25 Mrad.) gave clear solutions in
methanol; that is, no polymer was detected.

TABLE 11
Results on the Conversion of orf/io-Substituted A'-Arylmethacrylamides

Monomer Dose, Conver-
m.p., °C. Mrad. sion, %
Methacrylamide 108-109 13.9 9.4»
Methacrylanilide 84-85 24.2 -
Ar-(o-Chlorophenyl)methacrylamide 59-60 25.9 5.3
40.7 11.9
A’-(o-Bromophenyl)methacradamide 47-48 15 4.1
27.4 5.1
40.7 9
N -(0-Ethoxyphenyl)methacrylamide 45-46 24 3
Ar-(o-Carboxyphenyl)methacrylamide 175-176 27.4 —

aDepends on crystal size, see text.

The conversion of V-(o-ethoxyphenyl)methacrylamide (Fig. 6) takes a
similar course to that found for methacrylamide (Fig. 1) at a much lower
dose rate. Owing to the extended irradiation time (220 hr.) the same com-
plications arise in any detailed discussion as has been mentioned in dealing
with the extended irradiations of methacrylamide. The presence of the
aromatic ring in these V-substituted amides brings about a higher radiation
resistance compared with methacrylamide, the doses given being not more
than four times higher than in the irradiations described above but very
much higher than in the previously reported work on acrylamide.6-8'D
The higher reactivity of the ortho-isomers compared with meta- and para-
isomers cannot be due to electronic effects of the substituents which should
be similar for ortho- and para-isomers, but seems related to the absence of



1916 P. JAGER AND E. S. W AIGIIT

Fig. 6. In-source polymerization of A-(o-ethoxyphenyl)methacrylamide in vacuo.
Dose rate, 0.5 Mrad./hr.

hydrogen bonding between neighboring amide groups in the crystal.
Sokolova et al.13~16 have also found that in the bulk polymerization of
some ,/V-arylmethacrylamides catalyzed by terf-butyl peroxide the ortho-
isomers are more reactive than the meta- and para-isomers. They have
also found that the orf/io-isomers, such as fV-(o-ethoxyphenyl) and N-(o-
chlorophenyl)methacrylamide, show no or only weak hydrogen bonding
in the crystalline or liquid states, whereas the meta- and para-isomers in-
vestigated all showed extensive intermolecular hydrogen bonding, even,
in the case of N-(p-chlorophenyl)methacrylamide, m.p. 112-112.5°C., at
temperatures as high as 120°C. This difference in molecular association,
which also manifests itself in relatively lower melting points of the ortho-
isomers, has been confirmed in the present investigation.

One of us (P. J.) thanks the Distillers Co. Ltd. for a maintenance award. The authors
are indebted to Mr. G. R. Hall and Dr. A. J. Swallow, Department of Chemical En-
gineering and Nuclear Technology, Imperial College, for permission to use the kilocurie
source.
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Résumé

La polymérisation du méthacrylamide a I'état solide, induite par les rayons-y a été
décrite et discutée suivant des mécanismes réactionnels déja appliqués a la polymérisation
de I'acrylamide. Log (m o/m ) augmente linéairement avec (temps)2d’abord faiblement.,
puis rapidement a partir de 20% de conversion. Le taux de polymérisation (% /Mrad)
augmente pour des intensités comprises entre 0.3 et 0.075 Mrad/hr. et diminue pour
des intensités plus basses. Le méthacrylamide irradié montre un effet de post-polyméri-
sation, dont le taux est influencé par la présence d’air, pour des périodes au dela de 200 h.
Les méthacrylamides aryloiques solides substitués sont tous moins réactifs que le
méthacrylamide. Seules quelques isomeéres substitués en position ortho (0-Cl, 0-Br,
0-éthoxy) montrent des réactivités remarquables. Ces résultats sont comparés avec les
intensités des liaisons-hydrogéne observées dans les spectres infra-rouges correspondants.

Zusammenfassung

Die durch y-Strahlen induzierte Polymerisation von festem Methacrylamid wurd
untersucht. Der zugehorige Reaktionsmechanismus wurde mit den fir Acrylamid
publizierten Ergebnissen verglichen. Log (m n/m ) nahm, nach einer kurzen Anlaufs-
periode bis zu einem Umsatz von ca. 20% linear mit dem Quadrat der Reaktionsdauer zu.
Anschliessend folgte, bei gleichen Koordinaten, eine zweite lineare Region mit starkerem
Anstieg. Die Umsatzgeschwindigkeit (%/Mrad) nahm fir Strahlenintensitaten von
0.3-0.075 Mrad/Std. zu, doch fiel sie bei den kleinsten Strahlenintensitaten unerwarteter-
weise wieder ab. Bestrahltes Methacrylamid zeigte eine Nachpolymerisation, deren
Geschwindigkeit fur Reaktionszeiten Uber 200 Std. durch die Anwesenheit von Luft
beeinflusst wurde. Von den untersuchten festen N-Arylmethacrylamiden, die alle
weniger reaktiv waren als Methacrylamid, zeigten einzig einige ort/io-substituierte
Isomere (0-Cl, 0-Br, o-Athoxy) eine verhéltnisméassig hohe Reaktivitat. Diese Resultate
wurden mit Unterschieden in der Starke der intermolekularen Wasserstoffbindungen,
wie sie aus den IR-Spektren ersichtlich sind, in Verbindung gebracht.

Received October 2,1961
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Polymerization Studies on Allylic Compounds. I*

M. G. BALDWIN and SAMUEL F. REED, Rohm & Haas Company,
Redstone Arsenal Research Division, Huntsville, Alabama

Synopsis

The polymerization of a series of «-(substituted methyl) acrylates was investigated.
Polymerization rate measurements showed that each of the monomers, though containing
allylic hydrogen atoms, polymerizes readily. Polymer viscosity data were obtained
which indicate that appreciable nondegradative chain transfer occurs with several of the
monomers. An explanation for the rapid polymerization of the monomers was pro-
posed.

Introduction

Molecules derived from propene through replacement of one or more
hydrogen atoms by other groups can undergo a variety of free radical
reactions involving the basic propene structure. Among these are poly-
merization, displacement of substituents on the carbon atom adjacent to
the double bond, and radical transfer reactions involving abstraction of
allylic hydrogen atoms. The nature and position of the substituent groups
determine the relative importance of the competing reactions. It is the
purpose of this and subsequent papers to describe the free radical reactions
of compounds of the type

CH2=C — CHoy
X

where the groups X and Y will be varied. This paper deals with the results
of polymerization studies on a series of «-(substituted methyl) acrylates,
i.e., compounds of the above type for which

(0] (0] (0]
1 1 i
X is —COCHoCHj, and Y is—H, —OH, —OCH,CH3 —OCCH3 and —COCH.CH,

It has been clearly shown that monomers such as allyl acetatei,. and
allyl alcohols undergo free radical polymerization very slowly, yielding
polymer of extremely low molecular weight. The explanation for this
behavior is based on the occurrence of what is termed “degradative chain
transfer” involving the allylic hydrogen atoms in the molecule. By degra-
dative chain transfer is meant transfer between a growing polymer chain

* This work was jperformed under the sponsorship of the U. S. Army under Contract
No. DA-01-021-ORD-11878.
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radical and another molecule, in this case monomer, to form a radical which
is not sufficiently reactive to initiate a chain. This results from the rela-
tively high energy required for the formation of the normal chain propagat-
ing radical compared with that required for chain transfer at the allylic
position. Other well-known allylic monomers, the methacrylates being the
best examples, polymerize easily and cleanly with little chain transfer.s
The compounds studied in this work are, in a sense, intermediate in struc-
ture between compounds such as allyl acetate and the methacrylates.
From the data presented, conclusions can be drawn concerning the relative
reactivity of the different radicals involved in the polymerization of allylic
monomers.

Results

The rates of polymerization of the compounds studied in this work were
measured in ethyl acetate solution, initiated by 2,2 /-azobisisobutyronitrile
(AIBN) at 60°C., by means of a dilatometric technique. The resulting
polymers were obtained by precipitating the reaction mixtures in hexane,
and the viscosities of solutions of the polymers in acetone were measured
at 30°C. The data are summarized in Table I. The polymerization rates
listed in Table | were obtained from the slopes of first-order plots for each
monomer. These are shown in Figure 1. Close adherence to first-order
kinetics with respect to monomer concentration was observed in all cases.

Several observations were made from the results shown in Table |I.
The most significant was that each of the compounds, although containing

TABLE |
Polymerization Datax

Group Y in
C—CH,Y
i Initial
C- o Monomer polymer-
. concn., ization rate, V.r/c of
Monomer OCH:CHs moles/liter % per min. polymer
1 — OH 3.86 0.516 0.18
0
I
1 — OCCH:s 3.01 0.390 0.59
11 — OCH:2CH3s 3.03 0.376 0.10
v — COCHoCH, 2 .75 0.190 0.074
1
0
\% —H 4.03 0.190 0.56
Methyl 4.47 0.152 0.56
methacry-
late

aPolymerization rates were measured in ethyl acetate solution at 60°C. with (AIBN)
= 6.17 X 10~sM. Polymer viscosities were obtained from measurements on 1% solu-
tions of the polymers in acetone at 30°C.
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Fig. 1. First-order plots for monomers.

Fig. 2. Polymerization rates plotted against square roots of the initiator concentration.

allylic hydrogen atoms, polymerizes readily. Thus, degradative chain
transfer can play at most only a very minor role in the polymerization of
these compounds. However, it was noted that certain of the monomers
apparently undergo considerable normal chain transfer, since the polymer
viscosities are quite low. In fact, the data indicate that chain transfer
occurs in the substituted monomers more readily than in the methacrylates.

Two of the monomers, Il and Ill, thought to be representative of the
group, were selected for more extensive study. Both were polymerized
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in bulk at 60°C. with different AIBN concentrations, and the initial rates
of polymerization measured. Figure 2 shows the polymerization rates
plotted against the square roots of the initiator concentrations. Linear
relationships were observed over a thirtyfold change in the initiator con-
centration for both monomers. These results indicate that bimolecular
termination is operative in both cases, and support the conclusion that
degradative transfer is not important in these systems, since degradative
transfer leads to a first-order dependence of the polymerization rates on
initiator concentration.s

The intrinsic viscosities of the polymers from Il and 11l were obtained
from measurements on acetone solutions of the polymers at 30°C. The
data are given in Table Il. The low, constant value of [7] for polymer 111
substantiates the conclusion that considerable normal chain transfer has
occurred with this monomer.

tableTii
Polymer Intrinsic Viscosity as Function of Initiator Concentration

Monomer Il Monomer 111
/ICILQCCHzs /C H 20CH2CHs
CH.,=C ch2 c
\NC=0 o0 \cCc=-o
1 1
1 1
OCH2CHs OCH:2CHs
[AIBN] X 103 M [AIBN] X 10s [v]
9.45 0.63 7.93 0.27
6.30 0.75 5.28 0.31
3.15 0.86 2.64 0.29
1.58 0.88 1.32 0.30
0.315 1.00 0.264 0.31

The following conclusions can be drawn from the results of this study:

1. The monomers studied, although containing allylic hydrogen atoms,
undergo rapid free radical polymerization. Thus degradative chain trans-
fer is not important in the polymerization of any member of the series.

2. Normal chain transfer apparently does occur to an appreciable extent
in some cases.

Discussion

In attempting to formulate a mechanism for the polymerization of the
compounds studied here, the effects of the groups X and Y on the basic
propene molecule were first considered. Addition of X (—COCH:2CH:)

0
to propene, i.e., changing from propene to the methacrylate, causes the
polymerizability of the vinyl group under radical initiation to increase
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enormously. This results from the appreciable decrease in the energy re-
quired to form the chain-carrying radical

CHs
|

rchz2—c—cochzachs
(0]

compared with that required to form the corresponding radical
CHs

I
RCH2-CH

derived from the parent propene. The energy difference is due to the
resonance stabilization of the methacrylate radical by the ester carbonyl
group.

On the other hand, addition of Y (—OCCHS3 for example) to propene

1
0

has much less effect on the polymerizability of the vinyl group, since Y has
relatively little effect on the stability of the chain-carrying radical

CH:0CCHs3s

RCH2-CH O

This radical, lacking resonance stability, is formed with difficulty and
is highly reactive. Because of its high reactivity, chain transfer reactions
to form the resonance stabilized radical

CH,=CH—CH—OCCHSs
1
(0]
occur readily.

From these considerations it would be expected that the compounds
studied here would be similar to the methacrylates in polymerization be-
havior. That is, they all polymerize rapidly because of the effect of reso-
nance stabilization by the carboxylic ester group (X) on the chain-carrying
radical. Group Y, which is separated by one carbon atom from the vinyl
group, has little effect on the vinylic radical and thus has only secondary
effects on the rates of initiation, propagation, and termination reactions
involving this radical. Degradative chain transfer, which might normally
be expected for allylic monomers, does not occur because: (a) the resonance
stabilized normal propagating radical is not sufficiently reactive to undergo
very frequent transfer and (b) when transfer does occur, the resulting
radical is reactive enough to rapidly initiate a chain.

The differences in polymerization rate that were observed within the
series are thought to be due to steric factors and/or to interactions of some
kind between X and Y which indirectly affect the stability of the propagat-
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ing radical. Likewise, the observed chain transfer activity of some of the
monomers studied is probably due to electronic effects of the Y groups on
the allylic hydrogen atoms of the monomer, together with steric effects
which affect the lifetime of the propagating radical. It is felt that extension
of this study to compounds having other X and Y groups might clarify
these points.

Experimental*

Monomer Preparation

Ethyl a-(hydroxymethyl)acrylate (I) was purchased from the Koppers
Co. and employed as an intermediate in the preparation of ethyl «-(acetoxy-
methyl)acrylate (I1) and ethyl «-(ethoxymethyl)acrylate (111). The reac-
tion of acetyl chloride with | in ether with pyridine employed as an acid
acceptor gave Il in 46% yield. For this study 11l was prepared by the
reaction of | with ethanol in the presence of concentrated sulfuric acid.
Its properties were similar to those reported by Ferris.s Ethyl meth-
acrylate (V), was prepared from methacrylyl chloride and ethanol in the
presence of pyridine. Diethyl itaconate (1V) and methyl methacrylate
were obtained from Monomer-Polymer and Rohm and Haas Co. Each of
the monomers was doubly distilled through an 18-in. semimicro spinning
band column and checked for purity by vapor phase chromatography.f
All compounds were considered to be at least 99.5% pure.

Preparation of Ethyl a-(Acetoxymethyl)Acrylate |1

A solution of 20.4 g. (0.2 mole) of acetic anhydride in 50 ml. of anhydrous
ether was added to a solution of 26 g. (0.2 mole) of ethyl «-(hydroxy-
methylacrylate and 15.8 g. (0.2 mole) of pyridine in 100 ml. of ether pre-
cooled to 0-5°C. The rate of addition was adjusted to maintain the tem-
perature below 10°C. The reaction was continued for a period of two hours
then washed with water and dried over anhydrous magnesium sulfate.
The ether was removed by evaporation at reduced pressure leaving a clear
liquid residue which on distillation through an 18-in. spinning band column
yielded 16 g. (46%) of ethyl a-(acetoxymethyl)acrylate, b.p. 60°C. (1
mm.), nd 1.4352 and 6.9 g. of a viscous residue. The residue, although not
examined, likely represents polymer of the acrylate.

Anal.. Calcd. for CsH1204: % C, 55.81; % H, 6.98. Found: % C, 55.80; % H,
6.97.

Preparation of Ethyl a-(Ethoxymethyl)Acrylate |11

A mixture of 10.5 g. (0.08 mole) of ethyl «-(hydroxymethyl)acrylate, 10
g. of absolute ethanol, and 2 g. of concentrated sulfuric acid was heated to

* All boiling points unoorreoted.
t An Aerograph gas chromatographic instrument, Model A-100-C, was used with a
silicone Dow 11 on Fluoropak column.
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95-100°C. for a period of twenty hours in the presence of 0.5 g. of hydro-
quinone. On cooling to room temperature the mixture was poured into 100
ml. of water and the organic layer extracted with ether. The combined
ether extracts were washed with 5% sodium bicarbonate, with water, and
dried over anhydrous magnesium sulfate. Removal of the ether by evapo-
ration at reduced pressure left a clear liquid residue which was distilled
through a spinning band column to give 4.19 g. (33%) of ethyl «-(ethoxy-
methylacrylate, b.p. 44-45°C. (0.9 mm.), » d 1.4269.

Anal.: Calcd. for CsHh0 3 % C, 60.7G; % H, 8.86. Found: % C, 60.69; % H,
8.81.

Polymerization Studies

Materials

Ethyl acetate— reagent grade was distilled through a 45 plate column, the
middle cut being retained.

Acetone— for viscosity determinations was commercial reagent grade, used
without further purification.

AIBN—commercial material was recrystallized three times from ab-
solute methanol (m.p. 102-103°C. with decomposition), and stored over
Drierite at —20°C. in the dark until used.

Mercury—triply distilled mercury supplied by the Bethlehem Apparatus
Co. was used in all experiments. It was taken from freshly opened con-
tainers and used without further purification.

Dilatometric Procedure

The dilatometer consisted of a Pyrex bulb and a section of calibrated
1 mm. diam. capillary tubing, which constituted the two arms of a U. The
bulb was attached to the capillary through a ground glass joint. Above
the capillary was a reservoir for holding and degassing mercury, and a
ground glass joint through which the entire dilatometer could be attached,
through a removable stopcock, to a high vacuum source.

The procedure used in making a polymerization rate determination in-
volved the following steps. The sample bulb containing weighed amounts
of monomer, solvent, and initiator was attached to the inverted dilatometer
and held in place by means of metal springs. The contents of the bulb
were then degassed at 10-s mm. by three alternate freeze-thaw cycles.
After degassing, the sample was frozen and the dilatometer inverted while
still under high vacuum, causing mercury to flow from the reservoir, filling
the capillary and trapping the frozen sample in the bulb. The dilatometer
was removed from the vacuum line and placed in a constant temperature
bath. After thermal equilibration had occurred, excess mercury was re-
moved from the capillary and periodic readings of the height of the mer-
cury level in the capillary were made with a cathetometer accurate to +0.03
mm. The bath temperature was controlled to £0.005°C.
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In calculating rates of polymerization from the shrinkage rate data, it
was assumed that the fraction of polymerization that had occurred at a
given time was proportional to the fraction of the total polymerization
shrinkage that had occurred at that time. The total shrinkage for each
monomer was in turn calculated on the assumption that the change in
volume on polymerization for each of the monomers is 22.9 cc./mole. This
number was obtained experimentally for compound | from a dilatometrie
polymerization rate determination in ethyl acetate solution which was con-
tinued until no further shrinkage was observed. The value of 22.9 cc./
mole is in good agreement with those reported for other methacrylates:7
methyl methacrylate —22.6 cc./mole, ethyl methacrylate —22.3 cc./mole,
and n-butyl methacrylate —22.7 cc./mole.

Viscosities of polymers were run in acetone solution at 30°C. in Ubbe-
lohde-type viscometers.
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Résumé

On a étudié la polymérisation d’'une série d'acrylates ayant un groupement méthyle
en position alpha. Les mesures de la vitesse de polymérisation indiquent que tous les
monomeres polymérisent rapidement quoique contenant desa tomes d’hydrogene allyl-
iqgue. On aobtenu des données de viscosité qui montrent que, dans le cas de beaucoup
de monomeres, il se fait un transfert de chaine important sans dégradation. Une expli-
cation est proposée pour interpréter la polymérisation rapide des monomeéres.

Zusammenfassung

Die Polymerisation einer Reihe von «-substituierten Methylacrylaten wurde unter-
sucht. Messung der Polymerisationsgeschwindigkeit zeigte, dass jedes von den Mono-
meren trotz des Gehaltes an Allylwasserstoffatomen leicht polymerisiert. Die gemessene
Viskositat der Polymeren zeigte, dass bei einigen Monomeren in betrachtlichem Aus-
mass eine nicht-verzogernde Ketteniibertragung stattfindet. Eine Erklarung fur die
rasche Polymerisation der Monomeren wird gegeben.

Received July 11, 1962
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Preparation and Properties of Some

Poly-a-Methylstyrenes

DAVID E. BURGE* and DOUGLAS B. BRUSS, Shell Development
Company, Emeryville., California

Synopsis

The preparation of 20-40 g. quantities of sharply defined fractions of poly-a-methyl-
stvrene, for use as standards in the correlation of molecular weight methods, is described.
The procedure involves a moderately careful synthesis and fractionation. Differences
in the light-scattering second virial coefficient appear to be indicative of differences in
the stereoregularity of the polymers prepared by different initiators. The intrinsic
viscosities of all of the polymers studied are expressed by a Mark-Houwink equation
that is the same in all cases.

Introduction

In any study of the properties of synthetic polymers, one of the most
vexing problems is the distribution of molecular weights. Theoretical
work is usually based on the behavior of a species of homogeneous molec-
ular weight because in many cases the effect of polydispersity is difficult to
assess. The general practice in experimental work is to use polymer frac-
tions, but only rarely are these fractions examined to ensure that they
have a narrow molecular weight distribution. The a priori assumption
that such fractions have a narrow distribution is not necessarily valid.
Our experience using conventional techniques on 20 to 50 g. quantities of
polymer is that the fractions obtained can often have weight to number
average molecular weight ratios as large as 1.5-2, which can hardly be con-
sidered as representative of a narrow distribution.

The recent development of anionic methods of polymerizationllprovides
a new approach to the preparation of certain polymers with very narrow
distributions, but the desired results can only be obtained by very careful
experimental techniques. However, by a combination of only moderately
careful synthetic methods with a simple fractionation procedure, large
amounts of a series of poly-a-methylstyrenes have been prepared and stud-
ied by light scattering, osmometry, and viscometry. The results show that
this procedure yields polymers with narrow distribution, and some interest-
ing solution properties have been observed.

* Present address: Mechrolab, Inc., Mountain View, California.
1927
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Apparatus and Technique
Poly mer Preparation

All polymers were synthesized in tetrahydrofuran (THE), which had
been distilled from sodium naphthalene. The starting material, «<-methyl-
styrene (Eastman, purified), was dried over porous barium oxide for several
days before use. The butyllithium initiator (Foote Chemical Co.) was a
commercial product obtained as a solution in heptane. The sodium
naphthalene initiator was prepared by stirring a solution of naphthalene in
THF with sodium metal overnight. The resulting deep green solution was
then filtered.

Each polymer synthesis was carried out in a 1000-ml. round-bottomed
flask which had been flushed with dry nitrogen and flamed several times.
Approximately 500 ml. of THF were then distilled into the flask from a
sodium naphthalene solution and the flask stoppered with a rubber serum
cap. One-liundred milliliters of «<-methylstyrene were added through the
serum cap by means of a hypodermic syringe, and the initiator was added
in the same manner in small increments until a faint red color persisted for
about one hour. At this point, an additional amount of initiator was
added, the quantity depending upon the final molecular weight desired.
The solution was cooled rapidly with swirling in a slurry of Dry Ice-iso-
propanol and kept at this temperature for about one hour. The reaction
was terminated by the addition of a small amount of methanol and the
polymer recovered by precipitation in a large excess of methanol. This
procedure was used in all of the preparations, the only variable being the
amount and kind of initiator used.

Polymer Fractionation

Since the polymers prepared by this method did not have distributions as
narrow as desired, a simple fractionation procedure was applied to each of
them with the exception of those below a molecular weight of 5000. Frac-
tionation was done by coacervation using toluene as the solvent and meth-
anol as the nonsolvent. About 25 g. of polymer was dissolved in toluene,
and the solution was poured into methanol contained in a Vz-gal. bottle.
The total volume of toluene and methanol was one liter, the volume of
methanol being sufficient to put essentially all of the polymer into the
polymer-rich phase. This amount of methanol (34 to 40 vol.-%) depended
on the molecular weight of the polymer. The mixture was shaken thor-
oughly and allowed to equilibrate at 30 + 0.5°C. for 24 hr. The super-
natant phase was drawn off, concentrated by evaporation, and the polymer
recovered by precipitation with an excess of methanol. The process was
repeated by adding successive liters of toluene-methanol mixtures, each
containing one volume per cent less methanol than the preceding portion,
until all of the polymer had been recovered.

This procedure is simply a systematic method of removing fractions
of successively higher molecular weight. On the basis of literature data
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and experience, several features of the fractionation are important. The
temperature must be controlled to within 0.5 to 1°C., but closer regulation
does not seem to be necessary. The polymer concentration in the super-
natant phase must be kept small. This ultimately results in a compromise
between the amount of polymer to be fractionated, the total amount of
solvent-nonsolvent to be used, and the maximum concentration which will
yield an adequate fractionation.

The authors have fractionated 20 g. of high molecular weight material
and as much as 40 g. of low molecular weight material by using this method.
These amounts do not represent the limit since a critical evaluation of the
resulting concentrations was not made.

Light-Scattering Measurements

Light-scattering measurements were made with a dual phototube pho-
tometer; benzene was used as a reference standard for absolute scattering
ratios. The solution was contained in a small conical cell similar to that
described by Zimm.13 The cell was suspended in a liquid bath of a design
somewhat similar to that described by Baum and Billmeyer.1 All measure-
ments were made at 25 £+ 0.2°C. in toluene at a wavelength of 546 mu. A
value of 16.3 X 10-6 cm v 1was used for the absolute scattering of benzene.
The specific refractive index increment for poly-a-methylstyrene in toluene
at 25°C. was measured with a Brice-Phoenix differential refractometer and
was found to be 0.129 ml. g-1. The values for molecular weights under
10,000 were somewhat lower.

Scattering measurements were carried out at 6 to 8 concentrations and at
9 angles from 20 to 135°. Reagent grade toluene was used, all solutions and
the solvent being clarified by filtration through HA Millipore filters.

The second virial coefficient A2 was determined from the concentration
dependence of the scattering at zero angle by means of the usual equation:

Kc/R = 1/M, + 2A2

For most of the polymers the angular dependence of the scattering was
too small to obtain meaningful results for the size of the molecules.

Viscosity Measurements

Intrinsic viscosities were determined in toluene at 25°C. using small-
volume cross-arm viscometers designed by H. W. Daeschner (private com-
munication). These viscometers were designed so that the kinetic energy
correction was negligible and a viscosity could be determined on about 0.5
ml. of solution. The maximum shear rate for these measurements was
estimated to be about 500 sec.-1.

Osmotic Pressure Measurements

Osmotic pressure measurements were made using the small volume os-
mometers described previously.3 Dynamic measurements were made on
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all of the lower molecular weight polymers to afford a measure of any mem-
brane-permeating solute and thus establish a good criterion for polydis-
persity of the fraction. The technique was described in an earlier paper.4
The validity of this technique is demonstrated by the close agreement be-
tween the results obtained by it, and the values obtained by ebulliometry
and a differential vapor pressure technique (Mechrolab vapor pressure
osmometer Model 301) on polymers in the 2,000- to 6,000-molecular weight
range (see Table 1). In this region, dynamic measurements were made
using ultrafine filter membranes such as described by Vaughan.2

In the molecular weight range of 20,000 to 240,000, osmotic measure-
ments were made by both the static and dynamic techniques using gel-
cellophane membranes of grade No. 600. In each case the agreement was
good, showing the absence of low molecular weight “tails” in the distribu-
tion curve. If membrane permeating solute were present in these samples,
the dynamic results would be appreciably lower than the static results.
In the molecular weight range above 240,000, only static determinations
were made. All measurements were made in toluene at 30 £+ 0.003°C.

Results and Discussion

All of the experimental results are summarized in Table I. The initiator
used in each synthesis is given in column 2. Only the second virial coeffi-
cients obtained from the light-scattering measurements are reported since
those obtained by osmometry were not as reproducible, probably because
fewer concentrations were used in the osmotic work. The ratio of the
weight to number average molecular weight is given as a criterion of poly-
dispersity.

The validity of this criterion deserves some comment. Since we are
dealing with just two averages or moments of the distribution function,
this ratio is not completely definitive unless the form of the distribution
function is known. However, regardless of the form of this function, the
distribution must become narrower as the ratio of molecular weights ap-
proaches unity. When the ratio is unity, the molecular weight must have a
unique value. If the experimental reliability of the two moments is good,
the ratio will provide afairly good index of the polydispersity.

The light-scattering results are repeatable to about 5%. The osmotic
results are equally as repeatable in the range below 500,000, providing no
solute permeates the membrane. As already mentioned, the close agree-
ment between the values obtained by three distinct methods on samples
of low molecular weight and the agreement between the static and dynamic
results on polymers of higher molecular weight is convincing evidence that
the membranes and measuring techniques are not subject to permeation
errors on the samples considered.

By this criterion it can be seen that most of the polymers have a ratio
below 1.25, the exceptions being samples number 1, 2, 3, 10, and 14.
Samples 1, 2, and 3 were not fractionated and were not expected to be as
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Fig. 1 Intrinsic viscosity-molecular weight correlation for poly-a-methylstyrene in
toluene at 25°C.

narrow as the others. Sample 14 was an early preparation in which some
of the techniques may not have been as good as in the latter preparations.
Sample 10 was a fraction from the same original preparation as numbers 12
and 13. Though some low molecular weight material was removed before
this cut, an appreciable amount evidently still remains in this fraction,
giving it a higher weight to number average ratio than the succeeding cuts
12 and 13.

The intrinsic viscosity-molecular weight correlation is shown graphically
in Figure 1. The Mark-Houwink equation derived from the graph is

V] = 11 X 10-wo7l

which is in excellent agreement with the findings of Sirianni et al.0 and
McCormick.9 The graph is presented here for two reasons. In the first
place, it demonstrates that the equation is valid down to molecular weights
of 104and is not greatly in error below that, and secondly, that the correla-
tion is valid for all polymers regardless of the initiator used to prepare them.
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Fig. 2. Correlation between second virial coefficient and molecular weight from light-
scattering studies.

This point will be discussed further along with the consideration of the
second virial coefficient.

Figure 2 is a graph of the second virial coefficients versus molecular
weight; both determined by light scattering. A least squares fit to a
straight line has been drawn through the points for polymers prepared by
butyllithium initiation, and this line can be represented by the equation:

A2= 245 X 10-LV'02

Points are also shown for the sodium naphthalene initiated polymers as
well as the results of Sirianni et al.Dfor polymers prepared by this initiator.
It is obvious from the graph that these results tend to be lower than those
for the butyllithium polymers, a difference which appears to be larger than
the experimental error.

Possible reasons for this difference in second virial coefficients include
polydispersity, chain branching, and chain microstructure. Since the
polymers have all been shown to have rather narrow distributions, poly-
dispersity does not appear to be a factor. Chain branching is not expected
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in anionic polymerizations and, as far as is known, no evidence for it has
been reported. Hence, chain microstructure is the most likely reason for
the observed variations. A recent paper by Brownstein et al.2on the pro-
ton resonance spectra of poly-a-methylstyrenes indicated large differences
in the stereoregularity of molecules prepared by different initiators. They
found the sodium naphthalene preparation to be predominantly heterotac-
tic and the butyl lithium preparations to be predominantly syndiotactic.
Unfortunately, the polymerization was carried out in cyclohexane at 4°C.
while the authors’ was done in tetrahydrofuran so the results are not di-
rectly comparable. Nevertheless, there isgood indication that the authors’
polymers differ in stereoregularity as shown by the differences in the second
virial coefficient.

This point is of particular interest since it has already been shown that
the intrinsic viscosity is independent of the initiator used. Similar results
have already been observed by others for polystyrene and polypropylene.
Danusso and Moraglio5found a variation of second virial coefficient but
not of viscosity between isotactic and atactic polystyrene. A further study
of polystyrene led Krigbaum et al.8 to the conclusion that under unper-
turbed or theta conditions the dimensions of isotactic polystyrene mole-
cules were larger than of atactic molecules. However, their results for
isotactic polymers were obtained under metastable conditions and must
be viewed with some suspicion. Kinsinger and Hughes6have studied iso-
tactic and atactic polypropylene and found no significant difference in the
intrinsic viscosities. The experimental problems of high temperature
measurement made it impossible to distinguish between the second virial
coefficients. Another report by Kinsinger and Wessling7 showed a dif-
ference in theta temperature for the two polypropylenes in phenyl ether.

The results reported in this work are in a good solvent far removed from
theta conditions, but some preliminary experiments have been obtained in
1-chlorohexane at 25°C. The virial coefficients are an order of magnitude
lower than in toluene, ranging from 0.2 to 0.7 X 10~4 and hence are much
closer to theta conditions. From the few experiments made, the results
indicate that again the second virial coefficient depends on the initiator
used but the intrinsic viscosity does not. This effect should be studied
further and preferably at exactly theta conditions.

The authors are indebted to Mr. H. McKerley for the ebullioscopic and vapor pressure
measurements and to Mr. R. Dougherty for many of the light-scattering measurements.
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Résumé

On décrit la préparation de 20 a 40 g de fractions bien définies de poly-a-méthyl-
styréne, pour les utiliser comme étalons en vue d’établir une corrélation entre les méthodes
de détermination du poids moléculaire. Le procédé implique la synthéese assez soignée
et le fractionnement. Des différences dans le second coefficient viriel de la diffusion
lumineuse indiquent des différences dans la stéréorégularité des polymeres préparés par
différents initiateurs. La viscosité intrinséque de tous les polymeres examinés sont
exprimées par I'équation de Mark-Houwink, qui est la méme dans tous les cas.

Zusammenfassung

Die Darstellung von scharf definierten Poly-a-methylstyrolfraktionen in 20-40 g-Men-
gen zum Gebrauch als Standards fur die Korrelation von Molekulargewichtsbestim-
mungsmethoden wird beschrieben. Das Verfahren besteht in einer Synthese unter gut
definierten Bedingungen und einer Fraktionierung. Unterschiede im zweiten Virial-
koeffizienten bei Lichtstreuungsmessungen scheinen auf Unterschiede in der Stereo-
regularitdt von mit verschiedenen Startern hergestellten Polymeren hinzuweisen. Die
Viskositatszahlen aller untersuchten Polymeren kdnnen durch die gleiche Mark-Houwink-
Gleichung ausgedruckt werden.
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Polymerization of Vinyl Ethers with Magnesium
Compounds. l. Catalytic Reactivity of

M agnesium Halides

K. TWASAKI, H. FUKUTANI, and S. NAKAXO, Central Research
Laboratory, Mitsubishi Chemical Industries Limited, Kawasaki, Japan

Synopsis

An attempt was made to summarize the activity of magnesium halides in the poly-
merization of vinyl ethers. Bulk polymerization was carried out at temperatures of
0-S0°C. Methyl, ethyl, isopropyl, and isobutyl vinyl ethers were used as monomers,
and the relative reactivities of these monomers were compared. Except for the fluoride,
magnesium halides had mild activity. Within a given group, the overall activation
energies of polymerization decrease with increasing weight of halogen. On the other
hand, the molecular weight of polyvinyl ethers obtained from this group of catalysts in-
creases with decreasing weight of halogen. In addition, some differences rvere observed
between the diethyl ether complex and the dioxane complex of magnesium bromide.

INTRODUCTION

It is well known that BeCL and ZnCl2initiate cationic polymerization as
Friedel-Crafts type catalysts, but catalysts from the other compounds,
based on metals of group Il of the periodic table have not been studied.

We have investigated the catalytic reactivity of these compounds and
found that MgO, MgX2 and RMgX were very active catalysts in the
polymerization of vinyl ether. In this paper, we report the relative cata-
lytic reactivity of magnesium halides.

It seemed very interesting that magnesium halides, including the com-
plexes thereof, catalyzed polymerization of vinyl ether at a moderate rate,
compared with catalysts such as A1C13 TiCU, and Bl'Yctherate. The
polymerization of vinyl ether with the last-named catalyst is violent, of the
so-called “flash” type, but the polymerization with the former catalyst is
so mild that relative reactivities among lower alkyl vinyl ethers have been
clearly obtained.

EXPERIMENTAL

Materials

MgF2 Hydrofluoric acid (40%) was reacted with commercial MgO at
100°C. in a polyethylene flask. The precipitate obtained was washed with

1937
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distilled water until the filtrate showed no acidity and heated at 400°C.
in the air.

MgFo-HF. Hydrofluoric acid (40%) was reacted with commercial
MgO as described above. The precipitate obtained was filtered and
charged into purified petroleum ether. It was filtered again and heated
at 400°C. in air. The product was slightly soluble in water and showed
acidity, but its composition was unknown.

MgCh. Reagent grade magnesium chloride hexahydrate was heated
with a small amount of water in a porcelain dish, and an equimolar amount
of ammonium chloride was added. The mixture was heated with stirring
until it became solid and dehydrated at 110°C. after crushing. Just be-
fore use, the MgCI-NHACI-H2 obtained above was powdered and heated
to MgCl2in vacuo at 110°C. to constant weight.

MgBr2 3C4HsO. One mole of magnesium powder was suspended in dry
diethyl ether under nitrogen, and then slightly less than one mole of
bromine was added portionwise at 30°C. After the magnesium powder
had almost disappeared, the unreacted magnesium was filtered out. An
excess of anhydrous tetrahydrofuran was then added to the reaction
mixture. The precipitate obtained was filtered and dried in vacuo at
room temperature; purity, 90.5%

MgBr2<2C4H«02 MgBr2 in ether solution was obtained by the same
method mentioned above. An excess of anhydrous dioxane was added to
the solution. Precipitate obtained was dried in vacuo at room temperature;
purity, 96.6%

Mgl,-2(CHHD. Mgl2 in ether solution vias prepared by reacting
magnesium powder with iodine in dry ether; the product was filtered and
concentrated under reduced pressure; purity, 98.0%

Vinyl ethers according to Schildknecht’'s method, these were washed
eight times with an equal volume of water made slightly alkaline with
potassium hydroxide, dried with sodium metal, and distilled, the middle
fraction being collected.

Procedure

The polymerization was carried out in bulk under stirring. In this ex-
periment, polymerization with these catalysts was not accelerated by a
polar medium, and reactions in solution diluted with inactive solvents were
not induced. Because of their poor solubilities, it was necessary to dis-
perse catalyst uniformly.

To obtain time-conversion curves, small portions of reaction mixture
were sampled from time to time and poured into water-methanol mixtures.
The polymer was precipitated, collected, washed several times with
methanol, and dried in vacuo at 50°C. for one day.

The reduced viscosity ij,p/c was measured for 0.5 g. polymer in 100 ml.
benzene solution at 25°C. in an Ostwald viscometer.
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RESULTS

The results of the polymerization of vinyl ethers with magnesium
halides and magnesium halide complexes at various catalyst concentrations
[C]are summarized in Tables I-V 1.

TABLE 1
Bulk Polymerization of Isobutyl Vinyl Ether with MgCI2 [C] = s.22 X 10-2
mole/:.
50°C. 25°C. 0°C.
Time, Conversion, Time, Conversion, Time, Conversion,

hr. % hr. % wsps/c  hr. % Vsp/C
V. 92.5 0.58 i 0.4 0.38 2 0.1 —
i 97.5 0.57 3 3.5 0.40 7 0.1

2 97.4 0.55 5 6.7 0.46 14 0.15

7 20.0 0.46

From these results, overall activation energies of polymerization were
calculated by use of the Arrhenius equation; these plots are shown in
Figures 1and 2.

In Table VIII, a comparison of the apparent catalytic reactivity of
magnesium halides in the bulk polymerization of isobutyl vinyl ether is
shown.

Fig. 1. Overall activation energy obtained with MgBr2-3C+sH80 in polymerization of
(A) isobutyl vinyl ether; (=) ethyl vinyl ether; (O) isopropyl vinyl ether.
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TABLE 111
Bulk Polymerization of Ethyl Vinyl Ether with MgBr2-3CiH%, [C] = 1.58 X 1CU2
mole/l.
37°C. 25°C. o°C.
Time, Conversion, Time, Conversion, Time, Conversion
hr. % Vspls  hr. % Vsp/'C hr. &  vsplC
1 55.6 0.30 2 31.8 0.32 4 12.1 0.12
2 81.6 0.35 4 49.6 0.39 8 23.6 17
6 65.0 0.42 12 36.0 0.20
8 — 0.37 16 41.6 .21
TABLE
Bulk Polymerization of Isopropyl Vinyl Ether with MgBr2mC44 8, [C] = 0.57 X 10~2
mole/l.
52°C. 27°C. o°c.
Time, Conversion, Time, Conversion, Time, Conversion)
hr. % Vsp/C hr. % Vsplc hr. %t Vsp/G
‘A 31.7 1.31 1 44.9 0.32 2 12.1 0.12
i 69.3 0.91 2 78.3 0.35 4 23.6 0.17
3 81.0 0.35 8 36.0 0.20
12 41.6 0.21
TABLE V
Bulk Polymerization of Isobuty1Vinyl Ether with MgBr»-2CjH §>2, [C] = 1.58 X io0-=
mole/l.
82°C. 64°C. 50°C.
Con- Con- Con-
Time, version, Time, version, Time, version,
hr. % Vsp/ ¢ hr. % Vsp/C hr. % Vsp/ C
i - 2.65 4 2.0 - 8 0.38 -
2 14.0 1.18 8 3.0 — 16 0.80 —
4 21 4 1.19 12 4.0 0.14 24 1.98 —
6 27.6 1.25 16 4.2 0.18
TABLE VI
Bulk polymerization of Isobutyl Vinyl Ether with M gl2«2(C2H5)20, [C] = 1.56 X 10“2
mole/l.
50°C. o°c.
Time, Conversion, Time, Conversion,
hr. % Vspl ¢ hr. % Vsplc
i.10 45.4 0.09 i 7.7 0.12
2 71.5 0.08 2 9.7 0.12
3 85.8 0.08 3 11.9 0. 13
4 87.2 0.09 4 14.0 0.13
5 21.2 0.15
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TABLE VII
Bulk Polymerization of Isobutyl Vinyl Ether with MgF2H F Catalyst; 0.741 g. Catalyst
Added to 100 ml. Monomer

80°C. 65°C. 50°C.
Time, Conversion, Time, Conversion, Conversion,
hr. % /o hr. % W/C hr. % \&'c
1 12.6 1.48 2 16.7 0.81 2 7.1 0.76
2 17.6 1.42 4 40.8 1.13 4 10.9 1.04
4 23.6 1.14 6 54.6 1.03 6 17.5 1.08
6 27.6 0.89 8 62.0 0.92 8 25.1 1.37

Fig. 2. Overall activation energy obtained in polymerization at isobutyl vinyl ether with
MgX,: (A) MgCl,; (O) MgBrz2«2CsHs02; (=) MgBrz-3CsHs0.

TABLE VIII
Comparison of Catalytic Reactivity of Magnesium Halides in the Bulk Polymerization
of Isobutyl Vinyl Ether

Overall activation Reduced reaction veloc-
Catalyst energy, kcal./mole ity, %/min.b
MgF2 — - o
MgCl 34.6 0.58 0.56
MgBrz-3C4H&® 22.0 0.24 0.68
Mglz-2(Cz2H-)D 6.9 0.15 0.65
MgBr2mCsHs02 35.4 2.65 0.0008
MgF2HF 9.2 1.48 —

“ The maximum value obtained from all reaction conditions.

b Arbitrary velocity of monomer consumption in per cent per minute at 50°C. reduced
to the catalyst concentration of 1.58 X 10-2 mole/l. This comparison based on the
estimation of the linear relationship between catalyst concentration and velocity.
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Furthermore, in Table IX are listed the relative reactivities of lower
alkyl vinyl ethers with MgBr2.3C4H8 at 0°C.

TABLE 1IX
Relative Reactivities of Lower Alkyl Vinyl Ethers with MgBr2-3C4sHs0, [CJ = 1.58

X 10-2 mole/l.

Initial reaction Overall activation

Vinyl ether velocity, %/min. energy kcal./mole vspic3
Isopropyl vinyl ether 0.212 12.7 1.31
Ethyl vinyl ether 0.020 16.0 0.42
Isobutyl vinyl ether 0.0033 22.0 0.24
Methyl vinyl ether 0.00023 — 0.11

aThe maximum value obtained for all reaction conditions.

DISCUSSION

To confirm the fact that magnesium halides have catalytic activity in
vinyl ether polymerization, we wish to refer to the considerations of
Emeleus and Anderson.l They suggest that, the physical properties of
metal halides are determined by the ionization potential of the metal
atom. Properties of the halides are shown in Table X and may easily
be divided into two classes, for example, by the difference of their electric
conductivities A. Chlorides placed over the border-line seem to have an

TABLE X
Some Properties of Metal Chlorides

HC1 LiCl NacCl KC1 RbCI CacCl

m.p. °C. -114 606 800 768 717 645
b.p. °C. -85 1337 1442 1415 1388 1289
A 10 166 134 140 78 67
BeCL MgCl, CaClz SrCL) BaCL

m.p.. °C. 404 718 774 840 960
5 s Ca 500 (1000) (1100) (1250) (1350)
A 0.066 29 52 56 65
BC1s AICIj GaCL InCls ticis

m.p. °C -017 — 75.5 586 25
b.p. °C 12.6 183 205 (550) (200)
A 0 15 10 10 14.7 10

ionic crystalline lattice;

on the other hand chlorides under the line are

thought to be molecular lattice compounds having a lower melting point.
Compounds belonging to latter group are known as Lewis acid.
Magnesium chloride, in former group, exists so near the line that it has

catalytic activity in vinyl ether polymerization.

Calcium chloride, placed far from the line, shows no activity. In this
connection, the relative amounts of catalyst needed to complete poly-
merization at room temperature are shown in Table XI.



1944 K. IWASAKI, 11. FUKUTANI, S. NAKANO

TABLE XI
Amount catalyst needed,

Catalyst mole/l. Monomer reference
BF-ELO 10 1 Methyl, ethyl, isopropyl, and iso-

butyl vinyl ether Lewis acid
TiCl, 10 Isobutyl vinyl ether Lewis acid
A1C13-Et00O 10-3 Isobutvl vinyl ether Lewis acid
MgX, 10 --10 “2 Ethyl, isopropyl, and isobutyl

vinyl ether

As shown in Table X1, magnesium halides have lower activity than Lewis
acid-type catalysts; therefore they failed to catalyze the polymerization
of styrene and «-methylstyrene.

Table VIII shows the catalytic reactivities of magnesium halides. The
overall activation energy of polymerization increases in the order:
MgBr2-2CH&2 > MgCb > MgBr2-3CH& > MgF2HF > Mgl2-
2(CHBHD. Though the reaction seems to be cationic, the overall activa-
tion energy is too high. The molecular weight of the product increases in
the order: MgBr,.2CHD2> MgFj-HF > MgCb > MgBr2.3CH& >
Mgl2.2(CHHD. As shown in Table IX, the relative reactivity of mono-
mers in the polymerization with MgBr2-3C4H8 as initiator is in the fol-
lowing order, isopropyl > ethyl > isobutyl > methyl vinyl ether.

This result agrees with the results of Eley'2with | catalyst, rather than
those of Schildknecht.3

Final considerations are given in Table X1II. The ionic character of the
bond between magnesium and halogen is calculated according to the
equation of Hannay and Smyth4 using the values of electronegativity of
Pauling,5and compared with the results of experiments.

TABLE XIlI
Properties of Magnesium Halides

Property MglIC MgChb MgBr, Mgl2
Bond Mu 1 Mg— ClI Mg— Br Mg—J
lonic charac-

ter, % 72.2 40.1 34.5 26.7
Crystalline

lattice ionic lattice layer lattice layer lattice layer lattice
Type of crystal Rutile CdCh cdL CdJb
Tild Tx 0.48 0.30 0.33 0.30
Lattice energy, 688 — 593 — 567 — 540-

kcal./mole 708 603 501 553
m.p. °C. 1270 716 605 650
Solubility in

H20, g./l0O

g. h20

(temp., °C.) 0.0008 (18) 54.5(20) 101.5 (20) 131) (20)
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The fact that the overall activation energy decreases with the lattice
energy and increasing solubility of the halide will be explained by the
following consideration. The rate-determining step of the polymerization
depends chiefly on the initiation step comprising the solvation of catalyst,
and the abnormally high value of activation energy obtained is due to
large activation energy of initiation corresponding to poor solubility of
catalyst in monomer.

As illustrated in Table X 11, magnesium fluoride is highly ionic in nature.
Therefore it is poorly soluble in monomer and does not show any activity.
This is very analogous to the fact that aluminum fluoride, in the family of
aluminum halides, has no catalytic action for polymerization of vinyl
ethers.

The activity of the MgF2HF catalyst may be explained as follows.
Mgl'VHF catalyst contains such a conjugated acid as the fluoromagnesium
acid or a complex salt of hydrogen fluoride fixed on magnesium fluoride
by fluorine bridge, and these are thought to be active species in the cationic
polymerization.

The variation of molecular weight of the polymers obtained with these
catalysts is closely related to the result of Fairbrother6 with isobutene.
The important mechanism of chain termination is still so obscure that we
cannot clarify the relationship between molecular weight and catalyst.

At the end of this consideration, we must refer to the characterization of
MgBr-z2.2 CsHsO2. Being different from other MgBr2ether complexes,
MgBr2.2C4H8 2 has higher melting point and poorer solubility. We
speculate the possible structure of association as follows:
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Résumé

On a essayé de résumer l'activité des halogénures de magnésium dans la polymérisation
d’éthers vinyliques. La polymérisation en “bloc” a été considérée a des températures
variant de 0 a 80°C. On a utilisé comme monomeres des méthyl-, éthyl-, isopropyl-, et
isobutyl-vinyl-éthers et les réactivités relatives de ces monoméres ont été comparées.
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A I’exeption du fluorure, les halogénures de magnésium ont une faible activité. Pour un
groupe donné, les énergies d'activation totales diminuent avec I'augmentation de poids
de I'halogéne. Au total certaines différences ont été observées entre les complexes de
bromure de magnésium et d’éther diéthylique d’une part et de bromure de magnésium
et de dioxanne d’autre part.

Zusammenfassung

Es wurde ein Versuch unternommen, einen Uberblick Uber die katalytische Aktivitat
von Magnesiumhalogeniden bei der Polymerisation von Vinylathern zu gewinnen. Die
Polymerisation in Substanz wurdeb ei Temperaturen von 0-80°C ausgefuhrt. Methyl-,
Athyl-, Isopropyl- und Isobutylvinylather wurden als Monomeres verwendet und die
relative Reaktivitat dieser Monomeren verglichen. Mit Ausnahme des Fluorids besassen
alle Magnesiumhalogenide eine schwache Aktivitat. Innerhalb einer gegebenen Gruppe
nimmt die Bruttoaktivierungsenergie der Polymerisation mit steigendem Atomgewicht
des Halogens ab. Anderseits nimmt das Molekulargewicht der mit dieser Gruppe von
Katalysatoren erhaltenen Polyvinylather mit fallendem Atomgewicht des Halogens zu.
Ausserdem wurden gewisse Unterschiede zwischen Didthylatherkomplexen und Dioxan-
komplexen von Magnesiumbromid beobachtet.

Received February 2, 1961
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Specific Diluent Effects on Polymer Chain Dimensions

C. A. J. HOEVE* and M. K. O'BRIEN, Mellon Institute, Pittsburgh,
Pennsylvania

Synopsis

Specific diluent effects on the unperturbed mean-square end-to-end distance < r,2 >
may be determined in dilute solutions at their 9-points. Another method to determine
these effects is described in this paper. It involves the measurement of the modulus of
crosslinked polymers swollen with different diluents and interpretation of the results
according to current rubber elasticity theory. As a result of the relatively high concen-
trations used in this method, combined with the introduction of crosslinks, specific
diluent effects on chain dimensions are obtained, unobscured by excluded volume effects.
The method is applied to polyethylene diluted with di-2-ethylhexyl azelate, a-chloro-
naphthalene, m-paraffin, tetralin, and ra-hexadecane. Within 10% the value of < ro2 >
in n-hexadecane is equal to that in the other diluents used. In view of the similarity of
the polyethylene molecule to those of /i-hexadecane and n-paraffin this value must then
also be equal to that for polyethylene in bulk. It may be concluded that, within experi-
mental error, semi-ordering effects in the melt are absent and that no specific diluent
effects exist.

Introduction

As insight in the physical properties of amorphous polymers grows, it
becomes increasingly apparent that these properties are to a large extent de-
termined by chain dimensions. It is then of primary importance to study
factors influencing a suitable parameter indicative of chain dimensions, as
for example, the mean-square end-to-end distance. In the absence of ex-
cluded volume effects the mean-square end-to-end distance <r®> is un-
perturbed,las indicated by the subscript zero. Usually, the implicit as-
sumption is made that it depends on temperature only. In order to inves-
tigate this assumption, let us consider more closely the factors which may
influence <r@>. At fixed bond lengths and bond angles the size of the
random coil is determined by the minima in potential energy on rotation
around chain bonds. Only for a few polymers are the potentials restricting
rotation sufficiently known to permit analysis of the distribution of con-
formations and to calculate chain dimensions. The simplest polymer for
which such an analysis has been carried out is polyethylene,2 the chain
bonds of which are distributed over trans and gauche conformations ac-
cording to a Boltzmann distribution law. The question arises, however, to
what extent intermolecular interactions may influence these potentials and

* Present address: National Bureau of Standards, Washington, D. C.
1947
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thereby chain dimensions. It is conceivable that interaction of solvent
molecules with the trans conformation is energetically favored above that
with the gauche conformation. This interaction, and therefore also
<r(@2>, would then depend on shape and size of solvent molecules. It is the
object of this paper to investigate such specific diluent effects.

These specific interactions are to be distinguished from excluded volume
effects, which are known1to occur in such dilute solutions that the chains
do not overlap. In the latter case two groups, bonded through a large
number of chain bonds, interact when in proximity. For a specified set of
conformations of the intervening chain bonds, small deviations in rotational
angles from their positions of minimum energy affect the potential energy of
rotation only slightly. However, the distance between the two interacting
groups, and therefore the potential energy, is sensitive to these deviations.
If these groups are close together, the potential depends mainly on their
relative position and not on the specific sequence of conformations of chain
bonds connecting them. The interaction energy should then be essen-
tially the same as for substituents belonging to different molecules.

Specific diluent effects may be measured in dilute solutions having nearly
identical 9-points. Such effects have been found134 to be small with the
exception of cellulose derivatives.5 It is, however, not always possible to
find a wide range of solvents with equal 9-points, whereas corrections for
excluded volume effects at ambient temperatures are often uncertain. In
sufficiently concentrated solutions, in which chains overlap considerably,
excluded volume effects are reduced as a result of a nearly uniform polymer
segment density. Depending on molecular weight and solvent used, ex-
cluded volume effects may still persist6in the region, where some overlap
occurs. Introduction of crosslinks between polymer chains before dilu-
tion and the relatively high polymer concentrations used in the method
described below both contribute to reducing excluded volume effects. It
may then be concluded that chain dimensions should be essentially unper-
turbed under these conditions. The results described in this paper are in
agreement with this conclusion.

A convenient way to evaluate specific diluent effects is to perform stress-
strain measurements on crosslinked polymers, swollen with a diluent, and
to compare the results with those for the dry state. Flory7has given the
follow'ing equation for a network in simple extension:

[ = VvliT (<a>Q@ Lid) v-r'/* (a — a~2 1)

where / is the retractive force, v is the number of chains in the sample, k is
Boltzmann’s constant, T the absolute temperature, L mis the length of the
isotropic dry sample, and vis the volume fraction of polymer in the sample.
a is the extension ratio, defined by L/L{, where L is the length of the
sample at force/, and Ltis the length of the isotropic, diluted sample at the
volume corresponding to r2 In contradistinction, L/, used below, is the
length of the isotropic, diluted sample in swelling equilibrium with diluent.
<0,>02 = </',(/>/<r02>, where <ri®> is the mean-square end-to-end
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distance of the polymer chains in the dry, isotropic sample, and <r(02> is
the mean-square end-to-end distance of free chains in the solution cor-
responding to vt. It is to be noted that <ri02>is proportional to F02/3
where VO0is the volume of the dry polymer sample; however, <r(2> depends
on potentials restricting rotation, on temperature, and possibly on the
nature of diluents. With the aid of eq. (1) temperature coefficients of
<r02> have previously8been deduced from the results of stress-temperature
measurements. In analogy to this method, specific diluent effects on
<r(@2> may be obtained by performing stress measurements on samples
swollen with different diluents. It follows from eq. (1) that the ratio of the
value of fv2in for the dry state (v2 = 1) to that for the diluted sample,
measured at the same temperature and a, equals the ratio of <r@> of the
polymer chain dissolved in the diluent to that in the bulk.

Unfortunately, several experimental difficulties prevent a successful ap-
plication of this simple method. It is known that hysteresis loops occur in
stress-strain measurements performed on amorphous polymers, indicating
that thermodynamic equilibrium has not been attained.9 However, equi-
librium is approached more closely for diluted samples.9 We have therefore
compared stress-strain curves for samples diluted with different diluents.
Another experimental difficulty is the accurate assessment of a and V2
The volume fraction of polymer v2and a are given by (Li0dAi)3and L/Li,
respectively, and are easily measurable. However, during the stress-strain
measurements an unknown quantity of diluent usually evaporates from the
sample, thereby altering vwand L{. m In order to circumvent this difficulty
we have kept the sample immersed in diluent during the stress-strain ex-
periment and allowred swelling equilibrium to be established. Since v2then
decreases on extension, correction for further dilution is necessary.

Procedure

The increase in degree of swelling may be obtained as follows. Accord-
ing to rubber elasticity theory,7we have the follovdng equations for diluted
samples in swelling equilibrium with diluent:

{v<aW VVNaVvo MI/1- tV/2 <«>02] =
— [In (1 —Vv2) + v2 + xiyV] (2)
and
(r <a>02Vi/NaVvo) [LIL — Vi/2 <a>02] =
—[In@ - Vi) + i+ X"22] (3)

where Vi is the molar volume of the diluent, Nais Avogadro’s number, L is
the length of the strained sample, and xi is the interaction parameter for
solvent-polymer interaction. Here v2 and v2are the volume fractions of
polymer in swelling equilibrium with diluent at sample lengths L/ and L,
respectively. In order to obtain the value of v2at length L larger than
Li, the following procedure was applied. First the stress-strain curve for
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the dry state was obtained. From this curve and the temperature, the
value of v <a>02was calculated according to eq. (1). Then the length
Li was measured of the diluted, isotropic sample in swelling equilibrium
with diluent at zero external force. We obtained xi by substituting into
eq. (2) v2, given by (LiOL»")3 as well as values for v <a>02 Vi, and V0.
Strictly, the second terms on the left-hand sides of egs. (2) and (3) cannot
be evaluated, since the value of Aa>® is unknown. In order to permit
calculation of xi we have equated < a > (2to unity in these terms only. This
procedure is a good approximation, if Aa>o02is equal to, or larger than,
unity. The samples of polyethylene crosslinked in the crystalline state
meet this requirement since in this case Aa>o02is probably somewhat larger
than unity.7 The value of v2may then be calculated at any length accord-
ing to eqg. (3). On using eq. (1) it is to be noted that a is not equal to
L/L/, since L (' refers to V2, instead of v2 Correction for the volume change
yields a = L/Lt = (L/L/)(v2/vd) 13, We are now in a position to calcu-
late the force on the diluted sample at any length L using the values of
a, V2 p<a>o02 Li0,and T. According to eq. (1) the ratio R between calcu-
lated and measured value of the force at specified L would equal the ratio
of </v> of the chain in diluent to that in bulk. However, since the value
of p<a>o02has been calculated from measurements in the dry state for which
equilibrium does not obtain, these R values do not represent the latter ratio.
Nevertheless, the relative R values obtained for a polymer sample diluted
with different diluents should be significant. We have therefore calcu-
lated the values of P, defined as the ratio of R for any diluent to that for the
reference diluent, ra-hexadecane. Then, P is equal to (<r@>diiuent/
Ar(j~A(lry) (ATd'Adry/Aro Ahexadecane) A?'02A ,iiluent/A? o~-Ahexadecane-  In
this procedure the measurements performed on the dry samples are used
only to obtain the corrections resulting from volume increases on extension
of the diluted sample. Under the conditions described in this paper these
volume increases are about 10%. Of course, small deviations from equilib-
rium values may also obtain for the diluted samples. It is to be expected,
however, that these deviations are approximately equal for the reference
and other diluents and, therefore, they should not materially affect the
results.

Experimental

Linear polyethylene (Super Dylan, low pressure polyethylene, obtained
from the Koppers Co.) was chosen as the polymer. /i-Paraffin, used as
one of the diluents, melted from 65 to 70°C. Purification by urea adduct
formation did not raise the melting point, nor did it change the infrared
spectrum in the region of 1380 cm .'L It may then be concluded that these
paraffins are practically linear and have an average chain length of at least
30 C atoms. n-Hexadecane, a-chloronaphthalene, di-2-ethylhexyl azelate
(DEHA) and tetralin were reagent grade; no attempt was made to purify
these diluents further. The molar volumes used in eqgs. (2) and (3) for
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paraffin, w-hexadecane, a-chloronaphthalene, DEHA, and tetralin are
respectively 511, 322, 151, 514, and 150 cm.3

Polyethylene films of a uniform thickness of 1 to 2 mm. were pressed at
about 150°C. and samples were cut at room temperature with a mold in the
shape of a dumbbell. These samples were of uniform width of 3.1 mm.
over a length of 25 mm. In order to crosslink them, they were irradiated
at room temperature in evacuated glass containers by y-radiation from a
cylindrical Co® source with a uniform dose rate of 0.61 Mrep/hr., or by the
electron beam of a Van de Graaff accelerator. The samples marked A re-
ceived a dose of approximately 40 Mrep of electron radiation. Those marked
B and C received doses of 29.6 and 39.3 Mrep of y-radiation. The dumbbell
shape permitted the samples to be clamped in and stretched without break-
age at the clamps. The clamps consisted of a pair of small metal plates,
held together by screws. The lower clamp was fixed, while the upper clamp
was suspended from a strain gage which could be adjusted vertically.
The strain gage (Statham Instrument Co., transducer model G-l) had a
capacity of 750 g. and a linear response of 0.05 mv./g. under a supplied
e.m.f. of 12 v. The output of the strain gage was displayed on a Leeds &
Northrup recorder, giving a full-scale deflection of 10 mv. The instrument
was calibrated by addition of known weights before and after each experi-
ment.

The length of the sample was measured with a cathetometer. Two
thin metal pins, perforating the uniform section 20 mm. apart, served
as markers. A stream of high purity nitrogen was passed through the
sample chamber in order to prevent oxidative degradation. Samples were
swollen in the sample chamber by diluent containing 0.5% of phenyl 3
naphthylamine, used as an antioxidant. After the stress-strain experiment
was completed the polyethylene sample was extracted with boiling xylene
and evaporated to dryness at 150°C. in vacuum. The stress-strain curve
for the dry sample was then usually identical, within experimental error, to
that before swelling; otherwise the experiment was discarded. Stress-
strain curves were obtained by stretching the sample at intervals to an ex-
tension ratio of about 1.3 and decreasing the length in similar intervals until
the relaxed, isotropic state was reached. At each interval the length was
kept constant for 20 min. before the force was read.

A liquid thermostat (containing silicone oil DC-550, Dow Corning Corp.)
maintained a constant temperature of 150 + 0.1°C.

Results and Discussion

Figure 1 illustrates some typical results obtained. It is seen that
hysteresis is reduced on increasing the degree of swelling. This appears to
be true for all cases investigated and is consistent with a closer approach to
equilibrium in the swollen state.9 The results for all diluents used are
given in Table I. The volume fraction of polymer, given in the fourth
column, is largest for DEHA, which is a poor solvent and smallest for tetra-
lin, an excellent solvent. The ratio R between calculated and observed
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Fig. 1. Stress-strain curves for polyethylene samples. (A) Dry sample, (O) sample
swollen with DEHA, and (O) sample swollen with n-hexadecane. Open and closed
symbols denote force readings after increasing and decreasing the length, respectively.

force for the diluted state is given in the fifth column. As is observed, R
deviates considerably from unity. Moreover, it is apparently strongly de-
pendent on mode and degree of crosslinking. As noted in the introduction,
failure to attain equilibrium for the dry samples is probably mainly re-
sponsible for these deviations. In general the R values should then be too
high. This is observed for samples B and C, which are crosslinked by y-
irradiation. The low values for samples A, crosslinked by electron irradia-

TABLE 1
Force Readings for Samples Diluted with Different Diluents

P =
{70 Xliluent/
Sample L/Li* Diluent \2 R —jfcnlc.//obs. ~O"hexadecanc
1 1.35 DEHA 0.386 0.97 1.13
A 1.275 «-Chloronaphthalene 0.218 0.86 1.01
A 1.15 Tetralin 0.194 0.76 0.89
A 1.31 re-Hexadeeane 0.196 0 S~ 0 855 (1.00)
A 1.35 ra-Hexadecane 0.221 0.871 805 ’
B 1.24 DEHA 0.348 1.67 0.97
B 1.20 a-Chloronaphthalene 0.166 1.86 1.08
B 1.18 Paraffin 0.219 1.57 0.91
B 1.19 ?i-Hexadeeane 0.176 1.72 (1.00)
C 1.20 DEHA 0.393 1.34 1.12
c 1.20 a-Chlon (naphthalene 0.188 1.30 1.08
c 1.225 Paraffin 0.262 1.19 0.99
c 1.17 Tetralin 0.167 1.12 0.93
c 1.165 n-Hexadecane 0.228 1.20 (1.00)
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tion, may be a result of the inhomogeueity of the high-energy electron beam.
Equation (3), applicable to samples with uniform crosslinking density,
could overestimate the increase in swelling on extension and thereby lead to
too low values for the calculated force. Whatever the reasons are for the
deviations, the P values given in the sixth column, denoting the ratio of the
R values for several diluents to that for n-hexadecane, are close to unity.
Moreover these values are independent of mode and degree of crosslinking.
Since deviations from equilibrium should not be sensitive to the nature of
the diluent, the values of P may be expected to equal <r02>diiuent/
<r02> headcae* The average values of P for the diluents DEHA, a-
chloronaphthalene, paraffin, and tetralin are 1.07, 1.06, 0.95, and 0.91, re-
spectively. The conclusion can therefore be drawn that the mean-square
end-to-end distance of the polyethylene chain is independent of diluents to
within experimental error, which is estimated to be ten per cent. Since
diluents used range from poor (DEHA) to good (tetralin), excluded volume
effects must be inappreciable, in accordance with expectation.

It is inconceivable that <r(®@> of polyethylene in bulk is appreciably dif-
ferent from that in n-paraffin and n-hexadecane, since the polyethylene mole-
cule is identical to these molecules, except for chain length. It may there-
fore be concluded that, within experimental error, <r@> is unchanged on
dilution of the dry sample. The absence of specific diluent effects is the
more remarkable since detailed calculations2indicate chain dimensions to be
sensitive to the distribution over trans and gauche states of chain bonds
along the chain. Apparently this distribution is determined almost ex-
clusively by intramolecular forces and is unaltered by large environmental
changes from an aliphatic solvent (n-hexadecane) to a branched ester
(DEHA), or to a polar (a-chloronaphthalene), or nonpolar (tetralin)
aromatic compound. Furthermore, if polymer chains would tend to align
locally, <r@> would be larger in n-hexadecane and paraffin than in the
other diluents used. However, such increases are not observed. This is
strong evidence against the often supposed semi-ordering effects in the melt,
a conclusion in accordance with results8 of previous stress-temperature
measurements on diluted and undiluted samples. It may then be con-
cluded that for nonpolar polymers the potential energy as function of rota-
tional angle is virtually independent of intermolecular interaction and is de-
termined by intramolecular interaction only. This independence of inter-
molecular interactions, implicitly assumed in most network theories and in
polymer solution theory, constitutes gratifying justification for the basis of
these theories.

On the other hand, it is known that the distribution over gauche and
trans conformations of 1,2-dichloroethane is markedly changed1l01l by
environmental changes as a result of dipolar interaction. Therefore, larger
effects may be expected for polar polymers. Measurements of the stress-
strain relation of diluted networks offer an attractive method for investi-
gating such effects.
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Résumé

On peut déterminer les effets spécifiques de dilution sur la distance moyenne carrée
entre les extrémités (ro2 dans des solutions diluées, a leur point 9. Une autre méthode
de détermination de ces effets se trouve décrite dans cet article. Celui-ci contient la
mesure du module de polymeres pontés gonflés par différents solvants et une inter-
prétation des résultats en accord avec la théorie d’'élasticité de caoutchoucs courants.
Comme résultat des concentrations relativement élevées dans cette méthode, en plus
de I'introduction de pontages, on obtient des effets de dilution spécifiques pour la dimen-
sion des chafnes, sans interférence des effets du volume exclu. On applique la méthode
au polyéthylene dilué avec de l'azélate di-2-éthylhexylique, de l'alpha-chloronaph-
talene, de la «-paraffine, de la tétraline et du w-hexadécane. A moins de dix pourcent
pres, la valeur de (r02 dans le «<-hexadécane est égale a celle employée dans les autres
diluants. Vu la similitude de la molécule du polyéthylene, celle du n-hexadécane et
de la «-paraffine, cette valeur doit étre égale a celle-l1a pour le polyéthyléne pur. Nous
pouvons conclure que dans les limites de I'erreur expérimentale, il n'y a pas d'effets
semi-ordonnateurs dans la masse fondue et qu’il n'y a pas d’effets spécifiques du solvant.

Zusammenfassung

Spezifische Lésungsmitteleinflisse auf das ungestdrte mittlere End-zu-End-Abstands
quadrat (r03 kénnen beim O0-Punkt in verdinnter Ldsung bestimmt werden. Eine
weitere Methode zur Bestimmung dieser Einflusse wird in der vorliegenden Mitteilung
beschrieben. Sie beruht auf der Messung des Elastizitatsmoduls vernetzter, in ver-
scheidenen Ldssungsmitteln gequollener Polymerer und Auswertung der Ergebnisse
nach der bekannten Theorie der Kautschukelastizitdt. Als Folge der bei dieser Methode
verwendeten, verhéltnisméssig hohen Konzentration im Verein mit der Einfihrung
von Vernetzungsstellen werden spezifische Losungsmitteleinfliusse auf die Ketten-
dimensionen ohne Stérung durch den Einfluss des ausgeschlossenen Volumens erhalten.
Die Methode wird auf Polyathylen, verdinnt mit Di-2-athylhexylazelat, a-Chlor-
naphthalin, «-Paraffin, Tetralin und «-Hexadekan angewendet. Innerhalb von 10%
kommt der Wert von (r0 in n-Hexadekan dem in den andern untersuchten Lésungs-
mitteln gleich. In Hinblick auf die Ahnlichkeit des Polyathylenmolekiils mit dem n-
Hexadekan- oder w-Paraffinmolekil muss dieser Wert dann auch dem fur Polyathylen
in Substanz entsprechen. Man kann daraus schliessen, dass, innerhalb der Versuchs-
felder, Semiordnungseffekte in der Schmelze fehlen und keine spezifischen Ldsungs-
mitteleinflisse bestehen.

Received July 10, 1962
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The Temperature Dependence of Magnesium Chloride

Interaction with Polyacrylic Acid

ADA L. JACOBSON, Department of Chemistry, University of Alberta,
Calgary, Alberta, Canada

Synopsis

The effect of temperature on a modified pH “titration” of polyacrylic, acid is reported.
The extent of acid ionization was varied by pretitration to various degrees with the
strong base of a weak counterion binder, tetra-n-propyl ammonium hydroxide. The
effect of subsequent additions of magnesium chloride to these pretitrated solutions at
15, 25, and 38°C. is reported. The release of hydrogen ions caused by this neutral salt
addition varied with both degree of pretitration and temperature. The displacement
caused by temperature on the maxima and minima behavior of hydrogen ions released
as a function of degree of preionization can be explained by the effects of temperature
on polymer configuration. The increased release of hydrogen ions at higher temperature
can be explained by the combined effects of temperature on the polymer configuration
and on the binding equilibria. The acid dissociation constants at 15, 25, and 38°C.
have been obtained by titration with tetra-n-propyl ammonium hydroxide.

Introduction

As a result of a modified pH “titration” experiment, a model was pre-
sented in a previous paperlto account for the differences observed in this
type of titration between polyacids and simpler monomeric acids. The
essence of this model was the assumption that the accessibility of carboxyl
groups (which depend on the polyacid configuration) would determine the
cation binding. On the basis of this model an explanation was made for
the maxima and minima which were observed only for the polyacid in a
plot of the concentration of carboxyls ionized by the addition of the neutral
salt of a strong binding agent as a function of degree of preionization. In
this paper, the effect of temperature on the previously observed maxima
and minima is reported. The effects produced by temperature variation
are explicable on the basis of the model offered previously plus a considera-
tion of the temperature effects on the equilibrium and binding constants.

Experimental
Equipment

A Leeds & Northrup pH meter was used for most of the 25 and 38°C.
experiments. The 15°C. experiments and selected 25 and 38°C. check ex-
1955
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pcriments were made with a radiometer titrator with scale expander.
Temperature control was +0.0IcC.

Technique

The experimental technique was similar to that previously reportedlwith
the exception that in the radiometer titration experiments the radiometer
syringe buret unit was used instead of a micropipette. The polyacrylic acid
(PAA concentration 10~4 equivalents carboxyl/liter) was pretitrated to
various extents with the strong base of the weak counterion binder, tetra-n
propyl ammonium hydroxide (TNPAOH). The pH decrease caused by
addition of aliquots of the strong counterion binder, magnesium chloride
(10"51(H3 m./liter) was measured. Corrections for hydrolysis of mag-
nesium chloride were applied in the high pH range.

Fraction pretitrated by
TNPAOH

[Mg Cl) | [PAA]e 0.36

Fig. 1. Dependence of concentration of carboxyls ionized by MgCl2addition, [H+Iproii.,

on degree of preionization of the PAA at low concentration of added salt. (=) 38°C.,
(0) 25°C., (O) 15°C.
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Results

The pH decrease observed on addition of MgCl2aliquots previously re-
ported to be dependent on the degree of pretitration of the PAAlalso varied
with temperature. From this pH change, the total increase in concentra-
tion of hydrogen ions in solution, [H+]p0d. (including both hydrogen and
hydroxyl ion concentration changes), was calculated. This value is

FRACTION PRETITRATED B Y TNPAOH

[Myg Clgll [PAA] = T. 20

Fig. 2. Dependence of concentration of carboxyls ionized by MgCl2addition, [H +]prod.,
on degree of preionization of the PAA with an excess of added salt. (e) 38°C., (O)

25°C., (O) 15°C.

equivalent to the concentration of carboxyl groups ionized by addition of
the magnesium chloride aliquot. It is not equivalent to the total amount
bound, however, as the binding to preionized carboxyl groups is not in-
cluded. In Figure 1 the concentrations of carboxyl groups ionized by a
relatively small concentration of magnesium chloride ([MgCI2/[PAA] =
0.36) at Ib, 25, and 38°C. are plotted as a function of the degree of pretitra-
tion by the weak counterion binder TNPAOH. At all these temperatures
both a maximum and minimum are observed. The shape of this type
of curve is independent of the ratio of magnesium chloride to polyacid. In
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FRACTION PRETITRATED BY TNPAOH

[MgClgll [PAAT= T.20

Fig. 3. Difference in concentration of carboxyls ionized by MgCh addition with
temperature with all other conditions constant as a function of degree of preionization of
the PAA. (- )2 = 38°C., h = 15°C.; (— )h = 38°C., h = 25°C.; (- )yU =
25°C., h = 15°C.

Figure 2, the effect of the presence of an excess of magnesium chloride over
polyacid ([MgCU],/[PAA] = 7.2) is shown. At higher magnesium chloride
concentrations more carboxyl groups are ionized, but even with a very large
excess of magnesium chloride the maximum and minimum still occur. The
greatest temperature effect noted with a fixed magnesium chloride con-
centration is near the maximum for both the relatively small concentration
of MgClI2 (Fig. 1) and the large excess (Fig. 2). To illustrate this tempera-
ture effect in Figure 3 the differences in [H +]piod. at two temperatures with
all other conditions constant ([MgCI2]/[PAA] = 7.2) are plotted as a func-
tion of degree of preionization by strong base.

Discussion

If the configurational change model is assumed, the changes caused by
temperature variation can be predicted. Higher temperature should favor
the transition from the spherical ball configuration of unionized PAA to the
fully extended completely ionized configuration2 at a lower degree of
pretitration. As shown in Figures 1 and 2, at the higher temperature the
displacement of the maxima and minima are to lower degrees of preioniza-
tion. Initially at the low degrees of preionization where the configuration
is not radically altered by addition of the strong base (since the “available”
carboxyl groups are titrated by the initial additions of the strong base), the
concentration of unionized available carboxyls decreases with increasing
strong base titration, The small temperature effects produced near the
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minima can be interpreted as indicating that the concentrations of available
carboxyl groups are nearly equivalent at this point. This is consistent with
the model that the outer sphere is in all cases nearly fully ionized at this
degree of neutralization.

The very much larger temperature effect noted past the minima in
Figures 1 and 2 indicates that the polyacid configuration only becomes
temperature sensitive after it has started to unwind (by pretitration). At
higher temperatures the unrolling to expose “buried” carboxyl groups which
then become available is facilitated, and the winding chain form is easier to
attain at the higher temperatures.

At the very high degrees of titration (>0.95), where essentially all the
carboxyls are preionized and all remaining are available, the effect of tem-
perature is less marked because of the very small concentration available.
All curves must decrease to zero at full pretitration.

Though the configurational effects model can be used to explain the
occurrence and displacement of these maxima and minima with fraction
pretitrated, the marked increase in concentration of carboxyls ionized by
magnesium chloride addition near the maximum at equivalent fractions
pretitrated at the higher temperatures (Fig. 3) cannot be explained solely
on this basis. This concentration increase can be understood with a con-
sideration of the effects of increased temperature on the acid dissociation
and binding constants. Prediction of the variation of these constants with
temperature is difficult since even the values for the simplest acids such as
formic and acetic pass through a maximum as a function of temperature.3
To simplify the discussion only the average equilibrium constants

Ka

—COOH v —COO-+H+ 1)
Ki

M 2+ H-——-COO - — COOM+ (2)
Ki

M 2+ H-——-COOH vi —COOM+ + H+ (3)

will be considered.

The acid dissociation constant, K a, can be isolated from the pretitration
data with TNPAOFL Since this titration is made with the strong base of a
weak counterion binder, binding effects are minimal. The pK a decreases
from 8.18 to 8.10 to 8.06 for temperature changes 15 to 25 to 38°C. These
values are in reasonable agreement with those obtained by Gregor4 con-
sidering the concentration differences involved. Flowever, variation in this
equilibrium constant alone is not adequate to describe the temperature
effect on hydrogen ion concentration since the MgCp was added to solu-
tions which were already pretitrated to the same degree at the three tem-
peratures. A slight activity coefficient effect might occur on addition of
MgClIl2 but at a concentration of added salt of 10“4 molar this should be
inadequate to produce the large concentration changes of hydrogen ion
observed. Consequently, the temperature effect on the binding equilibria
(2) and (3) must also be considered to explain the increased ionization of

carboxyls with MgCl2addition.
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The equilibrium constant for binding of magnesium ions to ionized car-
boxyl groups (2) cannot be directly isolated from this experimental data.
However, since dissociation is favored at higher temperature in equilibria
(1), by analogy pAi would be expected to increase with temperature.

The equilibrium constant K> can be considered as determined by the
competitive binding of hydrogen ions and magnesium ions. The change in
Ab with temperature will depend on the change in the stability of —COOH
compared to —COOM + with temperature. Binding of the divalent cation
might be expected to be favored at higher temperature. Hence pA2would
decrease at higher temperature. The concentration of hydrogen ion in
solution after MgCl2addition can be expressed as

Kj— (COOH)
1 J A, —(CoO0")

Since AT is expected to increase and K\ to decrease, at equivalent frac-
tions pretitrated the concentration of hydrogen ions in solution will increase
at higher temperatures.

With the configurational model the concentration of carboxyls expressed
in these equilibria would be the “accessible” rather than the total concen-
tration. At and near the maximum more carboxyls are accessible and thus
involved in binding. Consequently, as illustrated in Figure 3, the effects
produced by temperature variation in the equilibria are most pronounced
at this point.

Support by Research Grant A-5271 from the U. S. Public Health Service is gratefully
acknowledged. The work of Mrs. J. Maxwell in measuring some of these pH changes is
greatly appreciated.
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Résumé

On rapporte I'effet de la température sur une titration modifiée du pH dans le cas de
I'acide polyacrylique. On fait varier le degré d’ionisation de I'acide par prétitration a
divers degrés au moyen d’'une base forte correspondant a un contre-ion liant faible,
I'nydroxyde de tétra-rc-propyl ammonium. On rapporte |'effet, d'addition subséquentes
de chlorure de magnésium a ces solutions prétitrées a 15, 25 et 3S°C. Le départ d’ions
hydrogenes causées par cette addition de sel neutre varie avec le degré de prétitration
et avec la température. Tje déplacement causé par la température, du comportement
maximum et minimum des ions hydrogénes déchargés en fonction du degré de pré-
ionisation peut étre expliqué par les effets de la température sur la configuration du
polymeére. L’augmentation de Il'ionisation des ions hydrogénes a plus haute tem-
pérature peut étre expliquée par les effets combinés de la température et sur la con-
figuration du polymere et sur léquilibre de liaison. On a obtenu les valeurs de la con-
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stante de dissociation de l'acide a 15, 25 et 38°C par titration au moyen d'hvdroxyde
de tétra-n-propyl ammonium.

Zusammenfassung

Der Temperatureinfluss auf eine modifizierte pH-“Titration” von Polyacrylsaure
wird mitgeteilt. Das Ausmass der lonisierung der Saure wurde durch verschieden
starke Vortitration mit der starken Base eines schwachen Gegenionenbinder, Tetra-n-
propylammoniumhydroxvd, variiert. Uber den Einfluss eines Zusatzes von Magne-
siumchlorid zu diesen vortitrierten Losungen bei 15, 25, und 38°C wird berichtet. Die
durch den Neutralsalzzusatz bewirkte Freisetzung von Wasserstoffionen hing von der
Vortitration und von der Temperatur ab. Die temperaturbedingte Verschiebung der
Maxima und Minima in Verhalten der freigesetzten Wasserstoffionen als Funktion des
Vortitrationsgrades kann durch den Einfluss der Temperatur auf die Polymerkonfigura-
tion erklart werden. Die verstarkte Freisetzung von Wasserstoffionen bei hdherer
Temperatur kann durch den kombinierten Einfluss der Temperatur auf die Polymer-
konfiguration und die Bindungsgleichgewichte erklart werden. Die Sauredissoziations-
konstanten wurden bei 15, 25, und 38°C durch Titration mit Tetra-ra-propylammonium-
hydroxyd erhalten.

Received May 18, 1962
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Bulk Copolymerization of Methyl Methacrylate with

Phenyldichlorophosphine

ATANAZY BORYNIEC and BOGUMIZ, EASZKIEWICZ, Department
of Technology of Artificial Fibers, The Technical University of Lodz, Poland

Synopsis

Copolymers of methyl methacrylate with phenyldichlorophosphine were isolated as
compact, incombustible, and colorless thermoplastic resins. The copolymerization was
carried out at 60°C. by the standard bulk method, azobisisobutyronitrile being used as
catalyst. The experiments indicate that in the investigated reaction there are concur-
rent processes which lead to degradation. The effect of duration of the copolymeriza-
tion process and the content of phenyldichlorophosphine in the methyl methacrylate
copolymer on the extent of reaction and on the intrinsic viscosity of copolymer has been
investigated.

Introduction

Among the great number of papers published in the chemical literature
dealing with organophosphorus polymers there are only a few which are
connected with copolymerization of vinyl monomers with organophos-
phorus compounds. First of all work of McCormack1:2 on the copoly-
merization of alkyl- and aryldihalophosphines with some olefins and dienes
should be considered. His investigations were carried out on the copoly-
merization of isoprene, methyl methacrylate, styrene, and acrylonitrile
with phenyldichlorophosphine in cyclohexane and chloroform solution
with 2,2'-azobisisobutyronitrile (AIBN) or benzoyl peroxide as initiator.
With reference to McCormack’s studies, Gefter3 proposed the following
scheme for reactions involved during the copolymerization of vinyl mono-
mers with alkyl and aryldihalophosphines:

Stiles, Rust, and Vaughan4showed that phosphines add to olefins under
conditions of free radical initiation according to the following scheme:
Initiation
RZPH + R- -> RZ®P- + RH
Addition :
RP- + RCH=CH?2 RPCHXHR
1963
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Displacement :
RPCHZHR + RPH — R,PCHXH,R + RoP=
A few years later Pellon5 made chain transfer studies on reactions of

copolymerization of olefins with phosphines. He accepted the following
reaction scheme as a basis for interpretation of his results:

RPH.
»~ch2h, + RPH
trarsfer (Kir) I
— CHo—CH X
chZ chx
. — CH2-CH—CH2-0H
propagation (Kp)

X X

where K trand K v arc the velocity constants of chain transfer and propaga-
tion, respectively.

TABLE |
Effect of Reaction Time and the Content of Phenyldichlorophosphine (M ') in Methyl
Methacrylate (M) Copolymer on the Extent of Reaction at 60°C.

Mole ratio Extent of
of monomers Time t, reaction,
(M /M) min. )
1:0.000 10 3.1
20 10.
30 18.
45 23.
60 51.
75 56
105 97
205 98.
360 99.
1200 99.
1:0.025 10 5.
20 8.

30 10.
45 19.
60 33
75 37
105 63.
205 73.
360 76
1200 76
1:0.050 10 4.
20 7
30 10
45 12
60 14
75 18
105 43
205 70.
360 71.
1200 73.
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The object of our investigations was to prepare copolymers of methyl
methacrylate with phenyldichlorophosphine by bulk copolymerization
using azobisisobutyronitrile as initiator.

The investigations were expected to supply some data regarding the
copolymerization reaction of this system of monomers. The bulk co-
polymerization method was chosen especially to eliminate the influence of
solvent on the reaction run.

Discussion of Experiments

All used reagents were purified carefully before each experiment. Methyl
methacrylate and phenyldichlorophosphine were purified by vacuum dis-
tillation. The methyl methacrylate monomer was distilled in an apparatus

Fig. 1. The influence of the reaction duration and of the content of phenyldichloro-
phosphine (M ') in methyl methacrylate (M) copolymer on the extent of reaction at
60°C. at various mole ratio of monomers (M /M "'): (X) 1:0.000; (A) 1:0.025; (O)
1:0.050.
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equipped with a column filled up to 1 m. with copper rings. Azobisiso-
butyronitrile was purified by recrystallization from ethanol.

The copolymerization processes were carried out in the following man-
ner. A mixture of monomers of known mole ratio was prepared in a conical
flask and then 1% of initiator (relative to the weight of monomers) was
added.

Glass ampules (10 cm. in length and 0.7 cm. in diameter) were filled
with this mixture and sealed off. The ampules were deaerated by nitrogen
free from oxygen. From the sample of copolymer an aliquot of about 0.3 g.
was weighed out and put into a conical flask where it was dissolved in 20
ml. of acetone. After the dissolution, the copolymer was precipitated
out with benzene. The precipitate was isolated and dried until constant
weight had been achieved. The extent of reaction, expressed in per cent,
was calculated from the difference of weights of the aliquot dissolved in
acetone and the precipitate.

The experiments were carried out for methyl methacrylate homopolymer
and also for copolymers of methyl methacrylate with phenyldichlorophos-
phine mixed at mole ratios 1:0.05 and 1:0.025.

TABLE 11
Effect of the Content of Phenyldichlorophosphine (M ') in Copolymer and the
Copolymerization Time on the Intrinsic Viscosity

Mole ratio Intrinsic
of monomers Time t} viscosity
(M /M) hr. (hl)yc—o0

1:0.005 2 4.26

5 3.12

16 3.06

26 3.02

48 2.95

16 2.94

1:0.010 2 4.18

5 3.18

16 2.97

26 2.90

48 2.88

96 2.83

1:0.015 2 4.13

5 2.94

16 2.89

26 2.63

48 2.59

96 2.23

1:0.025 2 3.59

5 2.84

16 2.69

26 2.58

48 2.49

96 2.34
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Fig. 2. The influence of the content of phenyldichlorophosphine (M ') in copolymer
and of duration of the copolymerization process on the intrinsic viscosity at various
mole ratios of monomers (M '/M ): (=) 1:0.005; (A) 1:0.010; (0)1:0.015; (X ) 1:0.025.

The experimental results of this study are summarized in Table I and
plotted in Figure 1.

On studying the extent of reaction of methyl methacrylate and phenyl-
dichlorophosphine monomers some differences in solubility of various sam-
ples of copolymer were observed; it has been confirmed that this solubility
depends on the duration of copolymerization process and on the mole ratio
of monomers. Samples of copolymers which had been polymerized for
periods longer than 5 hr. dissolved very slowly and without swelling in
acetone or chloroform. Solutions of these samples had low viscosities.
In connection with these observations it was decided to investigate the
relation between intrinsic viscosity of the copolymers, the duration of the
copolymerization, and the content of phenyldichlorophosphine in the co-
polymers.
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The experimental results of these investigations are summarized in
Table Il and plotted in Figure 2.

Intrinsic viscosities [rj] were calculated from the relationship given by
Thomas and Thomas 6

where 1j and 40 is the viscosity of solution and solvent, respectively, and c
is concentration of solution given in grams/100 ml.

Applicability of this equation was confirmed for solutions at concentra-
tion limits from 0.13 g./IOO ml. to 4 g./IOO ml. by comparison with values
calculated from extrapolation data. Viscosities were determined at 20 +
0.5°C. in chloroform at a concentration of 0.5 g./IOO ml.

The values in Tables | and Il indicate that an increase of phenyldichloro-
phosphine content in the monomer mixture is connected with a decrease in
the extent of reaction and the intrinsic viscosities of copolymers. Taking
this into account it has been decided to investigate the possibility of ob-
taining copolymers of high content of phenyldichlorophosphine. Such
copolymers were indeed obtained; all details connnected are presented in
Table IlIl. The copolymerization reaction was carried out in the same
manner as previously, i.e., duration 2 hr. at 60°C.

TABLE 111
Relation between Thermal Properties and Intrinsic Viscosity and the Content of
Phosphorus in Copolymers of Methyl Methacrylate (M) with
Phenyldichlorophosphine (M)

Decompo-
M " in Phosphorus Melting Softening sition
monomer in of temp, of temp, of Intrinsic
mixture, copolymer, polymer, polymer, polymer, viscosity
% % °C. °C. °C. falc—0
0.0 0.0 215-227 280-295 3 4.26
14.5 2.5 214-223 273-285 294 1.20
22.2 3.9 216-220 260-263 280 0.94
50.8 8.8 203-208 240-245 278 0 45
61.4 10.8 168-175 184-218 248 0.36

Properties of Copolymers

The copolymers of methyl methacrylate with phenyldichlorophosphine
isolated were in the form of hard, colorless resins having some thermoplastic
character.

It was also confirmed that combustibility of these copolymers decreases
with increasing phosphorus content. For phosphorus contents higher than
1%, combustion of the copolymer held into a flame ceases as soon as it is
taken away. Behavior of the copolymers at higher elevated temperatures
is presented in Table I11.
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The copolymers dissolve in acetone and chloroform. It is possible to
obtain transparent films from their solutions by the evaporation of solvent.
The films have a great ability to accumulate electric charges.

Discussion of Results

Our previous studies7 as well as the results presented in this paper
support Gefter's scheme3 for the copolymerization of olefins with phos-
phines. The reaction of vinyl monomers with phosphines is very similar
to that one studied by Barb89on styrene and sulfur dioxide.

Bamford et al.D proposed the term “heteropolymerization” or “semi-
vinyl copolymerization” for the reaction of vinyl monomers with sulfur
dioxide, carbon monoxide, or oxygen. He proposed also the term “pseudo-
monomer” for such nonolefin monomers as carbon oxide, oxygen, or sulfur
dioxide. It seems that the term, semi-vinyl copolymerization, is more
reasonable due to the fact that one of the reagents of monomer mixture
used to the copolymerization process is usually a vinyl radical. By analogy
the term semi-vinyl copolymerization ought to be used also for the poly-
merization of methyl methacrylate and other vinyl monomers with
phosphines.

The results summarized in Table | indicate that the copolymerization of
methyl methacrylate with phenyldichlorophosphine has a retarded period
of initiation in comparison with that for the homopolymerization of methyl
methacrylate alone. It is seen in Figure 1 that equilibrium of the investi-
gated reaction is reached after about 2 hr., and the extent of reaction of
methyl methacrylate and phenyldichlorophosphine monomers is lower than
that achieved in homopolymerization of methyl methacrylate.

From the results presented in Table Il it seems possible to deduce that
some other processes occur together with the copolymerization of methyl
methacrylate with phenyldichlorophosphine and they aim to produce
degradation of the copolymer formed.

For the simplest copolymer, i.e., for copolymer having equal quantities
of M and M'-mers set in alternate order, the following scheme of these
processes may be given:

Initiation:

I-» (PM'V-i + -(P'M),
(MMY), —<
(P'M),., + -(PMYi

Degradation:

n(PM'); — ePi_iih'; + M
«(P'M); — wP'_ill;+ M
Transfer:
«(PM); + (MM"Y), - S(PMY)j + (MM),- + (MM"),.j

«(P'"M); + (MM"), — (P'M); + (M'M); + (MM"),_.
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Termination:

«(PM)* + -(P'M)n
H (MMYi + (MM')/
«P'M)* + -(PM');-1

where M and M' denote methyl methacrylate and phenyldichlorophos-
phine, respectively; 1, j, and n indicate the degree of polymerization of
copolymer or macroradicals, and -P and P' represent the active macro-
radical endgroup formed from the M- or M'-mer.

It is evident that for various quantities of M and M'-mers in copolymers
in which they are not set in alternate order, the scheme would be more com-
plicated, and the figures indicating degree of polymerization would be
different for each mer.
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Résumé

On a obtenu des copolymeéres de méthacrylate de méthyle avec la phényldichlorphos-
phine. Ils sont inflammables et sans couleur. La réaction de copolymérisation a été
effectué par la méthode en bloc avec le dinitrile de I’acide azoisobutyrique comme cataly-
sateur, & une température de 60°C. Les expériences effectuées prouvent que dans la
réaction examinée une degradation a lieu. On a déterminé I'influence de la durée de la
réaction et de la teneur en phenyldichlorophosphine dans le copolymere sur le degré

de transformation des monomeres et la viscosité intrinséque du copolymere.
Zusammenfassung

Es wurden Copolymere aus Methylmethacrylat und Phenyldichlorphosphin in Form
unbrennbarer und farbloser thermoplastischer Harze dargestellt. Die Copolymerisa-
tion wurde in Substanz mit Azobisisobutyronitril als Starter bei 60°C. durchgefuhrt.
Bei dieser Reaktion treten auch zum Abbau fihrende Prozesse auf. Der Einfluss der
Reaktionsdauer und des Gehaltes an Phenyldichlorphosphin im Copolymeren mit
Methylmethacrylat auf den Umsatz und die Viskositdtszahl des Copolymeren wurde
untersucht.
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Electron Exchange Polymers. X1X. Copolymeriza-

tion Behavior of Vinylhydroquinone Dibenzoate

HIROYOSHI KAMOGAWA and HAROLD G. CASSIDY, Department of
Chemistry, Yale University, New Haven, Connecticut

Synopsis

The copolymerization behavior of vinylhydroquinone dibenzoate monomer (VHDB),
in solution under free radical initiator conditions, with styrene, «<-methylstyrene, 4-vinyl-
pyridine, methyl methacrylate, and methyl acrylate, to less than 10% conversion,
showed good copolymerizabilities with these conventional monomers. Rates of poly-
merization are greater in VHDB-rich monomer compositions in spite of the bulky
character of the benzoyl group. Q-e values (Alfrey and Price) are given. The res-
onance term (Qi) for VHDB is near unity, which seems to indicate that the resonance
effect in stabilizing the radical is almost as large as that of styrene The polarity term,
ei, is assigned a positive value for VHDB. Ultraviolet absorption spectra of the co-
polymers imply neighboring group interactions in the copolymer chains— interactions
implied by the observed Q-e values, and implied in earlier work by electrometric titra-
tion behavior.

Vinylhydroquinone dibenzoate (VHDB) is the most convenient mono-
mer for the synthesis of hydroquinone-type electron exchange polymers
(redox polymers).1 It polymerizes readily with free-radical initiators to
yield polymers which, upon débenzoylation, show characteristic electron ex-
change behavior.z2s

The purpose of this study was to investigate the reactivity of VHDB
monomer in its copolymerization behavior with free-radical initiators and
to obtain information about the chemical structures of the various kinds of
copolymers which may affect the electron exchange behavior of the hydro-
lyzed polymers.

EXPERIMENTAL

a. Materials

The preparation of vinylhydroquinone dibenzoate (VHDB) has been
described elsewhere.. This monomer was recrystallized from 95% ethanol
before use. All other (commercially obtained) monomers were purified by
distillation from stabilizers just before use.

b. Copolymerization Procedures

VHDB, comonomer, and azobisisobutyronitrile as initiator in a proper
solvent were put into a sealed tube. Solvents used were toluene for the
1971
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VHDB-styrene and VHDB-a-methylstyrene systems; chloroform for the
VHDB- 4-viny lpyridine system; and benzene for the VHDB-methyl
methacrylate and VIIDB-methyl acrylate systems. The tube was cooled
with Dry Ice, evacuated, filled with nitrogen, and warmed to room temper-
ature. This operation was repeated twice, after which the tube was flushed
with purified nitrogen gas and then sealed.

Polymerizations were carried out in a constant temperature bath kept at
78°C. with boiling ethanol vapor. After 30 min., the tube was removed
from the bath, cooled, and opened. Initial copolymer solutions thus pro-
duced (lessthan 10% conversion) were diluted with solvent and precipitated
into hexane. The precipitated polymers were freeze-dried from benzene,
except for the VHDB-4-vinylpyridine system. In the case of that system,
benzene, glacial acetic acid, or ierf-butyl alcohol was used as the freeze-
drying solvent, depending upon the vinyl pyridine ratio in the copolymer.

c. Copolymer Compositions

Except for the VHDB-4-vinylpyridine system, all copolymer composi-
tions were determined by acid hydrolysis of benzoate groups followed by
redox titration with ceric sulfate,s with or without the addition of glacial
acetic acid. A typical titration example is as follows.

About 0.05-0.1 g. of sample was weighed out, dissolved in 3 ml. of con-
centrated H2SO4, and allowed to stand for about 40 min. This solution was
diluted to 220 ml. with distilled water to give ca. 0.5N H2S04 solution. It
was then titrated with 0.1N ceric sulfate with a Leeds and Northrup student
potentiometer attached to a Speedomax recorder and employing a platinum
wire and a calomel electrode. The stoichiometry of this method was
checked by titrations of the VHDB homopolymer.

In the case of the VHDB-4-vinylpyridine system, this method was given
up, since the acid-hydrolyzed and sulfonated polymers were neither soluble
in water nor in glacial acetic acid. The method used was the potentio-
metric titration of the pyridine groups with perchloric acid.2 Titrations were

Fig. 1. Typical titration curves in the potentiometric titration of VHDB-4-VP
copolymer: (O) mole fraction of VHDB in polymer 0.287; (3) mole fraction of VHDB
in polymer 0.647.
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carried out with a Photovolt Model 110 pH meter. A combination of a
glass electrode and a calomel electrode was used. Samples of copolymers
were dissolved in about 50 ml. of glacial acetic acid and titrated with 0.1 N
HC'O.t in glacial acetic acid. The 0.1A HCICh was prepared by dissolving
10 ml. of 60% HC104 in 1 1. of glacial acetic acid. About 15 g. of acetic
anhydride was added to remove water and the solution was allowed to
stand overnight. It was then standardized against sodium carbonate in
glacial acetic acid. Typical titration curves are shown in Figure 1.

d. Absorption Spectra

The measurements were carried out with a Bausch & Lomb recording
spectrophotometer (Spectronic 505), chloroform being used as a solvent for
VHDB copolymers.

RESULTS AND DISCUSSION

a. Monomer-Polymer Composition Curves and Monomer Reactivity
Ratios

As indicated in Figures 2 and 3 and Tables | and Il, VHDB shows good
copolymerizabilities with conventional monomers, such as styrene (St).
Figures showing similar data for 4-vinylpyridine (I-VP), methylmethacry-
late (MMA), «-methylstyrene («-MSt), and methylacrylate (VIA) are not
ghren because they were very like Figures 2 and 3, and the data could be
summarized in the tables. It is surprising that, in general, rates of poly-
merization are greater in VHDB-rich monomer compositions, in spite of the
bulky character of the group next, to the vinyl group.

It is well known that the product of monomer reactivity ratios is a
measure of the alternating tendency in copolymerization. These products

Mole fraction of VHDB in monomer mixture

Fig. 2. Copolymer composition curves for VHDB-styrene copolymers. For reactivity
ratios see Table I.
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Fig. 3. Rate of polymerization Up in VHDB-styrene copolymerization. (O) 0.2%
azobisisobutyronitrile/monomers; (3) 1.0% azobisisobutyronitrile/monomers.

TABLE |1
Product of Reactivity Ratios (yiys)

Second monomer

a-Methyl- 4-Vinyl- Methyl Methyl
styrene Styrene pyridine methacrylate acrylate
7172 0.033 0.095 0.192 0.139 0.345
71 0.30 0.43 0.40 0.41 0.75
72 0,11 0.22 0.48 0.34 0.4.6
TABLE II

Q-e Values for Vinylhydroquinone Dibenzoate in Relation to Various Second Monomers

Calculated values

Values for second monomer for VHDB
Second monomer 62 e2 0. ei
Methyl 0.42 0.60 1.68 1.63
acrylate
Methyl 0.74 0.40 3.80 1.80
methacrylate
4-Vinyl- 0.82 - 020 1.32 1.08
pyridine
Styrene (1.00 (-0.80) 1.32 0.74
a-Methyl- 0.98 -1.27 0.83 0.60
styrene

are shown in Table I, together with values of the reactivity ratios (71,72)
calculated according to Mayo and Lewis’ method.5 It is worthy of note
that this alternating tendency is greater in electronegative monomers, such
as a-methylstyrene and styrene, in spite of the expected randomness of the
polymer structures formed.

b. Q-e Values

At present, the best way to predict the monomer reactivity ratios in co-
polymerization with other monomers without too many experiments is to
calculate the Q-e values proposed by Alfrey and Price.6 Familiar equations
are as follows.
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71 (QY/Q2J exp {—ei(ex — e2} (1)

72 (QZQD exp {—e2(2- ei)} (2)

In Table Il are shown the Q-e values for VIIDB calculated from the mono-
mer reactivity ratios for the cited values of Q2and e2for each second mono-
mer. The remarkable fact is that both values of Qi and 61 are somewhat
different from each other according to the kinds of second monomer used.
Alfrey and Price’s equations do not hold very well in this case. The fact
that the values of Qi, i.e., resonance term, are generally around unity seems
to indicate that the resonance effect of this monomer is almost as large as
that of styrene. Possible resonance forms are shown below.

The polarity term, ei, on the other hand, shows some peculiarity. It is
generally accepted that styrene monomers substituted with an electron-
donating group in the para-position, such as p-methoxystyrene and p-meth-
ylstyrene, have more negative e values than styrene itself.7 The effect of
the substituent is transmitted to the vinyl through the ring, and this can
occur by conjugation only when it is in the ortho- or para-position. Hence
one of the benzoate groups of VHDB, in the me/a-position can exert an
influence only via the inductive effect. An example of this kind is in-meth-
ylstyrene which has the e value of —0.72 (styrene, —0.80). W.ith ortho-
substituents, some anomalous behaviors have been observed, which are
ascribed to ortho-effect? and which are considered to be due to steric hin-
drance and chelation. For example, 2-methylstyrene has a slightly more
positive e-value (—0.78) than styrene. Since the steric effect of the benzo-
ate group in the ori/io-position must be much greater than that of methyl, it
seems reasonable to assign a positive value of efor VHDB.
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c. Ultraviolet Absorption Spectra of Copolymers

The spectra of VIIDB homopolymer and its copolymers show a strong
absorption at 244 npu when measured in chloroform (Fig. 4). The acid-
treated (hydrolyzed) polymer and copolymers also have a strong absorption
at 303-306 nyu, which is characteristic of hydroquinone (Fig. 5). In
Figure 4, the absorption of the second monomer, for example that of
styrene, seems to disappear due to the extremely strong absorption of the

Fig. 4. Typical ultraviolet spectra of VHDB copolymers in chloroform: (7) VHDB
homopolymer, 0.0154 g./lI; (11) VHDB-St copolymer, .50.6'/ VHDB, 0.0155 g./l.;
(111) VHDB-4-VP copolymer, 56.8% VHDB, 0.0115 g./l.; (1v) VHDB-MMA copoly-
mer, 39.3%. VHDB, 0.0115 g./I.

Fig. 5. Typical ultraviolet spectra of acid-treated copolymers in 0.5Ar sulfuric acid:
(1) VHDB homopolymer, 0.0370 g./l.; (11) VHDB-St copolymer, VHDB mole fraction
0.0993, 0.103 g./I.

hydroquinone dibenzoate group, while, in Figure f5 the apparent separation
of the absorption of the hydroquinone group and that of the second mono-
mer can be observed. In order to examine the relationship between the
absorption intensities of copolymers in chloroform and copolymer compo-
sitions, specific extinction coefficients calculated by Beer's Law were
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plotted against the VHDB content in copolymers as determined by the
titration method (Fig. 6). Large departures from linearity, the extents of
which are dependent upon the copolymer system used, can be observed,
although Beer’s Law holds very well for homopolymer and mixtures of two
homopolymers, as illustrated by the VHDB-styrene system. This large
difference should mean some interaction between neighboring groups in the
polymer chain, since the mixture of two homopolymers shows a normal
additive effect. Such neighboring-group interaction has been implied by
the electrometric titration behavior.3 The greatest departures are shown
by methyl acrylate and methyl methacrylate which do not contain any
benzene or related rings. Here the maxima of E are observed at about 80%

Fig. 6. Relationship between specific extinction coefficients E (in chloroform) and
copolymer compositions. (®) mixture of homopolymers, VHDB and styrene; (X)
VHDB-styrene copolymer; (O) VHDB-—4-vinylpyridine; (3) VHDB-methyl meth-
acrylate; (O0) VHDB-methyl acrylate; (A) VHDB-a-methylstyrene.

VHDB in copolymer, which corresponds to about 50 molc-%. This fact
might possibly mean that two neighboring benzene or related groups,
including those of the homopolymer, interact with each other, so that the
absorption intensity at 244 m”™ may be reduced without any visible shift of
absorption. This corresponds with the fact that, in the estimation of e
values of VHDB, a strong effect of the orf/io-substituent which might be
subject to sterie hindrance was observed. It might also explain the cause
of large differences between Q-c values, since both the resonance term and
polarity term could be affected by the nature of the second monomer, due to
the bulky character of VHDB.

We are pleased to acknowledge that this work was supported by a PHS research

grant, A-3304, National Institute of Arthritis and Metabolic Diseases, Public Health
Service.
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Résumé

Il a été montré que le dibenzoate de vinvlhydroquinone (VHDB) copolyménsait
facilement en solution dans des conditions d’initiation radicalaire avec des monoméres
classiques tels que le styréne, I'a-méthylstyréne, la 4-vinylpyridine, le méthacrylate et
I'acrylate de méthyle jusqu’'a moins que 10% de conversion. Les vitesses de poly-
mérisation sont plus élevées pour les compositions riches en monomeres NHDB malgré
le caractére volumineux du groupe benzoyle. On donne les valeurs de Q et e (Alfrey
et Price). La réactivité Q\ du VHDB s'approche de I'unité, ce qui semble indiquer que
I'effet de résonance stabilisant le radical est semblable a celui du styrene. Le terme
polarité c, est positif pour VHDB. Les spectres d’absorption dans l'ultra-violet des
copolymeres impliquent I'existence d’interactions entre groupes voisins dans les chaines
de copolvmeére; de telles interactions sont impliquées aussi par les valeurs de Q et e
obtenues et, dans un travail plus ancien, par le comportement a la titration électro-
métrique.

Zusammenfassung

Das Copolymerisationsverhalten von monomerem Vinylhvdrochinondibenzoat
(VHDB) in Lésung bei radikalischem Start mit Styrol, a-Methylstyrol, 4-Vinylpyridin,
Methylmethacrylat und Methylacrylat wurde bei Umsétzen kleiner als 10% unter-
sucht; es zeigte mit diesen konventionallen Monomeren eine gute Copolymerisations-
fahigkeit. Ungeachtet des sperrigen Charakters der Benzoylgruppe ist die Poly-
merisationsgeschwindigkeit bei VHDB-reichen Ansatzen grosser. Q- und e-Werte
(Alfrey und Price) werden angegeben. Der Resonanzterm (Qi) fur VHDB ist nahe
gleich eins, was dafiir zu sprechen scheint, dass der Resonanzeffekt bei der Stabilisierung
des Radikals fast so gross wie bei Styrol ist. Dem Polaritatsterm, eit wird fur VHDB
ein positiver Wert zugeschrieben. Ultraviolettabsorptionsspektren der Copolymeren
lassen eine Wechselwirkung benachbarter Gruppen in den Polymerketten erkennen,
woflr auch die beobachteten Q- und e-Werte sowie frihere Untersuchungen uber das
Verhalten bei der elektrometrischen Titration sprechen.

Received June 18,1962
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Enthalpy and Free Energy Changes in Some

Simple Polymerization Processes™

GEORGE S. PARKS and HELENE P. MOSHER, Department of
Chemistry, Stanford University, Stanford, California

Synopsis

The heats of combustion of four polymers, viz., polyoxymethylene (Delrin), poly-
methylene, polyethylene (Marlex), and polypropylene, have been accurately measured.
From these results the changes in enthalpy and free energy have been calculated for (a)
the process of forming the respective polymer units from the elements and (6) the process
of forming these polymers from their monomer building blocks.

INTRODUCTION

In an earlier study from this Laboratory highly accurate values for the
heats of combustion of certain samples of polyethylene and polyisobutylene
were reported.1 The results for this high pressure polyethylene indicated
that the material was about 50% crystalline at 25°C. On the other hand,
the polyisobutylene was clearly amorphous and here the data showed that
the heat of polymerization per isobutylene unit must be about 3000 cal. less
than would be expected for a normal, unstrained product and thereby indi-
cated the existence of appreciable steric repulsion effects in the polymer.

Recently, the authors have been fortunate in obtaining good samples of
four new polymer products, viz., polyoxymethylene, polymethylene,
“linear” polyethylene, and isotactic polypropylene. These have provided
them with a basis for making new determinations of the heats of combustion
of polymers, from which they have calculated values for the enthalpy and
free energy changes in the corresponding polymerization processes.

EXPERIMENTAL

Apparatus and Method

The apparatus and general method for measuring the heats of combustion
were essentially the same as those described previously by Parks and colla-
borators.23 The energy equivalent of the system was checked at regular
intervals by use of NBS benzoic acid, sample 39f. From previous experi-
ence the authors have found their method capable of yielding results pre-
cise to within 0.02%.

* This research was supported by a grant from the National Science Foundation.
1979
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The combustions were made with a Parr bomb (capacity 390 ml.) filled
with oxygen to a pressure of 30 atm. at 24°C. and with 1 ml. of water ini-
tially in the bomb. In all cases most of the air originally in the bomb was
washed out by two preliminary fillings with oxygen to a pressure of 5 atm.
and thus the correction for nitric acid formation was kept down to less
than 0.02% of the total heat involved. No tests for carbon monoxide
were made in this work, but the high degree of concordance obtained in
these and other sets of determinations really constitutes excellent evidence
as to the completeness of the reported combustions.

Units

The unit of energy used throughout this paper is the defined conventional
calorie, equal to 4.1840 absolute joules. The unit of mass is the gram true
mass, which has been derived from the weight in air against brass weights
by use of correction factors for buoyancy based on the polymer densities
given in the next section. Atomic weights are the 1961 values4based on
carbon-12.

Polymer Materials

In all cases the polymer materials were dried for periods of one to four
weeks in a vacuum desiccator over anhydrous magnesium perchlorate,
since water contributes nothing to the heat of combustion and thus consti-
tutes the most objectionable impurity in work on organic compounds. All
of these polymers contained small amounts of organic stabilizers, but the
authors had definite information concerning the nature of the compound
only in the case of the polymethylene.

Polyoxymethylene

This was a sample of Du Pont Delrin in the form of crystallized resin
granules. It was about 99.3% pure. The remaining 0.7% represented
small amounts of unspecified organic additives, which, however, the authors
have reason to believe did not contribute any significant error to their re-
sults. They have taken 1.40 as the approximate density of this polymer.

Polymethylene

This was prepared from diazomethane by Dist Anal of Baton Rouge, La.
It has been described as a linear polymer, without any branched compo-
nents, of about 300,000 molecular weight.6 The sample for which the pres-
ent data are reported contained about 0.2% of 2,6-ditertiary-p-cresol as an
oxidation inhibitor. Other samples without this inhibitor gave irregularly
lower combustion values, indicative of some preliminary oxidation, perhaps
within the bomb, prior to firing.

Polyethylene

This was Phillips Marlex linear polyethylene, resin No. 6002. It was in
the form of small granules, with a reported density of 0.96, a value also
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assumed for the preceding polymethylene sample. An analysis on this
Marlex, made by Dist Anal, showed only about 4 methyl branches per
10,000 carbon atoms. Dole and Wunderlich,6in a study with presumably
similar Marlex, have estimated the crystallinity as around 98% at room
temperature.

Polypropylene

This was a stabilized material in nib form, which was given to the authors
by the Shell Development Co. It was reported to be in the isotactic form
with about 67% crystallinity. A subsequent analysis by the Dist Anal
laboratory, using an infrared method, found it 64% crystalline. The
authors have taken 0.91 for its density.

Combustion Results

The present experimental results for the combustions of these four poly-
mers to yield liquid water and gaseous carbon dioxide are summarized in
Table 1. Here the second column records the number of combustions
carried out on each sample. The resulting mean values for the energy
evolved in the isothermal bomb process per gram at 25°C. represented by
the term-Al/B/m, and the mean deviations of the individual combustions
from these mean values, represented by A, appear in the two succeeding
columns.

TARLE 1
Combustion Data for the Romb Process at 25°C.
No. of
Polymer combustions -Af7s/m, cal./g. Mean A, cal./g.
Polyoxymethylene 10 4,047.1 +0.8
Polymethylene 5 11,059.5 +0.8
Polyethylene 14 11,080.9 +2
Polypropylene 10 11,082.4 +2.2

In this connection it is interesting to note that the mean combustion
value for polymethylene is 21.4 cal. lower than that for the Marlex poly-
ethylene. Both materials are essentially similar linear hydrocarbon chains
with negligible branching, although prepared in quite different ways. It is
estimated that the value here for the authors’ polymethylene with 0.2%
stabilizer may be about 5 cal. lower than that corresponding to pure poly-
methylene, since 2,6-ditertiary-p-cresol should have a somewhat lower
heat of combustion than a paraffin. The rest of this difference between the
values for these two polymers may be ascribed to (a) somewhat incomplete
crystallinity in the Marlex and (b) possibly a small amount of oxidation of
this polymethylene sample prior to its treatment with stabilizer. The
authors made five very concordant determinations on this polymethylene
but were subsequently unsuccessful in obtaining similar material for a re-
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checking of the latter possibility. On the other hand, if the hypothetical
heat of fusion of a perfectly crystalline linear polymer of this type is taken
as about 60 cal./g. at 25°C. and the value for polymethylene is valid, it
might be concluded that the Marlex is only about 75% crystalline. In
line with this argument, it is noted that Parks and Mosleylpreviously ob-
tained 11,095 cal./g. for the combustion of Du Pont high-pressure poly-
ethylene (polythene), which they thereby judged to be about 49% crys-
talline.

In the case of the isotactic polypropylene the heat of combustion per
gram is only 1.5 cal. above that for the Marlex polyethylene. Previously,
Parks and Mosley obtained a much higher value, i.e., a mean of 11,177
cal./g. for two samples of polyisobutylene. Apparently the steric repul-
sions which exist in the polyisobutylene are not here present in the polypro-
pylene polymer.

DERIVED THERMAL DATA

Next, in part A of Table Il, important thermal data have been assembled,
computed per unit of polymer at 25°C. The values of —AUcrepresent the
combustion heat evolved in Kkilocalories per unit after correction to the
standard constant-volume process, where the reactants and products are
each at 1 atm., by means of the equations of Washburn.7 From this
quantity —AHG the heat evolved in the isobaric process at 1 atm. was
obtained by addition of the proper work term. Then the enthalpy change
for the formation of a polymer unit from the elements AHO, was calculated
from this —AHcby use of —68.3174 and —94.0518 kcal.8 for the AH°, of
H2 (?) and CCb (g), respectively.

TABLE 11
Thermal Data for Polymer and Monomer Units at 25°C.

Function (CH2) (CH)) (CbL) (CA)

Part .1=for Polymer Forms

—AUr, kcal. 121.44 155.08 310.76 466.21
— AH°c, kcal. 12].44 155.38 311.36 467.10
AH®, kcal. -40.98 -6.99 -13.38 -20.01
<, eal.-deg. 11 6 12 17

AF°f, kcal. -27.20 0.93 2.46 4.05

Part B--for Monomer Forms

AHO, kcal. -27.70 66 12.50 4.88
AFO0, kcal. -26.27 62.83 16.28 14.99

The last line in this part of Table Il then contains the free energy changes
in the hypothetical formation of the several polymer units from the elements,
computed by the fundamental thermodynamic equation, AF = AH —
TAS. For these computations the authors have employed their estimates,
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as given in the preceding line, for *Szes for the four polymer units. These
estimates were made primarily in the light of the empirical generalizations
of Parks and Huffman9 and with some allowance for small zero-point en-
tropies, arising from the inevitable randomness in a polymer. In spite of
their rather arbitrary character, it is believed that they are probably good
to about 5%. The AS was then evaluated by taking the basic entropies of
the elements as 1.36 cal.-deg.-1 for graphitic C, 31.21 for gaseous H2 and
49.03 for gaseous 0 28

Part B of Table Il contains the values of the enthalpies and free energies
of formation of the four gaseous monomer units, which may be considered
as the essential building blocks for these polymers. Here the data for form-
aldehyde and methylene have been obtained from the recent compilations
of the “JANAF Thermochemical Tables.” 0 Those for ethylene and pro-
pylene are the results recorded in the tables of API project 44.11

By subtraction of the monomer values from the corresponding polymer
data in Table II, the following results are derived for the four polymeriza-
tion processes:

CH2(g) —>h (CH2),; A/ms = —13.23 kcal. and AF°28 = —0.93 kcal.
CHo(c) -» ;] (CH2n; AH°2w = —72.99 kcal. and AF&k« = —01.90 kcal.
C,H4<h 5 (C2H,)n; Atf°28 = -25.88 kcal. and AF°m = -13.82 kcal.
CHEs) — - (C3Hc),; AH»98 = -24.89 kcal. and AF»2B = -10.94 kcal.

While all these free energy changes are negative, indicative of the sta-
bility of the polymers with reference to the particular polymerizations at
25°C., the numerical value of AF° in the production of Delrin is surprisingly
small. Here it is doubted that the authors’ estimate of Sm for the poly-
mer unit is seriously in error and one is inclined to suggest that the en-
thalpy and free energy values for formaldehyde itself are too low because of
an error in the determination of the heat of combustion of this gas. For
this polymerization a free energy decrease of at least. 2 kcal. greater than
the present result would be expected.

On the other hand, the free energy decrease for the polymerization of the
energy-rich methylene free radical to polymethylene is strikingly large. It
should be emphasized, however, that this value refers to the hypothetical
process in which methylene is present at one atmosphere. In the actual
process, methylene is produced from the decomposition of diazomethane
and then goes over rapidly to the polymer so that its actual concentration
is never more than a very small fraction of one atmosphere. Under such
conditions the decrease in free energy is undoubtedly more nearly com-
parable to that for the other reactions.

In addition to the foregoing polymerization data and in this connection,
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some corresponding figures are given for the production of polyisobutylene
from its monomer:

isoCjHa -*oh (iso&tHg),,; A//@8 = —17.20 kcal. and AF°».B = —3.88 kcal.

These results come from an earlier, unpublished study, which the senior
author based on the combustion data reviewed by Parks and Mosley.1
The smaller decreases in All0and AF°, as compared with the production
of polyethylene and polypropylene, are undoubtedly attributable to the
steric repulsion effects of the two methyl branches attached on alternating
carbon atoms in the polymer chain.
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Résumé

On a mesuré avec précision les chaleurs de combustion de quatre polymeres qui sont:
le polyoxyméthyléne (Delrin), le polyméthyléne, le polyéthyléne (Marlex), et le poly-
propylene. A partir de ces résultats on a calculé les changements d’enthalpie et d’energie
libre (a) pour la formation des unités polymériques a partir des elements, et (b) pour
le formation de ces polymeéres a partir des monomeéres.

Zusammenfassung

Die Verbrennungswarmen von vier Polymeren, namlich Polyoxymethylen (Delrin),
Polymethylen, Polyathylen (Marlex) und Polypropylen wurden genau gemessen. Aus
den Ergebnissen wurden die Anderung der Enthalpie und freien Energie fur den Bil-
dungsvorgang (a) des betreffenden Polymerbausteins aus den Elementen und (b) der
Polymeren aus den Monomerbausteinen berechnet.
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Thermodynamic Properties of Solutions of
Cellulose Triacetate

W. R. MOORE and R. SHUTTLEWORTH, Polymer Research Labora-
tories, Department of Chemical Technology, Bradford Institute of Technology,
Bradford, Yorkshire, England

Synopsis

The lowering of vapor pressures of solutions containing 10-50% by weight of cellulose
triacetate in chloroform and methylene chloride have been measured at several tempera-
tures. Attempts made to obtain similar data for solutions in s-tetrachlorethane failed
apparently because of decomposition of solvent. Solvent activities, free energies, heats
and entropies of dilution are obtained. Both systems become increasingly exothermal
as the polymer concentration is increased. In the triacetate-chloroform system,
TASi decreases from relatively large values at low concentrations as the concentration
is increased resembling comparable secondary cellulose acetate systems with acetone and
dioxan as solvents. In the methylene chloride system, TASi increases with concen-
tration asin comparable cellulose nitrate-solvent systems. These results are interpreted
in terms of solvation and chain stiffness. Values of the poRmer-solvent interaction
parameter xi increase with concentration and values of the entropy contribution to xi
are greater than those suggested by lattice theories. Expression of volume fraction of
polymer in terms of solvated rather than dry polymer should lead to values of xi and the
entropy contribution which are more in keeping with the predictions of lattice theories.

INTRODUCTION

Thermodynamic properties of solutions of cellulose triacetate do not seem
to have been extensively studied. Free energies, heats, and entropies of
dilution have been obtained for dilute solutions of cellulose triacetate in
chloroform, methylene chloride, and s-tetrachlorethane.1-3 Similar data
for more concentrated solutions do not appear to have been obtained al-
though they would be valuable both as an extension of results for dilute
solutions and for comparison with results recently obtained using other
cellulose derivatives.4 The results of measurements of vapor pressure
lowering for solutions of cellulose triacetate containing 10-50% of polymer
by weight in chloroform and methylene chloride are given in this paper.
For reasons to be given later similar measurements for solutions in s-tetra-
chlorethane could not be made. Thermodynamic data are obtained, dis-
cussed, and compared with those obtained for comparable solutions of
secondary cellulose acetate and cellulose nitrate.

1985
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EXPERIMENTAL

The triacetate was obtained by nondegradative acetylation of a fraction
of secondary acetate4 of number average molecular weight 104,000. The
number average molecular weight of the triacetate, obtained osmotically in
chloroform at 25° was 157,000. The increase in molecular weight is more
than can be accounted for by additional substitution and may be partly
due to loss of low molecular weight material in acetylation. The acetic
acid yield of the triacetate was 62.4 + 0.1%.

It was intended to use chloroform, methylene chloride, and s-tetrachlor-
ethane as solvents. Chloroform was purified by the method of Walden
et al.6by drying over anhydrous calcium chloride for several days and then
distilling and drying several times over anhydrous potassium carbonate
and then fractionally distilling it after each drying. A middle fraction of
the last distillate was cooled and degassed in vacuum, refractionated in
vacuum, and a middle fraction collected for vapor pressure measurements.
Vapor pressures between 15° and 40° agreed closely with those of Stull7
and the density at 25° was in good agreement with published values.89
Methylene chloride was washed with 5% sodium carbonate solution and
water, dried over anhydrous calcium chloride, distilled, and again dried.1
After three fractional distillations, a middle fraction was cooled and de-
gassed in vacuum. After refractionation in vacuum, a middle fraction was
collected for vapor pressure measurements. Vapor pressures between 15°
and 40° and the density at 25° were in good agreement with published
values.811 /S-tetrachlorethane was warmed, while stirring, with 8% of its
volume of sulfuric acid for 30 min. The upper acid layer was separated
and the process repeated until the upper layer was colorless. The s-tetra-
chlorethane was then steam distilled, dried with anhydrous potassium car-
bonate, and fractionally distilled.10 After two further fractionations, a
middle fraction was cooled and degassed in vacuum. It was refractionated
in vacuum and a middle fraction collected for vapour pressure measure-
ments. Vapor pressures between 15° and 40° were in good agreement with
those of Stull7 and the density at 25° agreed well with that given by
Timmermans.8

Vapor pressures of the pure solvents and the lowering of vapor pressure of
solutions were measured at four temperatures in the range 15-40° by
the method previously described.4 In spite of repeated attempts, it was
not found possible to obtain vapor pressure lowerings for solutions in
tetrachlorethane. The vapor pressure on the solution side was always con-
siderably greater than that of the solvent and tended to increase with time.
Evidence was obtained for the decomposition of s-tetrachlorethane and
evolution of hydrogen chloride in the presence of polymer. It is perhaps
significant that osmotic measurements indicate an apparently anomalous
variation of molecular weight in s-tetrachlorethane with temperature.1-3

With the other solvents, measurements were first made at increasing
concentrations of polymer and then at decreasing concentrations. Two
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separate series of measurements were made in each case, fresh polymer and
solvent being used for each. Activities, ah of the solvents were obtained
from fugacity ratios as previously described;4 values of the second virial
coefficient of the vapor being obtained by the method of Lambert et al.12

RESULTS

Figures 1 and 2 show a3 as a function of polymer weight fraction w2
at each temperature. Hysteresis effects are absent and the two separate
series of measurements on each system are in good agreement. Free ener-

Fig. 1 (oi) As afunction of polymer weight fraction for the cellulose triacetate-chloro-
form system. (O) and (¢) first series of measurements at increasing and decreasing
concentration respectively; (A) and (A) second series of measurements.
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0.2 0.4 0.6 0.2 0.4 0.6
w2

Fig. 2 (ai) As afunction of polymer weight fraction for the cellulose triacetate-methylene
chloride system. Key symbols same as in Figure 1

gies of dilution AFi at w2 = 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5
were obtained from :

AF, = RT Inax 1)

where R is the gas constant and T the absolute temperature. Values of a,
were interpolated from the smooth curves in Figures 1 and 2. Heats AFi,
and entropies a5xof dilution were obtained from the relationships:

AH, = b{AF,/T)/K\/T) 2)
and
- AS, = OAFi/oT ?3)

Values of AF\. AH,, and TAs, at 20° and 25° for methylene chloride and
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30° and 35° for chloroform solutions arc given in Table | which also includes
“ideal” values of TAsi obtained from:

ASi(id) = rRx2 (4)
TARLE |
Solvent w> — AFi AHi TASi -AFi AHi TASi  2'A5i(id)
O cal/mole 25° cal./mole

0.10 1.2 -0.4 0.8 1.2 -0.4 0.8 0.04

0.15 2.5 -1.2 1.3 2.6 -1.2 1.4 0.06

0.20 4.5 -2.0 2.8 4.8 -2.0 2.8 0.08

Methylene 0.25 7.6 -3.5 4.1 7.7 -3.7 4.0 0.11
chloride 0.30 11.3 -6.7 4.6 114 -6.9 4.5 0.14
0.35 16.9 - 114 5.5 17.0 -11.8 5.2 0.17

0.40 23.4 -17.7 5.7 235 -17.3 6.2 0.21

0.45 32.9 -27.1 5.8 33.0 -26.8 6.2 0.26

0.50 45.5 -39.7 5.8 45.7 -39.2 6.5 0.32

30° cal./mole 35° cal./mole

0.15 3.7 3.4 7.1 3.9 104 143 0.08

0.20 6.7 -0.8 5.9 6.9 5.6 125 0.12

0.25 10.2 -4.6 5.6 10.4 1.8 122 0.15

0.30 13.9 -9.7 4.2 14.0 -2.6 114 0.20

Chloroform 0.35 18.8 -15.1 3.7 19.0 -8.9 101 0.25
0.40 27.2 -23.9 3.3 27.3 -20.4 6.9 0.31

0.45 38.4 -36.1 2.3 38.4 -34.3 4.1 0.38

0.50 54.6 -53.8 0.8 54.7 -53.4 1.3 0.46

where x2is the mole fraction of polymer. Values of A//, and TAsi are
estimated to be + 10% with probably greater uncertainty at lower concen-

trations. ,
Values of the polymer-solvent interaction parameter xi obtained from

Inai = In (1 — <€) + (1 — lIx)s2 + (5)

(where #2is the volume fraction of polymer and x the number of segments
in the polymer chain) are shown as a function of €2in Figure 3. Additivity
of volumes was assumed and the density of the dry polymer used to cal-
culate 42 The use of this density and the significance of the broken lines
in Figure 3 will be considered later.

DISCUSSION

The results are in general agreement with those obtained at lower con-
centrationsI2and are similar in character to those for comparable systems
involving other cellulose derivatives.4 The change from endothermal to
increasingly exothermal character asic2increases in the triacetate-chloroform
system is also shown by secondary acetate systems with acetone and dioxan
as solvents.4 The decrease of TAsi as te>increases in the chloroform system
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Fig. 3. (xi) As a function of polymer volume fraction.

is also shown by these secondary acetate systems. Negative values ob-
tained with the secondary acetate systems are not reached with the chloro-
form system but these might be observed at values of w2 greater than 0.5.
At low concentrations values of TAsi approach those predicted by lattice
theoriesi3for flexible less polar polymers.

The triacetate-methylene chloride system, exothermal at all the con-
centrations studied, resembles comparable cellulose nitrate-solvent sys-
tems4both in negative values of AHi and positive values of TAsi both of
which increase as w2 increases. Thermodynamic quantities for the meth-
ylene chloride system seem to be little affected by small temperature
changes but with the chloroform system, A/7], tends to be less negative
and TAsi to increase with an increase in temperature.

Negative values of AH ximply strong polymer-solvent interaction leading
to solvation and orientation of solvent. Positive values at lower concen-
trations in the chloroform system might be due to endothermal dilution of
solvated polymer. The variation of TAsi with w2 for this system is in
general agreement with these views, relatively large values at low con-
centrations being perhaps due to some chain flexibility. As in the case
of comparable cellulose nitrate-solvent systems,4 reasons for positive
values of TAsi in the methylene chloride system are not clear. At low
concentrations dilution may free solvent clusters blocking acetyl groups
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permitting further solvation and orientation of solvent with a reduction of
TAsi to near ideal values. This might also account for the exothermal
character of this system at low concentrations.

It is also possible, at low concentrations in both systems, that exothermal
solvation and endothermal dilution effects occur simultaneously. The
sign and magnitude of A/T would then depend on the relative contribu-
tions of these two effects. The endothermal contribution should depend,
at least in part, on the difference between the solubility parameters 5 of
solvated polymer and solvent. The value of 8 for the solvated polymer may
vary with the solvent but a value of 10 (cal./cc.)12 at 25° has been sug-
gested.4 Chloroform, with 8 = 9.3 at 25° would be expected to lead to a
greater endothermal effect than methylene chloride with 8 = 9.85 at 25° and
this might account for positive values of A//, at low concentrations in the
chloroform system.

Figure 3 shows the variation of % with fa, in each system. Presumably
Xi decreases as fa decreases below 0.15 in a manner similar to that indicated
by the broken lines which cut the ordinates at values obtained for dilute
solutions.12 The variations of xi with fa differ from those for other cellu-
lose derivative-solvent systems.4 In secondary acetate-solvent systems,
an initial fall in the value of xi seems to be followed by increasingly positive
values which may exceed 0.5 as fa increases. In the cellulose nitrate-
solvent systems xi falls rapidly to large negative values as fa is increased.
Sharpies and Swinton,’5 from studies of second order transitions in the
cellulose triacetate-chloroform system, suggest that phase separation may
occur, although this may not be readily apparent because of the similarity
of the refractive indices of separated polymer and solvent. The values of
Xi for this system do not suggest such phase separation.

According to simpler lattice theories,13xi can be expressed as the sum of
heat and entropy contributions xn and Xs:

Xl = xh + X (6)

with xn = AHiI/RT<I>r. Values of xi, xn, and Xs are given in Table II.
In each system xn becomes increasingly negative and xs increases as fa
is increased. Similar variations of xn and Xs with concentration have been
obtained for secondary cellulose acetate systems involving acetone and
dioxan as solvents.4 Values of x* in both triacetate systems, as in other
cases involving cellulose derivatives,124 are larger than would be expected
from simpler lattice theories.

It has been pointed out that simpler lattice theories, without modifica-
tion, are unlikely to apply to polar systems of the type studied.124 Treat-
ments suggested for polar interacting systems either involve empirical
constants or equations not readily solved.1817 Values of fa used in the
calculation of xi and x» were calculated assuming additivity of volumes and
using the density of the dry polymer. The assumption, although not
strictly true, should not greatly affect values of fa. Since the polymer will
be fully or partially solvated at the concentrations used, fa should more
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TABLE 11
Values of xi, xi, and X,
Temp.
Solvent 2 Xi Xi, X, °C.
0.166 0.34 0.20 0.14 30
0.220 0.36 -0.03 0.39
0.274 0.39 -0.10 0.49
Chloroform 0.326 0.43 -0.15 0.58
0.378 0.46 -0.18 0.64
0.430 0.46 -0.22 0.68
0481 0.48 -0.26 0.74
0.531 0.48 -0.32 0.80
0.101 0.34 -0.07 0.41 25
0.151 0.37 -0.09 0.46
0.202 0.36 -0.08 0.44
Methylene 0.252 0.40 -0.10 0.50
chloride 0.302 0.42 -0.13 0.55
0.352 0.43 -0.16 0.59
0.402 0.45 -0.18 0.63
0.452 0.46 -0.22 0.68
0.502 0.47 -0.26 0.73

logically be expressed in terms of solvated polymer. Since the degree of
solvation and its variation with concentration is an unknown expression
in such terms it is not possible although it is probable that expression in this
way would lead to values of xi> xn, and x» more in keeping with those
predicted by lattice theory.B8

We are grateful for a Bradford City Research Scholarship held by R. S
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Résumé

On a mesuré la diminution des tensions de vapeur de solutions contenant 10-50%
en poids de triacétate de cellulose dans le chloroforme et le chlorure de méthyléene. Des
expériences tentées afin d’obtenir des données similaires pour des solutions dans le
s-tétrachloroéthane, échouérent apparemment a cause de la décomposition du solvant.
On a obtenu les activités du solvant ainsi que les énergies libres, chaleurs et entropies de
entropies de dilution. Les deux systémes deviennent de plus en plus exothermiques au
fur et a mesure qu’augmente la concentration en polymére. Dans le systéeme triacétate-
chloroforme, TAS, diminue depuis des valeurs relativement élevées pour des basses
concentrations lorsque la concentration augmente et ce comportement ressemble a
celui des systémes constitués par I'acétate secondaire de cellulose en solution dans I'acé-
tone ou le dioxanne. Dans le systeme avec le chlorure de méthyléne, [TASt augmente
avec la concentration de facon semblable au systéme nitrate de cellulose-solvant. On
interprete les résultats en termes de solvatation et rigidité de chaine. Les valeurs du
parameétre xi (interaction polymere-solvant) augmentent avec la concentration et les
valeurs de la contribution de I'entropie a xi sont plus grandes que celles suggérées par les
théories a réseau. En exprimant la fraction de volume de polymére en termes de
polymere-solvaté plutdét que polymeére sec, on obtiendrait des valeurs de xi et une contri-
bution de I’entropie qui sont mieux en accord avec les prédictions de ces théories.

Zusammenfassung

Die Dampfdruckerniedrigung von Chloroform- und Methylenchloridlésungen mit
einem Cellulosetriacetatgehalt von 10-50 Gewe % wurde bei mehreren Temperaturer
gemessen. Versuche entsprechende Ergebnisse fur s-Tetrachlorathanldsungen zu
erhalten schlugen, offenbar wegen Zersetzung des Losungsmittels, fehl. Die Losungs-
mittelaktivitat, freie Verdinnungsenergie, Verdinnungswérme und -entropie werden
erhalten. Beide Systeme werden mit steigender Polymerkonzentration zunehmend
exothermer. Im Triacetat-Chloroformsystem nimmt TAS, von verhaltnismassig
grossen Werten bei niedriger Konzentration mit steigender Konzentration in &hnlicher
Weise ab, wie in vergleichbaren Systemen aus sekundarem Celluloseacetat und Aceton
und Dioxan als Lésungsmitteln. Beim Methylenchloridsystem nimmt TASi mit der
Konzentration so wie in vergleichbaren Cellulosenitrat-Losungsmittelsystemen zu.
Diese Ergebnisse werden als Solvatisierungs- und Kettensteifigkeitseffekte gedeutet.
Die Werte des Parameters xi fur die Polymer-Losungsmittelwechselwirkung nehmen
mit der Konzentration zu und der Entropiebeitrag zu xi ist grosser als nach den Gitter-
theorien zu erwarten ware. Die Angabe des Volumbruches des Polymeren als sol-
vatisiertes und nicht als trockenes Polymeres sollte zu besser mit den Folgerungen aus
der Gittertheorie stimmenden Werten fur xi und den Entropiebeitrag fuhren.

Received May 22,1962
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Theory of the Modulus of Crystalline Polymers

LAWRENCE E. NIELSEN and FRED D. STOCKTON, Monsanto
Chemical Company, Plastics Division, Research Department, Springfield,

M assachusetts

Synopsis

A new theory for the elastic modulus of crystalline polymers has been developed for
temperatures above the glass transition. The theory is based upon the assumption
that crystallites behave as crosslinks and as a rigid filler. The shear modulus G is given
by G = {dRT/M QF, where F is a factor giving the relative increase in modulus due to
the volume of the rigid crystallites. The number-average molecular weight M c of the
amorphous sequences is calculated as a function of degree of crystallinity from copolymer
theory. The theoretical values of the modulus as a function of degree of crystallinity
agree reasonably well with experimental values over a wide range.

Introduction

Numerous experimental data indicate that the elastic modulus of partially
crystalline polymers is determined primarily by the degree of crystal-
linity.1*3 For a given degree of crystallinity the modulus is nearly inde-
pendent of the type of polymer or the temperature. Thermal history
affects the modulus to some extent; the smaller the crystallite size, the
higher the modulus at a constant degree of crystallinity.

A new theory is proposed which predicts the modulus as a function of the
degree of crystallinity above the glass temperature. Within the limits of a
proposed crystallization model, the crystallinity determines the modulus
independent of adjustable constants. The theory postulates that crys-
tallites act both as crosslinks and as a rigid filler. By exploiting the effects
on the modulus of both the increase of the number of crosslinks and of the
reinforcement of a rigid filler, this theory seems to give better agreement
with experiment than theories presented heretofore.45

Theory

Crystallites tie molecules together like crosslinks. The effect of these
crystalline crosslinks is estimated by the kinetic theory of rubber elasticity
by:67

G = dRT/Mc Q)

in which G is the shear modulus, d the density of the rubber, rR the gas
constant, T the absolute temperature, and il?c the number-average mo-
1995
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lecular weight between crosslinks. In the case of crystalline polymers we
assume that m c is the number-average molecular weight of an amorphous
sequence. Half of the problem of applying the present theory is the ex-
pression of m cas a function of the crystallinity.

The effect of a rigid filler on the modulus of rubbers, on the other hand,
can be estimated by theories of Guth and Smallwood,89 Iverner,0 Van der
Poel,11 and others.22 The agreement between the various theories is not
good. All agree, however, that the influence of the filler on the modulus
of the matrix can be expressed as a multiplicative function, of the volume
fraction, 0, of the filler. The theory proposed here becomes

G = {dRT/M c)F{<t>) 2)

in which +is the volume fraction of crystallites. The second half of the
problem of applying the present theory is the expression of F(03 as a func-
tion of crystallinity.

It is not the purpose of this paper to derive the functional form of F.
Comparison of the various theories shows that for the ranges of crystallinity
involved, they do not differ radically. The principal influence of the filler
is due to 4 itself. Here the Guth-Smallwood theory is assumed as typical:

F(<t>) = 1+ 250 + 14.102 3)
Then the modulus of a crystalline rubber becomes:
G = (dRT/Mc¢) (1l + 250 + 14.102 4)

A calculation of the modulus of a partially crystalline rubber is carried
out for the case of a copolymer in which the crystallizable sequences of (A)
monomeric units are broken up by noncrystallizable (B) monomeric se-
quences. Individual polymer molecules are assumed to have infinite
length. For simplicity it is assumed also that during the formation of the
copolymer the probability that an A (or B) unit be added to the growing
chain was constant and equal to the mole fraction of component A (or B
respectively) in the copolymer. Stated otherwise, given any unit of a
copolymer chain, the probability that the next unit be an A unit is con-
stant and equal to x a, in which x a is the mole fraction of component A.
Similarly the probability that the next unit be a B unit is x b, the mole
fraction of component B.

For such a random copolymer the fraction, nAm), of material A con-
tained in sequences m units long is:134

rum) = 1 - XAAAN1 (5)

The weight fraction of material A contained in sequences exactly m units
longis:

wa(to) = m(1 - X aY¥-Xa”"l-1 (6)

Analogous equations hold for the B sequences.
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Fig. 1. The distribution of A sequence lengths in a copolymer containing 90 mole-%
of a crystallizable comonomer A: (top) the number distribution of sequences, tia(to):
(bottom) the weight distribution of sequences, w\(m).

Long sequences of A units crystallize at higher temperatures than shorter
sequences of A units. Under the assumption that at a given temperature
all but only A sequences of length mo units or longer are contained in crys-
tallites, the weight fraction of material A in crystallites is:

/AMO = mX At 1 - (mO- I)XAnf @)

If wa is the weight fraction of component A in the copolymer, the crys-
tallinity, we, is:

we = irA A(mO) (8)

The quantity mQis a function of the temperature which increases without
bounds at the melting point of the polymer. The quantities nA(m) and
w a(m) are illustrated in Figure 1 for a random copolymer containing 90
mole-% A and for which the molecular weight of A units and B units is
equal. The shaded area represents/A(mo) for mo = 15. The crystallinity
in this case is 49.6%.
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The amorphous phase consists of all of the sequences of B units together
with those sequences of A units that are less than ra0 long. While each
crystalline sequence contains only A units, amorphous sequences may con-
sist of many subsequences alternately of A and of B units. However, the
number of amorphous sequences is equal to the number of crystalline se-
quences. Hence the knowledge of the nn(m) and of the na(m) curves is
sufficient to determine the number-average amorphous sequence length
and the relative number of amorphous crosslinks as a function of m.

For example, since the relative number of amorphous sequences is equal
to the relative number of crystalline sequences, it is proportional to the
area under the n\(m) curve to the right of the line m = mo. The relative
number of A sequences of length mo or over is

R =E M a-VZleXa"-l:X\nu~l 9)
to = too n—.
This quantity R is also the relative number of chains in the amorphous re-
gion. The total relative length L represented in the amorphous region by
both A and B is

too— 1 o5}
L= £ kleXa" -1+ £ mXai v- -1 (10)
o1 o1

(mo - 1) XA+l - TaKa"0+ 1
XAL - X a)

The average amorphous sequence length u is
L = L/R = [(Xa™+1l - 1)/Xa"*(Xa - 1)] - mo (12)

The number-average molecular weight m ¢ of an amorphous chain is

Ala Kwio — 1) X a”D — wioX a” + 1] M b
Me = + R (12)
1- XA 1- XB
1- XAmtl 1—r
Mc = M a mo — (13)

xit (1 - XA)_

where r = Mb/M a and Ma is the molecular weight of an A unit and M b
is the molecular weight of a B monomeric unit.

The ratio of the weight of the amorphous material to the weight of the
crystalline material is:

'Ma [1 —/a(mo)] (mp)
MR d[AT e

Hence

1
$ = (15)
1+ (do/da.)Rr
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in which do is the density of the crystalline regions and dBis the density of
the amorphous regions.

The values of m ¢ from eq. (13) and the value of <from eq. (15), when sub-
stituted in eq. (4), admits the calculation of G.

Discussion

The new idea presented here is that the modulus of a partially crystalline
rubber is changed due to the cross-linking effect of the crystallites and
due to the effect of the crystallites acting as rigid fillers. The application
of the theory revolves about the computation of m ¢ and of F(<f>). By as-
suming a particular type of copolymer and a particular crystallization
model, a rather simple form was derived for the modulus that nevertheless
predicted a remarkably improved fit to existing experimental data. Ob-
viously other forms of the dependence of m ¢ and of could similarly be
used. However, the dependence used here has the desirable feature that if
the crystallinity is known, then the modulus is uniquely determined.

Fig. 2. Calculated values of shear modulus as a function of degree of crystallinity for
copolymers of molar ratios indicated on the curves. The curve giving the maximum
value of shear modulus as found experimentally is the upper curve.
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The calculation of the modulus has been programmed for the IBM-650
computer. Typical results are given in Figure 2. The values used in the
calculations were M a = Mb = 28, density of the crystalline phase equals
1.00, and the density of the amorphous phase equals 0.80. These might be
considered typical values for a polyethylene copolymer. Also shown in
Figure 2 is the crude empirical relation found for ethylene copolymers and
other polymers.1 The numbers on the curves refer to the molar composi-
tion ratio X asxb. of the copolymers. The shapes of the theoretical
curves are very similar to the shape of the empirical curve. Over a modu-
lus range of a thousand to one, the theoretical values agree with the ex-
perimental values within a factor of five or ten. This agreement is con-
sidered quite good as the experimental curve is for the maximum values
found for the modulus in most cases. In some cases the observed modulus
values were as much as five times smaller than the maximum experimental
values given in Figure 2. At high degrees of crystallinity the experimental
curve is shown as having a curvature opposite to that of the theoretical
curves. Actually it was found for polyethylenes which had moduli well
below the maximum curve that the curvature was the same as the theo-
retical curves.

It seems appropriate at this point to ascertain the contribution to the
obtained fit of the change in m c as compared to the contribution of the rein-
forcement factor. To this end Table | was constructed. In Table I the
ratio of Go = RT d/Mc at the indicated per cent crystallinity to the co at a
reference crystallinity (about 1%) was compared to the ratio of F at the
indicated crystallinity to the F at the reference crystallinity.

TABLE 1
Component Influence for Composition A a/a ' = 90/10

Approx.
crystallinity,

% Go/G,,(1%) F/F (1%)
1 1 1

10 1.705 X 10 1.272

20 50 X 10 1.823

30 9.63 X 10 2.74

40 1.715 X 102 3.54

50 277 X 102 4.71

60 4.72 X 102 6.29

70 8.70 X 102 8.37

80 1.78 X 103 1.075 X 10

The composition ratio was 90/10. The figures used were taken directly
without interpolation from a table generated by a computer. The actual
crystallinity was the value in the table nearest the crystallinity indicated in
Table I. Although the figures in the second column vary with the composi-
tion, the orders of magnitude do not change. These may be taken as
representative.
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Experimentally also, the modulus decreases with temperature for crystal-
line polymers,1 while the kinetic theory of rubber predicts the opposite
effect.6 In this theory part of the predicted increase in modulus with tem-
perature is compensated for by the differences in coefficients of expansion of
the crystalline and amorphous phases. Even at a constant degree of crys-
tallinity the volume fraction of the crystalline phase decreases with an in-
crease in temperature. Calculations show that in general this effect is not
great enough to compensate for the increase in theoretical modulus pre-
dicted by the kinetic theory of rubber. However, it requires only a slight
decrease in degree of crystallinity with an increase in temperature to have
a negative temperature coefficient of the modulus.

In general our theory predicts a modulus less than the observed values.
There are several reasons why this is to be expected. At crystallinities
above about 40% the crystallites should impinge upon one another and
form a continuous crystalline phase.5 A continuous crystalline phase
should produce a higher modulus than when the crystallites are only a dis-
persed phase.l0 Also, at the higher crystallinities many of the amorphous
sequences are very short so that non-Gaussian behavior should become
evident. Such non-Gaussian chains should be stiffer than those that rubber
theory predicts. Finally, at low degrees of crystallinity the effects of chain
entanglements are neglected in the theory. For many uncrosslinked amor-
phous rubbers the effect of chain entanglements is to give a shear modulus
of the order of 3 X 106dynes/cm.'’2when measured by a dynamic mechanical
test at 1 cycle/sec. If the effect of chain entanglements were added to the
crosslinking effect of the crystallites, much better agreement would be
found between the theory and experiment. However, to do this at present
requires the addition of an arbitrary factor to the theory.

The theory has been developed for crystallizable copolymers. However,
it should hold just as well for random (but not block) stereo-regular poly-
mers where the mole fraction of component A is replaced by the tacticity of
the polymer. Anything which breaks up the polymer chain to prevent
crystallization (change in stereo configuration, chain entanglements, etc.)
could be considered as a noncrystallizable B-unit.

The quantity mais related to the temperature by an equation such as the
one developed by Flory,6by a Garner-type equation,l6or by a relation such
as that used by Miller.7 When the theoretical elastic modulus is plotted
against temperature, curves similar in shape to the experimental curves
are obtained. However, for a given value of the modulus, the theoretical
value of mois less than one would expect. This is in keeping with the fact
that the theoretical modulus is less than the experimental modulus for a
given crystallinity.
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Résumé

On a développé une nouvelle théorie du module d’élasticité des polymeéres cristallins
pour des températures supérieures a la transition vitreuse. Cette théorie se base sur la
supposition que les eristallites se comportent connue des ponts et comme une charge
rigide. Le module de cisaillement G est fourni par I'expression G = {d RT/M QF, ou F
est un facteur donnant I’'augmentation relative du module au volume des eristallites
rigides. Le poids moléculaire moyen en nombre M ¢ des séquences amorphes est calculé
comme une fonction du degré de cristallinité suivant la théorie des polyméres. Les
valeurs théoriques du module en tant que fonction du degré de cristallinité sont en bon
accord sur un large domaine avec les valeurs expérimentales.

Zusammenfassung

Eine neue Theorie des Elastizitatsmoduls kristalliner Polymerer bei Temperaturen
oberhalb der Glasumwandlung wurde entwickelt. Die Theorie beruht auf der Annahme,
dass sich die lvristallite wie Vernetzungsstellen und starre Fullstoffe verhalten. Der
Schermodul G wird durch G = (dRT/M QF gegeben, wo F ein Faktor fur die relative
Zunahme des Moduls durch das Volumen der starren Kristallite ist. Das Zahlenmittel
des Molekulargewichts M ¢ der amorphen Sequenzen wird als Funktion des Kristal-
linitatsgrades aus der Copolymerisationstheorie berechnet. Die theoretischen Werte
des Moduls stimmen als Funktion des Kristallinitatsgrades mit den experimentellen
Werten Uber einen weiten Bereich recht gut Uberein.
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Changes in the Stereospecificity of a Ziegler Catalyst
Used in the Polymerization of Butadiene*

CHARLES R. McINTOSH, WILLIAM D. STEPHENS, and
CURTIS 0. TAYLOR, Thiokol Chemical Corporation,

Redstone Division, Huntsville, Alabama

Synopsis

As a part of a program involving synthesis of various rubbers, the stereospecific poly-
merization of butadiene was studied. A Ziegler catalyst composed of cobaltous chloride,
triethyl aluminum and aluminum chloride in benzene was used. The effect of catalyst
age on stereospecificity of the polymers produced was observed over a period of nearly
two years. Freshly prepared catalyst appears as a straw-yellow liquid over black insolu-
ble solids. Within a few weeks a black separate liquid phase begins to form at the bot-
tom of the catalyst. The amount of the dark lower layer increases on standing until all
of the solids have been dissolved. Polymers prepared from the upper layer of catalyst
showed decreasing percentages of «s-double bonds, an effect which was linear up to ap-
proximately one year. From one to two years, the upper layer produced polymers which
were essentially constant at 70% eis-olefinic bonds. In contrast, the dark lower layer of
catalyst yielded polymers which were high in cfs-content (greater than 95% cis-bonds)
over the entire period of the study.

INTRODUCTION

The synthesis of m-polybutadiene was undertaken as a part of an over-
all program of polymer evaluation. The particular Ziegler catalyst chosen
for this investigation is one which has not been extensively investigated.
It is composed of cobaltous chloride, aluminum chloride, and triethyl
aluminum. In general the catalysts were prepared in benzene in a dry
box and were then transferred to the reaction flask. Highly purified
butadiene was then bubbled into the flask until the benzene solution of the
catalyst was saturated. The polymer was isolated by pouring the reaction
mixture into isopropyl alcohol. It was noted during the synthesis of the
polymer samples that if the catalyst was allowed to stand for several weeks,
a dark insoluble liquid separated from the catalyst solution. The forma-
tion of the dark lower layer continued until all of the solids present in the
catalyst system were dissolved. Usually the clear straw-yellow upper layer
was used in polymerization of butadiene, and it was noted that the catalyst
tended to lose stereospecificity after standing for a time. AVhen a sample

* This work was supported by Army Ordnance Contract DA-01-021-ORD-11919
and was presented at the 81st Meeting of the American Chemical Society’s Division of
Rubber Chemistry, Boston, Mass., April 27, 1962.
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of the dark lower catalyst layer was used in a polymerization reaction it
was discovered that the percentage of cfs-double bonds in the polymer
was higher than the percentage of m-bonds in polymer formed from the
aged upper layer of catalyst. It was decided to study the effect of catalyst
age on stereospecificity of both the upper and lower layers of catalyst.

EXPERIMENTAL
Preparation of the Catalyst

The Ziegler-Natta catalyst used in these studies was prepared from
cobalt chloride, aluminum chloride, and triethyl aluminum. All transfers
of the chemicals and reagents used in the preparation of this catalyst were
done under conditions which exclude all moisture and oxygen. Where
possible, all transfers, weighing, etc., were performed in a dry box which had
been thoroughly purged and filled with prepurified nitrogen. The various
reagents used and their subsequent purification are described below.

Cobalt chloride (CoCR-6HZ2, Merck and Company, reagent grade)
was heated at 130-140°C. under vacuum for 5-6 hr. on a rotary evaporator
and stored in a closed container in a dry box.

Aluminum chloride (Matheson, Coleman, and Bell, anhydrous, purified
powder) was used as received but, insofar as possible, a freshly opened
bottle was used for each catalyst preparation.

Triethyl aluminum (Ethyl Corporation) was used as received. The
triethyl aluminum was transferred from the 10 Ib. shipping container
through copper and stainless steel tubing, to a 250-ml. bottle fitted with a
stopcock and serum cap.

Benzene (Baker and Adamson, reagent grade) was further purified by
washing first with concentrated sulfuric acid, then with water to neutrality,
and was then dried over anhydrous calcium chloride or “Drierite.” The
benzene was then distilled from calcium hydride under a blanket of dry
nitrogen into a bottle containing calcium hydride and purged with dry
nitrogen for 1-2 hr. The benzene was stored in 2-1. bottles, and each
bottle was fitted with 24/40 stopper having an attached stopcock and
serum cap to facilitate removal of the benzene without exposure to the
atmosphere. All transfers of benzene from this bottle were done by exerting
a positive nitrogen pressure in the bottle forcing the benzene through a
length of stainless steel hypodermic tubing.

Nitrogen (Matheson Company, prepurified) was used in the dry box
and as a protective blanket for all transfers and polymerizations.

In the dry box cobalt chloride (5 g., 38.5 mmoles) and aluminum chloride
(5 g., 38.5 mmoles) were weighed into a dry 250 ml. bottle fitted with a
stopcock and serum cap. A clean, dry, Teflon covered magnetic stirring
bar was placed in the bottle at the same time. The tightly stoppered
bottle was then removed from the dry box and purged with a stream of dry
nitrogen for 1-2 hr. by inserting a 12-in., 20 gauge hypodermic needle
through the serum cap to within Lin. of the bottom of the bottle. Pre-



STEREOSPECIFICITY OF A ZIEGLER CATALYST 2005

purified nitrogen was forced into the bottle through this needle and allowed
to exhaust through a shorter needle placed in the same serum cap. By
stirring and continued purging with nitrogen, dry benzene (100 ml.) was
pumped into the catalyst bottle through hypodermic tubing. Triethyl
aluminum (5 ml., 37 mmoles) was removed from the storage bottle by
applying a slight positive nitrogen pressure on the bottle, forcing the alumi-
num alkyl into a hypodermic syringe. The alkyl was then transferred to
the catalyst bottle with the syringe. When this operation was performed
with caution, little alkyl was lost during the transfer and the fire hazard
was minimized. The alkyl remaining in the syringe and needle was de-
composed by rinsing with reagent grade benzene followed by benzene-
isopropyl alcohol. All glassware and equipment were dried in a 130° oven
for 24 hr. and then allowed to cool in a stream of dry nitrogen. Upon addi-
tion of the alkyl to the catalyst bottle, the mixture immediately turned
black, but no exotherm was noted. Stirring and purging with nitrogen was
continued for 30-45 min. When the stirring was discontinued, the black
solids settled, leaving a straw-yellow liquid which is the active polymeriza-
tion catalyst.

Stereospecific Polymerization of Butadiene

The polymerizations were usually performed in a 1-1., three-neck, round-
bottom flask fitted with spherical ground-glass joints. The flask was also
fitted with a mechanical stirrer, a glass dip tube extending nearly to the
bottom of the flask, a gas entry tube for purging the surface of the liquid
with nitrogen, and an outlet tube leading to a silicone oil bubbler trap.
A catalyst addition tube fitted with a serum cap was incorporated in the
exit tube system by means of a three-way stopcock. The flask and at-
tached glassware were assembled hot (using a silicone stopcock grease) and
allowed to cool while being purged with nitrogen. Approximately 500 ml.
of dry benzene was pumped into the flask through the serum cap by means
of hypodermic tubing, asdescribed above. Since theaddition of the catalyst
to a saturated solution of butadiene in benzene resulted in extremely rapid
and exothermic reactions, which were difficult to control (in less than
3 min. the polymer growth was so great that there was danger of rupturing
the reaction vessel), a reverse addition technique was used. The catalyst
(1-2 ml.) was added to the benzene in the reaction flask, and butadiene
(Phillips Petroleum Company, special purity grade) was then passed
through a purification train and then into the benzene solution of catalyst.
The purification train contained two columns packed with indicating
“Drierite,” one column packed with Linde Molecular Sieves (Type 4A, 1/
16-in. pellets) and afritted glass bubble-type gas washing column containing
25 ml. of triethyl aluminum in 250 ml. of dry n-dodecane. The butadiene
was added during 30-45 min., after which time the benzene was completely
saturated. The polymerization was allowed to proceed until the viscosity
of the reaction mixture was noticeably increased or until polymer collected
around the stirrer shaft. Termination of the reaction was effected by the
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addition of 25 ml. of a 20% solution of isopropyl alcohol in benzene. On
addition of the quenching agent, the reaction mixture turned light blue-
green in color. The polymer was isolated by pouring the reaction mixture
into isopropyl alcohol containing 1-2% Ar-phenyl-/3-naphthylamine. The
precipitated polymer was removed by filtration and dried under vacuum
at 35-40° during 24 hr. The percentages of cis-1,4-, trans-1,4-, and vinyl
bonds were determined by infrared spectroscopy using a method which is
essentially that of Silas, Yates, and Thorntonlwith the exception that the
percentages are normalized to 100%. Thus 97% cis-1,4-poly-butadiene
means that 97% of the olefinic bonds present are of the m-configuration.
The percentages of unsaturation were determined by the method of Lee,
Kolthoff, and Mairs.2 Intrinsic viscosity was measured in benzene
solution at 30°.

Comparison of Catalyst Layers

Butadiene polymers were prepared using the clear upper layer of a cobalt
chloride—aluminum chloride-triethyl aluminum catalyst which had been
stored for periods ranging up to 2 yr. For periods up to 1 yr., the per-
centages of ds-1,4-, trans-1,4-, and vinyl double bonds were found to
vary with the age of the catalyst with which the polymer was produced.
Between 1-2 yr., the upper catalyst layer gave polymers with more or
less constant composition (approximately 70% cis-1,4-bonds). Table I
gives a summary of the properties of polymers prepared from the upper
catalyst layer. The upper layer of catalyst may be used for any period
of time up to about 2 mo., without any significant decrease in the stereospeci-
ficity, reactivity, or yield. The decrease in the percentage of ds-1,4-bonds
with age is shown graphically in Figure 1.

The dark lower layer of the aged Ziegler catalyst was used to prepare
butadiene polymers and the percentage of cis-l,4-, tra?is-1,4-, and vinyl

TARLE |

Properties of Polymers Prepared with the Upper Layer of an Aged Ziegler Catalyst
(%)

Un-

Catalyst Reaction (%) (%) (%) (%) satura-
age time Yield cis-1,4 iraras-1,4 vinyl hi Ash tion
1hr. 17 min. 81g 9% 2 2 1.4 0.27 100
1 day 98 “ 13.0 « 97 i 2 1.6 0.035 92
2 0« 45 30.7 “ 97 i 2 2.4 0.07 95
7 0« 70 “ 30.1 « 97 2 1 5.2 0.00 98
24 32 “ 33.2 ¢ 95 2 3 1.2 0.006 97
69 “ 30 “ 9.0 “ 95 1 3 1.0 0.015 93
a -« 112« 17.6 “ 93 3 4 — b -
111 - 20 hrs. 2.7 91 5 5 — 0.17 -
22s “ 19 hrs. 1.3 “ 86 9 5 — — —
347 “ 66 hrs. 3.0 “ 70 25 4 1.5 0.25 63
669 “ 26 hrs. 4.0 “ 67 28 5 0.6 0.14 61
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Fig. 1. Change in per cent of cts-1,4-double bonds in polybutadiene as a function of
the age of the catalyst used in the polymerization. All polymerizations done using the
upper layer of catalyst.

groups were determined on polymers made from catalysts of various ages.
Table Il gives a summary of the properties of various polymers formed from
the bottom layer of these catalysts. That the reactivity of the lower layer
is not drastically diminished with age is demonstrated by a comparison of
the reaction times and yields shown in Table I1I.

The stereospecificity of the lower layer is unchanged over a long period
of time as shown in Figure 2. This result was somewhat surprising in view
of the behavior of the clear-yellow upper-layer catalyst. A comparison of
Figure 1 and Figure 2 shows that while the percentage of cfs-1,4 units for
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Fig. 2. Change in per cent of ci-s-1,4-double bonds in polybutadiene as a function of
the age of the catalyst used in the polymerizations. All polymerizations done using the
lower layer of catalyst.
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TABLE 11

Properties of Polymers Prepared with the Lower Layer of an Aged Ziegler Catalyst
Un-

satur-

Catalyst Reaction (%) (%) (%) (%) ation
ago time Yield cis-1,4 trans- Vinyl hi Ash (%)

42 days 9 min. 13.6 g. 96 2 2 - - -

43 -« s * 97 i 2 15 0.24 92
103 = 95 “ 1.7« 89 2 9 0.94 0.3 88
179« 3B« 51« 97 i 2 - — —
450 “ 35 ¢ 4.4 ¢ 98 i i 0.62 0.065 80
696 “ 22 6.0 « 97 2 i — 0.53 —

the upper layer falls from 97 to 70 during 2 yr. the lower layer retains its
ability to produce 97% czs-1,4 polymers during the entire period.

Studies on the Nature of the Lower Layer of Catalyst

In the freshly prepared catalyst, there remain fairly large quantities of
undissolved solids (cobalt chloride along with some aluminum chloride).
In order to determine if a lower layer would form in the absence of the
undissolved solids a sample of the clear upper layer of a 3-week old catalyst
was removed and stored in a sealed tube. After eleven months no lower
layer was noted in the. sample. This experiment indicates that the lower
layer is formed only at the expense of the undissolved solids, primarily cobalt
chloride, found in the fresh catalyst. The isolated upper layer was used
to produce a sample of polybutadiene which proved to have 97% as-1,4-
olefinic bonds. Although in this experiment the reaction time was some-
what longer, several hours, no decrease in stereospecificity was noted.

After an attempt to distil the lower catalyst layer in the dry box had
yielded only benzene, a two month old catalyst was filtered to give a
filtrate composed of the upper and lower layers and an insoluble solid.
The solid was washed several times with dry benzene in the absence of air
and polymerization was attempted using the solid as the catalyst. The
polymers formed from the solid, the upper and lower layers all proved to be
high in as-1,4 content (see Table I11).

The results of cobalt and aluminum analyses on the upper and lower
layers of catalysts of various ages are presented in Table IV. These
data are rather inconsistent but do fit the general picture oi what might be
expected on the basis of results obtained on analysis of the microstructure
of the polymers and on the yields of polymer obtained. There is a general
decrease in the amount of cobalt and aluminum in the upper layer of catalyst
on aging although the cobalt content of the lower liquid layer remains fairly
constant and at a level considerably higher than that of fresh catalyst.

DISCUSSION OF RESULTS AND CONCLUSIONS

There have been few instances in the literature in which Ziegler catalysts
prepared from these particular components have been discussed,3-10 and
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very few references have been made to the effect of age on the stereo-
specificity of Ziegler catalysts. Generally, when using the “soluble”
catalysts the clear supernate is used to the exclusion of the undissolved
solid, and usually the batch of catalyst is consumed or discarded before
the darkly colored lower layer has had time to develop.

TABLE IV
Cobalt and Aluminum Analysis of Aged Zielger Catalysts
Upper layer Lower layer
Catalyst PP Y 4
Age (%) (%) (%) (%)
(days) Co Al Co Al
1 0.19 2.02 - -
21 0.27 0.63 5.36 0.681
300 0.037 — 2.54 —
325 0.032 0.396 4.53 1.94

The effects of aging on the two phases of this catalyst system have been
discussed above and the results of this work have indicated that selected
portions of the catalyst can be used to produce stereoregular polymers after
storing indefinitely. Attempts to discern the nature of the darkly colored
lower layer of the catalyst have met with little success; however, limited
evidence indicates that it is probably a complex with benzene. In addition,
it was found that the clear upper layer of catalyst retained its stereo-
specificity with age if it was stored in the absence of undissolved solid
components, which would indicate that different catalysts are involved.

Since many stereospecific catalysts are made in situ or a new catalyst is
prepared for each batch of polymer, synthesis of small amounts of cfs-1,4
polymers with such catalysts is troublesome. With a knowledge of the
features of the cobalt chloride-aluminum chloride-triethyl aluminum system
one can prepare a sample of catalyst and store it for future use. Stereo-
specific polymers may be obtained for many months by use of the lower
catalyst layer.
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Résumé

On étudie la polymérisation stéréospécifique du butadiéne dans un programme compre-
nant la synthése des divers caoutchoucs. On utilise un catalyseur Ziegler composé de
chlorure de cobalt, de triéthylaluminum et de chlorure d,aluminium dans le benzéne. On
a observe I'effet de vieillissement du catalyseur sur la stéréospécificité du polymeére prod-
uit le long d’'une période d’environ deux ans. Le catalyseur fraichement préparé ap-
paraft comme un liquide jaune pale au-dessus d’un solide noir insoluble. Aprés quelques
semaines une phase liquide noire séparable commence a se former au fond du catalyseur.
La quantité de la couche noire inférieure augmente en laissant reposer jusqu’'a ce que
tout le solide soit dissous. Les polymeres préparés a partir de la couche supérieure de
catalyseur montrent un pourcentage décroissant de doubles liaisons cis, effet qui est
linéaire pendant approximativement un an. A partir d'un an ou deux ans, la couche
supérieure produit des polymeres qui sont essentiellement constants a 70% de liaison
oléfiniques cis. Par contre, la couche inférieure noire de catalyseur donne des polymeres
qui sont riches en isomere cis (plus que 95% de liaison cis) le long de toute la période
étudiée.

Zusammenfassung

Als Teil eines Programmes zur Synthese verschiedener Kautschuksubstanzen wurde die
stereospezifische Butadienpolymerisation untersucht. Es wurde ein Zieglerkatalysator
aus Kobaltschlorid, Triathylaluminium und Aluminumchlorid in Benzol verwendent.
Der Einfluss des Alters des Katalysators auf die Stereospezifitat der gebildeten Poly-
meren wurde Uber einen Zeitraum von fast zwei Jahren verfolgt. Frisch bereiteter
Katalysator erscheint als eine strohgelbe Flussigkeit Uber schwarzem, unléslichen Fest-
korper. Innerhalb einiger Wochen beginnt sich eine getrannte schwarze flissige Phase
am Boden des Katalysators zu bilden. Die Menge der dunklen unteren Schichte nimmt
beim Stehen zu, bis sich alles Festes gelost hat. Mit der oberen Katalysatorschichte
hergestellte Polymere ziegten einen abnehmenden Gehalt an cfs-Doppelbindungen und
zwar linear bis zu etwa einem Jahr. Zwischen ein und zwei Jahren fuhrte die obere
Schicht zur Bildung von Polymeren mit einem im wesentlichen konstanten Gehalt von
70% cfs-Doppelbindungen. Im Gegensatz dazu lieferte die dunkle untere Schichte des
Katalysators wahrend des gesamten Zeitraymes der Untersuchung Polymere mit hohem
cfs-Gehalt (mehr als 95% cfs-Bindungen).

Received May 21, 1962
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Nucleating Effect on the Kinetics of Crystallization
and the Spherulites of Nylon 6

MASAKAZU INOUE, Plastics Laboratory, Togo Rayon Company, Ltd.,
Tokodori, Showaku, Nagoya, Japan

Synopsis

The kinetics of isothermal crystallization and morphology of spherulites of nylon 6
nucleated by additives were discussed. Nylon 66, polyethylene terephthalate, and
some inorganic phosphor compounds were used as nucleating agents. At crystallization
temperatures in the range of 205 to 180°C., crystallization occurs through one- or two-
dimensional growth and heterogeneous nucleation. The rate of crystallization increases
bjradding nucleating agents, followed by the decrease of the induction period of crystalli-
zation. Maximum crystallinity was not always obtained by the additives used for the
present study. Ry adding nucleating agents, the size of spherulites decreases and the
distribution becomes homogeneous, independent of the crystallization temperature.

Introduction

In a previous report,1 the author stated that the mechanism of crys-
tallization of nylon (i depends on the crystallization temperature. In the
present paper, a study is made of the nucleating effect on crystallization
kinetics and morphology of spherulites of nylon 6.

It is well known that the physical, mechanical, and chemical properties
of crystalline high polymers depend on the morphology of spherulites as
well as the degree of crystallization. For example, the tensile properties
of nylon 66 are improved with decreasing the size of spherulites2and the
impact strength of polyoxymethylene depends remarkably on the size of
spherulites.3 The frictional properties of polyamides are improved by a
high degree of crystallinity and the fine homogeneous spherulitic structure.4

The specimens having fine homogeneous spherulitic structure are ob-
tained by adding a nucleating agent to the base polymers.5 One of the
favorable agents for nucleation is high polymer.6 However, the mechanism
of nucleating high melting polymer is not always obvious.

Experimental

Description of Specimens

As a base polymer, nylon 6 which has an average molecular weight of
about 15,000 was used. And as nucleating agents nylon 66, polyethylene
terephthalate, titanium dioxide, and some inorganic phosphor compounds

2013
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such as lead phosphate and sodium polyphosphate were employed. The
homogeneous blending of nucleating agents into the base polymer was at-
tained by melt mixing in the extruder.

Measurements of the Crystallization Rale and the Size of Spheridites

For the measurements of crystallization rate of solid plugs, a dilatometer
of 10 mm. inner diameter, 2 mm. capillary diameter and a length of 50 mm.
was used. The solid plugs of 9 mm. diam. and 40 to 50 mm. length were
molded and inserted into the bulb, followed by the addition of purified
mercury under vacuum.1

The rate constant of crystallization is calculated by using the Avrami
equation:

a = a,(l —exp {—ktn}) 1)

where a and a, are the degree of crystallinity at time t and infinity, re-
spectively, K is a rate constant, and n is constant depending on the mech-
anism of nucleation and growth of the crystal.7

If half-time, tis, is used, K is calculated by using eq. (2).

K = 2.3 log 2/(tizfn (2)

The shape, size, and distribution of spherulites were studied by a polar-
izing microscope using thin film of the polymer.

Results and Discussions

Crystallization Kinetics

When additives are blended with nylon 6, the density of the mixture
depends both on the density and content of additives and on the degree of
crystallinity of the base polymer. Figure 1 shows the temperature de-
pendence of the specific volumes of the base polymer and the mixtures.
If the density of the base polymer is equal to that of the mixture in the melt
state, the density of the mixture in the solid state may depend only on the
degree of crystallinity of the base polymer. Figure 1 shows that the spe-
cific volume of the mixture is slightly smaller than that of the base poly-
mer both in the solid state and melt state. It indicates that the density
of the mixture is affected by that of the additive. Now, the value of den-
sity is compensated by assuming that the density of mixture is equal to that
of the base polymer at a given temperature in the melt state.

The induction period of crystallization decreases by adding the nucle-
ating agent. Figure 2 is obtained by a polarizing microscope using thin
film. It can be seen that the effect of the nucleating agent on the induction
period is fairly large at the higher crystallization temperatures.

The dilatometric crystallization of nylon 6 nucleated by nylon 66,
polyethylene terephthalate, and lead phosphate is shown in Figures 3, 4,
and 5, respectively. In all cases, the melt temperature was 260°C. The
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Fig. 2. Induction period of crystallization.
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Fig. 3. Effect of nylon 66 as a nucleating agent on the crystallization isotherms
of nylon 6.

Fig. 4. Effect of polyethylene terephthalate (PETP) as a nucleating agent on the crystal-
lization isotherms of nylon 6.

densities expressed in these figures are the compensated densities of the
base polymer, which depend only on the degree of crystallinity. These
figures indicate that crystallization is accelerated by adding additives.
The crystallization kinetics are summarized in Table I.

The half-time, h/2and rate constant Kk decrease owing to the nucleating
crystallization by additives. The constant n, however, does not always
change at various crystallization temperatures in the range of 205 to 180°C.
In the previous paper,lit was reported that the value of n rapidly changes
in the range of 207 to 210°C. Above 210°C. the value of n is 4 and below
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Fig. 5. Effect of Pb3P04)2 as a nucleating agent on the crystallization isotherms of

Cryst.

Nucleating temp.,
agent % °C.
Base polymer - 205
200
180
Nylon 6G 1 205
1 200
1 180

Polyethylene

terephthalate 1 205
1 200
1 180
Pb3(P 042 0.1 205
0.1 200
0.1 180

nylon 6.

TABLE 1
Nucleating Effect on the Crystallization Kinetics and Crystallinity

N2>
min.
70
20
4.1

43
10
3.2

32
6.5
3

31
6.5
3.8

K,

min. ™" n
1.68 X 10-5 25
6.08 x 10-4 23
358 X 10-2 2.1
8.26 X 10-6 2.4
3.49 x 102 23
9.21 x 10-2 2
2.41 X 104 2.3
1.37 X 10-2 2.1
0.57 X 10-2 1.8
129 x 10-4 25
1.14 x 10-2 2.2
5.50 X 10-2 1.9

207°C. n is 2-2.5. It can be seen from
nucleated by additives is obviously heterogeneous nucléation; that is, the
valueofnis2 n 3o0orl~n "2

Table | gives the maximum density and the degree of crystallinity at
The relation of crystalline (Fc) and
amorphous (FO0) specific volumes to temperature is given in egs. (3) and (4),

each crystallization temperature.

respectively.8

Density,
g./cc.

1.0310
1.0360
1.0590

1.0295
1.0400
1.0765

1.0345
1.0460
1.0585

1.0355
1.0460
1.0585

Degree of
crystn.,
%

28.9
31.4
30.5

27.4
=35.3
41.9

32.3
35.1
29.7

33.3
35.1
29.7

Table | that the crystallization

Vc = 0.8524 + 2.38 X 10-4-T

(3)
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va = 0.8816 + 5.64 X 10~4-T )

where T is the temperature (°C.).

The maximum crystallinities of nylon 6, nucleated by nylon 66, poly-
ethylene terephthalate, and lead phosphate, are not always higher than
those of the base polymer at the crystallization temperature in the range
of 205 to 180°C. The additives used in this experiment give only the
increasing effect on the crystallization rate.

Morphology of Spherulites

The spherulites of nylon 6 nucleated by additives at 150 and 5°C. were
observed with thin film by a polarizing microscope. Figure 6 shows the
photographs of spherulites. By adding the nucleating agent, the size of

Fig. 6. Photographs of spherulites of nylon 6 nucleated by additives.
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spherulites decreases and the distribution becomes homogeneous. The
diameter of spherulites are given in Table Il. In the base polymer, the
size of spherulites varies depending on the crystallization temperature:
crystallization at high temperature affords large spherulites, whereas at low
temperature small spherulites are obtained. In the nucleated polymer,
however, the size of the spherulite is almost independent of the crystalliza-
tion temperature.

TABLE 11
Nucleating Effect on the Size of Spherulites of Nylon 6

Diameter of spherulites, 1

Nucleating Crystallized Crystallized
agent % at 150°C. at 5°C.
Base polymer - 50-60 15-20
Nylon 66 0.2 10-15 5-10
1 4-5 4-5
Polyethylene 0.2 10-15 5-10
terephthalate 1 4-5 4-5
Pb3P 042 0.05 10-15 8-10
0.1 4-5 4-5
0.5 4-5 4-5
NaHZ 04 0.05 5-10 3-7
0.1 3-7 35
0.5 5-7 3-5
Na7?P® B 0.05 5-6 4-6
0.1 4-5 3-5
0.5 6-9 5-8
TiO, 0.05 20-25 5-10

The authors wish to thank Dr. M. Watanabe and Dr. N. Yoda for their helpful dis-
cussions and Mr. T. Suyama for his assistance in this work.
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Résumé

On discute la cinétique de la cristallisation isotherme et la morphologie de sphérulites
de nylon 6, nueléés par des additifs. On a employé du nylon 66 du téréphtalate de
polyéthyléne et certains composés inorganiques phosphores comme agents de nucléation.
Dans le domaine des températures comprises entre 205° et 180°C, la cristallisation se
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passe par croissance aune ou a deux dimensions et on a une nucléation hétérogene. Les
agents de nucléation augmentent la vitesse de cristallisation et font diminuer la période
d’induction de cristallisation. Le maximum de cristallinité n’augmente pas toujours
quand on ajoute les additifs utilisés pour ces expériences. Par addition d’agents de
nucléation, la taille des sphérulites diminue et la distribution devient homogéne et indé-
pendante de la température de cristallisation.

Zusammenfassung

Die Kinetik der isothermen Kristallisation und die Morphologie von Sphéarolithen in
Nylon 6 bei Keimbildung durch Zusédtze wurde diskutiert. Nylon 66, Polyathylen-
terephthalat und einige anorganische Phosphorverbindungen wurden als keimbildende
Reagenzien verwendet. Bei einer Kristallisationstemperatur zwischen 205 und 180°C
verlauft die Kristallisation in der Art eines ein- oder zweidimensionalen Wachstums und
einer heterogenen Keimbildung. Die Kristallisationsgeschwindigkeit wird durch
keimbildende Reagenzien erhoht und die Induktionsperiode der Kristallisation herab-
gesetzt. Die maximale Kristallinitat nimmt durch die hier verwendeten Zuséatze nicht
immer zu. Durch Zusatz keimbildender Reagenzien nimmt die Grésse der Kristallite
ab und die Verteilung wird, unabhéngig von der Kristallisationstemperatur, homogen.
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Copolymerization of Styrene and Aliphatic Olefins

C. G. OVERBERGER and KAZUO MIYAMICHI, Department of
Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York

Synopsis

An attempt has been made to study the composition of the products resulting from
polymerization of equal molar amounts of styrene and 4-methyl-I-pentene and styrene
and 3-methyl-lI-butene with vanadium oxytrichloride and aluminum triisobutyl as the
catalyst system. Fractionation of the products has revealed that some copolymers can
be obtained with both olefins— a larger amount of copolymer being obtained with
4-methyl-l-pentene. Homopolymerization of both styrene and the a-olefin also occur.
Qualitatively, in this catalyst system, the order of the polymerization rate is 4-methyl-I-
pentene-1 > styrene > 3-methyl-lI-butene. The results again collaborate the authors’
early work that the copolymers obtained are not of uniform composition.

INTRODUCTION

Ziegler-Natta type of catalysts ordinarily are formed by combining a
reactive organomctallic compound such as an aluminum alkyl with a tran-
sition metal compound such as a titanium halide or vanadium halide. The
function of the aluminum alkyl is in part to reduce the transition metal to a
lower valence state and to provide an alkyl group for the transition metal.
(The catalyst-forming reaction is complex, and attempts to define experi-
mentally the precise nature of the active species generally have led to am-
biguous results.) For example, there is no general agreement as to whether
the polymer molecule grows from an aluminum centerl2 or a transition
metal center.3-7

The possible multiplicity of catalytic sites in these heterogeneous
catalyst systems has been thought to lead to a broad molecular weight
distribution in a homopolymerization8 and to the formation of several
different polymer species in a copolymerization.910 If a catalyst having a
single active site is used in a copolymerization, it may lead to the formation
of copolymer having a uniform composition. This has recently been re-
ported for homogeneous copolymerization of ethylene and propylene.®6

Copolymerization experiments with a transition metal type of catalyst
is expected to give not only a polymer of a new type but also some knowledge
on the nature of the active site. The selection between two monomers
at the growing polymer chain end is a sensitive measure of the structure
and polarity of the active propagation site, and a change in this selectivity
implies a change in the nature of the active sites.

2021
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In this paper, copolymerization of styrene with 4-methyl-l-pentene and
3-methyl-1-butene were investigated. Studies of the copolymerization of
styrene and aliphatic olefins have not been published so far, although co-
polymerizations of styrene with styrene derivatives and copolymerization
of two olefins have been investigated. Crystalline polyolefins are different
from crystalline polystyrene in some properties, especially in solubility.
If crystalline polymer would be formed, the experimental treatment and
the interpretation of data would be difficult. Accordingly, it is preferable
to use conditions leading to the formation of amorphous polymer. It has
been found that increasing the size of the alkyl group in aluminum com-
pounds results in the formation of catalytic complexes which form more
amorphous polymer, and that transition metal compounds which are
liquids and soluble in hydrocarbons tend as a rule to form more amorphous
polymer.1l Therefore, aluminum triisobutyl and vanadium oxytrichloride
were chosen as the catalyst system.

EXPERIMENTAL
Purification of Materials
Styrene

Inhibitor was removed by washing with dilute sodium hydroxide solu-
tion followed by distilled water. After drying over “molecular sieves”
styrene was distilled under nitrogen, b.p. 45°C. (15 mm.).

8-Methyl-1 -butene and Jj.-Methyl-1-pentene

Both were research grades supplied by Phillips Petroleum Co. They
were purified by distillation and flushed with prepurified nitrogen before
use.

n-Heptane

«-Heptane was refluxed with concentrated sulfuric acid for approximately
10 hr., and then washed with water followed by dilute sodium hydroxide
solution and distilled water. After drying over molecular sieves, the
«-heptane was distilled, b.p. 98.4°C. The «-heptane was stored over
molecular sieves and flushed with prepurified nitrogen before use.

Aluminum Triisobutyl

Aluminum triisobutyl was purified by distillation of a commercial prod-
uct, b.p. 53°C./0.6 mm. under nitrogen, and stored in a glass-stoppered
flask filled with nitrogen.

Vanadium Oxytrichloride

Vanadium oxytrichloride was purified by distillation of a commercial
product, b.p. 54°C./59 mm. under nitrogen, and stored in a glass-stoppered
flask filled with nitrogen.
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Polymerization Technique

Polymerizations were carried out in sealed ampules. After an ampule
had been heated in an oven at 110°C. overnight, it was stoppered with a
self-sealing rubber cap while hot, and flushed with prepurified nitrogen
through a hypodermic needle. Vanadium oxytrichloride, n-heptane, and
aluminum triisobutyl were added by means of hypodermic syringes success-
ively. The ampule was weighed after each addition. The ampule was
immersed in a Dry Ice-trichloroethylene bath, and the monomer (or co-
monomer) was injected by means of hypodermic syringe. The syringe
was weighed before and after addition. The ampule was sealed off, while
being flushed with a slow stream of nitrogen through a hypodermic syringe.
Polymerizations were carried out in a rotating oil bath. All polymeriza-
tions were carried to low conversions to insure constant monomer concen-
trations and to avoid diffusion-controlled processes.

The ampule’s contents were cooled in a Dry Ice-trichloroethylene bath
and then the ampule was opened. The contents were poured into about
5-10% hydrochloric acid in a methanol-isopropanol mixture (50/50) and
stirred by means of a magnetic stirrer overnight. After digestion, the
polymer was filtered, washed with methanol, and dried to constant weight
under vacuum.

Fractionation

Fractionations were carried out at 40°G. by a precipitation method using
carbon tetrachloride as the solvent and methanol as the nonsolvent. The
concentration of the initial polymer solution was approximately 0.2 to
0.3%. The precipitant, after being separated from the solution phase, was
dissolved again in carbon tetrachloride and then poured into a large volume
of methanol. The precipitated polymers were then filtered, washed, and
dried under vacuum at 40°C. to constant weight.

Viscosities were measured with a Ubbelohde-type viscometer at 30°C.
in carbon tetrachloride.

Analysis of Copolymer Composition

Both infrared spectroscopy (solution method,2 film method1314 and
radiochemical methods91012 have often been used for the analysis of co-
polymer composition. However, the potassium bromide pellet method of
infrared spectroscopy has not been used since it has been said to be in-
accurate. In this work the potassium bromide method was examined
because of the difficulty of finding a suitable solvent for both polystyrene
and the polyolefins.

Known mixtures of polystyrene and poly-4-methyl-l-pentene were
prepared for the calibration. Five milligrams of the sample was mixed
with 400 mg. of potassium bromide using a rotating vibrator to prepare a
disc. The optical densities of the peak at 1603 cm.-1 was calculated by a
base-line method. Figure 1 shows the calibration curve. It was found
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Polystyrene Content (wt. %

Fig. 1 Calibration curve.

that the optical density at 1603 cm.-1 was proportional to the polystyrene
content of the mixtures and the maximum deviation was +5% . This was
considered to he good enough for the purpose of this experiment since even
in the film method of infrared spectroscopy the average deviation is about
+5%.

RESULTS

Copolymerization of Styrene and 4-Methyl-1-pentene with Various
Ziegler-Type Catalysts

Copolymerizations of styrene (50 mole-%) and 4-mothyl-1-pentone
(50 mole-%) were carried out at 75°C. for the purpose of obtaining polymer
for solubility tests. The following transition metal salts: VCls, VOCIs,
VCls, TiCI3 and TiCh were used with aluminum triisobutyl. These
results will not be described here because of poor reproducibility of data.
Moreover, the results of the solubility tests are meaningless since the co-
polymerization products have been found to be mixtures of copolymers
and homopolymers.

Copolymerization of Styrene and Aliphatic Olefins with either Vanadium
Oxytrichloride or Aluminum Triisobutyl

It has been found that at high or low mole ratios of aluminum alkyl to a
transition metal compound polymerization proceeds by several different
mechanisms and thus several different polymer species are being formed.

Styrene (St) and 4-methyl-1-pentene (4-Me-I1-P) or 3-methyl-l-butene
(3-Me-1-B) were copolymerized with vanadium oxytrichloride and with
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aluminum triisobutyl alone. The results are shown in Tables | and II.
As noted, vanadium oxytrichloride yielded almost pure polystyrene. On
the other hand, aluminum triisobutyl was found to be a poor catalyst for
any polymerization. The homopolymerizations of styrene, 4-methyl-I-
pentene, and 3-methyl-lI-butene were attempted with vanadium oxytri-

chloride. The results show that only styrene can be polymerized (Table
11).

TABLE |
Copolymerization of Styrene Using Vanadium Oxytrichloride*

Product
Co- Con- [id in St
Heptane, Comonomer, monomer, version, CCh, content
VOCl,, g. o mole-% o wt.-% 100 cc./g. wt.-%
0.39 14.24 4-Me-I-P 2.85 56.5 0.37 95
30.5
0.61 14.65 3-Me-I-B 2.50 60.6 0.47 98
40.5
“40°C., 5 hr.
TABLE 11

Copolymerization of Styrene Using Aluminum Triisobutyl*

St
Co- Con- con-
Al(t-Bu)»  Heptane, Comonomer, monomer,  version, tent,
g o mole-% I8 wt.-% Product wt-%
0.40 13.61 4-Me-I-P 2.81 Trace -
40.5
0.60 14.69 3-Me-I-B 2.73 2-3 100
30.1
»40°C., 5 hr.

These results indicate that the presence of excess unreacted vanadium
oxytrichloride is not favorable because of the possibility of the formation of
polystyrene, while with excess unreacted aluminum triisobutyl there is
little possibility of the formation of homopolymers. Therefore, an excess
of aluminum triisobutyl was used for succeeding experiments. There is a

TABLE 111
Homopolymerizations with Vanadium Oxytrichloride”

Monomer .

i version,

VOCI,, g Heptane, g Monomer o mole-% wt.-%
0.38 14.24 St 3.05 0.029 84
0.51 14.48 4-Me-I-P 251 0.030 0
0,40 13.99 3-Me-I-B 2.13 0.030 0

“40°C., 5hr.
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minor possibility of the existence of cationic catalysts such as alkyl alu-
minum dichloride or dialkyl aluminum chloride.

Homopolymerization of Styrene, 4-Methyl-l-pentene and 3-Methyl-I-
butene with Aluminum Triisobutyl-Vanadium Oxytrichloride

Styrene, 4-methyl-lI-pentene, and 3-methyl-lI-butene were homopoly-
merized with an aluminum triisobutyl-vanadium oxytrichloride catalyst
using the same conditions. Qualitatively it was found that styrene was
polymerized at a faster rate than 3-methyl-I-butene but less easily than
4-methyl-l-pentene (Table 1V).

TABLE IV
Homopolymerizations with Aluminum Triisobutyl-Vanadium Oxytrichloride Catalyst”
Al- Monomer an-
VOCI3 (i-Bu)s, Al/V, Heptane, version,
ol o ratio o Monomer o mole-% wt.-%
0.22 0.94 3.8 14.35 St 3.81 0.037 5.8
0.39 0.84 1.9 14.18 St 3.24 0.031 8
0.20 0.97 4.1 14.32 4-Me-I-P 3.05 0.036 15.4
0.18 0.82 4.1 14.38 3-Me-I-B 2.39 0.034 1.8
0.18 0.91 4.6 14.46 3-Me-I-B 243 0.035 2.6
“ 40°C., 4.7 hr.
DISCUSSION

From the results of the homopolymerizations and copolymerizations, it is
clear that styrene is more reactive than 3-methyl-lI-butene but less reactive
than 4-methyl-lI-pentene (Table V).

TABLE V
Copolymerizations with Aluminum Triisobutyl-Vanadium Oxytrichloride Catalyst"
Product
Co- Con-
AlU- mono-  ver- St
VOCla, Bu)3 Al/V, Heptane, mer, sion, content,
ol I8 ratio o St content o wt.-% wt.-%
Styrene-4-Methyl-1 -pentene
25 9.4 3.3 140.6 (75 wt.-% 29.6 8.8 48
70 mole-%o)
2.7 91 29 143 (75 Wt.-% 328 89 47b
70 mole-%o)
Styrene-3-Meth}d-I-butene
2.6 9.4 3.2 139.4 (77 wt.-% 33 7.5 93b

70 mole-%o)

“40°C., 5 hr.
lj Fractionated samples.
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It has been suggested that a Ziegler-Natta catalyst consisting of an
organometallic reducing agent and a transition metal compound forms bi-
molecular complexes having the halogen bridge structure.0 Garrick6 has
proposed that propagation occurs at the transiton metal center based on the
result that the relative monomer reactivities are altered by changes in the
transition metal center but not by changes in the reducing agents. Steric
effects are considered to play an important role in the initiation and prop-
agation steps, although a polar effect should not be neglected. It has
been reportedX that propylene is generally less reactive than ethylene with
heterogeneous Ziegler-Natta type of catalysts and this fact has been attri-
buted to a steric factor. However, since these copolymers have been ob-
tained at high conversion, the process may be diffusion controlled and the
results may represent the difference in the rate of diffusion of ethylene and
propylene.

In the present case reactivities of the monomers may also be explained
by a steric effect. Since the bulky side group of 4-methyl-l-pentene is
further from the polymerizing double bond than in the case of styrene and
3-methyl-I-butene, the degree of steric hindrance may be lower in 4-methyl-

I-pentene.
The fractionation results reveal some interesting facts (Tables VI and
VIIl). In both cases the copolymerization product was found to have

fractionated in the order of decreasing molecular weights having increasing
styrene contents. In the case of styrene and 4-methyl-lI-pentene, the
first two fractions, No. 1 and 2, are largely poly-4-methyl-l-pentene con-
sidering some errors in the fractionation and the anaylsis. Fraction No. 3
was soluble in boiling carbon tetrachloride but precipitated at 40°C.

TABLE VI
Fractionation of a Styrene-4-Methyl-lI-pentene Copolymer
Frac-
tion Fraction, St content of
No. Fraction, wt. g. wt.-% p¥] in CCL, 100 cc./g. fraction. wt.-%
1 0.092 4.1 Insol. in CCL 7 (5)°
2 0.350 15.4 Insol. in CCl4 1 (5)¢
3 0.248 10.9 Sal. in boiling CCli 9
but insol.
in cold CCL
4 0.487 21.5 3.1 26
5 0.387 17 0.50 3
6 0.483 21.3 0.07 83
7 0.221 9.8 0.06 95
Total 2.268 100
(93% of the
initial
amount)

aCalculated using the peak at 760 cm.“ 1; since the absorption at 760 cm.“ 1was very
strong compared to the absorption at 1603 cm.-1, the latter peak was not useful for the
sample having high styrene content.
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TABLE VII
Fractionation of a Styrene-3-Methyl-I-butene Copolymer
St content
Fraction, [v]in CCl4 in fraction,
Fraction No. Fraction, wt. wt.-% 100 cc./g. wt.-%
1 0.0108 1 Insol. 75
in CC14
2 0.1029 9 2.2 82
3 0.1174 10.3 1.2 86
4 0.1674 14.7 0.32 104
5 0.4022 35.2 0.20 100
6 0.3402 29.8 0.08 9%
Total 1.1409 100

(92% of the
initial amount)

Both the solubility and the composition support the fact that this fraction
is a copolymer. Fractions No. 4 and 5 may also be considered to be co-
polymers. Fractions No. 6 and 7 are largely polystyrene. In the case of
styrene-3-methyl-lI-butene, it is probable that fractions No. 1, 2, and 3 are
copolymers, while fractions No. 4, 5, and 6 are polystyrene. The fact that
more than 70% of the product is polystyrene shows the lower reactivity of
3-methyl-1-butene in the copolymerization. Although the reason why
much low molecular weight polystyrene was formed is not clear, it may
be due to the following causes: (1) soluble vanadium oxytrichloride which
has not reacted to form complex (although excess aluminum triisobutyl
has been used); (#) 3-methyl-1-butene acted as a degradative chain trans-
fer agent; (3) impurities contained in the monomers; (.() water (since
3-methyl-l-butene was a liquid having a low boiling point it was used in a
cooled state. During operation, water in the air was condensed on the
hypodermic needle although it was wiped.)

From the fractionation data presented it is clear that the copolymerization
product in both cases is a mixture of copolymers and homopolymers. The
results may be explained by the assumption that there exists more than one
active site on the catalyst.

A model for the existence of various active sites has been proposed by
Overberger and Nozakura,0indicating that the polarity of the interstitial
bond between a transition metal atom and an aluminum atom varies with
different substituents of the aluminum compound. In the case of copoly-
merization of styrene and an olefin, selectivity of monomer by an active site
may be more severe than in the cases of styrene and a styrene derivative
and an olefin and another olefin.

The catalyst formed from aluminum triisobutyl and vanadium oxytri-
chloride is not soluble in hydrocarbon although both components are
soluble. It would be interesting to use a soluble catalyst, such as a mix-
ture of an aluminum halide, t-etraphenyltin, and a vanadium halide, which
is supposed to have a single active site.
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Résumé

On a essayé d’étudier la composition des produits résultant de la polymérisation de
quantités équimoléculaires de styréne et de 4-méthyl-penténe-l, de styréne et de 3-
meéthyl-buténe-1 avec de |'oxytrichlorure de vanadium et du triisobutyl-aluminium
comme catalyseurs. Le fractionnement des produits montre que certains copolymeres
peuvent étre obtenus avec les deux oléfines— une plus grande quantité de copolymere
étant obtenue avec le 4-méthyl-penténe-l. 1l y a également homopolymérisation de
styréne et de |’'alpha-oléfine. Qualitativement, avec ce systéeme catalytique, |’ordre
de la vitesse de polymérisation est 4-méthyl-penténe-l > styréene > 3-méthyl-butene-I.
Les résultats confirment & nouveau nos travaux antérieurs, a savoir que les copolymeres
obtenus ne sont pas de composition uniforme.

Zusammenfassung

Die Zusammensetzung der durch Polymerisation aquimolarer Mengen von Styrol
und 4-Methylpenten-l, sowie von Styrol und 3-Methylbuten-I mit Vanadinoxytri-
chlorid und Triisobutylaluminium als Katalysator erhaltenen Produkte wurde unter-
sucht. Die Fraktionierung der Produkte zeigte, dass mit beiden Olefinen Copolymere
erhalten werden kdnnen, wobei 4-Methylpenten-I die grissere Copolymermenge bildet.
Es tritt auch Homopolymerisation von Styrol und dem a-Olefin ein. Mit dem ver-
wendeten Katalysator besteht qualitativ folgende Reinhenfolge der Polymerisations-
geschwindigkeit: 4-Methylpenten-l > Styrol > 3-Methylbuten-l. Die Ergebnisse
bestétigen unseren friheren Befund, dass die erhaltenen Copolymeren keine einheitliche
Zusammensetzung besitzen.
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Mechanism of Secondary Crystallization in Polymers

F. RYBNIKAR, Research Institute for Rubber and Plastics Technology,
Gottwaldov, Czechoslovakia

Synopsis

In isothermal crystallization of polymers, where the fusion preceding the crystalliza-
tion process is conducted at relative low temperatures or in samples subjected to 7-radi-
ation, there is extensive secondary crystallization. Secondary crystallization, which has
been found to start stepwise at atime equal to two half-times of primary crystallization,
represents a new process of crystallization following the Avrami equation with n = 1
In addition to this crystallization process a further slow increase of crystallinitj' with
time takes place.

The crystallization process of polymers is usually divided into two phases
primary and secondary crystallization. During primary crystallization
there arise and grow spherulitic crystalline formations which are character-
ized by a definite degree of organization, approaching more or less the ideal
crystal structure. The course of the primary crystallization may be given
by the Avrami equation in two ways. The first way is:

a = 1 — exp{ —Ktn) 1)

In this case the growing crystalline aggregates have a degree of crystallinity
a = 1, i.e., their crystalline structure does not show any failures. How-
ever, at the end of primary crystallization the ideal crystalline state with
a = 1 is not attained throughout the whole sample because the process of
crystallization in accordance with eq. (1) settles down due to Kkinetic
reasons and proceeds only very slowly.

In the second case it is presumed that the growing morphological forma-
tions are distinguished by a fixed degree of crystallinity ao < 1; thus

a = aQl — exp{ —Ktn}) (2)

In egs. (1) and (2) constants K and n are characteristic of a given type of
nucleation and growth and tis the time of crystallization.

Supplementary crystallization changes, which cannot be characterized
by eqs. (1) or (2) are usually termed secondary crystallization.

Secondary crystallization, therefore, represents a further increase in
crystallinity consisting in additional crystallization of uncrystallized mate-
rial or in further development of the already formed crystalline structure.
Possibly, secondary crystallization may comprise both of these processes.
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The mechanism of secondary crystallization in polymers has not yet been’
satisfactorily explained. The difficulties consist in the fact that the extent
of secondary crystallization is, in comparison with primary crystallization,
usually relatively small, and in most cases it is quite difficult to determine
the onset of secondary crystallization. The described mechanisms of the
secondary crystallization may be essentially divided into two groups. The
proponents of the first group:-s characterize secondary crystallization as a
reorganization of the remaining amorphous phase, where the variation of
crystallinity or of other quantities proportional to the crystallinity {Vsp,
density, etc.) is linearly related to the logarithm of time. The proponents of
the second groupass believe that the process of secondary crystallization is
analogous to the relaxation process, where the logarithm of crystallinity
change is linearly proportional to the time.

In a previous papers we have shown that the process of primary and
secondary crystallization, can be relatively easily distinguished, because
the beginning of secondary crystallization is characterized by a sudden
increase in crystallinity which appears at a time tof crystallization (t~ 2,
where r is the half-time of the primary crystallization). This fact makes
possible a reliable determination of the beginning of secondary crystal-
lization and permits the course of secondary crystallization, the rate
and extent of which is highest just in the original period, to be followed.
In those cases where the extent of the secondary crystallization in the time
interval between 2r and 3r is only about 5-10% of the primary crystalliza-
tion, it is not possible to study the mechanism of secondary crystallization
in detail. However, the situation appeared to be very favorable in cases
where the extent of secondary crystallization was of the same magnitude or
even greater than the extent of the preceding primary crystallization.

Experimental

Measurements were made on commercial samples of polypropylene, i.e.,
Moplene (M) and Daplene (D), and poly-s-caproamide (s-PA). The
samples of Daplene were subjected to radiation in vacuo from a Coso source

TABLE |
Characteristic Values of Measured Samples of Moplene, Daplene, and Poly-6-caproamide
Melt index
Extractable Ash at 190°C.,
Sample M, nil./g. content, % content, % g./10 min.
M 459° 6.2b 0.06 0.81
D" 88 3.0b 0.06 4.56

6-PA 133d 2.2«

alnherent viscosity determined at ¢ = 0.1 g./IOO ml. in tetralin at 140°C.
bExtracted with cold /j-heptane.

cValues of original sample.

1 Determined at 25°C. in mcresol.

6 Extracted with boiling water.
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Raving an activity of 250 C. The intensity of the 7 -radiation was 14 rep/
sec. The course of crystallization was followed by changes in density, as
measured by density balance. The polypropylene samples were fused and
crystallized in glycerol, those of poly-s-caproamide were treated in silicone
oil. The equipment and the method of measurement were described pre-
viously.! The course of crystallization was characterized by the Avrami.
equation as-a phase change of the amorphous fraction 6 = 1 at the beginning,
and 6 = o at the end of primary crystallization which was determined by
the stepwise onset of the secondary crystallization.- The density changes-
were followed with a sensibility better than +0.0005 g./cm.3 Character-
istic values for the samples studied are given in Table I.

Results and Discussion

In studies of the influence of the fusion conditions on crystallization
kinetics of polypropylene and polyamides a marked increase was noted in
the extent of secondary crystallization in place of the extent of the primary
crystallization in cases where the fusion was conducted at relatively low
temperatures. A similar effect was observed on the irradiated polypropyl-
ene samples. In contrast to normal samples, a low fusion temperature was
not necessary to produce the increase in the extent of secondary crystal-
lization. Some typical examples in which secondary crystallization reaches
to a greater extent are given in Figures 1-3. These examples may be used
for a detailed study of the mechanism of secondary crystallization. It can
be seen that the secondary crystallization begins in all cases att~ 2r. The
rate of secondary crystallization is at first relatively high; later it becomes
smaller and smaller. 11 cases where the sensitivity of the experimental
procedures did not allow the end of the primary crystallization to be dis-
tinguished from the onset of secondary crystallization, the initial portion of
the secondary crystallization was included with the primary crystallization.

Fig. 1 Crystallization isotherms of Moplene samples at various crystallization
temperatures Tc after fusion 15 min. at 170°C.: (®)144°C.; (O) 146°C.; (*)148°C.;
(9) 150°C.
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This caused the last 10-30% range of the “primary” crystallization to
deviate systematically toward lower values as compared with the theoretical
course according to the Avrami equation.s s-12

Fig. 2 Crystallization isotherms of y-irradiated Daplene samples at various crystalliza-
tion temperatures after fusion 15 min. at 190°C.: (¢) 121.9°C.; 1.70 X 10srep; (O)
123°C., 1.2G X 10srep.

1.03

1.02

1.01

1.00

t, min 100 200

Fig. 3. Crystallization isotherms of poly-6-caproamide samples at various crystallization
temperatures after fusion 15 min. at 225°C.: (¢) 211.5°C.; (O) 212°C.

A comparison of the course of secondary crystallization in our samples
with the two aforementioned types of mechanisms for secondary crystalliza-
tion shows that neither the dependence of density on log t2nor the depend-
ence of log of density on t2is in accord with the experimental values. A
marked deviation exists in the early state of secondary crystallization, and
only the terminating phase of density increase with time can be expressed
as log h2= /i'i + knt2 where /iz is the density after secondary crystallization,
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Fig. 4. Analysis of the course of secondary crystallization of polypropylene and poly-
6-caproamide samples as a phase change according to the Avrami equation: (0)
Moplene (M), 144°C.; (=) M, 146°C.; (DM, 148°C.; (©) M, 150°C.; (-~<3>) Daplene
(D),123°C.; 0)D, 121.9°C.; (O) 6-PA, 211.5°C.; (C) 6-PA, 212°C.

fci = hi is the density at the end of primary crystallization, k2is a constant,
and .2 is the time of secondary crystallization.

The important inadequacy of the foregoing mechanisms for the course of
secondary crystallization lies in the fact that they do not consider the possi-
bility that the observed changes could be evoked by a further crystallization
process. However the present results show that the initial portion of the
secondary crystallization represents an independent crystallization process.
If the analysis of the course of secondary crystallization is treated from this
point of view, the secondary crystallization can be expressed by the Avrami
equation with a value of n = 1. Figure 4 shows some typical examples
which confirm this assumption. According to Morgan,13the value of n = 1
means that the growth of crystallites runs through predetermined nuclei
either in fibrillar or laminar spherulitic form. Both growth mechanisms are
typical where crystallites are grown under conditions of high supersatura-
tion. Microscopic examination of the morphological structure in polarized
light was not sufficient for objective discrimination of the growth mecha-
nism occurring in the samples.

A comparison of the course of primary and secondary crystallization in
the samples studied is shown in Table Il. Secondary crystallization was
analyzed as a phase change of the crystalline structure with a density hi into
a more perfect crystalline structure with a density h2 The exact determin-
ation of the end of secondary crystallization (that is, of the value hd is
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rather problematical, but it does not significantly affect the analysis of the
course of secondary crystallization. The course of primary crystallization
could not be analyzed in such detail as that of secondary crystallization,
because the course of primary crystallization was rather fast. The values
of the constant n for primary crystallization lie in the vicinity of 2 or 3. As
far as the rate of secondary crystallization is concerned, it can be seen from
the comparison of r and r2values that the rate of secondary crystallization
reaches half that of primary crystallization with polypropylene samples and
even a lower value with the poly-6-caproamide. However, even after the
end of secondary crystallization, the slow increase of density with time does
not stop. A reliable determination could not be made of the onset and
course of the process characterized by a further slow increase of density with
time, because this would necessitate more sensitive measurements and more
prolonged times of crystallization than were used. However, it is very
likely that this process will follow some of the previously suggested expres-
sions.15

It may be concluded that the course of isothermal crystallization of poly-
propylene, poly-6-caproamide, and probably of other polymers can be
divided into three distinct processes: the first, covering the time interval
t= 0tot~ 2r, isthe primary crystallization characterized by the Avrami
equation with the value of constant n = 2, 3, or 4; the second process is
secondary crystallization beginning at time z ~ 2r, representing a further
process of crystallization whose value of n = 1, and the extent of which is
closely related to the number of predetermined crystallization nuclei; the
third process is a slow increase of crystallinity with time, which may be due
to changes occurring in the remaining amorphous phase.
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Résumé

Dans les cas de cristallisations isothermiques de polymeéres ou la fusion précédant le
processus de cristallisation a été menée a de températures relativement basses ou sur des
échantillons obtenus par irradiation-y, la seconde cristallisation couvre une grande
étendue. Il a été constaté que la seconde cristallisation, procédant par étapes dans un
temps égal a deux demi-temps de premiére cristallisation, représente un nouveau procédé
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de cristallisation suivant I’équation de Avrami pour n = 1 De plus dans ce procédé
de cristallisation il se produit une lente augmentation ultérieure de la cristallinité.

Zusammenfassung

Im Falle der isothermen Kristallisation von Polymeren, bei welcher das Schmelzen
vor dem Kiristallisationsprozess bei verhaltnismassig tiefer Temperatur durchgefuhrt
wurde oder bei y-bestrahlten Proben, erreicht die Sekundarkristallisation ein grosses
Ausmass. Es wurde sichergestellt, dass die in der doppelten Zeitdauer der Primar-
kristallisationshalbwertszeit stufenweise einsetzende Sekundéarkristallisation einen
neuen, der Avrami-Gleichung mit n = 1gehorchenden Kristallisationsprozess darstellt.
Zusétzlich zu diesem Kiristallisationsprozess findet eine weitere langsame Zunahme der
Kristallinitat im Laufe der Zeit statt.

Received April 4, 1962
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Maximum Relaxation Time on Polymers in the
Vicinity of Critical Molecular Weight

HIROSHI SOBUE and KENKICHI MURAKAMI,
Department of Industrial Chemistry, Faculty of Engineering,
University of Tokyo, Tokyo, Japan

Synopsis

It is a well-known fact that the relaxation spectra in the rubbery region of linear
amorphous polymers show “box'-type” functions which are characterized by three
elements, re, rm, and E 0, the minimum relaxation time, maximum relaxation time, and
height of the curve, respectively. The equation (rm— re)/log (Tm're) = 2.303 aM w0/
ErUe) can be derived by a simple treatment described in this paper. Then log rm =
—log Eva(l — 1/10K) + o log m, can be obtained from the above equation for the
polymers synthesized by us. According to Fujita’'s results, however, reis independent
of molecular weight and rm becomes r3when M w conforms to M c. For such a case the
above equation is transformed into log (rm're— 1) — loglogrm're=/3logMw/Mc. On
the other hand, log rm experimentally obtained was plotted againt log M w for the same
polymers and it was found that the results were raher on the straight line indicated by
the former equation than on the curve shown by the latter. Alsolog (rm+ 0.234) =
—5.87 + 1.65log M w was found to be suitable for the polymers in the vicinity of M c.

It is a well-known fact that the relaxation spectra of the rubbery region
of linear amorphous polymers show “box-type” functions with increasing
sharpness of molecular weight distribution. Andrews and Tobolskyland
Ferry and co-workers2confirmed this fact with undiluted polyisobutylene
and with concentrated solutions of the same polymer. It was also found
that this box-type function depends strongly on molecular weightl and
molecular weight distribution.34 The above-mentioned results obtained
experimentally, however, can be applied in the ranges of M 5> Mc where
M cis the so-called critical molecular weight.

The purpose of this study is to find out whether there exists any kind of
principles applicable to lower molecular weight polymers in the vicinity of
Mc.

Fifteen samples of polystyrene were prepared by radical-initiated poly-
merization of styrene carried to low conversions.

It is shown by Baysal and Tobolsky5that the molecular weight distri-
bution under these conditions is given by Xn = npn~I(1 — p)2where Xn
is the mole fraction of polymer whose degree of polymerization is n, and p
is the conversion ratio. For this distribution the ratio of weight-average
molecular weight to number-average molecular weight is M,,/Mn = 15.

2039
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TABLE |
Maximum Relaxation Time rmand Shear Viscosity n for Molecular Weights

Sam-

ple Tmat 115 C,, TRdr

No. Mr, M w M, min. at 115°C.
1 178 X 104 1.86 X 104 1.24 X 104 5 g) X 102 9 @ X 10«
2 2@ X 104 2.16 X 104 144 X 104 1.54 X 10-' 1.45 X 107
3 251 x 104 261 X 104 1.74 X 104 3.30 X 10"1 2.24 X 107
4 2.8 X 104 2.94 X 104 1.96 X 104 6.07 X 10-1 2.46 X 107
5 3.47 X 104 3.62 X 104 241 X 104 6.30 X 10M4 3.16 X 107
6 4.07 X 104 4.25 X 104 2 X 104 1.04 3.31 X 107
7 447 X 104 4.67 X 104 3.11 X 104 2.05 4.77 X 107
8 460 X 104 4.80 X 104 3.20 X 104 4.25 1.06 X 108
9 5.76 X 14 5.90 X 104 3.94 X 104 7..69 1.17 X 10s
10 6.61 X 104 6.90 X 104 4.60 X 104 141 X 10 2.36 X 10s
1 8.91 X 104 9.30 X 104 6.20 X 104 178 X 10 3.33 X 10s
12 1.15 X 106 120 X 105 8.00 X 104 7.76 X 10 2.46 X 109
13 1.77 X 106 1@x 105 124 X 105 4.55 X 102 173 X 10»
14 2.09 X 105 2.18 X 10s 145 X 105 8.00 X 102 176 X 10D
15 3.02 X 105 3 15 X 105 2.11 X 105 103 X 104 163 X 101

This is a fairly narrow distribution of molecular weight for a polydisperse
polymer.

Table | shows the values obtained for fifteen polymers. The values of
Mnwere calculated from eq. (1) which was derived from the theory sug-
gested by Baysal and Tobolsky :5

MMV = Vv 2(+1)/r(a + 3) 1)

The viscosity formula for polystyrene given by Zimm9was used in this
work. The result obtained with eq. (1) was:

MJM V= 0.697 @)

Equation (2) was calculated from eq. (1) using a = 0.69 which is a constant
in Zimm's formula.9
The apparatus and procedures used for the measurements of relaxation
were essentially the same as those employed in our previous study. Stress
relaxation data for fifteen polymers at different temperatures were obtained.
From these data master curves in the region of rubbery flow were con-
structed for these polymers at 115°C., using the time-temperature super-
position principle. These master curves were shown in a previous paper.4
The steady-flow (tensile) viscosity 7 of typical monodisperse polymers
that have relaxation spectra showing box distribution can be expressed by
eq. (3):
V= EQr, —re¢ 3)
Here EQ rm and reare the values characterizing such a box distribution

function, EObeing indicated by the height of the relaxation spectrum and
rmand Tebeing the maximum and minimum relaxation time, respectively,
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On the other hand,
V = otM,/ (4)

where Mw> Mc.
Then from egs. (3) and (4),

EQrm—re) = aMj (5)

It is very probable that eq. (5) may be established very well in the region
of Mw Mec.
According to Alfrey’s approximation,6

Er{t) = /"e _J/T/7(log r)d(log t)
= Srmog r)d(log r) (6)
Equation (0) may be modified to eq. (7) for monodisperse polymers:
Er{re = log r)d(log ©)
= 2.303 EOQOlog (rjre @)

E r(ro) is the relaxation modulus at a time scale corresponding to the initial
zone of the rubbery region and is independent of both molecular weight
and molecular weight distribution. Substituting eq. (7) into eq. (5),
the following is obtained.

(rm- re/log(rm’re) = [(MO'ia/Edth ] £ ,f (8)

Accordingly,

log (r,e- Te - loglog (r,,/te) = log 2.303a/E,(rt) + ABlog M, (9)
It was recently suggested by Tobolsky3 according to their experimental
results that EOis a parameter that depends only upon the molecular weight
distribution. If this is so, eq. (10), in which K is a constant may be derived

from eq. (7) for comparatively monodisperse polystyrenes having the index
of MJIMn= 15.

t,Jtc= K (20)
Here,
K = Ar(rf)/2.303A’0
Substituting eq. (10) into eq. (9), we have:
log rm= -log (£,/«)(1 - 1/10«) + Blog Mw (11)

Then eq. (11) shows that the relationship between log t, and log Mw
must be indicated as a straight line having the intercept —Ilog(2?0/a)-
(1 — 1/10A) and the slope 3in the ranges where Mw» Mc.

On the other hand, if the proposal of Fujita and his co-workers6 is
adopted, that reis independent of molecular weight and that M wbecomes
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Meat the point rm—%re, then eq. (8) may be treated in the following way:
lim(rm- re/log(rmTe =_1im[2.303a/Er(Te]M j
Lt M=\
re = [2.303a/Er(re)]M f 12)

If eq. (12) is substituted into eq. (9) it becomes
log [(rmYTe) - 1] - log log (¢£JTe) = Plog (M,/Mg¢) (13)

The experimental values of log rm plotted against log M w should fit
the straight line indicated by eq. (13) when Mw» M @ if Fujita’'s proposal
is right.

Now, from the data available for this kind of polystyrene polymer,
and from our data, more values were selected as reasonable:

Et(tJ = 5.57 X 106dynes/cm.2
P= 34
EO= 1.58 X 106
re = 0.564 (at 115°C.)

The value of re given in minutes, is only applicable in equations based
upon the Fujita proposal.
With the above data eq. (11) becomes:

log rm= —(6.19 — log a) + 3.4 log Mw (A)
and eq. (13) becomes, assuming Mc = 2.0 X 104
log (rm- 0.56)-log (log rm+ 0.25) = -14.87 + 3.4 log Mw (B)

The theoretical line A and the theoretical curve (B) are shown in Figure 1.

When the experimental values of log rm(Table 1) are plotted against log
M wfor the fifteen polymers, Figure 1, it is evident that the data conform
approximately to the line A rather than the curve B. From this straight
line A a slope of 3.4 (p) and intercept —15.10 were calculated; then log
a = —8.91 was obtained from eq. (A), agreeing with the line A.

The values of 2were computed for all fifteen polystyrene polymers from
eq. (14):

) = 2.303 tEr(t)d(log t) (14)

The values of 4 computed by the above method were divided by 3 and
so converted to those of wshear, the shear viscosity; they are given in Table
1. A plot of log ~hear versus log Mwat 115°C. is given in Figure 2.

From the straight line in Figure 2 for the ranges of Mw» Mg, the val-
ues log a = —7.52 and p = 3.38 of a and p were calculated from eq. (4).
These values fit very well with those obtained by the other method de-
scribed above.

As a matter of fact, it is very difficult to see any changes of rein the re-
laxation spectra in our previous work.4 So it is seen from these results that
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the suggestion made by Tobolsky and his co-workers is preferable and it is
concluded that tcis not a parameter independent of molecular weight but, one
dependent on it as well as on rm while EQis dependent on molecular weight

LOO Mw

Fig. 2. Shear viscosity ] vs. molecular weight M w at 115°C.
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Fig. 3. Relationship between shear viscosity 7 and molecular weight mw at 217°C:
(—-) data of Fox and Flory7, (— O— ) data of Sobue and Murakami.

distribution. The solid line in Figure 3 is the relation between log #Sxar and
log Mwat 115°C. converted to that at 217°C. by using the following equa-
tion of Fox and Flory:7

log (vr/vm) = 268 X 1016 (1/T6- 1/4906e- 1330M (15)

The experimental relation log 7shear versus log M wat 217°C. taken from
the viscosity measurements made by Fox and Flory are indicated by the
dotted line in Figure 3. It is seen that both lines are situated very closely,
and the experimental relation log rmversus \ogMwfor the sampleswhich have
molecular weights in the vicinity of M cdeviate more or less from the straight
line expressed by eqs. (11) or (A). Then it is expected from the above-
given facts that the samples having molecular weights in the vicinity of
M c would behave quite differently from those above Mc. It was obvious
in the previous paper that the relaxation spectra of polymers in the vicinity
of Mccould still be approximated by “box-type” functions. In calculating
values of ij for several samples in the vicinity of Mc, Y, vdiich is given below,
cannot be neglected when compared with the values of EO(rm— re) :

Y = 2.303 S-Y tH (log r) d (log r)
= 2.303 /I T tEr(t)d{log t) (16)

Accordingly, while eq. (5) can be established for the ranges of Mw»
Mc, eq. (17) may be established for the vicinity of Mc.

F + Eu(tm — Te) = a'MJ @7
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Here a and ;3" are constants for polymers in the vicinity of M ¢, as suggested
by Fox and Flory. Nevertheless, when the suggestion of Tobolsky and
co-workers is taken, and eq. (10) is substituted into eq. (17), we obtain:

(rm+ Y/k) = {a'/k)M [ (18)

Here k = E0(1 — 1/10%)
Therefore:

log (jm+ Y/k) = log a'/k + /3'log M w (29)

LOO Mw

Fig. 4. Relationship between log (rm + Y/k) and molecular weight Mmw at 115°C.

Since Teis found to be dependent on molecular weight, the values of Y
also depend upon molecular weight, as is clearly seen from eq. (16). How-
ever, several samples of polymers in the vicinity of Mcused in our experi-
ment (samples 1to 5) have molecular weights which are closer to each other
than those of the samples of higher molecular weight, as may be seen in
Table I.

Accordingly, as the differences among the values of Y are so small, Y
is regarded as the constant value for these polymers, which causes no in-
convenience in the next calculation. The experimental data for these
polymers in our experiment are as follows:

Y = 3.60 X 105min. at 115°C.

K = EQl - 1/10*) = 1.54 X 106
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According to Fox and Flory,78 the viscosity formula for polystyrene
polymers in the vicinity of M cis given by eq. (20):

log wit= 1.65log M - 5.38 at 217°C. (20)

The following values of a and {3 were obtained when the values of eq.
(20) were converted to those at 115°C. by means of eq. (15): a = —5.87
and i3 = 1.65.

By substituting Y, k, a', and i3 into eq. (19), eq. (21) was obtained:

log (rB+ 0.23) = -5.87 + 1.65log Mw (21)

Values of log (rm+ 0.23) were plotted against log M, for all fifteen poly-
mers; see Figure 4. The polymers in the vicinity of Mc fit a straight line
very well as seen in Figure 4. Since the straight line in Figure 4 was found
to have a slope of 1.64 and an intercept of —7.22, it was regarded as the
same as that expressed by eq. (19) or (21).

It is thus concluded that eq. (19) or (21) may be established for poly-
disperse polystyrene polymers which have molecular weights in the vi-
cinity of Mc.
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Résumé

P' C’est un fait bien connu que I'image de la rélaxation de polymeéres linéaires amorphes
dans la région caoutchouteuse peut étre représentée par une fonction-type caractérisée
par 3 éléments ¢, ¢, etE,. Dans ce casci t, t, €t En représentent respectivement le
temps minimum de rélaxation, le temps maximum de rélaxation et la hauteur de la

courbe. L’équation (r,, — X,)/log (tnire = 2,303 aM ~/EArA peut étre déduite du
simple traitement mentionné dans cet article. Nous pouvons ensuite déduire I’équation
ci-dessus log r» = —logJ?o/a(l — 1/10K) + jSlog M wpour ce qui concerne les polymeres

synthétisés par nous. Cependant en comparant ces résultats a ceux de Fujita, reest
indépendant du poids moléculaire et r,,, devient ¢, lorsque M w se confond a M ¢. Dans
ce cas, I’équation ci-dessus est transformée en log (rm/r, — 1) — log log — fi log
M w/Me. D’autre part, log t,, obtenus expérimentalement ont été pontés en fonction
de log M w pour les mémes polymeres et on atrouvé que de tels résultats expérimentaux
étaient plutdt sur une ligne droite comme I’indique le premiere équation, que la courbe
indiqué par la derniere. Pour les polymeéres au voisinage de M ¢ on trouve log {rm +
0.234) = -5.S7 + 165log M w.
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Zusammenfassung

Es ist wohl bekannt, dass die Relaxationsspektren im Kautschukbereich linearer
amorpher Polymerer durch eine Rechteckverteilung dargestellt werden konnen, die
durch drei Elemente, xe «., und E 0 charakterisiert wird. Hier bedeutet x, die kleinste
und 7q die grosse Relaxationszeit und E o die Hohe der Kurve. Mit der in dieser Mit-
teilung angegebenen einfachen Behandlung kann die Gleichung (x,, — Xxj/log (xnixe =
2,303 aM wP/E X t,) abgeleitet werden. Soweit es die von uns synthetisierten Polymeren
betrifft, kann dann aus obiger Gleichung log x — -log £2»/«(1 - 1/10*) + & log M w
erhalten werden. Nach den Ergebnissen von Fujita ist aber xeunabhangig vom Mole-
kulargewicht und xm wird gleich .. wenn M wdem ™M ¢ entspricht. In diesem Fall geht
aber die obige Gleichung in log (x,,/xe— 1) — loglog xnix(= r logm J M cuber. Ander-
erseits wurden die experimentell erhaltenen log xm— Werte fur die gleichen Polymeren
gegen log M w aufgetragen, wobei sich zeigte, dass die experimentellen Werte besser auf
der durch die erste Gleichung geforderten geraden Linie lagen als auf der durch die
zweite bedingten Kurve. Auch die Beziehung log (xm+ 0,234) = — 587 + 1,65log M w
ernwies sich fur die Polymeren in der Nachbarschaft von m ¢ als geeignet.

Received June 25, 1962
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A Thermodynamic Study of Viton Elastomer

RYONG-JOON ROE and WILLIAM R. KRIGBAUM, Department of
Chemistry, Duke University, Durham, North Carolina

Synopsis

The temperature coefficients of the retractive force at successive fixed lengths were
measured for a Viton fluoroelastomer sample. At each elongation the sample was held
for at least 40 hr. before the tension measurement in order to minimize the relaxation
effect. The range of elongations covered was confined to a values smaller than 1.65
because of the limited tensile strength of the sample. The results show departures from
the predictions of simple gaussian theory of rubber elasticity in two respects. First, the
tension / at 45°C. follows the Mooney equation with nonvanishing ci values (2Ci =
3.324 kg./cm.2and 2ci = 2.865kg./cm.2. Secondly, the internal energy makes a nega-
tive contribution to the elastic force, and moreover the ratio of the internal energy com-
ponent to the total tensionfj f decreases with increasing a. The thermodynamic be-
havior of the Viton sample is thus qualitatively similar to that observed previously
with a natural rubber network, except that the internal energy makes ‘positive con-
tribution in the latter. The experimental results were also compared with recent
theories which purport to improve upon the simple Gaussian theory of rubber elasticity,
but it is found that none of them can explain the results in satisfactory detail.

I. INTRODUCTION

According to the simple Gaussian theory of rubber elasticity (see
Treloarl) the equilibrium tension/of a crosslinked polymer network, when
stretched unidirectionally to relative elongation a, is given by

f= (5A7al)ryv = vkT[a - (1/a2] 1)

where v is the number of nettvork chains per unit volume. Equation (1)
implies that the energy componentfeof the total tension is equal to zero, i.e.,

fe= (AE/aL)ryv =/ - T(af/aT)vL = 0 @)

Experimental results show, in general, departures from the predictions of
egs. (1) and (2) in three important aspects. First, for large values of a
the observed tension is much greater than that given by eq. (1). Secondly,
for small values of a the experimental results are more accurately described
by the Mooney equation2

| = 2Cx[a - (1/a2] + 2C*[1 - (1/a3] 3)
where Ci and C2are constants. Thirdly, the energy component fe is non-
vanishing and varies, moreover, with a. In this study we are concerned
with the latter two behaviors occurring at small a values.

The value of the energy component fe observed at small a may be either
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positive or negative, depending on whether the average end-to-end di-
mension of the corresponding free chain decreases or increases with in-
creasing temperature. Results of careful measurements of / and /, for
natural rubber crosslinked by radiation were presented in a previous
paper.3 Natural rubber networks exhibit positive values of fe for small
elongations. Measurements are presented here for a Viton fluoroelastomer
network which exhibits negative values of /«. Except that the sign of /,
is opposite, the thermodynamic behaviors of the Viton and rubber
networks are qualitatively the same.

Il. EXPERIMENTAL

The crosslinked sheet of Viton fluoroelastomer was kindly supplied by
E. I. du Pont de Nemours and Co. A compounded stock consisting of
Viton A, 100 parts, MgO, 5.0 parts, and hexamethylenediamine carbamate,
1.5 parts, was precured for 30 min. at 150°C. in a press, followed by a 24 hr.
cure at 204°C. in an oven. A strip 1.6 mm. X 2.0 mm. X 15 cm. cut from
the cured sheet was used for these measurements. The method of measure-
ment has been described previously.3 In the present work, however, the
tension-temperature coefficient at a fixed length was first measured at
the lowest elongation, and then the length was increased in successive
steps until the sample strip broke at a = 1.65. For each elongation the
sample was held at 60°C. for at least 40 hr. before the tension measurement

Pig. 1 Tension vs. temperature at constant length. The indicated relative elongations
refer to 45°C.
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2 Tension vs. temperature at constant length. The indicated relative elongations
refer to 45°C.

3. Tension vs. temperature at constant length. The indicated relative elongations
refer to 45°C.
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ill order to allow for relaxation. The results of the tension-temperature
measurements are plotted in Figures 1-3. The a values shown refer to
45°C. (the average temperature). Table | lists the experimental values of
the tension/at 45°C. and (df/bT)PRiL It is seen that the latter quantity is
negative at the smallest elongation, the thermoelastic inversionl1l occurring
ata = 1.07.

TABLE |
m X i02
a /, kg./cm.2 kg./em.2deg.
1.042 0.719 -0.163
1.084 1.350 0.134
1.126 1.972 0.385
1.169 2.523 0.641
1.218 3.112 0.912
1.270 3.628 1.165
1.321 4.100 1.380
1.370 4.546 1.610
1.412 4.87S 1.766
1.454 5.204 1.930
1.495 5.521 2.095
1.538 5.819 2.249
1.581 6.113 2.414
1.624 6.403 2.551

I11. RESULTS AND DISCUSSION

A. Thefjf Ratio

The fractional contribution of the internal energy to the total elastic
tensionf j f was calculated according to the relation

fe/f = 1- (T/f)@af7aT)tL - [3TX/(m1l- 1)] ()

where X is the linear thermal expansion coefficient. Equation (4) was
derived by Flory, Ciferri, and Hoeve4on the assumption that the rubber
network obeys a modified Gaussian law,5

/ = VKTG(T)[a - (1/V] (5)

where the temperature-dependent factor G(T) takes into account the
variation with temperature of the mean-square end-to-end distance,
r2, of free chains. For our Viton sample X was observed to be 2.3 + 0.1 X
10~4deg“ 1 In Figure 4 values of fjf calculated from the experimental
values of (bf/bT)p,L according to eq. (4) are plotted against a. It is seen
that the fjf ratio at first decreases rapidly with increasing a, and then
gradually levels off. A similar variation of fjf with a was observed for a
natural rubber network at comparable a values, although fe was positive in
the latter case.

In Figure 4 the fe/f ratio is apparently positive for a = 1. It is, how-
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Fig. 4. Variation with elongation of the fractional contribution of internal energy to the
total elastic tension, fe/f.

ever, considered that a change in the sign of the fjf ratio at small a is un-
likely, and the positive value may probably arise either from an experi-
mental error or from some inadequacy in the Flory-Ciferri-Hoeve eq. (4).
The third term on the right side of eq. (4) is sensitive to a small experimental
error in a when a is near unity. One can also calculate fe/f from the exper-
imental data according to the approximate relation

fe/f=1-(T/f)(df/dT),.a (4a)

which has been shown to hold for a = 1. The values of fe/f obtained by
use of eq. (4a) are smaller than those given in Figure 4 by about 0.05, and
therefore, negative in the whole range of a.

B. C2and fs

According to the Mooney eq. (3), a plot of f/[a — (1/a2] against 1/a
should yield a straight line. It is seen in Figure 5 that the experimental
values of fss conform to the Mooney equation. Values of the constants
obtained from this line are:

2Ci 3.324 kg./cm .2

2C2 = 2.865 kg./cm .2

Figure s represents a similar plot of the entropy component of the total
elastic force, fs = / — fe. The linear relationship observed suggests that
fsalso may be represented by a Mooney-type equation

fs = 2CIs[a - (L/u2] + 2C,91 - (1/9)] (6)

lu the plot, all points except the two at a = 1 (where the experimental
error is largest) lie nearly parallel to the abscissa, indicating that Cu is
nearly equal to zero. For natural rubber it was also founds that C/s is
much smaller than C&
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Fig. 5. Mooney equation plot of the total tension/ at 45°C.

Fig. s . Mooney equation plot of the entropy component/s of the total tension at 45°C.

C. Comparison with Theories
The modified Gaussian theory [eq. (5)] leads to 6
fJI = T(E)hvvrdTp, )

and thus predicts that the fjf ratio should be independent of a. How-
ever, the results shown in Figure 4 do not conform to this prediction.
Moreover, /,// varies most rapidly as a approaches unity, whereas one
would expect the gaussian theory to be obeyed more exactly in this region.
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The cubic lattice theory of Krigbaum and Kaneko,6 which takes into
account the energy differences associated with different conformations of
the network chains, shows that/,// can in fact vary with a, although the
predicted variation may not be large enough to explain quantitatively the
results appearing in Figure 4. The theory also predicts nonvanishing
values of C2 However, the predicted C2is negative when fe is negative,
whereas experimentally only positive C2values have been observed.

Ciferri and Flory7found that the magnitude of C2decreases as the time
interval between measurements at successive elongations is made longer
(from 3 min. to 30 min.), hence they conclude that C2should nearly vanish
under equilibrium conditions. In this work a much longer interval of time
(at least 40 hr.) was allowed between successive elongations. Krigbaum,
Kaneko, and Roig,8working with a different Viton sample (crosslinked by
radiation, and estimated to have a lower crosslink density than the present
one), observed that most of the stress relaxation occurs soon after elongation,
and that the stress reaches a nearly constant value after about an hour
at 60°C. From these considerations it appears that, although some
residual kinetic effects may still be present, the C2values observed must
be very close to those obtained at thermodynamic equilibrium.

Vol'’kenshtem et al.9 and DiMarzio proposed that the C2term can be
accounted for through consideration of the entropy effects arising from the
correlation between conformations of neighboring chains (as a result of
the competition for space). However, it does not seem possible to explain
the variation of fe/f with a shown in Figure 2 from entropy effects alone.

IV. CONCLUSIONS

The internal energy makes a negative contribution to the elastic force of
Viton fluoroelastomer on simple elongation. This may be contrasted with
the positive contribution of the internal energy previously observed for a
network of natural rubber. In other respects, both networks exhibit
qualitatively similar deviations from the simple kinetic theory of rubber
elasticity: C2in the Mooney equation is nonvanishing and positive, and
fjf varies with a. None of the recent theories which purport to improve
upon the simple kinetic theory were found to be able to explain these
deviations in detail.

This work was supported by the U. S. Army Research Office (Durham).
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Résumé

On mesure pour un échantillon de fluoroélastomcre Viton les coefficients de tem-
pérature de la force de rétraction a des longueurs fixes successives. A chaque élongation,
I’échantillon est maintenu pendant au moins 40 heures avant la mesure de la tension
dans le but de minimiser les effets de rélaxation. Les domaines d’'élongation étudiés
sont limités a des valeurs de alpha inférieures a 1.65 par suite de la force de tension
limitée de I'’échantillon. Les résultats montrent des écarts par rapport aux prévisions
de la théorie élémentaire gaussienne sur I'élasticité des caoutchoucs a deux points de vue.
Premiérement, la tension / a 45°C suit I’équation de Mooney avec des valeurs de C:,
qui ne deviennent pas négligeables (2Ci = 3.324 kg/cm: et »C. = 2.865 kg/cm?2).
En second lieu, I'énergie interne donne une contribution négative a la force d’élasticité
et, de plus, le rapport de la composante énergétique interne a la tension totale fesf
diminue avec l'augmentation de alpha. Le comportement thermodynamique de
I’échantillon de Viton est donc qualitativement semblable a celui observé antérieurement
avec un caoutchouc naturel réticulé compte tenu de ce que I'énergie interne donne une
contribution positive dans ce dernier cas. Les résultats expérimentaux sont aussi
comparés avec les théories récentes qui cherchent a se baser une théorie gausienne
simple de I'élasticité des caoutchoucs mais on trouve qu’'aucune de celles-ci ne peut
expliquer les résultats avec les détails satisfaisants.

Zusammenfassung

Der Temperaturkoeffizicnt der rucktreibenden Kraft bei sukzessive festgelegten
Langen wurde an einer Probe des Fluorelastomeren Viton gemessen. Die Probe
wurde zur Ausschaltung des Relaxationseffektes mindestens 40 Stunden vor der Messung
bei der betreffenden Elongation gehalten. Der Elongationsbereich wurde wegen der
begrenzten Zugfestigkeit der Probe auf a-Werte kleiner als 1,65 beschrankt. Die
Ergebnisse weichen in zweifacher Hinsicht von den Erwartungen der einfachen Gauss-
Theorie der Kautschukelastizitat ab. Erstens gehorcht die Spannung bei 45°C der
Mooney-Gleichung mit nicht verschwindenden Co-Werten (2C'i = 3,324 kg./cm.2 und
2ci = 2,865 kg./cm.2). Zweitens liefert die innere Energie einen negativen Beitrag
zur elastischen Kraft und ausserdem nimmt das Verhaltnis der inneren Energie-Kom-
ponente zur Gesamtspannung, fjf, mit steigendem a ab. Das thermodynamische
Verhalten der Viton-Probe ist also qualitativ dem friher bei einem Naturkautschuk-
netzwerk beobachteten &hnlich, ausgenommen, dass bei letzterem die innere Energie
einen positiven Beitrag liefert. Die Versuchsergebnisse wurden auch mit neueren
Theorien verglichen, welche eine Verbesserung der einfachen Gauss-Theorie der Kaut-
schukelastizitat liefern sollen; es zeigte sich aber, dass keine davon die Ergebnisse in
allen Einzelheiten befriedigend erklaren kann.

Roceived August 28, 1962
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Preparation and Aromatization of
Poly-1,3-Cyclohexadiene. II*

D. A. FREY, MASAKI HASEGAWA, and C. S. MARVEL, Department
of Chemistry, University of Arizona, Tucson, Arizona, and Department of
Chemistry and Chemical Engineering, University of Illinois,
Urbana, Illinois

Synopsis

Further work on the polymerization of 1,3-cyclohexadiene by the action of Ziegler-
type catalysis and by cationic initiation has been carried out and polymers with an
inherent viscosity of 0.1-0.19 have been obtained consistently. Dehydrogenation of the
poly-1,3-cyclohexadiene by halogenation followed by pyrolysis has given good conver-
sion to a polyphenyl which has some units which are incompletely aromatized. This
polymer has very good heat stability but is not a useful polymer for plastic purposes.

In a previous communicationlthe properties of a poly-1,3-cyclohexadiene
made by the action of a Ziegler-type catalyst on 1,3-cyclohexadiene and
its subsequent dehydrogenation by treating with chloranil were described.
This process resulted in a mixture of a black polyphenyl and carbon black
which was completely intractable. The present paper describes further
efforts to polymerize 1,3-cyclohexadiene with Ziegler-type catalysts and
with cationic initiators and a new process for dehydrogenation of this
polymer to yield a p-polyphenyl which appears to have approximately 100
recurring units.

In the current work, 1,3-cyclohexadiene, which has been shown by
vapor-phase chromatography to be very pure with only traces of cyclo-
hexene and benzene as impurities, has been polymerized with triisobutyl-
aluminum in combination with titanium tetrachloride, vanadium tri-
chloride, or tetrabutyl titanate2and by the cationic initiators, composed of
boron trifluoride, phosphorus pentafluoride, and titanium tetrachloride
under a variety of conditions of temperature, solvents, catalyst concentra-
tion, etc., as shown later in the experimental part. In all cases the poly-
1,3-eyclohexadienes obtained had inherent viscosities in the range 0.04 -
0.19. The polymers made by Ziegler-type catalysts all seemed to have a
regular 1,4 structure and those from cationic initiators were mixtures of

* The work discussed herein was supported by contracts AF 33(616)5486 and AF
33(616)7908 with the Materials Laboratory, Wright Air Development Division, Wright-
Patterson Air Force Rase, Ohio. Reproduction of this paper in whole or in part is per-
mitted for any purpose of the United States Government.
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1,2 and 1,4 units. In no case was a polymer with an inherent viscosity
above 0.19 obtained. All the polymers had properties much like those
recorded before.1

Some new procedures for dehydrogenation have been developed. One
consists in adding bromine to the poly-1,3-eyclohexadiene and pyrolyzing
the bromine addition product. The other involves chlorination of the
polymer followed by pyrolysis. Both procedures give products which
contain small amounts of residual halogen.

When bromination of poly-1,3-cyclohexadiene (inherent viscosity of 0.15)
was done in refluxing n-butyl bromide solution, a tan powder containing
45.57% bromine (and having an inherent viscosity of 0.18) was obtained.
Heating this product in a nitrogen atmosphere to 300°C. for 10 hr. and
then an additional 8 hr. at 380°C. gave a dark brown product which con-
tained only 2.4% bromine. This polymer had infrared aborption at
3100, 2980,1605,1480, 995, 795, 740, and 685 cm ."1

Another sample of brominated polymer was diluted with terphenyl and
heated to 340-350°C. under nitrogen for 12 hr. The terphenyl was ex-
tracted with hot benzene, and the resulting dark polymer contained only
0.46% of bromine. This material was still soluble in 1-me'thylnaphthalene
and had an inherent viscosity of 0.09 in this solvent. Itisevidently a mix-
ture of many p-phenylene units with some undehydrogenated units and a
small amount of brominated units. If the assumption is made that each
chain contains one bromine atom this polymer has about 100 C6 recurring
units.

More complete conversion to aromatic units was obtained by the chlo-
rination and pyrolysis procedure. In general this procedure was used on
poly-1,3-cyclohexadiene made by cationic initiation which consisted of a
mixture of 1,2 and 1,4 structures. Chlorination was achieved by adding
dry chlorine to a carbon tetrachloride solution of the poly-1,3-cyclohexa-
diene. The chlorinated polymer contained 50.58% of chlorine, which
indicates some substitution as well as addition to the double bond. Py-
rolysis of this chlorinated polymer by heating at 350-375°C. for 6 hr.,
cooling, grinding, and reheating to 400°C. under a pressure of 0.025 mm.
for 22 hr. gave a shiny black polyphenyl insoluble in all solvents investi-
gated. X-ray diffraction indicates it is amorphous. Analysis indicates a
formula of (CeHs.ysClo.si)». Infrared absorption at 3030 cm.-1 indicates
aromatic C—1Id; that at 2990, 2885, and 2840 cm .-1lindicates aliphatic
C—H; that at 1595 and 1460 cm .-lindicates sketal C=C; that at 1006
and 815 cm.-1 indicates p-aromatic substitution; that at 885 and 760
cm rlindicates o-aromatic substitution; and that at 695 cm.-1 indicates
C—Cl bonding. These data suggest that this material has some phenylene
units (both 1,2 and 1,4), some chlorinated phenylene units and some par-
tially hydrogenated phenylene units.

This black polymer was sulfonated by hot concentrated sulfuric acid
to give a polymer soluble in methanol, concentrated sulfuric acid, and
partially soluble in water. The sulfonated polymer contained 14.75%
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Fig. 1. Thermogravimetric analysis curve for dehydrogenated poly-1,3-cyelohexadiene.

sulfur, which indicates one sulfur for each twelve carbon atoms. On long
heating at about 400°C. in the air this polymer was gradually oxidized.
The thermogravimetric analysis curve determined for us at the Polymer
Branch of the Nonmetallic Materials Laboratory, Directorate of Materials
and Processes is shown in Figure 1.

EXPERIMENTAL

1,3-Cyclohexadiene boiling at 79-80°C., %d 1.4715 was used. Gas
chromatography indicated the presence of traces of cyclohexene and
benzene. Addition of these materials in larger amounts did not affect
polymerization results.

Poly-1,3-cyclohexadiene

a. From Ziegler-Type Catalysts

The conditions and general procedures described earlierl were used in
some experiments. In other experiments the titanium tetrachloride was
replaced by vanadium trichloride and by tetrabutyl titanate. A few
typical runs are described in Table I.

When vanadium trichloride was substituted for titanium tetrachloride no
polymer was obtained.

b. With Cationic Initiators

The general procedure for the polymerizations with boron fluoride or
phosphorus pentafluoride initiation was as follows.

In a 100-ml. 3-necked round-bottomed flask, fitted with an inlet bubbler,
drying tube, thermometer, mechanical stirrer, and serum cap, were placed
40 ml. of dry methylene chloride and 7.5 g. of 1.3-cyclohexadiene (freshly
distilled, b.p. 76-77°C. uncorrected). The flask was immersed in a Dry
Ice-acetone mixture, and after allowing the mixture to cool to —70°C.,
boron trifluoride was bubbled into the mixture for approximately 1 min.
Within 30 sec. the mixture turned cloudy and solid polymer was visible.
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A temperature increase of approximately 20°C. took place during the
addition of boron trifluoride. The polymerization mixture was stirred for
V2hr., and the catalyst was decomposed by the addition of ethyl alcohol
to the polymerization mixture at the temperature at which the polymeriza-
tion was run. The polymerization mixture was poured into methyl alcohol,
the polymer was removed by filtration and dried under reduced pressure
(0.025 mm.) for 24 hr. The polymer was reprecipitated twice by addition
of its benzene solution to methanol to yield 4.15 g. (55.4%). This benzene-
soluble polymer had an inherent viscosity of 0.1G (0.200 g./IOO ml. of
benzene at 30°C.).

The benzene insoluble polymer was continuously extracted with re-
fluxing xylene for 48 hr. This xylene solution was filtered, concentrated,
and poured into a large excess of methyl alcohol. The polymer was filtered
and dried under reduced pressure (0.025 mm.) for 18 hr. to yield 0.75 g.
(10%). The polymer had an inherent viscosity of 0.19 (0.200 g./IOO ml.
of xylene at 30°C.).

Anal. Calcd. for CeH8: C, 90.00%; H, 10.00%. Pound: C, 89.59%; H, 10.32%.

When tetrahydrofuran was used as a solvent for the polymerization, only
a trace amount of polymer was formed.

When phosphorus pentafluoride was used as the catalyst, the xylene-
soluble polymer was produced in a yield of 86.0%. The inherent viscosity
of the polymer was 0.10 (0.25 g./IOO ml. of xylene at 30°C.).

Polymerization of 1,3-cyclohexadiene was effected with the use of ti-
tanium tetrachloride. The catalyst was prepared in a drybox under a
nitrogen atmosphere by adding 0.22 ml. of a 10% solution of titanium
tetrachloride (in methylene chloride) to 40 ml. of methylene chloride in a
4-0z. screw-cap bottle. The cap was placed on the bottle, removed from
the drybox and placed in a Dry Ice-methanol bath. Freshly distilled
1.3- cyclohexadiene (3.0 g.) was added via a hypodermic syringe to the
bottle. The polymerization bottle was placed in a bath at —20°C. for
66.5 hr. The catalyst was decomposed by the addition of 10 ml. of ethyl
alcohol to the polymerization mixture at the temperature at which the
reaction was carried out. The contents of the bottle were emptied into
approximately 600 ml. of methanol, 1'oly-1,3-cyclohexadiene was removed
by filtration, washed with methanol, and dried under reduced pressure
(0.025 mm.) for 24 hr. The polymer was twice reprecipitated by addition
of its benzene solution to methanol to yield 1.47 g. (49%). This poly-
1.3- cyclohexadiene had an inherent viscosity of 0.11 (0.200 g./[OO ml. ol
benzene at 30°C.). When benzene was used as a solvent only lower
molecular weight polymers were obtained.

The polymers obtained by the above procedures melted in the range of
160-180°C., were white, and were oxidized slowly on exposure to air to
give high melting, yellowish materials.
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Bromination of Poly-1,3-cyclohexadiene

a. From Ziegler Catalysts

1. Attempted Preparation of p-Poly-2,3-dibromocyclohexane. A 2-g.
portion of poly-1,3-cyclohexadiene (the inherent viscosities of the poly-1,3-
cyclohexadiene used were 0.12-0.15 at 0.25 ml./IOO ml. toluene, 25°C.)
was dissolved in 30 g. of carbon tetrachloride, and 2 ml. of absolute ethanol
was added to this solution. This solution was kept at 0-5°C., while a
mixture of 7.0 g. of bromine and 5.0 g. of carbon tetrachloride were added.
It took 2 hr. to complete the addition, and a tan precipitate was produced
during this procedure.

After the reaction mixture was kept at 0-5°C. for an additional hour, the
mixture was filtered, and the precipitated was washed with methanol,
3 g. of product was obtained after precipitation by adding methanol to a
tetrahydrofuran solution of the product, inherent viscosity 0.25 (0.25 g./I0O
ml. tetrahydrofuran, 25°C.).

Anal. Calcd. for (CsHsBr2x: C,30.00%; II, 3.33%; Br, 60.67%. Found: C,
37.69%; H, 4.09%; Br, 58.05%.

2. High Temperature Bromination of Poly-1,3-cyclohexadiene. A 5-g.
portion of poly-1,3-cyclohexadiene (the inherent viscosities of the poly-1,3-
cyclohexadiene wused were 0.12-0.15 at 0.25 ml/IOO ml. toluene,
25°C.) was dissolved in 200 ml. of n-butyl bromide. This solution was
kept at reflux temperature, while a mixture of 32.0 g. of bromine and 50 ml.
of n-butyl bromide was added during a 1-hr. interval. After the addition
of bromine was completed, the solution was refluxed for 20 hr. A tan
precipitate was obtained by adding methanol to the solution. A repre-
cipitation method by addition of water to the tetrahydrofuran solution was
used. The product had inherent viscosity of 0.18 (0.25 g./IOO ml. tetra-
hydrofuran, 25°C.).

Anal. Found: C, 49.81%; H, 3.73%; Br, 45.59%.

b. From Cationic Catalysts

In a 1-1. three-necked round-bottomed flask fitted with a mechanical
stirrer, dropping funnel, drying tube, and thermometer were placed 1.75 g.
of poly-1,3-cyclohexadiene, 100 ml. of carbon tetrachloride, and 2.0 ml. of
absolute ethyl alcohol. The mixture was cooled in an ice bath to 0-5°C.
and 7.0 g. of bromine (excess) dissolved in 100 ml. of carbon tetrachloride
was added dropwise over 2 hr. This mixture was stirred for 5 hr. at 0-5°C.
and was then slowly allowed to warm to room temperature. The reaction
mixture was stirred at room temperature for 14 hr. and then poured into
approximately 1500 ml. of methanol. The polymer was filtered, washed
with methanol, and dried under reduced pressure (0.025 mm.) for 12 hr.
The polymer was twice reprecipitated from tetrahydrofuran with methanol
to yield 3.63 g. (60.5% based on the addition of 1 mole of bromine to each
recurring unit).
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Anal. Calcd. for CeHsBr2: C, 30.00%; H, 3.33%; Br, ss.66%. Found: C,
37.08%; H, 3.99%; Br, 58.48%.

The bromination was also carried out in carbon disulfide; however, the
polymer contained less bromine than when the bromination was carried out
in carbon tetrachloride.

Pyrolysis of Brominated Polymer

a. Without Heat Transfer Agent

A sample of 0.20 g. of brominated poly-1,3-cyclohexadiene (Cells.a
Bi'o.7f)j was put into a side-arm test tube which was equipped with a
thermometer and nitrogen inlet and outlet tubes. While under a nitrogen
atmosphere, the test tube was heated by a metal bath. A considerable
amount of hydrogen bromide was obtained from the nitrogen which had
been passed through the reaction tube. Shaking was needed occasionally
to make the polymer powder heat uniformly. After heating at 300°C. for
10 hr., 0.118 g. of a dark brown powder was obtained.

Anal. Calcd. for (CeH4*: C, 94.70%; H, 5.30%. Found: C, 84.13%; H, 5.11%;
Br, 10.65%.

After heating at 380°C. for an additional 8 hr., 0.104 g. of the polymer was
obtained.

Anal. Calcd. for (CsH4),: C, 94.70%; H, 5.30%,. Found: C, 91.92%; H, 5.39%;
Br, 2.47%.

The infrared spectrum of this product, determined on a KBr disk, ex-
hibited the following bands: 3100, 2980, 1605, 1480, 995, 795, 740, and 685
cm.-1. An ultraviolet absorption spectrum determined on the polymer in
concentrated sulfuric acid solution showed a Xmax at 325 m/u  The concen-
trated sulfuric acid solution was prepared as follows. The mixture of the
sample and concentrated sulfuric acid was stirred by a magnetic stirrer
at the room temperature for 2 hr. The mixture was filtered, and a filtrate
was used as the sample of the ultraviolet absorption spectrum.

b. With Heat Transfer Agent

A 100-ml. three-necked flask was equipped with a thermometer, a
nitrogen inlet tube, and a condenser which was connected with the nitrogen
outlet tube. Brominated poly-1,3-cyclohexadiene (7.1 g.) and 90.0 g. of
p-terphenyl were mixed thoroughly, placed in the flask and kept at 340-
350°C. for 12 hr, under nitrogen. After the reaction was completed, the
solid mixture was washed with hot benzene to remove a large part of
p-terphenyl, then placed in a Soxhlet extractor and extracted with benzene
for 24 hr. The polymer then obtained rvas reprecipitated by adding
methanol to its 1-methylnaphthalene solution. The yield was 2.2 g. of
p-polyphenyl; inherent viscosity, 0.09 (0.25 g./IOO ml. 1-methylnaph-
thalene, 25°C.).



2064 D. A. FREY, M. HASEGAWA, C. S. MARVEL

Anal. Calcd. for (CsH4)X: C, 94.70%; 11,5.30%. Found: C, 93.42%; H, 5.21%;
Br, 0.46%.

Chlorination of Poly-1,3-cyclohexadiene

In a 500-ml. three-necked, round-bottomed flask fitted with a ther-
mometer, inlet bubbler, mechanical stirrer,and drying tube were placed 2.0 g.
of poly-1,3-cyclohexadiene and 250 ml. of carbon tetrachloride. This solu-
tion was cooled in an ice bath to 0-5°C. and dry chlorine was bubbled
through the continuously stirred solution for 6 hr. As the chlorination
progressed some of the halogenated polymer would precipitate out of the
solution. The reaction mixture was allowed to stand overnight at room
temperature, and the polymer was precipitated by adding the reaction
mixture to a large excess of methyl alcohol. The polymer was removed by
filtration, washed with methyl alcohol and dried under reduced pressure
(0.025 mm.) for 24 hr. The polymer was twice reprecipitated from tetra-
hydrofuran with methanol to yield 3.53 g. (94.0% based on the addition of
1 mole of chlorine to each recurring unit).

Anal. Calcd. for CeHsCl12: C, 47.72%; H, 5.34%; Cl, 46.94%. Found: C
44.46%; H, 4.32%; CI, 50.58%.

Dehydrogenation and Dehydrohalogenation of Polychlorocyclohexadiene

In a 50-ml. round-bottomed flask fitted with a stopcock was placed 0.75
g. of polychloro-I,3-cyclohexadiene. The flask was evacuated (0.025 mm.)
five times, each time being filled with purified nitrogen. While under
purified nitrogen the polymer was heated at 350-375°C. for 6 hr. Hydro-
gen chloride was evolved during the first 3 hr. of heating at 350-375°C.
The reaction mixture was allowed to cool and the polymer was pulverized
and heated at 400°C. under reduced pressure (0.025 mm.) for 22 hr.

Anal. Calcd. for (CsH4),: C, 94.70%; H, 5.30%. Found: C, 82.94%; H, 4.49%;
Cl, 12.50%.

Sulfonation of Polyphenyl

In a 100-ml., three-necked, round-bottomed flask fitted with an inlet
nitrogen bubbler, condenser, thermometer, and magnetic stirrer were
placed 0.5 g. of polyphenvl and 25 ml. of concentrated sulfuric acid. This
mixture was heated at 250-280°C. for 116 hr. under a nitrogen atmosphere
while being continuously stirred. The mixture was cooled, filtered and
poured into 150 ml. of distilled water. The black precipitate was removed
by centrifugation, washed with ethyl ether, and dried under reduced pres-
sure (0.025 mm.) for 24 hr.

Anal. Found: C, 39.75%; H, 3.20%; S, 14.75%; residue, 0.55%.
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Résumé

De récents travaux ont été réalisés sur la polymérisation du 1,3-eyclohexadiéne par
action du catalyseur du type Ziegler et par initiation cationique; on a obtenu des
polymeéres ayant une viscosité inhérente de 0,1 a 0,19. Une déshydrogénation du poly-
1,3-cyclohexadiene par halogénation suivie d’une pyrolyse a donné de bons rendements
en polyphényle qui possede quelques unités non aromatisées. Ce polymere est ther-
miquement trés stable, mais non utilisable comme plastique.

Zusammenfassung

Weitere Versuche Uber die Polymerisation von 1,3-Cyelohexadien durch Einwirkung
von Ziegler-Katalysatoren und mit kationischem Start wurden ausgefuhrt und Polymere
mit einer Viskositatszahl von 0,1 bis 0,19 erhalten. Dehydrierung des Poly-I,3-cyclo-
hexadiens durch Halogenierung mit darauf folgender Pyrolyse fuhrte zu einer befrie-
digenden Umwandlung zu einem Polyphenyl mit einigen unvollstdndig aromatisierten
Bausteinen. Dieses Polymere besitzt eine sehr gute Warmebestandigkeit, ist aber fur
die Verwendung als Kunststoff nicht brauchbar.

Received May 28,1962
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Preparation and Polymerization of Vinyl
12-Hydroxystearate*

TOSHIYUKI SHONO and C. S. MARVEL, Department of Chemistry.
The University of Arizona, Tucson, Arizona

Synopsis

Vinyl 12-bydroxystearate was prepared from 12-hydroxystearic acid by vinyl inter-
change procedure with vinyl acetate. In the reaction, no products having a free hy-
droxyl group were obtained. The main addition product had the 1-alkoxyethyl acetate
structure. Vinyl 12-hydroxystearate was obtained by the treatment of this addition
product with acid washed activated alumina in ether solution. Vinyl 12-hydroxy-
stearate polymerized in an emulsion system at a pH of 7-8.5 with standard free radical
initiation to give a colorless solid polymer (softening range was 71-75°C.). Vinyl 12-
hydroxystearate was copolymerized with vinyl acetate, vinyl stearate and vinyl chloride
and the copolymers thus obtained have been characterized.

Vinyl 12-hydroxystearate has been prepared from the acid by vinyl
interchange with vinyl acetate in the presence of mercuric sulfate catalyst.
Its homopolymer and a variety of copolymers have been prepared and then-
properties have been determined.

Vinylation of the hydroxy acid was carried out by the procedure of
Adelman.1 When an alcohol group as well as a carboxyl group is present
in the acid molecule several reactions with vinyl acetate are possible. It
has been observed that the addition of vinyl acetate to an excess of alcohol
containing a small amount of mercury oxide and boron trifluoride results
in the formation of an acetal and acetic acid in high yields. When the
molar ratio of alcohol to vinyl acetate is less than two, l-alkoxyethyl ace-
tate occurs as one of the products. It has been suggested that the reaction
proceeds as follows :2

CH2=CHOCOCH3+ ROH > CHXH(OR)OCOCH3 1)
CHXH(OR)OCOCH3+ ROH — CHXH(OR)2+ CHXOOH 2

In the preparation of vinyl pinolate

OH

* This is a partial report of work done under contract with four Utilization Research
and Development Divisions, Agricultural Research Service, U. S. Department of
Agriculture, and authorized by the Research and Marketing Act. The contract was
supervised by Dr. J. C. Cowan of the Northern Division.

2067
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by the exchange procedure, the reaction mixture was maintained at about
0°C. during and after the addition of the catalyst in order to avoid an
undesirable reaction involving the hydroxyl group.3

In the reaction of vinyl acetate with 12-hydroxystearic acid, products
having a free hydroxyl were not obtained. The main product seems to
have the 1-alkoxyethyl acetate and vinyl ester structure. The product
was a light yellow oil which hydrolyzed easily to give either vinyl 12-hy-
droxystearate or 12-hydroxystearic acid depending upon hydrolyzing
conditions.

In the infrared spectrum, this compound showed two carbonyl absorption
bands at approximately 1780 and 1755 cm.-1, and a very strong C=C
stretching band appeared at 1655 cm.-1, but no hydroxyl bands were
indicated.

TABLE |
Homopolymerization of Vinyl 12-Hydroxystearate (in Emulsion with Potassium
Persulfate Initiation)

Time, Conversion, Inherent Softening Carbon
pH hr. % viscosity range, °C. found, %
7.00 17 o - -

7.00 25 33 0.459 72-75 —

7.00 39 72 0.174 71-74 73.61

7.00 41 64 0.153 71-75

5.58 39 4 — 71-73 73.47
No buffer 41 10 0.101 71-75 73.39

8.48 45 50 0.167 73-77 73.63

9.54 24 16 0.297 73-75 73.67

The crystalline material (m.p. 55-56°C.) obtained from the hydrolysis
of this first compound using acid washed activated alumina (Merck) in
ether solution proved to be the vinyl ester of 12-hydroxystearic acid. The
structure was proved by reduction to ethyl 12-hydroxystearate which
melted at 52-52.5°C. and gave no melting point depression after mixing
with an authentic sample. The infrared spectrum of the crystalline vinyl
ester showed OH stretching frequency at 3350 cm.-1, vinyl ester absorption
band at approximately 1765 cm.-1, and C=C stretching frequency at 1655
cm-1.

When the reaction mixture of the vinyl interchange reaction was distilled
under vacuum, an unsaturated acid having a b.p. of 200-210°C. (0.4-0.7
mm.) and m.p. 47.5-48°C. was obtained. Titration indicated a molecular
weight of 281.5 (calcd. 282). This unsaturated acid seems to be a mixture
of 11- and 12-trans-octadecenoic acids (m.p. are 43.5-46.8 and 52.0-53.0°C.,
respectively).4

Vinyl 12-hydroxystearate polymerized in an emulsion system with stand-
ard free radical initiation to give colorless, solid polymers which were soluble
in tetrahydrofuran. Vinyl 12-hydroxystearate was very sensitive to the
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pH of the polymerization system, but good results were obtained in the pH
range of 7-8.5.

The results of the homopolymerization experiments by emulsion systems
are collected in Table I.

Vinyl 12-hydroxystearate polymerized in n-hexane or benzene solution
with a,a'-azobisisobutyronitrile (AIBN) initiation to give a solid colorless
polymer with an inherent viscosity of about 0.1.

Vinyl 12-hydroxystearate was copolymerized with vinyl chloride, vinyl
acetate, and vinyl stearate to yield fairly homogeneous copolymers. The
polymerization experiments and the properties of the various copolymers
obtained are described in Table II.

EXPERIMENTAL
Synthesis of Vinyl 12-Hydroxystearate

A 1-1., three-necked flask equipped with stirrer, reflux condenser with
calcium chloride drying tube, and thermometer was charged with 25 g. of
12-hydroxystearic acid (recrystallized twice from acetone, having m.p. of
78-79°C.), 500 ml. of vinyl acetate (Eastern Organic Chemicals, stabilized),
0.1 g. of copper resinate, and 2 g. of mercuric acetate. The mixture was
stirred vigorously, and 0.25 ml. of sulfuric acid was added at 10°C. After
2.5 hr. a homogeneous green solution resulted which was allowed to stand
at room temperature (18-25°C.) for 4 days. Then 0.7 g. of sodium acetate
was added with stirring and the mixture was filtered and then heated to
40°C. under water pump vacuum to remove most of the excess vinyl ace-
tate. The residue was dissolved in 300 ml. of ether and was washed in a
separatory funnel with two 500 ml. portions of dilute aqueous sodium
chloride solution and then with 500 ml. of 1% sodium bicarbonate solution.

The unreacted acid and acetic acid were removed by repeated washing.
The ether solution was decolorized by active charcoal and was stripped of
solvent leaving a light yellow oil in almost quantitative yield.

The yellow oil was dissolved again in 300 ml. of ether and 100 g. of acid
washed activated alumina (Merck) was added at room temperature. After
20 hr. the mixture was filtered and the activated alumina was washed well
with ether. After being dried over anhydrous sodium sulfate, the ether
was removed and 13.8 g. (51%) of crystalline substance was obtained.
This substance was almost pure vinyl 12-hydroxystearate. It was re-
crystallized from n-hexane and ether yielding colorless crystals which were
dried under vacuum, m.p. 55-56°C. 12-Hydroxystearic acid was removed
from the vinyl ester by recrystallization from n-hexane.

Anal. Calcd. for CoHs03: C, 73.61%; H, 11.65%. Found: C, 73.64%; H,
11.73%.

Vacuum Distillation of the Reaction Product of Vinyl Interchange Reaction

Fifty grams of light yellow oil which was obtained from vinyl interchange
reaction was distilled under vacuum in the presence of clean copper wire
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giving 22.6 g. of main fraction boiling 200-210°C. (0.4-0.7 mm.). This
fraction solidified on standing. The solid was recrystallized from acetone
and n-hexane yielding a colorless crystalline product which was dried under
vacuum, m.p. 47.5-48°C.

Anal. Calcd. for CigHajCX (octadecenoic acid): C, 76.59%; H, 12.05%. Found:
C, 76.02%; H, 12.11%.

Catalytic Hydrogenation of Vinyl 12-Hydroxystearate

Vinyl 12-hydroxystearate (0.300 g.) was dissolved in 100 ml. of n-hexane
and 0.5 g. of 5% palladium catalyst on charcoal was added to the solution.
After hydrogenation under 20 psi pressure for about 12 hr. at room tem-
perature the reaction mixture was filtered and the n-hexane was removed
under reduced pressure. Colorless crystals which had a melting point of
52-52.5°C. were obtained in quantitative yield.

These crystals gave no melting point depression after mixing with an
authentic sample of ethyl-12-hydroxystearate.

Homopolymerization of Vinyl 12-Hydroxystearate
1. Emulsion Polymerization

A 2-0z. polymerization bottle was charged with monomer, buffer solu-
tion, emulsifier and 2.5% aqueous solution of potassium persulfate in the
following ratio: monomer, 1g.; 2.5% aqueous solution of KS20 8§ 0.5 ml.;
emulsifier (Triton X-301), 0.2 g.; Buffer solution (standardized buffer
solution from W. H. Curtin and Co.; pH 5.58, No. 33099C; pH 7.00, No.
33099; pH 8.48, No. 33098W; pH 9.54 No. 33098T4) 5 ml.

Polymerizations were carried out at 60°C. by tumbling the charges in a
constant temperature bath for the times indicated in the tables. The
polymers were isolated in the usual manner.

2. Solution Polymerization

Vinyl 12-hydroxystearate was dissolved in n-hexane or benzene and
a,a'-azobisisobutyronitrile was added to the solution. The solution was
heated (65°C.) in the sealed test tube under reduced pressure. The results
of the homopolymerization experiments in solution are collected in Table
1.

TABLE 111
Homopolymerization of Vinyl 12-Hydroxystearate (in solution)

Poly-
meriza-
Vinyl tion
12-hydro.\y- AIBN, time, Conver- Inherent
stearate, g. Solvent mg. hr. sion, % viscosity
0.5519 w-Hexane, 2 ml. 12.8 20 45.3 0.110

1.3450 Benzene, 5 ml. 24.3 40 28.2 0,114
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Copolymerization of Vinyl 12-Hydroxystearate

1. Bulk Copolymerization of Vinyl Acetate and Vinyl 12-Hydroxystearate

HSVA-1. Vinyl acetate (2.9 g.), vinyl 12-hydroxystearate (1.1 g.) and
aja'-azo-bisisobutyronitrile (21.1 mg.) were heated at 70°C. in a sealed
test tube under reduced pressure for 15.5 hr. The product is described in
Table 11.

2. Solution Copolymerizotion of Vinyl Acetate and
Vinyl 12-Hydroxystearate

Vinyl acetate (2.9 g.) and vinyl 12-hydroxystearate (1.1 g.) were dissolved
in benzene and cga'-azobisisobutyronitrile was added to the solution.
The solution was heated at 70°C. in a sealed test tube under reduced
pressure. The polymer was precipitated by pouring the solution into
n-hexane and purified by reprecipitation from a benzene-n-hexane system.
Inherent viscosities were determined by means of an Ostwald viscosimeter
using a solution of 0.06 g. of polymer in 25 ml. of benzene at 30°C.

The amounts of catalyst used were as listed in Table 1V.

TABLE 1V
Benzene,
AIBN, mg. ml.
HSVA-2 22.9 5
HSVA-3 21.7 10
HSVA-4 24.3 10

The results are collected in Table II.

3. Emulsion Copolymerization of Vinyl Stearate and
Vinyl 12-Hydroxystearate

HSVS-50. Vinyl 12-hydroxystearate (0.5 g.), 0.5 g. of vinyl stearate,
5 ml. of buffer solution (pH = 7), 0.2 g. of Triton X-301, and 0.5 ml. of
2.5% aqueous solution of potassium persulfate were placed into a 2-oz.
polymerization bottle. The bottle was flushed with nitrogen and tumbled
in a 60°C. bath for 24 hr. The polymer latex was coagulated with satu-
rated sodium chloride solution.

The polymer was purified by reprecipitation with the benzene-methanol
system. Inherent viscosity was determined as described above. The
results are given in Table I1.

4. Solution Copolymerization of Vinyl Stearate and
I'inyl 12-Hydroxystearate

Vinyl stearate and vinyl 12-hydroxystearate were dissolved in benzene
and a,a'-azobisisobutyronitrile was added to the solution. The solution
was heated to 70°C. in the sealed test tube under reduced pressure. The
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polymer was precipitated by pouring the solution into methanol and puri-
fied by reprecipitation using benzene-methanol system. The polymeriza-
tion recipes are given in Table V. The products are described in Table I1.

TABLE V
Vinyl 12-
Vinyl hydroxy- AIBN, Benzene,
stearate, g. stearate, g. mg. ml.
HSVS-10 5.0 0.53 28.9 5
HSVS-20-1 2.5 0.53 14.4 5
HSVS-20-2 25.0 5.3 144.1 50

5. Emulsion Copolymerization of Vinyl Chloride and
Vinyl 12-Hydroxystearate

HSVC-10. The copolymerization procedure was to charge a 2-oz.
polymerization bottle with 1.05 g. of vinyl 12-hydroxystearate, 6 ml. of
buffer solution (pH = 7), 0.6 g. of Triton X-301, 1.3 ml. of 2.5% aqueous
solution of potassium persulfate, and an excess of liquid vinyl chloride.

The vinyl chloride was allowed to evaporate until 2.1 g. remained. The
bottle was capped and tumbled in a 55°C. bath for 16 hr. The resulting
polymer latex was coagulated with saturated sodium chloride solution.
The polymer was purified by reprecipitation using tetrahydrofuran-meth-
anol system. Inherent viscosity was determined as described previously,
tetrahydrofuran being used as solvent.

HSVC-20. Into a 2-0z. polymerization bottle were placed 2.1 g. of
vinyl 12-hydroxystearate, 2.1 g. of vinyl chloride, 8.4 ml. of buffer solution
(pH = 7), 0.8 g. of Triton X-301, and 1