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Synopsis

The overall crystallization rate of polypropylene fractions was studied dilatometri- 
eally, and the crystallization behavior was considered in relation to the stereoregularity 
of the samples. The study includes a photomicroscopic analysis of the nucleation, for
mation, and growth of spherulites, as well as an evaluation by means of rapid x-ray 
scanning techniques of the increase of crystallinity within the spherulites. A theory was 
applied to the discussion of crystallization behavior in which two stages of growth were 
introduced: (a) growth at the spherulite interface, and (6) secondary crystallization 
within the spherulite. These were described in terms of Avrami-type equations with dif
fering parameters.

DILATOMETRI STUDIES

Dilatometrie techniques were applied to the study of crystallization 
kinetics of polypropylene fractions in order to describe experimentally how 
the overall rate of crystallization of polypropylene is influenced by the 
stereo-regular nature of the polymer.

The dilatometrie techniques and methods of data reduction employed 
have been previously described.1 Three polypropylene fractions of varying 
tacticity, an octane, a 2,2,4-trimethylpentane, and a hexane extract with 
dilatometrie melting points of 172, 160, and 140°C., respectively, were 
studied. These polypropylene fractions, while they vary in tacticity, 
do not have appreciably different molecular weights; thus the intrinsic 
viscosities in tetralin at 130°C. are 0.817 and 0.883 for the hexane and 
octane fractions, respectively. (For a fuller description of these materials, 
see Newman.1)

Crystallization isotherms describing the rate of crystallization as a func-
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(ion of temperature for three polypropylene samples are shown in Figures
1-3. All of the isotherms show a characteristic sigmoidal shape; more
over, all of the apparent induction times rt, show a similar dependence on 
A71 = Tm — T, the difference between the melting point and the crystalliza-
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Fig. 1. Weight fraction crystallinity vs. time for an octane extract of crystalline poly
propylene (T m = 172°C.).

A Time (min)
Fig. 2. Weight fraction crystallinity vs. time for a 2,2,4^trimethylpentane extract of

crystalline polypropylene ( T m =  160°C.).
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Fig. 3. Weight fraction crystallinity vs. time for a hexane extract of crystalline poly
propylene l  T m = 140°C.).

100-

T, (min)

Fig. 4. Apparent induction time vs. A T  = ( T m — T )  for three fractions of crystalline 
polypropylene: (O) octane extract; ( • )  2,2,4-trimethylpentane extract; (C) hexane 
extract.

tion temperature. A displacement of the log n  versus log AT plots (Fig. 4) 
may be a reflection, in part, upon the uncertainty of Tm determinations for 
the lowest-melting fraction. It should be noted that the degree of super
cooling, AT, required to achieve a given value of Tt is much larger for poly
propylene than for polyethylene; this, in turn, is probably related to the 
fact that the polypropylene chain must transform to a helical conformation 
in order to crystallize.

The isotherms of the octane fraction are in one sense characteristic of 
linear polymers, that is, they are superposable by translation along the log
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Fig. 5. Avrami plot of octane extract of crystalline polypropylene.
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Fig. 6. Avrami plot of 2,2,4-trimethylpentane extract of crystalline polypropylene.

t axis. However, with decreasing chain regularity or tacticity, it no longer 
becomes possible to effect exact coincidence of the isotherms by a change 
in a time scale factor.

Moreover, with decreasing stereoregularity, there is a marked slowing 
down of the crystallization process, particularly in the later stages. This is 
readily illustrated by the observation that less than one cycle of log time is 
required for completion of an octane isotherm, whereas several are re
quired for the hexane fraction.
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Fig. 8. Crystallization isotherms for three crystalline polypropylene fractions com
pared at similar induction times: (O) 111°C. isotherm for hexane extract (r j = 10 min.); 
( • )  120°C. isotherm for 2,2,4-trimethylpentane extract (r* = 8 min.); (X ) 134°C. 
isotherm for octane extract (r; = 10 min.).

In order to compensate for the differences in the limiting weight fraction 
of crystallinity, X cf, attainable for the three fractions at the several tem
peratures, the crystallinity data have been normalized to correspond to the 
Avrami expression:

(V,  -  Vt) /{Vf -  ?o) = (1 -  X c/ x cf) = exp \ - K i n/ X cf] (1)



where Vt, Vf, and V0 refer to the values of the specific volume at time t, 
finally, and initially, respectively. K  is a rate constant, the Avrami ex
ponent n is a number whose value depends on the type of nucléation and 
geometry of growth, and X c is the weight fraction crystallinity of the sam
ple. Since the final value of the specific volume Vf at certain temperatures 
is experimentally unattainable, an estimate was made by crystallizing the 
samples several degrees below the temperature of the experiment to de
velop an excess of crystallinity, and then warming up to the original tem
perature to melt out the excess crystallinity.

The resulting plots (Figs. 5-7) show the following: (a) the octane iso
therms can be made to coincide exactly by a shift of a time scale factor;
(b) the lower-melting samples show some retardation in crystallization as 
the temperature of crystallization is increased; (c) there is a similar but 
more marked retardation (Fig. 8) when the three fractions are compared at 
temperatures which effect similar apparent induction times. In other 
words, decreasing tacticity and (to a lesser degree) increasing temperature 
both inhibit the crystallization in its later stages. Normalizing the data 
results in an irregular pattern of curve shapes as the final crystallinity is 
reached; this confusion is attributed to the view that the ultimate crys
tallinity X cf and the state of organization obtained by melting out the 
excess crystallinity are dissimilar from the state achieved by an isothermal 
crystallization process.

The parameter n in eq. (1) which depends on the type of nucléation and 
geometry of crystal growth has been evaluated as a function of time for the 
octane and hexane extracts. For this purpose, Hoffman, Weeks, and 
Murphy2 have derived the expression :

n = (t/Xc)(dXc/dt) [1 +  ( V 0 ( W  +  • ■ ■ ] (2)

In order to calculate n, the derivative (dXc/dt) must be obtained as a 
function of time. This quantity was calculated for the octane extract by 
fitting successive portions of the crystallization isotherm with a generalized 
function of time (Newton’s interpolation formula3) and then computing the 
derivative of this function. Accordingly, an IBM program has been pre
pared which carries out the computation of the interpolation formula, 
solves for (dXJdt), and uses the result to obtain the desired quantities in 
the expression for n. It should be noted that eq. (2) is approximate, and 
that neglect of higher terms may result in errors of about 10% when X c 
reaches values of about l/i.

Results of such an analysis led to an undesirable scatter in n, probably 
due to choice of data points that are too closely spaced. Nevertheless, n 
was found to vary from 3.99 at the beginning of the isotherm to 3.01 at the 
half-time. This variability of n is readily demonstrated by a change of 
shape in a plot of log [ln(l — X c/ X cf) ] versus log t. These observations are 
in disagreement with those of other workers4'6 who assume a fixed value of 
n = 3 as applying to the entire curve. Using a value of n = 3, the rate 
constant A'u (=  K / X cf) is found to be 1.05 X 10-6 min.-3 at 134°C.,
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decreasing to 2.2 X 10~9 at 146°C., in general agreement with Griffith and 
Ranby’s4 data. At 138°C., X cf is found to be 0.56; the calculation of n 
is insensitive to the value of this quantity.

Figure 9 shows the variation of the exponent n throughout the crystal
lization process. Since the bulk of the data shown in Figure 9 corresponds 
to values of X c < 1/ i> the general conclusions are not altered by use of the 
approximate eq. (2).

The isotherm of the octane fraction is much more compressed, and 
roughly half of the crystallization occurs within times where 3 < n < 4, 
whereas the bulk of the isotherm for the hexane fraction corresponds to 
0 < n < 3. A value of 3 < n < 4 can be interpreted as being due to a 
three- dimensional growth of objects born at the same time. To determine

4
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Fig. 9. Variation of the parameter n  in Avrami equation with log time: (O) 115°C., 
hexane extract; (O) 118°C., hexane extract; ( • )  121°C., hexane extract; (A) 140°C., 
octane extract.

whether nucleation occurred on incompletely melted crystallites, the 
following experiments were tried on the octane fraction.

To obtain the isotherms shown in Figure 1, the dilatomer was first 
heated to 200°C. for 60 min. and then rapidly cooled to the crystallization 
temperature. This method appears reproducible, as is evidenced by the 
close agreement of duplicate isotherms. To assess whether crystalline 
embryos or nuclei were still present, the sample was heated to 230°C. for 
85 min. Again the isotherm at 138.0°C. was reproduced. The absence of 
an appreciable superheating effect indicates that crystalline embryos, if 
present as heterogeneities, do not persist upon heating to 200°C. for 60 
min. From these data, it was not possible to conclude whether the nuclea
tion is controlled by the presence of existing nuclei (heterogeneous) or is 
homogeneous with nuclei forming sporadically in time.



The time dependence of n and its variation with temperature and stereo
regularity suggested that the crystallization depends on the concentration 
of tactic (or copolymer1’6’7) sequences permitted to crystallize and on the 
difficulty of achieving the ideal situation, in which crystallities form from 
sequences not much longer than themselves.

MICROSCOPIC STUDIES

In order to resolve the total crystallization rate into its components 
the dilatometrie work described in the previous section was accompanied 
by microscopic measurements of spherulite nucleation and radial growth 
rates.8 A polypropylene whole polymer with a melting point measured by 
microscope of 176°C. was used,* in addition to the three polypropylene 
fractions used for the dilatometrie measurements.
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X l(75

Fig. 10. Relationship between number of spherulites and time.

Measurements were made on samples held in an electrically heated oven 
mounted on an optical bench equipped with a horizontal polarizing micro
scope and an automatic 70 mm. camera. Temperature was regulated 
to ±0.1°C. by the use of a thermocouple placed in the sample block and a 
proportional controller.

Samples were fused between microscope cover glasses at temperatures of 
15-20°C. above their melting points and rapidly inserted into the oven

* Not the parent polymer for the fractions described in the previous section.
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Fig. 11. Relationship between radius of spherulites and time.

preheated to the crystallization temperature. The numbers and radii of 
spherulites were observed as a function of time at each temperature. 
Typical data are plotted in Figures 10 and 11 for the whole polymer. The 
nucléation rate appears to decrease with time, suggesting a mechanism of 
sporadic nucléation on predetermined heterogeneities. Also, Figure 10 
implies that, the availability or activity of these nuclei increases with 
decreasing temperature. Spherulite radii were observed to increase 
linearly with time. (A more detailed report of the techniques and results 
of this study may be found elsewhere.8)

It was not possible to determine radial growth rates for the less tactic
2,2,4-trimethylpentane and hexane fractions because of their inability 
to develop well-formed spherulites, as seen in Figure 12. Small non
circular crystalline aggregates form which do not become volume-filling.

Logarithms of nucléation rates (calculated from the initial slope of 
Figure 10 and radial growth rates are plotted against 1/T(AT) and \ /T-  
(AT)~ in Figures 13 and 14. The plots are fairly linear, as expected from 
theory. On the basis of these plots, it is not possible to distinguish between 
two- and three-dimensional nucléation and growth mechanisms. A similar 
plot is presented for the growth rate for the octane extract in Figure 15 
(using the dilatometric melting point of 172°C.). There is less curvature 
for the plot against l /T(AT),  suggesting two-dimensional rather than three- 
dimensional secondary nucléation. The curvature may also be related 
to the uncertainty in Tm as well as to the microscopic observation that the 
spherulite morphology is dependent upon growth temperature for this 
polymer, being more perfect at higher temperatures.
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(c)
Fig. 12. Spherulit.es of various polypropylene fractions: ( a )  octane extract; ( b )  2,2,4-

trimethylpentane extract; (c) hexane extract.
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l/T(AT)2
8 10 12 14 16 18 2 OxlO7

Fig. 13. Polypropylene whole polymer nucléation rate vs. 1 / T ( A T )  and 1/T (a7’)z.

The initial slopes and intercepts for these plots are summarized in Table 
I. The smaller slope for the growth than for the nucléation is in agree
ment with the observation by Flory and McIntyre9 for poly(decamethylene 
sebacate) and may indicate a smaller effective surface free energy for the 
secondary than for the primary nucléation process.

Overall degrees of crystallinity were calculated from the spherulitic 
nucléation and radial growth rates G by using the equation :

X c = (4ir/3) X csG3(pc/p) f  [(dN(z)/dz) (i — z)3 dz] (3)
J  z =  0

where X c is the weight fraction of crystallites at time t, X cs is the weight 
fraction crystallinity of the spherulite, dN(z)/dz is the nucléation rate at 
time z, the time when the spherulite starts growing. pc and p are the 
densities of the crystal and of the polymer, respectively. X c was cal
culated by using the nucléation and growth rates plotted in Figures 10 and 
11 and by assuming that Xcs is constant and equal to the final degree of 
crystallinity measured dilatometrically when the volume of the samples 
is completely filled with spherulites.

From the Avrami equation
(1 -  X e) = exp { - k 0tn} (4)



3052 IIOSHINO, MEINECKE, POWERS, STEIN, AND NEWMAN

i-Peq<H

"d
3

>, 3 S  SD O
Ph ^03 g
' o  P

IÊ
2 oS g
Is *
S a>Q* C2 ^ c3O "S53»*_ ac >,
CO r £

’I  la> s
W H
p ^

>>u.u  .

J- '  " _(> S« <1 >

<1
Ch

> E-i  <
a- \

o

X X
CO iO 
■—I co
I I

X X
t" th

co
I I

>ï-f-3
— LO o
3  *CO ^ o d d
bÔ

CO CCI O  I -  CO

S '-' («,os a>

eu a> H i  C IO ci ^5  o ĉr > O ci
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Polypropylene 
Whole polymer

Fig. 14. Polypropylene whole polymer radial growth rate vs. \ / T ( A T )  and 1 / T ( A T )2. 

it is apparent that

In [ — In (1 — Xc)] = In fc0 +  n In t (5)

A plot of In [ — In (1 — X„)] against In t, using the values of X c calculated 
from eq. (3), is presented in Figure 16 for the whole polymer at 138°C. 
This gives a straight line with slope n = 3.90. The apparent disagreement 
of this observation with the observation of the variation of n during crys
tallization indicates that the assumption of constant X cs involved in the 
use of eq. (3) is subject to question. Consequently, a more careful com
parison of changes in degree of crystallinity with changes in volume frac
tion of spherulites was undertaken and is described in the next section.

X-RAY STUDIES 

Experimental

A quantitative comparison of microscopic studies (necessarily made on 
thin film samples) with dilatometric studies on bulk samples is difficult 
because of the very different surface area/volume ratios which may affect 
nucleation rates. In such a comparison it is desirable to parallel experi
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Fig. 15. Polypropylene octane extract radial growth rate vs. 1 / T ( A T )  and 1 / T ( a T ) 2.

n = 3 .9 0
Fig. 16. Relationship between crystallinity and growth time for polypropylene whole

polymer at 138°C. calculated from nucléation and growth rate.
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.Heater coil

Fig. 17. Constant-temperature oven and sample holder.

Fig. 18. Change of diffracted x-ray intensities with time during isothermal crystallization 
of polypropylene whole polymer.
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Fig. 19. Change in weight fraction of spherulites and weight fraction of crystallites with 
reduced time, t/ t*, during the isothermal crystallization of polypropylene whole polymer.

Fig. 20. Variation of weight fraction of crystals and that of spherulites and of fraction 
of crystallinity of spherulites with reduced time during isothermal crystallization of 
polypropylene whole polymer at 130°C.

mental conditions as closely as possible. In order to do this, the crys
tallization rates were followed by use of a rapidly scanning x-ray diffrac
tometer.

Samples were studied in the form of films in the thickness range of 0.25-
2.0 mm. and were melted between 2-mil Mylar films, held in a small sample 
holder, and inserted in an oven (shown in Fig. 17) somewhat similar to 
that used for the microscopic studies. Trial experiments indicated that 
results were not affected by variation of thickness within the stated interval
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Fig. 21. Variation of weight fraction of crystals and of spherulites and of fraction of 
crystallinity of spherulites with reduced time during isothermal crystallization of 
polypropylene whole polymer at 134°C.

c
o

Fig. 22. Variation of weight fraction of crystals and of spherulites and of fraction of 
crystallinity of spherulites with reduced time during isothermal crystallization of 
polypropylene whole polymer at 138°C.

so long as the surfaces were clean. The oven is equipped with a preheating 
chamber within which the sample may be melted and then dropped into the 
crystallizing chamber, thermostatically controlled to within ±0.3°C. of the 
crystallizing temperature. The oven is provided with Mylar windows 
and may be flushed with preheated nitrogen to reduce sample oxidation.

Samples were held at about 15°C. above their melting points for 15-20 
min. before being dropped into the crystallizing chamber. Trial experi-
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c
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Fig. 23. Variation of weight fraction of crystals and of spherulites and of fraction of 
crystallinity of spherulites with reduced time during isothermal crystallization of poly
propylene whole polymer a t 140°C.

ments indicated that variation of this time in the range of 10-60 min. and 
a range in temperature of 180-230°C. did not affect the results reported. 
Repeated melting and recrystallization had little effect. Measurements 
with thermocouples embedded in the sample revealed that in the least 
favorable cases, the sample practically reached its crystallizing temperature 
essentially within 8 min. after insertion (a short enough time to prevent 
a contribution to error from this source for the rates investigated).

The programmed x-ray diffractometer, which has been described,10 was 
modified for rapid point-by-point scanning at selected points in a Bragg 
angle interval of 28 between 7° and 30° which are so chosen as to charac
terize the crystallinity best in a minimal scanning period. Typical scanning 
points utilized during the crystallization of one of the samples are indicated 
in Figure 18.

X-ray data were corrected for polarization, incoherent scattering, and 
background. The Hermans and Weidinger method11 was used for con
struction of the amorphous scattering contribution in Figure 18. The 
degree of crystallinity was taken as the ratio of the crystalline area to the 
total area under these curves, according to the Hermans-Weidinger method.

The variation of X c with reduced time (t/t*, where t* is the time required 
for spherulites to become volume-filling) calculated in this way is presented 
in Figure 19 for the whole polymer at a number of crystallization tempera
tures. This is compared with the variation of weight fraction of spherulites 
calculated from the volume fraction of spherulites obtained by measuring 
the area fraction of the photomicrograph which is occupied by spherulites. 
Natta’s values of the densities of crystalline (pc = 0.936 g./m.3) and
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Fig. 24. Variation of the limiting weight fraction of spherulites and the initial and 
limiting fractional crystallinity of the spherulites, A'cso, X CSf  with 1 /T (A T ) .

amorphous (pa = 0.8(i g./cm.3) polypropylene at 20°C. were used for this 
calculation.12

It is seen in Figure 19 that the weight fraction A',, of spherulites increases 
at a more rapid rate than the weight fraction of crystals X c. Thus the 
degree of crystallinity of the spherulite X cs defined by

X cs = X c/ X s (6)

is not constant, as postulated in the preceding section, but increases with 
time, as seen in Figures 20-23. This indicates that a secondary crystalliza
tion process takes place within the spherulite along with the primary 
crystallization. A plot of the variation with temperature of the initial 
degree of crystallinity X r!l0 of the spherulite and the final internal crystallin
ity X csf is given in Figure 24 and indicates that both of these are lower for 
crystallization at low temperature (high supercooling) where the crystal
lization rate is rapid. On the other hand, the ultimate weight fraction of 
spherulites, also shown on this plot, is greatest at the lower crystallization 
temperatures. At the higher crystallization temperatures, the spherulites 
do not become volume-filling. Examination of the samples after such 
crystallization reveals that the space between spherulites contains polymer 
(not voids).

These observations might be consistent with the occurrence of frac
tionation or rejection of more poorly crystallizable species during crystal
lization,13 occurring to a greater degree at the higher temperatures. At 
higher supercooling, more noncrystallizable material is included within the 
fast-growing spherulites, giving rise to a low X cs, while at smaller super
cooling, there is time for exclusion of the noncrystallizable material into the
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interspherulitic. region, resulting in a more crystalline spherulite which will 
not grow to fill completely the volume of the sample.

Theory

In previous treatments of secondary crystallization, it has been assumed 
that the primary and secondary process take place consecutively. The 
primary process is usually fitted by an Avrami-type equation and the 
secondary by an empirical equation of the form

X c = C +  log t (7)

We have attempted to apply this equation to the process of internal 
crystallization of the spherulite, (see Fig. 20), but find that it fits the data 
only over a limited range of times, 1.5 < t/t* < 3.5. Alternatively, we have 
formulated a theory for crystallization which is more compatible with our 
experimental evidence.*

We shall assume that the spherulite initially forms with a degree of crys
tallinity X cso. During the time interval dz, the increase in weight of 
spherulites is

dWs{z) = WF(z) dz (8)

where F(z) is the slope of a plot of the weight fraction of spherulites versus 
time, and W is the weight of the sample. This spherulitic material formed 
at time z with a degree of crystallinity Xcs0 continues to crystallize (with
in the growing spherulite) up to the time of measurement, approaching the 
limiting degree of crystallinity X csf. At a time t, the weight fraction of 
crystalline material within the element of spherulite formed at time z is

X cs{t,z) = Arcs0 +  (X csf — Xcso) fit — z) (9)

where f{t — z) is the fraction of this secondary crystallization which has 
taken place up to time t. The weight of crystalline material at time t 
contributed by this element of weight of spherulite formed at time z is then

dWcs(t,z) = X cs{t,z) dWs(z)

= WF{z) X cs(t,z) dz

= WF(z) [Xcs0 +  (Xa,  -  X«„) f(t -  z)]dz (10)

This equation predicts that the degrees of crystallinity of all portions of 
the spherulite are not equal, but depend on how long ago they were formed 
it — z). Thus at a given time, the center of a spherulite is more crystalline 
than its periphery because the center has had more time for secondary 
crystallization. The measured values of X cs that we have reported are 
averages over all parts of the spherulite and are obtained by integrating

* Dr. F. Price (General Electric Research Laboratories) and Dr. I. Hillier (University
of Chicago) have independently formulated theories similar or related to that described
here; these contributions are to be found elsewhere in this Journal, pp. 3067-3086.
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Time (hr)

Fig. 25. Comparison of the calculated and experimental variation of the fractional 
crystallinities of spherulites, X cs, with time.

over all values of z. Thus, the total weight of crystals within spherulites 
at time t is

(11)

The average weight fraction of crystals within spherulites at time t is then 

X cs(t) = W„(t)/W,(t)

f  WF(z) [Xcs0 +  (Xe, f— X cs0) f(t -  z)\dz (12)
_  J z  = 0 _______________

f  WF(z) dz
J  z = 0

f  F(z)f(t -  z)dz 
J  z = 0

X CS0 T~ CS f
f  F(z)dz 

Jz = 0

F(z) majr be calculated from values of X s obtained from the photomicro
graphs. If is evident from Figure 16 that at least in I he earlier part of the 
crystallization, this may be fitted by an Avrami equation with the Avrami 
exponent for spherulite nucléation ?q = 3.9. Thus,

X s = X sf(l -  exp j — kizni} ) (13)
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or

F(z) = dXJdz = X/fciniz("‘_1) exp {-*!«"■} (14)

where X sf is the limiting weight fraction of spherulites and ki is the rate 
constant for spherulite nucleation. The functional form of fit — z) is not 
known, but an Avrami-type equation has been found empirically to fit the 
data in spite of the fact that its geometric foundation, the growth of 
geometrically defined particles into the diminishing amorphous phase, is not 
evident. AVe thus assume

f{t -  z) = [1 -  exp{-/c2(i -  z)"!j] (15)

where /c2 and n2 are parameters for the local secondary process, to be 
determined by curve fitting. (The use of this equation for the local 
secondary crystallization at a particular part of the spherulite is not 
necessarily in conflict with the use of a logarithmic equation for the overall 
secondary process, since the overall process represents an average over 
many local processes.)

By combining eqs. (12), (14), and (15), one obtains for the average 
degree of crystallinity of the spherulite at time t

Xcs(t) X cso T  (X csf

X csü T  (X cs f

X cso)

A  csü)

f  z(n'~v (exp { -k lZ”'})[l -  exp

_________  { - h j t  -  z)n’-}]dz

f  z(n‘_1) (exp { — A y"1} )dz  
J z  =  0

f  (expf-Aqz"1})

, |l  -  exp{-/c2(¿ -  z)n’-\]dz
kini ~ ~ 1 — exp} —kit”' }

(16)

This equation is analytically integrable over z only for special cases of 
the n’s and must in general be solved numerically. This was done using 
finite increments of z; values of h  and n2 were determined by trial and 
error to give the best fit to the data. The results are best fitted by n2 = 
1.8, as can be seen from Figures 25 and 26 for T = 130°C. There is ail 
appreciably better fit for this value of n2 than for n> = 2.0. The theo
retical variation of X cs with time calculated in t his manner is compared with 
the experimental results in Figures 20-23 for n2 = 1.8 but different h ’s. 
Values of fc2 are plotted against l /TAT  in Figure 27, where it is seen that k2 
increases with the degree of supercooling as does Ay The same procedure 
of numerical integration using

X cs(t,z) = C + D log [(I -  z) + E] (17)
was tried and is also plotted in Figure 21. This fits the data over a more 
restricted range of time than does eq. (15),
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Fig. 26. Comparison of the calculated and experimental variation of the fractional 
crystallinities of spherulites, X cs, with time.

T (°C)
Fig. 27. Variation of log fa for the Avrami equation for secondary crystallization with

l /T (A 'T ) .
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C O N C L U S IO N S

The combined results of studies of the crystallization of polypropylene 
by optical microscopy and by x-ray diffraction are consistent with a two- 
stage process of crystallization, the first stage being the radial growth of 
spherulites on nuclei that are predetermined but which do not all start 
growth at once. This process is describable by an Avrami equation 
characterized by rii = 3.9 in its earlier stages.

The primary spherulite growth process occurs by a mechanism of the 
type described by Keith and Padden13 in which less crystallizable species 
are first excluded and concentrate between the more rapidly growing 
fibrils. Since the radial growth rate remains constant in the more tactic 
samples, a steady-state concentration of these rejected species is main
tained behind the growth front of the spherulite, and no appreciable increase 
in its concentration occurs in the nonspherulitic material. The secondary 
crystallization then involves the slower crystallization of some of this 
material initially left uncrystallized within the spherulite.

The second process is a secondary crystallization within the spherulite. 
The local process is also describable by an Avrami equation having an 
exponent of 1.8 and with a rate which decreases with increasing tempera
ture in a way similar to that for primary crystallization. The commonly 
observed rates of secondary crystallization are averages over these local 
processes.

The variation in the Avrami exponent with time determined from the 
dilatometric measurements reported in the first part of the paper, while not 
directly comparable with the latter results, are probably a consequence of 
this n’s being an “effective average” representing chiefly the larger rh for 
primary crystallization at the beginning and the smaller no for secondary 
crystallization at further stages of crystallization. This explanation is 
consistent with the faster decrease of the overall crystallization rate for 
the less tactic fractions, resulting from the fact that, most of the process 
involves secondary crystallization. In fact, for the samples of very low 
tacticity, spherulitic structures are “frustrated” in growth at very early 
stages of development, and a large part of the crystallization is of the 
secondary type.

In this work, we have only considered a single secondary process. In 
reality, there are probably several, including lamellae thickening as well 
as crystallization of interlamellae material. A more accurate treatment 
should include more than one process, but the present accuracy of the data 
does not warrant elaboration at the present time.

The authors are indebted to Mr. A. Bibeau (Monsanto) for his dilatometric measure
ments, to Mr. D. A. Keedy (University of Massachusetts) for his construction of photo- 
microscopic and x-ray diffraction apparatus, and to Dr. Leon Marker (General Tire and 
Rubber Company) for his comments on this work, and to Dr. Frasier Price (General Elec
tric Research Laboratories) for the opportunity to see and discuss his results prior to 
publication.
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Résumé
On a étudié, par dilatométrie, la vitesse totale de cristallisation de fraction de poly

éthylène, et on a suivi le processus de cristallisation en tenant compte de la stéréorégu
larité des échantillons. L’étude comprend une analyse photomicroscopique de la 
formation des germes, de le formation et de la croissance des sphérulites, ainsi que 
l’évaluation par des techniques rapides de diffraction aux rayons-X, de l’accroissement 
de la cristallinité au sein des sphérulites. Application fut faite d’une théorie pour l’inter- 
pretation du comportement à la cristallisation, théorie dans laquelle on a introduit deux 
étapes de croissance: (a) croissance à l’interface des sphérulites et (h) cristallisation
secondaire au sein du sphérulite. Ces étapes sont décrites au moyen d’équations du type 
Avrami avec différents paramètres.

Zusammenfassung
Die Bruttokristallisationsgeschwindigkeit von Polypropylenfraktionen wurde dilato- 

metrisch untersucht und das Kristallisationsverhalten in Beziehung zur Stereoregularität 
der Proben gebracht. Die Untersuchung bestand in einer lichtmikroskopischen Analyse 
von Keimbildung, Bildung und Wachstum der Sphärolithe und einer Bestimmung der 
Zunahme der Kristallinität in den Sphärolithen durch ein rasches Röntgenverfahren. 
Das Kristallisations verhalten wurde an Hand einer Theorie diskutiert, bei welcher zwei 
Wachstumsstadien eingeführt werden: (a ) Wachstum an der Sphärolithgrenzfläche und 
(b) Sekundärkristallisation innerhalb des Sphäroliths. Sie wurden durch Gleichungen 
vom Avrami-Typ mit verschiedenen Parametern beschrieben.

Received October 22, 1964 
Prod. No, 4583A
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Modified Avrami Equation for the Bulk Crystallization 
Kinetics of Spherulitic Polymers

I. H. HILLIER,* Chemistry Department, Imperial College,
London, England

Synopsis
An explanation of the anomalous fractional values of the Avrami exponent found for 

the crystallization of a number of polymers is presented. The interpretation is based 
on a model which postulates the constant radial growth of spherulites, followed by an 
increase in crystallinity within them by a first order process. The model is supported 
by direct microscopic observations of other workers. Crystallization isotherms for 
polymethylene, poly(ethylene oxide), and poly(deeamethylene terephthalate) are fitted 
to this model. Apart from the removal of the fractional values of the Avrami exponent, 
which have no physical meaning, this model gives a considerably better fit than the 
Avrami equation to most isotherms analyzed. The temperature dependence of the rate 
constants found for the two rate processes of this model is also discussed. An inter
pretation of the results of seeded experiments is presented in terms of this model.

INTRODUCTION

The crystallization kinetics of bulk polymers is usually interpreted,1 
although with varying degrees of success,2'8 in terms of the Avrami equa
tion :

x(a,t) = x(a, 00) (1-exp{ —ztn}) (1)

where x is the crystallinity, t the time, z a constant depending upon the 
nucleation and growth rates, and n an integer depending on the shape of the 
growing crystalline body. As spherulites are observed in most crystalline 
polymers and in thin films are seen to grow with a constant radial rate, a 
value n = 3 (instantaneous nucleation) or n = 4 (sporadic nucleation) is 
expected if the density of the spherulites is constant. Recent work on a 
number of polymers2-7 has revealed that values of a of 3 or 4 are rarely 
found. The results of detailed analysis of crystallization isotherms which 
appear in the literature are summarized in Table I on the following page. 
The Avrami exponent n may vary with temperature and be a noninteger 
less than 4 but rarely exceeds this value. Deviations of n from the integral 
values required by eq. (1) may be explained by postulating either (a) a non
constant growth rate or (6) a nonconstant density of the growing spherulites.

* Present address: Institute for the Study of Metals, University of Chicago, Illinois.
3067
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TABLE I
Summary of Anomalous Avrami Exponents from the Literature

Polymer Range of Avrami exponent Reference

Poly(3,3-bis(chloromethyl)
oxacyclobutane) 1.7 -3 .3 4

Poly (decamethylene 
terephthalate) 2.66-3.97 2

Polyethylene 2.70-3.87 3
Polymethylene 1.81-2.55 5
Poly (ethylene oxide) 2 6
Polypropylene 2.8 -4 .1 7

A model in which the crystalline bodies are considered to be single crystal 
lamellae growing by a chain-folding mechanism has been shown to be a 
possible explanation of the observed kinetics of poly methylene.6 This 
model leads to a nonconstant growth rate, the single crystal lamellae having 
a constant density.

A number of authors have independently proposed8-10 that the “primary” 
(Avrami) and “secondary” (post-Avrami) crystallization processes occur
ring in polyethylene may be described by the growth and subsequent relaxa
tion of the crystalline regions, leading to a variable density within the 
sample. Gordon and Hillier8 have shown that such a scheme, in which the 
secondary relaxation is described by a general rate equation due to Hirai 
and Eyring11 successfully describes the overall crystallization rate in bulk 
poly methylene.

In this paper, it is shown that the fract ional values of the Avrami exponent 
may be explained by the constant radial growth of spherulites (termed the 
primary crystallization in this work) followed by further crystallization 
within the spherulite which obeys a first-order law. This model is fitted to 
crystallization isotherms of polymethylene, polyethylene oxide) and poly- 
(decamethylene terephthalate). It must be stressed that- this postulated 
subsequent crystallization is distinct from the secondary crystallization 
which varies linearly with In (time), observed in polyethylene and other 
polymers. The mechanism of this secondary or post-Avrami crystalliza
tion has been fully discussed elsewhere,8 and is interpreted in terms of an 
increase in lamellar thickness. The first-order process proposed in this 
paper differs from this post-Avrami crystallization both kinetically and in 
the morphological interpretation of the kinetics.

The slow secondary crystallization is absent in the samples analyzed here.

DESCRIPTION OF THE MODEL

Price10 has proposed this model to account for the slow secondary crystal
lization observed in polymethylene. In this model, spherulites grow with a 
constant radial rate from random centers. The crystallinity at time t 
[x(a, 01 due to this process is given by the Avrami equation, eq. (1), with 
n = 3 or 4. Once a volume element has been included in the spherulite its
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crystallinity jumps from zero to x(«, 00 )• A first-order process then occurs 
within the volume element whereby its crystallinity increases by an amount 
x(s, t — 6), where

xO, t -  6) = x(s,°°)[l -  exp -  0)}] (2)
This eq. (2) gives the additional crystallinity at time t, of an element which 
was included in the spherulite at time 6. The total crystallinity at time t 
[x(c, £)] arising from these two consecutive crystallization processes be
comes8

x(c, t) = x(o, t) -  r  [x(s, t - e ) ] d e  (3)
Jo x(«, 03) ad

From eqs. (1) and (2), eq. (3) becomes

x(c, t) = x(a, «>) [1-exp { -  21 £”}] +  x(s, “ )z2

X I (1-exp j — zi0r"}) [exp { —z2(t — 6)} ]dd (4) 
Jo

Price10 has shown that if the first-order process is sufficiently slower than 
the primary crystallization, then this rate eq. (4) gives crystallization 
isotherms which resemble those found when both primary and secondary 
crystallization are present. It is here shown that if the two processes have 
comparable half-lives, then crystallization isotherms are obtained which 
resemble those found experimentally when the secondary crystallization is 
absent, and which further lead to fractional values of the Avrami exponent, 
when analyzed according to eq. (1). Equation (4) shows that the iso
therms obtained from this model lead to an exponent which is initially equal 
to n (3 or 4) and falls towards unity as the crystallization proceeds. A pro
gressively decreasing exponent is found for both polymethylene5 and 
polyethylene oxide).12 On the other hand, a number of Avrami processes 
with different but integral values of n, occurring simultaneously, lead to an 
apparent n value which increases as crystallization proceeds. This has been 
rejected as a possible explanation of the anomalous fractional values of the 
Avrami exponent.13

FIT OF CONVOLUTED RATE EQUATION (4) TO 
AVRAMI EQUATION (1)

From eq. (4), isotherms were calculated for a number of values of the 
parameters z\, z2, x(a, ), and x(s, 00), for both n = 3 and n = 4. The in
tegral in this equation could not be evaluated analytically and was ap
proximated by the 20-point Gauss formula, giving an accuracy of greater 
than 0.1%. A typical isotherm is shown in Figure 1, where the contribu
tions to the total crystallinity of both processes are individually shown. 
The isotherms thus obtained were then fitted by a least-squares procedure, 
by using a modified steepest descent program to the simple Avrami eq. (1), 
having the two adjustable parameters n and z. Table II summarizes the
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Fig. 1. Isotherms constructed from eq. (4) with zi = 1 X ICR6, z2 = 1 X 1CR2> 
x(a, <*>) = 0.7, x(s,°°) = 0.3, n = 3: (A) crystallinity due to first-order process, x(c, t) — 
x(a, 0i (B )  crystallinity due to primary crystallization, x(a, f)> (C)  total crystallinity, 
x(c, i)-

results obtained. The value of the Avrami exponent is reduced from 4 and 
3 [eq. (4) ] to an optimum value between 3.5 and 2. The standard devia
tion may be up to 5%, the larger values being found when the first order 
process is relatively slow. When experimental isotherms are fitted to the 
Avrami eq. (1), standard deviations of this magnitude are commonly 
found.5 If the primary process contributes more to the total crystallinity 
than the first-order process, then the very good fit to the simple Avrami eq.

TABLE II
F it of Isotherms, Constructed from Convoluted Rate Equation (4), 

to Avrami Equation (1)

Parameters from optimum
Parameters of eq. (4) fit of eq. (1)

n Zl Z2 X (a, °°) x(s. “ ) n z <r, %

3 1 X 10“6 1 X 1(R2 0.7 0.3 2.32 1.46 X 10“6 2.71
3 1 X 10“6 1 X ICR2 0.5 0.5 2.16 2.29 X 10 2.79
3 1 X 10“6 1 X 1(R2 0.9 0.1 2.73 3.00 X 10-« 1.43
3 1 X t e r 6 1 X HR1 0.7 0.3 3.04 7.47 X 10“7 0.08
3 1 X 10“6 1 X ICR3 0.7 0.3 2.18 3.04 X 10~5 4.62

4 5 X to-« 1 X 1(R2 0.7 0.3 3.06 2.83 X 10-~7 2.90
4 5 X 10“9 1 X 1(R2 0.5 0.5 3.39 3.74 X 10“8 4.20
4 5 X 10~9 1 X 1(R2 0.9 0.1 3.50 4.70 X 10 -« 1.56
4 5 X 10~9 1 X K R1 0.7 0.3 3.50 5.01 X 10“8 1.84
4 5 X 1(R9 I X ICR3 0.7 0.3 2.99 4.26 X 10“7 4.83



MODIFIED AVRAMI EQUATION 3071

— 2%

O

— 2°/o
____________ L

— 1°/o

--1°/o
O

A. 4
o

o
o

o
o

o
o

Pig. 2. Difference plot showing fit of isotherms to simple Avrami eq. (1): (A) poly
methylene, run D, T  = 127.61°C. (<r — 2.1%); (B ) isotherm construction from eq.
(4) (a- = 2.7%), parameters as for Fig. 1; (C) poly(ethylene oxide), T  = 53.77°C. 
(<r = 1.5%). The vertical scale is experimental contraction — calculated contraction, 
as a percentage of total contraction. The horizontal scale is experimental shrinkage.

(1) (Table II) shows that isotherms are obtained which would give ap
parent constant fractional n values when analyzed by conventional double 
logarithmic plots.7 The residual deviations remaining after the fit of the 
Avrami equation to the constructed isotherms [eq. (4) ] are systematic, and 
follow the same pattern in all cases. A representative difference plot 
(i.e., percentage difference calculated on the total crystallinity between the 
calculated and observed crystallinity at time t) is shown in Figure 2 and 
compared to ones for polymethylene5 and poly (ethylene oxide).14 The 
residual deviations follow very closely the same pattern in all three cases. 
This strongly indicates that the experimental isotherms for polymethvlene 
and poly (ethylene oxide) may be well fit ted by the rate eq. (4).

ANALYSIS OF CRYSTALLIZATION ISOTHERMS IN 
TERMS OF THE CONVOLUTED RATE EQUATION

For application to dilatometry, eq. (4) is written hi terms of the experi
mentally measured dilatometrie heights [/i(0) — h(t)] at time t as

h(0) -  h(t) = [h(0) — h ( °°) ]a(l — exp {— Zitn)) +  [h(0) — h(co)]sz2

X exp { — ZiOn j ) exp { — Ziit — 6)} ]dd (5)

where [/¡.(0) — /i(“ )]a and [/i(0) — /i(°o)]s are proportional to the total 
crystallinity due to the primary and first-order processes, respectively. 
The total experimental contraction is taken to be equal to the sum of these 
contributions, leading to three adjustable parameters in fitting eq. (5)
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to experimental data; the two rate constants z\ and and the ratio of the 
two limiting crystallinities. A ht of an experimental run of about 50 points 
to eq. (5) takes approximately 1 min. on the Atlas computer.

Polymethylene

The data analyzed here are those reported previously5 for polymethylene 
(P,. = 26,000) deprived of its slow secondary crystallization. The isolated 
Avrami process shows an exponent which decreases to unity towards the 
end of the crystallization. A decrease of n from 3 to 2 has also been re
ported for a sample of polyethylene exhibiting secondary crystallization.16 
In fitting our data, the value of the Avrami exponent [n, eq. (5)] was 
taken as 3 corresponding to instantaneous nucléation of spherulites. In 
many polyethylene samples, including the one studied here, spherulites 
cannot be resolved optically. However, drastic heat treatment is found to 
result in observable spherulites, which are formed almost instantaneously 
and which grow with a constant radial rate until impingement is near.15 
In fitting eq. (5) it is assumed that in the untreated sample, spherulites are 
present, although they are too small to be observed optically. The fit of 
eq. (5) to runs at six temperatures giving standard deviations in the range 
0.4-1.2% is shown in Table III where the fit of the two-parameter Avrami 
eq. (1) is also shown (see Table III, ref. 5) (a = 1.7-3.5%). The fit achieved 
by the three-parameter equation is surprisingly good, considering that fit
ting run C to an empirical 16-parameter equation leads to a standard devia
tion of 0.25%,5 which is regarded as the magnitude of the experimental scat
ter. The substantial decrease in the standard deviation on the addition 
of only one further adjustable parameter gives encouraging support for the 
model, particularly as the simple Avrami eq. (1) has no physical meaning 
for the optimum fractional values of the Avrami exponent.

Poly (ethylene Oxide)

Price et al.12 have found that the value of the Avrami exponent decreases 
during crystallization and that spherulites grow with a constant radial rate 
in thin films of the polymer. Banks and Sharpies6 observed spherulites of 
the same size in bulk samples, indicating instantaneous nucléation. When 
they analyzed dilatometric data for the spherulitic sample, the value of the 
Avrami exponent was found to be 2,6 a value incompatible with the observa
tion of spherulites. Data analyzed here are for a similar sample as that 
used by Banks and Sharpies (Polyox WSR 35, provided by Union Carbide 
Ltd.). Table IV shows the fit of both the simple Avrami eq. (1) (er =
1.1-3.4%) and the modified Avrami eq. (5) with n = 3 (a = 0.8-1.7%). 
The optimum value of n for the fit of the simple Avrami equation is near 2 
at the lower temperatures (confirming the results of Banks and Sharpies)6 
and falls to near 1.5 at high temperatures. In all but one run, the standard 
deviation is decreased by the fit of the modified Avrami equation, although 
this improvement is not as marked as in the case of polymethylene.
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Poly (decamethylene Terephthalate)

Data at one temperature (122.95°C,) kindly provided by Drs. Sharpies 
and Swinton, and previously reported by them2 have been analyzed. 
The fit of the simple Avrami eq. (1) gave n = 3.00, 2 = 1.30 X 10”8 with 
a = 0.36%, and that of the modified Avrami eq. (5) with n = 4 gave 
zi =  2.00 X 10-e, 22 =  2.99 X 10% [h(0) -  h ( c ° ) ] c i  =  11.41 cm. with 
a = 1.43%. (The total experimental contraction was 14.19 cm.) The 
standard deviation is not improved by the addition of the further parameter 
although the embarrassment of the fractional n value has been removed.

DISCUSSION

The model described here attempts to account for the anomalous values 
of the Avrami exponent found when crystallization data are analyzed in 
terms of the simple Avrami eq. (1), by incorporating only features which are 
observed microscopically. Thus, spherulites growing with a constant ra
dial rate are observed in thin films of the majority of polymers. It has been 
questioned how justifiable is the practice of using observations pertinent 
to thin films to interpret bulk kinetics.16 This question remains un
answered until the growth rates of spherulites in the bulk are directly 
measured and compared to those found in thin films. The two rate proc
esses combined in the overall rate eq. (4) receive support from the micro
scopic observations of Keith and Padden.16’ 17 These authors postulate 
that during spherulitic growth, low molecular weight material is ejected 
and is trapped in interfibrillar layers. Their results suggest that growth 
takes place in two stages. First, there is a growth of spherulites consisting 
of radial fibers fairly well separated from one another by melt in which 
low molecular weight or stereoirregular species are concentrated. This is 
then followed by the solidification of impure interfibrillar melt. (See 
their Fig. 13.) These authors also suggest that the subsequent crystalliza
tion of impure interfibrillar melt leads to an Avrami exponent approxi
mately equal to unity.

TABLE V
Temperature Dependence of Rate Constants Zi, z2 [Eq. (5)] Analyzed According to

Equation (6)

Polymer

Rate 
Constant 
[eq. (5)] N A B <9 %

Polymethylene Z i 1 17.14 1.35 X 105 1.2
2 1.54 2.88 X 103 2.0

Z 2 i 2.94 3.26 X 104 6.4
2 -  0.82 6.99 X 107 5.9

Poly(ethylene oxide) Z  l i 2.85 5.60 X 104 4.6
2 -  4.15 1.10 X 108 5.0

Z-2 1 2.16 2.43 X 104 6.0
2 -  0.85 4.81 X 107 4.2
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As un fractionated commercial samples of polymethylene and poly
ethylene oxide) have been used in the dilatometric experiments, it is 
reasonable to suppose that low molecular weight material is present, so that 
this mechanism may be operative. In fact, Keith and Padden have used 
poly(ethylene oxide) of the same designation (Polyox WSR 35) in arriving 
at their conclusions.

Further support for the model may be sought by examining the tempera
ture dependence of the parameters z\ and 22 [eq. (4) ]. If it is assumed that 
the number of primary nuclei is temperature-independent, the temperature 
dependence of zi may be directly compared to that of the radial growth rate 
observed microscopically. The temperature dependence of the growth 
rate has been interpreted1 in terms of two or three dimensional second
ary nucleation leading to a linear dependence of In(2) upon l / T A T  and 
l / ( T A T Y ,  respectively, i.e.,

1 1 1(2 ) =  A  -  B / ( T A T ) n  (6)

A least-squares fit of the two rate constants (21, 22) for polymethylene and 
polyethylene oxide) (Table V) shows that for both polymers, the rate con
stant Z\ corresponding to the radial spherulitic growth is best fitted by the 
l / T A T  law. However, for poly (ethylene oxide) the distinction between the 
two possibilities is not as definite as for polymethylene. Hoffman and 
Lauritzen18 have shown that growth by coherent nucleation leading to the 
l / T A T  law is necessary in the formation of the lamellar spherulites found 
in bulk polymethylene19’20 and polyethylene oxide).21 The magnitude of 
the slope of these plots is in reasonable agreement with the values reported 
from microscopic observations. For polyethylene of varying molecular 
weight the slope is in the range 3 X 104-6 X 104,22 the value obtained from 
this model being 4.5 X 104 (Table V). (The slopes in Table V must be 
divided by 3 to correspond to the radial growth rate.) For polyethylene 
oxide), Price et al.12 report a microscopic value of 2.9 X 104 compared to 
our value of 1.9 X 104. The agreement is encouraging, considering that 
the microscopic and bulk values refer to different samples. The values of 
z-i do not conclusively distinguish between a two- or three-dimensional 
secondary nucleation mechanism for the first-order process. This analysis 
is complicated by an uncertainty in the melting temperature to be used here. 
The model postulates that 22 refers to the crystallization of interfibrillar low 
molecular weight material. This will have a lower melting point than the 
higher molecular weight material which is initially incorporated in the 
spherulite. The melting points [polymethylene, 138.3°C.; polyethylene 
oxide), 65.8°C.] were taken as the temperature at which the final trace of 
crystallinity disappeared5 and thus refer to the higher molecular weight ma
terial. However, the rate eq. (5) does not depend upon an explicit formu
lation of this process. It may, as proposed by Keith and Padden, be due 
to interlamellar crystallization of low molecular weight material, and, in the 
case of tactic polymers, of stereoirregular species. Other possible mecha
nisms of this first-order process can also be envisaged. These include re
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laxation processes within the lamellae, leading to an increase in crystal per
fection, and crystallization of lower stereoregularity segments in tactic 
polymers. In view of these possible mechanisms, the first-order process 
postulated here may be an oversimplification. The residual deviations 
which remain after the fitting of this model are in the majority of the runs 
still systematic, although for the runs fitted to less than 1% the deviations 
become more random. (For the fit of polymethylene, run C, a = 0.44%, 
the deviations change sign 16 times.) In the runs in which the deviations 
are still systematic, including all those of polyethylene oxide) and the one 
poly(decamethylene terephthalate) run, the deviations follow the same

o O 
o ° 

JÚ°I° 0

O<

1 °________1 i ____L

_l°/o

°°o

i o 
o

o oo o

o

o o o
__ L

o ° o

B
„ __ i______ 1_________ ?____ 1_______9

DL°/o

o
o 0 o
o o

o
o

_L7»

° °  o° ° °°c
oO1

o
ooo

o
o 

—
 

o
o

c

o

° ! ?  
o

o oOOOqOOo

Fig. 3. Difference plots showing fit of combined rate eq. (5) to: (A) poljr(deca- 
methylene terephthalate), T = 122.95°C. (<r = 1.4%); (B) poly(ethylene oxide),
T = 53.77°C. (a = 1.3%); (C) poly methylene, run A, T = 125.79°C. (<r = 0.7%). 
The scales are as in Fig. 2. The vertical dotted lines indicate where the primary 
crystallization is 90% completed.

pattern, indicating that in all three polymers, a common deviation from 
the model occurs. Figure 3 shows a representative difference plot for each 
polymer. It is seen that towards the end of the primary process the calcu
lated crystallinity is in excess of the experimental value. This may be due 
to a decrease in the radial growth rate of the spherulites when abutment is 
near. Such a decrease has been observed microscopically for both poly
ethylene15 and polyethylene oxide).12'17

This model also leads to a possible explanation of the results of seeded5 
experiments on polyethylene and poly (ethylene oxide) (crystallization after 
partial melting). An Avrami exponent slightly greater than unity is found 
dilatometrically,23’14 and the final linear growth rate is approximately the
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same in the seeded and unseeded experiments.6 Microscopically, the bire
fringence disappears uniformly on melting and returns uniformly on 
recrystallization.16'23 This suggests that the crystallization observed 
after partial melting is mainly the first-order process which occurs within 
the spherulite during crystallization from the melt. Although there are a 
number of possible mechanisms for this process, the observations are most 
readily interpreted if it is assumed that it is due to the crystallization of low 
molecular weight interfibrillar material. This leads to the following pic
ture in terms of the model discussed. On partial melting, crystallinity 
due to the first-order process is lost first, owing to its lower molecular weight 
and hence melting point, resulting in a uniform disappearance of the bire
fringence. Tables III and IV show that this crystallinity is about 60-70% 
of the total, so that when the seed crystallinity is 30-40% and above, 
subsequent crystallization will be solely due to the first-order process lead
ing ideally to an Avrami exponent of unity. The final growth rates will be 
the same in the seeded and unseeded cases as they both refer to the first 
order process. Values of n slightly greater than unity, which are found to 
occur for lower degrees of seed, may be the result of the loss on partial melt
ing of some of the crystallinity added during the primary radial growth.

Thanks are due to Professor M. Gordon for many helpful discussions.
These calculations were performed on the Atlas Computer at the Institute of Com

puter Science of London University. Thanks are due to the Directer for use of these 
facilities.
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Résumé
On présente une explication pour les valeurs fractionnaires anormales de l’exposant 

d’Avrami trouvées lors de la cristallisation d’un certain nombre de polymères. L’inter
prétation se base sur un modèle qui postule la croissance radiale constante des sphérulites, 
suivie d’une augmentation de la cristallinité à l’intérieur de ceux-ci par un processus du 
premier ordre. Le choix du modèle est étayé par des observations microscopiques di
rectes d’autres auteurs. Les isothermes de cristallisation pour le polyméthylène, l’oxyd 
de polyéthylène et le téréphtalate de polydécaméthylène sont en accord avec ce modèle. 
Indépendamment de la suppression des valeurs fractionnaires de l’exposant d’Avrami, 
qui n’a pas de signification physique, ce modèle fournit un accord bien meilleur que 
l’équation d’Avrami avec la plupart des isothermes analysés. On discute également de 
la dépendance vis-à-vis de la température des constantes de vitesse trouvées pour les 
processus à deux vitesses de ce modèle. Sur la base de ce modèle, on présente une inter
prétation des résultats des expériences ensemencées.

Zusammenfassung
Eine Erklärung der anomalen, bei der Kristallisation einer Anzahl von Polymeren 

auftretenden gebrochenen Werte des Avrami-Exponenten wird gegeben. Die Interpre
tation beruht auf einem Modell, in welchem ein konstantes Radialwachstum der Sphäro- 
lithe, gefolgt von einer Kristallinitätszunahrne innerhalb derselben nach einem Prozess 
erster Ordnung angenommen wird. Dieses Modell wird durch direkte mikroskopische 
Beobachtungen anderer Autoren gestützt. Die Kristallisationsisothermen für Poly
methylen, Poly(äthylenoxyd), und Poly(decamethylenterephthalat) werden diesem 
Modell angepasst. Neben der Beseitigung der gebrochenen Werte des Avrami-Exponen
ten, welche keine physikalische Bedeutung haben, liefert dieses Modell auch eine be
trächtlich bessere Übereinstimmung mit den meisten untersuchten Isothermen wie die 
Avrami-Gleichung. Weiters wird die Temperaturabhängigkeit der Geschwindigkeits
konstanten der beiden Geschwidigkeitsprozesse dieses Modells diskutiert. Eine Inter
pretation der Ergebnisse aus Keim-Experimenten wird an Hand dieses Modells gegeben.

Received October 20, 1964 
Prod. No. 4632A
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A P henom enolog ica l T heory  o f Spherulitic  
C rystallization: P rim ary  and  Secondary 

C rystallization Processes

FRASER P. PRICE, General Electric Research Laboratory, Schenectady,
New York

Synopsis
A theory is presented that takes into account the two stages occurring during the 

crystallization of bulk polymers. The theory assumes that all the crystallization occurs 
within the spherulites but that the amount of crystallinity at any particular point 
within a spherulite depends upon the age of that particular point. I t  is shown that these 
assumptions lead to transformation curves that look like those in actual polymer crystal
lizations.

The course of isothermal crystallization of high polymers frequently 
can be divided into two relatively distinct régimes.1 In the first of these 
the transformation follows the usual Avrami2 kinetics of nucléation and 
growth of spheres. In the second the crystallization rate is much de
creased and the volume fraction transformed seems to increase approxi
mately as the logarithm of the time. It has been noted that the second 
régime frequently starts about at the time when the specimen is com
pletely filled with spherulites. The essence of the theory presented in 
this paper is that all the transformed material resides within growing 
spherulites and that the extent of transformation of any intraspherulitic 
region depends upon the length of time that region has been inside a 
spherulite.

Theory
It has been shown that for an assembly of spheres* developing with a 

constant radial growth rate G in a volume V that the volume fraction 
transformed into spheres is

Y  = 1 -  e~^Kdr (1)
* The best expositions of this problem of which the author knows are presented by 

Evans3 and Fry.4 All these developments rest upon Poisson’s theory of expectations.5 
They all give as the volume fraction occupied by the developing objects

y — | _ e- S n iv i /V

where Srur,- is the total volume the developing objects would have occupied had no 
impingement occurred and V  is the volume which the Sn, objects occupy with impinge
ment. I t is also assumed that nt- is large and v, <JC V.
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where t is the real time; K s = (47rG3)/(3U) and n = 3 for a fixed number 
of spheres; and K s = (7rGW0)/(3F) and n = 4 for a constant rate of in
jection of new spheres, N 0. For convenience we change to reduced vari
ables by letting r = K st and consider the system at r = X. At some time, 
t , prior to X the volume fraction of the system that has just been engulfed 
by the spheres is

dY  = (dY /dr) dr = inTm~le~Tm(lr (2)

At time X  this volume of material has been in existence (X — r) time 
units. We assume that once inside a sphere the transformation from 
liquid to crystal is again defined by Avrami-type kinetics and thus the 
volume fraction transformed to crystal is

0 = 1 -  ce- ^ x - T)" (3)

where /3 = K t/ K s, K t = constant characterizing rate of the intrasphere 
crystallization in terms of real time, i.e. fir = Kit, c = volume fraction of 
liquid just inside the sphere boundary, and n = constant = 1,2,3. Then 
at reduced time X, the volume fraction of material that is inside spheres 
and has transformed to crystals is

F = f A [1 -  ce~̂ "(X~t)"]m,Tm~xe~rmdr (4)
J  0

Upon integration, where possible, this yields for the volume fraction 
untransformed,

0 = 1  -  F  = e~xm +  me P T m  le~ r̂m + ^ x ~ ^ d r  (5)
J  0

Thus for selected values of c, m, n, and /3, in principle 4> can be calculated as 
a function of X. Plots of volume fraction untransformed versus reduced 
time can then be constructed and compared to experiment. It is worth 
noting that the course of the intraspherical crystallization might be de
scribed by some function other than that given in eq. (3). The effect of this 
would be to replace the factor, exp j —(3" (X — t)n } in the integral by the 
other expression.

In principal the integral on the right-hand side of eq. (5) can be reduced 
to a sum of incomplete gamma functions of fractional order, which can be 
evaluated from existing tables. This reduction can be accomplished by 
letting rm +  d"(X — r)n = Z, solving for r in terms of Z , and making the 
appropriate substitutions. However, the solution of third- or fourth- 
order equations is so cumbersome that usually it is preferable to evaluate 
the integrals numerically for selected values of to, n, and ¡3.

There is one case of apparent experimental interest where the reductions 
are simple enough to make the above procedure feasible. This is when n = 
1 and ¡3 is small enough so that the approximation

e0T = 1 +  fir +  (/3 r) V 2 (6)
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is valid. Here eq. (5) reduces to 

0 = e~xm+ ce~*x [ 1 -  +  c0e yl/me~vdy

+  (c/32e y2/me~vdy (7)

where the first atid second integrals on the right-hand side are incomplete 
gamma functions of order 1 +  (1 / to) and 1 +  (2/in), respectively.

Results

The results of computer calculations of 0 versus X for m = 3 (constant 
number of spheres) are plotted in Figures 1-6. Also plotted, as the dashed 
lines in the same figures, against X are values of I  = 0 — e~x \  the volume 
fraction of liquid within the spheres. Figures 1, 2, and 3 present the 
curves for c = 1, the situation with no crystals at spherulite boundary. 
This case clearly is physically absurd. However the liquid fraction is made 
up of that outside the spheres plus that inside the spheres, and that outside 
the spheres is fixed at e~x \ Thus the dashed curves of I  versus X, when 
multiplied by physically reasonable values of c, can be used to calculate 
the 0-X relationships for any situation. This has been done in Figures 4, 
5, and 6 for c = 0.5. These will be discussed below. First it will be noted 
in Figures 1-3 that as (3 becomes smaller the separation into two distinct 
regimes becomes more marked. This is intuitively reasonable, as /3 repre
sents the rate of intrasphere crystallization relative to the rate of sphere 
growth. If the ratio is small, the system will fill with spheres before they 
become appreciably crystallized and two distinct stages will ensue. Fig
ures 1-3 also show that as ¡3 becomes larger the maximum fraction of non-

Fig. 1. Plots of (------) $ and (- -) I  vs. X  for various values of /3 with c = 1.0, m = 3.0,
n = 3.0.
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Fig. 2. Plots of (------) 4> and (- -) I  vs. X  for various values of f t  with c = 1.0, m = 3.0,
n = 2.0.

Fig. 3. Plots of (------) $ and (- -) /  vs. X  for various values of ft with c = 1.0, m = 3.0,
n = 1.0.

crystallized intrasphere material both decreases and moves to shorter 
times. This also is to be expected, for as the rate of intrasphere crystalliza
tion increases with respect to sphere growth, the spheres become relatively 
more crystalline. The limit of this situation occurs when /3 = 00, there is 
never any liquid within the spheres, and <£ = e~x \ Comparison of the I  
versus X  curves at fixed values of d in Figures 1-3 shows that as n is de
creased the value of X  at the maximum is unaltered but the value of I  de
creases.

In Figures 4, 5, and 0 are displayed the curves of (/> and I  versus X  for 
various values of n and /3, with c = 0.5. Here the increasing separation of
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Fig. 4. Plots of (------) 0 and (- -) I  vs. X  for various values of /3 with c = 0.5, in = 3.0,
n = 3.0.

Fig. 5. Plots of (------) 0 and (- -) I  vs. X  for various values of p with c = 0.5, m = 3.0,
n = 2.0.

the <j>-X curves into two stages with decreasing values of /3 is very marked. 
In fact, in Figures 4 and 5 where n = 3 and 2, respectively, the transition 
from an apparent one-stage process to a two-stage one occurs over a rel
atively short range of /3- Only in the case presented in Figure 6 where n 
= 1 is the transition between the stages sufficiently broad to make the 
curves look like those encountered experimentally. Accordingly, we hence
forth will fix our attention on the case where n = 1. This is fortunate, as 
it permits easy expansion of the integral in eq. (5) by the methods indicated 
in eqs. (6) and (7). Values of </> were calculated by using eq. (7), by neglect
ing the last integral, the T(5/3,X) one, and evaluating the first integral,
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Fig. 6. Plots of (------) <p and (- -) I  vs. X  for various values of 0 with c = 0.5, m = 3.0,
n = 1.0.

Fig. 7. Plots of (------) $ and (- -) I  vs. for various values of 0 with c = 1.0, m = 4.0,
n = 1.0.

the r(4/3,X) one, by use of Pearson’s tables of incomplete F-functions.6 
The curves of </> versus X  thus calculated everywhere fitted the computer 
calculated ones displayed in Figure 6 to within ±0.005 in <£ when (5 ^  1.0. 
It thus appears that the approximations involved in obtaining an even 
somewhat abridged form of eq. (7) are not too drastic and that use of Pear
son’s tables is feasible. This is fortunate, as it permits evaluation of the 
necessary integrals without recourse to a digital computer.

In Figures 7 and 8 are displayed the curves of </> and I  versus X  for the 
case where m = 4 (constant nucleation rate of spheres) and n — 1 (disklike 
crystal growth within spheres). The results are not extremely different
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Fig. 8. Plots of (------) 0 and (- -) I  vs. X for various values of /3 with c = 0.5, m = 4.0,
n = 1.0.

from those for the m = 3 case. It is worth noting from a comparison of 
the 4>-X curves in Figure 6 with those in Figure 8 that only near the be
ginning of crystallization is there any significant differences. This is due 
to the fact that only in this region do the kinetics of sphere nucleation and 
growth differ appreciably. After the system is essentially full of spheres 
it is the intrasphere crystallization which is important and this has been 
assumed identical in the two systems. The <j>-X curves in Figure 8 were 
calculated by using the abridged form of eq. (7) discussed above in con
junction with Pearson’s tables. Here the fit in <£ was to within ±0.008.

In conclusion it should be noted that workers at the University of 
Massachusetts and the Plastics Division, Monsanto Chemical Company, 
have used essentially the same concepts to develop a theory similar to the 
one presented here.7 They included the concept of a limiting fraction of 
crystallinity, while the theory in this paper allows the crystallization to go 
to completion. They fitted the theory to the crystallization of polypropyl
ene and found that, in the terminology of this paper, m = 3.9, n = 1.8. 
If this relatively large value of n is found to obtain in many polymer crys
tallizations, the simplified eq. (7) unfortunately may not be as useful as 
originally was hoped.

The author wishes to express his gratitude to Dr. C. Muckenfuss for much helpful 
discussion during the course of this work and Miss A. D. Warner for setting up the com
puter program.
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Résumé
On présente une théorie qui tient compte de deux étapes qui ont lieu pendant la cristal

lisation des polymèrs en bloc. La théorie admet que toute la cristaelisation a lieu à 
l’intérieur des sphérulites mais que le taux de cristallinité à un point particulier a l’in
térieur d’un sphérulite dépend du vieillissement de ce point particulier. On montre que 
ces hypothèses conduisent a des courbes de transformation qui ressemblent à celles des 
cristallisations de polymères.

Zusammenfassung
Eine Theorie, welche die beiden bei der Kristallisation von Polymeren in Substanz 

auftretenden Stufen berücksichtigt, wird vorgelegt. In der theorie wird angenommen, 
dass die gesamte Kristallisation innerhalb der Sphärolithe verläuft und dass der Betrag 
an Kristallinität an einem bestimmten Punkt innerhalb des Sphärolithen vom Alter 
dieses Punkts abhängt. Es wird gezeigt, dass diese Annahmen zu Umwandlungskurven 
führen, welche den bei der Polymerkristallisation tatsächlich auftretenden gleich sind.
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Surface Energetics, Adhesion, and Adhesive Joints. 
IV. Joints between Epoxy Adhesives and 

Chlorotrifluoroethylene Copolymer 
and Terpolym er (Aclar)

H. SCHOXHORN and L. H. SHARPE, Bell Telephone Laboratories 
Incorporated, Murray Hill, New Jersey

Synopsis
I t is shown that structural joints can be formed between conventional epoxy adhesives 

and copolymer and terpolymer of chlorotrifluoroethylene, at temperatures well below 
the softening points of these polymers, without their prior surface treatment. An expla
nation of this low temperature behavior is given in terms of the surface tension of the 
adhesive, surface roughness, and the micro-Brownian motion of the polymers associated 
with the glass transition.

Recently, Schonhorn and Sharpe1 demonstrated the feasibility of forming 
strong adhesive joints between a conventional epoxy adhesive and a fluoro
carbon polymer well below the melting point of the fluorocarbon polymer 
without expensive and hazardous pretreatment of the polymer surface. 
This previously unreported low temperature behavior was dependent upon 
the surface tension of the epoxy adhesive and the micro-Brownian motion 
of the polymer associated with its glass transition.

This study, which deals with the formation of strong joints between 
chlorotrifluoroethylene copolymers and terpolymers and epoxy adhesives, 
is an extension of our previous work.1’2 A brief outline of the scope of the 
present paper is as follows.

The surface tensions of the epoxy adhesives used in preparing tensile 
shear specimens were varied by choosing two different curing agents, 
diethylaminopropylamine (DEAPA) and diethylenetriamine (DETA). 
The former imparts to the epoxy adhesive a surface tension of 32.9 dynes/- 
cm. and the latter 44.0 dynes/cm. The effect on joint strength of lowering 
the surface tension of the epoxy adhesive containing the latter curing agent 
by addition of a fluorocarbon surfactant was also investigated. Further, 
joints in which the adhesive was allowed to set at room temperature were 
subsequently subjected to higher temperature cures to observe the effect 
of this procedure on strength. In addition, joints were prepared with 
polymer films which had previously been annealed, to study the effect of 
this variable on joint strength. Finally, the effect of gross surface rough
ness of the polymer on joint strength was investigated.
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Experimental

The metal tensile-shear adherends were of 2024-T3 aluminum (Aluminum 
Co. of America). Their dimensions were 5 X 1 X Vis in- The surface 
of the aluminum was prepared by first vapor-degreasing in trichloroethylene 
and then etching for 7 min. at 65°C. in the following solution: sodium 
dichromate (Na2Cr20 7-2H20 ), 1 part (by weight); water, 30 parts; sul
furic acid (95%), 10 parts.

After etching, the specimens were rinsed for 5 min. in running tap water 
and for 1 min. in running distilled water, and then dried in a forced air oven 
at 60°C. Specimens were stored in desiccators over Ascarite and removed 
just prior to use. For the measurement of tensile shear strengths, standard 
composite test pieces consisting of aluminum-epoxy adhesive-polymer 
sheet-epoxy adhesive-aluminum were prepared for bonding in a special 
device designed to maintain a '/Vim overlap. The thickness of the epoxy 
adhesive was maintained constant by insertion of a piece of 0.003-in. 
diameter gold wire in each glue line between the aluminum and t he polymer. 
Clean gloves and tweezers were used in all specimen preparations to avoid 
possible contamination. Bonding was accomplished, at approximately 
20 psi pressure, by placing stacks of composites in forced air ovens at 
specified temperatures for 16 hr. The bonded specimens were tested in 
tensile shear in accordance with ASIA 1 D1002-53T, except that the strain 
rate was 0.1 in./min.

A DuNouy tensiometer was used to measure the surface tension of the 
epoxy resin and curing agent. The instrument was calibrated with water 
and benzene. Prior to each determination, the surface tension of water was 
measured. Mixtures of the epoxy resin and curing agent were equilibrated 
for a few minutes after mixing before the surface tension was determined. 
Since the mixtures had high viscosities, the DuNouy ring was equilibrated 
in the surface of the liquid for a few minutes at a stress several tenths of a 
dyne below the point of maximum stress, to permit the material to relax. 
The break point was approached slowly until rupture occurred. Three 
readings were taken for each mixture. Deviations of the order of ±0.2 
dyne/cm. or less were obtainable by this procedure. The surface tensions 
were calculated by using the appropriate correction parameter of Harkins 
and Jordan.3

The polymers employed in the present investigation were Aclar 22A and 
22C and Aclar 33A* and 33C supplied in 0.005 in. thickness by the General 
Chemical Division, Allied Chemical Corporation, Morristown, New Jersey. 
Prior to adhesive bonding these materials were solvent-wiped with tri
chloroethylene to remove surface dust and any obvious contamination. 
The Aclar 22 material is a copolymer of chlorotrifluoroethylene and vinyli- 
dene fluoride. The composition of this copolymer is somewhat different 
from the Ivel-F 82 which was investigated earlier.1 The Aclar 33 material 
is a terpolymer of chlorotrifluoroethylene, vinylidene fluoride, and tetra-

Not a standard product.
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fluoroethylene. Both the copolymers and the terpolymers contained about 
95% chlorotrifluoroethylene. The designations A and C refer to primarily 
amorphous and primarily crystalline forms of the polymers. The amor
phous materials were about 25% crystalline and were clear. The crystal
line materials were about 60% crystalline and slightly hazy.

The adhesive joints were prepared at elevated temperatures (ultimate 
temperature) for 16 hr. and tested at room temperature. The room tem
perature specimens were cured for one week to allow the epoxy adhesive to 
reach a reasonable degree of cure. Reproducibility of joint strengths was 
approximately ± 15%.

Results and Discussion

Figures 1 and 2 present data for the joint strength of composites consist
ing of aluminum-epoxy adhesive-fluorocarbon polymer-epoxy adhesive- 
aluminum. The epoxy resin was a pure diglycidyl ether of bisphenol A 
which had been used previously.1'2 This resin was cured with DMA PA in a 
ratio of 100 parts by weight resin to 7 parts by weight of curing agent. 
Maxima lower in value and broader than those obtained with the Ivel-F 
materials are noted. The initial rise in joint strength is due to the onset of 
micro-Brownian motion in the polymers which is associated with their 
glass transition. Increased motion in the polymers aids in achieving ex-

Fig. 1. Tensile shear strength of lap shear composites consisting of aluminum-(epoxy 
resin +  DEAPA)-fhiorocarbon polymer-(epoxy resin +  DEAPA)-aluminum, plotted 
as a function of the ultimate temperature of joint formation: ( • )  aluminum-epoxy 
adhesive-aluminum composite; (O) Aclar 22A in the composite; (A) Aclar 22C in the 
composite.
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Fig. 2. Tensile shear strength of lap shear composites consisting of alurninum-(epoxy 
resin +  DEAPA)-fluorocarbon polymer-(epoxy resin +  DEAPA)-aluminum, plotted 
as a function of the ultimate temperature of joint formation: ( • )  Aclar 33A in the
composite; (O) Aclar 33C in the composite.

ULT IM A T E  T E M P E R A T U R E  OF BO N D  FORMATION ( ° C )

Fig. 3. Tensile shear strength of lap shear composites consisting of aluminum-(epoxy 
resin +  DETA)-fluorocarbon polymer-(epoxy resin +  DETA)-aluminum, plotted as a 
function of the ultimate temperature of joint formation: ( • )  aluminum-epoxy adhesive- 
aluminum composite; (A) Aclar 22A in the composite; (O) Aclar 22C in the composite.
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ULTIMATE TEMPERATURE OF BOND FORMATION (°C)

Fig. 4. Tensile shear strength of lap shear composites consisting of aluminum-!epoxy 
resin +  DETA)-fluorocarbon polymer-(epoxy resin -j- I)ETA)-aluminum plotted as a 
function of the ultimate temperature of joint formation: (©) Aclar 33A in the composite; 
(O) Aclar 33C in the composite.

ULTIMATE TEMPERATURE OF BOND FORMATION (°C)

Fig. 5. Tensile shear strength of lap shear composites consisting of aluminum-!epoxy 
resin +  DETA -f- 0.1% L-1074 fluorocarbon surfactant)-fluorocarbon polymer-!epoxy 
resin +  DETA +  0.1% L-1074 fluorocarbon surfactant)-aluminum plotted as a func
tion of the ultimate temperature of joint formation: (A) aluminum-(epoxy resin +  
DETA +  0.1% L-1074 fluorocarbon surfactant)-aluminum composite; (O) Aclar 22A 
in the composite; ( • )  Aclar 22C in the composite.
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Fig. 6. Tensile shear strength of lap shear composites consisting of aluminum- 
(epoxy resin +  DETA +  0.1% L-1074 fluorocarbon surfactant)-fluorocarbon polymer- 
(epoxy resin +  DETA +  0.1% L-1074 fluorocarbon surfactant)-aluminum plotted as a 
function of the ultimate temperature of joint formation: (O) Aclar 33A in the com
posite; ( • )  Aclar 33C in the composite.

tensive and proper interfacial contact resulting in stronger adhesive joints. 
The kinetics of this process will be deferred to a subsequent publication.4

The importance of the surface tension of the liquid epoxy adhesive is 
demonstrated in Figures 3 and 4, where the same epoxy resin but a differ
ent curing agent, DETA, was used. As we stated earlier, the surface tension 
of the DETA adhesive is considerably higher than the DEAPA adhesive. 
Because of this, the DETA adhesive wets the polymer surface less exten
sively than the other, and the micro-Brownian motion of the fluorocarbon 
polymer is insufficient to heal the interface. The low temperature maxi
mum, therefore, is absent, and a low joint strength is observed until the 
melting region of the polymer is approached. Then the macromotion of 
the thermoplastic polymers causes them to achieve the extensive and proper 
interfacial contact with the cured epoxy which results in strong adhesive 
joints.1,2 The micro-Brownian motion associated with the glass transition 
should aid in the formation of strong joints with all thermoplastic polymers 
that have their Tg in a favorable region. That the surface tension of the 
epoxy adhesive is an important factor is evident from the comparison of 
data when the resin is cured with DEAPA and DETA. The low surface 
tension of the epoxy resin-DEAPA adhesive enables it to approximate bet
ter the microscopic surface roughness of the thermoplastic polymers. The 
contact angles of this epoxy adhesive on the as-received surfaces of the 
fluorocarbon polymers are about 25° at 25°C. as measured with a Gaertner 
contact angle goniometer. When the epoxy resin is mixed with DETA,
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Fig. 7. Tensile shear strength of lap shear composites consisting of aluminum-!epoxy 
resin +  DEAPA)-fluorocarbon polymer-!epoxy resin +  DEAPA)-aluminum plotted 
as a function of the ultimate temperature of joint formation: ( • )  aluminum-!epoxy
resin +  DEAPA)-aluminum composite; (O) Aclar 22A in the composite; (A) Aclar22C 
in the composite. The joints were cured at room temperature for 7 days prior to being 
subjected to elevated temperatures.

the contact angles rise to about 50°, indicating that this adhesive has a 
tendency to less conformity to the polymer surface than the DEAPA-cured 
adhesive. The increase in the mobility of the fluorocarbon polymers at and 
above their glass transition temperatures is apparently not sufficient to 
bridge the gaps in enough areas to result in strong joints. As we reported 
previously,1 a fluorocarbon surfactant (L-1074, Minn. Mining and Mfg. 
Co.) was added in the amount of 0.1% by weight to the mixture of epoxy 
resin-DETA to reduce the surface tension to 28 dynes/cm. This epoxy 
adhesive spreads on the Aclar films. Figures 5 and (i depict the effect of 
this additive on the joint strengths of the lap shear composites. A low 
temperature maximum is in evidence where none existed before. The 
lowering of the surface tension of the DETA system causes it to behave in 
a manner similar to the DEAPA system. It should be repeated that no
where in these investigations were the surfaces of the fluorocarbon polymers 
altered chemically in any manner prior to the forming of the joint.

As we noted in a previous publication,1 the low temperature maximum is 
followed by a decrease in joint strength which was postulated to be a con
sequence of setting of the epoxy adhesive before sufficiently extensive in
terfacial contact had occurred. Subsequently we observed a marked de
crease in the mechanical strength of the free fluorocarbon films when they 
were subjected to temperatures in the neighborhood of 150°C. This 
prompted a re-examination of the nature of the minima in the tensile shear 
strength at these intermediate temperatures. Accordingly, a series of
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ULTIMATE TEMPERATURE OF BOND FORMATION <°C)

Fig. 8. Tensile shear strength of lap shear composites consisting of aluminum- 
(epoxy resin +  DEAPA)-fluorocarbon polymer-fepoxy resin +  DEAPA)-aluminum 
plotted as a function of the ultimate temperature of joint formation. ( • )  Aclar 33A in 
the composite; (O) Aclar 33C in the composite. The joints were cured at room tem
perature for 7 days prior to being subjected to elevated temperatures.
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Fig. 9. Tensile shear strength of lap shear composites consisting of aluminum-(epoxy 
resin +  DEAPA)-fluorocarbon polymer-f epoxy resin +  DEAPA)-aluminum plotted 
as a function of the ultimate temperature of joint formation: (O) Aclar 22A in the com
posite; ( • )  Aclar 22C in the composite. The fluorocarbon polymer films were annealed 
at 150°C. for 1 hour prior to adhesive bonding.
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Fig. 10. Tensile shear strengths of lap shear composites consisting of aluminum 
(epoxy resin +  DEAPAj-abraded fluorocarbon polymer-(epoxy resin +  DEAPA)- 
aluminum plotted as a function of the ultimate temperature of joint formation: (O) 
Aelar 22A in the composite; ( • )  Aclar 22C in the composite. The fluorocarbon polymers 
were scraped with a razor blade to produce a roughened surface prior to adhesive bonding.

Aclar 22A and C and Aclar 33A and C specimens were bonded with the 
epoxy-DEAPA adhesive and allowed to cure at room temperature for one 
week. They were then subjected to elevated temperatures for 16 hr., 
brought back to room temperature, and their strengths measured. The 
results of this experiment are presented in Figures 7 and 8. The minimum 
still is evident though, in certain cases, it is not as pronounced. Further, 
joints formed at the temperature of the first maximum for 16 hr. and then 
subjected to 150°C. for 16 hr. show only a relatively small (< 10%) de
crease in strength from that at the maximum. In addition, joints formed 
with 22A films which are first heated at 150°C. for 30 min. prior to adhesive 
bonding (Fig. 9) do not show a low temperature maximum but, rather, a 
plateau, at relatively low strengths, which changes into the normal maxi
mum in the melting region of the fluorocarbon polymers.

The manufacturers’s information indicates that the A form of these films, 
in particular, tends to expand significantly in one dimension and shrink in 
the orthogonal dimension quite rapidly at 150°C. The severe wrinkling of 
such films when they are heat treated reveals this dimensional instability. 
The C form of these films is far more dimensionally stable than the A form. 
This is revealed by lack of wrinkling of heat-treated, C-type films and, in 
addition, by the much shallower minima in the curves for these films (ex
cept in the case of Figure 1, for which we have no explanation).

It appears, then, that what is lowering the joint strength in the inter
mediate temperature region is the recrystallization of the fluorocarbon 
polymer, causing both dimensional changes in the polymer film which in
duce internal stresses in the joint, and a lowering of the mechanical strength 
of the polymer film itself.
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Fig. 11. Tensile shear strength of lap shear composites consisting of aluminum- 
(epoxy resin -f DEAPA)-abraded fluoroc.arbon-(epoxy rasin +  DEAPA)-aluminum 
plotted as a function of the ultimate temperature of joint formation: (O) Aclar 33A in 
the composite; ( • )  Aclar 33C in the composite. The fluorocarbon polymers were scraped 
with a razor blade to produce a roughened surface prior to adhesive bonding.

Aii attempt was made to moderate these effects by employing a less rigid 
adhesive. For this purpose a formulated commercial resin, containing a 
conventional bisphenol A-epichlorohydrin resin, allyl glycidyl ether, 
poly (vinyl acetate), and Asbestine as a filler and cured with DETA was 
employed. The surface tension of this mixture could not be measured 
accurately because of its extremely high viscosity. Our results show a 
rise in joint strength as the temperature increases, the rise beginning at a 
significantly higher temperature than for the pure epoxy resin-DEAPA 
system, then becoming a plateau. Xo minimum is observed. A more 
comprehensive study of this and another adhesive system is given else
where.4

To test the effect of surface roughness on the formation of strong ad
hesive joints with these fluorocarbon polymers, specimens of the copoly
mers and terpolymers were scraped with a razor blade to produce a rough
ened surface. They were then joined with the epoxy resin-DEAPA ad
hesive system in the form of lap shear composites. The results (Figs. 10 
and 11) show very low joint strengths and no low temperature maximum. 
Therefore, although both the micromotion of the polymers and the low 
surface tension of the adhesive are operative, the roughness of the polymers 
evidently is sufficient to prevent the formation of joints equivalent in 
strength to those formed with the unroughened polymers. The roughened 
surface apparently, in these experiments, precludes the achievement of 
extensive and proper interfacial contact.

Conclusions

The results presented here quite dramatically demonstrate the influence 
of bulk properties of a polymeric substrate upon the making of an adhesive
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joint, and particularly upon the achievement of the intrinsic load-bearing 
capability of that joint. The results further indicate the importance of 
studying the formation of an adhesive joint over a range of temperature. 
Quite erroneous conclusions regarding the bondability of the systems here 
described could have resulted from a study of joint formation at a single 
temperature.

Specifically, the importance of the effect of the motion associated with the 
glass transition is readily apparent from the joint strengths at the low 
temperature maxima. This effect, moreover, is not limited to this system. 
We have observed similar behavior in systems involving poly(vinyl acetate), 
poly(vinyl butyral), and poly(vinyl formal).4 That the adhesive should 
form a very small or zero contact angle with the adherend is also quite 
evident from the results presented in this paper. It is also quite evident 
that deliberate roughening of the polymer substrate can overshadow 
wettability and glass transition effects and result in a weak joint.

The authors gratefully acknowledge the assistance of Messrs. D. Maccia and F. W. 
lÎ3ran in the experimental phase of this work.
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Résumé
On montre que des joints de structure peuvent se former entre les adhésifs conven

tionnels du type époxy et le copolymère et le terpolymère du chlorotrifluoroéthylène, à 
des températures bien inférieures aux points de ramolissement de ces polymères, sans 
traitement préalable de leur surface. Une explication de ce comportement à basse tem
pérature est donnée en termes de tension superficielle de l’adhésif, de rugosité de la surface 
et du mouvement micro-Brownien des polymères associés à la transition vitreuse.

Zusammenfassung
Es wird gezeigt, dass zwischen konventionellen Epoxyadhäsiven und Chlortrifluor- 

äthylenco- sowie-terpolymeren bei Temperaturen weit unterhalb des Erweichungspunkts 
dieser Polymeren ohne vorhergehden Oberflächenbehandlung strukturelle Verbindungen 
gebildet werden können. Eine Erklärung dieses Tieftemperaturverhaltens wird anhand 
der Oberflächenspannung des Adhäsivs, der Oberflächenrauhigkeit und der mit der 
Glasumwandlung verknüpften Mikro-Brown’schen Bewegung gegeben.
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A nionic P o lym eriza tion  o f V inylm esitylene

D. N. BHATTACH AR YYA, J. SMID, and M. SZWARC,
Department of Chemistry, State University College of Forestry 

at Syracuse University, Syracuse, New York

Synopsis
Anionic polymerization of vinylmesitylene was investigated in THF (counterion N a+) 

at temperatures ranging from +25° to —70°C. The homopropagation is slow (kp ~  1 
1./mole-sec. at 25°C.), indicating the basically low reactivity of the monomer. Studies of 
conductivity and the retardation of the polymerization by the addition of N a+BPh4~ 
demonstrate that free ions and ion pairs participate in the process. At 25°C. the kv of 
the free ion appears to be about 1000 times greater than that of ion pair. The outstand
ing feature of the polymerization is the proton transfer from the monomer to living end, 
producing an inert ion

(or its isomer) which does not propagate. This reaction leads to retardation of the 
polymerization. Its contribution decreases on lowering the temperature, and the effect 
of Na +BPh4_ indicates tha t the free ion, and not the ion-pair, acts as a base in the proton 
transfer.

Anionic homopolymerization of vinylmesitylene (VM) exhibits some in
teresting features deserving discussion. The “living” polyvinylmesitylene 
is prepared by adding a THF solution of the monomer to a THF solution 
of low molecular weight “living” polystyrene (Na+ counterion), and usually 
about 20 units of monomer are polymerized on each living end. It is es
sential to carry out the reaction at about — 25°C., the process being per
formed on a high vacuum line, with continuous magnetic stirring of the 
reagents.

The resulting solution is yellow, its absorption spectrum shows one fairly 
sharp peak at Xmax = 360 mn with a small inflection at 435 mju. At room 
temperature the solution is relatively stable, although a slight increase of 
optical density at 435 m/x is noticed after 24 hr. Therefore, the preparation 
should be kept in a freezer if stored for several days.

The initiation with living a-methylstyrene oligomer is not recommended 
because the reaction is extremely slow. The reaction with metallic sodium

3099
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is even slower, whereas the initiation with metallic potassium leads to some 
unknown side reactions resulting in partial precipitation.

The solution of living polyvinylmesitylene conducts and the equivalent 
conductivity was determined for 5 X 10-3M solution at- temperatures 
ranging from +30 to —98°C. The results are given in Figure 1. The 
shape of the curve is not unusual—the degree of dissociation increases 
with decreasing temperature, but so does the viscosity of the solvent (Fig. 
2); and therefore, the equivalent conductivity passes through a maximum.

TEMPERATURE (”C)

Fig. 1. Dependence of the equivalent conductance of living polyvinylmesitylene on
temperature THF.

The above results demonstrate that free '~vVM_ ions, as well as ion 
pairs, are present in solution. Since the equivalent conductivity of poly
vinylmesitylene at 25°C. is 2.2 times lower than that of living poly
styrene,1'2 (K Disa = 1.5 X 10“7 mole/1.) the dissociation constant of 

Na+ is about o times smaller than that of living polystyrene.
The kinetics of homopolymerization of living polyvinylmesitylene was 

investigated by removing aliquots from a polymerizing solution and deter
mining by vapor-phase chromatography the concentration of the residual 
monomer after quenching of the reaction. A typical plot of log(C0/C,) 
versus time is shown in Figure 3. The observed curve shows that the re-
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action becomes increasingly retarded as the conversion proceeds. This 
phenomenon seems to be due to a proton transfer from the monomer to a 
living end (LE) as shown by eq. (1).

CH3

-VM +

(1)

CH,

The resulting anion appears to be inert, and apparently it does not prop
agate the polymerization. This suggestion is supported by the appearance 
in the polymerized solution of a new absorption peak at 435 m/i and remains
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igg c0/c,
(L.E.)

l*'Lg. 3. Polymerization of living polyvinylmesitylene at 25°C. in THP (N a+).

(iotistant after completion of the reaction. We are inclined to attribute this 
peak to ions of the type

CHS

CH3

The kinetic results are given in Table I. The retardation of the poly-

TABLE I
Homopolymerizations of Vinylmesitylene in THF 

(T = 25°C.; Counterion N a+)

[LE] X 103 
mole/1.

[Monomer] X 103, 
mole/1.

Conversion,
%

kp,
1./mole-sec.

1.0 1.8 7-32 1.03
3.0 60.4 24-73 0.85
3.0 6.3 28-67 0.91
4.2 5.4 24-67 0.84
4.4 69.4 29-75 0.85
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merization hampers the determination of the correct values of the individual 
k„’s, and this difficulty may account for their apparent constancy at differ
ent concentration of living ends.

On addition of a threefold excess of Na+, BPtu- , which is about 100 
times more dissociated3 than the living ends, the rate constant of propaga
tion decreases to 0.15 l./mole-sec., i.e., by a factor of about 6 (see Table
II). Accepting Kmaa of 'vwVM- , Na+ to be 3 X 10~8 mole/1. and con-

TABLE II
Effect of NaB(Ph)4 on Homopropagation of Vinylmesitylene at Different Temperatures

Temp.,
°C.

NaB(Ph)4
added,
mole/1.

[LE] X HP, 
mole/1.

[Monomer] X 
103,

mole/1.
Conversion,

%
kPf

l./mole-sec.

25 0 4.02 10.40 31-62 0.84
25 H r 2 3.5 10.3 2-33 0.15

0 lO“2 3.5 10.2 9-49 0.15“
-2 5 10“2 3.3 10.5 11-59 0.15“
-6 5 10~2 3.8 10.8 12-77 0.23“

“ The contribution of free ions at lower temperatures is probably considerable. Hence, 
kp of ion pairs is lower than indicated by the data of Table II.

sidering the value 0.15 l./mole-sec., given in Table II, as the propagation 
constant of ion pairs at 25°C., we calculate the propagation constant of the 
free ■vwVM~ ion to be about 250 l./mole-sec. It seems that the free ion 
is about 1000 times more reactive than the “"'VM- , Na+ ion pair—a result 
resembling that observed for the living polystyrene system (at 25°C. the 
free ion is 800 times more reactive than ^ S - , Na+ ion pair2’4.6).

The temperature dependence of the overall kv is given in Table III.

TABLE III
Effect of Temperature on kp of Homopropagation of Vinylmesitylene in THF

Temp., °C.
[LE] X 103, 

mole/1.
[Monomer] X 

103, mole/1.
Conversion,

%
kp,

l./mole-sec.

25 3.0 6.3 28-67 0.91
0 3.1 14.6 25-62 0.91

-3 5 3.3 14.1 38-78 0.92
-7 0 3.4 13.9 29-84 0.93

The apparent activation energy is zero; however, since the degree of 
dissociation increases on lowering the temperature such a result is not 
surprising. In fact, by applying the Walden rule, we calculate Ao at 
— 70°C. to be 15 cm.2/ohm-equiv. (at 25°C., A0 = 64 cm.2/ohm-equiv.), 
and therefore the dissociation constant increases to ~ 3  X 10_6 mole/1. 
compared to 3 X 10~8 mole/1. at 25°C. The increase in the concentration 
of free ions is balanced by the decrease in their reactivity, and therefore kp 
of the free ion apparently decreases by about one power of ten as the tern-
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REACTION TIME (SECS)

Fig. 4. Temperature eflect on the propagation of living polyvinylmesitylene in THF
(Na+).

Fig. 5 Polymerization of living polyvinylmesitylene in THF in the presence of N a+-
BPh4~.
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perature is lowered from +25 to — 70°C. On this basis, the activation 
energy of propagation by the free ~wVM~ ions is calculated to be about 3 
kcal./mole. This value appears to be too low, i.e., the activation energy 
of propagation of a free ^styryl~ ion was found to be about 4-5 kcal./- 
mole.6 At this stage we cannot offer any explanation for this behavior (see, 
however, the last paragraph of this paper).

The retardation of vinylnresitylene polymerization was attributed to a 
proton transfer from the monomer to the growing end [eq. (1)]. As may 
be seen from Figures 4 and 5, reaction (1) must have a higher activation 
energy than the overall propagation, since the degree of retardation dimin
ishes at lower temperatures. Because the significance of reaction (1) 
diminishes as the temperature is lowered, the preparation of the polymer 
also has to be performed at low temperatures, as recommended earlier. 
Notice in Figure 5 that the retardation seems to disappear on addition of 
Na+BPlq- . This indicates that only the free ions may abstract the 
protons.

An intramolecular proton-transfer reaction (2) is also possible. It seems

- C H - C H  ~ C H —  CH2

(2)

that the less stable ion (I) formed in propagation isomerizes into a more 
stable primary carbanion (II). Two observations support this suggestion: 
(1) a slight shift in the absorption spectrum of living polymer (Xmax = 360 
m/i changes into Xmax = 350 mp) is observed when its solution is left at 
room temperature for about 12 hr.; (2) the conductivity of an aged solution 
of living polyvinylmesitylene decreases slightly on addition of monomer 
and thereafter the conductivity increases slowly over a period of a few 
hours, long after completion of the polymerization. It seems that the ion 
pair derived from carbanion (II), present in the aged solution, is more 
ionized than the ion pair derived from (I). Since the latter is formed on the 
addition of the monomer, the conductivity is expected to decrease at the 
beginning of polymerization. A slow proton transfer [reaction (2) ] reforms 
the original species, therefore increasing the conductivity.

Existence of various ions could distort our determination of the ionization 
constant and this could contribute to the apparently low activation energy 
of propagation by the free ion.

We acknowledge the financial support of this study by the National Science Founda
tion.
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Résumé
On a étudié la polymérisation anionique di vinyl-mésitylène dans le THF (contre-ion 

N a+) dans un domaine de températures situé entre +  25°C et —70°C. L’homo- 
propagation est lente {kp ~  1 l./mol. sec. à 25°C), ce qui montre la faible réactivité 
fondamentale du monomère. Des études de conductivité et de ralentissement de la 
polymérisation par l’addition de N a+BPh4-  démontrent que des ions libres et des paires 
d’ions participent au processus. À 25°C, le kp de l’ion libresemble être environ 1000 
fois plus grand que celui de la paire d’ion. Le caractère dominant de la polymérisation 
est le tranfert du proton du monomère sur l’extrémité vivante, ce qui fournit un ion 
inerte (Voir résumé en anglais.) (ou son isomère) qui ne propage pas. Cette réaction 
conduit au ralentissement de la polymérisation. Sa contribution diminue par abaisse
ment de la température et l’influence de N a + BPh4_ indique que l’ion libre, et non la 
paire d’ion, agit comme une base dans le tranfert protonique.

Zusammenfassung
Die anionische Polymerisation von Vinylmesitylen wurde in THF (Gegenion N a+) 

bei Temperaturen von +25°C bis —70°C untersucht. Die Wachstumsreaktion verläuft 
langsam (kp ~  11 Mol-1 sec^1 bei 25°C), was für eine grundsätzlichuiedripe Reaktivität 
des Polymeren spricht. Die Untersuchung der Leitfähigkeit und der Verzögerung der 
Polymerisation durch Zusatz von N a+BPh4“ zeigt, dass an dem Prozess freie Ionen and 
Ionenpaare teilnehmen. Bei 25°C scheint kp für das freie Ion etwa 1000 mal grösser 
zu sein als für das Ionenpaar. Die Besonderheit der Polymerisation ist der Protonen
transfer vom Monomeren an das wachsende Ende, wobei ein inertes (oder sein someres)— 
Ion ensteht (Siehe englische Zusammenfassung.), welches nicht mehr wächst. Diese 
Reaktion führt zur Polymerisationsverzögerung. Ihre Bedeutung nimmt mit fallender 
Temperatur ab, und der Einfluss von N a+BPh4̂  zeigt, dass das freie Ion und nicht das 
Ionenpaar beim Protonentransfer als Base wirksam ist.

Received January 22, 1965 
Prod. No. 4675A
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Reaction of a, a-Diphenyl-d-Picrylhydrazyl with Acids

D. H. SOLOMON and JEAN D. SWIFT, Division of Applied Mineralogy, 
C.S.I.R.O., Melbourne, Australia

Synopsis
The action of dilute aqueous mineral acids on <x,a-diphenyl-/3-picryl hydrazyl (DPPH) 

has been studied and shown to result in the rapid loss of the characteristic color of the 
radical. Hydrobromic and hydrochloric acids yield a,a-diphenyl-,8-picryl hydrazine 
(DPPH-H) and the corresponding halogen-substituted a,a-diphenyl-0-picryl hydrazine. 
Hydroiodic acid gives DPPH-H, iodine, and a small quantity of DPPH. A number of 
organic acids cause similar reactions. Kinetic studies on the hydrobromic acid system 
indicate that the reaction is first-order with respect to: hydrogen ion concentration, 
DPPH concentration, and anion concentration. The ability of the anion to undergo 
one-electron transfer and to dimerize are also important, and the strongest nucleophile 
gives the fastest reaction. A mechanism which involves ionic attack is proposed to ac
count for the reaction of DPPH with acid. The limitations of DPPH in studying reaction 
mechanisms are then discussed in relation to the proposed ionic mechanism.

INTRODUCTION

The inhibiting action of the “stable” free radical cqa-diphenyh/i-picryl- 
hydrazyl (DPPH) (I) on a reaction or polymerization is generally taken as 
evidence supporting a free-radical mechanism.1 Although DPPH is itself 
a radical, it is not sufficiently active to initiate most free-radical reactions 
or polymerizations but nevertheless reacts rapidly with radical inter
mediates.2 As a tool for studying radical reactions DPPH is often pre
ferred to the more conventional inhibitors such as phenols, quinones, 
and amines for a number of reasons. First, reaction of DPPH can be 
readily observed by loss of the characteristic violet color, and second, it 
reacts quantitatively with many radical intermediates and can, therefore, 
be used to count the radicals present,2 and in some cases to measure the 
rate of formation of radical intermediates from, for example, polymerization 
initiators.

II
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Reactions of DPPH with phenols,3-6 amines,3'7-8 hydroaromatic com
pounds,9 and mercaptans10'11 have also been reported, and such reactions 
generally lead to the formation of diphenylpicryl hydrazine (DPPH-H) 
(II, A = H).

In general, radical mechanisms involving hydrogen abstraction by DPPH 
have been invoked to explain such reactions, although McGowan et al.3 
proposed an ionic mechanism involving hydride ions to explain certain 
phenol reactions. Hogg et ah,4 however, maintain that the phenol reac
tion is equally well explained by a radical mechanism.

During studies on the mechanism of polymerization of styrene on clay 
minerals, we noted that certain thermally activated “neutral” clays de
colorize solutions of DPPH in organic solvents.12 Details of this reaction 
will be reported later. However, certain structural features of the 
clays used suggested that “acidity” may be related to the reaction with 
DPPH. These observations led to the present study of the reaction of 
DPPH with acids.

EXPERIMENTAL

Melting points are uncorrected. Microanalyses were carried out by 
the C.S.I.R.O Microanalytical section. Cellulose columns were prepared 
from Whatman cellulose powder, standard grade. No. 1 Whatman paper 
was used for paper chromatography with n-hexane as solvent, while silica 
gel G (made according to Stahl by Merk) was used as the adsorbent for 
thin layer chromatography, with benzene-petroleum ether, b.p. 60-80°C. 
(17:5), as solvent.

Action of Bromine on DPPH

A solution of Br2 in CHC13 was added to DPPH (0.400 g.) in CHC13 
until a color change to red took place. The solution was washed with water 
and dried (anhydrous Na2S04). The chloroform was removed by distilla
tion under reduced pressure and the crude product (0.69 g.) dissolved in 
benzene and chromatographed on an alumina column. Elution with ben
zene gave a-(p-bromophenyl)-a-phenyl-/3-picryl hydrazine (0.240 g.), 
m.p. 190-191 °C., orange needles from chloroform.

Calculated for C18H,2N60 6Br: C, 45.58%; H, 2.55%; N, 14.77%; Br, 16.86%. 
Found: C, 45.34%; H,2.64%; N, 14.55%; Br, 16.7%.

Goldschmidt and Renn13 and other workers14 report m.p. 179-180°C.
The NMR spectrum is shown in Figure 1 and is that expected for a com

pound with this structure. It should be noted that this provides definite 
evidence for bromine in the para position. To obtain a satisfactory NMR 
spectrum it was necessary to use acetone as the solvent, and this has re
sulted in a displacement of the picryl group signal, (compare Fig. 2). Oxi
dation by Pb02/N a2S04 in benzene as described by Goldschmidt and Renn13 
gave a typical violet color of a hydrazyl radical to the solution which gave 
an ESR signal similar to but not identical with that of DPPH.
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Fig. 1. NMR spectrum of <*-(p-bromophenyl)-a:-phenyI-fi-picryl hydrazine in acetone, 
run at 60 Mcycles/sec. No other peaks were observed.

Fig. 2. NMR spectrum of a-bis(p-bromophenyl)-/3-picryl hydrazine in deuterochloro- 
form, run at 60 Mcycles/sec. No other peaks were observed.

Further elution of the column with benzene gave a second product (0.120 
g.) which after repeated recrystallization from chloroform-ethanol gave 
red plates, m.p. 107-109°C. The compound gave a positive test for bro
mine, and the NMR spectrum is shown in Figure 2.

Oxidation as above gave a violet color of a hydrazyl radical to the solu
tion. The ESR signal was similar to but not identical with that of DPPH 
or the p-bromo radical. On this evidence we conclude the compound is 
a-bis(p-bromphenyl)-/?-picryl hydrazine.
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Action of HBr on DPPH

To a solution of DPPH (0.325 g., 8.25 X 10~4 mole) in benzene (100 ml.) 
was added dilute aqueous HBr. The violet color changed to yellow. After 
standing (1 hr.) the solution was washed with water (3 X 10 ml.), then with 
NallCCh (2 X 10 ml.) and finally, with water (3 X 10 ml.). The benzene 
solution was dried (Na2S04), filtered, and evaporated to dryness (0.364 g.).

The crude product was dissolved in benzene-petrol, b.p. 40-60°C. (20: 
80) and chromatographed on an alumina column. Elution with benzene 
gave DPPH-H (0.160 g., 4.06 X 10~4 mole), m.p. and mixed m.p. 172- 
173°C. from chloroform-ethanol. Infrared and NMR spectra were iden
tical with those of an authentic specimen of DPPH-H.

Further elution with benzene gave a-(p-bromophenyl)-a-phenyl-/3-picryl 
hydrazine (0.071 g., 1.5 X 10-4 mole) m.p. and mixed m.p. 190-191°C. 
from chloroform.

Paper and thin layer chromatography on the crude reaction mixture 
revealed only two products with R F values corresponding to DPPH-H and 
(p-bromophenyl)phenylpicryl hydrazine. Therefore, no change had taken 
place during the separation on alumina. Quantitative separation by 
chromatography was exceedingly difficult, and an intermediate fraction 
eluted with benzene was shown to contain (p-bromophenyl)phenylpicryl 
hydrazine with some DPPH-H by paper chromatography.

Action of HC1 on DPPH

Treatment of DPPH (0.250 g., 6.35 X HP 4 mole) with dilute aqueous HC1 
in a similar manner to that described above for HBr gave a crude reaction 
product (0.290 g.). Chromatography on an alumina column did not 
separate the mixture and caused the formation of additional products. 
This was demonstrated by comparative paper and thin layer chromatog
raphy. Paper and thin layer chromatography showed the main products 
to be DPPH-H and a number of compounds which correspond to those ob
tained by the action of Cl2 on DPPH-H (see below). Chlorine analysis of 
the crude product was 3.98%, and this corresponds to a mixture of DPPH-H 
(54%) and monochlorodiphenylpicryl hydrazine (46%).

Action of HI on DPPH

DPPH (0.187 g., 4.75 X 10~4 mole) was treated with dilute aqueous HI 
as described above. The benzene solid ion was washed with water, 
XaFICCh, and water, and dried (NaoSCh). The aqueous washing gave a 
characteristic blue color when added to starch solution, indicating iodine. 
Titration of these washings with sodium thiosulfate (standardized with 
KIO3) in the presence of excess Ivl with the use of starch solution as in
dicator showed them to contain iodine (0.0495 g. I2). The benzene solution 
was shown.to contain DPPH and DPPH-II by paper and thin layer chro
matography. The DPPH was estimated colorimetrically (see below) and 
by ESR (0.004 g., 1.01 X 10-6 mole). Chromatography of the benzene



REACTION OF a,a-DIPHENYL-|3-PICRYLHYDRAZYL 3111

solution on an alumina column gave DPPH, m.p. and mixed m.p. 129— 
131 °C. from chloroform-ether, after drying under vacuum. Further elu
tion gave DPPH-H (0.155 g., 3.9 X 10-4 mole), m.p. and mixed m.p. 172— 
173°C. from chloroform-ethano'.

Calculated for Ci8Hi3N606: C, 54.7%; H, 3.3%; N, 17.5%. Found: C, 54.70%; 
H, 3.42%; N, 17.39%.

The yield of DPPH given by chromatography was low and can be related 
to reaction on the alumina, as shown by the formation of a number of 
colored bands and as previously observed by other workers.16

That DPPH results from and depends on the working-up procedure of 
the reaction mixture can be shown by paper and thin layer chromatography. 
No DPPH was detected before washing. The figures quoted above are 
those obtained from a typical reaction and working-up procedure. Varia
tion in the working-up procedure can result in altered yields, particularly of 
DPPH.

Action of Other Acids on DPPH

Treatment of benzene solutions of DPPH (0.5 mg./ml.) with a few drops 
of the following acid: H2S04 (2M ) ,  glacial acetic acid, acetic acid (2M ) ,  

H 3PO4 (concentrated), H 3PO4 (dilute), formic acid, and oxalic acid caused 
decolorization to occur. Paper and thin layer chromatography showed 
that one of the products of each reaction had R F values corresponding to 
those of DPPH-H.

Kinetic Studies

Preliminary measurements under an inert atmosphere gave substantially 
the same results as those obtained in the presence of oxygen, an observation 
previously noted by other workers.4’16-18 All subsequent experiments 
were conducted in the presence of air.

All optical density measurements were made on a Beckman DU spectro
photometer at a slit width of 0.05 mm. and a wavelength of 564 m/x at which 
it was shown that the products of the reaction had negligible absorption. 
The experiments were conducted at 20°C.

A number of solvent systems, varying from 50% aqueous acetone to 
acetone and alcohol, were evaluated to find a single-phase solvent system 
for both DPPH and the reaction products with acids. All of these systems 
were shown, by paper and thin layer chromatography, to give the same 
reaction products as in benzene. In order to have suitable reaction times, 
aqueous acetone-alcohol was eventually chosen.

The DPPH solution was added to the aqueous acid and optical density 
measured with respect to time. The effect of the concentration of DPPH, 
hydrogen ion, and anion with HBr is shown in Table I. Comparison of 
the reaction rates for HI, HBr, HC1, and H2SO4 and the effect of added 
salts is shown in Table II.
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TABLE I
Effect of H + Ion Concentration (with HBr) on Rate of Decolorization of DPPHa

Time,
min.

Concentration of DPPH X 102, mg./ml.b

0.005./V HBr with 
large excess NaBr

O.OlOlV HBr with 
large excess NaBr

0 3.60 3.60
1 3.55 3.50
2 3.50 3.40
3 3.43 3.30
4 3.39 3.20
5 3.33 3.12
6 3.29 3.03
7 3.23 2.94
8 3.19 2.86
9 3.14 2.77

10 3.09 2.69
11 3.03 2.61
12 3.00 2.54
13 2.95 2.47
14 2.91 2.40
15 2.87 2.32
16 2.81 2.27
17 2.78 2.19
18 2.73 2.13
19 2.69 2.07
20 2.65 2.01

“ Plotting log [DPPH] against time gives a straight line for both concentrations; 
d log [D P PH ]/*  = -0.0065 in 0.005JV HBr, -0.0129 in 0.010N/HBr; d log (D PPH ]/ 
dt)/(H+) = —1.3 in 0.0051V/HBr; -1 .29  in 0.010JV/HBr. 

b Solvent composition: acetone : alcohol : aqueous acid = 15:15:1.

Action of Halogens on DPPH-H

The reactions were studied under mildly acid conditions in the presence 
of the corresponding halogen acids. It was shown that no reaction took 
place between DPPH-H and the acids.

Action of I2. To DPPH-H in benzene, a benzene solution of iodine was 
added. By paper and thin layer chromatography it was shown that 
DPPH is formed when this mixture is washed with water. No other prod
uct was found.

Action of Br> To DPPH-H in benzene a solution of Br2 in benzene was 
added. Paper and thin layer chromatography showed the formation of 
a-(p-bromophenyl)-a-phenyl-/3-picryl hydrazine and as reaction proceeded, 
a small amount of a hydrazyl or a substituted hydrazyl compound with a 
characteristic violet color.

It should be noted that this is a much preferred method for the prepara
tion of a-(p-bromophenyl)-a-phenyl-(3-picryl hydrazine than that used 
previously.13'14
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TARLE II
Effect of Type and Concentration of Anion on Rate of Reaction

Time,
min.

Concentration of DPPH, 102 X mg./ml.a-b’c

HI HBr HC1 HD H I/N aId'e HBr/
NaBr

HC1/
NaCle

0 3.02 3.02 3.02 3.02 3.02 3.02 3.02
1 0.02 2.90 2.07 1.69 2.70 2.76
2 2.77 2.68 1.41 0.928 2.40 2.53
3 2.64 2.44 0.965 0.520 2.14 2.14
4 2.53 2.24 0.665 0.281 1.90 1.91
5 2.42 2.09 0.456 0.156 1.70 1.73
6 2.32 1.92 0.310 1.51 1.54
7 2.23 1.80 0.209 1.34 1.42
8 2.14 1.71 1.20 1.31
9 2.05 1.61 1.07 1.21

10 1.97 1.50 0.95 1.10
11 1.88 1.39 0.84 1.01
12 1.80 1.31 0.75 0.98
13 1.71 1.30 0.67 0.90
14 1.67 1.29 0.595 0.84
15 1.58 1.28 0.53 0 80
16 1.50 0.47
17 1.46 0.42
18 1.38 0.35
19 1.33 0.33 '
20 1.28 0.29

a H2SO4 (0.200A) reduced the DPPH concentration to 1.22 X 10-2 mg./ml. in 18 h r.; 
HjSCh/NaiSCh reduced the DPPH concentration to 1.00 X 10~2 mg./ml. in 18 hr. 

b Solvent composition: acetone: alcohol: aqueous acid = 5:5:2.
c The HI and HRr systems gave straight lines when log [DPPH] was plotted against 

time. HC1 deviated from first-order, d log [DPPH]/di for the HBr system was
— 0.018, and with bromide ion at three times this concentration d log [DPPH]/di was
— 0.051, first-order with respect to bromide ion.

d In order to obtain sufficiently slow rates of reaction, 0.004./V HI was used. 
e The HI, HC1 and H2SO4 systems with added salt had approximately twice the anion 

concentration.

Action of Chlorine. Chlorine was bubbled through a carbon tetra
chloride solution of DPPH-H containing a little HC1. Paper and thin 
layer chromatography gave at least three spots. A small amount of a 
violet-colored product developed as the reaction proceeded.

Action of Sodium Salts on DPPH
Nal (approx. 0.1 g.) was added to an acetone-water (1:1) solution of 

DPPH (10 ml., approx. 0.25 mg./ml.). After 2 hr. the color had changed 
to an orange-red. ESR showed no DPPH remained. After precipitation 
of the iodide with AgN03, DPPH was present as shown by ESR on the 
solution.

DPPH treated with NaBr as above showed only a small change, even 
after 24 hr., while with NaCl no reaction took place after 24 hr.
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DISCUSSION
The reaction of DPPH with dilute aqueous mineral acids and with 

organic acids is of special significance to the use of DPPH in assigning 
reaction mechanisms. To gain further information on the reactions with 
acids, preliminary kinetic studies were undertaken. In order to have a 
single-phase reaction mixture, acetone-alcohol-water was used as the 
solvent for kinetic studies. With hvdrobromic acid the reaction was shown 
to be first-order with respect to the concentration of DPPH, hydrogen ions, 
and bromide ions (Tables I and II).

The anion also greatly influences the reaction rate which decreases in the 
series HI, HBr, H2S04. As with hydrobromic acid, the hydroiodic and 
sulfuric acid systems are accelerated by increasing the anion concentration 
by salt addition (Table II). Reaction with hydrochloric acid is discussed 
below.

The reaction products and kinetics of the reaction of DPPH with aqueous 
mineral acids can equally well be explained by a number of mechanisms. 
Reaction of DPPH with molecular hydrogen halide followed by hydrogen 
atom abstraction and the formation of the halogen is compatible with the 
observed results, as also is attack on the DPPH by ionic species such as a 
proton or halide ion. While the molecular hydrogen halide mechanism 
cannot be eliminated, an ionic mechanism is supported by the accelerating 
effect of water on organic acids and the very much faster reaction of tri- 
fluoracetic acid when compared to acetic acid.18 At this stage the mech
anism shown in eqs. (l)-(3) is suggested.

The initial attack of DPPH [reaction (1)] could be by either a proton or 
an anion, but we have preferred anionic attack, since sodium iodide has 
been shown reversibly to decolorize DPPH. Also the nitrogen carrying the 
odd electron in DPPH would be expected to be relatively positive because 
of the electron-withdrawing effect of the picryl group.

Further support for the above mechanism comes from a study of the 
action of the halogens on DPPH-H [reaction (3)]. Bromine gives the 
p-bromo (II, A = Br) while chlorine gives a number of compounds shown 
by paper chromatography to be qualitatively similar to the products from 
hydrochloric acid on DPPH. On the other hand, with iodine no ring- 
substituted iodo compound could be detected, and this is to be expected 
since the iodination of aromatic compounds is an equilibrium reaction where 
it is necessary to remove hydroiodic acid in order to get significant react ion. 
However, when an acidified mixture of iodine and DPPH-IT is washed, 
small amounts of DPPTT are formed, presumably by oxidation as shown in 
eq- (4).

DPPH +  X -?±  [DPPH -  X]— 
[DPPH -  X]— +  H +-* DPPH-H +  7*X 

DPPH-PI +  X2 -v II (A = X) +  HX

(1)

(2)

(3)

D P P H -H  +  7 , 12 ^  D P P H  +  H I (4)
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This observation again supports the mechanism and products for the 
action of hydroiodic acid on DPPH.

With hydrochloric acid the rate of reaction is faster than with hydro- 
bromic acid, and this does not conform to the order expected from the 
nucleophilic strength of the anion. However, the kinetics show a devia
tion from first order, and it would appear that other reactions with DPPH 
are involved. It is suggested that chlorine is attacking DPPH and that 
this reaction proceeds at a comparable rate to the chlorination of DPPH-H 
and to the attack of hydrochloric acid on DPPH. Attempts to support 
this hypothesis by studies of the chlorination of DPPH, DPPH-H, and 
mixtures of these compounds have, however, been inconclusive.

A number of aspects of the proposed mechanism are of special significance 
in relation to the use of DPPH in studying the mechanism of reactions. 
First, decolorization of DPPH is not necessarily an indication of a radical 
mechanism. Second, the formation of DPPH-H is not conclusive evi
dence for hydrogen atom abstraction as suggested by some workers.4 
Third, in polymerization systems with, for example, Friedel-Craft type 
catalysts with mineral acid cocatalysts or in the presence of suitable organic 
anions and cations, decolorization of DPPH would appear likely.

CONCLUSIONS

The reaction products and kinetics resulting from the attack of aqueous 
acids on DPPH have been studied. A mechanism is proposed involving 
ionic attack on the DPPH.

In view of the proposed mechanism, the use of DPPH in assigning a reac
tion mechanism is limited.

Mr. F. D. Looney is thanked for assistance with the ESR spectra.
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Résumé
On a étudié l’influence des acides minéraux en solution aqueuse diluée sur l’a,«- 

diphényl-3-picrylhydrazyl (DPPH) et on montre le résultat par la perte rapide de la 
couleur caractéristique du radical. Les acides bromhydrique et chlorhydrique donnent 
l’a:,a:-dipliényl-/3-picrylhydrazine (DPH-H) et le dérivé halogéné substitué correspondant 
de l’a,a-diphényl-|3-pidrylhydrazine. L’acide iodhydrique donne DPPH-H; de l’iode 
et une petite quantité de DPPH. Un certain nombre d’acides organiques provoquent 
des réactions semblables. Des études cinétiques effectuées avec l’acide bromhydrique 
montrent que la réaction est du premier ordre par rapport à: (1 ) la concentration en ion 
hvdrogène; (2) la concentration en DPPH; (3) la concentration en anión. L’aptitude 
de l’anion à subir un transfert d’électron et à dimériser est également importante et le 
nucléophile le plus puissant donne la réaction la plus rapide. Un mécanisme qui im
plique une attaque ionique est proposé pour expliquer la réaction du DPPH avec l’acide. 
Les limites de l’emploi du DPPH dans l’étude des mécanismes de réaction sont discutés 
en relation avec le méchanisme ionique proposé.

Zusammenfassung
Die Einwirkung von verdünnten wässrigen Mineralsäuren auf a,a-Diphenyl-/3-picryl- 

hydrazyl (DPPH) wurde untersucht; sie führt zum raschen Verlust der charakteris
tischen Farbe des Radikals. Bromwasserstoff- und Chlorwasserstoffsäure liefern a,a- 
Diphenyl-/3-picrylhydrazin (DPPH-H) und das entsprechende Halogensubstituierte a,a- 
Diphenyl-ß-picrylhydrazin. Jodwasserstoffsäure liefert liefert DPPH-H, Jod sowie eine 
kleine Menge an DPPH. Eine Anzahl organischer Säuren verursacht ähnliche Reak
tionen. Die kinetische Untersuchung des Bromwasserstoffsäuresystems zeigt, dass die 
Reaktion von erster Ordnung in bezug auf (1) die Wasserstoffionenkonzentration, (2) die 
DPPH-Konzentration und (3) die Anionenkonzentration ist. Die Fähigkeit des Anions 
zum Elektronentransfer und zur Dimerisierung ist ebenfalls von Bedeutung, imd das am 
stärksten nukleophile liefert die rascheste Reaktion. Ein Mechanismus über einen 
ionischen Angriff wird zur Erklärung der Reaktion von DPPH mit Säure vorgeschlagen. 
Die durch den vorgeschlagenen Mechanismus gegebene Beschränkung bei der Verwen
dung von DPPH zur Untersuchung von Reaktionsmechanismen wird diskutiert.
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Heteroaromatic Polymers. The Polybithiazoles*

DANIEL T. LONGONE and HOWARD H. UN, Department of Chemistry, 
University of Michigan, Ann Arbor, Michigan

Synopsis
The polycondensation of dithioôxamide with bifunctional aromatic bromomethyl 

ketones affords a series of poly-4,4'-diaryl-2,2'-bithiazoles. These polymers exhibit out
standing thermal stability. They are characteristically insoluble, infusible, highly crys
talline, and of high molecular weight . Controlled structural variations within the poly
mer recurring unit allow for modifications of gross polymer properties. Structural 
characterization and thermal stability measurements are discussed.

IN T R O D U C T IO N

The very many polymer-forming reactions known utilize a relatively 
small number of different functional linkages and are sufficiently similar 
in nature to be classified as either condensation or addition reactions. 
Similarities in polymerization reactions necessarily result in similarities of 
gross polymer structures derivable from such reactions. One approach to 
obtaining new polymeric species lies in the development of polymer-forming 
reactions which by their very nature yield structures inaccessible t hrough 
conventional condensation or addition methods. The development of 
novel polycondensations, especially those affording recurring heterocyclic 
units, has revealed an area of unusual potential and diversity. Polymers 
resulting from more recent work in this area include polybenzimidazoles,2 
polybenzoxazoles,3 polypyrimidonequinazolones,4 and polyquinoxalines.6'6 
Due to their anticipated thermal stability, polymerizates containing solely 
heteroaromatic or mixed aromatic-heteroaromatic nuclei are of particular 
interest. The notable contributions of Marvel and his colleagues, which 
include fully aromatic polythiazoles,7 polybenzimidazoles,8 polybenzo- 
primidazolines,9 polyoxadiazoles,10 and poly triazoles,1 have stimulated 
further work in this area.

We have evaluated several diverse condensations as potential polymer
forming reactions with the aim of generating thermally stable hetero
aromatic polymerizates. In addition to the usual criteria, we sought reac
tions of such a nature that requisite monomers of great structural diversity 
would be synthetically accessible. The latter would allow correlation of 
gross polymer properties with controlled structural variations, e.g., extent

* Presented in part at the Symposium on Novel Polymer Structures, 145th National 
Meeting, American Chemical Society, New York, September 1963.1
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of conjugation, presence of flexible and heteroatom linkages, symmetry, 
etc. One reaction which proves to be extremely useful is the condensation 
of the commercially available dithiooxamide (DTOA) with halomethyl 
ketones.11

Aryl bromomethyl ketones (I) and DTOA afford 4,4'-diaryl-2,2'- 
bithiazoles (II) in useful yields (>80%) and of high melting points: (II, 
Ar = phenyl,12 /3-naphthyl,13 and p-biphenyl; m.p. 222, 278, and 347°C., 
respectively). The use of 1,4-dibromobiacetyl14 and l,3,5-tris-(bromo- 
acetyl) benzene15 in the condensation have been reported; however, the

2 A rC = 0  +  H,N NH,

CH.Br

I
■<? Ac

- H,0
-HHr ’

Ar—n-----N N-----n—Ar
T j ^ l J (1)

DTOA

resulting polymers were not characterized. For polymerization purposes, 
the requisite bifunctional aryl bromomethyl ketones would in general be 
accessible via Friedel-Crafts acylations of the corresponding aryl com
pounds. This approach allows desired structural variations of the type 
shown in eq. (2) where A is Ar, (Ar)„, Ar-R-Ar, Ar-O-Ar, heteroaromatic, 
etc.

BrCH2C0—A— COCH, Br +  

III

(2)

RESULTS AND DISCUSSION 

Polybithiazoles

Bifunctional aryl bromomethyl ketones (III) were prepared from the 
appropriate aromatic substrates by diacetylation and bromination or, 
directly, by dibromoacetylation. Polycondensations of DTOA with III 
were carried out in dimethylformamide at the reflux temperature (153°C.). 
In each case the reaction was quite rapid, affording, within 15 min., a 
finely divided polymer precipitate.

The use of p-bis(bromoacetyl)benzene as comonomer generated poly- 
4,4,-(p-phenylene)-2,2'-bithiazole (V) which was isolated in 88% yield, 
after a standardized purification (extraction) procedure. As the prototype 
in the series, this polymer was examined most extensively. It is insoluble 
in a variety of organic solvents (at 90°C.), including dimethyl sulfoxide, 
dimethylacetamide, formic acid, phenyl ether, diphenylmethane, and 
quinoline; however, it readily dissolves in cold concentrated sulfuric acid, 
as do all polymers in this series. The polymer is highly refractory, showing 
no melt when heated to 520°C. ; a 5-mg. sample heated with the full flame 
of a grid burner and in an open crucible requires 3 min. for complete com
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bustion, showing no melt and leaving no residue. The combination of 
insolubility and infusibility suggested the formation of an extensively 
cross-linked polymerizate. However, all subsequent chemical and struc
tural work negated this possibility. X-ray powder patterns reveal that V 
is highly crystalline. Elemental analyses (see Table I) are quite good for 
the anticipated repeating unit and imply both structural integrity and high 
molecular weights. The polymer has a number-average molecular weight 
M n of about 12,000 or approximately 50 recurring units, based on bromine 
analysis and the assumption of an average of one bromine endgroup per 
polymer chain.*

With these encouraging results we extended our studies to the prepara
tion and characterization of polybithiazoles based on biphenyl, diphenyl- 
methane, and phenyl ether substrates (polymers VI, VII, and VIII. 
respectively). The properties of these polymers closely resemble those of 
V (see Table I). They are characteristically insoluble, infusible, highly 
crystalline, and of high molecular weight. In view of the crystalline 
character of the polymers it appeared highly unlikely that insolubility 
and infusibility were due to the formation of extensively crosslinked 
polymerizates; however, we explored this possibility. If the polyconden
sation reaction utilized here does indeed afford linear polymerizates, the 
introduction of flexible polymethylene linkages into the recurring unit 
should markedly alter the physical properties of the resulting polymer. 
The utilization of the bisbromoacetyl derivative of 1,6-diphenylhexane as 
monomer provided such evidence. Polymer IX (Table I) was obtained in 
three fractions (total yield 89%) based on solubility in dimethylformamide. 
The fractions exhibit successively decreasing crystallinity, number- 
average molecular weight, and melting point with attendant increasing 
solubility. The major portion of the polymer (fraction A) is insoluble in 
hot dimethylformamide; it has a relatively sharp melting point and is 
highly crystalline. Fraction B, soluble in hot but insoluble in cold di
methylformamide, and fraction C, soluble in cold dimethylformamide, are 
quite similar to one another. Both display lower and wider melting 
point ranges along with decreased crystallinity.

Structural Characterization

While the polymer analytical data support the assignment of bithiazole- 
containing recurring units, confirmatory evidence for these structures was 
obtained by spectral characterization. For use as models, several sub
stituted 2,2'-bithiazoles were prepared via the condensation of mono- 
bromomethyl ketones with DTOA. Ultraviolet spectra of the models were 
obtained by using potassium bromide disks, a medium useful for the

* I t is difficult to assess the validity of this assumption; however, the complete ana
lytical data on all polymers indicate that the molecular weights are indeed high. In 
addition, the relative molecular weights of all polymers in this series, based on bromine 
contents, are internally consistent, with the physical data, indicating some degree of 
accuracy.
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examination of the insoluble polymerizates described above. Simple 
thiazoles generally exhibit a maximum absorption in the region 240-260 
nyu with log e above 3.6.16-20 There are few data available on the 2,2'- 
bithiazole system; however, based on the relatively small number of 
examples listed in Table II certain characteristics are discernible. The 
2,2'-bithiazole system lacking aromatic substituents displays a low wave
length band (ca. 230-250 ni/u) of medium intensity and a high wavelength 
band (ca. 340-360 m/i) of strong intensity. The presence of aryl sub
stituents causes a reversal of relative intensities, the low wavelength band 
being stronger (compounds XIV-XVIII). Also, the position of the 
low wavelength band is sensitive to the nature of the aromatic moiety, 
while the long wavelength band appears close to 360 m/¿ (compare XVI, 
XVII, and XVIII). Spectra obtained both in potassium bromide disks 
and in a solution are comparable; minor differences in extent of fine struc
ture and exact location of maxima do occur.

The ultraviolet spectra of the poly-4,4'-diaryl-2,2'-bithiazoles are sum
marized in Table III. The polymers exhibit the anticipated low wave
length band of strong intensity and variable position and the high wave
length band of medium intensity close to 360 m/r* The closest chromo- 
phore match between models and polymers exists in model XVI and poly
mers VII and IX. Significantly, the spectra of these three species are 
quite similar. The spectra of all fractions of polymer IX are similar; 
fraction C is sufficiently soluble in ethanol to yield a solution spectrum. 
The close correspondence of its solution and potassium bromide spectra 
(Table III) indicates the usefulness of the latter medium for the examination 
of completely insoluble polymers.

TABLE III
Ultraviolet Spectra of Polybithiazoles

Polymer Medium

mß and 
inten-

kmax Sity

V KBr 311 (s), 360 (m)
VI KBr 321 (s), 375 (m)
VII KBr 265 (s), 365 (m)
VIII KBr 286 (s), 359 (m)
IX* KBr 258 (s), 362 (m)

C,HsOH 255 (s), 355 (m)

* Fraction C.

Absorption in the infrared region also proved helpful in characterizing 
the polymers. The spectra of the 4,4'-diaryl-2,2'-bithiazoles XV-XVIII 
(Table II) exhibit three strong sharp bands in the region 740-940 cm.-1. 
These bands, distinguishable from the aromatic carbon-hydrogen out-of-

* Polymer VI is exceptional, exhibiting a marked bathochromic shift at both low and 
high wavelengths.
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|)lane deformations in this region, appear very close to 749, 884, and 942 
cm.-1. The spectra of model bithiazoles without aryl substituents (X, XI, 
and XII) lack one or more of these absorption bands. * Examination of the 
spectra of polymers V-IX reveals that each displays the above three bands. 
In all nine model and polymeric 4,4'-diaryl-2,2'-bithiazoles these bands 
occur within the remarkably narrow ranges 940-944, 882-887, and 743-755 
cm.-1. The examination of additional examples of structures II and IV 
will establish the diagnostic value of these bands for these systems.

Polymer Stabilities

The polybithiazoles exhibit unusual thermal stability. A thermo- 
gravimetric analysis (nitrogen atmosphere, heating rate of 150°C./hr.)f 
of polymer V reveals that major weight loss occurs between 500 and 700°C., 
with weight residues of 80% at 585°C. and above 50% at 900°C. A 
standardized static weight-loss technique was utilized in order to assess the 
relative thermal stabilities of the polybithiazoles. This method involved 
heating a polymer sample, under nitrogen, for 1-hr. periods at successively 
increasing temperatures. By this procedure, polymer V suffered a total 
weight loss of 20% after heating at 500°C. Subsequent sample heating at 
600 °C. resulted in an additional 20% weight loss and left a black powdery 
residue of low nitrogen and sulfur content (relative to carbon).% Examina
tion of the infrared spectra and x-ray powder patterns of the sample during 
the course of the test procedure confirmed that gross structural changes 
occurred between 500 and 600°C.

In like manner, polymers VI, VII, and VIII exhibited total weight losses 
of 20% at temperatures of 400, 400, and 525°C., respectively. Although 
the mechanism of thermal decomposition of the polybithiazoles is unknown, 
the observed differences in polymer stabilities are presumably due to the 
nature of the aryl substituents in the recurring units. The greater sta
bilities of polymers V and VIII are in qualitative agreement with conclu
sions drawn from a study of the thermal stabilities of a variety of organic 
structures.26

On prolonged exposure to light the surfaces of polymer samples, initially 
yellow-brown in color, assume a pink hue. This behavior is exhibited, in 
varying degrees, by all model and polymeric bithiazoles described here. 
In one instance an analytical sample (polymer VIII) was reanalyzed after a
3-month exposure. The carbon content had decreased from 64.2 to 62.7% 
implying that a photooxidation process was involved.

* The lack of correlation between the number and position of the bands in the 930- 
650 cm.-1 region and the pattern of substitution in the simpler monothiazoles has been 
discussed.23,24

t We are indebted to Dr. G. F. L. Ehlers, Wright Air Development Division, Wright- 
Patterson Air Force Base, Ohio for this determination.

f We have not examined the volatile decomposition products. The low residual sulfur 
content is in accord with the observation that both thiazole and benzothiazole afford 
hydrogen sulfide on vapor phase pyrolysis.26
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EXPERIMENTAL

Materials

All melting points are uncorrected. The infrared spectra were obtained 
with a Perkin-Elmer Infracord or a Perkin-Elmer spectrophotometer, 
Model 21; the ultraviolet spectra with a Cary spectrophotometer, Model 
11; the NMR spectra with a Yarian A-60 instrument.*

Unless otherwise indicated, commercially available solvents and reagents 
were redistilled or recrystallized prior to use. Dimethylformamide was 
distilled over barium oxide; dithiooxamide (DTOA)f recrystallized from 
ethanol to give material which decomposes without melting at about 140°C. 
Mallinckrodt’s analytical reagent grade aluminum chloride was used in the 
Friedel-Crafts reactions.

Preparation of Model Bithiazoles

4,4'-DimethyI-2,2'-bithiazole (X). The reaction of chloroacetone and 
DTOA was utilized following essentially the described procedure.14 The 
product, after sublimation at 75°C. and 0.2 mm. (44% yield), is off-white in 
color and has a melting point at 138-139°C. (lit.14 m.p. 136°C.). The NMR 
spectrum (CC14) has singlets at r 3.12 (vinyl hydrogen) and 7.53 (methyl); 
the infrared spectrum (KBr disk) has bands at 3080 (m), 2915 (m), 1511 (s), 
1444 (s), 1436 (s), 1403 (s), 1366 (m), 1165 (m), 1000 (s), 984 (s), 876 (s), 
770 (s), and 675 (m) cm.-1.

4,4',5,5'-Tetramethyl-2,2'-bithiazole (XI). A solution of 2.1 g. (0.018 
mole) of DTOA and 5.0 g. (0.033 mole) of technical grade 3-bromo-2- 
butanone in 100 ml. of absolute ethanol was refluxed for 7 hr. At the end 
of this time solvent was removed under diminished pressure and the residue 
taken up in benzene. The solution was filtered through a short column of 
alumina and the solvent then removed to give 2.9 g. (74%) of crude prod
uct, m.p. 130-170°C. Unidentified impurities were removed by sublima
tion at 70°C. and 0.2 mm., the residue recrystallized three times from 
acetonitrile to afford an analytical sample, m.p. 196.5-197.5°C.

A n a l . Calcd. for C10H12N2S2: C, 53.53%; H, 5.39%; N, 12.49%. Found: C, 
53.75%; H, 5.56%; N, 12.78%.

The NMR spectrum (CDC13) displays a lone singlet at r 7.60. The 
infrared spectrum (IvBr disk) has peaks at; 2918 (m), 2850 (w), 1533 (s), 
1404 (s), 1373 (m), 1108 (w), 974 (w), 922 (s), 842 (w), and 699 (m) cm.-1.

4,4'-DimethyI-5,5'-dicarbethoxy-2,2'-bithiazole (XII). The literature14 
procedure of condensation of crude ethyl cr-chloroacetoaeetate26 and DTOA 
afforded a very low yield (ca. 5%) of XII. The product, after two recrystal-

* We are indebted to Mr. B. E. Wenzel and Mr. F. Parker, for much of the spectral 
work. Analyses by Spang Microanalytical Laboratory, Ann Arbor, Michigan and 
Schwarzkopf Microanalytical Laboratory, New York, N. Y.

f We are indebted to the Mallinckrodt, Chemical Works for a generous supply of this 
material.
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lizations from 95% ethanol, was obtained as colorless needles, m.p. 191 — 
192°C. (lit,14 m.p. 186°C.).

The NMR spectrum (CDC13) displays a quadruplet, at r 5.63 (methy
lene), a singlet at 7.25 (methyl), and a triplet at 8.62 (ester methyl). The 
infrared spectrum (KBr disk) exhibits ester bands at 1716 (s) and 1261 (s) 
cm.-1. Additional bands occur at 2973 (m), 2918 (w), 1520 (m), 1394 (m), 
1371 (s), 1314 (s), 1115 (s), 1095 (s), 850 (m), 820 (w), and 760 (s) cm.-1.

4,4'-Diphenyl-2,2'-bithiazole (XV).* This model was prepared as previ
ously described12 from phenacyl bromide and DTOA. After recrystalliza
tion from absolute ethanol it melts at 220.0-221.5°C. (lit.12 m.p. 220- 
222°C.). The infrared spectrum (Nujol) has bands at 3130 (w), 1605 (w), 
1585 (w), 1420 (m), 1300 (m), 1075 (m), 1055 (m), 1025 (m), 940 (s), 
885 (s), 778 (m), 740 (s), 690 (s), 678 (m), and 668 (m) cm.-1.

4,4'-Bis(p-benzylphenyI)-2,2'-bithiazole (XVI). Acetylation of diphen- 
ylmethane was carried out essentially as described below in the preparation 
of p-phenoxyacetophenone. From 16.8 g. (0.100 mole) of diphenylmethane,
26.6 g. (0.200 mole) of aluminum chloride, and 10.2 g. (0.100 mole) acetic 
anhydride, there was obtained by distillation 4.95 g. diphenylmethane and 
5.95 g. (40%) of p-benzylacetophenone, b.p. 139-165°C./0.6 mm. The 
major portion of the product had b.p. 139-144°C./0.6 mm. (lit,27 b.p. 
188-190°C./5 mm.) and nf} 1.5845. The NMR spectrum (CC14) displays 
an A2B2 multiplet (J 8 cycle/sec.) at r 2.25 and 2.88 (C6H4), and singlets 
at 2.87 (C6H6), 6.13 (CH,), and 7.66 (CH,).

Bromination27 of p-benzylacetophenone afforded crude p-benzylphenacyl 
bromide as an oil; condensation of the oil with DTOA in absolute ethanol 
gave crude XVI, m.p. 199-202°C., in a yield of 33% based on p-benzyl- 
acetophenone. Recrystallization from acetonitrile gave golden plates, 
m.p. 211-212°C.

A nal. Calcd. for C32H24N,S2: C, 76.76%; H, 4.83%; N, 5.60%. Found: C,
76.91%; H, 5.15%; N, 5.67%.

The infrared spectrum (KBr disk) has bands at 3097 (w), 2022 (w), 
2895 (w), 1600 (w), 1494 (m), 1480 (s), 1454 (m), 1430 (m), 1418 (m), 
1056 (m), 943 (s), 885 (s), 882 (m), 753 (s), 741 (s), and 697 (s) cm.-1.

4,4'-Bis(p-biphenyl)-2,2'-bithiazole (XVII). A solution of 5.7 g. (0.021 
mole) p-phenylphenacyl bromide and 1.3 g. (0.011 mole) DTOA in 100 ml. 
dimetliylformamide was refluxed for 1.5 hr., during which time a yellow 
solid was deposited. The reaction mixture was cooled and filtered, the 
solid washed with water, dried, and then recrystallized from cyclohexanone 
to give 4.0 g. (81%) of product as light yellow needles, m.p. 346-348°C.

Anal. Calcd. for C30H.,0N2S2: C, 76.26%; H, 4.24%; N, 5.93%. Found: C,
76.41%: H, 4.08%; N, 5.82%.

The infrared spectrum (KBr disk) has bands at 3095 (w), 3043 (w), 
1595 (w), 1478 (s), 1448 (m), 1412 (m), 1058 (m), 1008 (m), 941 (s), 887 (s), 
849 (s), 772 (m), 750 (s), and 693 (s) cm.-1.

* We are indebted to Mr. G. Nobel for the preparation of this compound.
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4,4'-Bis(p-phenoxyphenyl)-2,2'-bilhiazole (XVIII). p-Phenoxyacetophe- 
none was prepared as follows. To a mixture of 17.0 g. (0.100 mole) phenyl 
ether and 40 g. (0.30 mole) aluminum chloride in 100 ml. of carbon disulfide 
was added dropwise and with vigorous stirring, 10.2 g. (0.100 mole) of 
acetic anhydride. During the addition the reaction vessel was cooled 
intermittently. After total addition, the mixture was heated over steam 
for 1 hr., allowed to stand at room temperature for an additional 1.5 hr., 
and then cautiously poured into a liter of ice containing 50 ml. of concen
trated hydrochloric acid. The mixture was warmed over steam and then 
extracted with benzene. Removal of solvent from the dried benzene solu
tion afforded 19 g. (90%) crude p-phenoxyacetophenone. Recrystallization 
from ethanol-water resulted in little loss and gave material with m.p. 
47-48°C. (lit.28 m.p. 45°C.). The infrared spectrum (Nujol) is char
acterized by strong bands at 1682 (carbonyl), 1250 (ether), and 845, 760, 
and 690 cm.-1 (all aromatic out-of-plane deformations).

Bromination of the above product by the literature29 procedure, gave 
p-phenoxyphenacyl bromide (43% yield) as an oil, b.p. 168-178°C./0.5 
mm. (lit.29 b.p. 190-192°C./3 mm.).* The infrared spectrum (neat) is 
characterized by strong bands at 1704 (carbonyl), 1259 (ether), 1215 
(CH2Br),f and 853, 769, and 700 cm.-1 (all aromatic out-of-plane deforma
tions).

A solution of 1.4 g. (4.8 mmole) of p-phenoxyphenacyl bromide and 0.29 
g. (2.4 mmole) of DTOA in 60 ml. of absolute ethanol was refluxed for 1 hr., 
during which time a yellow-orange solid was deposited. The mixture was 
filtered while hot to give 0.6 g. (50%) crude XVIII, m.p. 222 226°C. 
Four recrystallizations from carbon tetrachloride followed by an additional 
two from benzene gave analytically pure material, m.p. 240.0-241.5°C.

A nal. Calcd. for C3„H20N2S2O2: C, 71.42%; H, 3.97%; N, 5.55%. Found: C, 
71.42%; H, 4.14%; N, 5.48%.

The infrared spectrum (KBr disk) includes bands at 3130 (w), 3070 (w), 
1600 (vs), 1530 (s), 1500 (vs), 1480 (vs), 1415 (m), 1293 (s), 1255 (vs) 
(ether), 1170 (s), 942 (s), 886 (s), 870 (s), 847 (s), 778 (m), 748 (vs), and 
690 (s) cm.“ 1.

Preparation of Monomers

p-Bromoacetylphenacyl Bromide.} Bromination31 of p-acetylacetophe- 
none affords crude monomer in near quantitative yield, m.p. 169-172°C.; 
recrystallization from 95% ethanol gives a material melting at 173-174°C.

* The abstract [Chem. Abstr., 49, 9623 (1955)] describes the bromination of 4,4,-di- 
acetyldiphenyl ether; examination of the original publication reveals that, p-phenoxy- 
acetophenone was the compound utilized and to which the abstracted data apply.

t This band appears to be characteristic of bromomethyl groups. We have examined 
a large number of aliphatic and aromatic bromomethyl compounds and find this band, 
usually the strongest in the spectrum, in the region 1205-1230 cm.-1. We have noted a 
similar absorption (1150-1200 cm.-1) in the case of iodomethyl compounds.30

I We are indebted to Mr, G, Nobel for the preparation of this compound,
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(lit.31 m.p. 177-178°C.). The infrared spectrum (Nujol) is characterized 
by strong bands at 1705 (carbonyl), 1205 (CH2Br), and 810 cm.-1 (aromatic 
out-of-plane deformation).

4,4'-Bis(bromoacetyl)biphenyl. To a solution of 9.6 g. (0.040 mole) of 
4,4'-diacetylbiphenyl32 in 400 ml. glacial acetic acid was added dropwise 
16 g. (0.10 mole) bromine. A red-brown precipitate developed during the 
later stage of addition. After total addition the mixture was stirred for an 
additional 15 min. The precipitate (11.2 g.) had a melting point of 214- 
216°C. After standing overnight the reaction filtrate had deposited an 
additional 3.0 g. of crude product, m.p. 206-211°C. The combined solids 
were recrystallized from ethyl acetate to afford, in two crops, 8.4 g. (53%) 
of colorless product, m.p. 219-221°C. (dec.) (sealed tube; lit.33 m.p. 226- 
227°C.).

Anal. Calcd. for Ci6H120 2Br2: C, 48.51%; H, 3.05%; Br, 40.35%. Found: C, 
48.44%; H, 3.31%; Br, 40.38%.

The infrared spectrum (Nujol) is characterized by very strong bands at 
1700 (carbonyl) and 1205 cm.-1 (CH2Br).

4,4'-Bis(bromoacetyl)diphenylmethane. The general bromination pro
cedure34 of Lutz et al. was unsatisfactory in our hands. To a solution of
7.6 g. (0.030 mole) of 4,4'-diacetyl-diphenylmethane32 in 150 ml. of glacial 
acetic acid was added, dropwise and with vigorous stirring, a solution of
9.6 g. (0.060 mole) bromine in 50 ml. of glacial acetic acid. After total 
addition the mixture was heated at the reflux temperature for 2 hr., at the 
end of which time the evolution of hydrogen bromide had ceased and the 
bromine color discharged. The reaction mixture was cooled and poured 
onto ice and the yellow precipitate removed, washed with 5% sodium 
bicarbonate solution and water, and then dried. The crude product was 
dissolved in benzene and chromatographed (silica gel, benzene) to give 
colorless needles (8.7 g., 71%), m.p. 139-140°C. (lit.34 m.p. 137.5-138.5°C.).

A nal. Calcd. for C „H 1 4 0 ,B r2: C, 49.78%; H, 3.44%. Found: C, 49.64%; H, 
3.74%.

The infrared spectrum (Nujol) is characterized by bands at 1715 (car
bonyl) and 1220 cm.-1 (CH2Br).

4,4'-Bis(bromoacetyl)diphenyl Ether. To a vigorously stirred mixture of 
34 g. (0.20 mole) diphenyl ether, 93 g. (0.70 mole) aluminum chloride, and 
200 ml. dry carbon disulfide was added over a 1-hr. period 121 g. (0.60 
mole) of reagent grade bromoacetyl bromide. After total addition the 
mixture was stirred for 30 min., then refluxed for an additional 2 hr. and, 
finally, poured onto 3 1. of crushed ice containing 25 ml. of concentrated 
hydrochloric acid. The resulting semisolid mass was dissolved in chloro
form and this solution added to the chloroform extracts of the aqueous 
layer. After drying, solvent was removed to leave crude product s a 
purple-gray mass. After seven recrystallizations from methanol (with 
Norit) followed by column chromatography (silica gel, ether), 11.1 g.
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(13%) of colorless needles were obtained, m.p. 120-121 °C. (lit.36 m.p. 
121°C.).

A nal. Calcd. for Ci6H120 3Br2: C, 46.63%; H, 2.94%; Br, 38.78%. Found: C, 
46.62%; H, 2.84%; Br, 38.33%.

The infrared spectrum (Nujol) has strong bands at 1700 and 1675 
(carbonyl), 1255 (ether), and 1200 cm.“ 1 (CH2Br).

/b-Bisfbromoacetyl)-1,6-diphenyl hexane. 1,6-Diphenylhexane36 was
bromoacetylated in the manner described above for diphenyl ether. The 
crude product which precipitated on hydrolysis of the reaction mixture was 
dissolved in benzene. The benzene solution was treated with Norit, dried, 
concentrated, and then subjected to column chromatography (silica gel, 
benzene). Fractions yielding crystalline material were combined and 
recrystallized twice from carbon tetrachloride, affording pure monomer 
(10% yield) as off-white needles, m.p. 136-137°C.

Anal. Calcd. for C22H240 2Br2: C, 55.01%; H, 5.04%; Br, 33.28%. Found: C, 
54.91%; H, 5.23%; Br, 33.18%.

The NMR spectrum (CDC13) displays an A2B2 pair of doublets (J 8 
cycle/sec.) at r  1.96 and 2.61 (aromatic), a singlet at 5.51 (CH2Br), a 
multiplet at 7.28 (ArCH2), and a multiplet centered at 8.5 (tetramethylene). 
The infrared spectrum has strong bands at 1705 (carbonyl) and 1210 cm.“ 1 
(CHJBr).

General Methods of Polymerization and Polymer Characterization
A solution containing equimolar amounts (ca. 3 mmole) of the bis- 

bromomethyl ketone and DTOA in dimethylformamide was heated to 
reflux (153°C.) in a 500-ml., three-necked flask fitted with a reflux con
denser and mechanical stirrer. Precipitation of polymer generally com
menced ca. 15 min. after initial reflux; reflux maintained for a total of 1.5 
hr. At the end of this time the mixture was filtered while hot and the re
sulting solids continuously extracted (Soxhlet) for 15 hr. each with di
methylformamide, absolute ethanol, and ether, in that, order. The 
residual polymer, after being dried at 100°C./0.2 mm. for 5 hr., was used 
for yield calculation and subsequent characterization.

Inherent viscosities were determined with the use of a Cannon-Fenske 
Series 150 viscometer at 25.0°C. and at concentrations of 0.25 g./lOO ml. 
in concentrated sulfuric acid (filtered solutions); x-ray powder patterns 
were obtained with the use of CuKa radiation.

Polymer thermal stabilities were examined (nitrogen atmosphere) by 
a static method much like the one previously described.8 After pre
drying at 140-145°C./0.2 mm. for 30 min., samples were placed into an 
electrically heated chamber and held at 300, 350, 400, 500, and 600°C. 
consecutively for 1-hr. periods each. At the end of each hour of heating the 
sample was cooled under nitrogen and removed to determine weight loss.

Infrared spectra were obtained in KBr disks by use of conventional 
sample preparation techniques; data on all model and polymeric bithiazoles 
are from calibrated spectra (polystyrene). Potassium bromide disks
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proved to be invaluable media for examining the insoluble polymers in the 
ultraviolet region; some care in disk preparation is required in order to 
obtain satisfactory spectra. Approximately 0.1 mg. of polymer and 300 
mg. of infrared-grade KBr contained in a stainless steel capsule with two 
ball bearings are shaken for 30 sec. in a mechanical vibration-grinder. The 
use of a plastic capsule is generally unsatisfactory. A portion of the mix
ture, ca. 40 mg., is diluted with 260 mg. KBr and the resulting sample 
shaken for an additional 30 sec.; the necessary dilution factor is determined 
empirically. The sample is dried at 130°C. for 30 min. and then trans
ferred while still hot to the disk mold; failure to remove adsorbed moisture 
at this point results in the formation of opaque rather than transparent 
disks. The mold assembly is evacuated at ca. 1 mm. for no less than 10 
min.; 4,000 psi pressure is applied and held for 5 min., followed by 16,000 
psi for an additional 5 min. The pressure is released and the disk removed 
in the conventional manner.

CONCLUSION

The use of dithiooxamide for the polycondensation of bifunctional 
bromomethyl ketones is particularly effective. Both high yields and 
molecular weights are obtained—undoubtedly a consequence of the en
hanced reactivity11 of the thionamide functions of dithiooxamide. Syn
thetic routes to halomethyl ketones are sufficiently diverse that polymer 
recurring units can be varied greatly and in a controlled manner. Mono
mers which allow the incorporation of heteroaromatic, organometallic, and 
perfluoroalkyl moieties are accessible. In addition, the use of aromatic 
bromomethyl ketones less symmetric than the ones reported here should 
lead to more tractable polymerizates with little loss of thermal stability. 
We are currently examining these variations.
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Résumé
La polycondensation du dithiodxamide avec des cétones aromatiques bifonctionnelles 

bromométhylées fournit une série de poly-4,4'-diaryl-2,2'-bithiazoles. Ces polymères 
présentent une stabilité thermique remarquable. Ils sont spécifiquement insolubles, in
fusibles, fortement cristallins et de poids moléculaires élevés. Des variations structurales 
contrôlées à 1 intérieur de l’unité polymérique permet des modifications des propriétés 
macroscopiques du polymère. On discute de la détermination de la structure et des 
mesures de stabilité thermique.

Zusammenfassung
Die Polykondensation von Dithiooxamid mit bifunktionellen, aromatischen Brom

methylketonen liefert eine Reihe von Poly-4,4'-diaryl-2,2'-bithiazolen. Diese Poly
meren besitzen eine ungewöhnliche thermische Stabilität. Sie sind in charakteristischer 
Weise unlöslich, unschmelzbar, hochgradig kristallin und von hohem Molekulargewicht. 
Eine kontrollierte Strukturvariation des Polymerbausteins erlaubt eine Modifizierung 
der Polymereigenschaften. Strukturcharakterisierung und thermische Stabilitätsmes
sung werden diskutiert.
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Dye-Sensitized Polymerization of Vinyl Monomers 
in Aqueous Solution
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Synopsis
The kinetics of the polymerization of the vinyl monomers methyl methacrylate, 

methyl acrylate, and acrylonitrile sensitized by dye-reducing agent systems have been 
studied systematically. The systems were irradiated with light of 350-450 mu wave
length. The induction period before the onset of polymerization was kept to a minimum 
by suitable experimental conditions. All the experiments were conducted in the presence 
of oxygen. The redox system sodium fluorescein (Uranine)-ascorbic acid was used for 
polymerization. The systems were buffered with phosphate buffer. The effects of tem
perature, viscosity, etc., on the reaction system were studied. The course of the reac
tions was followed by the measurements of rate of monomer disappearance (gravimetri- 
cally), rate of dye disappearance (spectrophotometrically) and the chain length of the 
polymer formed (viscometrically). Light intensity, wavelength, monomer concentra
tion, dye concentration, reducing agent concentration, temperature, etc., were variable. 
The tentative kinetic scheme proposed is examined in the light of the experimental re
sults. The values for the specific rate constants for the various steps have been evalu
ated.

INTRODUCTION

Dyes as photosensitizers for the polymerization of vinyl monomers have 
been the subject of extensive investigations for the past few years.1-29 
Dyes, with and without reducing agents, under the influence of visible 
light initiate vinyl polymerization both in aqueous and nonaqueous media. 
Conflicting views with regard to the mechanism of initiation by the dyes 
abound in literature. Research workers in this field have expressed 
contrary opinions, with regard to the necessity or otherwise of oxygen, 
reducing agent, buffer, etc. Oster,9 who worked extensively in this field, 
has stressed the importance of both oxygen and a mild reducing agent. 
Takemura4 as well as Oster’s school6 maintain that the initiating radicals 
are formed by the direct interaction of the dye and monomer. Various 
suggestions have been made with regard to the nature of initiation reaction. 
The interaction of transient tin ion (Sn3+) (produced by the interaction of 
dye and Sn2+) with the vinyl monomer to produce initiating species has 
been suggested by Koizumi and Watanabe.8 Delzenne, et al.10 have pro
posed the formation of initiating radicals from hydrogen peroxide, formed 
during the reoxidation of leuco derivative or semiquinone form of the dye
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by molecular oxygen, the leuco or semiquinone form of the dye having been 
formed by interaction of excited dye with the reducing agent. These 
authors12 are of the opinion that a transient activated complex (DT . .. 
HOH) and the monomer react together to form the initiating radicals 
under the influence of light. Shepp et al.7 have maintained that the in
itiating radicals are formed by the interaction of (ST-OH) (where ST 
denotes the semiquinone form of thionine) with the vinyl monomer in the 
primary photochemical reaction. Various views with regard to the initia
tion mechanism may be summarized as conforming to one of the three 
types: (1) energy transference between the excited dye and monomer;1 (2) 
production of radicals as a result of interaction of the excited dye with the 
monomer;2-5 (.?) production of radicals by the self-decomposition of the 
dye6 or by interaction of the dye with a third substance such as oxygen, 
OH, or reducing agent.7-10 With this blurred picture of dye initiation as 
a background, a systematic investigation has been carried out by us with 
the dye-reducing agent-vinyl monomer system in aqueous solution. 
Sodium fluorescein and ascorbic acid have been used as the dye and re
ducing agent, respectively, for polymerization of vinyl monomers, i.e., 
methyl methacrylate, methyl acrylate, and acrylonitrile. Light in the 
350-450 m/t wavelength region has been employed for irradiation of the 
system. As a result of this investigation we have tried to throw some 
light on the nature of the initiation and termination reactions in the poly
merization and on the importance of reducing agent, oxygen, etc., in the 
system.

EXPERIMENTAL 

Optical Arrangement

The light sources used were (1) 250-w. high-pressure mercury vapor 
lamp supplied by B. T. H. Co. (Mazda box type fitted with a glass win
dow) ; (2) 250-w. high-pressure mercury vapor lamp (bulb type provided 
by Pradip Lamp Works, Patna, India); (3) 125-w. bulb-type ultraviolet 
Mazda lamp. The lamps were connected to the mains through the neces
sary chokes. The first two lamps were used as sources of light of 
X = 405 and 435 m/x and the last type for A = 365 m/x. The light from 
the lamp was collimated by means of a quartz condenser lens and the 
resulting parallel beam allowed to pass through a series of filter solution 
combinations for isolating the various monochromatic radiations:30 for 365 
m/x: copper sulfate (CuS04'5H20 , 125 g ./l liter water) in a quartz cell of 1 
cm. light path, combined with chance glass OXI 2-3 mm.; for 405 m/x: 
copper nitrate [Cu(N03)2-6H20, 200 g. of the salt dissolved in 100 ml. of 
water] in a 2 cm. cell combined with a solution of iodine in carbon tetra
chloride (0.75 g. in 100 ml. of carbon tetrachloride) in a 1 cm. cell; for 435 
m/x: copper nitrate [Cu(N03)2'6H20, 200 g. of the salt dissolved in 100 ml. 
of water] in a 2 cm. cell combined with sodium nitrite (NaN02, 75 g. dis
solved in 100 ml. of water) in a 1 cm. cell.
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The parallel beam of light consisting of monochromatic radiation is al
lowed to fall on the quartz window of a metal thermostat, inside which the 
reaction cell is mounted. The reaction cell (length 4.6 cm. in the direction 
of the beam and 5 cm. in diameter, capacity about 75 ml.) fused at both 
ends with flat Pyrex plates, is fitted with two outlet tubes, of standard 
B-14 cones on the top.

Reagents
All the chemicals used in the preparation of solutions were B. D. PL, 

A. R., E. Merck, G. R., or M & B reagent grade. Water doubly distilled 
(over alkaline permanganate) in an all-glass quickfit set-up and then passed 
through Biodeminrolit (Permutit, London) resin was used throughout for 
the preparation of solutions. The sensitizing dye, Uranine, was obtained 
from M & B Chemicals. The monomers methyl methacrylate and methyl 
acrylate were kindly supplied by Rohm & Haas Co., U. S. A., and acrylo
nitrile was supplied by American Cyanamid Co., New York. The mono
mers were washed free of the inhibitor with a 5% solution of sodium hy
droxide and then with water and finally distilled under reduced pressure in 
an atmosphere of nitrogen. The monomers were distilled frequently before 
use and stored at 5°C. L-Ascorbic acid (G. R., E. Merck) was used as a re
ducing agent.

Estimation
A typical experiment is described below in brief and the procedures for 

various measurements are given. The reaction mixture, vinyl monomer- 
dye-reducing agent in aqueous solution, at pH 6 was introduced into the 
reaction cell and deaerated by passing through oxygen-free nitrogen.31 
Loss of monomer in the deaeration process was kept to a minimum and 
corrected for. The reaction cell was then mounted inside a thermostat, 
maintained at 35 ± 0.1°C. by use of toluene regulator and a hot wire 
vacuum switch relay (Gallenkamp), in the path of the monochromated 
light beam and the reaction allowed to proceed for 30-75 min., depending 
on the type of monomer. The precipitated polymer was then filtered 
off, dried, and weighed. Most of the experiments were conducted under 
nondeaerated conditions, for the polymerization is found to commence 
almost immediately under these conditions. For comparison some of the 
experiments have been repeated under deaerated conditions.

The rate of monomer disappearance was followed by gravimetric deter
minations on the precipitated polymer dried to constant weight. Poly- 
(methyl acrylate) was precipitated from the reaction mixture by coagula
tion with the addition of an electrolyte such as ammonium nitrate. Poly- 
(methyl methacrylate) and polyacrylonitrile were precipitated as fine 
flocculent precipitates.

The rate of dye disappearance was followed by measuring the optical 
density of the reaction mixture before irradiation and that of the filtrate 
obtained after removal of the polymer. The dye sensitizer was found to
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obey Beer’s law, and the absorption maximum for Uranine was Amax. = 
484 m/i. All absorptiometrie measurements were made in a Hilger-Watts 
Uvispek spectrophotometer, H-700 type, with matched Corex and silica 
cells. For measurement of chain length, the polymers were purified by 
reprecipitation with methanol from their solutions in benzene [poly- 
(methyl methacrylate) and poly(methyl acrylate)] and dimethylformamide 
(polyacrylonitrile). The purified samples were then dried, and the vis
cosities of 0.1% solutions of poly(methyl methacrylate) and poly(methyl 
acrylate) in benzene and at a 0.1% solution of polyacrylonitrile in dimethyl
formamide measured in a PCL Ubbelohde-type viscometer, thermostated 
to ±0.01°C. in a viscometric bath designed for precision viscometry 
(Krebs Electrical & Manufacturing Co., New York). Chain lengths n 
were then computed from the measured viscosities by using Mark-Hou- 
wink type relationsips between limiting viscosity number and molecular 
weights of polymers:

n = 2.81 X lO3̂ ]1-32 

at 25°C. for poly(methyl methacrylate);34

r, = 1.282 X 10-4 M0-7143 

at 35°C. for poly(methyl acrylate);36 and

v = 2.43 X 10-4M0-75 

at 25°C. for polyacrylonitrile.36
The light intensity of the mercury vapor lamp was determined by chem

ical actinometry. Both uranyl oxalate30 and potassium ferrioxalate32'33 
were employed as chemical actinometers. The former method was found 
to be suitable for measuring high light intensities and is based on the photo
chemical decomposition of uranyl oxalate, the extent of decomposition 
being determined by permanganate titration. The latter method, which 
makes use of potassium ferrioxalate, was found to be suitable for measur
ing low intensities. The amount of ferrous ion produced was determined 
colorimetrically by forming a colored complex with o-phenanthroline and 
taking absorption measurements at 510 mu in a Hilger-Watts ultraviolet 
spectrophotometer.

KINETIC RESULTS
The buffered system containing the vinyl monomer, dye, reducing agent, 

and oxygen, was found to be effective for polymerization. The effects of 
concentrations of monomer, dye, and ascorbic acid and the light intensity 
on the rates of monomer disappearance, dye disappearance, and also chain 
length were studied in detail.

Effect of Monomer Concentration
The rates of monomer disappearance were found to be proportional to 

the square of the monomer concentration (Fig. 1) with all the monomers at
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[M]2

Fig. 1. Plots of rate of monomer disappearance vs. square of the monomer con
centrations for the Uranine-ascorbic acid system at 35°C., X = 365 and 435 m^: (A) 
methylacrylate; (B ), (D) acrylonitrile; (C) methyl methacrylate.

0 0.2 0.4 0.6 0.8 1.0 1.2 — C, D

[M]

Fig. 2. Plots of rate of dye disappearance vs. first power of the monomer concentra
tions for the Uranine-ascorbic acid system at 35°C., X = 365, 405, and 435 m,u: (A),  
(D ) acrylonitrile; (B ), (C), (E)  methyl methacrylate.
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Fig. 3. Plots of rate of dye disappearance vs. dye concentration for the Uranine- 
ascorbic acid system at 35°C., X = 365 and 435 mp: (A), (D) acrylonitrile; (B), (C) 
methyl methacrylate.

o

Fig. 4. Plots of rate of monomer disappearance vs. square root of the incident light 
intensity for the Uranine-ascorbic acid system at 35°C., X = 405 and 435 mji: (A), 
(B) acrylonitrile, (C) methyl methacrylate, (D ) methyl acrylate.
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Fig. 5 Plots of rate of dye disappearance vs. incident light intensity for the Uranine- 
ascorbic acid system at 35°C., X = 365, 405, and 435 m/t: (A), (B ), (E ) acrylonitrile; 
(C), (D) methyl methacrylate.

U- o
LlJ CO

log I +5
Fig. 6. Plots of log n vs. log I  for the Uranine-aseorbic acid system at 35°C., X = 

365, 405, and 435 mp: (A), (B ), (C) acrylonitrile; (D ), (E ), (F ) methyl methacrylate. 
Slope = 0.5.
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O

Fig. 7. Plots of rate of monomer disappearance vs. square root of the ascorbic acid 
concentrations for the Uranine-aseorbie acid system at 35°C., \  = 365, 405, and 435 
m/»: (A), (E ) acrylonitrile; (B), (D ) methyl methacrylate; (C) methyl acrylate.

various wavelengths employed. Also the rates of dye disappearance were 
found to be proportional to the first power of the monomer concentration 
(Fig. 2), and the chain lengths were independent of the monomer concen
tration.

Effect of Dye Concentration

At high concentrations of the dye (>10- 3M) the rate of dye disappear
ance could not be followed. The rate of monomer disappearance was 
found to be independent of the dye concentration in the range 10 _6-  
10~5M. At very low concentrations of the dye (10~7M) there is negligible 
dependence of — d[M]/dt on the dye concentration. The rate of dye 
disappearance varied directly with the first power of the dye concentration 
(Fig. 3) with the three monomers. The chain lengths of polymers were 
found to be independent of the dye concentration.

Effect of Light Intensity

The light intensity was varied by using variable diaphragms. The 
intensity of the lamp output remained quite constant. The rates of 
monomer disappearance and dye disappearance were found to vary directly 
with the square root and first power of light intensities, respectively, with 
the monomers studied (Figs. 4 and 5). Chain lengths were found to 
vary inversely with the square root of incident light intensity (Fig. 6).
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[a a] x io3m

Fig. 8. Plots of rate of dye disappearance vs. ascorbic acid concentrations for the 
Uranine-ascorbic acid system at 35°C., X = 365 and 435 m/x: (A), (C) acrylonitrile; 
(B), (D ) methyl methacrylate.

Fig. 9. Plots of log n vs. log [AA] for the Uranine-ascorbic acid system at 35°C., X = 
365, 405, and 435 mix. (A), (S), (C) acrylonitrile; (D), (E }, (F ) methyl methacrylate. 
Slope = 0.5.
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Effect of Reducing Agent Concentration

Ascorbic acid was found to be a mild reducing agent and most effective 
for the system under study. The rates of monomer disappearance were 
proportional to the square root of the ascorbic acid concentration (Fig. 7), 
and the rate of dye disappearance was directly proportional to the first 
power of ascorbic acid concentration with the monomers studied (Fig. 8). 
The chain length varied inversely with the square root of ascorbic acid 
concentration (Fig. 9).

Quantum Yield for Dye Disappearance

From the data on the rate of dye disappearance and light absorption 
fraction, the quantum yields 7 net for dye disappearance were calculated. 
These values were found to be independent of the concentrations of dye 
and ascorbic acid, but dependent on the monomer concentration and in
cident light intensity.

log (% glycerol)

Fig. 10. Plots of log rate of monomer diappearanee and log chain lengths vs. log 
percentage of glycerol for methyl methacrylate at 35°C., X = 435 m,u.

The effects of temperature and viscosity on the reaction have been 
studied to a limited extent. Both the rates of monomer disappearance and 
dye disappearance were independent of temperature (30- 50°C.). The 
rate of monomer disappearance and the chain length were dependent on the 
first power of the viscosity of the medium. The rate of dye disappearance 
was independent of the viscosity of the medium (Fig. 10). The viscosity 
of the medium was varied by using different glycerol-water mixtures.
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KINETIC SCHEME AND DISCUSSION
The reaction scheme shown in eqs. (l)-(7) embodies the reactions that 

are likely to occur.
Excitation of the “initiator” cluster:

Initiator —> Initiator* (1)
k e l  v 7

where initiator is a transient photosensitive cluster consisting of dye, 
monomer, and ascorbic acid.

Emission of fluorescence:
k f

Initiator* -* Initiator (2)
Radical formation:

Initiator* +  M R- (3)
Deactivation :

k d

It- ->s (1)
Initiation:

R- +  M * R—M- (5)
Propagation:

R—M- +  M *  R—M—AI• (6)
Termination:

R—A[»• +  • Mm—R ^  R - M , +  mM—R (7)
The light absorption fraction involved in the reaction scheme is actually 

that due to the photosensitive cluster, fce(ciuster). It can be shown that

A(cluster) — fc(total) A[AA] [M]/(l -f- A[AA][M]) (8)

where [AA] and [M] denote concentrations of ascorbic acid and vinyl 
monomer, respectively, if equilibrium is assumed:

Dye +  AA +  M > cluster (9)

Also the extinction coefficients with respect to cluster and free dye are 
the same. Since under our experimental conditions K  [AA] [M ] «  1, eq. (8) 
simplifies to:

(̂{cluster) “  ê(total) A [AA ] [iM ] (10)

The radical formation step, eq. (3), appears to be the most probable. 
According to usual stationary-state kinetics,

d  [Initiator* ] / d t  = 0 
d[R- ]/dt = 0 

d [ R — U - ] / d t  =  0
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The kinetic expressions for the rates of monomer disappearance d [ M ] / d t ,  

dye disappearance d [ D ] / d t ,  and chain length of the polymers n  which 
may be derived are given in eqs. (11)—(14).

- d [ M ] / d t  = ( K / k tlA) [ M } 2{ k i k M ) K / ( k ( [ M ]  +  fc„)}I/![ AA]1/!/ ' /! (11)

where I  is incident light intensity.'
When fcj[M] is neglected when compared to kd we have:

-d\M\ dt = (/Cp//C; /!)[M]2(fcA(t0u.)K/fa),/![AA]l/,r /! (12)

- d [ D ] / d t  = /c t̂otaijif [AA][M]/ (13)

n = (JcJk^ ika /kA i  (14)
In the polymerization of vinyl monomers photosensitized by the dye- 

reducing agent system described in this paper, the most probable primary 
photochemical reaction appears to be the excitation of the photosensitive 
cluster composed of dye, monomer, and ascorbic acid. The excited cluster 
reacts with the monomer in a dark reaction to form the free radical R-. 
Most of the kinetic results presented here may be conveniently explained, 
on the basis of formation of such a cluster. Delzenne et al.,10 in. their 
study on the photopolymerization of acrylamide by different dye-reducing 
agent systems, have reported that the excitation of the dye to the triplet 
state is the primary photochemical step. The triplet state reacts with the 
reducing agent to give as intermediates semiquinone and leuco forms of the 
dye. Reoxidation of these two latter reduced forms with oxygen present 
in the system leads to the formation of the original dye and hydrogen per
oxide. The initiation of polymerization has been attributed to the radicals 
formed by the reaction between hydrogen peroxide and reducing agent. 
In a subsequent publication by Delzenne et ah,11 the photosensitizing agent 
(initiator) was assumed to consist of the dye sensitizer, reducing agent, 
and oxygen present in the system. In our study, direct interaction be
tween the dye and monomer to form the initiating radicals has been dis
counted, for no polymerization could be detected if dye and monomer alone, 
without reducing agent, are present in the system. We are of the opinion 
that for our system oxygen is not an absolutely necessary ingredient in the 
photosensitizing cluster. Initiation with short induction periods is always 
possible in the presence of oxygen. That oxygen plays a significant part 
in the secondary reactions is obvious because of the observed enhanced 
rates in its presence. A. Watanabe8 has observed the same type of phenom
enon in her study on the photopolymerization of acrylonitrile initiated by 
the stannous chloride-acriflavine system. The formation and reaction of the 
photosensitizing cluster appears to be pH-dependent. For pH < 6 the 
rates are steady, while for pH > 6 the rates decrease, and at pH 8 there 
is negligible polymerization. The rate of monomer disappearance has been 
found to be proportional to the square of the monomer concentration. 
This dependence is in accord with the observations of earlier workers.4 >6’8iU 
The second-power dependence of monomer concentration on rates has
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been explained4'5'11 on the basis of participation of monomer in the forma
tion of an initiator having a very low efficiency for initiation. Experi
mentally observed high molecular weights of the polymers in our systems 
also lend support to these views. The rate of monomer disappearance has 
been found to be directly proportional to the square root of ascorbic acid 
concentration. I t has been observed that the rate reaches a maximum 
and remains constant when [ascorbic acid] > 1.4 X 10~2M. Delzenne 
et al.11 have reported that a rate maximum is obtained for [ascorbic 
acid] > 1.35 X 10- W  and further increase in the concentration of as
corbic acid decreases the rate. Similar observations have been made by 
Takayama17 in his study of the polymerization of vinyl acetate in methanol 
sensitized by the system acriflavine-ascorbic acid. According to Del
zenne et ah,11 this behavior is due to the powerful reducing capacity of 
ascorbic acid at high concentrations and consequently most of the dye 
molecules are directly reduced to the leuco form of the dye which may not 
be completely reoxidized. Watanabe and Koizumi8 have reported in their 
study on the polymerization of acrylonitrile sensitized by the system 
stannous chloride-acriflavine, that the rate of polymerization remains 
constant when the reducing agent concentration exceeds 1.2 X 10 .
The square-root dependence of the rate of polymerization on the incident 
light intensity has been reported by various workers,57'8 which clearly 
shows that the termination is of the mutual type. The rate of dye dis
appearance has been found to be directly proportional to the first powers 
of the concentrations of monomer, dye, reducing agent, and incident light 
intensity. Toppet et al.12 reported similar views with regard to the de
pendence of photoreduction of dye on the monomer concentration and 
light intensity in their study on the polymerization of acrylamide sensitized 
by eosin. Shepp et al.,7 in their study on the thionine-sensitized poly
merization of acrylamide, also expressed similar conclusions. The chain 
lengths of the polymers vary inversely with the square roots of both as
corbic acid concentration and incident light intensity. Oster et ah,6 
in their study on the polymerization of acrylamide sensitized by riboflavine, 
reported that the degree of polymerization is inversely proportional to 
7‘/2. The inclusion of the step with respect to primary radical deactivation 
is justified by the assumption that the radicals are occluded in the giant 
polymer aggregates or being changed to a noninitiating free radical. 
This is supported by the increase in the rate with increase in the viscosity 
of the medium which lowers the rate of termination, contributing to the 
increase in the rate of polymerization.

The values of the equilibrium constant K  have been evaluated from the 
plots of rate of dye disappearance versus [M], [AA], or I  (Figs. 2, 5, 8). 
The values of the ratio k p/ k , ' ' 2 have been evaluated from the plots of rate 
of monomer disappearance versus [M]2, [AA]‘/!, or I'h (Figs. 1, 4, 7) as 
well as by substituting the values for kt(toui\)K obtained from the plots 
(Figs. 2, 5, 8). The numerical values for the ratios of the rate constants 
and the equilibrium constants are presented in Table I along with the
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TABLE I
Values of K  and kp/ k i

Wavelength,
Uifl

K  X 104 kp/kt'h, (l./mole) -sec.

MM A AN MM A MA AN 
Aqueous solution (precipitating media)

365 240.6 4.574 1 .403 — 0.0479
405 389.0 4.829 1.473 — 0.0372
435 327.2 6.545 1.560 1.19 0.0756

0.27003 — 0.0420”
0.28956 0.27001» 0 .1003b
0.3009“ 0 .3743« 0.0636«
0.5591d — —

12.30« — —
Bulk (homogeneous media)

0.0586' 0.5275' 0.0389>=

° Data of Evans et al.37 
b D ata of Subramaniam and Santappa.38 
0 Data of Mahadevan and Santappa.89 
d Data of Atkinson and Cotton.40 
e Data of Baxendale et al.41 
f Data of Matheson et al.42 
E Data of Bamfoi'd and Jenkins.43

values of kp/k,'/'1 evaluated by other workers in similar or allied fields for 
comparison. The values for the precipitation media are considerably 
higher than the values for homogeneous media in the cases of methyl 
methacrylate and methyl acrylate but are of the same order for acrylonitrile. 
However, the values are in fairly good agreement with the values reported 
under precipitating condit ions.

Grateful acknowledgment is made to the Council of Scientific and Industrial Research, 
New Delhi, for the award of a Junior Research Fellowship to one of us (A.I.M.S.) during 
the course of this work.
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Résumé

On a étudié systématiquement les cinétiques de polymérisation du méthacrylate de 
méthyle, de l’acrylate de méthyle et de l’acrylonitrile sensibilisés au moyen de systèmes 
colorant-agent réducteur. Les systèmes ont été irradiés par de la lumière de longueur 
d’onde comprise entre 350 et 450 my. La période d’induction avant le commencement 
de la polymérisation a été maintenue à un minimum au moyen de conditions expéri
mentales appropriées. Toutes les expériences ont été effectuées en présence d’oxygène. 
Le système rédox, sel de sodium de la fiuorescéine(uranine)-acide ascorbique, a été 
employé pour la polymérisation. Les systèmes ont été tamponnés au moyen d’un tampon 
phosphaté. On a étudié l’influence de la température, de la viscosité etc., sur le 
système réactionnel. Le degré d ’avancement des réactions a été suivi par des mesures 
de la vitesse de disparition du colorant (spectrophotométriquement) et de la longueur 
de chaîne du polymère formé (viscosimétriquement). Les variables employées sont 
l’intensité lumineuse, la longueur d’onde, la concentration en monomère, la concentra
tion en colorant, la concentration en agent réducteur, la température, etc. Le schéma



3146 A. I. MD. SllERIFF AND M. SANTAPPA

cinctique proposé est examiné h la lumiere des résultats expérimentaux. On a évalué 
les valeurs des constantes spécifiques de vitesse pour les differentes étapes.

Zusammenfassung
Die Kinetik der durch Farbstoff-Reduktionssysteme sensibilisierten Polymerisation 

der Vinylmonomeren Methylmethacrylat, Methylacrylat und Acrylnitril wurde sys
tematisch untersucht. Die Systeme wurden mit Licht von Wellenlängen im Bereich 
350-450 mß bestrahlt. Durch geeignte Versuchsbedingungen wurde die Induktions
periode vor Eintritt der Polymerisation auf einem Minimalwert gehalten. Alle Ver
suche wurden in Gegenwart von Sauerstoff ausgeführt. Das Redoxsystem Natrium- 
fluoreszein(uranin)-Ascorbinsäure wurde für die Polymerisation verwendet. Die Sys
teme wurden mit Phosphatpuffer gepuffert. Der Einfluss von Temperatur, Viskosität, 
etc., auf das Reaktionssystem wurde untersucht. Der Verlauf der Reaktion wurde durch 
Messung der Geschwindigkeit des Monomerumsatzes (gravimetrisch), der Geschwindig
keit des Farbstoffumsatzes (spektrophotometrisch) und der Kettenlänge des gebildeten 
Polymeren (viskosimetrisch) verfolgt. Lichtintensität, Wellenlänge, Monomerkonzen
tration, Farbstoffkonzentration, Reduktionskmittelkonzentration, Temperatur, etc., 
wurden variiert. Ein versuchsweise aufgestelltes kinetisches Schema wird im Lichte der 
experimentellen Ergebnisse überprüft. Die Werte der spezifischen Geschwindigkeits
konstanten für die verschiedenen Schritte wurden ermittelt.

Received December 28, 1964 
Prod. No. 4677A
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Average Lifetime of Growing Chain in 
Propylene Polymerization

SANAE TANAKA and HIROYUKI A [OKINAWA, Mizonokuchi Research 
Laboratory, Mitsubishi Petrochemical Company, Ltd., Kawasaki, Japan

Synopsis

The value of the active lifetime of the growing chain of propylene polymer obtained 
with TiCl3-Al(C2H5)2Cl as catalyst was determined to be 33-40 min. by the method of 
calculating changes of number-average molecular weight from measurements of molecu
lar weight distribution. In addition, the influence of reaction conditions (reaction tem
perature, monomer concentration, catalyst concentration, reaction time, terminating 
agent) upon the active lifetime was examined. The data obtained support the theory of 
the occurrence of chain transfer. An expression was obtained for the lifetime distribu
tion of the polymer.

INTRODUCTION

In their studies of the polymerization of «-olefins by use of Ziegler-Natta 
catalysts, Natta,1 Bier,2’3 and Ivontos4 indicated that the average lifetime 
of the growing polymer chain was rather long.

In the case of the polymerization of propylene, it was reported that the 
average lifetime was 4-7 min.6 when T iC h-A l^H s^ catalyst was used, 
and was of the same order (1-30 min.)6 when TiCly-A 1 (¿-C,,H 9)3 catalyst 
was used. On the other hand, with TiCh-A^CzIK^Cl as catalyst, the 
data are conflicting: some authors2’3'7’8 report a very long lifetime of 
(more than 10 hr.), while Caunt9 has found a short lifetime (about 12 
min.). All of the previous calculations were made from intrinsic viscosity 
(or number-average molecular weight calculated from the latter) data versus 
polymerization time. However, it has been found that the number- 
average molecular weight of polypropylene is greatly influenced by the 
width of the molecular weight distribution (Ma/M „)10 and also that the 
molecular weight distribution depends on time.11 The values for the life
time of the growing chain were derived from the above-mentioned method 
which ignores these effects.

In the present study, the active polymer lifetime was obtained for poly
merization of propylene with TiCl3-Al(C2H5)2Cl catalyst, by calculating 
changes of number-average molecular weight from the measurements of 
molecular weight distribution of polypropylene by a turbidimetric method.11

3147
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EXPERIMENTAL

Materials

Propylene (Sinclair Co. ; C. P. Grade) had a purity of 99.5%.
n-Heptane (Enjay Co.) was purified by distillation after refluxing on 

sodium metal.
Diethylaluminum chloride (Ethyl Corp.) was purified by distillation.
Titanium trichloride (Stauffer Chemical Co., A. A. Grade), having a 

surface area of 20 m.2/g. as measured by the B.E.T. method, was used.

Polymer Preparation

Polymerization was carried out in a 3-liter stainless steel autoclave, which 
was purged with nitrogen and then charged with 1.5 liters of «-heptane and 
catalysts [2g. TiCl3 and 2.5 g. A1(C2H5)2C1] in that order. Then, propylene 
was charged under a constant pressure (2 kg./cm.2) at constant tempera
ture (70°C.). The polymerization was quenched with a mixture of 300 
ml. of «-butanol and 30 ml. of I N  hydrochloric acid; the catalysts were 
then decomposed by refluxing at 80°C. for 4 hr.

The polymer slurry was filtered by centrifugation at 80°C., washed with 
water, then dried at 60°C. in a vaccum oven.

Determination of Molecular Weight

The molecular weights of the polymers were calculated from intrinsic 
viscosity and turbidimetric titration measurement.

Intrinsic viscosities were measured in decalin containing 0.1% phenyl /?- 
naphthylamine at 135°C. under nitrogen atmosphere.

Although the viscosity-molecular weight equation of Chiang12 was 
employed :

M  = 1.00 X io- 4[M„]°-8°

it was recognized that this correlation could not be applied quantitatively 
to samples having widely different molecular weight distributions; there
fore, M w values were calculated from the molecular weight distribution.11

Determination of Molecular Weight Distribution

Molecular weight distributions were measured by the turbidimetric 
titration method13 (Desreux type) under the following conditions: solvent: 
mixture of tetralin and butylcellosolve (6:4); precipitant: butylcell- 
osolve; temperature: 110°C.; initial concentration: 3 mg. polymer/100 
ml. solvent; feed rate of precipitant: 2 ml./min.

It was found that the type of molecular weight distribution could be 
expressed by the modified log normal distribution.n '13.14 The value of 
M w calculated by using this type of distribution from the molecular weight 
distribution agreed with the values calculated by the intrinsic viscosity 
method.
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Calculation of M n and Mw from Molecular Weight Distribution

When molecular weight distribution of polypropylene is expressed by a 
modified log normal distribution, its weight-average (Mw) and number- 
average molecular weights ( M n) are expressed by eqs. (1) and (2), re
spectively.11

M n = Mo e ~ 1,1/2 (2//) {1 +  erf [P +  (<r/V2) ]} - 1 (1)

Mw = Mo e~° 1/2 ( //2) {1 +  erf [p -  (<r/V2)]} (2)

where M0 is molecular weight when the integral weight fraction of distribu
tion function is equal to 0.5, and /  and p are parameters of distribution de
fined by eqs. (3) and (4), respectively,

f  =  2 (1 +  erf p )“ 1 (3)

In M J M o
p =  (4)

where Mm, is the maximum molecular weight reached and a is standard 
deviation, calculated from the slope of probability plot.

Calculation of the Average Lifetime of the Growing Chain, f
The average lifetime of the chain f can be determined by eq. (5), assum

ing Natta’s mechanism:6
f = \ d ( l / x n) / d ( l / t ) ]  x n (5)

where t is polymerization time and x n is the number-average degree of 
polymerization.

If the number of active sites [C*] is known for the steady state, f can 
be determined from eq. (6).

f  = [C *)(xjr,)  (6)
where r„ is the rate of polymerization.

The conventional method for estimating the order of the lifetime in the 
steady state is obtained by use of eq. (7) from the curve of xn versus time.

% = xn/2  (7)

RESULTS AND DISCUSSION

Average Lifetime of the Growing Chain
The variation of the number-average degree of polymerization x n with 

reaction time ¿under certain conditions is illustrated in Figure 1.
The average lifetime of the growing chain f derived from eq. (5) is 

about 33-40 min. To check this, we tried to compare the number of 
active sites.

The reaction rate rv and the number-average degree of polymerization 
xn (at 70°C., under 2 kg./em.2 propylene pressure) are rv = 1.63 X 10-2 
mole C3H6/min.-g. TiCl3; x n = 7.25 X 103.
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Fig. 1. Relationship between xn and reaction time t at 70°C., 2 kg./cm.2 propylene 
pressure, 2 g. TiCl3, 1.5 liters n-heptane, Al/Ti = 2.5.

The number of active sites [C*], as determined from eq. (6), is then

[C*] = 7.45 X 10-6 -  9.0 X 10“6 mole site/g. TiCl3 
or

[C*] = 1.16 X 10-2 -  1.4 X 10~2 mole site/mole TiCl3

This value suggests that the most of the surface of the solid TiCl3 can 
be accounted by the number of active sites, since the surface area of the 
TiCl3 used (A. A. type) is of the order of 20 M.2/g., and the adsorbed AlEt2- 
C1 molecules occupy an area of about 40 A.2/molecule.

The number of active sites is influenced by many variables, such as the 
extent of poisoning of the used TiCl3, the amount of alkylaluminum rever
sibly adsorbed on the TiCl3 surface, the particle size of the TiCl3, conditions 
of catalyst preparation, and reaction conditions.

Therefore, it seems very difficult to determine the exact value. Since 
there is agreement between f derived from eq. (6) for a value of [C*] =
1.0 X 10~2 mole site/mole TiCl3 (A. A.) and that derived from eq. (5) by 
the graphical method, it seems reasonable to calculate the approximate 
value of f , in the stationary state from eq. (6), assuming minor variations in 
[C*] depending on reaction conditions.

Absolute Rate

It is of interest to calculate the absolute propagation rate constant k v in 
the AlEt2Cl-TiCl3 catalyst system. The number of active sites [C*] is
1.0 X 10-2 mole site/mole TiCl3, and the observed polymerization rate 
rv is 2.52 mole C3H6/min.-mole TiCl3 at 70°C. and under at a propylene 
pressure 2 kg./cm. (the concentration of propylene [Cj,] in n-heptane is 
0.75 mole/1.).

Therefore, the absolute rate constant kp can be described by eq. (8):

k„ = r j [  C*][Cj,] = 5.6 1./mole-sec. (8)

By comparison with this value in free radical polymerization, the poly
merization of the coordinated complex catalyst can be regarded as com-
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TABLE I
Absolute Rate Constant in Ziegler-Natta Catalyst Systems

Monomer Catalyst system
Temp.,

°C.
kp,

1./mole-sec.
Refer
ence

Propylene AlEt2Cl-TiCl3 (A.A.) 70 5.6
Propylene AlEt3-TiCl3 70 2.5 5
Propylene AlEt2Cl-TiCl3 (A.A.) 50 1.2 7
Propylene AlEt2Cl-TiCl3 50 0.426 8

70 1.15
90 3.50

Ethylene A K i-C Ä h-T iC h 54.5 127 6
Ethylene Al(CH3),Cl-(C5Hs)2TiCl2 30 13.6 17

paratively mild. The absolute rates in other systems are listed in Table I.
The differences in k p value in Table I are due partly to the method cal

culation of the number of the active sites.

Changes of Average Lifetime with Reaction Conditions

Data illustrating the effects of the reaction conditions (temperature, 
monomer concentration, catalyst concentration, polymerization time) in 
the AlEt2Cl-TiCl3/w-heptane system are presented in Table II. The 
dependence of the average lifetime on polymerization temperature, mono-

Fig. 2. Relationship between f  and polymerization temperature at i =  3 hr., propylene 
pressure 2 kg./cm.2, 2 g. TiCl3, 1.5 liters n-heptane, Al/Ti = 2.5.

Fig. 3. Relationship between f  and monomer pressure at 70°C., I = 3 hr., 2 g. TiCL, 
1.5 liters w-heptane, Al/Ti = 2.5.



3152 S. TANAKA AND II. MORIKAWA

AtElzUt ConcenirationLrfl0̂ /(

Fig. 4. Relationship between f  and catalyst concentration at 2 kg./cm.2 propylene 
pressure, 70°C., t = 3 hr., 2 g. TiCl3, 1.5 liters ra-heptane.

TABLE II
Changes of f  with Reaction Conditions“

Run
no.

Propylene 
pressure, 
kg./cm2

Temp.,
°C. Al/Ti

r„ X 102 
mole

C3H6/min.
M ,

dl./g. X 10“3
T,

min.

12 2 30 2.5 0.77 10.0 13.5 226
17 2 50 2.5 2.12 7.62 7.95 48.6
1 2 70 2.5 3.26 5.70 7.25 28.8
7 2 70 10,0 3.27 4.60 5.65 22.5

25 2 70 1.0 3.37 5.76 6.66 25.6
66 2.4 70 2.5 3.61 6.0 9.10 32.7
67 3.4 70 2.5 6.64 7.9 12.4 24.4
68 5 70 2.5 8.15 9.2 16.0 25.3
13 2 90 2.5 3.14 2.76 2.88 11.9

Conditions: 1.5 liters ra-heptane, t = 3 hr., 2.0 g. TiCl;

mer concentration, and catalyst concentration are shown in Table II and 
Figures 2-4.

With decreasing reaction temperature, the average life time f  increases; 
such a tendency is peculiar to “living” polymer (Fig. 2). The average 
lifetime does not change regularly with monomer concentration but it 
seems to be slightly higher at lower monomer concentrations (Fig. 3).

The change of the average lifetime with polymerization time is shown in 
Table III and Figure 5. It is noticed that f changes with polymerization 
time initially but after this period it becomes a constant.

Fig. 5. Relationship between f and reaction time t a t 70°C., 2 kg./cm.2 propylene pres
sure 2 g. TiCl3, 1.5 liters ra-heptane, Al/Ti = 2.5.
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TABLE III
Changes of f with Reaction Conditions"

Run no.
Time t, 

hr.

rp X 10», 
mole

C3H6/min.
[if],

dl./g. ï n X 10 3
f,

min.

16 0.5 4.0 3.38 4.05 13.0
19 1.0 4.5 3.44 4.50 13.0

1 3.0 3.26 5.70 7.25 28.8
20 5.0 3.36 5.70 7.56 29.2
21 8.0 2.97 5.74 6.95 30.4

“ Conditions: 70°C., 2 kg./cm.2 propylene pressure, 1.5 liters n-heptane, 2.0 g. TiCl3, 
Al/Ti = 2.5.

It is difficult to interpret the increase of f except at the beginning of the 
polymerization for this reaction model.

TABLE IV
Changes of r  with Concentration of Termination Agent (EL)"

Run no.

H, % 
(in gas 
phase)

rv X 102, 
mole

C3H6/min. dl./g- +  lO“3
T,

min.

1 0 3.26 5.7 7.25 28.8
4 2.8 3.81 2.75 4.50 15.3
5 7 3.65 1.38 2.17 7.74

" Conditions: 70°C., 2 kg./cm.2 propylene pressure, 1.5 liters «-heptane, 2.0 g. TiCl3, 
Al/Ti = 2.5, t = 3 hr.

Changes of Average Lifetime Depending on Terminating Agent (Hydrogen)

The effect of the addition of a terminating agent such as hydrogen is 
shown in Table IV and Figure 6. The average lifetime f decreases rapidly 
with hydrogen concentration (Fig. 6).

Relationship between Lifetime and Molecular Weight
The relationship between the average lifetime f  and the number-average 

molecular weight M n, under 2 kg./cm.2 of monomer pressure is illustrated 
in Figure 7.

In a Ziegler-Natta catalyst system, polypropylene has a linear, un
branched structure, and during polymerization the combination or de
composition of polymer may not occur. Therefore, a simple one-to-one 
relationship between the lifetime of the growing chain and the degree 
of polymerization is reasonable. When the rate constants do not depend 
on chain length, this relation should be linear.

However, the plot in Figure 7 tends to deviate from a straight line in the 
region of high molecular weight (M n > 30 X 104), which would indicate 
that the rate constants depend to some degree on chain length. Similar 
observations on polyethylene were previously reported by Feldman and 
Perry.6
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Fig. G. Relationship between f  and termination agent (H2) at 70°C., t = 3 hr., 
2 kg./cm.2, propylene pressure 2 g. TiCfi, 1.5 liters «-heptane, Al/Ti = 2.5.

Fig. 7. Lifetime of growing chains as a function of molecular weight at 2 kg./cm.2 
propylene pressure, 2 g. TiCh, Al/Ti = 2.5, 1.5 liters «-heptane.

M m. x  I  O '*

Fig. 8. Changes of M n- f  relation with reaction conditions.

Gordon and Roe15 also derived the log normal distribut ion of molecular 
weight, assuming that rate constants depend on chain length, and they 
obtained the value of M w/ M n on the basis of their theory.

However, it seems very difficult to decide the true mechanism from the 
M w/ M n dependence. The change in the M n- f  relation with reaction condi
tions is shown in Figures 8 and 9.
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Fig. 9. Changes of M n- f  relation at 70°C. with level of terminating agent (H2).

Lifetime Distribution

When the M n- f  relation is established, the lifetime distribution of the 
growing chain can be derived from the molecular weight distribution. 
Now, assuming that the rate constant k„ of each active site is approximately 
uniform, the log normal feature of molecular weight distribution is trans
lated to a non-Gaussian nature (negative skewness) in the lifetime dis
tribution, as shown in Figure 10.

Mussa16 showed that the log normal feature is derived from the Gaussian 
nature of the lifetime distribution, assuming the distribution of the rate 
constant of each catalyst site.

Fig. 10. Plot of molecular weight distribution (MWD) and lifetime distribution 
(LTD) with polymerization at propylene pressure of 2 kg./cm.2: (O) M w = 100 X 104, 
tr = 1.15; (A) Mm = 50 X 104, a = 1.15. Here, x is the degree of polymerization 
{M/ 42) and n(x), the number fraction of x, is defined by n(x) = [w(x)/x]xn, w ere 
w(x) = (l/crV irirX l/x) exp { — ( l/2<r2) 111 (x /x 0)\, X„ = x0 exp } — cr2/2 }, X w = x„ 
exp j <r2/2 j.
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Since the region of high molecular weight tail is also shown for a sample 
obtained with a short polymerization time, homogeneity for all active 
sites does not appear likely.

It is concluded that the average lifetime of polymerization in AlEt2- 
Cl-TiCh catalyst system is shorter than indicated by the results of Bier2 
and Chien8 and that polypropylene in such a case has a lifetime distribu
tion dependent on the transfer reaction.
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Résumé
On a obtenu la valeur de la durée de vie active de la chaîne en croissance du polypropy

lene en utilisant TiCl3-Al(C2H6)2Cl comme catalyseur, par la méthode de calcul des 
changements de poids moléculaire moyen en nombre à partir de mesures de la distribution 
du poids moléculaire. Cette durée de vie est de 33 à 40 minutes. En outre, on a ex
aminé l’influence des conditions de réaction (températue de réaction, concentration en 
monomère, concentration en catalyseur, durée de réaction, agent de terminaison), sur la 
durée de vie active. A partir des résultats obtenus, la théorie de l’existence d’un tranfert 
de chaîne est confirmée et la distribution de la durée de vie du polymère à été également 
exprimée.

Zusammenfassung
Für die aktive Lebendauer einer wachsenden Propylenpolymerkette mit einem TiCl3-  

AI(C2H6)2Cl-Katalysator wurde nach der Methode der Berechnung der Änderung des 
Zahlenmittelmolekulargewichts aus der Messung der Molekulurgewichtsverteilung ein 
Wert von 33-40 min erhalten. Weiters wurde der Einfluss der Reaktionsbedingungen 
(Reaktionstemperatur, Monomerkonzentration, Katalysatorkonzentration, Reaktions
dauer, Abbruchsmittel) auf die aktive Lebensdauer untersucht. Die erhaltenen Daten 
bilden eine Stütze für die Theorie des Auftretens von Kettenübertragung und gestatten 
eine Angabe der Lebensdauerverteilung des Polymeren.
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Catalyst and  Solvent Effects in  the  T erpo lym eriza tion  
o f E thylene, P ropy lene , and  D icyclopentadiene

ROBERT E. CUNNINGHAM, Research Division, Goodyear Tire and 
Rubber Company, Akron, Ohio

Synopsis
Ethylene, propylene, and dicyclopentadiene were terpolymerized to form unsaturated, 

sulfur-curable elastomers, by use of catalysts of VCL or VOCI3 (with AliEtsClt cocata
lyst) and polymerization solvents of heptane, benzene, or tetrachloroethylene. Of the 
various possible catalyst-solvent combinations, best overall balance of results was given 
by VOCI3 catalyst in benzene solvent. All other combinations, except one, also gave good 
results, however, with some having special points of merit. The exception was VOCI3 
in heptane solvent, which produced erratic yields of highly gelled polymer. A limited 
study was made of the effect of the dicyclopentadiene concentration on polymerization. 
Increasing the diene concentration decreased polymer yield but increased its unsatura
tion ; it had no gross effect on the inherent viscosities of the polymers. Terpolymers con
taining more than about 0.30 mole C = C /kg . can be cured tightly with sulfur-based 
vulcanizing recipe.

INTRODUCTION
In the last few years, considerable research has been carried out on the 

copolymerization of ethylene and propylene with the use of Ziegler-Natta 
catalysts to an amorphous elastomer. More recently, most research effort 
has been directed toward the terpolymerization of ethylene, propylene, and 
a nonconjugated diene to produce an unsaturated, sulfur-curable elastomer. 
Published data indicate that a wide variety of dienes may be used for this 
purpose, but perhaps the main one that has been used is dicyclopentadiene. 
Several groups have reported various results with this terpolymerization 
system,1-6 but experimental data on the effects of different possible catalyst- 
solvent combinations were scanty. Detailed studies were undertaken in 
our laboratories to attempt to determine, if possible, the best combination 
of catalyst and solvent for the preparation of elastomeric ethylene-pro- 
pylene-dicyclopentadiene terpolymers by use of catalysts and solvents that 
were known to be satisfactory for the copolymerization of ethylene and 
propylene.

EXPERIMENTAL

Materials
n-Heptane was obtained from Phillips Petroleum Company. It was 

washed successively with concentrated H 2SO4, potassium carbonate solu
tion, and distilled water, then distilled and stored over Drierite. Benzene

3157
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was ACS reagent grade; it was passed through a silica gel column before 
use. Tetrachloroethylene was superior grade from Matheson, Coleman 
and Bell; it was also passed through silica gel before use.

Aluminum ethyl sesquichloride was from Ethyl Corporation, and was 
used as received. It was listed by the manufacturer as containing 21.5% 
A1 (21.8% theor.) and 42.8% Cl (43.0% theor.). Vanadium oxytrichloride 
and vanadium tetrachloride were obtained from Anderson Chemical Divi
sion of Stauffer Chemical Company and were used as received.

Ethylene and propylene were C.P. grades from The Matheson Company. 
They were passed through two scrubbing towers of Eieser’s solution6 to 
remove oxygen traces, then through calcium chloride, Drierite, and a 10% 
A1(?'-Bu)3 solution in kerosene before passage into the reactor.

Dicyclopentadiene was high-purity grade from Union Carbide Olefins 
Company. It was vacuum-distilled in a nitrogen atmosphere before use, 
b.p. 58°C./13 mm. It was a white solid at room temperature and was stored 
under nitrogen.

Catalyst Solutions

For all runs, the Al2Et3Cl3 was handled as a 1.0M (in Al) solution in hep
tane (0.50M for the formula weight of Al2Et3Cl3). The VC14 was made up as 
aO.lM* solution in heptane, and VOCl3asa0.32M solution in heptane. All 
solutions were kept under nitrogen in 4-oz. bottles that were capped with 
self-sealing rubber gaskets and were transferred with hypodermic syringes. 
It is known that VC14 decomposes slowly to VC13 and Cl2, especially under 
the influence of heat or light. By keeping the VC14 stock solution fairly 
dilute and storing it in a refrigerator, it was found that it could be kept for 
several weeks before any visible precipitate of VC13 could be seen. The 
VC14 stock solutions were generally used, however, within a few days after 
they were prepared.

Polymerizations

Reactions were carried out in a 1-liter resin kettle, fitted with a Teflon 
paddle stirrer, reflux condenser, thermometer, gas-inlet tube, and rubber 
serum cap. Glassware was thoroughly cleaned and dried. The apparatus 
was assembled and placed in an ice-water bath. In all runs, 500 ml. of 
solvent was used.

Ethylene and propylene were metered in at 1200 and 800 cc./min., respec
tively, by use of calibrated flowmeters. Mass spectrographic analysis was 
made of a feed gas sample for each run, and it was found to average very 
close to 58 rnole-% ethylene. The gases were passed through a T-tube 
to form a common stream, then through the purification train and into the 
resin kettle through the inlet tube, which went well below the surface of 
the solvent. The feed stream was bubbled through the entire system and 
out the reflux condenser for at least 15 min., both to purge the system of 
air and to saturate the solvent with the monomers.
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The appropriate amount of dicyclopentadiene was added. It was 
warmed slightly to melt it (literature m.p. = 33°C.) and transferred by 
injecting it into the resin kettle through the serum cap with a hypodermic 
syringe. All reactions were initiated at 5°C. The catalysts were all 
formed in situ, the Al2Et3Cl3 being injected first. Both catalyst components 
were added all at the start of the reaction, with no subsequent incremental 
additions. Catalyst colors ranged from purple through rose shades, all of 
which faded rapidly in a few minutes to light rose or perhaps even colorless 
solutions. In all runs, the vanadium concentration was 0.001M and the 
Al/V molar ratio was 10.

Initial polymerization activity in all cases was very high. Rapid reac
tion took place for a few minutes and the exotherm raised the temperature 
of the reaction mixture 20-30°C. in less than 5 min., even with the ice-water 
cooling bath around the resin kettle. Reaction then began slowing down 
as evidenced by increasing flow of gases through a flowmeter attached 
to the exit of the reflux condenser. Reaction was continued for 30 min., 
agitation as vigorous as possible being maintained. At the end of this 
time, the reaction mixture was a viscous cement. I t was coagulated in 
isopropanol containing a small amount of a phenolic antioxidant. After 
soaking 24 hr., the polymer was cut up and soaked another 24 hr. in a fresh 
portion of isopropanol. It was then dried in a vacuum oven at moderate 
temperatures (< 50°C.).

Polymer Evaluation
Inherent viscosity was measured in toluene at 30°C. with 0.25 g. of poly

mer in 50 ml. of toluene. The inherent viscosity of only that portion of 
polymer soluble in toluene at 30°C. is measured, of course; the insoluble 
portion is reported in Table I. This insoluble polymer can apparently arise 
in two different ways: from short blocks of crystalline polymer, or true, 
crosslinked gel. No quantitative measurements of crystallinity were 
attempted on these insoluble portions. A qualitative test was made how
ever, by checking the solubility of the polymers in hot toluene (80°C.); 
short blocks of crystalline polymer are apparently soluble under such a con
dition, but crosslinked gel is not. Nearly all the polymers in Table I, which 
have fairly low amounts of insoluble content at 30°C., are found to be com
pletely soluble in hot toluene. The exceptions are noted in the Results 
and Discussion section.

Crosslinked gel may be formed by polymerization of both double bonds 
of the dicyclopentadiene. Gladding et al.2 showed that the 9,10 double bond 
of the dicyclopentadiene is the one most reactive toward polymerization, 
but that the 1,2 double bond is also slightly reactive. They did not list 
the catalyst-solvent combination used for this study, but it seems reason
able that the reactivity of both double bonds would vary with different 
catalysts and solvents. Thus polymerization conditions might arise in 
which the reactivity of the 1,2 double bond becomes appreciable, relative 
to the reactivity of the 9,10 double bond. Both would then take part to
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TABLE I
Ethylene-Propylene-Dieyclopentadiene Terpolymerization with Various Catalysts and

Solvents“

Run
no. Solvent

Dicy-
clopent- Ter- 
adiene, polymer 
g./500 yield, 

ml. g.

Insoluble 
Inherent polymer,
viscosity %

Unsat
uration,

mole
C = C /

kg-

Volume 
swelling, %

15 min. 60 min. 
cure cure

VOCl3 Catalyst

418 Benzene 0 37.5 1.49 7.2 — — —

419 Benzene 0.5 34.5 1.40 4.9 0.09 1710 992
420 Benzene 1.0 32.5 1.51 1.9 0.19 1200 608
421 Benzene 1.5 30.5 1.55 1.6 0.29 545 404
422 Benzene 3.0 29 1.45 1.0 0.58 321 298
423 Benzene 4.5 26 1.58 10.2 1.00 245 232
439 Tetrachloro-

ethylene
0 32 1.82 4.8 — — —

438 Tetrachloro-
ethylene

0.5 29 2.05 1.4 0.12 1280 768

435 Tetrachloro-
ethylene

1.0 28.5 1.92 2.1 0.24 780 527

436 Tetrachloro-
ethylene

1.5 25.5 1.95 4.1 0.40 437 342

437 Tetrachloro-
ethylene

3.0 21 1.62

VCh Catalyst

26.1 0.97 227 226

427 Benzene 0 37.5 1.65 2.0 — — —

428 Benzene 0.5 30 1.82 1.7 0.12 2070 906
429 Benzene 1.0 27.5 2.04 1.9 0.26 738 383
430 Benzene 1.5 26.5 2.24 0.8 0.34 582 316
431 Benzene 3.0 24 2.06 4.1 0.74 247 225
432 Benzene 4.5 24 1.84 5.3 1.14 211 204
441 Heptane 0 27 2.31 1.9 — — —

442 Heptane 0.5 24.5 2.68 4.1 0.14 838 523
443 Heptane 1.0 21 .5 2.62 24.9 0.32 419 313
444 Heptane 1.5 20 1.60 52.2 0.52 290 253
445 Heptane 3.0 17 1.49 36.0 1.22 198 183
446 Tetrachloro-

ethylene
0 41 1.86 3.5 — — —

447 Tetrachloro-
ethylene

0.5 38 2.18 2.9 0.17 1526 839

448 Tetrachloro-
ethylene

1.0 30.5 2.28 2.0 0.28 569 387

449 Tetrachloro-
ethylene

1.5 25.5 2.21 16.6 0.51 361 286

450 Tetrachloro-
ethylene

3.0 22.5 1.62 29.9 0.98 223 215

a Experimental section gives details of the polymerization conditions and the method
of measuring the various tabulated quantities.
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some extent in polymerization, resulting in crosslinking. Concentration 
of the dicyclopentadiene in the polymerization system should also play a 
small role in the degree to which the 1,2 double bond polymerizes. Unsa- 
turation was measured by the iodine monochloride method.

Cured Polymer Properties

All terpolymers were compounded with the following recipe: 100 parts 
rubber, 5 parts zinc oxide, 1.5 parts tetramethylthiuram monosulfide, and 
1.25 parts sulfur. Samples were press-cured at 320°F. for 15 or 60 min. 
They were then swollen at least 48 hr. in toluene at room temperature, 
weighed, and dried to constant weight by the usual techniques to determine 
volume swell. Values are reported in terms of volumes of toluene per 
volume of dry rubber, the dry weight being determined after swelling (i.e., 
with all toluene-soluble matter removed from the network).

RESULTS AND DISCUSSION

The two catalysts used in these studies were VOCls and VC14, with Al2Et3- 
Cl3 as cocatalyst. Three solvents were used: heptane, benzene, and tetra- 
chloroethylene. With each catalyst-solvent combination, the dicyclopenta
diene level in the polymerization mixture was varied over a small range. 
The complete experimental results are given in Table I. Some important 
points can be noted about each of the catalyst-solvent combinations that 
were investigated.

VOCl3 with Benzene Solvent. This system gave slightly better terpoly- 
mer yields than any other. (Mechanical factors may sometimes be rate
controlling in these reactions, however, and thus may influence polymer 
yields.) Inherent viscosities of the polymers averaged about 1.5, and insol
uble portions of the polymers were low. Polymers with the higher unsat
urations cured tightly with the sulfur recipe. All these results are satis
factory for the preparation of unsaturated ethylene-propylene rubber. I t 
was felt that this particular system gave the best overall balance of results 
of those that are reported in this paper.

VCL with Benzene Solvent. This is also a very satisfactory system, giv
ing good yields of terpolymer. Their inherent viscosities were slightly 
higher than those made with VOCl3 in benzene, averaging about 2.0. In
soluble portions of the terpolymers were quite low, and they had slightly 
higher unsaturation than those made with VOCl3. Direct comparison of 
terpolymer unsaturation between various catalyst-solvent systems cannot 
be made in these series of experiments, except where terpolymer yields are 
the same. Since all dicyclopentadiene is charged at the start of the run, 
but monomers are fed in continually, terpolymer unsaturation changes con
tinuously during a run. Were reactions carried far enough, all dicyclo
pentadiene would be exhausted, and only copolymer would be formed; our 
reactions are always terminated before this point is reached. Additional 
experiments are underway in our laboratories to determine which system is
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most efficient for introducing unsaturation into the terpolymer. These 
terpolymers all cured tightly, especially at the higher levels of unsaturation.

VOCl3 with Tetrachloroethylene Solvent. This system also gave good 
yields of terpolymer with satisfactory inherent viscosities, averaging about 
1.9. Insoluble polymer content was low, except at the highest dicyclo- 
pentadiene level, and polymers cured tightly. Tetrachloroethylene, be
cause of its high density and boiling point, is difficult to remove from the 
polymers.

VCI4 with Tetrachloroethylene Solvent. This system gave slightly better 
yields than did VOCI3 in this solvent, with concomitantly higher inherent 
viscosities for the corresponding terpolymers. The fractions of insoluble 
polymer were low, except at the highest dicyclopentadiene levels, and the 
polymers cured very tightly.

VCI4 with Heptane Solvent. This system gave the lowest yields of any 
of the systems reported here. The inherent viscosities of the terpolymers 
were high when the dicyclopentadiene concentration was low, but fell off 
sharply as the dicyclopentadiene concentration increased. Undoubtedly 
part of this phenomenon was caused by the high content of insoluble poly
mer in the latter samples, the highest of any reported here. The samples 
could be compounded, however, and gave very tight cures.

VOCI3 with Heptane Solvent. No data are reported here on this sys
tem, since all of our experiments have given very erratic results, usually 
producing polymers with high proportions of insoluble material.

Much of the insoluble portions of polymers mentioned in the above sec
tions is soluble in hot toluene (80°C.), and probably consists of short blocks 
of crystalline polymer. With the VOCl3-heptane combination, however, 
much of the insoluble polymer appears to be true, crosslinked gel; ap
parently both of the double bonds of the dicyclopentadiene will polymerize 
to some extent in this system.

The effect of dicyclopentadiene concentration on polymerization can also 
be noted from the data. As the initial diene concentration increases, ter
polymer yield in all systems decreases, and unsaturation increases as ex
pected. There is no gross effect of dicyclopentadiene on the inherent vis
cosities of the terpolymers, but there does appear to be a slight increase of 
a few tenths of a unit in the viscosities as the diene concentration increases 
(those samples which have high insoluble content being neglected). The 
highest levels of insoluble content are associated with the highest dicyclo
pentadiene concentrations. Evidently a concentration level is reached at 
which the second double bond of the diene begins to polymerize, causing 
crosslinking, or the terpolymer composition is altered by the diene to the 
point where insoluble, crystalline polyolefin blocks may begin to appear in 
the chains. Both effects may come into play in some cases. Our efforts at 
determining the propylene content of the terpolymers have given erratic 
results to date and hence are not included here. There is some evidence, 
however, that as dicyclopentadiene content of the terpolymer increases, 
propylene content decreases. Under these conditions, small blocks of crys
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talline polyethylene units might form, producing portions of insoluble 
polymer.

In spite of both the variations in terpolymer yields and the margin of 
error in the unsaturation analysis, there is fairly good correlation, within 
each catalyst-solvent series, between the amount of dicyclopentadiene 
charged and the resultant terpolymer unsaturation, i.e., doubling the charge 
of dicyclopentadiene doubles the terpolymer unsaturation, etc. Had all 
reactions been carried to the same polymer yield, however, this relation 
probably would not have held true.

It can be seen that, in general, polymers with unsaturations of about 0.30 
mole of C=C/kg. of terpolymer will have volume swells of less than 400% 
at the 60-min. cure. This is indicative of fairly tight cure. The polymers 
with higher unsaturations may have volume swells of < 300% at the 15- 
min. cure. It would appear from the data that polymers with more than 
about 0.50 mole C=C/kg. are fairly completely cured in 15 min. at 320°F., 
with this particular vulcanizing recipe. There are some discrepancies 
between the amount of unsaturation in the terpolymers and their respective 
volume swells, particularly at the low levels of unsaturation. This may be 
due in part to the experimental error in the unsaturation analysis, but it 
may also reflect to some extent differences in the distribution of the diene 
units (and the subsequent crosslinks) throughout the polymer chains.

The author wishes to thank the Goodyear Tire and Rubber Company for permission 
to publish these results. Acknowledgements are also due Mrs. V. A. Bittle for determin
ation of the inherent viscosities and percentages of insoluble polymer, E. E. Fauser for the 
vulcanizing recipe, Frank Chan for the unsaturation analyses, and J. K. Phillips for mass 
spectrographic analyses of the ethylene-propylene mixtures.
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Résumé
L’éthylène, le propylene et le dicyclopentadiene ont été terpolymérisés pour former des 

élaStomères insaturés, vulcanisables au soufre, en utilisant VC14 ou VOCl3 comme cataly
seurs (avec ALEt-3Cl3 comme co-catalyseur) et avec l’heptane, le benzène ou le tétrachloro- 
éthylène comme solvants de polymérisation. Des diverses combinaisons possibles cat
alyseur-solvant-, les meilleurs résultats ont été obtenus avec VOCl3 comme catalyseur dans 
le benzène comme solvant. Toutes les autres combinaisons, sauf une, donnent également 
de bons résultats bien que certains possèdent des points particuliérement intéressants. 
L’exception est VOCl3 dans l’heptane, ce qui produit des rendements variables en poly
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mères fortement gélifiés. On a effectué une étude partielle de l’influence de la concentra
tion en dicyclopentadiène sur la polymérisation. Une augmentation de la concentration 
en diène diminue le rendement en polymère mais augmente son insaturation; elle n’a pas 
d’influence macroscopique sur les viscosités inhérentes des polymères. Les terpoly- 
mères contenant plus de 0.30 moles de C = C  par kilo peuvent être fortement vulcanisés 
au moyen d’unagent vulcanisant a base de soufre.

Zusammenfassung
Die Terpolymerisation von Äthylen, Propylen und Dicyclopentadien unter Bildung 

ungesättigter, Schwefel-vulkanisierbarer Elastomerer wurde mit VCL oder VOCL (und 
mit ALEtsCL als Cokatalysator) als Katalysatoren und Heptan, Benzol oder Tet.ra- 
chloräthylen als Lösungsmittel durchgeführt. Von den verschiedenen möglichen 
Katalysator-Lösungsmittelkombinationen liefert VOCl3 als Katalysator in Benzol als 
Lösungsmittel im M ittel das beste Ergebnis. Alle üblichen Kombinationen mit Aus
nahme einer eintigen lieferten ebenfalles gute Resultate, wobei jedoch einige noch spezi
elle Vorzüge aufwiesen. Die Ausnahme bildete VOCl3 in Heptan als Lösungsmittel, 
wobei stark streuende Ausbeuten an Polymeren mit hohem Gelgehalt erhalten wurden. 
In gewissen Ausmass wurde der Einfluss der Dicyclopentadienkonzentration auf die 
Polymerisation untersucht. Eine Erhöhung der Dienkonzentration setzte die Poly
merausbeute herab, erhöhte aber den Doopelbindungsgehalt ; es bestand aber kein 
starker Einfluss auf die Viskositätszahl der Polymeren. Terpolymere mit mehr als 
etwa 0,30 Molen C = C  pro Kilogramm können nach Vulkanisationsrezepten auf Schwe
felgrundlage stark vulkanisiert werden.
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Adsorption of Poly-4-vinylpyridine onto 
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Synopsis
Some data on the adsorption of poly-4-vinylpyridine on a glass surface are presented. 

The results on the un-ionized polymer are characteristic of the adsorption of organic poly
mers; the adsorption isotherm has a flat top and the amount adsorbed depends on the 
solvent used. The adsorption of ionized poly-4-vinylpyridine decreases with increasing 
ionization and increases with increasing ionic strength. The effect of increased ionic 
strength is presumably associated with the greater tendency of an ionized polymer to coil 
in the presence of excess salt. These results tend to confirm the general hypothesis that 
the coiling of a polymer molecule at a liquid-solid interface reflects the tendency of the 
polymer to coil in solution.

Introduction

The adsorption of polymers from solution has been investigated by a 
number of workers.1-3 The special properties of a polymer molecule, i.e., 
internal flexibility and multiple adsorption sites on a single molecule, have a 
considerable effect on the character of the adsorption isotherm and on the 
structure of adsorbed layer. In many cases, the isotherm is that of a mono- 
layer, and yet the weight of polymer adsorbed per unit area is in excess of 
that which can be fitted in a single layer on the surface. The amount of 
polymer adsorbed at full surface coverage is a function of solvent power and 
solvent polarity. It has also been possible to show by a variety of methods, 
i.e., capillary flow,4 infrared investigation at a surface,6'6 ellipsometry,7 and 
differential capacity at a mercury electrode,8 that polymer chains are more 
or less folded in the adsorbed layer at an interface, this folding presumably 
reflecting the natural tendency of the polymer molecule to take the form of a 
random coil in solution.

One of the ways in which the arrangements of a polymer molecule may be 
controlled is, if the polymer molecule may be made into an electrolyte, to 
put a charge on the molecule. Because of the long range of action of elec
trostatic forces, charges on a molecule tend to repel each other; and con
sequently, the molecular coil is extended. The degree to which the mole
cule is extended may be reduced by adding foreign salts to the system, thus 
shielding the electrostatic repulsions between charged groups. Accord
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ingly, an investigation of the adsorption of polymeric electrolytes has cer
tain interesting aspects which are not present in uncharged polymeric sys
tems.

There have been a few investigations of the adsorption of polyelectrolytes 
on solid adsorbents.9-12 These works have, in some cases, been carried out 
with objectives which are different from those indicated here; nevertheless, 
our choice of materials and experiments has been dependent, in part, on the 
results of earlier studies. The polymer used here, poly-4-vinylpyridine, 
henceforth referred to as PVP, was prepared by free-radical initiation. The 
solvents used in the adsorption experiments are chloroform, methanol, and 
water (the electrolyte influence could only be investigated in water or in 
methanol-water mixtures), and the adsorbent used was Vycor, a 96% silica 
glass (Corning Glass Co., Coming, New York).

EXPERIMENTAL 

Preparation of Materials

The monomer, 4-vinylpyridine, was distilled under vacuum, mixed with 
toluene in a ratio of 10 ml. of toluene to 1 ml. of monomer, and an initiator, 
azobisisobutyronitrile, was added. The monomer/initiator mole ratio was 
approximately 180. The polymerization was carried out at C0°C. in an 
evacuated and sealed vessel. The final polymer was generally light yellow 
in color, the deeper the yellow the greater the oxidation. Most of the col
ored products could be removed by a crude fractionation procedure based on 
solution in tertiary butanol and precipitation with benzene. A middle frac
tion of the polymer was retained for subsequent experiments. The intrinsic 
viscosities of PVP-1 and PVP-2 in absolute ethanol at 25°C. were 1.19 and 
1.50 in units of 100 ml./g. The viscosity-average molecular weights13 were 
2.55 X 105 and 3.60 X 105, respectively.

The Vycor glass powder contained small quantities of hydrochloric acid 
which could be removed by washing with distilled water until a silver nitrate 
test for chloride was found to be negative. The presence of this excess acid 
had a significant effect in those experiments where the degree of ionization 
was varied. In those cases, the hydrochloric acid was removed from the 
Vycor adsorbent. The surface area of the powder determined by the
B.E.T. method with the use of nitrogen was 2.68 m.2/g.*

Adsorption Procedure

A polymer solution of known concentration was added to a weighed 
amount of adsorbent and shaken mechanically at a controlled temperature. 
The agitation was as gentle as possible (to prevent chain scission), but con
sistent with the requirement that the adsorbent and solution be thoroughly 
mixed.

* The authors wish to express their thanks to Dr. Y. F. Yu of the Scientific Laboratory
at the Ford Motor Company for carrying out this determination.
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Analysis

The concentration of polymer after an adsorption experiment was meas
ured by determining the ultraviolet absorption of the supernatant liquid. 
The extinction coefficient of the un-ionized polymer at its maximum (2560 
A.) was e = 1655 l./mole-cm., and of the fully ionized polymer at its maxi
mum (2540 A) was e = 3945 l./mole-cm. The unit mole is based on 
monomer molecular weight. These extinction coefficients are the same in 
all solvent systems used.

Because of the large difference in extinction coefficient of the un-ionized 
and ionized form of the polymer, it was possible to obtain reasonably 
accurate determinations of the per cent of ionized pyridyl groups on the 
polymer from the ultraviolet spectrum. It was assumed that the per cent 
ionization could be obtained by linear interpolation between the values 
obtained for the un-ionized and 100% ionized polymer. The extinction 
coefficient of the fully ionized polymer was determined from solutions of the 
perchloric acid salt in a sufficient excess of perchloric acid.

Preliminary Experiments

The amount of polymer adsorbed as a function of time was measured on a 
few samples to determine an appropriate time scale of the experiment. The 
amount of polymer adsorbed was found not to change with time after the 
adsorbent and polymer solution had been shaken together for more than 1/ 2 
hr.

Experiments were carried out to insure that the adsorption isotherms 
were independent of the relative amounts of adsorbent and polymer solution 
used in the experiment. Only those experiments which satisfied this test 
are reported. The presence of impurities on the surface or in the polymer 
solution would be seen in these experiments. As a matter of fact, unless a 
crude fractionation of the polymer was carried out before the polymer was 
used in an adsorption experiment, this criterion was not staisfied. The 
impurities which were removed by fractionation are not known; presuma
bly they are highly oxidized fractions of the polymer or low molecular 
weight species.

RESULTS

The adsorption isotherms of PYP in the un-ionized form in chloroform, 
methanol, and 50% methanol-50% water solvents is shown in Figure 1. 
Note that more polymer is adsorbed from chloroform than from methanol or 
methanol-water mixtures. The adsorption of ionized poly-4-vinylpyridi- 
nium chloride (PVP Cl) from methanol-water and water in the presence of 
varying quantities of sodium chloride and hydrochloric acid is shown in 
Figures 2 and 3. In Figure 4 the adsorption of polymer from salt solutions 
in methanol and water is presented as a function of the fraction of polymer 
ionized. The ionic strength was controlled by adding appropriate quanti
ties of sodium chloride, magnesium chloride, and hydrochloric acid. The
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Fig. 1. Adsorption isotherms of PVP-1 on Vyeor at 30°C. from (A)  chloroform; 
( • )  methanol; a (O) 50% methanol-water mixture. The ordinate A  is the weight of 
polymer adsorbed per weight of adsorbent; the abscissa C is the concentration of polymer 
in solution after adsorption.

C m g . / m l .

Fig. 2. Adsorption isotherms of ionized PVP-1 on Vycor at 30°C. from methanol- 
water mixture in solution with varying concentrations of HC1 and NaCl: (O) 0.9Ar HC1; 
( • )  0.5V HCl (X)0.2VHC1; (-■-) 0.151V HC1; (-□-) 0.1#HC1; (■) 0.021VHC1; (0 )0 .1 #  
HC1 +  0.1# NaCl.

fraction ionized was determined by ultraviolet spectroscopy as discussed 
above. In all cases in which the amount of polymer adsorbed as a function 
of ionization was treated, the concentration of polymer remaining in solu
tion after adsorption was between 75 and 100 mg./lOO ml., which insures 
that the surface is essentially saturated with polymer.

It has been shown elsewhere that polymer adsorption is not always 
reversible in the time scale of an usual experiment, and several experiments 
were performed to find out whether PVP adsorption is reversible upon 
ionization and neutralization. This could be done easily, since the un-
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Fig. 3. Adsorption isotherms of ionized PVP-1 on Vycor at 30°C. from water in 
solution with varying concentrations of HC1 and NaCl: (O) 0.9iV HC1; ( • )  0.5iV HC1; 
(■ 0.17V HC1; (0 ) 0.17V HC1 +  0.17V NaCl; (-■-) 0.17V HC1 +  17V NaCl.

FRACTION .IONIZED

Fig. 4. Adsorption of ionized PAT-2 on Vycor at 0°3C. from a methanol-water 
mixture (this ionization is produced by HC1 +  addedsal t): (O) 0.27V CD, NaCl; 
( • )  .04jV CD, NaCl; (-■-) 0.47V CD, MgCl2; (-□-) 0.0077V CD, NaCl. The ordinate A „ 
is the weight of polymer adsorbed per weight of adsorbent on the fully covered surface; 
the abscissa is the fraction of ionized pyridyl groups on the polymer.

ionized polymer is adsorbed in much greater quantities per unit area than 
the ionized material. The results are set down in Table I. Desorption 
upon ionization is mostly but not entirely reversible; adsorption upon 
neutralization is entirely reversible as far as can be told from this experi
ment.

DISCUSSION

The amount of polymer adsorbed from solution onto a solid depends on a 
number of factors which have been explored with a considerable variety of
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TABLE I
Adsorption Reversibility“

No. Initial ingredients

Ingredients 
added at 4 hr. 
adsorption time

Polymer 
concentration 
after 42 hr. 
adsorption, 

mg./ml.

Amount 
polymer 

adsorbed 
after 42 

hr., mg./g.

1 Polymer solution, 15 ml.; 
solvent, 10 ml.; adsor
bent, 1.740 g.

0.816 2.94

2 Polymer solution, 15 ml. 
liV NaCl, 1 ml.; sol
vent, 9 ml.; adsorbent, 
1.511 g.

0.821 3.31

3 Polymer solution, 15 ml.; 
0.5A HC1, 2 ml.; sol
vent, 8 m l.; adsorbent, 
10.177 g.

0.S10 0.52

4 Polymer solution, 15 ml.; 
solvent, 8 m l.; adsor
bent, 9.595 g.

0.5A HC1, 
2 ml.

0.643 0.98
(partially

reversible)
5 Polymer solution, 15 ml.; 

0.5A  HC1, 2 ml.; sol
vent, 6 m l.; adsorbent, 
1.540 g.

0.5A NaOH, 
2 ml.

0.802 3.55
(reversible)

“ All experiments were carried out with the use of Vycor as an adsorbent, and a 
solution of PVP-2 in 50% methanol-50% water solvent. The initial concentration of 
the polymer solution was 1.721 mg./ml.; the temperature at which adsorption took 
place was 30°C.

materials. One of these factors is the solvent from which adsorption takes 
place. It has generally been established that polymer adsorption is great
est from the poorest solvent unless the solvent strongly competes with the 
polymer segment for surface sites. If strong competition occurs, the energy 
of solvent adsorption as compared with the energy of adsorption of the poly
mer segment at the surface is the significant quantity, and for polar surfaces 
(such as are used here), a more highly polar or polarizable solvent tends to 
reduce the amount of polymer adsorbed. As applied to the present experi
ments this factor would lead to the result that the maximum amount of 
PVP adsorbed on a surface, A„, satisfies the following inequalities:

A„(CHC13) ^  A„(CH3OH) ^  A„(CH3OH +  H20)

On the other hand, since the polymer coil is expanded in a good solvent, and 
to the extent that the coiled character of the polymer molecule is maintained 
after adsorption, one usually finds that adsorption is greatest from the poor
est solvent. This leads to the inequalities:

¿„(CHCl,) ^  A„(CH3OH +  H,0) ^  A „(CH3OH)
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The experimental results show that adsorption is greatest from chloroform, 
which would be expected regardless of which of the above factors is domi
nating, and that adsorption from methanol-water mixtures and pure water 
is essentially the same.

The adsorption of the ionized polymer on a solid surface is controlled by 
the various factors already considered for the un-ionized material plus the 
attraction or repulsion brought about by the charge on the polymer mole
cule, and the charge on the surface. The charge on the polymer molecule 
tends to bring about an uncoiling of the polymer chain, and this would tend 
to reduce the amount of polymer which can fit on an adsorbent surface. 
The presence of excess salt tends to counteract this coil expansion.

Silica and glass surfaces are normally negatively charged in aqueous sus
pension, and it is known that the adsorption of polymeric acids is reduced 
and sometimes completely inhibited by ionization of the polymer.9-12 
PVP in acid solution tends to be positively charged, and, indeed, it is found 
that PVP is adsorbed on glass and Vycor in the charged state. However, it 
has been shown that quaternized PVP derivatives tend to adsorb excess 
bromide ion from potassium bromide solutions,14 so much so that at suffi
ciently high (^ lV )  concentrations of potassium bromide, the quaternized 
PVP salts become negatively charged. It is likely that similar effects take 
place with the hydrochloride of PVP in the presence of excess chloride; 
some changes in the ultraviolet spectrum indicate that this is so, but the 
magnitude of the effect is not known.

The charge and f  potential on silica particles in the presence of sodium 
chloride, hydrochloric acid, and magnesium chloride has been determined 
by a sedimentation method.15 Briefly, the results are that silica is generally 
negatively charged in these systems, the magnitude of the charge and the f 
potential is greater in NaCl than in HC1, and is still less in MgCl2, the biva
lent magnesium ion being much more strongly adsorbed than Na+ or H30  + 
ions. As the concentration of salt is increased, the total charge on the sur
face increases if NaCl or HC1 is added, the charge on silica in MgCl2 solu
tions increases in magnitude with concentration up to a normality of 10_4 
and then decreases with a further increase of MgCl2. No measurements 
have been reported for MgCl2 concentrations greater than 5 X 10-4, and it 
is possible that the glass particles become positively charged at higher 
concentrations.

The presence of foreign electrolytes in a solution from which polymer is 
adsorbed may influence the adsorption phenomenon in a number of different 
ways. First of all, the expansion of the polymer coil arising from electro
static repulsion of charged groups on the polymer coil is diminished by the 
addition of salt. The expanded chain in solution would presumably tend to 
maintain a similar arrangement while adsorbed and would occupy more 
space on the surface. If this were the only effect the capacity of the adsor
bent would be high for the uncharged polymer where there is no coil expan
sion, least for the case of low salt concentration where the chain is charged 
and the coil is highly extended, and higher again in high salt concentrations
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where the expansion of the coil is suppressed. It may be seen from Figure 4 
that the capacity of the surface for polymer is decreased if the ionic strength 
is lowered, as would be expected from these considerations. The adsorp
tion of ionized polymer in the presence of large quantities of salt is about the 
same as that of uncharged polymer. It is not clear whether this is purely a 
chain coiling phenomenon, or whether these are accidentally compensating 
forces from electrostatic charges on the polymer or at the interface.

If the charge on the surface were an important factor in controlling the 
adsorption capacity in these experiments, the adsorption of PYP from NaCl 
solution would be greater than from MgCl2 solutions because the adsorbent 
(silica) carries a higher negative charge in NaCl than in MgCl2 as may be 
seen from the f potential measurements of Dulin and Elton.16 However, 
the adsorption of the polymer does not depend on whether MgCl2 or NaCl is 
used, as may be seen in Figure 4. Accordingly, this factor is not important 
here.

The excess salt concentration probably reduces the positive charge on the 
polymer molecule because of counterion binding. There is no evidence that 
this plays a significant role in PVP adsorption.

The principal effect of foreign salts on the adsorption of PVP seems to 
arise from the inflation (low salt concentration) or deflation (high salt con
centration) of the polymer coil in solution and at the interface, thus bringing 
about a saturation of the surface of the adsorbent by lower quantities of 
polymer when the coil occupies more space. The increase or decrease of 
electrostatic charges on the polymer and surface play, if anything, a minor 
role.

Table I contains results on adsorption experiments designed to test 
whether the amount of polymer adsorbed under a given set of conditions is 
dependent on the experimental path. If equilibrium were attained, the 
amount adsorbed in systems 2 and 5 would be equal, and the amount ad
sorbed in systems 3 and 4 would be equal. The results in systems 2 and 5 
agree, but in 3 and 4 they do not. By reference to system 1, it is evident 
that the addition of HC1 in system 4 should bring about a sixfold desorption. 
In fact, only a threefold desorption took place. This partial desorption is 
similar to the one-sided irreversibility with temperature noted elsewhere.16'17 
This sluggishness or lack of reversibility in polymer adsorption shows clearly 
the pitfalls inherent in the interpretation of polymer adsorption experiments 
in terms of equilibrium theories.

The authors thank the S. C. Johnson Foundation for a grant supporting this research.
This work was submitted by P. Peyser in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy.
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Résumé
On présente certains résultats sur l’adsorption de poly-4-vinyl-pyridine sur une surface 

de verre. Les résultats obtenus avec le polymère non ionisé sont caractéristiques de 
l’adsorption de polymères organiques; l’isotherme d ’adsorption possède un plateau et la 
quantité adsorbèe dépend du solvant employé. L’adsorption de la poly-4-vinyl-pyridine 
ionisée diminue avec une augmentation de l’ionisation et augmente avec une augmenta
tion de la force ionique. L’influence d’une augmentation de la force ionique est prob
ablement associée à une tendance plus grande d’un polymère ionisé à s’enrouler en prés
ence d’un excès de sel. Ces résultats tendent à confirmer l’hypothèe générale suivant 
laquelle l’enroulement d’une molécule de polymère à l’interface liquide-solide reflète la 
tendance du polymère à s’enrouler en solution.

Zusammenfassung
Einige Daten über die Adsorption von Poly-4-vinylpyridin an einer Glasoberfläche 

werden vorgelegt. Die Ergebnisse an nicht-ionisierten Polymeren sind für die Adsorp
tion organischer Polymerer charaktieristisch. Die Adsorptions-isotherme besitzt ein 
flaches Maximum, und die adsorbierte Alenge hängt vom verwendeten Lösungsmittel 
ab. Die Absorption von ionisiertem Poly-4-vinyl-pyridin nimmt mit steigender Ionisa
tion ab und mit steigender Ionenstärke zu. Der Einfluss der Erhöhung der Ionenstärke 
nängt wahrscheinlich mit der grösseren Verknäuelungstendenz eines ionisierten Poly
meren in Gegenwart von überschüssigem Salz zusammen. Die Ergebnisse bilden eine 
Bestätigung der allgemeinen Hypothese, dass die A’erknäuelung eines Polymermoleküls 
an einer Flüssig-Fest-Grenzfläche die Verknäuelungstendenz des Polymeren in Lösung 
widerspiegelt.

Received March 5, 1965 
Prod. No. 4698A
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Silver Perchlorate-Initiated Polymerization 
of Vinyl Monomers

J. P. HERMANS and G. SMETS, Laboratoire de Chimie Macromoléculaire, 
Université de Louvain, Belgium

Synopsis

The polymerization of vinyl compounds can be initiated by soluble silver salts. In this 
paper, the kinetics of the silver perchlorate-initiated polymerization of styrene and 
methyl methacrylate in organic solution has been examined. The rates were measured 
dilatometrieally at 7 0 °C .; the solutions were prepared by a high vacuum technique. 
With respect to the monomer, either styrene or methyl methacrylate, the order of reaction 
is equal to two. In the case of styrene, the rate of polymerization is proportional to the 
silver perchlorate concentration when this concentration is < 1 0 2 mole/1. Above this 
value, the rate becomes proportional to the square of the silver perchlorate concentration. 
For methyl methacrylate, the order with respect to the silver salt concentration varies 
from 0 .5  to 1, depending on the concentration range. These kinetic results are inter
preted on the basis of the assumption that a silver perchlorate-monomer complex, 
instead of a silver perchlorate molecule, participates in the polymerization. Moreover, 
the examination of styrene and benzene solutions of silver perchlorate indicates a for
mation of silver salt-aromatic hydrocarbon complexes of the 1:1 and 2:1 types. Conse
quently, good agreement is found between the kinetics of those two different initiator 
systems. A coordination polymerization mechanism is proposed, in which hydrogen 
transfer alternates with each propagation step. The mechanism is corroborated by an 
isotope effect equal to two, when dideuterostyrene is compared to styrene. The internal 
structure of the poly (methylmethacrylate) obtained with AgC104, corresponds to that of 
a conventional polymer. The presence of traces of water inhibits the polymerization.

Metal salt-initiated polymerizations of vinyl derivatives1" 4 have been 
examined by several authors during the last two decades. It is generally 
thought that the reaction proceeds through a cationic mechanism. In the 
particular case of the silver perchlorate initiation, it is assumed that traces 
of perchloric acid are responsible for the cationic, sometimes explosive, 
polymerization.5"7 Similarly, Solomon and Dimonie8 proposed recently 
a cationic mechanism for the polymerization of N-vinylcarbazole in the 
presence of magnesium perchlorate.

The role of metal salts is not restricted to the initiation step, however; 
they can also affect the rate of polymerization by formation of a complex 
with the monomer molecules and/or with the growing chains. This effect 
was shown by Bamford9 and Imoto and co-workers10" 12 in the case of the 
radical polymerization of acrylonitrile initiated with azobisisobutyronitrile, 
where the rate increases appreciably in the presence of lithium chloride.

3175
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Similarly, olefin-silver nitrate complexes are able to polymerize under low 
pressure and in a strongly polar medium in the presence of a radical initia
tor.13’14 Besides these kinetic effects, metal salts can also modify the 
internal structure, i.e., the tacticity of the polymer, as in the cases of silver 
salts in the polymerization of butadiene with azobisisobutyronitrile and 
zinc or magnesium halides in the polymerization of methyl methacrylate in 
the presence of a Grignard reagent.16-17

It is the purpose of the present paper to examine the influence of pure 
silver perchlorate on the polymerization kinetics of styrene and of methyl 
methacrylate in the absence of any traces of perchloric acid, and to show 
the participation of silver perchlorate-double bond complex formation in 
the reaction mechanism.

NATURE OF THE SILVER PERCHLORATE COMPLEX INITIATOR

The complexes formed by interaction between unsaturated groups and a 
silver ion are of the electron donor-acceptor type, in which the olefin func
tions as an electron donor by sharing their ir-electrons with the silver 
ion.17-19 Silver perchlorate-aromatic hydrocarbon complexes have been 
isolated in the solid state, e.g., in the cases of benzene,20 styrene,21'22 poly
styrene, and others.23-26 Their existence was also demonstrated on the 
basis of a decrease of the infrared absorption frequency of the C=C double 
bond27’28 as well as by an increased absorption intensity in the ultraviolet 
region.29

From the solubility of the aromatic hydrocarbon in aqueous silver nitrate, 
equilibrium constants for the formation of water-soluble complexes of the 
AgAr+ and Ag2Ar++ types have been evaluated; their values depend on 
the basicity of the aromatic ring. Both equilibria can be written

Ki
Ag + +  Ar ^  AgAr +

K.
AgAr+ +  Ag+ Ag»Ar + +

The first equilibrium constant K h determined by this method for styrene, 
is equal to 18 and is much higher than Ki (= 0.8) ; it corresponds to a reac
tion enthalpy of about 6 kcal./mole.30-32 Since K , for toluene is equal to 
3, it is very likely that in the case of styrene solutions in benzene the silver 
ion will be fixed preferentially on the styrene molecules.

The apparent molecular weight of silver perchlorate in benzene solution 
has been evaluated by cryoscopic measurements (Table I). It varies 
within the limits corresponding to a AgC104-C6H6 complex and a (AgC104)2-  
C6H6 complex.

Although imprecise, these cryoscopic measurements indicate nevertheless 
values of Ki much higher than those obtained from the water solubility 
measurements, where water and the aromatic hydrocarbon compete for 
the silver ion for complex formation.
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TABLE I
Cryoscopic Molecular Weight Determination of Silver Perchlorate in Benzene

c, g./100 ml. At, °C. Molecular weight

4.5 0.08 289
5.9 0.094 364
4.99 0.095 304
7.2 0.115 362
6.74 0.122 320
S . 56 0.134 370
8.4 0.135 362

10.2 0.155 380
10.8 0.167 371
13 0.201 374
13.9 0.214 380
15 0.225 385

These results were confirmed by vapor pressure measurements carried 
out at 37°C. with a Mechrolab vapor pressure osmometer; the data are 
shown in Figure 1.

Fig. 1. Vapor pressure molecular weight determination of silver perchlorate in benzene, 
solution at 37°C. AR  = variation of electric resistivity (Mechrolab apparatus).

From these data it must be concluded that the amount of monomeric 
and dimeric complexes depends on the silver perchlorate concentration. 
Evidently the composition of the complex existing in a polymerization 
mixture affects the overall kinetics of the reaction.

KINETICS OF POLYMERIZATION: EXPERIMENTAL RESULTS

Styrene

The influence of the initiator concentration on the rate of polymeriza
tion of styrene has been examined in two concentration ranges, one in which 
the 1:1 complex of styrene is present alone ([AgC104] = 0.02 mole/1.)
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TABLE II
Influence of the Silver Perchlorate Concentration on the Polymerization of Styrene at

70°C.

[Styrene] = 8.713 mole/1. [Styrene] = 5.45 mole/1. 2a

R P X 10®, 
mole/l.-sec.

Benzene-
[Initiator] X 102, AgC104 [Initiator] X 10, R p X 105,

mole/1. Dry AgC104 complex mole/1. mole/l.-sec.

1.4 1.46 0.895 0.92
1.68 0.72 1.12 2.0
2.42 1.97 1.34 2.75
3.05 2.58 1.78 4.4
3.61 1.20 2.23 6.95
4.34 1.62
4.80 3.48
6.99 2.70

Solvent : toluene.

and the one in which both 1:1 and 2:1 complexes are present ( [AgClO.i] 
= 0.1 rnole/1.).

In the low concentration range, the rate is proportional to the first 
power of the silver perchlorate concentration independently if dry silver 
perchlorate or its benzene complex is used as initiator.

In the higher concentration range the rate becomes proportional to the 
square of the silver perchlorate concentration. The results are summarized 
in Table II and represented in Figure 2.

Fig. 2. Influence of the silver perchlorate concentration on the polymerization of 
styrene at 70°C.: (O) with AgC104-benzene complex, [M] = 8.713 mole/1.; (□) with 
dry AgC104, [M] = 8.713 mole/1.; ( • )  with dry AgC104, [M] = 5.45 mole/1.
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Fig. 3. Influence of concentration in the styrene polymerization at [AgC1 0 4 -C 6H6] = 
2 X 10-2 mole/1., 70°C., and silver perclilorate/water ratios of 0, Vn ‘A> and 'A-

( Init) x 10  ̂ mole 1'̂

Fig. 4. Influence of the initiator concentration on the degree of polymerization A„ of 
styrene at 70°C., [M] = 8.713 mole/1.

Fig. 5. Influence of the AgC104 concentration in the polymerization of methyl meth
acrylate at 70°C., [M] = 8.85 mole/1.
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It must also be pointed out that, depending on the nature of the AgC104-  
aromatic hydrocarbon complex used for the initiation, the overall energy 
of activation is different, attaining values of 17 and 21 kcal./mole with the 
styrene and benzene complexes, respectively (Table III). When silver 
perchlorate is used as a complex with dioxane or with alcohol the rate ot 
polymerization decreases appreciably. In the presence of water, inhibition 
occurs, and its duration is proportional to the water content. After the 
inhibition period the rate increases progressively and reaches practically 
the same value as in the polymerization in the complete absence of water 
(Fig. 3). These results indicate that water behaves not as a cocatalyst, 
but as an inhibitor, as long as it is not consumed in a side reaction. It can 
be shown that silver perchlorate is an efficient catalyst for the hydration of 
styrene; indeed during the inhibition period methylphenylcarbinol, 
CeHsCHOHCIT, is formed and was detected with gas chromatographic 
analysis.

TABLE III
Energy of Activation of the Polmerization of Styrene at [Styrene] = 8.713 mole/1.

Initiating
complex

Temperature,
°C.

R P X 105, 
mole/l.-sec.

E a,
kcal./mole

AgC104-styrene, 77 0.52 17
85 1.00

0.4 X 10 “2 mole/1. 92 1.50
99 2.50

AgClCL-benzene, 70 0.10 21
79 0.19

0.12 X 10~2 mole/1. 88 0.39
98 1.0

With respect to the monomer concentration, the rate in toluene solution 
is proportional to the second power of styrene, a plot of the rate versus 
[M]2 being linear and passing through the origin. The results are given in 
Table IV.

TABLE IV
Influence of the Monomer Concentration on Rate of Polymerization of Styrene at 70°C.,

[AgClOd = 0.178 mole/1.

[Styrene], Rp X 105,
mole/1. mole/l.-sec.

1.57
2.36 
3.14 
3.49
4.36 
5.24 
5.45

0.40
0.90
1.40 
1.65 
2.62 
3.50
4.40
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TABLE V
Influence of the Styrene Concentration on the Degree of Polymerization of Styrene at 

70°C., [AgC104] = 0.175 mole/1. '

[Styrene],
mole/1. b l M v M n

1.04 0.2 46,100
1.39 0.3 78,200 72,000
1.74 0.325 88,300 82,000
2.61 0.4 117,000 110,000

The dependence of the molecular weight on the monomer and initiator 
concentrations has also been examined; the results with respect to the 
styrene concentration are given in Table V, while those for the silver 
perchlorate concentration are shown in Figure 4.

As a first approximation there is a roughly linear relationship between 
the degree of polymerization X n and the monomer concentration as well as 
between the reciprocal degree of polymerization and the initiator concen
tration.

Methyl Methacrylate

The polymerization of methyl methacrylate was investigated in order to 
determine whether or not any significant change in the polymerization 
mechanism would occur when the polarity of the vinyl double bond was 
reversed.

At low initiator concentration in methyl methacrylate in bulk, the rate 
is proportional to the square root of the silver perchlorate concentration 
(Fig. 5). At higher concentration, e.g., in toluene solution when both 1:1 
and 2:1 complexes are present ([AgClCh] = 0.08 mole/1.), the polymeriza
tion becomes first-order with respect to the silver perchlorate concentration 
(Table VI).

The influence of the monomer concentration on the polymerization of 
methyl methacrylate follows practically the same course as in the case of

TARLE VI
Influence of the Silver Perchlorate Concentration on the Polymerization of Methyl

Methacrylate at 70°C.

[Monomer] = 8.85 mole/1. [Monomer] = 4.75 mole/l.a

[Initiator] X 102, R P X 10s, [Initiator] X 10, R P X 10s,
mole/1. mole/l.-sec. mole/1. mole/l.-sec.

1.48 2.7 0.515 0.78
2.92 4 0.849 1.3
4.77 4.8 1.03 1.5
8.48 6.1 1.54 2.42

10.5 6.8 2.06 3.1

Solvent : Toluene.
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TABLE VII
Influence of the Monomer Concentration on Rate of Polymerization of Methyl Meth

acrylate at 70°C., [AgClOd = 8.49 X 10~2 mole/1.

[Monomer],
mole/1.

R P X 106, 
mole/l.-sec.

3.267 0.6
4.75 1.3
5.936 2.0
6.848 2.1
7.606 3.8

styrene, i.e., a second-order reaction with respect to the monomer (Table 
VII).

KINETIC INTERPRETATION

The experimental results indicate that the mechanism of polymerization 
depends on whether the AgAr+ (1:1) complex or the Ag2Ar++ (2:1) com
plex is present in the solution; moreover the rate dependence with respect 
to the initiator concentration differs for the two monomers. The poly
merization of styrene will therefore be considered first.

Styrene

The total silver perchlorate complex concentration [C] is equal to the 
sum of both species [Ci] and [C2], corresponding to the equilibria A', and 
AT.

AgC104 +  M C,
Ki

AgC104 -j- Ci C2

where hi represents the monomer and Ci and C2 the AgAr+ and Ag2Ar++ 
complexes, respectively. The individual reactions can be written as 
follows:

Initiation: Ci +  M —*■ M-
ki\

C2 +  M -» M-
kio

Propagation: M-„ -f M —► M-„+ikp
Termination: M-„ —*• M„

k,

For steady-state conditions, i.e.,

[M • ] = [M]{*4l[C,] +  k h [ C , ] } / k .  

the rate is expressed by

Rp = (kp/k,) [M]2(/rfl[Ci] +  kt,[C2])



POLYMERIZATION OF VINYL MONOMERS 3183

At low silver perchlorate concentration the complex Ci is present alone 
and initiates the polymerization. Considering that Ki is high (ki Ji> k -1) 
it follows that

fci [AgC104 ] [M ] = k-ACJ +  fcJC.HM] ^  fcfa[Ci][M]
and

[C,] = (ki/ku) [AgC104]

R, = (,kP/k,)ki [AgC104] [M]2

the rate being directly proportional to the silver perchlorate concentration.
At higher silver perchlorate concentration, the complex Ag2Ar++ will 

also be present, and its catalytic activity is considered to be the highest. 
Since

[C2] = A2[AgC10t] [Ci] = A2[AgC104]W fcu)

the rate expression becomes

RP = (K/kJkAAgClOAlM Yll +  K ,(K /K )[  AgC104]}

Wlren 7A2(/ci2/fcil) 1, the rate will be proportional to the square of the 
silver perchlorate concentration.

Independently of the initiator concentration it is always proportional to 
the square of the styrene concentration.

The proportionality between the degree of polymerization and the 
monomer concentration can be interpreted by assuming a predominance 
of monomolecular chain termination with respect to chain transfer, i.e., 
X , = (K/kt)[ M].

Methyl Methacrylate

In the polymerization of methyl methacrylate in bulk the initiation step 
requires two monomer molecules for one silver perchlorate (see Discussion), 
while a bimolecular termination is considered to take place.

On the basis of the scheme
Initiation: AgClOi —»■ 2M —► M-ki
Propagation: M-„ +  M —► M-„+ikp
Termination: 2M-, -> polymerki

and assuming steady-state conditions the following rate expression is 
obtained :

R„ = /c„ (W A[ AgC104]1/2[MP
Here the rate is proportional to the square root of the silver perchlorate 
concentration as a consequence of the bimolecular termination.
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When methyl methacrylate is polymerized in toluene solution at rela
tively high silver perchlorate concentration, the initiating species will be 
AgoAr++, as in the case of styrene. The initiation step then becomes

Ag>Ar + + +  2M M-
hi'

Consequently,

Rp = fcp(fci,/fci)'A[AgC104][M]2 X constant

where the constant depends on the equilibrium constants K, and K% of 
the silver perchlorate-toluene complex formation.

The main differences bet ween the polymerization kinetics of styrene and 
methyl methacrylate lie in the participation of one or two monomer mole
cules in the initiation reaction and in the monomolecular or bimolecular 
nature of the termination step.

DISCUSSION OF THE REACTION MECHANISM

It was first suggested that the positively charged silver ion-aromatic 
hydrocarbon complex would induce a cationic polymerization by addition 
on the double bond of the styrene monomer, Ag-CH2-CHC6H5+- This 
hypothesis must however be rejected for three main reasons: (1) the 
absence of any light absorption characteristic of a cationic growing poly
styrene chain, which normally absorbs at 4400 A. ;33 (2) the composition of 
a copolymer of styrene with methyl methacrylate prepared in the presence 
of silver perchlorate complex as initiator which had about the same 
composition as the monomer mixture (1:1); (3) the inhibition effect of 
traces of water on the rate of polymerization.

The formation of an organo-silver compound followed by homolytic 
scission of the Ag-carbon link and radical polymerization of the monomer 
was also very unlikely, taking into account the high unstability of organo- 
silver compounds, even below' room temperature,34 and the absence of an 
appreciable silver precipitate during reaction. Therefore, the potymeriza- 
tion is considered to proceed through a coordination mechanism in which 
the initiation consists in the formation of a complex between the silver ion 
and the unsaturated group of the monomer, i.e., the vinyl group or the 
aromatic nucleus for styrene, the carboxymethyl group for methyl methacry
late.

The monomer-complexed silver ion enhances the addition of a second 
monomer molecule through the formation of a transient complex, in which 
hydrogen transfer is favored by the presence of the Ag+. After the addi
tion, the Ag+ ion is located at the unsaturated end of the growing chain, 
and thus further monomer addition with simultaneous isomerization 
(hydrogen shift) can be repeated. The monomolecular chain termination 
reaction results from the deactivation of the Ag+-unsaturated endgroup 
complex. The reaction scheme is represented in Figure (i.
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The proposed reaction mechanism assumes a hydrogen transfer reaction 
alternating with each propagation step and can be compared with the 
isomerization-polymerization as described recently.35-38 In order to test 
the validity of this hypothesis, 1,1 '-dideutero styrene, CD2=C H -C 6H5, 
has been used. Preliminary experiments showed that the rates of the 
radical polymerization of styrene and the dideuterated styrene in the 
presence of azobisisobutyronitrile are equal, showing no detectable isotopic 
effect in the radical propagation. On the contrary, when both styrenes 
are submitted to silver perchlorate-initiated polymerization, an appreciable 
isotopic effect ( =2 )  has been measured, the rate of the deuterated styrene

H
+

'c  = 
/

,H 
■ C ^  

\
©+ Ag ---- ► o ,

C =C'H H
aV S h

/ H 
: =c'
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Fig. 6. Polymerization mechanism of styrene in the presence of silver perchlorate.

being half that of conventional styrene. This effect shows that, even it is 
not very important, the hydrogen (or deuterium) transfer must intervene 
in the rate-determining process; undoubtedly it supports the mechanism, 
as shown in Figure 6.

A similar reaction mechanism has been proposed for the methyl meth
acrylate polymerization with silver perchlorate as initiator. In this case 
it is assumed that the hydrogen transfer proceeds through the allylic 
a-hydrogen atoms of the monomer. As can be seen from the reaction 
scheme (Fig. 7), the poly (methyl methacrylate) resulting from this isomeri
zation polymerization has the same overall structure as the usual polymer; 
moreover, the nuclear magnetic resonance spectra show that its internal
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Fig. 7. Polymerization mechanism of methyl methacrylate in the presence of silver
perchlorate.

structure is also identical with that of conventional (radical-polymerized) 
poly (methyl methacrylate).

Experiments with deuterium-tagged methyl methacrylate have not been 
carried out. The bimolecular termination reaction agrees quite well with 
the extremely high molecular weights of the polymers (3 X 106-4 X 106). 
The existence of a coordination complex between a silver ion and two 
molecules of methyl methacrylate was assumed on the basis of the kinetic 
results. The existence of such 2:1 complexes has, however, been described 
in the literature for oxygenated compounds31 and some nitriles with 
inorganic halides.39

In conclusion, silver perchlorate and silver perchlorate-aromatic hydro
carbon complexes initiate the polymerization of styrene and methyl meth
acrylate through a coordination mechanism in which an intramolecular hy
drogen transfer alternates with each propagation step.

EXPERIMENTAL

Silver perchlorate was purified, traces of perchloric acid being removed 
by formation of its complex with benzene. This pure silver perchlorate 
was stored over P2O5 and heated under high vacuum at 120°C. to constant 
weight.

The silver perchlorate-dioxane complex was prepared by the method 
described by Conryns and Lucas.40 The silver perchlorate-benzene com
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plex was prepared by dissolving AgC10.i in anhydrous benzene to satura
tion. On cooling, a 1:1 complex precipitates which can be isolated.41 
The silver perchlorate-styrene complex (1:1) was obtained by dropwise 
addition of AgClCh solution in styrene to cyclohexane. After several hours 
the precipitate was isolated and washed with cyclohexane.42 Styrene and 
methyl methacrylate were carefully dried over calcium hydride and freshly 
distilled under vacuum before use.

The solvents were refluxed over metallic sodium for 24 hr. and distilled 
under nitrogen atmosphere. Before use they were dried again over cal
cium hydride and distilled in high vacuum. Traces of water in monomers 
and solvents were determined by the Karl Fischer method by the dead-stop 
technique.43

In the polymerization, high vacuum filling technique was used in order 
to avoid inhibition due to humidity or pressure of oxygen. All taps in the 
apparatus were made of Teflon and used without grease.

Anhydrous silver perchlorate was always kept in break-seal tubes. 
Solvents, monomers, and initiator solutions were stored under high vacuum 
in cylindric vessels connected with a graduated tube which permitted given 
volumes of monomer or solutions to be taken off and introduced in the 
reaction vessel. Dilatometers and polymerization tubes were filled in high 
vacuum by turning over the sealed apparatus. For the polymerization 
initiated by silver perchlorate hydrate, a known volume of water vapor was 
condensed into the mixing vessel from a large bulb of a known volume, the 
walls of which were made hydrophobic with silicones in order to eliminate 
loss of water by adsorption.

The rate of polymerization was followed dilatometrically at 70°C. 
Plots of the per cent polymerization against time were strictly linear.

Osmotic molecular weights were determined in a Fuoss and Mead osmo
meter in benzene solution at 25 °C. In the equation, [17] = KM a, values of 
K  and a were taken to be 1.7 X 10~4 and 0.74, respectively.

The apparent molecular weight of AgClCh in benzene was determined by 
cryoscopic and ebullioscopic methods. Thermoelectric microdetermina
tion of the molecular weight was also carried out at 37°C. in benzene in a 
Mechrolab vapor pressure osmometer, model 301A. A preliminary calibra
tion was made to relate the difference in vapor pressure, i.e., of electrical 
resistance, with the molarity of the solution.

The authors are indebted to the Fonds National de la Recherche Scientifique (FNRS) 
for a fellowship to one of them (J. F. H.) and for supporting this research. They ac
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Résumé
La polymérisation de dérivés vinyliques peut être initiée au moyen de sels d’argent 

solubles. Dans ce travail, on étudie la cinétique de polymérisation en solution du styrène 
et du méthacrylate de méthyle, initiée au perchlorate d’argent. Les vitesses ont été 
suivies dilatométriquement à 70°C; les solutions étaient préparées sous vide poussé. 
L’ordre de la réaction, par rapport ù la concentration en monomère, est egal à deux, aussi 
bien pour le styrène que pour le méthacrylate de méthyle. Dans le cas du styrène, la 
vitesse de polymérisation est proportionnelle à la concentration en AgClCh lorsque celle-ci 
est inférieure ou égale à 10“2 mole/1. Au-dessus de cette valeur, la vitesse est propor
tionnelle au carré de la concentration en perchlorate. Dans le cas du méthacrylate de 
méthyle, l’ordre de la réaction varie de 0.5 à 1, suivant le domaine des concentrations en 
AgClOi. Ces résultats sont interprétés sur la base de l’existence de complexes AgClOj- 
monomère qui participent à la réaction au lieu de AgClOj 1 ibre. Par ailleurs, l’examen de 
solutions de AgCICh dans le styrène et de benzène indique la formation de complexes 
AgC10c-hy drocarbure aromatique de composition 1:1 et 2:1. lien  résulte un bon accord 
entre la cinétique de polymérisation et l’existence de deux types d’initiateurs. On pro
pose un mécanisme de polymérisation par coordination dans lequel une réaction de trans
fer d’hydrogène alterne avec chaque étape de propagation. Ce mécanisme est corroboré 
par l’existence d’un effet isotopique égal à deux, lorsqu’on compare le comportement du 
dideutérostyrène à celui du styrène usuel. La structure interne du polyméthacrylate de 
méthyle, obtenu en présence de perchlorate d’argent, correspond à celle d’un polymère 
conventionnel. La présence de traces d’eau inhibe ces polymérisations.

Zusammenfassung
Die Polymerisation von Vinylverbindungen kann durch lösliche Silbersalze angeregt 

werden. In der vorliegenden Arbeit wurde die Kinetik der durch Silberperchlorat an
geregten Polymerisation von Styrol und Methylmethacrylat in organischen Lösungs
mitteln untersucht. Die Geschwindigkeit wurde dilatometrisch bei 70°C gemessen; 
die Lösungen wurden unter Hochvakuum hergestellt. In Bezug auf das Monomere ist 
die Reaktionsordnung sowohl für Styrol als auch für Methylmethacrylat gleich zwei. 
Im Falle von Styrol ist die Polymerisationsgeschwindigkeit bei Silberperchloratkonzen
trationen <  10-2 Mol/1 dieser Konzentration proportional. Oberhalb dieses Werts, 
wird die Geschwindigkeit dem Quadrat der Silberperchloratkonzentration proportional. 
Bei Methylmethacrylat variiert die Ordnung in Bezug auf die Silbersalzkonzentration 
in Abhängigkeit vom Konzentrationsbereich von 0,5 bis 1. Die kinetischen Ergebnisse 
werden durch die Annahme der Teilnahme eines Silberperchlorat-Monomerkomplexes 
anstatt einer Silberperchloratmolekel an der Polymerisation interpretiert. Überdies 
lässt die Untersuchung von Lösungen von Silberperchlorat in Styrol und Benzol die Bil
dung von Silbersalz und aromatischen Kohlenwasserstoffkomplexen vom 1:1- und 2:1- 
Typ erkennen. Es besteht also eine gute Übereinstimmung zwischen der Kinetik der 
beiden verschiedenen Initiatorsysteme. Es wird ein Koordinationspolymerisations
mechanismus angenommen, bei welchem Wasserstoffübertragung mit jedem Wachstums
schritt abwechselt. Dieser Mechanismus wird durch einen Isotopeneffekt gleich zwei 
beim Vergleich von Bideuterostyrol zu gewöhnlichem Styrol gestützt. Die innere 
Struktur des mit AgC104 erhaltenen Polymethylmethacrylats entspricht derjenigen 
eines koventionellen Polymeren. Die Gegenwart von Wasserspuren verhindert die 
Polymerisation.

Received February 3, 1965 
Prod. No. 4703A
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A liphatic Poly-1 ,3 ,4-O xadiazoles

TERUNOBU UNISHI and MASAKI HASEGAWA, The Textile Research 
Institute, Yokohama, Japan

Synopsis
Three high molecular weight aliphatic polyoxadiazoles have been prepared by a new 

route from equimolar amounts of a diphenyl ester of dicarboxylic acid and an anhydrous 
hydrazine (or a dihydrazide). The resulting polymers have been characterized by mi
croanalysis, intrinsic viscosity, x-ray diffraction patterns, infrared absorption spectra, 
and by differential thermal analysis. Such polymers are soluble in several solvents and 
show very low melting temperature and high crystallinity.

INTRODUCTION
A few extensive studies on polyoxadiazoles have recently been carried 

out. Frazer reported the results of a preparative study of several aro
matic, a few aliphatic and some aliphatic-aromatic polyoxadiazoles which 
were converted from the corresponding high molecular weight poly- 
hydrazides.1

The synthesis of poly[l,8-octamethylene-2,5-(l,3,4-oxadiazole) ] from 
diphenyl sebacate and anhydrous hydrazine was reported in our previous 
paper.2

In this reaction it is interesting that the self-condensation of the hydra- 
zide group does not interfere with the polyoxadiazole formation under the 
melt conditions used and that high molecular weight polyoxadiazoles are 
produced from low molecular weight polyhydrazides by melt polymeri
zation.

Successive attempts to obtain several kinds of aliphatic and aromatic 
polyoxadiazoles from diphenyl esters of carboxylic acids with an anhydrous 
hydrazine or carboxylic acid dihydrazides were also investigated. Iso- 
phthalic, terephthalic, adipic, 1,7-heptanedicarboxylic, 1,8-octanedicar- 
boxylic, 1,9-nonanedicarboxylic, and 1,10-decanedicarboxylic acids were 
used as the phenyl ester component. Three aliphatic polyoxadiazoles 
were obtained successfully i.e., those from 1,8-octanedicarboxylic, 1,9- 
nonanedicarboxylic, and 1,10-decanedicarboxylic acids:

CelLOCO—R —COOCeHs +  NH.NH, (or NH.NHCORCONHNH,)

N-N// \\
- R - c k 0 ; c -

J  n

where R is (CH2)8, (CH2)9, and (CH2)io-
3191
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These three aliphatic polymers are soluble in several common polymer 
solvents, e.g., dimethylformamide and m-cresol, and unusually soluble in 
benzene, cyclic ethers, etc.

Films could be cast from solvent, and fibers were made by melt spinning.
All of these linear polyoxadiazoles showed low melting points and high 

crystallinities. Differential thermal analysis was used to characterize some 
thermal properties of the polymer.

RESULTS AND DISCUSSION 

Preparation and Properties of Polyhydrazides

Comparatively low molecular weight polyhydrazide was produced by 
heating a diphenyl ester with an anhydrous hydrazine or a dihydrazide in 
dimethylformamide at 110-150°C. for 2-5 hr. The precipitated white 
substance was isolated by removal of solvent and eliminated phenol under 
the reduced pressure. These compounds were shown to be polyhydrazides 
by their infrared spectra.

Data on some polyhydrazides obtained by this procedure are shown in 
Table I. The amount of phenol eliminated from the diphenyl esters of the 
aliphatic acids was 80-90% of the theoretical amount; this suggests that 
the polyhydrazides contain 3-5 repeating units.

TABLE I
Polyhydrazides

Diphenyl ester 
component

Reaction condit 
Tem p, °C.

ions Extent of 
time, hr.

Melting 
point, °C. 

reaction %°

Terephthalic acid 140-150 2 65 >350 (dec)
Isophthalic acid 140-150 2 70 >350 (dec.)
Adipic acid 110-120 2 86 300-305
1,7-Heptane-

dicarboxylic acid 110-120 2 90 285-298
1,8-Octane-

dicarboxylic acid 110-120 2 90 280-285
1,9-Nonane-

dicarboxylic acid 110-120 4 80 257-263
1,10-Decane-

dicarboxylic acid 110-120 5 85 265-270

a This value was evaluated from the amount of phenol eliminated.

The use of two other solvents, m-cresol and nitrobenzene, in this pro
cedure in place of dimethylformamide was tried, but the results were, 
not better than those obtained in the following melt polymerization.

Preparation of Polyoxadiazoles

A melt process was used for further polymerization of polyhydrazide. 
That both cyclodehydration and chain growth occur was proved by
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detection of phenol and water in the distillate during the process. Only 
about V, hr. of melt polymerization was required for the melting tempera
ture of the product to become as low as that of the corresponding poly- 
oxadiazole.

Polyhydrazide from isophthalic or terephthalic acid degraded before it 
melted, and that from adipic acid was crosslinked with progression of melt 
polymerization.

Melt polymerization of the polyhydrazide from 1,7-heptanedicarboxylic 
acid proceeded successfully, and the melting temperature dropped to that 
of poly [l,7-heptamethylene-2,5-(l,3,4-oxadiazole) ], but contents of the 
apparatus began to show an appearance characteristic of slightly cross- 
linked polymer after a few hours. This polymer produced very strong film 
and showed an apparent melting temperature near 300°C. but was soluble 
only in concentrated sulfuric acid, so it was concluded that the product was 
a mixture consisting of mainly polyoxadiazole and a small part of cross- 
linked substance.

The above observations indicate a bath temperature around 300°C. 
seems to be the upper limit for the reaction of phenyl ester of carboxylic 
acid with hydrazide to proceed exclusively, with other undesirable side 
reactions depressed. Also, aliphatic polyhydrazides appear to resist 
thermal degradation.

Solid-state polymerization was attempted for high-melting (>300°C.) 
polyhydrazides but has not been successful. Since hardly any cyclo
dehydration occurs below a temperature of 200 °C., the final step required 
a temperature of 230-240°C. for several hours. The polymer increases 
its melt viscosity gradually during the procedure, and a tan opaque sub
stance with high molecular weight was obtained from polyhydrazides of 
1,8-octanedicarboxylic, 1,9-nonanedicarboxylic, and 1,10-decanedicar- 
boxylic acids.

Elementary analysis of the final products supported the polyoxadiazoles 
structures (Table II).

TABLE II
Polyoxadiazoles

Poly
oxadi
azole11

Calculate'd Found

Speci-
Intrinsic fic 
viscosity grav- 
(30°C., ity, 

m-cresol) g./em.

Melting
point,

3 °c.t>C, % H, % N, % c , % H, % N, %

I 66.61 8.95 15.55 65.60 9.16 15.38 0.45 1.21 90-110
II 67.17 9 34 14.42 67.38 8.73 14.24 0.40 1.28 66-82

III 69.17 9.68 13.45 68.99 9.69 13.27 0.41 1.22 64-100

a Polyoxadiazoles I, II, and III correspond to poly [octamethylene-2,5-( 1,3,4-oxadia- 
zole)], poly[nonamethylene-2,5-(l,3,4-oxadiazole)] and poly[decamethylene-2,5-( 1,3,4- 
oxadiazole)], respectively.

b Melting temperature was determined by differential thermal analysis.
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Infrared Spectra of Polyoxadiazoles

Infrared spectra of the model compound and of the polyoxadiazoles are 
shown in Figure 1. When 1,2-dibutyrylhydrazine was heated, 2,5- 
dipropyl-(l,3,4-oxadiazole) (IV) was produced. New absorption peaks

Fig. 1. Infrared spectra of ( I )  poly[l,8-octamethylene-2,5-(l,3,4-oxadiazole)]; ( I I )  
poly[l,9-nonamethylene-2,5-(l,3,4-oxadiazole)]; ( I I I )  poly[l,10-deeamethylene-2,5-(l,- 
3,4-oxadiazole)]; ( I V )  2,5-dipropyl-(l,3,4-oxadiazole).

appeared in the 1720-1730, 1600-1605, 1570-1575, 1170, and 970 cm .-1 
regions. These peaks are due to the oxadiazole ring in aliphatic com
pounds. The infrared spectra of the three linear polyoxadiazoles (I, II, 
and III) are in agreement with that of the model compound (IV) (Fig. 1).

Physical Properties of Polyoxadiazoles

Aliphatic polyoxadiazoles show unexpectedly low melting temperatures 
and are soluble in several solvents including benzene, tetralin, and cyclic 
ethers. Films could be cast conveniently from the solutions in chloro
form. These properties are summarized in Tables II and III.

Differential Thermal Analysis of Polyoxadiazoles

Both films and fibers from these polymers lose their plasticities gradually 
on standing at room temperature for several days. These brittle substances 
regain their plasticities if they are melted and kept at the molten state for 
30 min. These polymers have been investigated by differential thermal 
analysis, and the DTA curves are shown in Figure 2.

An inflection point is observed before the melting temperature which 
seems to be some crystalline transition point of the polymer (arrow in
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TABLE III
Solubilities of Polyoxadiazolesa

Solvent
Polymer

I
Polymer

II
Polymer

III

m-Cresol +  + +  + +  +
Ethylenechlorohydrine +  + +  + +  +
1,2-Dichloroethane +  + +  + +  +
Chloroform +  + +  + +  +
Dichloromethane +  + +  + +  +
Tetrachloromethane ± - -
Benzyl alcohol +  + +  + +  +
Formic acid +  + +  + +  +
Benzene + + +
Tetrahydrofuran + + +
Dioxane + + +
Cyclohexanone + + +
Tetralin + + +
Dimethylformamide + + +
Methanol ± ± ±
Dimethyl sulfoxide — — —

a -|-+  = soluble a t room temperature; +  = soluble at below 50°C.; ±  = swollen at 
50°C.; — = insoluble.

Fig. 2. Differential thermal analysis in He of (7) poly [l,8-octamethylene-2,5-( 1,3,4- 
oxadiazole)]; (77) poly[l,9-nonamethylene-2,5-(l,3,4-oxadiazole)]; (777) poly [1,10-
decamethylene-2,5-( 1,3,4-oxadiazole)].
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Fig. 2). Polymers I, II, and III have such transition points at 46-52, 
39-45, and 40-43°C., respectively.

The polymer melting temperature was determined from the heat absorp
tion peak in Figure 2. The melting temperature of poly [1,8-octa- 
methylene-2,5-(l,3,4-oxadiazole) ] was reported by Frazer1 to be at 300°C., 
but no heat absorption peak was observed near 300°C. in the diagram. 
The analysis was also attempted in air, but it did not indicate any oxydative 
degradation up to a temperature of 300°C.

Fiber Properties of Polyoxadiazoles
Fiber formed from polyoxadiazole by melt spinning with a flow tester 

machine, was wound on a reel and could be stretched at65-80°C. in silicon 
oil.

By x-ray studies these three polymers have been shown to be highly 
crystalline, and their stretched fibers show good orientation.2 The relation 
between their birefringences and the stretching ratios is shown in Table IV.

TABLE IV

Spinning temp., Stretching ratio
Polyoxadiazole °C. % - Birefringence

0 4.30 X 10“3
I 115

66 6.25 X 10~3
0 CIO“3

II 95
133 2.69 X 10“3

0 —
III 100

100 <10-3

“ Fibers wound on a reel are already stretched because of the small difference between 
spinning and room temperatures, so the term stretching ratio is really not valid.

TABLE V

Melting point of 
diphenyl ester, °C.

Observed Literature
Dicarboxylic acid (this work) value

Terephthalic 196 -197 191“
Isophthalic 134.5-135.5 134-135b
Adipic 105 -106 105.5-106'
1,7-Heptanedi carboxylic 51 -  52 49-50d
1,8-Octanediearboxylic 69 -  70 65-66d
1,9-Nonanedicarboxylic 62 -  63 New compound
1,10-Decanediearboxylic 76 -  76.5 New compound

a Data of Schreder.3 
b Data of Hasegawa and Suzuki.1 
'  Data of Hill.5 
J Data of Marongoni.6
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EXPERIMENTAL 

Preparation of Phenyl Esters

The phenyl esters were prepared by a standard method from the phenol 
and the carbonyl chloride. These were recrystallized from absolute 
ethanol (Table V).

Preparation of Polyoxadiazoles

Anhydrous hydrazine (0.01 mole) was dissolved in 7 ml. of dimethyl- 
formamide. This solution was added to the dicarboxylic acid diphenyl 
ester (0.01 mole).

Dihydrazide could be substituted in place of anhydrous hydrazine in this 
procedure. Since dihydrazide does not dissolve in dimethylformamide, 
the solvent was added to a mixture of dihydrazide and diphenyl ester. 
The resulting solution or mixture was held at room temperature for 1 hr. 
and then was heated at 110-120°C. for 2 hr. A white oligomer (poly- 
hydrazide) separated.

Dimethylformamide and phenol were removed under reduced pressure. 
Then the polyhydrazide was heated above its melting temperature and 
held at this temperature for y 2 hr. under reduced pressure in an N2 at
mosphere; it was then held at 230 240°C. under reduced pressure in an 
N2 atmosphere for 15-20 hr.

Differential Thermal Analysis

The differential thermal analysis apparatus consisted of cylindrical 
nickel sample holders. Twin cavities were drilled symmetrically from the 
axis of the cylinder.

Alumel-chromel thermocouples were placed exactly in the center of each 
palladium sample cell. A two-recorder system was used (recorders with 
range of —25 and 25 /xv. deflection). The sample holders were heated in a 
cylindrical block in an electric furnace. Usually a 0.03-0.04 g. sample was 
tamped into place between two layers of aluminum oxide (0.7 g.). The 
reference cell contained 0.07 g. of aluminum oxide.

The author wishes to express his thanks to Dr. H. Kanetsuna for help in obtaining and 
interpreting DTA curves and to Mr. T. Kurita for the x-ray study.
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Résumé
On a préparé trois polyoxadiazoles aliphatiques de poids moléculaires élevés au moyen 

d’une nouvelle méthode, à partir de quantités équimoléeulaires d’un ester diphénylique de 
l’acide dicarboxylique et d’une hydrazine anhydre (ou d’un dihydrazide). Les poly
mères obtenus ont été caractérisés par microanalyse, par viscosité lntrinsègue, par les 
diagrammes de diffraction aux rayons-X, par les spectres d’absorption infrarouge et par 
analyse thermique différentielle. De tels polymères sont solubles dans plusieurs sol
vants, présentent des températures de fusion très basses et une cristallinité élevée.

Zusammenfassung
Drei hochmolekulare aliphatische Polyoxadiazole wurden auf einem neuen Weg aus 

äquimolaren Mengen eines Diphenylesters einer Dicarboxylsäure und eines wasserfreien 
Hydrazins (oder eines Dihydrazides) dargestellt. Die erhaltenen Polymeren wurden 
durch Mikroanalyse, Viskositätszahl, Röntgenbeugungsdiagramm, Infrarotabsorptions
spektren und durch Dilferentialthermoanalyse charakterisiert. Die Polymeren sind 
in einigen Lösungsmitteln löslich, zeigen eine sehr niedrige Schmelztemperatur und hohe 
Kristallinität.

Received July 20, 1964 
Revised February 2, 1965 
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p-Triphenylleadstyrene with Styrene or Vinyltoluene*
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Synopsis
The reactivity ratios for the copolymerization of p-triphenyltinstyrene (Mi) and sty

rene (M2) have been determined by the Fineman and Ross method to be ri = 2.55 and r2 
= 0.93. The values for vinyltoluene copolymerization are n  = 3, and r2 = 0.60. The 
latter values indicate that p-triphenyltinstyrene-copoiymers with styrene or vinyl
toluene contain blocks of the former monomer unit. The rate of homopolymerization 
of p-triphenyltinstyrene and p-triphenylleadstyrene in toluene was shown to be the same 
at 50°C.

INTRODUCTION

In the previous report,1 scintillation plastics had been prepared by 
the copolymerization of p-triphenylleadstyrene or p-triphenyltinstyrene 
with vinyltoluene. Since the scintillation efficiency of the plastics could be 
affected by the distribution of such organometallic monomers in the poly
mer chain, it was considered to be of interest to investigate the reactivity 
ratio of these organometallic monomers with vinyl toluene and styrene. 
The latter solvent was used in most of the reactivity ratio determinations 
because it avoids the difficulty in using two isomeric monomers as is 
present in commercial vinyltoluene. No initiators were used, and the 
monomers were thermally polymerized.

In addition, a brief kinetic study of these two organometallic monomers 
was carried out in a toluene solution in order to learn some of the character
istics of the homopolymerization.

EXPERIMENTAL

p-Triphenyltinstyrene2 (m.p. 104-105°C.) and p-triphenylleadstyrene8 
(m.p. 112-T13°C.) were prepared by an improved procedure1 to yield a pure 
product. Earlier Koton4 reported that p-triphenylleadstyrene had a 
melting point of 87-89°C. and p-triphenyltinstyrene had a melting point of 
101-103°C.

* This work was supported by the U. S. Atomic Energy Commission under Contract 
No. AT(30-1)-1931.
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The reactivity ratio determination was performed according to procedure 
3 described by Mayo and Lewis5 at a temperature of 108 ± 1°C. The 
analysis of the copolymers for tin or lead facilitated the reactivity ratio 
determination.*

The homopolymerization of the organometallic monomers was followed 
by a dilatometric method. The description of the solutions is reported in 
the Results section of this paper.

Tetraphenyllead and tetraphenyltin were obtained from Peninsular 
Chem-Research, Iuc. and recrystallized several times from benzene to 
give melting points of 226 and 225°C., respectively.

RESULTS

Reactivity Ratio of p-Triphenyltinstyrene and Styrene

The copolymer was prepared in the usual manner to low conversion 
and the molar ratio of the polymer calculated from the tin analysis. The 
Fineman and Ross6 method was used for the calculation of i\ and r2. The 
data are summarized in Table I, and a plot of (f-l)/F versus f / F2 is shown 
in Figure 1. From the intercept and slope, rt (p-triphenyltinstyrene ) =
2.55, r2 (styrene) = 0.93 are obtained.

TABLE I
Composition of p-Triphenyltinstyrene and Styrene in Copolymerization Ratio Study

Sn in 
polymer,

07/O
Conversion,

%

F = M i / M 2 
(initial 

monomer 
composition)“

/  = nh/rrh 
(polymer 

composition)“ f / F 2 ( / -  1) I F

11.10 14.33 0.1332 0.1690 9.54 - 6 .2 4
11.56 15.51 0.1573 0.1807 7.31 — 5.20
15.39 16.99 0.2875 0.3280 3.96 - 2 .3 4
16.39 18.21 0.3050 0.3830 4.23 - 2 .0 2
14.80 17.09 0.2300 0.2990 5.66 - 3 .0 5
8.37 12.40 0.1060 0.1080 9.65 -8 .4 1

21.38 14.70 0.6080 1.0260 2.77 0.043

u Molar ratios.

Reactivity Ratio of p-Triphenyltinstyrene and Vinyltoluene

The vinyltoluene used is a 60% meta-40% para mixture. No correction 
was made, as it is assumed that the reactivity of either isomer to the 
organometallic monomer is the same. The data are shown in Table II, 
and a plot based on these data is shown in Figure 2. The calculated values 
are = 3.0 and r2 = 0.63.

* Microanalyses were performed by I)r. Stephen M. Nagy, Microchemical Labora
tory, Belmont, Mass.
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F

Fig. 1. Fineman and Ross plot of f / F 2 vs. ( /  — ll /F fo r  the copolymerization of p-tri- 
phenyltinstyrene and styrene.

F

Fig. 2. Fineman and Ross plot of f / F 2 vs. ( /  — 1 ) / F  for the copolymerization of 
p-triphenyltinstyrene and vinyl toluene.
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TABLE II
Composition of p-Triphenyltinstyrene and Vinyltoluene in Copolymerization Ratio

Study.

Sn in 
polymer,

%
Conversion,

%
F  =

M x/  M 2
/  =
m i /  m 2 f / F 2 ( /  -  1)/ F

22.27 9.20 0 6020 1.489 4.11 0.813
20.79 12.40 0.4640 1.007 4.67 0.0151
15.45 12.40 0.1989 0.377 9.51 -3 .1 3
16.95 29.78 0.2245 0.478 9.51 -2 .3 2

TABLE III
Summary of Monomer Reactivity Ratios for Copolymerization a t 108°C.

Monomer 1 Monomer 2 n 7*2

p-T riphenyltinstyrene Styrene 2.55 0.93
¡»-Triphenyltinstyrene Vinyltoluene 3.0 0.63

Rates of Thermal Copolymerization of Styrene in the Presence of 
Organometallics

The rate of homopolymerization of pure styrene in presence of tetra- 
phenyllead or tetraphenyltin was determined at 100 ±  1°C.; the data are 
presented in Table IV. It is seen that the organometallics accelerate the 
polymerization almost to the same extent for tin or lead.

To ascertain the influence of the vinyl group on the organometallics, 
the effect on the rate of small amounts of p-triphenylleadstyrene and p-tri-

TABLE IV
Conversion versus Time for Tetraphenyllead and Tetraphenyltin in Thermal 

Polymerization with Styrene at 100 ±  1.0°C.

Wt.
tetraphenylmetallic,

g-

Wt.
styrene,

g-
Time,
min.

Conversion,
%

(C6H6)4Pb
0.30 (0.0608 molal) 9.6 63.0 1.96
0.30 9.6 116.5 3.87
0.30 9.6 193.8 5.44
0.30 9.6 238.0 7.22
0.30 9.6 300.0 10.8
0.30 9.6 374.0 11.2

(C6H5)4Sn
0.30 (0.0735 molal) 9.6 63.0 2.73
0.30 9.6 116.5 4.17
0.30 9.6 238.0 8.02
0.30 9.6 300.0 9.59
0.30 9.5 374.0 12.6
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TARLE V
Rate of Copolymerization of (C6H6)3M—Ce,H4CH—CH2 with Styrene“

Composition
and

experiment no.
Time,
min.

Wt.
polymer,

g-
Conversion,

%

( C6H5),SnC6H4CH=CFL, 
0.0610 molal

1 64.7 0.1983 2.01
2 115.5 0.3883 3.94
3 210.0 0.7489 7.59
4 295.5 1.2178 12.35
5 351.5 1.5109 15.32

(C6H6),PbC6H4C H =C H 2, 
0.0610 molal

1 63.0 0.1322 1.33
2 208.6 0.7876 7.94
3 294.0 1.2088 12.19
4 352.5 1.4026 14.15

* The temperature of the oil bath was 105 ±  1°C.

phenyltinstyrene in styrene copolymerization is shown in Table V for com
parison. Evidently, the styrene organometallics are even better accelera
tors of the rate than the tetraarylmetallies. For comparison, we deter
mined also the rate of homopolymerization of styrene under identical 
conditions. There is an initial induction period of polymerization in 
styrene as well as in the other two-component systems. The per cent 
conversion for styrene (after the induction period) versus time is 2.15%/hr., 
and this checks with the literature value.4 The combined results are also 
shown in Figure 3.

Fig. 3. Per cent conversion vs. time for copolymerization of styrene and p-triphenyl- 
tinstyrene or p-triphenylleadstyrene at 0.0610 molal concentration (in addition tetra- 
phenyllead (0.0608 molal) and tetraphenyltin (0.0735 molal) was added to styrene to 
determine the effect on the rate.): (O) p-triphenyltinstyrene; (X ) p-triphenyllead- 
styrene; (A) tetraphenyltin; ( • )  tetraphenyllead; (□) curve for pure styrene also 
shown for comparison.
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Homopolymerization of p-Triphenylleadstyrene and p-Triphenyltinstyrene

The rate of polymerization of pure p-triphenylleadstyrene and p-tri- 
phenyltinstyrene were determined at 49.95°C. in toluene by use of 0.3000M 
solutions with 0.5 wt.-% (based on the solution) azobisisobutyronitrile 
(AIBN) as initiator. The data are shown in Table VI.

TABLE VI
Homopolymerization of p-Triphentyltinstyrene and p-Triphenylleadstyrene in Toluene

P-
Time,
min.

-Triphenyltinstyrene 
Height 
h, cm.

Ah,
cm.

P-i
Time,
min.

'riphenylleadstyrene 
Height, 
h, cm.

Ah,
cm.

0 31.00 — 0 33.5 —

80.8 30.96 0.04 80.0 33.4 0.10
112.5 30.90 0.10 136.5 33.30 0.20
169.1 30.80 0.20 176.0 33.25 0.25
275.0 30.70 0.30 224.0 33.20 0.30
340.0 30.65 0.35 279.5 33.16 0.34
381.0 30.60 0.40 322.0 33.10 0.40
434.0 30.58 (1.42 420.0 33.05 0.45
454.0 
462.0"

30.56 0.44 453.0 33.00 0.50

“ End of polymerization; precipitation in methanol.

The density of the solution of p-triphenyltinstyrene was 0.89 g./ml. and 
the volume was 5.50 ml. (0.745 g. monomer). The weight of the polymer 
formed was 0.4793 or 64.4%/7.7 hr. or 8.37%/hr.

The density of the p-triphenylleadstyrene solution was 0.927 g./ml. and 
the volume used was 5.88 ml. (0.955 g. monomer). The weight of the 
polymer was 0.5776 g. or 60.5%/7.7 hr. or 7.85%/hr. Thus the rate of 
polymerization of the tinstyrene sample seems to be greater by 0.52%/hr. 
However, the slopes show more accurately that the rates are the same since 
the slopes of the lines are almost identical (Fig. 4).

Time, hr.

Fig. 4. Change in height of the dilatometer Ah vs. time for p-triphenyltinstyrene and 
p-triphenylleadstyrene at 0.30004/ concentration in toluene at 49.95°C.: ( • )  p-tri- 
phenvltinstyrene; (X ) p-triphenylleadstyrene.
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DISCUSSION

For p-triphenyltinstyrene (Mi)-styrene (M2) copolymerization r, = 2.6, 
r2 = 0.93. Similarly, in vinyltoluene, r, = 3.0, r2 = 0.60. Therefore, the 
rate of addition of a p-triphenyltinstyrene monomer to its own radical is 
greater than the addition of a styrene or vinyl toluene monomer unit. 
These results suggest that small blocks of the tin monomer units are found 
in the polymer network.

The copolymers obtained at low mole fractions of organometallics at
10-30% conversion are, for the most part, soluble in benzene. Higher 
mole fractions of tin or lead monomer give crosslinked polymers even for 
low conversions. Since decomposition of the monomers is not evidenced 
by free tin or lead, an increase in the radical concentration and subsequent 
crosslinking must take place. The process shown in eqs. (1) may take 
place, as is evidenced by a sudden increase in viscosity, rate, and exotherm.8 
(Noltes, Buddery, and van der Kerk suggested homolytic cleavage of the 
trimethylleadstyrene at 70-90°C. to give a branched and crosslinked poly
mer.8)
C6H6C H = C H 2 +  (C9H6)3M—C6H4CH=CI-I2

I
(C„H6),M—c 6h 4—c iiI

CH,
I

C6H5—CH
I

CII,

The crosslinked polymers and copolymers are not soluble in any organic 
solvent but swell to a great extent in benzene. The latter suggests a loose 
network. It is interesting to note from Figure 3 that tetraphenyllead and 
tetraphenyltin also accelerate the rate of polymerization of styrene.9 
In addition, both organometallic monomers accelerate the rate of poly
merization to about the same extent and both give rates that are greater 
than those for the tetraarylmetallics. The fact that the tetraarylmetallics 
also cause an acceleration suggests that the latter cleave homolytically to 
give free radicals as suggested for the organometallic monomers:

(C6H6)4M — (C6H6)3M- +  C6H5- (2)

where M = Pb or Sn.
In addition, a radical-induced decomposition of the organometallics 

is possible, as has been recently suggested by studies with radicals from 
benzoyl peroxide:10

O
\\

C6H5COO- +  (C,H5)4M — (C,H5)3M—OCC6H5 +  C2H5- (3)

where M = Sn, Pb, or Si.
It is possible that styrene or vinyltoluene radicals produced during the 

course of the thermal copolymerizations can act in the same way as the

— (C6H5)3M- +  -C6H4—CH

¿ H ,

Chain terminating CeH5—CH 
agent

CII,

Crosslinked
network

(1)
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benzoyl peroxy radical to give a radical-induced decomposition of the tin 
and lead aryl organometallics used in this investigation, as shown in 
eq. (4):
•CH—CH2— +  (C6H6)3M—R — (C«H6)3M—CH—CH.m.  +  R-

where M = Sn or Pb and R = Celts or C6H4CH=CHo.
Previously it was our belief that because p-triphenylleadstyrene and 

tetraphenyllead are thermally more unstable than the corresponding tin 
compounds, that the lead compounds are more readily polymerized. How
ever, if the polymerizations are conducted at 49.95°C. or lower so that de
composition is avoided and the vinyl group is the only site of reaction, 
then the metallic portion exerts only a substituent effect on the reactivity 
of the vinyl group. This is supported by the fact that the polymer formed 
was soluble in toluene. The results in this work seem to indicate that the 
tin and lead styrene monomers homopolymerize and copolymerize at about 
the same rate. However, Koton, Kiseleva, and Florinskii4 found that 
p-triphenylt instyrene homopolymerizes faster than the analogous lead 
monomer. The difference between their data and ours could be due to the 
purity of the monomers1 used or the limitations of the methods used. The 
melting points of our samples are higher. The ultraviolet spectra confirms 
their purity. The homopolymerization studies were carried out almost 
exactly as that reported by Koton, except that a lower temperature, 
49.95°C., was used. In their work the higher temperature of 80°C. was 
used, and this may result in C—Pb scission as shown in the earlier part of 
our discussion.

Since all of our scintillation plastics are prepared at approximate 100% 
conversion, a crosslinked network is the predominant structure in the 
organometallic-styrene copolymers. Thus, as reported recently by us 
elsewhere,1 energy transfer and quenching have to be examined in a cross- 
linked network.

We are grateful to Dr. B. D. Halpern for his interest and suggestions in the course of 
this work, and to Mr. R. Mihailovich for his assistance in dilatometric study.
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Résumé
On a déterminé, par la méthode de Fineman et Ross, les rapports de réactivité pour la 

copolymérisation du p-t.riphényl-étain styrène. (M i) et du styrène {MC), et on trouve ri 
= 2.55 et r-2 — 0.93. Les valeurs pour la copolymérisation avec le vinyl-toluène sont n  
= 3.1 et r2 = 0.60. Ces dernières valeurs indiquent que les copolymères du p-triphényl- 
étain-styrène ou du vinyl-toluène contiennent des blocs de la première unité mono
mérique. On montre que la vitesse d’homopolymérisation du p-triphénylétain-styrène 
et du p-triphénylplombstyrène dans le toluène est la même à 50°C.

Zusammenfassung
Die Reaktivitätsverhältnisse für die Copolymerisation von p-Triphenylzinnstyrol (Mi) 

und Styrol (M2) wurdennach der Methode von Fineman und Ross zu n  = 2,55 und r2 
= 0,93 bestimmt. Die Werte für die Vinyltoluolcopolymerisation sind n  = 3,1 und r2 
= 0,60. Letztere Werte zeigen, dass p-TriphenylzinnstyroI-Styrol- oder-Vinyltoluol- 
copolymere Blöcke ersterer Monomereinheit enthalten. Die Geschwindigkeit der Hom
opolymerisation von p-Triphenylzinnstyrol und p-Triphenylbleistyrol in Toluol erwies 
sich bei 50°C als gleich.
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Polym ers C ontaining the
3 ,3 ,3  ',3  '-T etram ethy l-1,1 S p irob iindane  R esidue

K. C. STUEBEN, U n io n  C a r b id e  C o r p o r a t io n ,  P la s t i c s  D iv i s io n ,  R e s e a r c h  

a n d  D e v e lo p m e n t  D e p a r tm e n t ,  B o u n d  B r o o k , N e w  J e r s e y

Synopsis
A variety of condensation polymers were prepared from the 6,6'-dihydroxy-3,3,3',3'- 

tetramethyl-l,l'-spirobiindanes including polyesters, polyurethanes, and a polyhydroxy- 
ether. The polycarbonate displayed good oxidative resistance at 200°C. but was found 
to lack toughness despite the presence of a low temperature transition at — 100°C. A 
tendency toward brittleness was also evident in the other polymers and copolymers pre
pared. The contribution of the spiroindane structure to polymer properties is discussed. 
All of the polymers studied were amorphous and displayed high glass transition tempera
tures.

INTRODUCTION

Over the past several years the search for polymers having improved 
thermal and oxidative stability has led to the development of heterocyclic 
and aromatic systems which are stable up to 500°C. While such structures 
are required at the upper extremes of temperature, other more conventional 
polymer types, such as polyesters,1 II,'2 will suffice at intermediate tempera
tures (200-300°C.) if they are devoid of oxidatively sensitive groups and 
have adequate heat distortion temperatures. As a class, the alkylaryl 
bisphenols, e.g., bisphenol A [2,2-bis(4-hydroxyphenyl) propane], have 
received little attention in this area because many contain oxidatively 
sensitive tertiary hydrogen atoms or because they afford polymers with 
insufficient heat distortion temperatures.

A class of bisphenols which might be expected to be useful for the prepara
tion of high temperature polymers are the 6,6'-dihydroxy 3,3,3',3'-tetra- 
methyl-ljl'-spirobiindanes (hereafter shortened to spiroindanes) (I, II).

CH, UH,

CH, CH,

I, R = H
II, R =C H 3

3209

HO-
R-

•R
-OH
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This class of compounds has been known for over thirty years but remained 
incorrectly characterized until recently.3 Thus, the product originally 
formulated4 as a dimethyldiphenylcyclobutane resulting from the acid- 
catalyzed decomposition of 2,2-bis(4-hydroxyphenyl) propane was shown 
to be the spiroindane (I).

Polymers derived from the spiroindanes should possess high glass transi
tion temperatures because both aromatic rings are held rigidly together 
through the spiro-carbon atom. In addition, these monomers are devoid 
of oxidatively sensitive tertiary hydrogen atoms in the nucleus so that 
good oxidation resistance should result. In fact, the spiroindanes are 
closely related to a polyindane (III) which is reported to have excellent

thermal and oxidative stability.6-6 The latter class of polymers, however, 
is brittle even at high molecular weights, probably due to the fact that 
the chain is composed solely of rigid rings interconnected by single bonds. 
The spiroindanes, however, offer the possibility of building in flexibility by 
standard polycondensation reactions with the phenolic hydroxyl groups.

EXPERIMENTAL

Bisphenols

Preparation of (bfi'-Dihydroxy-S^fbSVlha'-hexamethyl-l,] '-spirobiin- 
dane (II). The procedure outlined by Baker and Besley7 was followed. 
The yield of crude spiroindane (II) diacetate, m.p. 248-251°C. was 13%. 
After crystallization from acetic acid, the product had m.p. 260-26(S°C. 
and analyzed satisfactorily. Saponification of the diacetate with sodium 
hydroxide afforded the crude dihydroxyspiroindane (II), m.p. 218-228°C. 
After one recrystallization from water-acetic acid followed by three from 
xylene, it melted at 242-248°C. (reported7 m.p. 245-246°C.), with no change 
on further recrystallization. Sublimation did not improve the melting 
point. The spread in melting point is believed to be due to the presence 
of positional isomers. It is noteworthy that a sample of the spiroindane 
recovered from the saponification of a high molecular weight copoly
carbonate displayed this same broad melting point. This result rules out 
any suspicion that this melt behavior resulted from the presence of ter
minator.

A n a l . Cak'd, for C23H28O2: C, 82.10%; H, 8.89%; mol. wt. 336.51. Found: C, 
81.99%; H, 8.11%; mol. wt. 331 ( ±  1%) (in acetone).
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G^-Dihydroxy-S^^'^'-tetramethyl-l^'-spirobiindane (I). This mono
mer was conveniently prepared by the p-toluenesulfonic acid-catalyzed 
disproportionation of 2,2-bis(4-hydroxyphenyl) propane. The conditions 
used were those described by Petropoulos and Sullivan,8 although in our 
hands the product obtained was the dihydroxyspiroindane (I) and not the 
l-(4-hydroxyphenyl)-l,3,3-trimethylindanol-6 as claimed. To obtain evi
dence as to the structure of the product of the reaction above, it was re
duced* to the hydrocarbon (b.p. 200-230°C./15 mm.) by a published 
method.9 Recrystallization from alcohol afforded a 27% yield of crystals, 
m.p. 130-131°C.10 whose infrared spectrum was identical with that reported 
for the parent spiroindane hydrocarbon (m.p. 132°C.).

The crude crystalline product from the p-toluenesulfonic acid decom
position (m.p. 212.5-215°C., ca. 50-55% yield) was washed four times 
with chloroform, air-dried, and then converted to the disodium salt with 
excess sodium hydroxide and recrystallized from 50:50 EtOH-H20  under a 
nitrogen atmosphere. After four more recrystallizations from this solvent, 
the free bisphcnol was liberated by treatment with hydrochloric acid. 
Two to three recrystallizations from methanol-water gave the pure di
hydroxyspiroindane (I), m.p. 215.5-217°C. (lit.11 m.p. 213-214°C.) after 
drying in vacuo at 100°C. Elemental analysis and NMR were consistent 
with the desired structure.

Bischloroformates

A. A mixture of 16.82 g. (0.05 mole) of the spiroindane (II), 9.89 g. 
(0.1 mole) of phosgene, 125 ml. of chlorobenzene, and 1.74 g. (0.005 mole) 
of stearyltrimethyl ammonium chloridef was heated sufficiently to cause 
1he phosgene to reflux. Over 4 hr. the temperature of the contents of the 
flask rose to 133°C. (reflux), after which reflux was continued for 1 hr. 
longer. On cooling the resultant mixture a precipitate containing both 
catalyst and product formed. (Some product remained in the supernatant 
liquid but was not worked up.) The quaternary ammonium catalyst 
was washed out with water and the residual bischloroformate dried. This 
material was then taken up in methylene chloride and chromatographed 
on silica gel. Several fractions totaling 50% yield of the bischloroformate 
were thus obtained with melting points between 243 and 247°C. A 
fraction with m.p. 244-247°C. had the following analysis.

A n a l . Calcd. for (AsRAhCl,: C, 65.08%; H, 5.68%; Cl, 15.37%; Found: C, 
05.21% : H, 5.68%; Cl, 15.34%.

B. The 6,6'-dihydroxyspirobiindane (I) was dissolved in a dioxane- 
loluene mixture containing an excess of phosgene. Addition of dimethyl- 
aniline completed the reaction. Recrystallization from heptane gave 81% 
crystalline bischloroformate, m.p. 122-124°C.

* Performed by Dr. A. G. Farnham of these laboratories.
f This general procedure for ehloroformate preparation was developed by Dr. R. J.

Cotter of these laboratories.
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A n a l . Calcd. for C,3H220 4C1,: C, 63.75%; H, 5.12%; Cl, 16.36%. Found: 
63.82%; H, 5.25%; Cl, 16.21%.

The large difference in the melting point of this bichloroformate and that 
from the o-cresol derivative above is noteworthy.

Polyesters

Polycarbonates. Conventional melt polymerization of stoichiometric 
amounts of the spiroindane and diphenyl carbonate with a trace of lithium 
hydroxide as catalyst were not fruitful. The most satisfactory preparation 
of the homopolycarbonate employed interfacial techniques.12 In a micro 
blender was placed a mixture of 1.31 g. (0.00425 mole) of spiroindane (I) 
and 0.41 g. (0.0125 mole) of sodium hydroxide in 15 ml. of water. During 
vigorous stirring a solution of 1.845 g. (0.0043 mole) of the dichloroformate 
(from I) in 19 ml. of methylene chloride was added all at once, followed by 
the addition of one drop of triethylamine catalyst. The mixture was 
stirred 1 min. and then one drop of triethylamine was added. After an addi
tional 2 min. of stirring, the methylene chloride layer was removed, washed 
with water, coagulated in isopropatiol, redissolved, and then recoagulated. 
The product (IV) isolated in 68% yield had a reduced viscosity (25°C., 
chloroform) of 0.75. A similar procedure was used for the preparation of 
copolycarbonates (V, VI, VII) with 2,2-bis(4-hydroxyphenyl) propane as 
well as for the polyurethanes (VIII, IX).

Polyisophthalate. Interfacial polymerization of the dihydroxyspiroin- 
dane(I) and isophthaloyl chloride catalyzed by triethylamine in a CH0CI2- 
H20  system afforded a 92% yield of the isophthalate (X) with a reduced vis
cosity (25°C., chloroform) of 0.39.

Polyadipate. The polyadipate (XI) was prepared by reacting the di- 
hydroxyspiroindane (0.00578 mole) with 1 equiv. of adipoyl chloride in 7 
ml. of nitrobenzene at 150°C. for 5 days. Removal of the solvent afforded 
polymer with a reduced viscosity (25°C., chloroform) of 0.29.

Polyethers

A variation of the general method13 for the preparation of polyhydroxy- 
ethers was employed. Equivalent amounts of the dihydroxy-spiroin- 
dane (I) and epichlorohydrin were treated with a 10% excess of 25% 
aqueous sodium hydroxide added dropwise and with stirring. The re
action product partially gelled at the end of the reaction period. The 
gel was extracted with dioxane and then with chloroform. Coagulation of 
these extracts in water and isopropanol, respectively, gave a cumulative 
yield of 17% of polymer (XII) having a reduced viscosity of 0.75-0.87.

Characterization of Polymers

Elemental analyses of the various polymers prepared are summarized in 
Table I.
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TABLE I
Elemental Analyses of Spiroindane Polymers

Calculated Found

No. Polymer“ c, % H, % O(N), % C, % H, % 0(N),%

IV Polycarbonate 79 . 1 6.63 14.27 79.32 6.43 13.92
V Copoly carbonate

50% spiroindane and 
50% bisphenol A 77 .52 6.16 16.32 77.61 6.15 16.49

VI Copolyearbonate
35% spiroindane and 
65% bisphenol A 77. 03 6.01 16.96 76.93 6.21 16.98

VII Copolycarbonate
25% spiroindane and 
75% bisphenol A 76 63 5.88 _ 76.59 5.77 _

V ili Polyurethane from piperazine 72 .62 6.77 6 .28(N) 71.20 6.68 5.84
IX Polyurethane from hexameth-

ylenediamine and spiro
indane (II) 73 .38 7.22 5.90(N) 72.58 7.50 5.79

X Polyisophthalate 79 .43 5.98 14.59 79.50 6.09 14.22
XI Polyadipate 77..48 7.25 — 77.23 6.94 —
X II Polyhydroxyether 79. 09 7.74 13.17 78.18 7.88 13.78

“ Derived from spiroindane (I) unless otherwise noted.

Measurements of transition temperature T„ were determined by measur
ing resiliency as a function of temperature by using the method described 
by Brown.14 Determination of elongation, tensile strength, and tensile 
modulus were carried out in accordance with ASTM procedure D638-58T 
while tensile impact measurements utilized ASTM procedure D1822-61T. 
A recording torsion pendulum15 was used to determine the low temperature 
transitions.

D IS C U S S IO N

Of the many polymers which might be prepared, the polycarbonate 
was chosen as being most likely to exhibit both thermal stability and 
flexibility. Initial attempts to prepare this polymer by standard melt 
techniques were thwarted by the high melting (ca. 245°C.) insoluble 
nature of the monomer (II). Somewhat more success was achieved using 
interfacial polymerization but here the almost complete insolubility of the 
spiroindane (II) disodium (or other) salt made the attainment of high 
molecular weights difficult. Similar difficulties were encountered with the 
lower melting spiroindane (I, R=H ) based on phenol. Examination 
of monomer (I) by NMR disclosed the presence of impurities even after 
several recrystallizations. In order to increase the ease of separating the 
monomer and the impurity, the disodium salt was prepared and recrystal
lized. This approach gave immediate improvement in the ease with which 
high polymer could be obtained and it was ultimately possible to reach 
reduced viscosities of 0.75 dl./g. by interfacial polymerization.
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IV

The polycarbonate (IV) was amorphous and displayed a glass transition 
temperature of 240°C., some 90°C. higher than the bisphenol A analog. 
Even at the high levels of reduced viscosity obtained (fractionation af
forded the polycarbonate with a reduced viscosity of 0.99), the polymer 
was too brittle for thorough evaluation and it was hoped that the properties 
of some copolymers might be more enlightening. An examination of the 
copolycarbonates of bisphenol A and the spiroindane reveals an apparent 
decrease in the toughness (per cent elongation, tensile impact) of the poly
mer as the spiroindane content increases (Table II). Based on the data

TABLE II
Properties of Spiroindane Copolycarbonates

Polymer content, mole-% bis: A /%  spiro (I)

100/0 75/25 65/35 50/50 0/100

Reduced viscositj- (25°C.; 
CHClj) 1.20 1.10 1.54 0.99

T„ °C. 150 175 180 195 240
Tensile modulus, psi 280,000 242,000 250,000 370,000 —
Tensile strength, psi 8000 5820 8800 8300 —
Elongation, % 150 7-20 8-9 4-5
Tensile impact, ft.-lb./in.3 200-400 39 65 <10 low

of Table II, it would appear that the homopolycarbonate is inherently 
brittle. The energy absorbing ability of a polymer is a function of the 
flexural mobility of the repeat unit and, in polycarbonates, presumably 
dependent upon the carbonate group to a large extent. Thus, the poly
carbonate of bisphenol A is a tough, high-impact plastic while that of the 
corresponding polymer from 4,4,-dihydroxy-3,3',5,5'-tetrachlorodiphenyl-
2,2-propane in which the rotation of carbonate groups is hindered much 
less so.16 In general, polymers possessing secondary low temperature 
“transitions” are tougher than those lacking such a transition.17-18 In 
agreement with this, Reding and co-workers have demonstrated the ab
sence of such a transition in the brittle tetrachloro polymer.19 Bisphenol 
A polycarbonate, on the other hand, does have a low temperature transi
tion at — 100°C.
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Although the correlation of toughness and low temperature transitions 
is still in the preliminary stages,15.18.20.21 it was of interest to determine 
whether the brittle spiroindane polycarbonate (IV) exhibited any such 
peak. An examination of the low temperature mechanical loss spectrum 
of the spiroindane polycarbonate did show a peak at — 100°C., essentially 
identical in position and intensity to that found in bisphenol A polycar
bonate. These results could be taken to mean that the experimental 
polymer would be tough at higher levels of molecular weight, although this 
is by no means certain. The flexibility of the carbonate group and ap
parently the ability to transmit stress is diminished considerably in the 
spiroindane polycarbonate because the whole monomer nucleus must 
move as a unit. Bisphenol A, with its flexible isopropylidene bridge, 
permits easier distribution of stress by the carbonate link itself.

It was possible to improve the properties of the spiroindane polycar
bonate by uniaxial orientation (stretched 450% at 230°C.) as shown in 
Table III.

TABLE III
Properties of Partially Oriented Spiroindane Polycarbonate

Property

Tensile modulus, psi 200,000-300,000
Tensile strength, psi 10,000
Elongation at break, % 12-32
Elongation at yield, % 5-7

The thermal and oxidative stability of the polycarbonate (IV) was ex
amined by exposing films to air at 200CC. No apparent change in the 
reduced viscosity or infrared spectrum of the film was noted after heating 
in air for 2 days at 170°C., followed by 4 days at 200°C. A slight drop in 
reduced viscosity was noted after one week at 200°C., however, (0.99- 
0.84). Since no special precaution was taken to purify the polymer be
fore heat treatment, its stability appears to be excellent.

In order to determiné whether the brittleness observed in the poly
carbonate (IV) was characteristic of all polymers of this class, a number 
of others were prepared, including the isophthalate (X), adipate (XI), 
hydroxyether (XII), and urethane (VIII,IX) (Table IV). Without 
exception, all of the polymers prepared were brittle, amorphous* materials 
with high glass transition temperatures. The amorphous nature of these 
polymers is not unexpected in view of the rigid bulky nature and lack of 
symmetry ( d  and l  forms are possible) displayed by the spiroindane nucleus. 
A comparison of the softening points of the spiroindane (I) derived poly
mers with those of the corresponding bisphenol A (Table IV) analogs 
reveals the former to be higher by 40-145°C. In general, little difference

* Polyurethane (IX) gave an ambiguous x-ray pattern. Unlike most polymers, it
showed many rings at high radius.
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TABLE IV
Glass Transition Temperatures of Spiroindane Polymers and Analogous Bisphenol A

Polymers

No. Structure11

IV- t o  —sp iro -OC^l—
II3 "
0

- E <

IX— pO — spiroill) — OCNHlCH.dsNHC—I—
L || || -hi

0 0

X— P o -sp iro -O C -t^ V -C ^ l—
Il II J  II «
0 0

XI— P o  -  spiro -  o  -  C(CH-)4C—P
L II ll3 ^

0 0

XII —P  0 — spiro — O — CH CH C H I—
^ ' |  ‘ -U

OH

|| -hi
0

T g of Bis A 
T „ , ° C .  analog, °C.

240 150b

105 150

295 205'

240 —

260 125d

140 45'

140 100'

a The spiroindane nucleus has been abbreviated as “spiro.” Unless otherwise indi
cated, the polymers were derived from (I). 

b Data of Schnell.16
0 Data of Cotter.22 
d Data of Conix.28
e Data of Levine and Temin.24
1 Data of Reinking et al.26

was noted between the polymers derived front the two spiroindanes (I 
and II) studied.

The author is indebted to Dr. C. N. Merriam of these laboratories for the determina
tion of the physical properties of these polymers and to W. Niegisch for the x-ray units.
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Résumé
On a préparé une variété de polymères de condensation à partir des 6,6'-dihydroxy- 

3,3,3',3'-tétraméthy]-l,l'-spirobiindanes comprenant des polyesters, des polyuréthannes 
et un polyhydroxyéther. Le polycarbonate présente une bonne résistance à l’oxydation 
à 200°C mais manque de dureté malgré la présence d’une basse température de transition 
à — 100°C. Fine tendance à la fragilité est également mise en évidence dans d’autres 
polymères et copolymères préparés. On discute de la contribution de la structure spiro- 
indane aux propriétés du polymère. Tous les polymères étudiés sont amorphes et pré
sentent des températures de transition vitreuse élévées.

Zusammenfassung
Eine Reihe von Kondensationspolymeren, darunter Polyester, Polyurethane und ein 

Polyhydroxyäther wurde aus den 6,6-Dihydroxy-3,3,3',3'-tetramethyl-l,l'-spirobiin- 
danen dargestellt. Das Polycarbonat zeigte gute Oxydationsbeständigkeit bei 200°C, 
besass aber trotz des Vorhandenseins einer Tieftemperaturumwandlung bei —100°C 
keine Zähigkeit. Eine Tendenz zur Sprödigkeit trat auch bei den anderen dargestellten 
Polymeren und Copolymeren auf. Der Beitrag der Spiroindanstruktur zu den Poly
mereigenschaften wird diskutiert, Alle untersuchten Polymeren waren amorph und 
wiesen hohe Glasumwandlungstemperaturen auf.
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Effects o f Rate o f Shear on the 
Viscosity o f Polym er Solutions

SHOEI FUJISHIGE, The Textile Research Institute of Japanese 
Government, Sawatari, Kanagawa, Yokohama, Japan

Synopsis

Viscosities of dilute solutions of poly(methyl methacrylate) in toluene and in chloro
form were measured with a modified capillary viscometer. By tilting the viscometer 
one can control the solvent flow time to any desired condition, and by use of this tech
nique it was possible to determine the extent to which such variables affect the resulting 
rate of shear if one measures the viscosities with two or more viscometers of the same 
type having different flow times of solvent. The reduced viscosities measured with the 
modified capillary viscometer at several tilting angles were plotted in the usual way 
against the polymer concentrations, and values of the intrinsic viscosity for a given solu
tion at each tilting angle were thus obtained for both of the solutions studied. For a 
rather high molecular weight polymer fraction, the maximum variation in the molecular 
weight estimated from the intrinsic viscosity by the Mark-Houwink relation was of the 
order of 20% between the values obtained with the viscometer fixed at a vertical and at 
another extreme angle. All the experimental data are also reproduced as a function 
of the rate of shear, and reliable values for the intrinsic viscosity at zero rate of shear 
and hence for the molecular weight are obtained. Other possible differences noted in 
the determination of such molecular characteristics as the Huggins’ constant which 
could be attributed to this kind of experimental condition were discussed.

INTRODUCTION

It is well known that viscometry of dilute polymer solutions is one of the 
more useful and convenient methods of characterization of high polymers. 
Recent theoretical treatments on the intrinsic viscosity enable us to esti
mate the molecular dimensions and other characteristics of the polymer 
molecules in solutions. However, there are still rather complicated experi
mental problems to be solved to permit us to obtain a reliable measurement 
of the intrinsic viscosity at zero rate of shear.

The effects of rate of shear have long attracted the interest of many 
researchers.1-4 In fact, it seems to be one of the most significant but little 
explored experimental problems in determination of the intrinsic viscosity 
of dilute polymer solutions.

In the present work we will discuss the effects of rate of shear on viscosi
ties of polymer solutions in determination of the intrinsic viscosity in rela
tion to the characterization of a given polymer in solution, e.g., the deter
mination of the molecular weight.

3219
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By making use of a modified Ubbelohde type capillary viscometer5 a 
series of round-robin measurements was carried out with the use of two or 
more viscometers of the same type but with variable efflux times for solvent 
flow. How such variables affect the experimental results was determined. 
All the experimental data obtained are also reproduced as a function of the 
rate of shear, and a reliable value of the intrinsic viscosity at zero rate of 
shear was estimated by extrapolation.

It was also confirmed that Huggins’ constant has a marked dependence 
on the rate of shear or/and on the flow condition which has been defined 
so far as a constant value for a given polymer-solvent system at a given 
temperature.6

EXPERIMENTAL

Materials

Purified methyl methacrylate monomer was polymerized at 60°C. with 
the use of benzoyl peroxide as the catalyst. The polymer thus obtained 
was fractionated by fractional solution method from thin films deposited on 
Celite (diatomaceous earth), and the high molecular weight portion was 
used for this investigation.

Toluene and chloroform were both reagent grade and purified by stand
ard procedures before use.

Viscosity

Solution viscosities for the polymer fraction in each of the two solvents, 
toluene and chloroform, were determined at 25 ± 0.01 °C. Flow times of 
the solvents and the solutions were measured in modified Ubbelohde type 
capillary viscometer maintained at several different tilting angles. Kinetic 
energy corrections for the viscometer at each angle were made with water, 
carbon tetrachloride, and toluene at various temperatures. Experimental 
techniques employed in this work were identical to those in a previous 
paper.5

The following relationships were applied for calculation of the relative 
viscosity, 77rei at each tilting angle

V o  p o t o  L A \ t 0 2  t 2  J _
(1)

and of the average rate of shear, q

q = 8V/dirr3t (2)

where v and vo are the viscosity of the solution and of the solvent, p and p, 
are the density, t  and t o  are the efflux time in seconds for the solution and 
the solvent, respectively. A and B are constants characteristic of a given 
viscometer at a given tilting angle. V is the volume of the efflux bulb, and 
r is the capillary radius of the viscometer employed.
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Results

The concentration dependence of solution viscosities ?jgJ,/c versus c for 
the poly(methyl methacrylate) fraction in each of the two solvents at 
25°C. is shown in Figures 1 and 2. A linear relationship between the 
reduced viscosities and the polymer concentrations was noted in both the 
solutions; however, the intrinsic viscosity thus obtained according to the 
definition of eq. (3) differs markedly for the two solvents.

V*p/c = iv] + k'[ti]2c+ . . . (3)

Here [77 ] is the intrinsic viscosity, jj v/c is the reduced viscosity for solutions 
of polymer concentration c, and k' is a constant for a given polymer-solvent 
system at a given temperature which has been so defined by Huggins.6

Even the flow times were measured on the same polymer solutions in the 
same capillary viscometer; the variations in experimental results obtained 
were due only to the variation of flow conditions of the solutions, i.e., the 
tilting angle of the viscometer in this work.

Table I shows the experimental results, values of the apparent intrinsic 
viscosity, and Huggins’ constant obtained from the relationship shown in 
Figures 1 and 2, the average rate of shear for the solvent flow at each tilting 
angle as an indication of the flow conditions, and also the resulting molecular 
weights calculated by eqs. (4) and (5) ,7 respectively.

toluene solutions obtained at various tilting angles: (a)-(f) as in Table I,
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Fig. 2. Concentration dependence of the viscosities of poly(methyl methacrylate^- 
chloroform solutions obtained at various tilting angles: (a)-(f) as in Table I.

TABLE I
Apparent Values of the Intrinsic Viscosity, Molecular Weight, and Huggins’ Constant 
for Poly( methyl Methacrylate) in Toluene and in Chloroform Solutions Obtained at

Various Tilting Angles

No.1*

In toluene In chloroform

2,
sec.-1 k' M M

Ì,
sec.-1 k' M M

a 912 1.311 92 440,000 1,450 0.472 213 600,000
b 824 1.190 97 1,404 0.401 232
c 635 1.016 104 1,049 0.393 245
d 465 0.908 110 785 0.373 257
e 395 0.830 114 677 0.356 266
f 322 0.69S 122 640,000 559 0.331 276 830,000

“ Refers to curves in Figs. 1 and 2.

In toluene:

In chloroform:

to] = 7.1 X 10-W 0-73 (4)

to] =  3.4 X 1 0 - W 0-83 (5)
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Fig. 3. Shear rate dependence of the viscosities of poly(methyl methacrylate)-toluene 
solutions: (a) c 1 = 1.0 g.,/100 ml.; (6) Ca = 0.67 g./lOO ml.; (c) c3 = 0.50 g./lOO ml.; 
(d) ci — 0.33 g./lOO ml.

The shear rate dependence of the relative viscosities of each of the solutions 
is represented in Figures 3 and 4. The values of the relative viscosity for 
the solutions of various concentrations at zero and/or any desired rate of 
shear are all estimated by extrapolating the measured values as a function 
of the rate of shear.

The concentration dependence of the solution viscosities thus estimated 
from the relationship in Figures 3 and 4 for the poly(methyl methacrylate)

TABLE II
Values of the Intrinsic Viscosity, Molecular Weight, and Huggins’ Constant for Poly- 
(methyl Methacrylate) in Toluene and in Chloroform Solutions Estimated for Various

Average Rates of Shear

s>
sec.-1

In toluene In chloroform

k' hi M k' W M

0 0.505 140 780,000 0.230 330 1,000,000
200 0.515 130 700,000 0.193 308 980,000
400 0.544 119 620,000 0.129 292 880,000
601) 0.519 111 560,000 0.119 280 840,000

0* — 143 800,000 — 350 1,100,000

* The values of the intrinsic viscosity were determined in Figs. 7 and 8.
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Fig. 4. Shear rate dependence of the viscosities of poly(methyl methacrylate)- 
chloroform solutions: (a) Ci = 1.0 g./lOOml.; (5) c2 = 0.67 g./ml.; (c) c3 = 0.50 g./lOO 
ml.; (d) d  = 0.33 g./lOO ml.

Fig. 5. Concentration dependence of the viscosities of poly(methyl methacrylate )- 
toluene solutions for fixed rates of shear: (a) q = 0; (b) q = 200 sec.-1; (c) q = 400 
sec.-1; (d) q = 600 sec.-1.
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Fig. 6. Concentration dependence of the viscosities of poly(met,hyl methacrylate )- 
chloroform solutions for fixed rates of shear: (a) q — 0; (b) q = 200 sec.-1; (c) q = 
400 sec.-1; (d) q = 600 sec.-1.

Fig. 7. Method of extrapolation according to Schurz8 for determining the intrinsic 
viscosity at zero rate of shear of poly(methyl methacrylate)-toluene solutions, [v] = 
143.
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c + 0.001 q
Fig. 8. Method of extrapolation according to Schurz8 for determining the intrinsic 

viscosity at zero rate of shear of poly(methyl methacrylate)-chloroform solutions. 
[77] = 350.

fraction in each of the solvents at various fixed rates of shear is shown in 
Figures 5 and 6, respectively.

The relationship represented in Figures 3 and 4 leads also to another 
method of extrapolation for estimating the intrinsic viscosity at zero rate 
of shear; Figures 7 and 8 are obtained according to Schurz.8

The values of the intrinsic viscosity and Huggins’ constant, the molecular 
weight for the polymer fraction in toluene and in chloroform solutions thus 
estimated for each average rate of shear are shown in Table II.

DISCUSSION

The possible significant effects of the rate of shear and/or of the flow 
conditions for measurement of the efflux times on determination of the 
intrinsic viscosity of polymer solutions were obviously shown through this 
investigation.

The results enable us to conclude that in many of the round-robin meas
urements for the determination of the intrinsic viscosity of a given polymer 
solution the results should always be accompanied by a significant value 
for the experimental variables, not the error, because of the effects of the 
flow conditions in the experimental study.

In an extreme case, as shown in Table I, the maximum difference in the 
variables such the molecular weight estimated from the intrinsic viscosity 
was the order of 20% between the values obtained with the viscometer at a 
vertically fixed angle (a) and at the extreme angle (/).
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A marked variation in Huggins’ constant k '  was also noted, and it de
creases with increasing rate of shear but varies inversely with the flow 
condition, as shown in Tables I and II.

The theoretical complications of the constant, k' are not quantitatively 
known; as was considered for the second virial coefficient in the case of 
osmometry of dilute polymer solutions, it seems to give a significant amount 
of useful information for the characterization of polymer molecules in solu
tion.
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Résumé
On a mesuré les viscosités de solutions diluées de polyméthacrylate de méthyle dans le 

toluène et le chloroforme avec un viscosimètre capillaire modifié. En inclinant le vis- 
cosimètre, on peut contrôler le temps d’écoulement du solvant pour toutes les conditions 
voulues. En faisant usage de cette technique, il a été possible de confirmer comment 
plusieurs variables pouvaient être attribuées aux effets de la vitesse de cisaillement 
résultante sur les mesures expérimentales si on mesure les viscosités avec deux ou plusi
eurs viscosimètres du même type mais possédant des temps d’écoulement de solvants 
diffrents. Les viscosités réduites, mesurées avec le viscosimètre capillaire modifié à des 
angles différents, sont mises en graphique suivant la méthode habituelle en fonction des 
concentrations en polymère, et les valeurs variables de la viscosité intrinsèque pour une 
solution donnée à chaque angle sont ainsi obtenues pour les deux solutions étudiées. 
Pour une fraction de polymère de poids moléculaire relativement élevé, la différence 
maximum dans le poids moléculaire, estimé à partir de la viscosité intrinsèque par la 
relation Mark-Houwink, était de 20% entre les valeurs obtenues avec le viscosimètre 
fixé verticalement et celui fixé sur l’autre angle extrême dans le domaine étudié dans ce 
travail. Tous les résultats expérimentaux sont aussi reproduits en fonction de la vitesse 
de cisaillement et on obt ient des valeurs sûres pour la viscosité intrinsèque à une vitesse 
de cisaillement nulle et de là pour le poids moléculaire. On a discuté d’autres différences 
possibles notées dans la détermination des caractéristiques moléculaires telles que la 
constante de Huggins, qui pourraient être aussi attribuées à des conditions expérimen
tales analogues.

Zusammenfassung
Die Viskosität verdünnter Lösungen von Polymethakrylsäuremethylester in Toluol 

und Chloroform wurde in einem modifizierten Kapillarviskometer bestimmt. Durch 
Verschiebung des Viskometers aus senkrechter Lage ist es möglich den Einfluss des 
Gefälles auf die Viskosität zu bestimmen. Die redujierten Viskositäten wurden bei 
verschiedenen Winkeln der Kapillare gemessen und gegen die Konzentration der Lösun
gen aufgetragen. Dadurch erhält man die Viskositätszahl aLs Funktion des Winkels. 
Für Fraktionen von höheren Molekulargewicht findet man einen Unterschied von 20% 
zwischen dem Molekulargewicht aus des Viskositätszahl mit senkrechter Kapillare, und
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dem aus der Viskositätszahl mit der Kapillare welche mit dem grössten Winkel von der 
Senkrechten abweicht. Die Yiskositätszahlen wurden auch auf ein Gefälle von Null 
estrapoliert. was erlaubt korrekte Molekulargewichte zu bestimmen. Der Einfluss des 
Gefälles auf andere Eigenschaften, wie die Huggins’che k’Konstante, wird auch disku
tiert.

Received May 26, 1964 
Revised October 7, 1964 
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P o ly m er-F ille r In te rac tion . T herm odynam ic  
C alculations and  a P roposed  Model

T. K. KWEI,* Central Research Laboratories, Interchemical Corporation,
Clifton, New Jersey

Synopsis
From a study of the sorption of water vapor by epoxy polymers filled with titanium 

dioxide, the differences in enthalpy and entropy of the filled and the unfilled polymers are 
calculated. The enthalpy and the entropy of the filled polymer are smaller than those of 
the unfilled polymer by about 2 cal./g. and 6 X 1Ü-3 e.u., respectively. These differ
ences may be explained by the existence of a higher degree of local ordering of the poly
mer segments. A model is proposed to describe the interaction between the polymer and 
the filler as a function of the distance from the interface. I t appears that polymer seg
ments at a distance less than 1500 A. from the surface of the filler particle are within the 
sphere of influence of the filler. The effects of filler incorporation on the thermal expan
sion coefficient, heat capacity, and partial molar heat of solution of the polymer are dis
cussed in terms of the model.

INTRODUCTION

It is generally known that the incorporation of a filler in a polymer may 
result in changes in the physical and mechanical properties of the material. 
These changes in the properties of a material presumably may be interpreted 
as an indication of some structural changes in the polymer accompanying 
filler incorporation. However, the structural changes which may exist 
have not been expressed in quantitative terms, and the mechanism of filler 
polymer interaction is still open to speculation.

In our laboratories, attempts have been made to study polymer-filler 
interaction by the measurement of glass transition temperatures1 and by 
the study of vapor sorption.2 It may be inferred from the observed changes 
in the glass transition temperatures of vinyl' chloride-acetate copolymer 
when it is filled with titanium dioxide that the presence of filler particles 
modifies the mobility of polymer segments.1 A comparison of the results 
of organic vapor sorption by filled and unfilled poly (vinyl acetate) and 
epoxy polymer has lead to the postulation that filled polymers have sorp
tive properties like those of glassy polymers.2 In this report, additional 
studies of water vapor sorption by filled epoxy polymers is presented. 
The differences in free energy, enthalpy, and entropy of the filled and 
the unfilled polymer are calculated and a simple model for describing filler- 
polymer interaction outlined.

* Present address: Bell Telephone Laboratories, Murray Hill, New Jersey.
3229
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In this paper the term filled polymer is used to refer strictly to the polymer 
component of the system of polymer plus filler. The symbol /  which ap
pears later in the text refers to the free polymer and has a different meaning 
than in the previous paper.2

EXPERIMENTAL

Epon 828 (Shell Chemical Company, essentially 4,4'-bisglycidyIphenyl- 
2,2'-propane) and 1,6-hexanediamine (Matheson Coleman and Bell 
Company) were mixed in stoichiometric proportion to prepare the cross- 
linked epoxy film. The detailed procedure was described in previous 
reports.3 In the preparation of the filled epoxy film titanium dioxide 
(Rutile 610, du Pont, average size 0.2 n) was dispersed in Epon 828 by the 
use of a three-roller mill. Stoichiometric quantities of the diamine were 
dissolved in a small amount of butanone-2 and added slowly with vigorous 
stirring to the dispersion of TiCh in Epon. The method of film preparation 
was described earlier.3 The amount of titanium dioxide in the film was 
determined by ash analysis to be 14.31% by weight (or 4.41% by volume). 
The film was the same as the one used in a previous study.3

The glass transition temperatures of the filled and the unfilled polymer 
were determined by a dilatometric method. Both samples show transition 
at 54°C.

The water vapor sorption of the polymer film was measured by means of a 
quartz helix microbalance. The final pressure and the amount of vapor 
sorption by the sample were recorded when the weight gain was less than 
0.003 mg. (for a polymer sample of about 80 mg.) overnight. Usually, 
equilibrium sorption was attained in about 1 hr.

RESULTS

The sorption water vapor by the unfilled epoxy polymer appears to obey 
Henry’s law in that the isotherms may be represented by straight lines 
(Fig. 1). The temperature coefficient, of water sorption is negative. 
The sorption isotherms of water by the filled epoxy polymer at 60, 70, 
and 80°C. are also shown in Figure 1. At low vapor pressures, the amount 
of water vapor sorbed by the filled polymer is less than that sorbed by the 
two polymers diminishes with increasing vapor pressure; the isotherms for 
the two materials appear to become identical above P /P 0 of 0.56, 0.51, 
and 0.44 at 60, 70, and 80°C., respectively. All the sorption measurements 
are reversible.

DISCUSSION

Assumptions

The sorption of low molecular substances by polymers is often sensitive 
to any change in segment mobility or spatial arrangement of chains.4 
The observed difference in the water vapor sorption by the filled and the
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Fig. 1. Sorption of water vapor by epoxy polymers: (1) 60°C., unfilled; (#) 60°C., filled;
(3) 70°C., unfilled; (4) 70°C., filled; (5) 80°C., unfilled; (6) 80°C., filled.

unfilled materials at low vapor pressures may be viewed perhaps as a re
flection of the difference in the chain configuration or mobility of the two 
polymers. With increasing vapor pressure, the difference in vapor sorp
tion lessens. The two isotherms coincide after a critical vapor pressure is 
reached. Apparently the filled polymer appears to possess the same sorp
tive properties as the unfilled one when a critical amount of certain diluent 
is introduced into the system. The significance of this critical concentra
tion of diluent in a filled polymer may be similar to that of the critical 
volume concentration, pointed out by Long,6 in a polymer-diluent system 
at which the diffusion of the organic diluent becomes Fickian. We would 
like to propose that all the physical properties of the filled polymer become 
identical with those of the unfilled polymer when the diluent concentration 
is at or above a certain critical amount. It was also noted that the amount 
of sorption by the filled polymer in no case exceeded the sorption by the
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unfilled polymer. It appears that, in our system, filler particles do not 
tend to sorb water independently. It is likely that in this system a mono- 
layer (perhaps several) of adsorbed polymer molecules remains in contact 
with the filler surface even when the critical amount of solvent is present, 
and prevents the filler surface from adsorbing water in an independent 
manner. (In the water sorption of filled vinyl chloride-acetate copoly
mer,1 it has been observed that the amount of water sorbed by the polymer- 
filler system is essentially equal to the sum of the individual sorptions of 
the polymer and the filler.) We assume, without strong justification, that 
the displacement of polymer segments from the filler surface by water 
molecules may not have occurred to a significant extent in this system. 
As a first approximation we neglect the water-filler interaction temporarily 
from our thermodynamic calculations. It is hoped that the thermodynamic 
quantities thus calculated, while possibly inexact in absolute values, may 
still provide an estimate of the order of magnitude of the polymer-filler 
interaction.

Under the aforementioned premise, it is possible to construct the thermo
dynamic cycle shown in eq. (1)

Unfilled polymer +  Solvent (critical amount tiic)

It may be shown from this above cycle that the free energy AFm or the 
enthalpy AHm of the transformation of the filled polymer to the unfilled 
state can be obtained as the difference between AFc' and AFc, AHc and AHc. 
The quantities AF ', AF, AH ' , and M i denote the free energy and enthalpy 
of the vapor sorption process, the primed symbols referring to the filled 
polymer and the subscript c referring to the sorption of the critical amount 
of solvent nu by the polymer. In the following paragraphs, the calcula
tions of these quantities from vapor sorption isotherms will be described.

Equations (2)-(7) are used in the calculation of thermodynamic quan
tities :

Filled polymer +  Solvent (critical—> Free polymer +  solvent 
amount nu) (1)

Calculations

M h = R T‘l (Ò In ai/d T)ni (2)

(graphical integration) (3)

AH — Hi Alii U AIi i

AFi = RT  In a,i

(4)

(5)
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i*n\c
AF2c = -  I (ill/ill) d A Pi

«/ ni = 0
(graphical integration) (6)

AF = 7i\ A/q -f- ji'2 AF2 (7)

Here nx and n2 are the number of moles of the solvent and the polymer seg
ment, respectively. The graphical integration leading to the evaluation of 
AF is carried out by a procedure based on that proposed by Conway6 
to circumvent the uncertainty of extrapolation to infinity. Where the 
sorption process obeys Henry’s law, the following equations are ob
tained :

M~h = constant (8)

M~h = 0

AF2 = —RT (ni/n2) For nx <<C n2 (9)

The molecular weight M  of the polymer segment need not be known if 
the A F and A FI values are calculated in calories per gram of polymer. The 
results of our calculation are summarized in Table I.

TABLE I
Thermodynamic Quantities

80°C. 70°C.

Unfilled polymer“
AH c, cal./g. polymer -2 .5 4 -3 .4 9
A F c, cal./g. polymer -0 .7 4 -0 .9 1

Filled polymer*1

AH'ic, cal./g. polymer 0.25 0.28
AH'c, cal./g. polymer -0 .7 3 -1 .0 2
AHm = A H ’c — A Hc, cal./g. polymer 1.81 2.47
AF'c, cal./g. polymer -0 .6 6 -0 .7 6
AFm = A F’c — A Fc, cal./g. polymer 0.08 0.15
T ASm = AHm -  AFm, cal./g. polymer 1.72 2.32
AS m, cal./deg./g. polymer 4.9 X 10“3 6.7 X 10“3

“ AHi = —4.40 kcal./mole at all concentrations of sorbed water; AH2 = 0. 
b A H \ changes with the concentration of sorbed water, but is more positive than AHi, 

at any water concentration when the concentration is less than the critical amount.

Conclusions

The principal conclusion which may be drawn from the calculations 
of Table I is that the unfilled polymer has higher free energy, enthalpy, 
and entropy content than the filled polymer. The inference is very strong 
that the transformation of a filled polymer to the unfilled state is accom
panied by increases in both enthalpy and entropy.
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It may be instructive to compare the differences in enthalpy (about 2 
cal./g.) and in entropy (about 5 X 10-3 cal./deg./g.) of the two states with 
those involved in the melting of a crystalline polymer, for example, poly
ethylene,7 where Tmeiting = 137.5°C., AH = 68.5 cal./g, AS = 0.167 
cal./deg./g. Our calculated values of AHm and ASm are about 30 times 
smaller than the AH and AS values for polyethylene melting. In the case 
of acetone sorption by poly(vinyl acetate) 2 filled with Ti02 (12.1% by 
volume), similar calculation gives the following values at 40°C.: AHm =
1.7 cal./g. AFm =  0.5 cal./g., and T ASm = 1 .2  cal./g.-deg. It appears that 
there may exist in the filled state local ordering of the polymer segments 
rather than the well defined, periodic order observed in crystalline polymers.

The presence of order in amorphous polymers has been investigated only 
cursorily. Kargin8 concluded from electron diffraction, electron microscope, 
and x-ray studies of polymer films in the amorphous state that mutual 
ordering of chain molecules can arise even in the amorphous state. Ac
cording to him, “The principal source of this order appearing in the system 
of many polymer chains is their mutual orientation. This mutual orienta
tion of chains may be caused by intermolecular interaction (resulting at 
most in crystallization) by an orientation arising from considerable dis
tortion and particularly from the flow of polymers due to mechanical 
strain applied to the polymers and . . .  in the case of natural polymers . . . 
by an orientation resulting from the morphological conditions of polymer 
formation . . . .  The mutual orientation and ordering of chains in poly
mers may lead to the formation of clusters in the manner which occurs in 
liquids.”

Mikhailov and Fainberg9 determined the heats of solution of isotropic 
and oriented cellulose in quaternary ammonium bases and found that they 
differed by only 1-1.5 cal./g. It is of interest to note that the difference 
in the heats of solution of the isotropic and the oriented cellulose, which is a 
direct measure of the difference in the enthalpies of the two states, is of the 
same order of magnitude as our calculated AHm values.

PROPOSED MODEL
We would like to propose now a simple model to describe the interaction 

between the polymer and the filler.
1. There exists between the filler and polymer chains an interaction which 

manifests itself in a decrease in the chemical potential of the polymer—a 
postulate based on thermodynamic calculations.

2. One boundary condition of this interaction is that it becomes negli
gible as the distance between the filler and the polymer becomes infinite. 
It is obvious, therefore, that the interaction must be a function of distance. 
We assume that the interaction decreases rapidly with distance so that a 
polymer segment at a distance greater than r* from the center of the filler 
would experience negligible interaction and has all the properties of an 
unfilled polymer and may be called “free” polymer. Chain segments at 
distances smaller than r* from the center of the filler would fall within the
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sphere of influence of the filler particle and may be called “bound” polymer. 
The chemical potential of the chain segments in the bound layer is assumed 
to increase with distance from the center of the filler particle. (The justi
fication of thermodynamic treatment of nonuniform systems has been dis
cussed; for example, by Cahn and Hilliard.10) The choice of r* is subject 
to the stipulation that — Ph where /xf is the chemical potential of the 
free polymer in the pure state and /iHr) is the chemical potential of the bound 
polymer at distance r.

3. Solvent molecules have a greater tendency to mix with the free 
polymer than the bound polymer because the free energy of mixing with 
the former is more negative (based on thermodynamic calculations). 
It is assumed that the bound polymer absorbs negligible amount of water 
vapor. The justification of this assumption was discussed elsewhere.2

4■ The mixing of the free polymer with solvent molecules of activity 
ai results in a decrease in the chemical potential of the free polymer from 
Hf to /i/(0j). The chemical potential of the bound polymer at distance r*, 

is now larger than M/caO- Consequently, some of the bound polymer 
will dissolve and become “free” until a new boundary at r is established 
satisfying the relation = M/(ao- In effect, the bound layer would 
shrink, in the presence of solvent, from r* to r. Upon further increase in 
solvent activity, the bound layer will decrease progressively in thickness 
until at a critical value of solvent activity, all bound polymer dissolves.

The following relationships may be derived on the basis of the above 
model, where /if is the chemical potential of free polymer:

MsO') =  P f  (10)
For Henry’s law sorption at small ni,

lif = /if -R T n i/n -i (11)

A,u = /if —/¿a,) = RT rii/rii (12)

The distance from the center of the filler particle to the periphery of the 
bound polymer is r. The boundary conditions of eq. (12) are:

Pb(r) = Pb(r*) = P f  A/l = 0  At: 111 = 0 (13)
r = r0 At ?h ^ nlc (14)

where r0 is the radius of the filler particle; here all segments are free.
Since it is assumed that only the free polymer sorbs water vapor, the 

fraction /  of the free polymer in the total polymer at a given P /P 0 is given 
by:

Amount of vapor sorption by the filled polymer /1/ = -----------------------------[ " Ĵ-OjAmount of vapor sorption by the unfilled polymer 
The fraction of bound polymer is (1-/); it is related to r by eq. (16):

(r/r0) 3 - 1  = (1 -S )
/Volume of the polymer in filled specimen 
\  Volume of the filler in a filled specimen (16)



3236 T. K. KWEI

r o
Fig. 2. Plot of Afi as a function of distance.

From eqs. (12) and (16), one can obtain Ag and r/r0 from experimentally 
measurable quantities. Plots of Ag versus r/r0 are shown in Figure 2. 
Extrapolation of the three curves yields a common intercept with the 
abscissa. (More realistically, the curves probably should approach the 
axis of abscissa asymptotically.) Application of the aforementioned 
boundary conditions to the plots in Figure 2 yields: at A/j. = 0, r = r*, 
and ( r* /r0) = 2.36. Also, at n, = nic,r /r 0 = 1, Afi = An(n). The A^(ro) 
values are 0.672 cal./g. at 60°C., 0.533 cal./g. at 70°C., and 0.394 cal./g. at 
80°C.

The thickness of the bound layer in the dry state, which is (r* —r0), 
is about 1430 A. The fraction of bound polymer, (1 — /), calculated by 
eq. (16), is 56.2%. These results are in good agreement with the correspond
ing values obtained from a consideration of the chloroform vapor sorp
tion2 of the same epoxy polymer filled with Ti02 at various concentrations; 
namely, (1 — /) = 58.6%, (r*/r0) = 2.39, and (r* — r0) = 1460 A.

From the values of A^(ro) at the three temperatures, it is obtained:

A<S(ro) = —£> Aju(roj/dT = 1.39 X 10- 2 cal./g.-deg. (17)
and

AH(ro) = A/x(ro) +  T AiS(ro) = 5.30 cal./g. (18)
Hence,

Ayu(np) = 5.30 -  1.39 X 10-2T cal./g. (19)

The magnitude of A//(ro) is such that London forces appear to be opera
tive. According to our model, the interaction will vanish when Ag(ro) = 
0, at a temperature of 381 °K.
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It is difficult to find a simple analytical expression for the dependence 
of Aix on r satisfying all the boundary conditions. Equation (20) repre
sents the data in Figure 2 satisfactorily in the range r < r < r*.

Aix(T) = A/i(ro) {1 -  j8 [(r3Ao3) -1 ]}  (20)
For r > ?•*, eq. (20) gives a negative value of Am and is thus inapplicable. 

It also appears that one single value of fi, namely, 8.6 X 10~2, suffices 
to describe the decay of An with distance at the three temperatures of our 
experiment. To check the internal consistency of our calculation, an 
average value of Am per gram of bound polymer, (Am), may be calculated as 
shown in eq. (21).

where V is the volume of the bound polymer.
The (Am) values are 0.35, 0.26, and 0.18 cal./g. bound polymer at 60, 

70, and 80°C., respectively. They are in agreement with the AFm values 
obtained previously, namely, 0.15 cal./g. at 70°C. and 0.08 cal./g. at 80°C., 
if one takes into consideration that about 56% of the total polymer is 
bound and that AFm is expressed in calories per gram of total polymer. If 
one equates the temperature-dependent term of Am to AS, one obtains 
(AS) as 6.7 X 10~3 cal./g.-deg., and from the temperature-independent 
term of Am, one obtains (AH) as 2.54 cal./g. These values are in fair 
agreement with the AHm and ASm values listed in Table I, suggesting that 
the omission of the water-filler interaction in the thermodynamic cycle has 
not introduced serious errors, and that the validity of our conclusion 
is not substantially affected by this omission.

We now proceed to discuss the significance of AH'i, for the sorption of a va
por by a filled polymer in terms of our model. The enthalpy of a mixture 
of a solvent and a filler polymer is:

H' = n jh  +  n,H , +  +  n„Hb (22)

= nifli +  n2 [JHf +  (1 — /) Hb]

where the subscripts 1, /, and b, denote solvent, free polymer, and bound 
polymer, respectively, and n2 is the total number of moles of polymer seg
ments. Differentiation of eq. (22) gives eq. (23):

dtf'/dni = Hi +  n2 (Hr -  R b) df/dni (23)

The quantity Alh  is, by definition, [(d/D/dni) — HR.

A H \ = (H \ -  H[) +  n2(d//dnx) (Hr -  Hb) (24)

The first term on the right-hand side of eq. (24), (Hi — Hi), is just A/Ii, 
the heat of sorption of the solvent by the unfilled polymer. The quantities
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TABLE II
Partial Molar Heat of Sorption of Water by Filled Epoxy Polymer“

Sorbed water, 
g./lOO g. polymer MH \, kcal./mole

0.2 -2 .5 3
0.4 -2 .0 6
0.6 - 1 .8 3
0.8 - 1 .8 0
1.0 -1 .6 9

“ ALL = —4.40 keal./mole.

( H f  —  H b) and d f / d n ,  are both positive. Therefore, it is expected that 
AH'i is more positive than AHi. Experimental data are shown in Table 
II. A cursory examination of Table II reveals that increases with 
solvent concentration, which may be viewed as a reflection of the lower Hh 
and hence higher (Hf — H b) values for polymer segments nearer to the 
surface. It may also be mentioned that in the sorption of acetone by 
TiCh-filled poly(vinyl acetate), AH \ is about 4.3 kcal./mole,2 which is 
more positive than the A/?i value for the unfilled PVAc, reported to be about 
— 0.6 kcal./mole.11

Similar consideration may be applied to the interpretation of the thermal 
expansion coefficient and heat capacity of a filled polymer. For example, 
the change of specific volume with temperature is:

d V / d T  = /  ( d V f / d T )  +  (1 -  f) ( d V J d T )  (25)

The experimentally observed d V / d T  of a filled polymer would be smaller 
than d V f / d T  of the unfilled polymer if d V b/ d T  is less than d V r/ d T .  This 
was observed in the case of a filled poly(vinyl acetate) sample where d V / d T  

at 40°C. is about 4.7 X 10~4 cm.3/g.-deg., in comparison with the d V f / d T  

value for the unfilled polymer of about 5.9 X 10-4 cm.3/g.-deg.12 The 
same treatment may be applied to heat capacity Cv.

It appears from the above calculations that the influence exerted by the 
filler particles probably is not limited to the immediate vicinity of the 
particle surface. The subject of the depth of the surface zone of a liquid 
in contact with a solid has been reviewed many years ago by Henniker.13 
Refractive index, x-ray diffraction, and electron diffraction data suggest 
that the effective depth of the surface zone having different structure from 
the bulk liquid may reach hundreds to thousands of Angstroms. Recent 
viscosity studies of dilute polymer solutions led to the interpretation that 
the adsorbed polymer layer on glass capillary has an “apparent” thickness 
of the order of 1000 A.14-17 The thickness of adsorbed polystyrene on 
chrome plate was measured, by ellipsometry, to be about several hundred 
Angstroms.18 The distance of effective interaction between a filler particle 
and the surrounding polymer in the solid state, estimated by us to be about 
1500 A. in our system, therefore does not seem to be unreasonable. It 
is generally acknowledged that the configuration of adsorbed polymer
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molecules is not necessarily the same as the configuration of the same poly
mer chains in solution or in bulk. It appears possible that the packing of 
the polymer molecules on top the adsorbed layer may be different from the 
packing of chains in the unfilled state. According to our calculation, a 
higher state of order exists in the packing of polymer chains near the filler 
surface. It is not entirely unexpected that the order of polymer packing- 
may decrease progressively with increasing distance from the filler surface. 
A detailed molecular mechanism of chain packing or order in amorphous 
polymers, however, is still lacking.
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Résumé
A partir d’une étude de la sorption de vapeur d’eau par les polymères Epoxy chargés 

de bioxyde de titane, on a calculé les différences d’enthalpie et d’entropie des polymères 
chargés et non-chargés. L’enthalpie et l’entropie du polymère chargé sont plus petites 
que celles du polymère non chargé d’environ 2 cal/g et 6 X 10 _3 u.e. respectivement. Ces 
différences peuvent être expliquées par l’existence d’un degré plus élevé d’ordre local des 
segments de polymère. On propose un modèle pour décrire l’interaction entre le poly
mère et la charge en fonction de la distance à partir de l’interface. Il semble que les 
segments de polymère situés à une distance inférieure à 1.500 A. de la surface 
de la particule de remplissage sont à l’intérieur de la sphère d’influence de la charge. 
Sur la base du modèle, on discute de l’influence de l’incorporation de charge sur le 
coefficient de dilatation thermique, sur la capacité calorifique et sur la chaleur molaire 
partielle de la solution de polymère.

Zusammenfassung
Aus den Ergebnissen einer Untersuchung der Sorption von Wasserdampf durch 

titandioxydgefüllte Epoxypolymere wurden die Enthalpie- und Entropieunterschiede 
zwischen gefüllten und ungefüllten Polymeren berechnet. Die Enthalpie und die En
tropie des gefüllten Polymeren sind um etwa 2 kal/g bzw. 6.10-3 cal. grad-1 kleiner als 
diejenigen des ungefüllten Polymeren. Diese Unterschiede können durch das Bestehen
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eines höheren lokalen Ordnungsgrads der Polymersegmente erklärt werden. Ein Modell 
zur Beschreibung der Wechselwirkung zwischen Polymerem und Füllstoff als Funktion 
des Abstandes von der Grenzfläche wird angegeben. Es scheint, dass Polymersegmente 
bei einem geringeren Abstand von der Oberfläche der Füllstoffteilchen als 1500 A sich 
innerhalb der Einflusssphäre des Füllstoffes befinden. Der Einfluss des Füllstoffeinbaus 
auf den thermischen Expansionskoeffizienten, die Wärmekapazität und die partielle 
molare Lösungswärme des Polymeren werden an Hand des Modells diskutiert.

Received December 22, 1964 
Reviscd February 7, 1965 
Prod. No. 4666A
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Kinetics of the Initiation of Styrene 
Polymerization by u-Butyllithium
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Synopsis

The reaction between styrene and n-butyllithium in benzene has been studied by 
spectrophotometry and calorimetry at 25°C. I t  was observed that the initiation of 
polymerization was first-order in styrene and one-third-order in butyllithium at styrene 
concentrations of 0.5 mole/1.. and that addition of butyllithium to styrene solutions 
caused an evolution of 1.7 kcal./mole of butyllithium. It was also noted that the rate of 
initiation was approximately an order of magnitude larger than that previously reported 
in very dilute styrene solutions (0.03 mole/1.) and comparable butyllithium concentra
tions. I t is concluded that styrene stabilizes trimeric butyllithium relative to its hexamer 
by a nonstoichiometric, exothermic solvation process.

Introduction

In the more than five years since the first publication1)2 oil the subject 
appeared, the unusual kinetics of the n-butyllithium (BuLi)-initiated poly
merization of styrene has excited considerable interest. It had appeared 
that the work of Worsfold and Bywater3 had essentially solved the kinetic 
problem. They proposed a mechanism for polymerization in benzene 
involving hexameric BuLi and dimeric polystyryllithium chain ends. 
Their kinetic results exhibited extremely precise agreement with the mech
anism expressed in eqs. (l)-(4), where n has a value of 6.

A',

(BuLi)„ 7^ n-BuLi (1)

BuLi +  M -> Bu(M)1-Li + (2)

Bu(M)M“Li+ +  M —> Bu(M)„+i Li (3)
K-i

(Bu(M)„- Li+)2 ^  Bu(M)„- Li + (4)
* Present address: Department of Polymer Chemistry, Kyoto University, Kyoto, 

Japan (on leave of absence, 1964—65)
f Present address: Olin Mathison Corp., Fayetteville, N. C. 
t  Present address. W. R. Grace and Co., Silver Springs, Md.
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Recent work by Morton et al.4 has sustained the concept of dimeric chain 
ends, and vapor pressure studies by Margerison and Newport5 confirm the 
existence of BuLi as a hexamer. When these works are considered together, 
the kinetic scheme above cannot be questioned. However, the work which 
established the above initiation mechanism was done at a maximum 
styrene concentration of 0.03 mole/1.3 We will show in this paper that at 
concentrations of 0.2- 1.0 mole/1. of styrene, the kinetics of initiation indi
cates that BuLi exists as a trimer.

Experimental

Three distinct types of experiments (A, B, and C) were performed, all at 
25°C.

In experiments A, mixtures of styrene ([Sty] =  10~4M) and commercial 
n-butyllithium ([BuLi] = 1.29M) were prepared in cyclohexane under a 
helium atmosphere. The samples were contained in cylindrical, 1.0 cm. 
spectrophotometer cells which were sealed under vacuum. A vertical line 
scribed on the cell permitted reproducible alignment. The absorbance of 
the solution was followed at 440 m f o r  a period of days, until a limiting 
absorbance was reached. Simultaneous absorbance measurements were 
also made at 334 m/r until those more intense readings went above 2.0.

In series B, catalytic amounts of benzene solutions of BuLi were added 
through a breakseal to 0.5M  styrene in benzene. The entire process was 
carried out in a vacuum-jacketed reaction flask containing a thermistor. 
The thermistor formed one arm of a Wheatstone bridge, and the potential 
required to balance the bridge was recorded as a function of time. Temper
ature changes as small as 0.01 °C. could be measured. Knowledge of the 
various heat capacities, the heat of polymerization, and the rate of heat loss 
from the flask enabled us to calculate conversion of monomer to polymer to 
within ±0.1%. In all of these experiments, the important observation was 
made that the addition of BuLi caused an immediate temperature increase 
of approximately 0.08°C. Since the solution was magnetically stirred and 
at temperature equilibrium with its surroundings before the addition of the 
BuLi, the temperature rise must represent a heat of solution of BuLi. 
Maximum temperature rise due to subsequent polymerization was approxi
mately 2.0°C.

In experiment series C, solutions of the same concentrations as those in 
experiments B were prepared in spectrophotometer cells and the absorbance 
monitored at 540 m/r until a limiting absorbance was reached. This 
occurred in about 1 hr. when polymerization was only 60-80% complete. 
Frequent measurements were also made of the absorbance at 440 mu until 
it went above 2.0.

All solvents and monomers were carefully dried over calcium hydride and 
distilled under vacuum immediately before use. In experiments B and C, 
all transfers were performed under a vacuum of 10_c mm. Hg.

Solutions of BuLi were kindly supplied by the Foote Mineral Co. in a
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hydrocarbon solvent which was a mixture of pentane and heptane. BuLi 
concentrations were determined by the double titration method of Gilman.6

A Beckman DK-1 equipped with a thermostatted cell holder was used 
for all spectrophotometric measurements.

Results

Figure 1 shows a plot of the limiting absorbance at 440 mu of the solutions 
containing small amounts of styrene and a vast excess of BuLi (1.29M). 
Figure 2 shows a first-order plot of the absorbance as a function of time. 
The zero-zero intercept of Figure 1 and the linearity of Figures 1 and 2 
justify the assumption that every styrene molecule added to a BuLi mole-

Fig. 1. Limiting absorbance at 440 him &s a function of the amount of styrene added to
1.29M BuLi.

Fig. 2. Pseudo first-order behavior of absorbance at 440 m/i when various amounts of 
styrene were added to 1.29M BuLi at 25°C. : ( X )  [Sty] = 7.15 X  10“4Af; (O) [Sty] = 
5.71 X  10-*; (A) [Sty] = 4.28 X  Itr*Af; (□) [Sty] = 4.28 X  1 0 ( • )  [Sty] = 
2.88 X  10~*Af; (V) [Sty]]= 1.43 X 10~*M.
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cule and no polymerization took place. This permits us to calculate the 
extinction coefficient e for the styryllithium chain end at 440 m/x. From 
the simultaneous measurements which we made at 334 m/x, we can calculate 
that extinction coefficient also. Values are given in Table I.

TABLE I
Molar Extinction Coefficients of the Species R—CH2—CH(C6Hr.)—Li in Hydrocarbon

Solvent

A,
m fi

e,
l./mole/cm.

Approximate concentration, 

mole/1.
[Sty] [BuLi] R Reference

334 13,000 0.09 0.0005 Polystyrene 3
334 13,600 0.0004 1.29 Butyl This work, A
440 1,360 0.0004 1.29 Butyl This work, A
440 1,450 0.5 0.04 Polystyrene This work, C
540 39 0.5 0.04 Polystyrene This work, C
550 >10 0.7 0.07 Polystyrene 7a
530 ~50 1.5 0.03 Polystyrene 2b

a Polymerization complete before BuLi consumed. 
b Not done under vacuum.

From the linearity of Figure 2 we can also deduce that initiation is first- 
order in styrene as was previously shown,3’7 From the slope of Figure 2 
and the 440 m u  extinction coefficient, we can calculate the pseudo first- 
order rate constant for initiation. Assuming the reaction to be one-sixth- 
order with respect to BuLi, we obtain 1.53 X 10-3 (1./mole)1/6 min.-1 at 
25°C. Interpolation of the data of Worsfold and Bywater with an apparent 
activation energy of 18 kcal.3 gives a value of 0.82 X 10-3 (l./mole)1/6 
min.-1 at 25°C. Considering the more than three orders of magnitude

ZO
ina:
UJ>zou

Fig. 3. Absorbance at 540 m/x and conversion as a function of time at 25°C. in benzene 
at [Sty] = 0.51 Af; [BuLi] = 0.030A/.
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Fig. 4. Limiting absorbance at 540 m/u as a function of the amount of BuLi added to ap
proximately 0.5M  styrene.

difference in BuLi concentrations, and the difference in solvents, the agree
ment is considered satisfactory.

Figure 3 shows a typical plot of the increase in absorbance and conversion 
in two separate experiments done under the same reaction conditions. In 
Figure 4 is shown a plot of the limiting absorbance at 540 m/x as a function 
of the initial BuLi concentration. From this plot and from simultaneous 
measurements made of absorbance at 440 m/r, extinction coefficients were 
determined for the polystyryllithium chain ends. Values are contained in 
Table I.

In Table II are listed the temperature jumps which were noted at the 
start of all experiments B when BuLi in benzene was added to styrene in 
benzene. The average heat produced was 1.7 ± 0.3 kcal./mole of BuLi. 
Based on the BuLi existing as a hexamer in benzene, this is 10.2 ± 1.8 
kcal./mole of hexameric BuLi.

Discussion of Results

The data of Figures 1-4 and Table I clearly show that the extinction 
coefficients we have determined are quantitative measures of the total con
centration of the species

H
I

R—CH2—CeLi®
I

c 6h 6

whether R is a butyl group or a polystyrene chain and regardless of the 
exact state of association. Furthermore, they show that these extinction 
coefficients are independent of monomer and BuLi concentrations. The 
use of the extinction coefficients and the rates of change of absorbance is 
therefore valid for determination of the rate of initiation, IR. We can 
write then, at time zero :

III = - d [ B 0]/dl = (1/e)( t lA/dt)  = k i ( K i / n ) ' ,n [B„][Sty]„ (5)
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3 + log (IBoI-^i)

Fig. 5. Plot eq. (6) or 25°C.: (O) [B0] = 0.0304/, [Sty]0 = 0.5094/; ( • )  [B0] = 
0.044/, [Sty]o = 0.4914/. Points in parentheses are from initial tangents; (—) of 
A vs. time plots. Expected value from Worsfold and Bywater.3

At some subsequent time, t:

IR/[Sty], = U K i / n y i "  {[B„] -  A,/«}1'» (6)

Here [B0] is the analytically determined BuLi concentration, A t is the 
absorbance at time t, and the other terms are defined in the Worsfold and 
Bywater mechanism of eqs. (l)-(4). A correct solution in closed form of 
the differential equations describing the kinetics of this mechanism has not 
been achieved, but we can use eq. (6) in a log-log plot where data such as 
Figure 3 are available, since the absorbance-time data were obtained at a 
fast recorder speed and d A / d t  can be precisely calculated. A plot of eq. (6) 
from data such as those of Figure 3, is shown in Figure 5. Least-squares 
analysis of the data gives in units of moles, liters, and minutes:

l / n  = 0.333

k i ( K i / n ) lln = 1.02 X 10-2 at 25°C.

Not only does this indicate that a trimer rather than a hexamer is the 
dominant species, but the value of the observed rate is one order of magni
tude greater than that predicted from the data of Worsfold and Bywater3 or 
by our own experiments A. For comparison in Figure 5 we show as a 
dotted line the value of lit/[Sty] predicted from Worsfold and Bywater.

Because of this large discrepancy we have plotted data from the work of 
Cubbon and Margerison7 at 15°C. They measured initial rates of absorb
ance increase at 550 np  using initial styrene concentrat ions of 0.72 mole/1. 
Since the spectrum of styryllithium is quite flat in this region, we have used
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Fig. 6. Plot of (------) initial rate data from Cubbon and Margerison7 according to eq. (5)
M [Styjo = 0.72A/; (—) expected value from Worsfold and Rywater.3

our extinction coefficient at 540 m/j and show in Figure 6 the variation of 
initial IR with [B0]. Again for comparison we include the prediction of 
Worsfold and Bywater3 at 15°C. and again we note a slope of 1/ 8 for the 
higher styrene concentration and a difference in rate of more than one half 
of an order of magnitude.

Conclusions

We conclude that in the presence of approximately 0.5 mole/1. of styrene 
in benzene, BuLi exists as a trimer. From the data in Table II, we suggest 
that the heat of reaction for reaction (7) is A/ / 6 ,3 = —10.2 ± 1.8 kcal.

(BuLi)6 (<0.03M styrene/benzene) —*•
2(BuLi)3 (0.5M styrene/benzene) (7)

The possibility that cross-association between BuLi and the living chain 
end gives rise to the x/ 3 dependence in Figure 5 can be ruled out by noting 
the comparatively high initial rates of chain end formation obtained in both 
this work and in that of Cubbon and Margerison.7 Experimental diffi
culties associated with mixing of reactants and measuring changes in small 
absorbances cause these numbers to be somewhat more imprecise than the 
data at higher conversions. Therefore in Figure 5 we have not included 
the initial rate data in the least-squares analysis, but show only the points 
to indicate that cross-association cannot be the source of the rate enhance
ment over that of Worsfold and Bywater.3 Figure 6 also indicates the 
unimportance of cross-association, since there, too, higher rates were ob
tained for initial measurements.

The conclusion that monomer solvates hexamer to give trimer must be 
reconciled with the well established fact that initiation is first-order with 
respect to monomer.3'7 We suggest that styrene solvates the trimeric 
butyllithium in a nonstoichiometric fashion similar to the postulated solva
tion of monomeric polyisoprenyllithium by tetrahydrofuran.8



3 2 4 8 K .  O ’D R I S C O L L ,  E .  R I C C H E Z Z A ,  J .  C L A R K

TABLE II
Initial Temperature Jump i' AT) When Bui 1 Added to Benzene Solution of Styrene

[Sty],
mole/1.

[BuLi],
mole/1.

Ileat capacity 
of system C, 

cal. /des.

Volume of 
system V, 

ml.
AT,
°C.

Q,
kcal./mole 

BuLi“

0.379 0.027 0.69 10.4 0.07 1.3
0.379 0.026 6.69 10.5 0.07 1.7
0.505 0.032 6.75 10.5 0.08 1.0
0.383 0.029 6.79 10.7 0.09 2.0
0.384 0.027 6.80 10.4 0.09 2.2
0.521 0.031 6.73 10.4 0.08 1.7
0.549 0.027 6.94 11.0 0.00 1 .4

» Q = C A T /V  [BuLi],

It would be interesting to know more about- the thermodynamics of the 
association equilibria. From this work and (hat of Worsfold and By water,3 
we can write at 25°C.:

h  (/C1<6)/6),/,//ci/ (A /3’/3)’/! = 0.824 X 10-3/]0.2 X 10“3 (8)

where K 1m  is the equilibrium constant for dissociation of the w-mcr into 
monomeric BuLi and ki and W  are the respective rate constants for initia
tion by unsolvated and solvated monomeric BuLi. If these two rate con
stants were equal, we could calculate from eq. (8) that

(AY6,) 1/y (A V 3)) V3 = 0.075 (9)

However, the assumption that k\ = /c/ is equivalent to assuming that mono
meric BuLi is unaffected by solvation It would follow from a considera
tion of the isothermal cycle [eq. (10) ] that A6,3 = (0.075)° and that AS6,3 = 
— 65 e.u. if A/A.3 = —10.2 kcal./mole.

(BuLi) 6 ” ^  2 (BuLi) 3

my

6 BuLi

(10)

The small value of K e,z is inconsistent with the postulated predominance of 
trimeric BuLi, and the extremely large, negative entropy change is incon
sistent with a dissociation process. It therefore seems that ki must be 
affected by solvation. Calculation shows that if the ratio ky/ki is appreci
ably less than 0.1, A6,3 will have a value that places more than 90% of the 
BuLi in the trimer. The ratio k i / k i  would have to be less than 0.004 for 
AiS6i3 to be positive.

Sinn et al. have also postulated the existence of a trimer as well as a 
hexamer to account for the kinetics of isoprene initiation in hexane.9 They 
offer no conclusive evidence, but by assuming a single value of fci and curve
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fitting to a polynomimal equation they determined values for Ad™ and Ad™ 
such that we can calculate in isoprene/hexane at 20°C.

(Ad<6))V7(Ad(3>),/3 = 0.29 (11)
which contrasts with the value of eq. (9). Unfortunately, Sinn et al.9 do not 
report any temperature variation, so it is not possible to compare thermo
dynamic parameters directly.

Solvation has long been considered of importance in ionic polymerization, 
and the existence of a scale of solvating power for monomers has been sug
gested.10 The variation for different compounds in their solvating ability 
for the carbon-lithium bond is explicitly contained in the polymerization 
work of Tobolsky and Rogers11 as well as in the spectroscopic investigations 
of Waack.12 It apoears that BuLi exists as a hexamer in benzene,3'6 a 
trimer in styrene, a dimer in methyl ether,13 and a monomer in tetrahydro- 
furan. The ability of vinyl or diene monomers to form x complexes with 
the carbon-lithium bond has also recently been invoked14 to explain anionic 
copolymerization behavior as well as the effect of durene on the homopoly
merization kinetics of styrene. We believe that this paper offers some idea 
of the quantitative magnitude of the solvation enthalpies involved. They 
are surprisingly large even for relatively weak solvating agents such as 
styrene and isoprene. A surprisingly large value was also noted by Morton 
et al.4 for the solvation of polyisoprenyllithium by tetrahydrofuran.

Support of this work by the National Science Foundation, Grant G-9497, and by the 
Petroleum Research Fund, administered by the American Chemical Society, is grate
fully acknowledged.
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Résumé
On a étudié la réaction entre le styrène et le ra-butyllithium dans le benzène par spec- 

trophotométrie et calorimétrie à 25°C. On a observé que l’initiation de la polymérisation 
était du premier ordre par rapport au styrène et de l’ordre un tiers par rapport au butvl- 
lithium pour des concentrations en styrène de 0,5 m/1., et que l’addition de butyllithium
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aux solutions de styrène provoquait un dégagement de 1,7 kcal/mol. de butyllithium. 
On a également noté que la vitesse d’initiation était approximativement d ’un ordre de 
grandeur plus grand que celle décrite antérieurement en solutions styréniques très diluées 
(0,03 m/1.) et avec des concentrations en butyllithium comparables. On peut conclure 
que le styrène stabilise le butyllithium trimère comparativement à son hexamére par un 
processus de solvatation exothermique non stoechiométrique.

Zusammenfassung
Die Reaktion zwischen Styrol und ra-Butyllithium in Benzol wurde spektrophoto- 

metrisch und kalorimetrisch bei 25°C untersucht. Der Polymerisationsstart ist von 
erster Ordnung in bezug auf Styrol und von der Ordnung y 3 in bezug auf Butyllithium 
bei Styrolkonzentrationen von 0,5 m/1, und der Zusatz von Butyllithium zu Styrol
lösungen verursacht eine Entwicklung von 1,7 kcal/Mol Butyllithium. Weiters wurde 
festgestellt, dass die Startgeschwindigkeit ungefähr um eine Grüssenordnung höher ist 
als sie früher für sehr verdünnte Styrollösungen (0,03 m/1) und vergleichbare Butyl- 
lithiumkonzentrationen berechnet wurde. Man kommt zu dem Schluss, dass Styrol das 
trimere Butyllithium im Verhältnis zu seinem hexameren durch einen nichtstöchio
metrischen exothermen Solvatationsprozess stabilisiert.

Received January 19, 1965 
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Prod. No. 4669A
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Single Crystals o f Amylose V Complexes

YUHIKO YAMASHITA, Faculty of Engineering, Okayama University,
Okayama, Japan

Synopsis
In the present paper our previous results and Manley’s results for single crystals of 

amylose V complexes are confirmed. A reasonable interpretation of electron diffraction 
patterns from lamellar crystals of the monohydrated complex and of the anhydrous 
complex is presented. I t is concluded that the longer side of rectangular lamellae 
corresponds to the a axis of the unit cell of the wet complex, and that the crystal structure 
does not have hexagonal symmetry a t the time when the lamellar crystals are formed in 
the supercooled solution. The mode of chain packing in the single crystals is described 
and discussed.

INTRODUCTION

Amylose is a linear polymer derived from naturally occurring starches. 
It is well known that amylose in the solid state exists in two basically dif
ferent conformations: an extended form which yields either the A or B type 
of x-ray diffraction pattern and a helical form which yields the V pattern.1-4 
The V type conformation results from amylose complexes precipitated 
from aqueous solution with various alcohols. These precipitates have been 
studied by many investigators. Rundle et al.3 have determined the crys
tal structure of the n-butanol-amylose complex from x-ray powder dia
grams. The unit cell is orthorhombic with the dimensions a = 13.7 A., b 
= 23.8 A., and c = 8.05 A. for the monohydrated complex (one water mole
cule per glucose residue) and a = 13.0 A., b = 23.0 A., and c = 8.05 A. 
for the anhydrous complex.5 The chain molecule assumes a helical con
formation with six glucose residues per turn, and each unit cell contains two 
helices directed in opposite directions. On the other hand, rectangular 
platelets and six-segmented spherulites have been observed microscopically 
in crystal suspensions precipitated with n-butanol by Kerr et al.6 and 
Schoch.7 The difficulty of producing oriented fibers and films of amylose 
V complexes seems to have interrupted the elucidation of more detailed 
structure in the solid state.

However, various high polymers have been found in the form of single 
crystals in which the molecular chains are folded in segments of 100 A. 
since the polyethylene single crystal was discovered in 1957.8-10 These 
have given us an effective means for structural studies of crystalline 
polymers. We have reported previously11'12 that single crystals of amy-

3251
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lose V complexes can be crystallized as rectangular-shaped lamellae in 
which the helix axes are oriented perpendicular to the lamellar surface. In 
view of the lamellar thickness and average degree of polymerization, a 
given helical chain must necessarily be folded in the lamella repeatedly. 
It was interesting that the concept of chain folding could be applied to 
lamellar crystals of the n-butanol-amylose complex, which has the abnor
mally large helix diameter of 13.7 A., just in the same way as the other var
ious synthetic polymers. More recently, Manley13 has independently pub
lished a paper on chain folding in amylose crystals in which he presents 
conclusions substantially the same as our previous ones. In the present 
we will report in more detail morphological observations and structure 
studies on the lamellar crystals by electron microscopy and by electron 
and x-ray diffraction.

EXPERIMENTAL

Preparation of Amylose V Complexes

The amylose V complexes of n-butanol and n-propanol were prepared 
following Kerr’s procedure.6 Amylose was extracted from potato starch 
with distilled water at 70°C. Precipitating agents were added to the re
sulting aqueous solutions at 95°C. Crystallization was performed at con
stant temperatures between 40 and 00°C. with gentle stirring. To obtain 
the degree of polymerization of our amylose, the intrinsic viscosity in IN  
KOH at 22.5°C. was measured. This value was 115 l./g., and corresponds 
to an average degree of polymerization of 850 from the viscosity-molecular 
weight relation derived by Greenwood et al.14

Morphological Observations and Electron Diffraction Studies

Drops of the crystal suspension were placed on carbon-coated grids and 
the solvent was removed in a desiccator. The specimens were shadowed 
with Ge or Pt-Pd and were examined by direct transmission in a JEM 6A 
electron microscope. Selected area electron diffraction experiments were 
carried out in the same instrument. Calibration of the diffraction spots 
was made with the aid of a thin evaporated layer of aluminum on the same 
specimen.

X-Ray Diffraction Studies

Films obtained by filtering the crystal suspension, and powder samples 
obtained by centrifugation of the crystal suspension, were used for x-ray 
diffraction studies. High-angle x-ray diffraction photographs for oriented 
films of sedimented lamellar crystals were obtained in a flat film camera with 
the use of nickel-filtered CuKa radiation. High-angle x-ray powder pat
terns of the samples were obtained by a diffractometer by use of nickel- 
filtered CuKa radiation. Low-angle x-ray diffraction patterns of the ori
ented film were measured with a low-angle diffractometer (Rigaku Denki 
Co., Ltd.).
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RESULTS

Morphology

The electron microscopic observations on crystals of the n-butanol and 
n-propanol complexes prepared by the procedure described above confirmed 
our previous results11’12 and also Manley’s results.13 The micrograph in 
Figure 1 shows typical crystals obtained by adding n-butanol to 0.05% 
amylose solution. The crystals generally consist of aggregates composed 
of stacks of thin, rectangular-shaped lamellae. The thickness of each 
lamella is estimated to be about 100 A. from shadow length measurements. 
Dislocation-centered spiral growth was not observed in these crystals.

Fig. 1. Electron micrograph of the n-butanol complex. These crystals show cracks 
along the direction of the longer side of the rectangular lamellae. Detailed aspects of 
the cracks also show the fibers pulled out perpendicular to the longer side.

This suggests that the crystals thicken by epitaxal growth oriented on the 
lower lamellae. Further, a single lamella can be crystallized from very 
dilute solution of concentration of about 0.005%. It is one of the most 
characteristic features that the crystals frequently show cracks only along 
the direction of the longer side of the rectangular lamellae (Fig. 1). These 
are associated with stress due to anisotropic shrinkage which occurs during 
the drying process of the wet complex to the monohydrated complex, as 
will be discussed later. Details of the cracks also show the presence of 
fibers pulled out perpendicular to the longer side. These fibers have the 
same appearance as those observed by Hirai et al.15 in torn polyethylene 
single crystals. An increase in concentration of the amylose solution 
favored the growth of the cross-shaped and rosette-shaped crystals which
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have been described by Manley as twinned crystals consisting of two or 
three platelets with a 60° angle of intersection.

Electron and X-Ray Diffraction Studies

A selected area electron diffraction pattern and a corresponding electron 
micrograph of the n-butanol complex dried in a desiccator for 8 hr. are 
shown in Figure 2, where their relative orientations have been corrected 
for rotation in the microscope. This pattern represents the (/i/cO) reflec
tions of the unit cell determined by Rundle et. al.3 for the monohydrated 
complex. The reflection spots exist on three Debye-Scherrer rings with 
spacings of 11.9, 6.87, and 4.50 A. The twelve spots of the outermost ring 
are indexed as jloOj, {240}, {310} for the orthorhombic unit cell. The 
next six spots and the innermost six spots are indexed as {200}, {130} and

(&)

Fig. 2. «-Butanol complex: (a) selected area electron diffraction pattern and (h) a 
corresponding electron micrograph.
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Fig. 3. X-ray diffraction curves of the powder samples of the ra-butanol complex in 
various drying states: (a) wet samples dripping saturated n-butanol solution; (b) 
samples dried in a desiccator for 24 hr.; (c) samples dried in vacuo a t 100°C. for 8 
hr.

{llO}, {020}, respectively. Because the pattern has a hexagonal symme
try in point of spacings and intensities, it seems to be more reasonable that 
three spacings should be indexed as {200}, ¡220} and {420} for a hex
agonal unit cell with a = 27.4 A. and c = 8.05 A. This has been suggested 
as another possible unit cell by Rundle et al.3 This large unit cell con
tains four helices. Also, the {400} and {600} spots, corresponding to {220}, 
{040} and {330}, {060}, respectively, for the orthorhombic unit cell, can 
be seen on the original plates. The helix diameter calculated from the 
above spacings was 13.8 A.

We can not determine the plane corresponding to the longer side of the 
rectangular crystals from the correlation of the selected area electron dif
fraction pattern and electron micrograph. The difficulty arises from the 
fact that there is no difference in the {200} and {130} spacings of the ortho
rhombic unit cell, which have identical d values because of hexagonal na
ture. I t  seems reasonable, however, to assume that the a axis, and not 
the b axis as reported by Manley, corresponds to the longer side, as will be 
discussed later.

It was also found that the electron diffraction pattern from the specimen 
dried thoroughly at 100°C. in vacuo for 8 hr. shows a decrease in the 
spacings, and the helix diameter calculated from it is 13.2 A. At present 
it is reasonable to assume that the two values obtained in different condi
tions of drying correspond to those of the monohydrated complex and the 
anhydrous complex determined by Rundle et al.5
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Fig. 4. X-ray diffraction photograph obtained from the film of the sedimented lamellar 
crystals. The x-ray beam was directed parallel to the film surface which was oriented 
along the equator.

Fig. 5. Low-angle x-ray diffraction curve obtained on the film with the beam parallel
to the film surface.

X-ray powder patterns were obtained for samples dried under various 
conditions. X-ray diffraction curves for the wet samples dripping the 
saturated n-butanol solution are shown in Figure 3a. The diffraction 
curve does not indicate hexagonal symmetry. Figures 36 and 3c show 
curves obtained from the samples dried in a desiccator for 24 hr. and in 
vacuo at 100°C. for 8 hr., respectively. The helix diameters calculated 
from these x-ray patterns are 13.7 and 13.0 A.
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la  order to obtain a film with basal planes of lamellar crystals parallel 
to the film surface, the crystal suspension was filtered carefully. When the 
x-ray beam was directed parallel to the film surface, the diffraction pattern 
showed preferential orientation, as shown in Figure 4. This result is 
consistent with Manley’s and shows that the helices are oriented perpen
dicular to the lamellar surface. The low-angle x-ray diffraction curve in 
Figure 5 was obtained on the same specimen with the beam parallel to the 
film surface. The long spacing calculated by assuming the Bragg equa
tion to be valid here is 98 A. This value agrees with the thickness esti
mated from electron micrographs, but is inconsistent with that of 75 A. 
which has led Manley to suggest an invariance of fold period with tempera
ture of crystallization. However, it should be noticed that the concentra
tion of amylose in our crystallization experiment was about 0.05%, much 
lower than Manley’s.

D I S C U S S IO N

Manley13 has postulated two interpretations for electron diffraction pat
terns such as those we have obtained from lamellar crystals identified with 
the anhydrous complex. The first interpretation, which was considered 
more probable, is based on the superposition of the diffraction patterns of 
three single orthorhombic lattices. Then it has been suggested that a rec
tangular lamella contains elements of repeated microtwinning. The 
second interpretation is based on the fact that the spacings and intensities 
of the {llO} and {020}; {200} and {130}; and ¡150}, {240}, and {310} 
points, respectively, are equal because of the pseudo-hexagonal nature of 
the anhydrous complex. We chose the second interpretation rather than the 
first, for the following reasons. There exists no evidence in morphological 
observations that single platelets grow by a mechanism involving repeated 
microtwinning. On the contrary, the fact that the cracks of single plate
lets always exist in the direction of the longer side lead us to conclude that 
the rectangular platelets are single crystals. Further, the reason why a 
lower symmetrical pattern having only the [ 110}, ¡200}, and {150} spots 
is envisaged, in spite of the steadily evolved concept of the closed packed 
helices for anhydrous V complex, can not be understood. Finally, we will 
suggest that two similar patterns which were obtained from the specimens 
dried at different conditions can be explained unambiguously as the appear
ance of the {llO} and {020}; {200} and {130}; and {150}, {240}, and 
{310} points in the zero layer of the reciprocal lattice of the two orthorhom
bic unit cells which have been determined by Rundle et al.5 for the mono- 
hydrated and anhydrous complexes, respectively. Furthermore, the hex
agonal features in the spacings and intensities indicate that the hexagonal 
unit cell may be more real than the orthorhombic in both cases.

We consider the question of the helix diameters of the amylose V com
plexes. It was mentioned earlier that the values of 13.8 and 13.2 A. cor
respond to the monohydrated complex and the anhydrous complex helix



3258 Y. YAMASHITA

diameters, respectively. Such identification raises possibly objections: 
(1) these values differ a little from those of 13.7 and 13.0 A. obtained by 
our x-ray powder patterns, and (0) the crystals bind the water tightly 
enough in the unheated specimens that they do not lose the water in the 
microscope vacuum. The former may probably be an effect16 of the beam 
on the spacings while the crystal is in the microscope. We do not have a 
clear answer to the latter but we notice that Germino et al. report17 a 
substantially anhydrous methyl ethyl ketone complex which has a helix 
diameter of 13.7 A. Their result seems to suggest that the helix diameter 
of 13.7 A. does not always depend on the presence or absence of water.

Fig. 6. Reflection spots of the electron diffraction and reciprocal lattice of (001) 
planes. Dots show observed reflections, the dotted lines show the outline of a single 
crystal.

We consider next the question of the shape of the crystals. The hex
agonal symmetry of the unit cell in the basal plane obtained from the electron 
diffraction pattern would lead us to expect that the crystals may have a 
rhombic or hexagonal habit, but the real crystal has an apparent rectangular 
habit. This suggests that the crystal structure does not have hexagonal 
symmetry at the time when the lamellar crystals are formed in the super
cooled solutions. This suggestion is supported by the fact that the x-ray 
curves of Figure 3a are inconsistent with a hexagonal structure but can be 
accounted for satisfactorily by an orthorhombic unit cell obtained by modi
fying slightly the unit cell found for the monohydrated complex: keeping 
a constant, increasing b by about 1.8 A., and decreasing c by 0.25 A. The 
unit cell dimensions thus obtained are a = 13.7 A., b = 25.6 A., and c = 7.8 
A.; these values are the same as those obtained by Rundle et al. for the wet 
re-butanol complex. Electron diffraction studies did not show the unit cell 
for the wet complex, because this state of the crystals was unstable under 
vacuum. However, we can conclude that the unit cell, with b lattice con
stant larger than that of the monohydrated complex, exists in the original 
crystals before drying.
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If the crystal structure of the wet complex is changed to that of the mono- 
hydrated complex during drying, the value of a is unchanged, but that of b 
is decreased by a very large value of 1.8 A. This should lead to an aniso
tropic shrinkage of the crystals and cause cracks on the lamella parallel to 
the longer side, as shown in Figure 1. In this way the direction of cracks 
on the lamella can be explained when the a axis is assigned as shown sche
matically in Figure 6.

I t is now necessary to consider the mode of chain packing in the lamellar 
crystal. According to the work of Bundle et al., two helices contained in 
the unit cell of the wet complex are directed in opposite directions. On the 
basis of these facts, the mode of chain packing can be discussed. Consider 
the projection of a crystal on the (001) plane shown in Figure 7 in which the

■RapLtL gfiew ik cLbcudùm

Fig. 7. Folding structure of chain molecules in lamellar crystals. The helices rep
resented by circles are normal to the plane of the figure and the outline of a single crystal 
is represented by dotted lines. The directions of the chain (upward and downward) are 
designated by the symbols +  and —, respectively.

external form of the crystal is represented by dotted lines. The chain direc
tion of upward and downward are designated by the symbols +  and —, re
spectively. As the folding must be formed between antiparallel chains, the 
chains should be connected by a fold between the corner and the center in 
the unit cell and the fold plane should be parallel to the (110) plane. Thus 
we have the folding structure as shown in Figure 7 which differs from (Man- 
ley’s.13

We can explain the twinning of the crystals based on our folding struc
ture. Although the apparent growing faces are (100) and (010) planes, the 
growth rate in the (100) plane is faster than that in the (010) plane. On the 
other hand, the (130) plane is very similar to the (100) plane in respect of 
the intermolecular distance. Thus the molecule can deposit on the (130) 
plane as easily as on the (100) in the growing crystals and a twin can be 
formed.

The author would like to thank Prof. Nishio Hirai of the faculty of Science, Okayama 
University, for his many interesting and constructive suggestions and guidances 
throughout the investigation. The author also wishes to thank Mr. T. Yasui and Mr.
S. Fujita for significant contributions to this work.
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Résumé
Dans cet article nos résultats précédents et ceux de Manley concernant les mono

cristaux de complexes d’amylose V sont confirmés. On propose une interprétation 
raisonnable des diagrammes de diffraction électronique à partir de cristaux lamellaires 
des complexes monohydratés et des complexes anhydres. En plus, on peut conclure 
que la longueur des lamelles rectangulaires correspond à l’axe a de la cellule unitaire du 
complexe hydraté, et que la structure du cristal n’a pas de symétrie hexagonal au 
moment où les cristaux lamellaires sont formés dans la solution surgelée. On décrit et 
discute de l’arrangement spatial des chaînes dans les monocristaux.

Zusammenfassung
In der vorliegenden Mitteilung werden unsere Ergebnisse sowie diejenigen von Manley 

für Einkristalle der Amylose-V-Komplexe bestätigt. Eine Interpretation der Elektro- 
nenbeugungsdiagramme lamellarer Kristalle des Monohydratkomplexes und des wasser
freien Komplexes wird gegeben. Weiters kommt man zu dem Schluss, dass die längere 
Seite der rechteckigen Lamellen der a-Achse der Elementarzelle des feuchten Komplexes 
entspricht und dass die Kristallstruktur zur Zeit der Bildung der lamellaren Kristalle 
in der unterkühlten Lösung keine hexagonale Symmetrie besitzt. Die Art der Ketten
packung in den Einkristallen wird beschrieben und diskutiert.
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Oxonium Ion-Initiated Polmerization of 
T etrahydrofuran

DAVID VOFSI* and ARTHUR V. TOBOLSKY, Department of Chemistry, 
Princeton University, Princeton, New Jersey

Synopsis
The kinetics of polymerization of tetrahydrofuran was studied, with the use of tri- 

ethyloxonium tetrafluoroborate as initiator and dichloroethane as solvent. Conversion 
versus time and degree of polymerization versus time were measured at 0°C. at various 
monomer and initiator concentrations. The data were systematized by means of a kin
etic equation, and the absolute rate constants for initiation and propagation were deter
mined.

INTRODUCTION

The polymerization of tetrahydrofuran (THF) was first described by 
Meerwein1 in 1939, who used as initiators trialkyloxonium salts.

In subsequent studies2 it was shown that THF polymerization can be 
initiated by practically any catalyst (or catalyst-cocatalyst system) which 
is a strong generalized acid. More recently some very active catalysts were 
reported for this reaction. Muetterties and coauthors3 described the forma
tion of extremely high molecular weight polymers by the action of PF5, while 
Saegusa et al.4 obtained similar polymers by the action of a trialkylalu- 
minum-H20  complex in the presence of a cocatalyst. The catalytic 
activity of trialkylaluminum-water complexes in ring-opening polymeriza
tions of cyclic ethers was noted earlier by Colclough et al.6

In all of these studies, it was mainly the synthetic aspect that was of 
interest to the various authors. Although it was recognized by Meerwein 
as a cationic type ring-opening equilibrium polymerization, kinetic studies 
of this reaction were not reported until recently.6-8 However, the catalyst 
systems chosen in these last studies probably involve rather complex in
itiation reactions, and the authors described mainly a kinetic pattern, 
rather than attempting a quantitative analysis of the various systems.

In the present work triethyloxonium tetrafluoroborate, (C2H5)3 0+BF4- , 
was used as catalyst, and polymerization was carried out in a solution of 
dichloroethane. Furthermore, the catalyst was labeled with C14, and this 
permitted the precise determination of molecular weights in the early stages 
of reaction.

* On leave from the Weizman Institute of Science, Rehovot, Israel.
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The polymerization proceeds in the manner shown in eqs. (1) and (2). 
Initiation:

The mechanism of chain growth, i.e., the structure of the active endgroup 
and the orientation of monomer during the act of addition, are not being 
discussed in the present work, so that eqs. (1) and (2) are to be regarded by 
way of a formal description only.

In these equations fci, kp and k-p are the specific rate constants of the 
initiation, the propagation, and depropagation reactions, respectively.

EXPERIMENTAL

Materials

Tetrahydrofuran. A Fisher Scientific Company product was refluxed over 
solid KOH for 48 hr., then distilled, the middle third being retained. This 
fraction was then refluxed over a potassium-sodium alloy until a green color 
developed upon addition of a trace of naphthalene. After removal of about 
one third by distillation, the middle fraction was made to condense in a num
ber of ampules under a vacuum. The ampules were sealed off and stored 
until used. Four different batches thus prepared were used in the course of 
this work.

Dichloroethane. Dichloroethane (Matheson Coleman) was refluxed over 
calcium hydride for 48 hr. A procedure similar to the previous one was 
then followed, and a number of ampules were sealed and put to storage.

Preparation of Catalyst. Borontrifluoride etherate (Eastman Chemicals 
was purified and made to react with epichlorohydrin (Aldrich) in an excess 
of ether, according to a procedure described by Meerwein et al.9 When the 
C14-labeled catalyst was prepared, about 150 mg. of C14-labeled diethyl 
ether (0.5 mC. activity, supplied by New England Nuclear) was added to 
the main portion of the ether. After filtration and washing with dry ether, 
the white crystals were dried in a vacuum at room temperature to remove 
traces of ether, and the crop was then transferred to a dry-box and distrib
uted between several preweighed ampules. These were then taken to the 
vacuum line and sealed. The exact weight in each ampule was determined 
by difference.

The catalyst ampules were stored under liquid nitrogen until use. 
(Storage at room temperature results in darkening of the salt in a few 
weeks.)

The catalyst had an activity of 8.6 X 106 disintegrations/g./min.
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Polymerization Procedure

The reaction was carried out in two compartment ampules (Pig. 1). 
The ampules were attached to the high vacuum line, and both compart
ments evacuated, flamed, and filled with pure dry nitrogen. With cocks 
closed, they were transferred to the dry-box and, after withdrawing the 
stopcock plug, they were filled in one compartment with a measured volume 
of THF. After closing the stopcocks, the ampules were removed from the 
dry-box, attached to the vacuum line, and after freezing the monomer, 
evacuated and sealed off at the constriction.

The same procedure was followed when filling the second compartment 
with catalyst solution. The catalyst solution was prepared in the dry-box 
by dissolving the contents of a catalyst ampule in dichloroethane. The 
proper amount was measured in by means of a syringe.

After temperature equilibrium had been attained in the thermostat, the 
ampule was vigorously shaken, the diaphragm broken, and the two com
ponents mixed instantaneously.

At specified intervals the ampules were withdrawn from the thermostat, 
quickly opened, and the reaction was stopped by injecting about 10 ml. 
of a 5% solution of diethylamine in dichloroethane. (This solution was

Fig. 1. Polymerization ampule.
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always prepared a few minutes before use.) The opening, injecting, and 
mixing operations did take place within 1 min.

The polymer was isolated by liquid extraction. The contents of an 
ampule were poured into a separatory funnel, diluted with dichloroethane, 
and extracted with water to remove all water-soluble components. The 
extraction was repeated, and the final solution was transferred to a pre
weighed Claisen-type flask and evaporated at room temperature (water 
aspirator) until most solvent was removed. The flask with the residue 
was then transferred to a vacuum oven, and pumping (oil pump) was con
tinued at 40°C. until constant weight was achieved. The yield was de- 
tex’mined by weighing.

Equipment

Viscosities were measured in Ubbelohde viscometers. All measurements 
were made in benzene solution at 30 °C.

Osmotic molecular weights were determined in a Mechrolab 301-A 
vapor pressure osmometer with benzene as solvent.

Endgroup analysis was carried out by means of a Chicago Nuclear 
liquid scintillation counter. The counting was done on samples of about 
150 mg. polymer, and counting efficiencies determined by the channels 
ratio method. The average degree of polymerization was calculated ac
cording to :

DP = 1+ (1905 -  188a)/72a

where 6 = ' / 3 number of disintegrations per gram catalyst, and a = number 
of disintegrations per gram polymer, per minute.

RESULTS AND DISCUSSION 

Dependence of Rate of Polymerization on Catalyst Concentration

In Figure 2 are plotted the data of per cent monomer conversion versus 
time for five catalyst concentrations at 0°C.: run K, 6.1 X 10-2 mole/1. 
(1% of monomer concentration); run L, 3.05 X 10-2 mole/1. (0.5%); 
run M, 1.53 X 10-2 mole/1. (0.25%); run R, 0.61 X 10-2 mole/1. (0.1%); 
and run P, 0.31 X 10" 2 mole/1. (0.05%). The monomer concentration 
throughout these experiments was 6.1 mole/1.

It is seen that in all cases an equilibrium conversion of 57-58% is reached.
In the experiments shown in Figure 2 there were used two different 

preparations of catalyst, and monomer as well as solvent were taken from 
four sets of ampules, each set involving a different batch of material.

Initial reaction rates versus initial catalyst concentrations are given in 
Table I and plotted in Figure 3.

While in the lower concentration range (up to about 2 X 10~2 mole/1.) 
linearity is observed with respect to catalyst concentration, a deviation 
of 10% from this relationship occurs already at a concentration of 3 X 
10-2 mole/1. and is very marked at 6.1 X 10~2 mole/1.
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Fig. 2. Conversion vs. time plot. Letters and numbers designate run and percentage of 
catalyst to monomer. Triangles indicate duplicate runs.

Fig. 3. Initial rate of polymerization vs. initial catalyst concentration.

TABLE I
Dependence of Initial Rate on Initial Catalyst Concentration [Io]

Run Rate, mole/l./min. [I0], mole/1. X 102

K 0.0319 6.10
L 0.0203 3.05
M 0.0116 1.53
R 0.0050 0.61
P 0.0025 0.31
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The initiation step involves a nucleophilic displacement on the oxonium 
cation and would depend on the activity or concentration of this cation. 
This may be quite different from the overall catalyst concentration in the 
low dielectric medium under consideration. To elucidate the above devia
tion, conductivity measurements on catalyst solutions would be helpful.*

Rate Dependence on Initial Monomer Concentration

These data are given in Table II and shown in Figure 4. Catalyst con
centration throughout these experiments was 0.61 X 10~2 mole/1., while 
initial monomer concentration varied from 3 to 9 mole/1. It follows from

TABLE II
Dependence of Initial Rate on Initial Monomer Concentration

Run Rate, mole/1./min. [Mo], mole/1.

T l, T2 0.00930 9.15
S5, To 0.00820 8.00
T6, T7 0.00680 7.00
R, S7 0.00500 6.10
T3 0.00350 5.00
SI, S2 0.00170 4.06
T4 0.00037 3.05

Fig. 4. Initial rate of polymerization vs. initial monomer concentration.

* The assumption that a simple Ostwald dilution law is operative failed to produce a 
constant of equilibrium when a was assumed to be given by the ratio actual rate/expected 
rate.
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these data that a first-power dependence of the rate on monomer concen
tration is observed in the range of monomer concentrations covered.

The straight line extrapolates to a monomer concentration of 2.G mole/L, 
which is the equilibrium concentration of monomer at 0°C. It is possible 
that the position of the first two points on this graph (for the lowest mon
omer concentrations) reflect a deviation from the straight line for reasons 
given below.

Rate of Initiator Consumption

The rate of initiator disappearance is given by

d[I]/dt = ki [I] ([M] — [Meq]) (3)

Equation (3) appears reasonable since we do not expect initiator to 
disappear when [M] = [Meq]. Equation (3) is also justified by the experi
mental facts and will be shown in this section. From eq. (3) the following 
relations are obtained by integration.

2.3 log [I„]/[I] = kx P ([M ] -  [Me,]) dt (4)
dû

and

, 2.3 log ([lo]/ [I ])h  = -=---------------------- (5)
([M] -  [M„])df

Jo

In Table III are given data of activity measurements for a set of polymer 
samples from a single run ([M0] = 6.1 mole/1. [I0] = 3.05 X 10-2 mole/1., 
temperature = 0°C.). In column 5 is given the number of counts per 
gram polymer calculated with the assumption that all catalyst reacted, 
while in column 6 are listed the actual counts per gram per minute. Mon-

TABLE III
Rate of Catalyst Disappearance at [M0] = 6.1 mole/1., [In] = 3.05 X 10-2 mole/1.

Run“

Wt.
catalyst,

g.

Wt.
polymer,

g-

Total
counts/g.

/min.
(calc.)
x  io-«

Counts/g.
- polymer Counts/g. 

/min. polymer 
(calc.) (found)
x  io-« x  io-«

Time,
min.

Monomer
con

version,
%

Cata
lyst

conver
sion,

%

LI 0.174 1.12 5 4.46 3.41 30 8.5 76.5
P3 0.174 1.07 5 4.66 3.57 30 8.1 77
P4 0.116 1.27 3.3 2.60 2.37 45 14.4 91
L2 0.174 2.75 5 1.82 1 .75 61 20.7 95
L3 0.174 4.08 5 1.22 1.18 94 31.0 97
L4 0.116 3.89 3.3 0.86 0.86 157 44.3 100
L5 0,116 4.30 3.3 0.78 0.80 194 49.0 100
L6 0.116 4.98 3.3 0.67 0.69 383 56.5 100

a P and L are two different experiments run under an identical set of conditions.
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omer and catalyst conversions are given in columns 8 and 9, respectively. 
It will be noted that when monomer was converted to the extent of about 
15%, the conversion of catalyst was over 90%. In the absence of chain 
transfer reactions, this should lead to a sharp polymer distribution.

In Table IV are summarized the values of klt calculated according to 
eq. (5) from three runs, with initial catalyst concentration of 6.1 X 10-2 , 
3.05 X 10~2, and 1.53 X 10~2 mole/1., and [Mo] of 6.1 mole/1. The inte
grals were evaluated graphically.

TABLE IV 
Calculation of 7cia

Run [Io], mole/1. X 102 Time t, min. h  X 102

P3 3.05 30 1.56
LI 3.05 30 1.52
P4 3.05 45 1.64
L2 3.05 61 1.95
L3 3.05 94 1.52
P2 1.53 45 1.75
M l 1.53 60 1.51
K2 6.10 30 1.38
K3 6.10 47 1.32
K4 6.10 73 1.42

= -2 .3  log [I]/[Io] f  ([M] -  [Met,]) dt, where [Meq] = 2.62 mole/1., [Mo] =

G.l mole/1.

DP-Viscosity Relationship

Degrees of polymerization were estimated by determination of C14-
labeled endgroups assuming one third of original catalyst activity is in-
corporated in the polymer chain. To check this assumption, the DP of a
number of polymer samples was determined by vapor pressure osometry
by use of the Mechrolab instrument. In the last two columns of Table V

TABLE V
Comparison of Osmotic M n with Endgroup Analysis

Endgroup M
Polymer A R, concn., iVJ-n

concn., (arbitrary mole/ml. By end
Run g./lOO ml. units) X 10» Osmotic groups

Ml 1.368 2.11 4.5 3040 3420
K2 1.719 5.27 11.2 1535 1280
K3 1.937 4.55 9.7 1997 1865
LI 1.878 5.60 12.0 1565 1405
LI 0.939 2.74 5.9 1590 1405
L2 2.517 4.54 9.7 2595 2795
L2 1.252 1.94 4.2 2990 2795



TETRAHYDROFURAN 3269

a comparison is given between the number-average molecular weights thus 
obtained.

The agreement is satisfactory, considering the rather low accuracy 
of the osmotic method. Inasmuch as intrinsic viscosity measures an 
average molecular weight which is close to a weight average, a change in 
the ratio of h ] to DP would indicate a changing molecular weight distribu
tion. When DP values calculated from endgroups were plotted against 
intrinsic viscosities at different degrees of conversion, a linear relationship 
between the two resulted in all cases up to conversions close to the equi
librium value. At these high conversions, however, the ratio of [7 7 ] to DP 
showed an increase. This is perhaps to be expected. At low conversions

TABLE VI
Comparison of Intrinsic Viscosities and DP Values at Different Conversion Levels

Run
Conversion,

%

Conversion 
% from eg. 
equilibrium 
conversion DP“ M, dl./gb

M l 11.7 20.2 47.5 0.178
M2 23.0 39.5 87.5 0.280
M3 33.0 57.0 126 0.410
M4 41.3 71.0 160 0.520
M5 46.7 80.0 182 0.605
M6 58.0 100 217 0.750

“ From C1' activity measurements. 
b Determined at 30°C. in benzene solution.
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the polymerization mechanism gives a Poisson distribution, with ratio of 
M w/ M n close to unity. At equilibrium, however, the distribution of 
molecular weights must be random, with M w/ M n close to 2.0.

In Table VI are given conversion, DP, and h] data from a single run 
([M0] = 6.1 mole/1., [I0] = 0.25 mole-% of monomer, 0°C.), and a plot of 
( 77)  versus DP at different conversions is shown in Figure 5. Meerwein2 
suggested that transetherification is a possible mechanism at high conver
sions, and this would also tend to broaden the distribution.

Effect of Temperature

Figure 6 is an Arrhenius plot of the overall rate, measured at 0, 10, and 
20°C. The activation energy is close to 10 kcal./base mole.

Fig. 6. Arrhenius plot of overall rate.

Equilibrium Conversion

The theory of equilibrium polymerization10'11 predicts an equilibrium 
concentration of monomer which is independent of initial monomer con
centration, solvent concentration, or catalyst concentration. (This pre
sumes that the thermodynamic activity of monomer is equal to its molar 
concentration.)

= l / K ,  =  kp/ k - p (6)

where / \ 3 is the equilibrium constant for the propagation reaction.
The conversion at equilibrium is given by

Conversion = ([M0] -  [Meq])/[M 0] (7)

We find that [AIeq] is indeed a constant, namely 2.62 mole/1. at 0°C. 
provided that [AI0] is larger than 5-6 mole/1. For lower values an ap
parent. “equilibrium” conversion appears to be reached within our times of 
measurement. A comparison of experimental “equilibrium conversions” 
versus the calculated value from eq. (7) for [M,,q] = 2.62 mole/1. is shown 
in Table VII.

Above an initial monomer concentration of 5-6 mole/1., agreement be
tween calculated and actual equilibrium conversions is within experimental 
error. At lower concentrations, however, a discrepancy shows up which is
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TABLE VII
Comparison of Experimental and Calculated Equilibrium Conversions of Monomer

Run [Mo], mole/1.

Equilibrium

Calculated

conversion, % 

Found

S9 3.05 14 1.7
S8 4.06 35.5 22.7
N7 6.10 57.5 57.5
S10 8.00 67.5 70.4

- 12.20 78.0 75-77“

* These values were obtained by the present authors and by Dr. R. Bohme on poly
merizing THF in bulk with a catalyst system made up of equimolar quantities of BF3 
etherate and various epoxides at 0°C.

very large at [M0] = 3 mole/1. In all these experiments the catalyst con
centration was 0.1 mole-% on monomer, and rates become exceedingly 
small when [Mo] is below about 5 mole/1. It is probable that under these 
conditions a slow termination reaction, caused by the collapse of the double 
ion end of the chain with elimination of BF3 [eq. (8) ] is gaining importance,

j^R— ' J b F4-  R—0  CH2CH2CH2CH2F +  BFj (8)

and a true equilibrium may not have been established within the time of 
these experiments (69 hr.). Although initial rates, when measured over a 
much shorter time interval, should be less influenced by this step, it may 
be that the low values of these rates, given in the last two rows of Table II 
(see also Fig. 4), are caused by some termination taking place. It is in
tended to check this assumption by fluorine endgroup analysis of these 
polymers. (It should be noted that BF3 liberated in the termination step 
cannot catalyze polymerization of THF except at concentrations of about 
10% of monomer.6)

CONCLUSION

The experimental data presented here seem to confirm the course of 
polymerization postulated by Meerwein in his early work on the polym
erization of THF by oxonium salts.

For a “living” type polymerization,10 the rate of reaction is given by: 
- c lm / d t = h  [I] [M] +  lcP ([I„] -  [I]) [M] (9)

In the case of an equilibrium polymerization without termination, the 
validity of eq. (9) is maintained if [M] is replaced by ([M] — [Meq]),

- d M / d t  = h  [I] ([M] -  [Meq]) +  k p  ([Io] -  [I]) ([M] -  [Meq]) (10)

In view of the present data it seems safe to assume that within a monomer 
concentration range of 4-10 mole/1. and a catalyst concentration below
3.0 X 10~2 mole/1., the rate is closely approximated by:

— d M / d t = kp [Io] ([M] — [Meq]) (ID
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or

2.3 lo g /{ ([M0] -  [M.q])/([M ] -  [MeaD}/[Io] = k pt (12)

A plot of eq. (12) is shown in Figure 7, from which a value of k„ of 0.290 1./' 
mole-min. is deduced.

0 50 IOO 150 200 250 300 350 400 450
T I M E ,  ( M IN U T E S  )

Fig. 7. Integrated form of conversion vs. time curves for runs L, M, R, and P (compare
Fig. 2).

There is little doubt, however, that to cover a wider kinetic range, two 
constants, namely fci and k p, are insufficient, and a termination term would 
have to be included to more fully describe the system.

Acknowledgments are due to Mr. Chubachi for assisting in the viscosity and osmotic 
measurements, to Miss Bamman for the help in measuring C14 activity , and to Dr. R. 
Bohme for aid with Table VI. The support of the AFOSR is greatly appreciated.
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Résumé
On a étudié les cinétiques de polymérisation du tétrahydrofuranne en utilisant le tri- 

éthyloxonium-tétrafluoroborate comme initiateur et le dichloroéthane comme solvant. 
On a mesuré à 0°C. la conversion en fonction du temps et le degré de polymérisation en 
fonction du temps, en employant différentes concentrations en monomère et en initiateur. 
Les résultats ont été systématisés au moyen d’une équation cinétique et on a déterminé 
les constantes absolues de vitesse pour l’initiation et la propagation.

Zusammenfassung
Die Kinetik der Tetrahydrofuranpolymerisation wurde mit Triäthyloxoniumtetra- 

fluorborat als Initiator und Dichloräthan als Lösungsmittel untersucht. Die Zeit
abhängigkeit des Umsatzes und des Polymerisationsgrades wurde bei 0°C und verschie
denen Monomer- sowie Initiatorkonzentrationen gemessen. Die Ergebnisse wurden 
anhand einer kinetischen Gleichung in ein System gebracht und die absoluten Geschwin
digkeitskonstanten für Start und Wachstum bestimmt.

Received December 3, 1964 
Revised March 2, 1965 
Prod. No. 4688A
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Carborane Polymers. III. Vinyl Carboranes

JOSEPH GREEN, NATHAN MAYES, and MURRAY S. COHEN,
T h io k o l Chem ical C o rp o ra tio n , Re a ctio n  M o to rs  D iv is io n ,  

D e n v ille , N e w  Je rse y

Synopsis
Isopropenylcarborane could not be polymerized by conventional radical and ionic 

methods. A low molecular weight polymer of DP = 10 was obtained by the use of 
aluminum chloride as catalyst at 150-170°C. Carboranylmethyl acrylate was homo- 
polymerized and copolymerized with fluoroacrylates by using benzoyl peroxide as cata
lyst. The T„ of the homopolymer was about 165°C. The difficulty in polymerizing the 
isopropenylcarborane and the high T a value for carboranylmethyl acrylate polymer have 
been partially attributed to the steric requirements of the carborane group.

Introduction

In earlier papers1-3 the size of the carborane nucleus based upon a model 
for its proposed structure was indicated as approximating a sphere with 
an effective van der Waals radius of 4 A. The effect of such a large and 
bulky group on the ability of carborane vinyl compounds to polymerize 
and the resultant polymer properties were of interest. Two monomers 
were available for such a study, isopropenylcarborane and carboranyl
methyl acrylate. This paper discusses the polymerization studies with 
these two monomers.

Results

Attempts to polymerize isopropenylcarborane by conventional radical 
and ionic methods were unsuccessful. However, when the monomer was 
heated at 150~170°C. in the presence of 5% of aluminum chloride a benzene 
soluble solid was obtained. Precipitation from the benzene solution with 
heptane gave a 50% yield of a solid which did not melt below 300°C. The 
molecular weight of the product by vapor-phase osmometry in benzene was 
1790 (DP = 10). The infrared spectrum was consistent with the forma
tion of polyisopropenylcarborane (I, as shown on following page).

The use of catalytic quantities of di-ferf-butyl peroxide at 150 -160°C. 
did not yield any noticeable quantity of polyisopropenylcarborane. When 
large quantities of the peroxide (50% by weight) were used, a resinous solid 
was obtained. Molecular weight determinations indicated the product to 
be trimeric.

3275
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CH3

-C H — C —

O  B io H 10
HC"

The copolymerization of isopropenylcarborane with methyl acrylate with 
azobisisobutyronitrile as catalyst was successful and acrylate-isopropenyl- 
carborane copolymers, about 3:1, that contained up to 22% boron, were 
obtained. The concentration of boron in the polymer depended upon 
the concentration of isopropenylcarborane in the monomer feed. The 
polymers were glasslike materials that softened at 45-80°C. A polymer 
with a 10% boron content became rubbery at 45-50°C. and flowed above 
80°C.

Carboranylmethyl acrylate was polymerized in bulk with the use of 2% 
benzoyl peroxide as the catalyst in evacuated sealed glass tubes heated at 
60°C. with end-over-end agitation. The resulting hard, brittle solid dis
solved only in boiling terphenyl. Precipitation of the polymer by the 
addition of heptane to the terphenyl solution yielded a powder which 
softened and became rubbery at about 16o°C. and flowed at 270°C.

Carboranylmethyl acrylate was copolymerized with dodecafluoro heptyl 
acrylate and hexadecafluorononyl acrylate in bulk with benzoyl peroxide 
as catalyst [eq. (1) ].

C H „=CH
I

C = 0
I

0

CHjC-----CH

\°/
BiuHig

+ C H ,=C H

C = 0
I

0
I

CH,
I '

(CF2)x
I

CF,H

Copolymer (1)

The physical properties of the polymers varied with composition, the 
brittleness and softening temperature increasing with carborane content. 
The fluoroacrylate homopolymers both were somewhat rubbery at room 
temperature. The introduction of an equimolar quantity of carboranyl 
methyl acrylate into the polymer resulted in stiffening of the polymer.

The C9 fluoroalkyl acrylate and carboranylmethyl acrylate were copoly
merized in acetone solution using azobisisobutyronitrile as catalyst. A high 
catalyst concentration, 2.1% based on monomer weights, was used to in
hibit chain growth. The product was a tough, rubbery gum that could be 
dissolved in acetone, methyl ethyl ketone, or diethyl ketone. Infrared 
analysis showed no unsaturation and indicated 100% conversion. The
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reaction was repeated and shown to be reproducible. Two reaction 
products of molecular weights 2170 and 3000, having densities of 1.503 and 
1.497, respectively, were obtained.

Discussion

The high softening temperature of the carboranyl methyl acrylate 
polymer was predictable based upon experience with noncarboranyl 
acrylate polymers. As the chain length of the side chain is increased 
in a polyacrylate or polymethylacrylate the second-order transition 
temperature decreases. This is believed to be due to the influence of 
the side chain in increasing the free volume of the system, thereby in
creasing its mobility. Branching of the side chain, however, increases 
the volume required by a rotating segment, and may actually result in 
restriction of rotation about the carbon-carbon chain. For example, the 
polymer from ¿erf-butyl methacrylate has a glass transition temperature 
of 104°C. as compared to 30°C. for n-butyl methacrylate.4 This effect is 
reported to be even more pronounced with cyclic groups such as cyclohexyl, 
and the polymers of cyclohexyl acrylate and methacrylate are considerably 
harder and have higher brittle points than the corresponding n-hexyl 
polymers.8 We have shown that a further increase in the bulk of the side 
chain by a methylcarboranyl group results in a polymer which softens at 
about 165°C.

The low molecular weights of the isopropenylcarborane polymer have 
been attributed to steric inhibition due to the bulk of the carborane group. 
Since this work was done it has been reported that 1-vinyl carborane,
1,2-methyl vinyl carborane, and 1,2-methyl isopropenylcarborane were 
polymerized in ether solution with the use of phenyllithium as the catalyst; 
isopropenylcarborane could not be homopolymerized but could be copoly
merized.6 Molecular weights of 0,000-71,000 were reported.

This work was supported by the United Stales Air Force under Contract AF33(616)- 
5639.
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Résumé

L’isopropényl-carborane ne peut être polymérisé par les méthodes radicalaires et 
ioniques conventionnelles. On obtient un polymère de bas poids moléculaire de DP = 
10 en utilisant le chlorure d’aluminium à 150-170° comme catalyseur. Ou homopoly- 
inérise et copolymérise le carboranyl-acrylate de methyle avec les fluoroàcrylates en em
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ployant le peroxyde de benzoyle comme catalyseur. Le T„ de Phomopolymère est d’en
viron 165°C. La difficulté de polymériser l’isopropényl carborane et la valeur élevée 
de T ç pour le polymère carboranyl acrylate de methyle sont partiellement attribuées aux 
exigeances stériques du groupe carborane.

Zusammenfassung

Isopropenylcarboran konnte nach den konventionellen radikalischen und ionischen 
Methoden nicht polymerisiert werden. M it Aluminiumchlorid als Katalysator wurde 
bei 150-170° ein niedermolekulares Polymeres mit DP = 10 erhalten. Carboranyl- 
methylacrylat wurde mit Fluoracrylaten unter Verwendung von Benzoylperoxyd als 
Katalysator homo- und kopolymerisiert. T a des Homopolymeren lag etwa bei 165°C. 
Die Schwierigkeit, das Isopropenjdcarboran zur Polymerisation zu bringen und der 
hohe T a- Wert des Carboranylmethylacrylatpolymeren wurden zum Teil den sterischen 
Bedingungen der Carborangruppe zugeschrieben.

Received March 9,1965 
Prod. No. 4704A
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C ritical C onditions fo r F o rm atio n  o f Infin ite  
N etw orks in  B ranched-C hain  Po lym ers

YOSHIO TANAKA and HIROSHI KAKIUCHI, D e p a rtm e n t o f A p p lie d  
C h e m istry , F  ac id ly  o f E n g in e e rin g , Yokoham a N a tio n a l U n iv e rs ity ,

Yokoham a, J a p a n

Synopsis

The conditions necessary for infinite network formation due to the bifunctional inter
unit junction were reinvestigated, and the difference in theories between Flory and Case 
or Kahn was mentioned. The theory is extended to a more general case than those of 
Flory and of Case or Kahn. I t also deals with the critical point in the condensation re
action between mixtures of two types of functional groups containing one or more func
tionalities. I t  is shown that at the critical point,

n n

P a P b (  1 -  p . ) ( 1 -  n l E p i f / i  -  1 -  1 )  =  1

and/or
n n

[1/(1 +  r)][rP AY .« i{ g i  -  1) +  P ^ L n i f i  ~  1)1 = 1

where P a and P b are the respective probabilities that an A or B group has reacted, /< and 
gt are the functionalities of A , and B , monomers, r  is the ratio of A groups to B groups at 
the initial state, and pi, a  are the molar fractions of A ; and B respectively.

Introduction

The theoretical treatment of the gel formation due to the bifunctional 
interunit junction has been established by Flory,1 Stockmayer,2 and 
many workers.3-9 Flory,1“ in discussing the condensation between two 
kinds of functional groups, limited his discussions to situations in which 
only one of the reactants ever had a functionality greater than 2. The 
extension to a condensation reaction between two types of functional 
groups in which each reacting group has a functionality greater than 2 
has been treated by Stockmayer,20 who calculated the molecular size 
distributions in branched-chain polymers by a method, different from 
Flory’s, having the advantage of somewhat greater generality.

Recently, Kahn8 dealt with the critical conditions for the formation of 
infinite networks by the same calculating method as Case’s7 and obtained 
the results coincident with Stockmayer’s.2C It is the purpose of this 
paper to reinvestigate the conditions necessary for infinite network forma
tion due to the bifunctional interunit junction. In this paper the theory
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Fig. 1. Schematic representation of condensation between two trifunctional molecules

of the critical conditions for gelation is extended to a more general case 
than those1“ 8 previously considered. It also deals with the condensation 
reaction between two types of functional groups in which each reacting 
group has a functionality greater than 1.

Symbols

The symbols used are as follows: A,: = A type monomer of functionality 
f i  ( i  = 1, 2, . . .); Bi = B-type monomer of functionality gt ( i  = 1, 2, 
.. .); C a = initial concentration of A groups; C b = initial concentration 
of B groups; f t =  functionality of A-type monomer A, ( i  = 1, 2, . . .); 
gt =  functionality of B-type monomer Bj ( i  =  1, 2, . . .); P  =  Case’s 
propagation expectation (probability); P A =  probability or extent that 
an A group has reacted; P B = probability or extent that a B group has 
reacted; p = fraction of A groups at circle 2 in Figure 1; q =  fraction of 
B groups at circle 2 in Figure 1; r  =  ratio of A groups to B groups at the 
initial state; Y t = number of branches or any reacting groups at circle 
i  in Figure 1; F* =  number of any reacting groups except of monofunc
tional monomer at circle i  in Figure 1; F,.a = number of reacting A groups 
at circle i  in Figure 1 ; Ft-.A = number of reacting A groups except of 
Ai at circle i  in Figure 1; FiiB = number of reacting B groups except of 
Bi at circle i  in Figure 1; F i B = number of reacting B groups at circle i  
in Figure 1 ; a =  Flory’s propagation expectation (probability); p, = 
molar fraction of A-type monomer A; with functionality / 4 ( i  — 1, . . .); 
o-j = molar fraction of B-type monomer B, with functionality gt ( i  =  1, .. .).
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Critical Conditions of the Cases of Flory1 and Case7 or Kahn8 for Gelation

It should be remarked at the outset that in the following presentation 
there are employed assumptions which also characterized the works of 
Flory,1 Stockmayer,2 and others8: (a) intramolecular reactions leading 
to cyclic structures are postulated not to occur; (b) at any stage during 
the reaction, all unreacted functional groups are considered to be equally 
reactive, regardless of the size of the molecule to which they are attached 
or of the fate of other functional groups on the same molecule.

A possible course of reaction between a trifunctional A monomer and a 
trifunctional B monomer is given schematically in Figure 1. Suppose 
the chain within the first circle in Figure 1 has been selected at random 
from the polymer mixture. This chain gives rise to two branches, one 
at each end on circle 1. The four new chains extending from these branches 
lead to three branches on circle 3 and one terminal group. The resulting 
six chains on circle 4 lead to two branches on circle 5, etc. Then a is taken 
to be the probability, according to Flory,1 that any given chain extending 
outward from one of the circles, 2i  — 1, ends in a branch on the circle 
2 i  +  1 ( i  =  1, 2, .. .) in Figure 1. In the simplest case of the system 
composed of identical monomeric units A, each carrying /  (>  2) identical 
functional groups capable of reacting with each other, Flory1“ considered 
that the network may continue indefinitely, i.e., infinite networks are 
possible when F2i+i/F 2i_i >  1, where F< are branches on the Ah circles, and

F 2,+ i =  « [ S p / / , -  — 1) ] F  2i_i

P i is the molar fraction of monomer with functionality of /¡. On the other 
hand, Kahn8 concluded that for an infinite network to be possible, 
F 2(i+2) .B /F 2i.B >  1 or F 2(i+2,.A/ F 2i.A >  1, where Y  t .x and F j. B are A  and 
B groups at the Ah circle. He also showed that, in the case of a system

/
composed of A—A, A— and B—B, his result agreed with Flory’s.

This coincidence can be explained clearly by Figure 1.
From Case’s standpoint,7 if any given unit or structure in the chain has a 

mean expectation of 1 (or greater) of reappearing in the chain or branches 
of the chain which start at such a structure, then gelation will occur. 
Therefore, Kahn’s calculation8 of the critical condition for gelation point 
has on the same theoretical basis as that of Case.7

The mean expectation of reappearance of the chain or branch, which 
Case7 called the propagation expectation, is not equivalent fundamentally 
to Flory’s probability, a. A simple example of this criterion would be in 
the case of reaction between two types of functional groups in which each

reacting group has a functionality greater than 3, such 

B — where A and B can react only with each other.

as A— and
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The probability of Flory’s a  that any group belonging to a branch unit 
and selected at random is connected via a chain to another branch unit 
is obtained as follows. This state of affairs may come about in 2!„Ci mC\ 
(n  =  m  = 1, in this case) = 2 possible ways for I and II:
A \  ip) / B  B \  T ii /A
A /  B B /  a A  A

I  I I

B A

A> AB—BA -<^ l > - B Ai AB- < |

I I I  IV

Each case is equally valid for the purpose of evaluating a  and has the 
individual probability of P A(g — 1) and P B (J  — 1). The probability a  
is equal to the sum of the two individual probabilities of each of these 
two cases occurring in any selection taken at random, i.e., in this case,

P A(g -  1) +  P B(/ -  1) = 2(PA +  P B)

Here /  and g are 3.
However, from the point of view of Case7 and Kahn,8 the propagation 

expectation P that any given unit or structure in the chain selected at 
random reappears in the chain or branches of the chain which start at 
such a structure is obtained as follows. This state of affairs may not 
come about in the ways I and II, but as shown in III or IV, because of the 
definition7'8 of the partial propagation expectation. The propagation 
expectation P is obtained as

P = PaP b(/ -  1 )(g  -  1)

for either III or IV. Both theories of Flory1 and Case7 may coincide with 
each other when i  is so large as discussed later, and for the reaction between 
two types of functional groups in which one reacting group has a func
tionality greater than 2 and the other has only a functionality of 2, as 
shown by Case7 and Kahn.8

Critical Condition for Gelation

Now the fundamental theory on which Kahn’s8 treatment is based is 
extended as follows. For an infinite network to be possible, the relation
ship as shown by eq. (1) should be obtained.

Y n t + f i /Y ï i  >  1 * , ¿ = 1 , 2 , . . . ,  (1)

Flory’s treatment would be the case of i  =  1/ 2, 3/ 2, . . . ,  and j  = 1, and 
Case’s or Kahn’s calculation would be the case of i  =  1, 2, . . . ,  and j  = 2, 
as shown in Figure 1.

Consider the reaction of an /-functional A monomer with a

(/-functional B monomer Here /  and g are greater than 2. Let
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the number of groups on circle 2 be F2. In general, proportions p and q 
are A groups and B groups, respectively, at circle 2 (p +  q = 1). Let 
P a and P B be probabilities, respectively, that an A and B group has reacted. 
There are F2.A A groups and F 2 . b  B groups at circle 2, and there is a 
probability P A or P B that any particular A or B group has reacted, leading 
to P A{g — 1) or P B(/ — 1) branches.

Therefore: we have, for the number of A and B groups, respectively, 
at circle 4,

I 4.a — q 12 Pn(f — 1) 
F,.„ = p Y 2P A(g — 1)

(2a)

Continuing in this way, the numbers of A and B groups at circles 6, 
8, 10, . . ., are:

F 6.a = p F 2PAP B(/ — l)(gr — 1)
F 8.a = q Y 2P AP B(/ — 1 )(g  -  l )P B(f -  1)
F 10.a = p Y 2[ P J \ { J ~  1 )(g  -  l ) ] 2

and

F o.b  =  r / F 2P a P b( /  -  l) ( f lf  -  1)

F 7.b = pF2PAP B(/ -  1)0/ -  1)Pa(<7 -  1) (2b)
F i„.b = q Y 2[ P AP B(/ -  D(g -  l ) ] 2

Since

Y t = F , . a +  F,,k (3)

then the numbers of A and B groups at circles 2, 4, 0, . . ., are obtained 
from eqs. (2) and (3):

ii f 2

II F 2F o

C5 II F oF j

f 8 = f 2f 1f „

i  10 = F 2( F i ) 2

f 12 = f 2( F 0 2

Yun+ \)
1/2[1 —(-1)»+'] V . 1/2[1 — ( — l)n

j (1 o)

n  =  0, 1, 2, . . .

where,
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Y 0 =  p P A(g -  1) +  q P i i i f  -  1)

F, =  P a P b U  -  Dig -  l)
Thus, the ratio of the reacting groups at circle 2(n  +  1) to those at circle 
2 is generally:

I " )< - i +  XI i /2[i —( - 1)-+>] V i/ 2[ i - ( - i )» ]  (6 )
1 2(«+l)/ 1 2 — 1 1 1 o ‘ > o

Therefore, at the critical point or “gelation point” for the infinite network,

■1 - 1+ i t  1/2(1 —( - 1)”+'] V V2[ l-(- l)»)  (7 )
y  i ‘ o i y  o — i

where F0 and F4 are expressed by eq. (5), and n  — 0, 1, 2, . . ..
Case’s7 and Kahn’s8 treatments are the cases of Fo.a/F 2.a and F6.b/F 2.h. 
Then eqs. (4) and (6) can be rewritten as;

F2/F 2 = 1 
F4/F 2 = Fo 
F6/F 2 = Yx
F8/F 2 = (F6/F 2)(F 4/F 2) 
f 10/ f 2 =  (F6/F 2) 2 
f 12/ f 2 = (F6/F 2)2(F4/F 2)

I ”< - l + V  1 / 2[ 1 — (— 1)" + 1]
f 2,„+i, / f 2 = (f «/f 2) \  V (f 4/ f 2;

1/2[1- ( - ! ) ”]

where n = 0, 1, 2, . . . .  Now, if F6/F 2 >  1, we have

1 4«+6/ l  2 ^  ■ P  1 n /I 2 ^ 1  lo/F2 >  } o' l 2 ^  1 (9)

Equation (9) shows that Case’s and Kahn’s treatments7'8 are suitable 
for estimating the critical condition for the infinite network in some cases. 
If F4/F 2 >  1 and F6/F 2 >  1, we can have

F2(n+i)/F 2 >  >  F6/F 2 >  F4/F 2 >  1 (10)

Equation (10) shows the critical condition for the infinite network

F4/F 2 = 1
and

F6/F 2 = 1 (11)

are satisfactory to estimate the gelation point in all cases. When F4/F 2 = 
1 only, the value of cq. (6) depends on F4/F 2 — F6/F 2, or F0 — Y\.

Comparison of F0 with F4

In the case of
C a = rC B, (12)
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we can have eqs. (13) and (14) :

T P  A — P  B (13)

V = rq  (14)
Then, eqs. (15) can be derived:

V = r / ( l  +  r)
and

q = 1/(1 +  r )  (15)
Let F0 — Y i be a function of r, F,  G  and P \  or P B, shown by eqs. (1G):

4> = H r ,  F ,  G, P A) =  Y 0 -  Y ,  =  F4/F 2 -  F6/F 2 (16a)

= r /(l +  r ) P A(f>.\ when 0 <  r  <  1 (16b)

= 1/(1 +  r ) P B<t>b when r  >  1 (16c)

where

F  = / -  1
and

G =  o -  1 (17)

and </>a  and <j>B are the functions of r ,  F ,  G  and P A or P B, shown by eq. (18).

<fi\ =  F  G  — (1 4" r ) F G P \  when 0 ^  v ^  1 (18a)

<£]$ = F  T  G  — (1 T r ) / r F G P b when v ^  1 (18b)

Since r, P \  and P R >  0, whether </> is plus or minus depends on the value
of <Pa or cj)B , i.e., r ,  F ,  and G. In eq. (18), if

0 <  r  <  ( F  4- G  -  F G ) / F G  <  1
and

1 <  F G / ( F  4- G  -  FCP, <  r  (19)

we can obtain <j>B >  0 at all P A and P B - The critical condition of r  for

<t> a  =  <t>B =  0

or
0  =  0 (20)

can be expressed as

r  =  r ( F )  = 1 / F  -  (G  -  1 )/ G  when 0 < r  <  1 (21a)

r = r ( F )  = F G / ( F  4- G -  F G )  when 1 <  r (21b)

where r ( F )  is a function of F ;  if 1 < r  and 1 < G, eq. (21b) takes the form

r. =  G ' -  G '* / { F  -  G ') (21c)

where G ' = G / (  1 — G ).
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5

4

r

3

2

1

0
0 1 2  3 4 - 5 6

F

Fig. 2. Critical condition of r for T0 — Fi = 0 at all P A or P b [see eq. (21)]: {1 )G  = 1 
(2) G = 2; (3) G = 3; U) F = G.

When G  = 1, 2, 3, . . the function of eq. (21) can be shown in Figure 2. 
If r is in region I of Figure 2, 0A >  0 and <pK >  0, i.e., <f> > 0, and if r is 
in region II, <t> <  0.

Consider the case of F = G ; then eqs. (18) take the forms

<t>K =  2F{1 -  (1 +  r)/2.1\F]

and

4>n = 2F[l -  (1 +  r)/2r.PuF]

If 1 > 2 / F  — 1 >  r  >  0, and r >  F / ( 2 — F) > 1, we have </>.,( >  0 and 
</>b  >  0 at all P a and Therefore, if F =  G  =  1, we obtain $A >  0 and 
0 b >  0 at all P A and P a ,  and if F = G  >  2, we can have <£A < 0 and <3B < 0

TABLE I
Comparison of Y„ with T,

Case I* P a <>r P b <t>'

F  = G F = G  > 3 All All F  <  o
F = G = 2 U U F  <  o
F = G = 1 u U F  >  o

/<’(/ = F ^ i r > F, r < l / F U F  >  0
Fi? > 4 All (( F  <  0
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Fig. 3. Dependence of <#>' on P A or P b when F  = G and r are constants: (1) F  = 1, 
r = 1; {2) F  = 1, r = 0 or c°; (3) F  = 2, r = 1; (4) F  = 2, r = 0 or co; (5) F =  3, 
r = I; (6) F = 3, r = 0 or .

at all r  and at all P A or P R. These results are collected in Table I and the 
critical condition of r ,  shown by eq. (21), is shown in Figure 3.

In the case of F G  — F ,  eqs. (18) take the forms:

4>a  =  F  +  1 — (1 +  r ) P \ F

and

<t>B =  F  +  1 — (1 +  r ) / r - P RF

If r  <  l / F  and r  >  F ,  we can have $A >  0 and <t>B >  0 at all P A and P B, 
respectively. These are shown in Table I and in Figure 4, in which 0A 
or 4>b is plotted against P A or P B in the cases of F G  =  F  =  2, 3, 4, . . . .

These results show that the relationship of eq. (22) is obtained when the 
condition of eq. (19) is maintained.

F4/F2 -  Y6/Y2 > 0 (22)
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Fig. 4. Dependence of 0 ' on P A or P B in the case of FG  = F  when r and F are con
stants: ( 1 ) F  = 2, r = 0; (2) F  =  2, r = 1; (3) F  = 3, r = 0; (4) F  = 3, r  = 1; (5) 
F = 4, r = 0; (ff) F =  4, r = 1; (7) F  = 5, r = 0; (S) F = 5, r = 1; (0) F = 6, 
r  =  0; ( iO )F  =  6, r =  1.

Therefore, if F6/ 7 2 >  1 and the condition of eq. (19) is kept, or if 
Y i / Y i  >  1 and the following relation, eqs. (23), is kept,

r > (F +  G -  FG)/FG

and

r <  FG/(F +  G — FG) (23)

we can obtain the following relationship;

Ynn+i)/Y2 >  . . .  >  F 8/ F 2 >  F 6/ F 2 >  F 4/ F 2 >  1 ( 2 4 )

Value of ( F 0 — F x)

In the case ol F  = G, eqs. (16b) and (16c) take the forms 

4> = f / ( l  +  r ) - F P \ [ 2  — (1 +  r ) FPA] when 0 <  r  <  1 (25a)

4> = 1/(1 +  )')'FTbL2 — (1 +  r ) / r - F P n ]  - when 1 <  r  (25b)
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When r  and F  are constant, or r  and P A or P B are constant, eqs. (25a) 
and (25b) take the forms:

0  =  — r { F P A — 1/(1 +  r ) ) 2 +  r / ( l  +  r ) 2 when 0 <  r <  1 (26a)

4> = — l / r - ( F P a — r / (  1 +  r))2 +  r /(l +  r)2 when 1 < r  (26b)

P A o r  P B:

Fig. 5. Dependence of 0 on P A or P B III the case of F = G when F  and r are constants 
[seeeq. (26)]: (1 ) F  = 2, r = 1; (2) F  = 3 , r  = 1; (3) F  = 2, r =  10 or 0.1; (4) F  = 
3, r = 10 or 0.1.

These are shown in Figures 5 and 6, in the cases of r  =  0.1, 1, and 10, and 
P A or P B =  Vs and 1. If F  and P A or P B are constant, eqs. (25) can be 
rewritten as:

 ̂ = — r ( F P Ay  +  2 F P a — 2 F P A/ ( l  +  r ) when 0 <  r  <  1 (27a)

= — (F P By / r  +  2 F P B/ ( l  +  r) when 1 <  r  (27b)

Equations (27a) and (27b) are shown in Figure 7, for the case of F  =  2, 
3, and P A or P B =  y 2 and 1, respectively.
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F

Fig. 6. Dependence of <£ on F  in the case of F  = G when P A or P a  and r  are constants 
[see eq. (26)]: (1) r = 1, P A = 1; {%) r = 1, P A = '/si (3) r = 0.1, P .\ = 1 or r = 
10, P b = 1; U ) r  = 0.1, P A = ‘A o rr  = 10, P B = ‘A.

In the case of PG = F , eqs. (16a) and (16b) take the forms:

4> =  »•/( 1 +  r)-PA[P +  1 — (1 +  r)PPA] when 0 <  r  <  1 (28a)

<t> =  1/(1 +  r)'-PB[P +  1 — (1 +  r ) / r - F P B ] when 1 <  r  (28b)

When r and F  are constant, we can rewrite eqs. (28) as:

0 =  — r F [ P a -  ( F  +  1)/2(1 +  r)P]2 +  (F +  1)V/[2(1 +  r)]2P (29a)

0 = - F / r .  [ P B -  (P +  l)r /2 (l +  r)P]2 +  (P +  l ) 2r/[2(l +  r)]2P (29b)

Equations (29) are shown in Figure 8 for the cases of r  = 0.1, 1, and 10, 
and P = 2 and 3. If r  and P A or P B are constant, eqs. (28a) and (28b) 
can be rewritten as:

0 — J'PA[1 — (1 +  r)PA]/(l +  r ) ' F  +  rPA/ ( l  +  ?’) (30a)

0 = [1 — (1 +  r ) P B/ r ) P B/ (\  +  r ) - F  +  P B/(  1 +  r )  (30b)
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Fig. 7. Dependence of <f> on r in the case of F  = G when F  and P A or P B are constants 
[see eq. (27)]: (1) F  = 2, P A = P B = 1/ 2 ; (2) F  = 3, P A = P B = Vi! (3) F  = 2, 
P a = P b = 1; U )F  = 3, P A = P B = 1.

Equation (30) is shown in Figure 9 for the cases of r  =  0.1, 1, and 10, and 
P a or P B = Vs and 1, respectively. When F  and P A or P B are constant, 
eq. (28) can be rewritten as;

4> =  - P a 2F t  +  P a(F +  1) -  P A(P +  1)/(1 +  r ) (31a)

0 = - P v ' - F / r  +  P B(P +  1)/(1 +  r) (31b)

and eqs. (31) are shown in Figure 10, in which the cases of F  =  2 and 3, 
and P a or P B = V? and 1 are treated, respectively.

Extension of Theory for Condensation of Mixtures of A Monomers of 
Varying Functionality with Mixtures of 
B Monomers of Varying Functionality

The analysis just presented may be extended to situations in which 
mixtures of A monomers of varying functionality react with mixtures of 
B monomers of varying functionality. The general system here treated
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is defined by the statement that the original mixture of monomers consists 
of A i ,  A?., . . ., A t monomers bearing respectively jfi, / 2, . . / , ,  functional 
groups of type A each, mole fractions of which are pu p2, . . ., p{, together 
with ai, cr2, . . o-t, mole fractions of B h B 2, . . ., B t, monomers of func
tionalities gi, g2, . . gt ,  in groups of type B, where/, and g, are Afunctional 
of type A and B, and A groups can react only with B groups and vice versa.

Fig. 8. Dependence of $ on P a or P a  in the case of FG = F  when F  and r are constants 
[see eq. (29)]: (1) r = 1, F  =  3; (8) r = 1, F = 2; (3) r = 10 or 0.1, F  = 3; U )  
r = lOorO.l ,F  = 2.

It is assumed also that all functional groups of a given kind are equally 
reactive, and that ring formation does not occur in molecular species of 
finite size.

Referring to Figure 1 again, there are p Y 2( 1 — pi) of A groups, excepting 
Ai, and gF2(l — o-j) of B  groups, excepting of B x, at circle 2. Numbers 
of A groups, except Ax, that have reacted with B  groups, except B x, at 
circle 2 are p Y 2( 1 — Pl)(l — ci), and numbers of B  groups, except B x,
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that have reacted with A groups, except Ai, at circle 2 are q Y 2( 1 — pi) 
(1 — <n), respectively. Equations (32a) and (32b) are defined as:

Y  2A — pi 2(1 — Pi)(l <ri) (32a)

Y 2,b =  gFi(l ~  pi)(l — <7i) (32b)

F
Fig. 9. Dependence of </> on F  in the case of FG = F  when r  and P A or P b are constants 

[seeeq. (30)]: (I) P a =  1, r = 1; ($) P A = 1, r = 0.1 or P B = 1, r = 10; (3) P A = 
V2, r  = 1; (4) P a = V2, >' = 0.1 or P B = V2, r = 10.

With the above mixture of monomers, the numbers of A and B groups, 
except Ai and Bi, at circle 4 are obtained as:

i r 4.A — ç l  2(1 —  P l ) ( l  —  C Ti)P ÿ  ^  p i ( j i  —  1 )

K b = p F 2(l -  Pl) ( l  -  m)PA E  at(gt -  1)
(32c)

Continuing in this way, the numbers of A and B groups except for each 
monofunctional monomer, Ai and B1; at circles 6, 8, 10, are as follows:
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Fig. 10. r- Dependence of <t> in the case of FG  = F  when F  and P A or P B are constants 
[see eq. (31)]: (1) F  = 3, P A = P b = Vai (2) F = 2, P A = P B = i/s) (3) P  = 2, 
P a = P b = 1; ( 4 ) F  = 3, P A = P B = 1.

y 6.A =  p i '2( i  -  pO (i -  ^ P a P b  E  Pi(/i — i )  E  -  i)

y«.B =  ? F 2(1 — Pl) (1 — <Ti ) P a P b E  P iifi  ~~ 1) E  C iid i — 1) (32d)

Then, the total number of reactants, except A! and Bj, at circles 2, 4, 6, 
. . . can be expressed from eqs. (3 3 ) and (3 2 ) as

F» =  E -.a +  E b (3 3 )

Yt  = F 2( l  —  p i) (1  —  <t i)

F 4  =  F 2F 0(1  —  p i ) ( l  —  0 1 )

F ; = F 2F;(1 -  Pl) ( l  -  m)
(34)
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2(n+l) = Y 2Y • { - ' + Ê I / 2 [ l - ( - l ) ”+II
Yo (1 -  P,)(l -  c )

where n  =  0, 1, 2, . . . ,  and Y 0 and Y x are shown by eq. (37).
Therefore, at the critical point or gelation point for the infinite network,

Fx
- 1 +  E  V 2 [ l - ( - l ) » + 

0
/1 /2[ 1 — (— l)n]

Fo (1 — Pi) (1 — c i)  =  1 (3 5 )

Equation (35) seems to be a modification of eq. (7), and in eq. (35) the 
chain-stopping effect of monofunctional groups may be taken into account. 
From this point of view, eq. (8) can be rewritten:

F ; / F 2 =  (1 -  PI)(1 -  <n)
Y\/Yt =  F i(l  -  p i) ( 1 -  <n)
Y t/Y 2 =  F i ( l  — Pi) (1  — v i )  ( 3 6 )
f ; / f 2 =  ( f ; / f 2) ( f ; / f 2) / ( i  -  p x ) ( i  -  ffl)

1 1 U ./F 2  =  ( F e / F 2) 2/ ( 1  — pi) (1 — c i )

where n  = 0, 1, 2, 3, .. ., and

Fo = pP A E  Piiffi -  1) +  qPb E  ^¡(/i -  1)
(37)

f ; =  P aP r E  P iiSi -  1) E  * t ( g t -  1)

Equation (40b) takes into account the chain-stopping effect of mono- 
functional groups on the gel formation due to the bifunctional interunit 
junction and a modification of the equations of Stockmayer2 and Kahn.8 
This disagrees with Yoshida’s expression.10

The function of F0 — Y [  can be treated in eqs. (16) and (17); we then 
derive

f  =  E  PiiSi -  i )
and

G  =  E  ° i ( 0 i  -  1) (38)
Therefore, if Fe/F2 > 1, and the condition of eqs. (19) and (38) is kept, 

or if Y\/Y2 >  1, and the condition of eqs. (23) and (38) is kept, we can 
obtain the following relationship;

F;(re_D/F2 >  . . .  >  f ; / f 2 >  f ; / f 2 >  f ; / f 2 >  1 (39)

The simple expression of eq. (35), for the infinite network, is 

F i( l  -  Pl) ( l  -  c )  = 1 

F id  -  Pi)(l -  m) = 1

(40a)

(40b)
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Comparison of Theoretical Values of PA or PB with Observed Values

The theoretical values of P B calculated from eqs. (40) and (41) are 
compared with observed values11 for the gel formation in epoxide and acid 
anhydride systems in Table II, where A is epoxide or alcohol, and B is 
acid or acid anhydride:

Y'o = 1 (41a)

and

Y\ = 1 (41b)

The theoretical values of P B calculated from the eqs. Fq = 1 and Y x =  1 
are consistent with each other, and agree satisfactorily with the observed 
values in the cases of VI, VII, and VIII in Table II. In the other cases, 
I-IV and IX-XI, the calculated value from F x = 1 is more suitable for 
estimating the gelation point than that from F0 = 1. In the presence of 
monofunctional monomers, the modified eqs. (40) can be more satisfactory 
to estimate the gelation point than eqs. (41) as shown in case V of Table II.

The experimental results10 for the condensation reaction of carboxylic 
acids and polyhydroxyl compounds are compared with the theoretical 
values calculated from eqs. (40) and (41) in Table III.

Equation (40) is more suitable than eq. (41) for estimating the gel 
formation for the systems in which monofunctional monomers are con
tained from the start of the reaction.
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Résumé
Les conditions nécessaires à la formation d’un réseau infini due à la jonction bifonc

tionnelle interunitaire ont été réexaminées et on mentionne la différence entre les théories 
de Flory, Case ou Kahn. La théorie est étendue à un cas beaucoup plus général que celle 
de Flory de Case ou de Kahn. On traite également du point critique dans la réaction de 
condensation entre des mélanges de deux types de groupements fonctionnels contenant 
une ou plu sieurs fonctionnalités. On montre qu’au point critique,
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n n
P a P b { 1 — pi)( 1 — <n)S P iifi — — 1) = 1 et/ou

n n
[1/(1 +  r)] [rP A Ü v iig i  -  1) +  P fiE p i(/i -  1)1 = 1

où P  a  et P  b  sont les probabilités respectives pour qu’un groupe A ou B ait réagi, f i  et gt  
sont les fonctionnalités respectives des monomères A, et B i ,  r  est le rapport entre les 
groupes A et B à l’état initial, et p¿, m  sont les fractions molaires de A  < et B,, respective
ment.

Zusammenfassung
Die notwendigen Voraussetzungen für die Bildung eines unendlichen Netzwerks durch 

die Verknüpfung bifunktioneller Einheiten wurden neuerlich untersucht, und die Unter
schiede zwischen den Theorien von Flory-Case und Kahn wurden festegestellt. Die 
Theorie wurde auf einen allgemeineren Fall als den von Flory und Case oder Kahn be
trachteten ausgedehnt. Weiters wird der kritische Punkt bei der Kondensationsreak
tion zwischen Mischungen zweier Typen funktioneller Gruppen mit einer oder mehreren 
Funktionalitäten behandelt. Es wird gezeigt, dass beim kritischen Punkt

n n
P a P b ( 1 -  p i ) (1 -  < n ) J 2 p i ( f i  ~  1 )2 < r> (S i -  1) =  1 und/oder

n n
[1/(1 +  r)][rPAJl<n{gi -  1) +  P s ' L p i i i i  -  Dl = 1

wo P a und P b die entsprechende Wahrscheinlichkeit, dass eine A- oder B-Gruppe re
agiert hat, f i  und gi  die Funktionalität der Monomeren A i  und B it r  das Verhältnis von 
A-Gruppen zu B-Gruppen im Anfangszustand und pi, <r; die Molenbrüche von A i  bzw. 
B i sind.
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Anionic Polymerization of w-Lactam. Part I. 
Polymerization of e-Caprolactam by Alkaline 

Catalysts and Ketenimines

TAKAYA YASUMOTO, P la s t ic s  La b o ra to ry , T o ijo  R a y o n  Co., L td . ,  
To k o d o r i,  Sh o w a k u , N agoya, J a p a n

Synopsis

Ketenimines have been found to be useful cocatalysts for the alkaline polymerization 
of «-caprolactam. The induction period preceding the start of the reaction is shortened 
by addition of a ketenimine, and the polymerization rapidly proceeds at low tempera
ture below the melting point of the polymer. A reaction mechanism is proposed for the 
polymerization of e-caprolactam with alkaline catalyst and ketenimine, which involves a 
formation of a reactive M-imidoyl lactam from ketenimine and lactam, and chain 
propagation by the stepwise addition of anionic lactam at the end of the molecule leading 
to the polymer. This mechanism is supported by the experimental fact that imino 
chloride has the same effect as ketenimine on the alkaline polymerization of «-caprolac
tam. The conditions for the polymerization have been carefully investigated. Both 
conversion and relative viscosity of polymer diminish with increasing concentration of 
ketenimine and also with increasing reaction temperature.

INTRODUCTION

It has been found that the ring-opening polymerization of co-lactams 
can be attained in the presence of an alkaline catalyst.1-5 Recently it 
has been also shown that this anionic polymerization of w-lactams can 
be accelerated by the addition of certain compounds as cocatalysts. Ef
fective cocatalysts include acylating reagents6-8 such as acid chlorides and 
anhydrides, and nitrogen-containing compounds9-11 in which the nitrogen 
atoms are trivalent and in which at least one nitrogen atom is directly 
attached to at least two radicals selected from the group consisting of 
carbonyl, thiocarbonyl, sulfonyl, and nitroso radicals. Furthermore, 
other cocatalysts are carbon disulfide,12 carbon monoxide,13 isocyanates,14 
carbodiimides,15 cyanamides,16 nitriles,8 esters,16 carbonates,17 urea or 
thiourea derivatives,18-20 and perhalogenated ketones.21

We found that a few ketenimines were useful as cocatalysts to activate 
the anionic polymerization of «-caprolactam catalyzed with an alkaline 
catalyst. In this study the conditions of polymerization of «-caprolactam 
by alkaline catalysts and ketenimines were carefully investigated, and the 
results are presented and discussed in the present report.

3301



3302 T. YASUMOTO

EXPERIMENTAL 

Synthesis of Ketenimines

Preparation of Ethylbutylketene n-Butylimine. iV-(n-ButyI)-a-ethyl- 
caproamide prepared from a-ethylcaproyl chloride and n-butylamine was 
reacted with phosphorus pentachloride to give JV-(n-butyl)-a-ethylcapro- 
imino chloride. Ethylbutylketene n-butylimine was obtained by dehydro- 
chloration of this imino chloride as shown in eqs. (1) and (2).22

WAVE NUMBER (cm-1 )

Fig. 1. Infrared spectra of ketenimines: (A) ethylbutylketene n-butylimine; (B ) 
ethylbutylketene p-tolylimine.
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c 2h 5 C2H5
\  \

CHCOC1 +  2 C4H9NH2 — CHCONHC4H 9 +  C4H„NH2-HC1 (1)
/  /

C4Hg C4H9
C2Hr, C2H5

\  \
CHCONHC4H 9 — > CH—C = N —C4H , -------- »

/  PCli /  I (CsH»)>N
c 4h 9 c 4h 9 Cl

c 2h 5

C = C = N —C4H 9 (2)

C4H;i

lV-(w-Butyl)-a-ethylcaproimino chloride (207 g., 0.956 mole) was dis
solved in 1200 g. of benzene, and the solution was poured into a 3-liter three
necked round-bottomed flask equipped with a reflux condenser and a 
stirrer, and 580 g. (5.74 mole) of triethylamine was added to this solution. 
After stirring for 14 hr. at room temperature, the solution was refluxed 
under heating for 16 hr. The triethylamine hydrochloride formed was 
filtered and washed three times with dry benzene. The filtrate and 
benzene washings were combined, and the solution was concentrated under 
reduced pressure.

The residue was distilled under vacuum and the fraction boiling at 
76°C./3 mm. was collected in 136.3 g. (78.8%) yield. The infrared 
absorption spectrum of the fraction is shown in Figure 1. A characteristic 
band corresponding to the twinned double bond (C =C =N ) appeared 
strongly at 2050 cm.-1 (4.88 m)-

Anal. Calcd. for C12H23N (M.W. 181): C, 79.56%; H, 12.71%; N, 7.73%. Found: 
C, 79.67%; H, 12.52%; N, 7.57%.

Preparation of Ethylbutylketene p-Tolylimine. This ketenimine was 
prepared by a procedure similar to that used for ethylbutylketene n- 
butylimine.22

iV-(p-tolyl)-a-ethylcaproamide prepared from a-ethylcaproyl chloride 
and p-toluidine was reacted with phosphorus pentachloride to give N- 
(p-tolyl)-a-ethylcaproimino chloride. As shown in eqs. (3) and (4), 
ethylbutylketene p-tolylimine boiling at 155°C./7 mm. was prepared in 
83.3% yield by dehydrochlorination of this imino chloride with triethyl
amine.

^ n ^ C H C O C l +  2NH2< f~ ^ \c H 3 — -
c4h/  \ = /

^ c h c o n h Q cHs +  CH30 N H , H C 1  (3)

c 2H5N

c4h /
CHCONHO CH.3 pci. c4h<

CH— C = N
I

Cl

C2H5N

c4h /

CH3 (C2H5)3N

C==C= N ^ \ C H 3  (4)
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The infrared absorption spectrum of this material is shown in Figure 1. 
A strong absorption band appeared at 2050 cm.-1 (4.88 n).

A n a l . Calcd. for C iJhiN  (M.W. 215): C, 83.72%; H, 9.77%; N, 6.51%. Found: 
C, 83.65%; H,9.52%; N, 6.59%.

Polymerization of «-Caprolactam

In order to eliminate the effect of moisture the monomer should be 
absolutely dry. Thus once-distilled «-caprolactam was stored over P2O5 
in a desiccator and distilled again under vacuum just before polymer
ization.

Potassium and sodium metal, ethylmagnesium bromide23 and lithium 
aluminum hydride were used as catalysts, and the effect of ketenimines in 
each polymerization was investigated. «-Caprolactam molten at 90°C. 
was poured into an ampule equipped with a nitrogen inlet tube, and the 
desired amount of an alkaline catalyst was added to the lactam under an 
inert atmosphere. After the catalyst was completely dissolved, the 
calculated amount of a ketenimine was added and mixed uniformly. The 
bulk polymerization of the mixture took place at low temperature below 
melting point of the polyamide. The block polymer formed was shaved 
thin. About 2 g. of the sample weighed was extracted with hot water for 
10 hr. and dried, and then conversion to polymer was calculated.

After the measurement of conversion, 0.250 g. of the dried sample was 
dissolved in 25.0 ml. of 98% concentrated H2S04 and the relative viscosity 
(i?r) of the solution was measured by an Ostwald viscometer at 25 ± 
0.05°C.

RESULTS

Polymerization with Alkali Metals and Ketenimines

As the mixture of e-caprolactam with an alkali metal and a ketenimine 
started to polymerize at a low temperature (below melting point of the 
polymer), its melt viscosity increased, and the mixture became quite 
viscous as polymerization proceeded. When the ampule was allowed to 
cool slowly, a transparent liquid remained. This is a supercooled state 
of the polymer below its melting point. When the ampule was quickly 
cooled, a solid polymer immediately crystallized out. After further 
continuous heating of the ampule, a solid polymer was also formed by 
crystallization. There was a comparatively long induction period in the 
polymerization with an alkali metal catalyst only, the end of which was 
indicated by the increase of melt viscosity as the reaction began. The 
addition of a ketenimine shortened the induction period considerably and 
made the alkaline polymerization proceed rapidly. This effect of a 
ketenimine is as remarkable as those of acylating reagents and iV-acyl lac
tams which are well known as cocatalysts. The relation between conversion 
and time in the polymerization at 200°C. with potassium metal and ethyl-
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butylketene n-butylimine is shown in Figure 2. The polymerization with
1.0 mole-% of both potassium metal and the ketenimine reached an equi
librium after 30 min. heating at 200°C. In the polymerization with 1.0 
mole-% of potassium metal only, however, the reaction proceeded slowly 
and reached an equilibrium after 4 hr. Thus it is evident that an alkaline 
polymerization of e-caprolactam is promoted by addition of a ketenimine.

TIME (h r.)

Fig. 2. Relation between conversion and time in the polymerization of e-caprolactam 
at 200°C. with potassium metal and ethylbutylketene ii-butylimine: ( • )  1.0 mole-% 
K; (O) 1.0 mole-% K and 1.0 mole-% ketenimine.

Fig. 3. Comparison between effects of two ketenimines on polymerization of e- 
caprolactam at 200°C.: ( • )  1.0 mole-% Na; (O) 1.0 mole-% Na, and 1.0 mole-% 
ethylbutylketene n-butylimine; (©) 1.0 mole-% Na and 1.0 mole-% ethylbutylketene 
p-tolylimine.

The effects of ethylbutylketene n-butylimine and ethylbutylketene p- 
tolylimine in the polymerization with 1.0 mole-% of sodium metal are 
compared in Figure 3. With the use of either of the ketenimines, the 
polymerization reached an equilibrium after 1 hr. heating at 200°C., but 
in the polymerization with sodium metal only it was necessary to heat over 
6 hr. in order to reach an equilibrium. It is found that the ketenimines 
have a noticeable and almost equal effect in alkaline polymerization.
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Polymerization with Grignard’s Reagent and Ketenimines

The anionic polymerization with ethylmagnesium bromide23 as a catalyst 
is shown in Figure 4. It is obvious that ethylmagnesium bromide is a good 
catalyst for rapid polymerization. When a ketenimine was added, the 
polymerization proceeded more rapidly, but the combined effect was not 
so remarkable as in polymerization with alkali metals. Also conversion 
in the polymerization with ethylmagnesium bromide was below 85% at an 
equilibrium and lower than that for polymerization with alkali metals.

Polymerization with Lithium Aluminum Hydride and Ketenimines

The results of the polymerization with 0.5 mole-% of lithium aluminum 
hydride at 200°C. are shown in Table I. Lithium aluminum hydride 
was more effective as a catalyst than potassium, sodium, and ethyl
magnesium bromide, the polymerization proceeding more rapidly. Per
haps the effect of lithium aluminum hydride should be regarded as a LiH- 
catalyzed polymerization with A1H3 as cocatalyst. The conversion 
reached over 90% at an equilibrium after 30 min. heating at 200°C. As 
shown in Table I, the rate of polymerization did not change on addition 
of a ketenimine, and therefore the ketenimines were considered to have no 
effect.

TABLE I
Relation between Conversion and Time in the Polymerization at 200°C. with Lithium 

Aluminum Hydride and Ethylbutylketene ra-Butylimine

Expt.
no.

L 1AIH4

concentration,
mole-%

Ketenimine
concentration,

mole-%
Time,

hr.
Conversion.

%

34 0.5 0 0.5 93.5
35 0.5 0 2 92.6
36 0.5 0 4 93.0
37 0.5 0 8 92.8
38 0.5 1.0 0.5 91.9
39 0.5 1.0 2 90.9
40 0.5 1.0 4 91.6
41 0.5 1.0 8 92.1

Effects of Catalyst and Ketenimine Concentrations

The effect of potassium metal and ethylbutylketene n-butylimine 
concentrations on conversion and relative viscosity (j]r) of polymer obtained 
in polymerization at 200°C. for 10 hr. are shown in Figures 5 and 6, re
spectively. Conversion versus potassium metal concentration at various 
ketenimine concentrations is plotted in Figure 5. It is observed that at a 
constant concentration below 3.0 mole-% of ketenimine the optimum con
centration of potassium metal is 1.0 mole-%, and conversion decreases 
with increasing concentration of the ketenimine. As shown in Figure 6 
relative viscosity of polymer decreases with increasing concentrations of



■•CAPROLACTAM 3 3 0 7

TIME (h r.)

Fig. 4. Relation between conversion and time in the polymerization of e-caprolactam 
a t 200°C. with ethylmagnesium bromide and ethylbutylketene n-butylimine: ( • )  1.0 
mole-% C2H5 MgBr; (O) 1.0 mole-% C2H5MgBr and 1.0 mole-% ketenimine.

100

80

60

40

20

0

POTASSIUM METAL CONCENTRATION (mole %)

Fig. 5. Relation between potassium metal concentration and conversion in poly
merization of e-caprolactam at 200°C. for 10 hr. a t various ethylbutylketene ra-butylimine 
concentrations: (A)  0.5 mole-%; (A) 1.0 mole-' , : ( • )  2.0 mole-%; (O).3.0mole-%; (©) 
4.0 mole-%; (®) 5.0 mole-%.

both potassium metal and the ketenimine, and the maximum value was 
obtained at 0.5 mole-% levels of both.

Effect of Polymerization Temperature

When the relation between conversion and relative viscosity was studied 
at various reaction temperatures, the experimental results shown in Table
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POTASSIUM METAL CONCENTRATION (mole %)

Fig. 6. Relation between potassium metal concentration and relative viscosity with 
polymerization of e-caprolactam at 200°C. for 10 hr. at various ethylbutylketene n- 
butylimine concentrations: (A) 0.5 mole-%; (A) 1.0 mole-%; ( • )  2.0 mole-%; (O) 
3.0mole-%; (C) 4.0 mole-%; (®) 5.0 mole-%.

II were obtained. These indicate that both conversion and relative vis
cosity decrease with increasing reaction temperature.

TABLE II
Effect of Reaction Temperature on I he Conversion and Relative Viscosity of Polymer

Expt.
no.

Potassium
metal

concen
tration,
mole-%

Ketenimine
concen
tration,
mole-%“

Tempera
ture,
°C.

Time,
hr.

Conversion,
%

Relative
viscosity

(Vr)

72 0.5 1.0 150 20 96.9 3.24
73 0.5 1.0 180 5 95.7 3.11
74 0.5 1.0 200 4.5 90.6 3.02
75 0.5 1.0 220 4 84.7 2.71

a Ethylbutylketene a-butylimine.

DISCUSSION

The reaction mechanisms are discussed as follows. e-Caprolactam is 
reacted with an alkali metal, giving an iminium salt of the lactam as shown 
in eq. (5).
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where M is K, Na etc.
I t is known that an iminium salt of the lactam is also formed with a 

Grignard reagent23 or lithium aluminum hydride as well as the alkali metals. 
As shown in eq. (6), it is considered that IV-acyl lactam24 is formed by the 
reaction between the iminium salt of lactam and a lactam.

It is reasonable that the group —NH~M+ shown in eq. (6) must dis
appear and a new iminium salt of the lactam be formed, not only because 
of the enormous prevalence of amide groups, but also because the —N H -  
anion is a much stronger base than the amide of the lactam.4'25 The 
carbonyl group of the iV-acyl lactam, which is remarkable reactive, is 
attacked by the lactam anion; this is followed by opening of the IV-acyl 
lactam ring, and by the subsequent stepwise addition of the anionic lactam 
the polymerization proceeds to give a polymer.26-29 The formation 
of this IV-acyl lactam is the rate-controlling step of the alkaline polymeri
zation of lactam.

It is generally known that the polymerization is accelerated greatly 
by the previous addition of a reactive N -acyl lactam in the polymerization 
system.9-11

It is presumed that, as shown in eq. (7), ketenimine reacts with a lactam 
to form an A-imidoyl lactam as a reaction intermediate:

R,

R>
C = C = N — R3 (7)

where Ri, R2, and R3 are hydrocarbon radicals such as alkyl and allyl 
groups. It is supposed that the carbonyl group of IV-imidoyl lactam is 
attacked by a lactam anion in the same mechanism as IV-acyl lactam,
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followed by a ring-opening of the A-imidoyl lactam. The effect of keten- 
imine as cocatalyst for the alkaline polymerization is probably due to the 
formation of A-imidoyl lactam. The mechanism is supported by the 
experimental fact that in the alkaline polymerization imino chloride is 
a useful activator and its effects are equal to those of ketenimine. A study 
of the effects of imino chloride in the alkaline polymerization of e-capro
lactam will be reported in a forthcoming paper. As shown in eq. (8), it is 
presumed that an anionic lactam adds to a reactive A-imidoyl lactam 
(a reaction intermediate from a ketenimine and a lactam), and thus 
propagation to a polymer proceeds continuously by stepwise addition of the 
anionic lactam.

0 M+ NR3

N -C —(CHo) —N—C—C H < "‘ (8)

< 0

■ Ri

I t is certain that a metal cation added to polymer transfers to a lactam 
and a proton is then transferred from lactam to polymer, and a new ¡min
ium salt of the lactam thus being formed.

The author takes this opportunity to thank Mr. T. Sakamoto and Mr. S. Wakano for 
permission to publish this report.
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Résumé
On a trouvé que les cetène-imines préparées sont des co-catalyseurs utiles pour la poly

mérisation en milieu alcalin de l’ecaprolactame. Par addition d’une cétène-imine, il est 
possible de réduire la période d’induction avant le début de la polymérisation, et la poly
mérisation a lieu rapidement à basse température, située en-dessous du point de fusion 
du polymère. On propose un mécanisme de réaction pour la polymérisation de l’e-capro- 
lactame au moyen de catalyseur alcalin et de cétène-imine. Ce mécanisme implique la 
formation d’une iV-imidoyle-lactame réactionnelle à partir de cétène-imine et de lae- 
tame et la propagation de la chaîne par addition graduelle de lactame anionique à l’ex
trémité d’une molécule, ce qui conduit à la formation de polymère. Ce mécanisme est 
confirmé par le fait expérimental que l’iminochlorure a le même effet que la cétène-imine 
sur la polymérisation en milieu alcalin de l’e-caprolactame. On a soigneusement étudié 
les conditions de polymérisation. La conversion et la viscosité relative du polymère di
minuent avec l’augmentation de la concentration en cétène-imine et également avec une 
augmentation de la température de réaction.

Zusammenfassung
Die dargestellten Ketenimine erwiesen sich als brauchbare Kokatalysatoren für die 

alkalische Polymerisation von «-Kaprolaktam. Durch Zusatz eines Ketenimins kann 
eine Induktionsperiode vor dem Polymerisationsstart abgekürzt werden, und die 
Polymerisation verläuft bei niedriger Temperatur unterhalb des Schmelzpunktes rasch. 
Ein Polymerisationsmechanismus mit Bildung eines reaktionsfähigen iV-Imidoyllak- 
tams aus dem Ketenimin und Laktam für «-Kaprolaktam mit Alkali als Katalysator und 
Ketenimin und Kettenwachstum durch schrittweise Addition von anionischem Laktam 
an das Molekülende wird angenommen. Dieser Mechanismus wird durch die experi
mentelle Tatsache gestützt, dass Iminochlorid den gleichen Einfluss auf die alkalische 
Polymerisation von «-Kaprolaktam besitzt wie Ketenimin. Die Bedingungen für die 
Polymerisation wurden sorgfältig untersucht. Sowohl Umsatz als auch relative Vis
kosität des Polymeren nehmen mit steigender Keteniminkonzentration und auch mit 
steigender Reaktionstemperatur ab.
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R ange o f P rac tica l V alidity o f the  Debye and  the 
R ayleigh  E quations fo r D eterm in ing  M olecular 

W eights from  L ight Scattering  and  M ethods 
Allowing a L im ited E xtension  o f T his Range*

WILFRIED ITELLER, Department of Chemistry, Wayne State 
University, Detroit, Michigan

Synopsis
Using the equivalence of the Rayleigh and the Debye equations on light scattering as a 

basis, the per cent error in molecular weight committed on using the latter is evaluated 
by comparing results with those derived from the exact Mie scattering functions. The 
variable is, by necessity, the quantity M  F/A3 as long as the radiation diagram is sym
metrical, where M  is the molecular weight, F the partial specific volume of the solute, 
and A the wave length in the medium. The errors committed are conseouential only if 
the dissymmetry is finite. A possible method is outlined for correcting M  values ob
tained from the Debye equation outside of its range of practical validity. I t  may be 
applied as long as the dissymmetry does not exceed about 30%. The possibility of deter
mining from light scattering the approximate degree of swelling of latex particles and 
the size of clusters of spheres is discussed briefly.

Introduction

Derivation of the well known Debye equation1

t / c  =  (32 it 3n~i/3)(dn/dc)2M/N aXo* =  HM (1)

is based on the assumption that the scattering effect of solutions due to 
concentration fluctuations is purely dipolar, free from interference effects, 
and produced by an undistorted primary electromagnetic field, unaffected 
by the scattered field. The molecular weight M derived from eq. (1) or 
from the corresponding equation of lateral scattering

Rd/c = (3F/16tt)(1 +  cos2 6) M = K  (1 +  cos2 6) M (2)

can, therefore, be strictly correct only at c 0 and if the molecular dimen
sions are negligibly small relative to the wavelength used. Here, t / c is the 
turbidity per unit path length and per unit concentration c (in grams per 
cubic centimeter); Re is the radiant energy scattered, in a direction forming

* This work was supported by the Office of Naval Research. Part of the results was 
presented at the 11th Canadian High Polymer Forum, Assumption University, Windsor, 
Ontario, September 7, 1962.
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an angle 6 with the incident beam, per unit solid angle, unit intensity of the 
incident beam, and unit volume of the scattering system; dn/dc is the con
centration gradient of the difference between the refractive index of the 
solution, nw, and that of the solvent, nx; X0 is the wavelength in vacuo; 
X is the wavelength in the solvent and NA is Avogadro’s constant.

Finite values of M  derived from these equations are therefore affected 
by an error which is larger, the larger the root-mean-square volume en
compassed by a molecule, V. This error should vary also with dn/dc.

The existence of this error is of no consequence as long as it is smaller 
than the cumulative experimental error inherent in light-scattering ex
periments. It has not been possible thus far to state at which values of 
F/X3 and dn/dc the theoretical error equals or exceeds the experi
mental error. Nevertheless, a major misuse of eqs. (1) and (2) was ex
cluded by the common practice of checking, in a given instance, whether the 
system investigated exhibits dissymmetry, and to abstain from the use of 
eqs. (1) and (2) if dissymmetry is found. The open question is whether 
the theoretical error resulting from the use of these equations is in excess of 
the overall experimental error before a measurable dissymmetry is found 
or only after a finite dissymmetry has reached a certain “critical” value. 
The present paper is concerned with this problem, and with related ques
tions.

Remarks on the Rayleigh Equations

In view of arguments to be introduced later, it is necessary to say first a 
few words about the Rayleigh equation.

The Rayleigh theory of scattering2 yields for the turbidity, per unit con
centration and path length, of a dispersed system of spheres

r / c  =  247r3n i 4[(m 02 -  1 ) / (m 02 +  2 ) ] 2( F 0F 0/ X 04) (3 )

=  247r3 [(m 02 -  1 ) / (mo2 +  2 ) ] 2( F 0/ X ) F 0/ X 3)

Here, F0 is the volume of an internally homogeneous, isotropic and compact 
sphere, F0 is its specific volume, and m0 = n2/n\ its refractive index relative 
to that of the medium, n2 being its absolute refractive index. Just as in 
the theory from which eq. (1) follows, it is assumed here that the scattering 
effect is purely dipolar. Since each sphere represents the site of a single 
representative dipole (or of an assembly of dipoles the oscillations of which 
are perfectly in phase), the implicit requirement is that F0 is infinitely small 
compared to the wavelength. This is equivalent to the assumption under
lying eqs. (1) and (2), namely, that the dimensions of alternating volume 
elements having, at any instant, a positive and negative excess relative to 
the average concentration, are infinitely small compared to the wave
length. (This, of course, is possible only if the dimensions of the solute 
itself are sufficiently small.) The conditions of validity of eqs. (3) and (1) 
are therefore essentially identical. The only difference is the interpretation 
of the scattering effect.
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Although eq. (3) has, in the past, been applied almost exclusively to 
dispersions or solutions of compact spheres, such a restriction clearly does 
not exist. The only requirement is that the spheres be internally homo
geneous relative to the incident radiation. In other words, a spherically 
symmetrical random coil is also accessible to treatment by eq. (3) as long 
as the intersegmental distances are—as is generally the case—very small 
compared to the wavelength.* If (m — 1) —► 0, it is even unnecessary that 
the coil be spherically symmetrical. It may have any shape, provided of 
course that V0 is small. One may therefore reformulate eq. (3) for the 
purpose of M determinations of random coils:

t/ c = 247rV[(m2 -  1) / (to2 +  2)p(MPyjVAA04) = GM (4)

Re/c = (3G/16tt)(1 +  cos2 6)M = J(  1 +  cos2 d)M (5)

Here, m represents the relative refractive index of the random coil including 
the contribution, to n2, of the occluded solvent, while V is the volume 
occupied by the random coil and the occluded solvent, per unit weight of 
the coil, excluding the weight of the occluded solvent.

It would be difficult to obtain a definite value for V and m (except in 
presence of dissymmetry). Fortunately, this is not needed, m and V 
may be replaced by the bulk values m0 and V0 if these values are known, 
provided interactions between solvent and solute do not complicate mat
ters. In this case, [(m2 — l)/(m 2 +  2)]2P2 should be a constant [see also 
eq. (6) ], so that any expansion of the solute following the process of solution 
(increase from V0 to V) should be compensated by a decrease from m0 to m. 
Use of eq. (4) for the proper systems eliminates therefore the need of dn/dc 
measurements.

Whenever mo and V0 can be used, the simultaneous use of eqs. (1) and (3) 
is of particular interest. The former is then used for determining M, while 
the latter gives the radius, r„ of the equivalent compact (hard) sphere. 
Since there should be a simple relationship between the radius of this 
equivalent “optical” sphere and the radius Re of the equivalent “hydro- 
dynamic” sphere,3 a closer theoretical and experimental investigation of 
this correlation may prove very fruitful.

Principle of the Test of Validity of Equations (1) and (2)

The range of (Vo/X3) and m values within which eq. (3) may be used 
without committing an error of consequence can easily be defined, since 
the Mie equations for the scattering of spheres,4 which is unlimited as to 
Uo/X3 and m, reduce to eq. (3) if V0/X3 0. A systematic evaluation of
the range of practical validity of eq. (3) has been given recently.6 No

* Strictly speaking, these intramolecular discontinuities have a finite effect. This 
effect is very small, however, and of the same order of magnitude as the effect due to the 
discontinuities within the medium. The latter are neglected in eqs. (1) and (2). They 
are, as is well known, the cause of the finite scattering by liquids, treated quantitatively 
thus far only as the result of thermal fluctuations in density.
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similar direct check of the range of validity of eqs. (1) and (2) is possible, 
since a general theory of scattering due to concentration fluctuations, not 
restricted to independent very small volume elements, is not available.* 
One may, however, again use the Mie data, provided it is certain that eqs. 
(1) and (4), are quantitatively equivalent. If they are, then it is necessary 
that

dn/dc = (3^7/2) [(?:ns -  1 )/(m 2 +  2)] (6)

Assuming eq. (6) to be an equality, a new refractive index mixture rule

— ni2[1 +  2A (dn/dc)]/[ni — A (dn/dc)] (7)

where
A = 2 / 3  7

was derived a number of years ago.7 More recently, Zimm and Dandliker8 
developed a general refractive index mixture rule which reduces to eq. (7) 
if the dimensions of the refracting solute are small compared to the wave
length. This important finding and an additional proof of the unre
stricted validity of eq. (7) if 7o/A3 — 0 and c —*- 0, given elsewhere,8“ 
establishes the full quantitative equivalence of the Debye and Rayleigh 
equations. Consequently, the Mie data can be used for an indirect 
quantitative check of the range of validity of eqs. (1) and (2).

Definition of the Quantities Used

The Mie theory considers the quantity a .  For compact spheres of 
radius r, a  = 2 y T r / \ .  The quantity corresponding to a  in the case of 
spherically symmetrical random coils is (&ir2M V / X 3N A)'/3, so that the 
relationship between a and M is

M 7/A3 = N Aa3/Gir2 = 1.017385 X 1022« 3 (8)

On using the green Hg line (X0 = 5460.73 A.) as the standard wavelength 
and water at 25°C. as the solvent (X = 4093.57 A.),

M 7Hg = 6.978978 X 108« 3 (9)

The data to be given will be expressed also in terms of the latter quantity.
The relationship between dn/dc and m is implicit in eq. (6). In the 

limiting case that (m — 1) —»- 0, the latter relation simplifies to

m = [(dn/dc)/ni V] +  1 (10a)

or

dn/dc = V (n2 — n/). (10b)
* That such a general theory may be possible, is indicated by Debye’s success6 in ex

tending the range of validity of Einstein’s equation of light scattering due to density 
fluctuations by introducing the correlation function.
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There are two possible types of deviation of data calculated from eqs. 
(1) or (2) relative to the Mie data: (1) the deviation, at a given MF/X3, of 
t / c or Rg/c; (2) the deviation, at a given r/c or Re/c, of MF/X.3 Only the 
latter type of deviation is of interest here. In addition, only those angular 
scattering data which are pertinent to 6 = 90° will be considered. The 
per cent deviation in the molecular weight obtained from R%/c on using 
eq. (2) will be defined by

= {[(MF/X3)D -  (M F/X3) ] /(M F/X3) ) X 100 =

[(MD -  M)/M] X 100 (11)

where the quantities (MF/X3)d and M d are those obtained from the 
Debye equation and (MF/X3) and M  (without subscript) refer to the 
“true” (MF/X3) and M. The per cent deviation in molecular weight ob
tained from (r/c) on using eq. (1) is similarly defined by A ' M. The latter 
is, of course, of interest only if sufficiently long absorption cells are used so as 
to make (r/c) a reasonably large quantity.*

The AM and A 'M values give immediately the correction factors

F = 100/(Am +  100) (12)

F' = 100/(A'm + 100) (12a)

by which MD (M V) has to be multiplied in order to obtain the correct M 
value.

It should be noted here, that, strictly speaking, AM and A'M represent the 
percent deviations in the molecular volume, obtained from eqs. (5) and
(4), respectively, relative to the Mie values. They represent, however, 
also the per cent deviations in M in eq. (2) or (1) in view of the interrelation 
given by eq. (6).

Results

Table I presents the per cent deviations from the true values of molecular 
weights determined with eq. (2) [or eq. (5)]. The data are given for 
widely varied values of MF/X3 and m. They are illustrated by Figures 1 
and 2. An interesting feature is the fact (Fig. 2) that eqs. (2) and (5) 
perform, at a given M  and V, better the larger in [or (dn/dc)]. The re
lationship is linear within the range of m tested. It is more complex at 
larger m values which are not of interest here.

The results are summarized in Figure 3 which represents an error contour 
chart, i.e., a topographical map in which elevations are replaced by the 
per cent deviations in M values obtained from eq. (2) or (5) (solid curves).

Of major practical interest are the 2 and 5% contour lines. The
* Use of very long absorption cells is very uncommon for M  determinations, although 

this method evidently can and has been used.9 The advantage is that M  data are ab
solute data since no instrument constant is needed.
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Fig. 1. Variation of the per cent error, Am, in molecular weight as a function of M  U/X3 
or M Vim- Use of Debye equation in connection with 90° scattering. Parameter m: 
relative refractive index.

TABLE I
Per Cent Deviation, — A m , of Molecular Weight M Calculated from Equation (2); (9 =

90°)

M  t7 x 3 
X 10-2)

Ilf Uhc 
X 10-«

A m , %

111 = 
1.00“

m  = 
1.05

111 = 
1.10

m  = 
1.15

111 =  

1.20
111 = 
1.25

i n  = 
1.30

0.8139 5.583 1.7 1.60 (0.7) 1.04 0.77 0.62 0.43
6.511 44.67 6.2 5.46 4.74 4.06 3.26 2.58 1.88

21.98 150.7 13.4 12.1 10.7 9.25 7.82 6.40 4.87
52.09 357.3 23.4 21.2 18.9 16.9 14.5 12.7 10.7

101.17 697.9 33.7 31.5 29.2 26.8 24.5 22.1 19.7

a Extrapolated values.

former line is approximately equal to the average cumulative experimental 
error involved in careful determinations of M. Any theoretical error within 
the area encompassed by the 2% line, and the abscissa is therefore prac
tically inconsequential. On the other hand, (M V / \3)-m combinations 
within the area beyond the 5% line clearly are unsuitable for quantitative
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Fig. 2. Variation of the per cent error, Am, in molecular weight as a function of m. 
Use of Debye equation in connection with 90° scattering. Parameter: M Fhb.

applications of eq. (2) or (5). Table II gives the limiting M V hb values 
above which AM exceeds the stated percentage values.

Table III gives A'M, i.e., the per cent deviation of M values calculated 
from (r/c) according to eq. (1) or (4). Figures 4, 5, and 6 illustrate these 
data. Table IV, finally, gives the (M V /\3)-m combinations at which A'M 
is 1, 2, 5, and 10%. The differences between AM and A'M are insignificant

TABLE II
M Fhb X 10-6 for Various Per Cent Deviations of Molecular Weights, — Am, Calculated 

from Equation (2) for 0 = 90°a

7)1

M Vne X 10-6

- A m  =  1 . 0 % - A m  = 2.0% --A m = 5.0% - A m = 10.0%

1.00 2.5 7.0 31 94
1.05 3.5 9.0 39 109
1.10 4.5 11.5 48 134
1.15 5.5 15.0 60 164
1.20 8.0 21.0 80 210
1.25 12.0 31.0 108 266
1.30 20.0 62.0 152 332

“ Wavelength in solvent = 4093.57 A.
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al low values of (MV/X3) and m, but pronounced at large values of AIV/X3 
and m.

TABLE III
Per Cent Deviation from True Value, — A'm, of Molecular Weight Calculated from

Equation (1)

— Am', %

M V /\3 
X 10-2»

M V „«
x  io-«

m = 
1.00a

m = 
1.05

m = 
1.10

m = 
1.15

m = 
1.20

m = 
1.25

m = 
1.30

0.8139 5.583 1.6 1.40 1.18 0.99 0.78 0.60 0.43
6.511 44.67 6.2 5.42 4.69 3.94 3.21 2.51 1.S0

21.98 150.7 13.3 11.81 10.35 8.89 7.44 5.99 4.58
52.09 357.3 22.0 19.97 17.89 15.81 13.68 11.55 9.42

101.7 697.9 29 29.36 26.91 24.44 21.94 19.42 16.90

a Extrapolated values.

Dissymmetry as an Auxiliary Analytical Argument

The results given define completely the range of particle or molecular 
weights accessible to the equations tested if the particles or molecules are 
compact and nonswelling so that the specific volume V is identical with V0 
of the bulk material. If V t6 V0, it is either necessary to determine V or to
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Fig. 4. Variation of the percent error, A'.tr, in molecular weightas as function of M V / 
X3 or M  ? Hg and for various m values. Use of Debye equation in connection with tur
bidity measurements.

eliminate, by use of a suitable additional argument, the need to know its 
numerical value if one wishes to take full advantage of the results given. 
A suitable additional argument is the dissymmetry. As already stated in 
the introduction, appearance of dissymmetry has always been the qualita-

TABLE IV
(il/P/X 3) X 10 ™ for Various Per Cent Deviations of Molecular Weights, — Am, Calcu

lated from Equation (1) or (4)

m

(AfF/X3) X IQ“3»

- A m  = 1 0 % - A m  = 2.0% -  Am = 5.0% - A m = 10.0%

1.00“ 0.25 1.00 4.50 13.8
1.05 0.35 1.30 5.75 17.3
1.10 0.50 1.75 7.00 21.0
1.15 0.75 2.25 9.00 25.0
1.20 1.30 3.25 12.0 32.5
1.25 1.75 4.75 17.0 42.5
1.30 2.75 7.25 25.0 55.5

Extrapolated values.
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tive argument of probable invalidity of eqs. (1) and (2). It remained un
certain, however, whether this yardstick is too conservative or too liberal. 
This question can now be resolved by using, again, data obtained from the 
Mie theory. Advantage is taken of existing angular scattering functions.10 
Table Y, gives the per cent excess, Se, of the intensity of light scattered at 
the angle d relative to that at (180 — 6). The main data (S45) refer to the 
conventional angles 45° and 135°, those in parentheses (do) pertain to the

Fig. 5. Variation of the percent error, A'm, in molecular weight as a function of m 
Use of Debye equation in connection with turbidity measurements. Parameter: M V/X3.

angles 0° and 180° (“extreme” dissymmetry). The data for in =1 . 0  are 
the result of secure extrapolation. It follows from Figure 7 and Table V 
that, to a satisfactory approximation,

log Ming = 6.26 +  1.39 log<545 (13)

as long as 546 does not exceed ^45%  and m ^ 1.10. Interpolations 
between the data of Table V are therefore relatively easy in these cases.

One derives from these data easily the iliF/X3 values and associated 
m values at which 545 reaches value of 1, 2, 5, and 10%, respectively. The 
dissymmetry contour chart thus obtained is superimposed upon the error 
contour chart of Figure 3 (dashed lines).
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Fig. G. Error contour chart for A' m  (see text).

Fig. 7. Variation of Mie dissymmetry with M  FHe including test of dissymmetry equa
tion eq. (13).
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The most important result to follow from this double contour chart 
is that the largest theoretical error committed on using eq. (2) for d = 90° 
under the most unfavorable condition, i.e., if (m — 1) 0, is between 1
and 2% if a well detectable dissymmetry of 2% is used as the limit for ap
plication of these equations. For polymer molecules in a poor solvent 
(tight coiling; low V) and, particularly, for polymer molecules dissolved 
in a highly refracting poor solvent, an even larger dissymmetry is clearly 
allowed before the theoretical error committed, at a given MV, becomes 
important. Thus, — Am hardly exceeds 2% if 545 = 10% provided that 
m ~  1.25.). For the same reasons, the range of permissible practical 
application of the equation is even larger for globular macromolecules 
and compact particles. There are, therefore, many instances where one 
will be able to use safely eqs. (1) and (2) in spite of pronounced dissym
metry.

It is clear from the preceding discussion that not the appearance of 
dissymmetry, but rather the absolute magnitude of dissymmetry decides 
the limits for useful practical application of the equations tested. It is 
informative to define roughly the approximate upper limits of M  values 
obtainable from these equations without consequential error. Polystyrene 
may be chosen as a typical example. For molecules as tightly packed as 
they are in the bulk material, one may set Vo ~  1.0 and m0 ~  1.2. The 
limiting molecular weight obtained from R%/c with a theoretical error not 
in excess of 2% would then be 12 X 106. The dissymmetry, 54ó, should 
then amount to about 4%. This limiting value of M  would therefore 
apply to solutions in a poor solvent where tight segmental packing, roughly 
comparable to that in bulk, applies. Methyl ethyl ketone may approxi
mate this type of solvent. On the other hand, in dichlorethane, a rela
tively good solvent, polystyrene is a greatly expanded coil. One calculates 
in this instance from literature data" a V value such that even at a molecu
lar weight as small as 500,000, M V ^  30 X 106. The error in M  on using 
the equations tested should then be nearly 5% since in is, in this case, very 
close to 1.0. As a rough rule of thumb, one may therefore establish for 
random coils in good solvents an M value of about 250,000 as the upper safe 
limit for application of the equations tested without further precautions 
being necessary. (For macromolecules which are not spherically symmetri
cal in shape, the limit in M  may be much smaller.)

It follows from all this that it is strongly advisable to use for M  de
terminations on randomly coiled macromolecules the poorest possible 
solvents, which, in addition, have the highest possible refractive index 
difference relative to the solute (if the objective is merely the determination 
of molecular weights). The range of M  values accessible to eqs. (1) and (2) 
is then largest. Moreover, the experimental errors are also smallest on 
account of the maximal scattering intensities achieved under these condi
tions.
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Use of the Debye and Rayleigh Equations outside of Their Range of
Practical Validity

If the molecular (particle) dimensions are not small compared to the 
wavelength, the scattered wavelets emanating from various volume ele
ments of the scattering body are no longer in phase, particularly those 
originating in the peripheral sections of the body. Quadrupolar and, 
eventually, multipolar oscillations contribute then to the scattering effect. 
In addition, the primary field at the site of the now relatively large scatter
ing body becomes distorted, and the scattered field which is now not 
negligible alters the primary field.

These complications can be avoided except for the attenuating effect 
of the phase differences, (quadrupolar and multipolar contributions), 
if (m — 1) —► 0. In this limiting case, the primary field remains homo
geneous and the scattered field is too weak to affect the former. One may 
then still use the Rayleigh or Debye equation on multiplying it by the 
Rayleigh-Gans attenuation factor P(0).12'13 Equation (2) must then be 
written:

Re/c = K( 1 +  cos2 6)MP(6) (14)

Similarly eq. (5) becomes

1Re/c = <7(1 +  cos2 6)MP(6). (15)

Since it is assumed that (m — 1) -» 0

[(m2 — l)/(m 2 +  2)] -* (Vs) (m2 — 1) (16)

so that the explicit form of eq. (15) simplifies to

Re/c = ( I f 2 7t2/AV X4)(nP -  l ) 2 [(1 +  cos20)/2] P(6) (17)

Equation (17) is the classical Rayleigh-Gans equation as given by Ray
leigh12 except for the introduction, in the present instance, of M.

Since the phase differences are largest for the peripheral volume elements 
of a scattering body, the attenuation is smaller and the attenuation factor 
P(6) is larger (closer to 1.0) for spheres of uniform density than for the 
more voluminous random coils of equal mass (as long as the maximal phase 
differences <1 X). According to Debye14

P (0)spheres = [(3/z2)(sin X — X COS x) ]2 (18)
and

P(8\on. = (2/ ?/2) [c -  -  (1 -  y)]
Here,

x = 2a sin (6/2) 

a — 2r x/X

y = (8x2/3X2) sin2 (6/2) (V r 2) 2

( 1 9 )
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r is the radius of the sphere, and V  r2 is the root-mean-square end-to-end 
distance. [Equation (18), formulated differently, had already been given 
by Gans.18]

The determination of M  beyond the range of practical validity of eqs. 
(1)~(5) is therefore more complicated unless one resorts to the ingenious 
dodge introduced by Zimm15: in view of the homogeneity of the field, if 
(m — 1) —► 0, the phase differences are zero at 8 = 0 (they are maximal at 8 
= 180°) so that extrapolation of angular scattering data to the forward 
direction allows one to use eqs. (l)-(5) in their original form, since P =
1.0 as 6 —*■ 0. The decisive advantage of this method over other possible 
procedures is that it furnishes also information on the type of the scattering 
body (compact sphere or random coil), on its characteristic dimensions 
(radius or gyration radius) and on the degree of polydispersity if the molec
ular weight is not single-valued. If this additional information is not 
needed, the far less time-consuming three-point method (a combination of 
R'm/ c and 645 measurements), first suggested by Doty and Steiner16 is pref
erable. The method of these authors is based upon Rayleigh-Gans data. 
The availability of the Mie data (Table V) allows one to introduce a related 
more powerful alternative. One determines first, from a measurement at 
6 = 90° and by means of eq. (2), a first approximation value of M. A sub
sequent measurement of <S45 yields M V  by interpolation from Table V or 
from Figure 7. As long as S45 $5 30%, the a 'priori unknown value of m is 
clearly immaterial as long as it is S5 1.10. This is unquestionably always the 
case for random coils in good solvents. Having thus established the value 
of M F, one immediately obtains A 4/ [eq. (11), Fig. 1, Table I] and F so that 
the first approximation value of M can be corrected to the true M value 
provided one picks the proper m value. Since F is quite sensitive to m, in 
contradistinction to 54s, one will pick F values applicable to m = 1.05 which 
is intermediate between the probable extremes of m values which may occur 
for random coils in good solvents (1.00-1.10). Taking for instance a value 
of 545 of 30%, F results as 0.875, while its true value may be between the 
extremes 0.86 and 0.89. The residual possible error in M  is therefore, in 
this most unfavorable case, ^  3.5%. The present method clearly gives not 
only M, but in addition, V.

The scope of applicability of this method differs, of course, widely for 
random coils and compact spheres. In the former instance, we can use it 
only as long as dissymmetries calculated from eq. (19) closely approximate 
the Mie data in Table V. This applies as long as 5« ^  30%. The upper 
limiting error in M, which can thus be handled is therefore ~20%. This 
corresponds to a limiting M  FHg value of ~200 X 106.

If the scattering bodies are compact homogeneous spheres, the method 
proposed may be used without any restriction as to the magnitude of 545 
(or of to). The situation is particularly simple if to = m0 and V = F0. 
Spheres which swell in the liquid in which they are immersed without dis
solving (crosslinked polymer spheres) and without losing their optical 
homogeneity may, however, be handled also, although m (Xm0) and F
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(X Vo) are not known. It is then merely necessary to obtain the true values 
of M, V, and m by successive approximation. First, M obtained from eq. 
(2) is corrected by means of F, the latter having been obtained with the aid 
of 545 assuming that m = 1.05 (or m = 1.00); one now inserts the V value 
obtained in eq. (6) or (10) which yields the first approximation value of 
m. One is now in a position to obtain a second approximation value for F, 
M, and V. It thus appears possible to determine the degree of swelling by 
a rather simple and accurate optical method. The only complication which 
arises for an extension of the method to large values of M V / \Z is that eqs.
(6) and (10) are, in principle, restricted to molecular (particle) dimensions 
small compared to the wavelength. Correction factors up to M V / \3 = 
3.43 X 1025 (MVHg = 2.36 X 1012) are, however, easily derived 
from tabular data already available.17 As long as 645 does not exceed 50%, 
no correction is necessary, since the error in m resulting from the use of 
eq. (6) is then still less than 2% (if the true m value ^1.30). It may be 
noted that the method of successive approximation may, in principle, be 
used also for the correction of M  values obtained from eq. (2). However, 
since the ?n-dependence of 5« is very small at the low dissymmetry values 
that may be considered (645 5$ 30%), no significant improvement can be 
expected from successive approximation.

Another case where the method of successive approximation of M, V, and 
m by measurements at 6 = 45°, 90°, and 135° may be useful, is that of 
spherical or nearly spherical aggregates of very small compact spherical 
particles. As pointed out long ago,18 the scattering effect produced by 
clusters of particles is a function of the distances between the individual 
particles due to the variation of the (“external”) interference effect with the 
magnitude of these distances.

A quantitative investigation of this effect, carried out by Landshoff,19 
following a suggestion to that effect by the writer, lead to an equation 
equivalent to eq. (18). Unfortunately, the restriction to aggregates where 
(m — 1) —► 0, which is necessary with this equation, severely limited its 
potential application, since, generally, far less liquid is occluded within 
aggregates of compact spheres than within randomly coiled polymer mole
cules. Application of the method of successive approximation should now 
make it possible to determine not only the size of such clusters, but also 
the volume ratio of scattering material and liquid within such a cluster. 
A simple application will of course be possible only if the clusters in a given 
scattering system are all of about the same size and if one restricts the analy
sis to systems exhibiting a dissymmetry, <545, not in excess of about 50%.
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Résumé
En employant l’équivalence des équations de Rayleigh et de Debye pour la diffusion 

lumineuse, on a évalué le pourcentage d’erreur dans la détermination du poids molécu
laire en employant cette dernière équation en comparant les résultats avec ceux obtenus à 
partir des fonctions exactes de la diffusion de Mie. La variable est, par nécessité, la 
quantité M  V/ \ 3 aussi longtemps que le diagramme est symétrique (M  est le poids molécu
laire, V le volume partiel spécifique du soluté et X la longueur d’onde dans le milieu). 
Les erreurs commises ont lieu seulement si la dissymétrie est finie. On esquisse une 
méthode possible pour corriger les valeurs de M  obtenues à partir de l’équation de Debye 
en dehors de son domaine de validté pratique. Elle peut être appliquée aussi longtemps 
que la dissymétrie ne dépasse pas environ 30%. On discute brièvement de la possibilité 
de déterminer, à partir de la diffusion lumineuse, le degré approximatif de gonflement des 
particules de latex et la grosseur des agrégats de particules sphériques.

Zusammenfassung
Auf Grundlage der Äquivalenz der Rayleigh- und der Debye-Lichtstreuungsgleichung 

wurde der prozentuelle Fehler im Molekulargewicht bei Benützung letzterer durch 
Vergleich der Ergebnisse mit den aus den exakten Mie-Streuungsfunktionen abgeleiteten 
ermittelt. Die Variable ist, solange das Streuungsdiagramm symmetrisch ist, not
wendigerweise die Grösse M V / \3. (M ist das Molekulargewicht, V das partielle 
spezifische Volumen des Gelösten und X die Wellenlänge im Medium. ) Die auftretenden 
Fehler haben nur bei endlicher Dissymmetrie Bedeutung. Eine Methode zur Korrektur 
der aus der Debye-Gleichung ausserhalb ihres praktischen Geltungsbereiches erhaltenen 
Af-Werte wird angegeben. Sie kann bei Dissymmetrie nicht über 30% angewendet 
werden. Die Möglichkeit, durch Lichtstreuung den angenäherten Quellungsgrad von 
Latexteilchen zu bestimmen, wird diskutiert.
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Energetic and Entropic Components o f Tension in 
Elastomeric W ool Fibers

A. R. HALY, Division of Textile Physics, C.S.I.R.O. Wool Research 
Laboratories, Ryde, Sydney, Australia

Synopsis
Tension against temperature data were obtained for both unreduced wool fibers and 

fibers in which some of the disulfide bonds had been reduced by a thiol. The measure
ments were done while the fibers contained a diluent. Coefficients of volume thermal 
expansion were also measured. From the results the ratio of the energetic component of 
tension to the total tension (fe/f) was calculated. Most values of /„ // were within the 
range ±  0.20. In the case of unreduced wool f e/ f  changed from negative to positive as 
the extension increased. With a reduced sample containing 8% of the native disulfide, 
fe/ f  was negat ive and nearly constant over the range of extension employed. The change 
for unreduced wool follows from extension-dependent interactions between polypeptide 
chains. The results indicate that, for unperturbed polypeptide chains from wool taken 
into solution following disulfide reduction, the end-to-end distance will decrease with in
crease of temperature, a partially extended form being the lower energy state.

I N T R O D U C T I O N

A number of investigators1-6 have attributed rubberlike properties to 
wool or hair keratin. In some cases this has meant only that the material 
exhibits long-range elasticity, and in other cases that the stress at a fixed 
extension is chiefly entropic in origin. The extension of wool fibers con
taining absorbed water is complicated by a concurrent decrease of a- 
crystallinity and increase of /3-crystallinity7; furthermore at any instant 
during extension at convenient rates the number of effective crosslinks 
between polypeptide chains is very high, and equilibrium tensions are 
attained extremely slowly. Hence analysis according to theories that have 
been developed for uniform, relatively lightly crosslinked elastomers is 
not practical.

However scrutiny of the references cited above indicates that some 
absorbâtes are capable of partially or completely destroying the crystal
linity of wool, and otherwise greatly reducing the number of effective cross
links. A diagnostic feature of these changes is an increase in the entropic 
component of the tension in an extended fiber. Such absorbâtes can cause 
unconstrained wool fibers to contract to a length less than their native 
length. Contraction of this type is frequently termed supercontraction. 
When lithium bromide solution is the supercontracting reagent the de
crease in length proceeds in two distinct stages6'8: the first stage (which
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can be reversed by washing out the reagent) is possible at 20°C. in LiBr 
concentrations in excess of ~6.5M 9; second-stage supercontraction, 
which is irreversible, proceeds at higher temperatures. Following a 
test which indicated the chiefly entropic nature of the tension in wool 
fibers in LiBr solution,6 studies of crosslinking by measurement of equi
librium longitudinal moduli were undertaken.10

The purpose of this paper is to report a more detailed study of the 
components of tension in normal and modified wool fibers in aqueous LiBr, 
making use of some of the considerable advances in the theory of elastomers 
which have been made in recent years.

The total tension /  in a specimen at constant length is the sum of the 
energetic (Je) and entropic (/,) components of the tension. The energetic 
component is given by

/*// =  -T \D Q nf/T )/*T \7A (1)

where T represents the absolute temperature, and V and L are, respec
tively, the volume and length of the specimen.

It is often inconvenient to perform experimental work with the specimen 
maintained at constant volume, and Flory et al.11 have shown that eq. 
(1), together with the elastic equation of state, yields

f j f  = -T \d ( ln f /T ) /d T \P,L-  [ -  1)] (2)

in the extension region in which Gaussian statistics are applicable. Here 
P represents the pressure, f3 the volume thermal expansion coefficient of 
the specimen, and a the strain ratio, i.e., extended length/force-free length. 
From eq. (2) we find

fe/f = 1 -T / f \d f /d T \P,L -  [/3T/ % 3 -  1)] (3)

This equation is valid for both unswollen and swollen systems.12
In a study10 of the relative degrees of crosslinking in natural and modified 

wools, some evidence appeared that the Gaussian approximation did not 
hold at any attainable extension. When this is the case, Smith et al.13 
showed that eqs. (2) and (3) should contain another term, but that for 
many conditions the term is negligible. In the present work the correcting 
term is approximately (1/ 20) [pT/(a3 — 1) ] and has been neglected.

Accordingly, following measurements of tension as a function of tem
perature at constant pressure and specimen length, eq. (3) was applied to 
calculate the energetic component of the tension. Direct evidence of 
the validity of this approach was provided by Allen et al.,14 who found 
satisfactory agreement between determinations of f j f  from constant 
pressure and from constant volume measurements on natural rubber.

In the case of wool it was found that f e/ f  was usually within the range 
± 0.20, i.e., the entropic component of tension was usually 80-100% of 
the total tension. For unreduced fibers f e/ f  was negative at low extensions, 
but increased to a positive value as the extension increased. Fibers in 
which 92% of the disulfide bonds were reduced and alkylated gave negative
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values of f c/ f  at all extensions. These features are not unique to wool 
and are explicable in terms of current ideas derived from studies of many 
polymers in the elastomeric state.

EXPERIMENTAL

Three different wool samples were used, those previously10 designated 
samples, 0, 10b, and 14b. Sample 0 is an unreduced Corriedale wool; 
the other two samples were from the same fleece but had undergone di
sulfide reduction and alkylation, and will be referred to as S-methyl wools. 
Their disulfide contents were (10b) 42% and (14b) 8% of the original 
value.

Measurement of Thermal Expansion

The coefficient of volume thermal expansion of the wools at swelling 
equilibrium in 8M  unbuffered LiBr solution was measured with the aid of a 
microscope. Ten fiber snippets from each sample were immersed in the 
solution in a glass cell and irreversibly contracted by heating for 3 hr. at 
95-100°C. Their lengths and diameters were then measured at a number 
of temperatures, by use of an eyepiece micrometer scale. From the result 
at each temperature the volume swelling above the volume at room tem
perature (20 ± 1°C.) was calculated.

Determination of Tension as a Function of Temperature

The method of measuring the tension at various temperatures in a wool 
fiber immersed in LiBr solution was, in principle, the same as that pre
viously described,10 being based on the use of a simple, manual extensometer 
and a Statham force transducer of maximum load 0.15 oz. The test 
specimen was mounted between two fused quartz hooks, one attached to 
the transducer and the other to the moving arm of the extensometer. 
When the extensometer had been adjusted to produce the required fiber 
length, the movable quartz member was clamped to the base plate carrying 
the transducer, and disconnected from the lead-screw traveller of the 
extensometer. Thus the specimen was, in effect, held in a quartz jig, 
and was unaffected by thermal length changes in the metal body of the 
extensometer. As before,10 the LiBr solution was contained in a jacketed 
glass vessel and controlled in temperature by water circulation through the 
jacket from a bath with thermostatic control. The temperature was con
trolled to ±0.1°C. In all experiments 8.0M LiBr solution was used.

The test specimens were in the form of multiple loops, the number of 
cross sections supporting the tension being 4, 10, and 20 for samples 0, 
10b, and 14b, respectively. Under these circumstances the tension at a 
given strain was approximately the same in each specimen.10 Several 
fibers were tied end-to-end to make the test specimens from the S-methyl 
wools.
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Tension-temperature measurements were made with fibers after both 
reversible and irreversible thermal treatment in LiBr solution. In both 
cases the first step in a run was to extend the specimen to the required 
length and allow it to reach a constant value of tension at the highest 
temperature to be employed. The time required was about 1 hr. Beyond 
a certain temperature a very long-term relaxation of the force became 
apparent,10 and this fact set the upper limit of temperature; for the 
wools used here the maximum temperatures for fibers contracted reversibly 
and irreversibly were approximately 45 and 25°C., respectively. Equi
librium tensions corresponding to lower temperatures were then measured. 
There was no appreciable stress relaxation during a test.

After measurements on a reversibly contracted specimen, the second 
stage of supercontraction was induced by heating the fiber in the same 
solution at 95°C. for approximately 21/ 2 hr. The tension-temperature 
relationship at various extensions was then determined as before. Because 
constant length was maintained during each test, there was a small change 
of a resulting from thermal expansion. This change was neglected, and 
values of a are based on the force-free length at 25°C.

RESULTS

Volume Swelling

Plots of volume swelling against temperature are shown in Figure 1 for 
the unreduced sample (0), and the sample containing 8% of the original 
disulfide (14b). The fibers were irreversibly contracted in 8.0M LiBr
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Fig. 1. Volume swelling vs. temperature results for samples 0 and 14b. The straight
lines shown are those used in calculating the coefficient of thermal expansion.



TENSION COMPONENTS IN WOOL 3335

solution prior to measurement in the same solution. Because of experi
mental difficulties no data were obtained at temperatures below ambient, 
and in order to produce changes large enough for satisfactory measurement 
it was necessary to raise the temperature to values outside the range used 
in tension measurements. However, in calculating the thermal expansion 
coefficient (3, the experimental points obtained at the lowest temperatures 
were favored. The slopes used for calculation of ¡3 for samples 0 and 14b 
are shown in Figure 1. Values found were 4.2 X 10-4, 5.4 X 10-4, and
9.4 X 10-4 degrees-1 for samples 0, 10b, and 14, respectively.

No attempt was made to measure /3 for reversibly contracted samples 
because the temperatures necessary during the tests would have caused 
irreversible contraction. For similar reasons it was not possible to deter
mine /3 as a function of extension; in this case the necessary temperatures 
would have produced set, i.e., the unconstrained length of a fiber would 
have changed during a test. Thus the calculated values of (3T/(a3 — 1) 
in the following section are strictly relevant only to zero extension; how
ever, at the extensions involved in this work the resulting error is probably 
not significant.

Tension-Temperature Data

In Figure 2 tension is plotted against temperature for sample 0 at three 
different extension ratios. The specimen was irreversibly contracted before 
these tests. Though plotted on a compressed scale the experimental 
points illustrate a significant feature that was observed in all cases, viz., 
at low extensions and low temperatures the curve relating tension and tem
perature is clearly concave to the texperature axis. This feature is not 
apparent at higher extensions. I t may result from failure to reach equi-

TABLE I
Experimental Data and Calculated Values of fe/f for Sample 0

a
[ l - ^ l  L / a r j e . r ,

at 25°C.

0T

(/.//)«.» c. UJf )  io°c Remarks»
a 3 -  1

at 25°C.

1.071 - 0 .2 0 — — /Reversibly
1.134 0.09 — — [ contracted
1.125 0.27 0.30 -0 .0 3 -0 .1 2
1.181 0.24 0.19 0.05 0.03
1.198 0.23 0.18 0.05 -  .02
1.264 0.20 0.12 0.08 0.05 Irreversibly
1.321 0.17 0.10 0.07 0.06 contracted
1.335 0.12 0.09 0.03 0.04
1.342 0.16 0.09 0.07 0.08
1.425 0.17 0.07 0.10 0.14
1.554 0.20 0.05 0.15 0.17

» Amounts of reversible and irreversible contraction were 11.8% and 37.4%, respec
tively.
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librium swelling. Results for sample 10b after reversible supercontraction 
are shown in Figure 3, and after irreversible supercontraction in Figure ±.

The data for all three samples together with the calculated values of 
f e/ f  at both 25 and 10°C. are presented in Tables I—III. The levels of

0 8 -

¿SO 27 0  280  2 9 0  3 0 0
T E M P E R A T U R E  (° E )

Fig. 2. Tension vs. temperature data at constant length for sample 0 after irreversible 
supercontraction. The corresponding values of extension ratio a are shown on the 
graphs.

supercontraction prior to commencement of a series of tension-tem
perature tests are given in the legends, these values being the reduction in 
length expressed as a percentage of the native length of a specimen. The
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differences between (/<.//)25°c- and (/«//)io°c- are usually small, the trend 
being towards smaller values at 10°C. than at 25°C., as required by eq. (3). 
The few cases of large differences arise no doubt from errors in deter
mination of (df/bT)P,L; these errors are likely to be greatest at low force 
levels, i.e., at low extension ratios.

T E M P E R A T U R E  ( ’X )

Fig. 3. Tension vs. temperature data at constant length for sample 10b after reversible
supercontraction.

To illustrate the results for irreversibly contracted fibers the means of 
the values of (/e//)2s°c. and (/«.//)io°c. are plotted in Figure 5 for samples 0 
and 14b. Fewer results are available for sample 10b, but there is no 
evidence that its energetic component of tension becomes significantly 
negative at any extension ratio within the range examined.
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Fig. 4. Tension vs. temperature data at constant length for sample 10b after irreversible
supercontraction.

DISCUSSION

Most of the values of /„// for wool in LiBr solution (Fig. 5) fall within 
the range 0 ± 0.20. The value for an ideal elastomer is zero; values 
of approximately —0.03 and —0.4 have been found for butyl rubber 
(290-370°K.) and polyethylene (370-450°K.), respectively, whether 
swollen or unswollen. Thus wool swollen with LiBr solution has prop
erties which place it well within the range of materials which are referred to 
as rubbers or elastomers.

Before proceeding to discuss the results in more detail we note that the 
values of the term fiT/(a3 — 1) are large at low extension ratios, and 
consequently an error in the value of /3 will be important. At the same 
time the precision of the determination of (df/i>T)P,L is also relatively low. 
For these reasons it is concluded that the downturn in f c/ f  at low extension
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TABLE II
Experimental Data and Calculated Values of f e/ f  for Sample 10b

[
a

1 T d /1
P ,L

p r

(/«//)»• o. ( / . /A  0°C. Remarks'*
f * T \  

a t 25°(
a 3 -  1
at 25°C.

1.033 0.21 — — — c
1.098 0.13 — — — Reversibly
1.160 0.11 — — — contracted
1.225 0.06 — — —

1.102 0.67 0.48 0.19 0.20
1.124 0.46 0.38 0.08 - 0 .0 5 Irreversibly
1.199 0.36 0.22 0.14 0.13 contracted
1.282 0.22 0.15 0.07 -0 .0 1
1.540 0.13 0.07 0.06 0.02

a Amounts of reversible and irreversible contraction were 25.7 and 35.1%, respec
tively.

TABLE III
Experimental Data and Calculated Values of / , / /  for Sample 14b

a

r  T d f l  
L /¿>rj

at 25°C

/3 T

( /e / / ) 2 6 ° C - (fe/f) 10°c. Remarks’*
P, L a3 — 1

at 25°C.

1.079 0.21 — — —

1.128 0.18 — — — Reversibly
1.201 0.00 — — — contracted
1.283 - 0 .0 4 — — —

1.092 0.78 0.93 -0 .1 5 -0 .2 7
1.142 0.32 0.57 -0 .2 5 - 0 .2 5
1.157 0.45 0.51 - 0 .0 6 - 0 .1 7
1.303 0.10 0.23 - 0 .1 3 - 0 .1 9
1.320 0.15 0.22 -0 .0 7 - 0 .0 8 Irreversibly
1.338 0.14 0.20 -0 .0 6 -0 .0 7 contracted
1.338 0.11 0.20 -0 .0 9 - 0 .0 7
1.357 0.06 0.19 -0 .1 3 -0 .1 6
1.461 0.03 0.13 - 0 .1 0 -0 .1 3
1.580 0.01 0.10 -0 .0 9 -0 .1 3 l

a Amounts of reversible and irreversible contraction were 32.0 and 44.3%, respec
tively.

ratios (Fig. 5) may not be real. Apart from this region it appears that
(1) f e/ f  increases with increase of a in the case of the unreduced sample 0 ;
(2) /«,// is constant and negative for sample 14b; (S) f e/ f  is probably constant 
and slightly positive for sample 10b. Mark and Flory16 published results 
for polydimethylsiloxane (PDMS) indicating a fall in f e/ f  with increase of 
a, and other cases of variation with a may be found in the literature (for 
references see Ciferri16).
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Both positive and negative values of f e/ f  have been found, and both 
can be justified theoretically. This problem has been discussed by Ciferri,16 
Ptitsyn,17 and Flory et al.18 Ptitsyn17 showed that, even assuming in
dependent rotations around adjoining bonds, positive or negative values of 
f j f  were possible for the PDAIS chain because of the sequence of two 
widely different valency bond angles. A negative value is predicted when, 
as in polyethylene, the bond angles are equal. Returning to wool, in the 
case of the polypeptide chain, rotations are permitted about the N to 
a-carbon bond and about the a-carbon to /?-carbon bond (assuming as 
usual that the peptide group is planar), and analogously to the PDMS 
chain either positive or negative values of /<,// should be possible.

0 2  -

? / / 2  /-3 /  4  /  5  / 6

E X  TENS/ON RA T/O

Fig. 5. Ratio of the energetic component of tension to the total tension (,/„//) plotted 
against extension ratio: ( +  ) sample 0; (O) sample 14b. Values of f e/ f  are means of 
results a t 10 and 25°C.

However, the fact th a t/e/ /  for sample 14b is negative and approximately 
constant at all extensions suggests that the change from positive to negative 
in the case of sample 0 is not a consequence of intrachain properties. The 
result for sample 14b is in accord with the theory of rubber elasticity, the 
derivation of which requires that interactions between chains, if any, 
should not change with extension.12 It is unlikely that a full explanation 
of the data for sample 0 will be found without reference to interactions 
between the polypeptide chains; unreduced wool as in sample 0 is a highly 
erosslinked material, the disulfide content being sufficient to provide 
approximately one covalent crosslink for every ten monomer units; further
more these coexist with large numbers of bulky and reactive side chains. 
Thus the presence of extension-dependent interactions between chains 
seems feasible, and an interpretation of the increasing value of /„// with 
increase of a, for sample 0, is that it arises from changes in such inter
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actions. On this basis the results for samples 10b and 14b would be 
explained in terms of the loss of extension-dependent interactions as 
the disulfide content was decreased.

A previous observation is of interest in this connection. It was found10 
that when the calculated number of crosslinks in wool (calculated from 
the longitudinal modulus of irreversibly contracted fibers in LiBr solution) 
was plotted against disulfide content, the graph was approximately linear 
over a considerable range, but sharply increased in slope at high disulfide 
content. As above, the result could be explained by supposing that 
at high disulfide content the reduction of these bonds is accompanied by a 
consequent loss of other interactions between chains.

Subject to the conditions imposed by its derivation from the elastic 
equation of state for simple elongation a relationship holds between the 
relative value of the energetic component of tension and the chain dimen
sions. The relationship is f e/ f  = Tcl(\nr2)/dT. Here r2 is the mean square 
distance between the ends of the free polymer chain, unperturbed by 
external constraints arising from, for instance, specific solvent effects or 
interaction with other chains. The present data suggest that d(In r'2)/dT 
will be negative for polypeptide chains from wool, taken into dilute solution 
(in a suitable medium) following complete disulfide reduction. This means 
that the unperturbed dimensions of the chains will decrease with increase 
of temperature, a more extended form being the lower energy state. It is 
encouraging to note that good agreement has been obtained12'16 between 
values of d(ln r2)/dT obtained from studies of bulk polymers and of the 
same polymers in solution, but there are as yet no data from wool peptides 
in solution with which to compare the above result.
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Résumé
Des résultats de la tension en fonction de la température ont été obtenus pour des fibres 

de laine non réduite et pour des fibres dans lesquelles certains liens disulfures ont été ré
duits par un thiol, les mesures ayant été effectuées alors que les fibres contenaient un di
luant. On a également mesuré les coefficients de dilatation thermique en volume. A 
partir des résultats, on a calculé le rapport entre la composante <  énergétique de la ten
sion et la tension totale (/„//). La plupart des valeurs de/„ //se  situent dans le domaine 
de ±0.20. Dans le cas de la laine non réduite/„ // change depuis une valeur négative 
jusqu’à une valeur positive lorsque l’allongement augmente. Avec un échantillon réduit 
contenant 8% de disulfure à l’état natif /„ // est négatif et presque constant dans le do
maine d’allongement utilise. Le changement pour la laine non réduite dépend des inter
actions entre les chaînes de polypeptide qui dépendent de l’allongement. Les résultats 
montrent que pour les chaînes de polypeptide perturbées provenant de la laine prise dans 
la solution après la réduction au disulfure, la distance entre extrémités de chaîne di- 
minuere avec une augmentation de la température, une forme partiellement étendue for
mant l’état énergétique plus bas.

Zusammenfassung
Spannungs-Temperaturdaten wurden für unreduzierte Wollfasern und Fasern, bei 

welchen einige Disulfidbindungen mit einem Thiol reduziert worden waren, erhalten. 
Die Messungen wurden an verdünnungsmittelhaltigen Fasern durchgeführt. Weiters 
wurde der Koeffizient der thermischen Volumsexpansion gemessen. Aus den Ergeb
nissen wurde das Verhältnis der energetischen Spannungskomponente zur totalen Span
nung (/„//) berechnet. Die Werte für /„ // lagen meist in einem Bereich von ±0,20. 
Bei unreduzierter Wolle ändert sich /„ // mit steigender Dehnung von negativen zu posi- 
tiven Werten. Bei einer reduzierten Probe, die noch 8% der nativen Disulfidgruppen 
enthält, war/„ // negativ und über den angewendeten Dehnungsbereich nahezu konstant. 
Die Änderung bei unreduzierter Wolle ist eine Folge der dehnunsabhängigen Wechsel
wirkung zwischen Polypeptidketten. Die Ergebnisse zeigen, dass beim Einbringen von 
ungestörten Polypeptidketten aus Wolle in Lösung nach der Disulfidreaktion der End- 
zu-End-Abstand mit steigender Temperatur abnimmt, wobei eine partiell gestreckte 
Form den niedrigeren Energiezustand bildet.
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In o rg an ic  Po lym ers. P a r t  I. A Solid In o rg an ic  Foam
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C o lle g e , U n iv e r s i t y  o f  L o n d o n , L o n d o n , E n g la n d

Synopsis

The preparation of a solid inorganic foam is reported. Hexaaminocyclotriphos- 
phazatriene, N3P3(NH2)6, used either without purification, or when recrystallized from 
water, gives phospham as a dense powder. If, however, the starting material is pre
cipitated from its aqueous solution by suitable organic solvents, a foamed material 
results. Possible reasons for this divergence in behavior are discussed. The ammonia 
evolved on thermal decomposition acts as a built-in foaming agent.

IN T R O D U C T IO N

This paper is the first of a series devoted to inorganic polymers. The 
monomer and polymer described in this study are wholly inorganic. In 
later papers, organic substituents and/or linking groups will play some part. 
We shall for convenience define as “inorganic polymers” those macromole
cules where elements other than carbon play a significant part in the poly
mer framework. The choice of what constitutes a “significant part” is 
obviously a personal one, and as such will of necessity be somewhat arbi
trary. A perusal of the work presented at the International Symposium on 
Inorganic Polymers at Nottingham in 1961,1 will give an idea of the current 
arbitrariness of definition of what constitutes an inorganic polymer, both 
with regard to molecular size and molecular constitution.

Earlier we have reported2’3 the syntheses of different phosphams, 
(NPNH)„, derived from hexaaminocyGlotriphosphazatriene, N3P3(NH2)e, 
and octaaminocyclotetraphosphazatetraene, N4P4(NH2)s, respectively. 
(For earlier work on phosphams see Shaw et al. 4A)

Thus hexaaminocyclotriphosphazatriene (HACTP), recrystallized from 
water or used without purification, forms a phospham with the elimination 
of ammonia on heating to temperatures >250°C.2 The phospham thus 
obtained is a white to grey powder (d  ~  2.2 g./cc.).2 I t possesses a highly 
crosslinked, three-dimensional structure and thus is insoluble in all solvents 
which do not decompose it.

Recrystallization of HACTP from water, however, decreases the yield 
considerably, as some hydrolysis takes place. The aqueous mother liquor 
still contains a considerable proportion of starting material and its hydroly
sis products, as their solubilities in water are quite high. These can be
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recovered before much hydrolysis has occurred, by means of rapid precipita
tion with a water-miscible organic solvent such as ethanol, acetone, etc.

Precipitated HACTP forms a foam on rapid heating to a temperature 
>250°C., conveniently achieved by placing the sample into a furnace pre
heated to the required temperature. The foam thus obtained is a white, 
very light, porous material (d ~  0.03-0.05 g./cc.).6

We have investigated the divergence of behavior between recrystallized 
and precipitated HACTP.

EXPERIMENTAL

Hexaaminocyclotriphosphazatriene (HACTP)

HACTP is prepared by the reaction of hexachlorocyclotriphosphazatri- 
ene with liquid ammonia.

N 3P 3C16 +  12NH3 — N3P 3(NH2), +  6NH 4CI

A large excess of liquid ammonia (200 ml.) was collected in a three- 
necked, 1-liter flask fitted with a stirrer. A light petroleum (b.p. 60-80°C.) 
solution (500 ml.) containing hexachlorocyclotriphosphazatriene (50 g.), 
was added dropwise with stirring to the liquid ammonia at ~  —35°C. 
After several hours the temperature was slowly brought to room tempera
ture, and the reaction mixture was left to stand overnight. The precipitate 
obtained was filtered off, washed with light petroleum, and dried under 
vacuum. The white precipitate was then refluxed with dry diethylamine 
and chloroform for 8-10 hr. to remove the ammonium chloride by convert
ing it to the chloroform-soluble diethylarnmonium chloride.7

The residue of crude HACTP was washed with warm chloroform and 
dried under vacuum at room temperature. It could be used per se, or 
further purified.

Pure HACTP is obtained by recrystallization from a small quantity of 
warm water by saturating it at 45-50°C. with the crude HACTP, filtering 
off any sparingly soluble material, and allowing to stand at room tempera
ture for 24 hr.

Anal. Calc, for H,.N 9P3; N, 54.5%; P, 40.3%; H, 5.2%; Found: N, 54.3%; P, 
40.0%; II, 5.4%.

To obtain foam-producing HACTP, crude HACTP was dissolved in a 
small amount of water and rapidly precipitated with various water-miscible 
organic solvents, the ratio of precipitating solvent to aqueous solution being 
approximately 10:1 by volume. Alcohols such as methanol, ethanol, n- 
propanol, isopropanol, and n-butanol, ketones such as acetone and methyl 
ethyl ketone, and ethers such as diethyl ether, tetrahydrofuran, and dioxane, 
were employed.
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Phospham

Pure phospham is obtained by the thermal condensation polymerization 
of HACTP at temperatures higher than 250°C. under an atmosphere of dry 
oxygen-free nitrogen. Oxidation and/or hydrolysis takes place when the 
reaction is carried out under ordinary atmospheric conditions, especially at 
higher temperatures and during extended reaction times, giving a grey 
colored phospham of inferior hydrolytic stability. In the present work, the 
foaming was carried out in a furnace preheated to the required temperature 
in an atmosj there of dry nitrogen.

X-Ray Powder Photography

The x-ray photographs of ground powders of HACTP’s were taken in 
Lindemann tubes of 0.3 mm. diameter. The copper Ka radiation of X =  
1.542 A. was used as the x-ray source with a nickel filter. A JlC-Walker 
recording microdensitometer, Model D31, was used to obtain the intensity- 
20 graphs.

Fig. 1. Intensity-29 diagrams of HACTP’s precipitated with various solvents: (A) 
pure, recrystallized; (B ) methanol-precipitated; (C) ethanol-precipitated; (D ) n- 
propanol-precipitated; (E) w-butanol-precipitated; (F) acetone-precipitated; (G) 
tetahydrofuran-precipitated; (H ) dioxane-precipitated.
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Large numbers of lines appeared in the HACTP patterns. Only those 
covering 26 values between 6 and 30°, where the main differences in the 
patterns appear, are shown in Figure 1.

R E S U L T S  AN1) D IS C U S S IO N

Pure, recrystallized HACTP undergoes thermal bulk condensation poly
merization without prior melting, to form a phospham at temperatures 
>250°C. The ammonia gas liberated within the crystals of HACTP 
shatters these with considerable force. When these were viewed on the 
heating stage of a Reichert-Kofler microscope, violent movement of the 
crystals was observed at the decomposition temperature. By contrast, 
HACTP precipitated from its aqueous solution by suitable organic solvents, 
melts, when rapidly heated, and yields a foam by the simultaneous, vigorous 
evolution of ammonia. The foam thus obtained is very light and mechan
ically fairly fragile. It is indefinitely stable at room temperature to atmos
pheric moisture, does not burn, and is insoluble in all solvents which do not 
decompose it. The density of the foam is of the order of 10-2 g./cc. and 
depends on the foaming ability of the precipitated HACTP’s. The infrared 
spectrum of the foamed material shows only very broad peaks and is in
distinguishable from that of phospham powder obtained from pure, re
crystallized HACTP.

The melting point of the precipitated HACTP is indistinct. When 
heated slowly, decomposition starts at about 80-100°C., no melting or 
foaming occurs at higher temperatures, and the phospham obtained is the 
usual dense powder.

In order to form a foam, the monomer should melt (or at least have its 
lattice forces considerably reduced) prior to decomposition. Possible rea
sons why precipitated HACTP should melt before decomposition while 
pure, recrystallized HACTP decomposes without melting include different 
arrangements of the molecules in the crystal,8-10 presence of impurities, 
clathrate formation, etc.

Numerous experiments were carried out to discover the cause of the foam
ing, and to test the reproducibility of the results.

TABLE I
Foaming Ability of HACTP’s Precipitated with Various Solvents

Solvent Foaming Appearance of the foam

MeOH None
EtOH Poor Homogeneous fine pores
n-PrOH Good Homogeneous coarse pores
n-BuOH Good Pores of various sizes
Acetone Very good U U  U (l

Methyl ethyl ketone Very good l l  l l  a  u

Tetrahydrofuran Very good l l  I t  l l  l l

Diethyl ether Poor l l  I t  I t  i t

Dioxane Good l l  l l  l l  u
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Effect of the Nature of the Precipitating Solvent on the Foaming Ability
of HACTP

Table I shows the foaming ability of HACTP’s precipitated with various 
solvents. The results are the mean obtained from several different HACTP 
preparations. With ethanol as the precipitating solvent some differences in 
the foaming ability of different samples were observed, but with all other 
solvents good reproducibility was obtained. No foam was ever obtained 
from HACTP’s precipitated by methanol. Samples precipitated by ke
tones always showed good foaming abilit ies. It is clear that the precipitat
ing solvents play a significant part in the foaming ability of HACTP.

Carbon and hydrogen determinations carried out on some of the precipi
tated HACTP’s are shown in Table II.

TABLE II
Typical Carbon and Hydrogen Analyses of Precipitated IIACTP’s

Precipitating solvent Carbon, % Hydrogen, %

MeOH 0.95 5.14
EtOH 0.49 5.74
ra-BuOH 0.66 5.01
Acetone 0.61 5.28

It can be seen that approximately 1% (by weight) of precipitators 
seemed to be retained in the HACTP’s after vacuum drying for several 
hours at room temperature. The carbon values are small, and there are no 
grounds for assuming that the foaming is due to clathrate formation of 
HACTP with the organic solvent; in particular, as if anything, more meth
anol, which does not cause foaming, than any of the other solvents is re
tained.

Effect of Drying

Precipitated HACTP’s, left wet with the solvents, decomposed on heating 
to give hard brown residues. Wet HACTP’s were extremely unstable and 
changed on several days standing at room temperature to a viscous mass. 
Precipitates sufficiently dry to give powders were relatively stable and 
formed foams on heating; further drying under vacuum did not alter their 
foaming ability.

Effect of Impurities

Pure recrystallized HACTP, when dissolved in water and precipitated at 
once by organic solvents, possesses no foaming ability. Hence foaming 
must be due to a coprecipitated impurity, and not just to precipitation 
producing a more random and more readily meltable form of HACTP.

Crude HACTP as obtained from the synthesis (cf. experimental) does not 
foam. Hence foam-causing impurities are either formed in contact with the 
water during the solution-precipitation stage, or, if present prior to this, are
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for some reason unable to lower the melting point of HACTP, and hence 
permit foaming.

Possible impurities contained in the precipitated HACTP are, partially 
hydrolyzed phosphazenes, incompletely ammonolyzed chlorophosphazenes, 
aminophosphazene hydrochloride, ammonium chloride, diethylamine 
hydrochloride, etc. To ascertain which of these impurities, if any, cause 
the foaming, the following experiments were carried out.

Pure recrystallized HACTP was dissolved in a small amount of water, 
and small amounts of ammonium chloride or diethylamine hydrochloride 
were added, followed by a large amount of organic solvent. The dried 
precipitates did not show any tendency to melt or foam.

Hexachlorocyclotriphosphazatriene was heated with water for several 
hours, and then concentrated ammonia solution was added to obtain water- 
soluble, partially hydrolyzed aminochlorophosphazenes. After a few days 
at room temperature and filtering, pure, recrystallized HACTP was dis
solved in a small amount of the filtrate, and a large amount of acetone 
added. The dried precipitates yielded a foam on heating.

Pure recrystallized HACTP was ground to a fine powder, moistened with 
concentrated hydrochloric acid or sulfuric acid, and immediately placed in a 
hot furnace. No foam was obtained. Hence foaming is not due to general 
acid catalysis. Powdered HACTP was mixed with other phosphazene 
derivatives possessing lower melting points, such as hexamethoxycyclotri- 
phosphazatriene and 2 ,2-diphenyldichlorodiaminocyclotriphosphazatriene, 
and the mixed powders were heated, but again no foaming was observed. 
Hence foam-causing impurities possess either specific structural features, 
or require coprecipitation to become effective.

Hydrolysis of HACTP
The elementary analysis of a typical, precipitated HACTP and of a foam 

derived from it are shown in Table III. It can be seen that the percentage 
of phosphorus in the precipitated HACTP is considerably lower than the 
calculated value required for N3P3(NH2)6, while the P /N  ratio has however 
not been appreciably altered. This is probably due to the extremely hy
groscopic nature of the precipitated HACTP and/or concomitant hydroly
sis, e.g., P NIL) being replaced by P—Oe NH4®.

TABLE III
Comparison of Analytical Results of Acetone-Precipitated HACTP and of a Solid 

Foam Derived from I t  with Pure HACTP and Phospham

c , % H, % N, % P, % Composition

Acetone-precipitated
HACTP 0.30 5.55 46.24 35.93 Hi4.37Ng.55P 30i.8Sa

Pure HACTP 0 5.20 54.54 40.36 N12N 9P3
Foam 0.66 3.78 42.22 42.91 H2.72N2.nPOo.47a
Phospham 0 1.66 46.66 51.66 HN2P

“ C was neglected in calculation of empirical formulae; oxygen by difference.
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When methanol was used as a precipitant, the amounts precipitated were 
smaller than those when the other organic solvents were used, and the pre
cipitates did not foam, suggesting that foamable precipitates are mixtures of 
pure HACTP and partially hydrolyzed products, which are probably too 
soluble in methanol to be precipitated. These hydrolysis products are 
probably less soluble in the other organic solvents, such as acetone, and 
therefore are precipitated together with the HACTP, thus giving the foam- 
producing mixtures.

Some hydrolysis products may have been formed by traces of moisture 
during the early purification stages, i.e., during refluxing of the HACTP with 
diethylamine to remove ammonium chloride. Pyrolysis at this stage does 
not, however, produce a foam. As pure recrystallized HACTP on dissolu
tion in and immediate reprecipitation from water does not foam, this sug
gests that some impurities present in the crude HACTP catalyze its hy
drolysis when dissolved in water.

The structure of the foamed material is difficult to elucidate from the 
analytical data, since the extent of reaction is not known, as foaming (which 
makes the reaction unsuitable for thermogravimetric analysis) is usually 
complete in a few minutes. The completion of ordinary phospham forma
tion usually requires somewhat higher temperatures and longer reaction 
times.2 It is possible that the phosphazene rings which are believed to be 
retained in ordinary phospham2 are at least partially destroyed in the 
foamed material.

X-Ray Powder Photographs

X-ray powder photographs taken of a series of precipitated HACTP’s, are 
shown in Figure 1. Numerical values of 26 for corresponding peaks are 
given in Table IV.

It is interesting to note from Figure 1 that the peaks of the alcohol- 
precipitated HACTP’s shift towards smaller values of 9 as the size of the 
alkyl group becomes larger, and the foaming ability increases. With n-

TABLE IV
Relationship between the Précipitants Used and the Values of 26 of Corresponding Peaks“

28

Peak
num
bers

Recrys
tallized

MeOII
ppt.

EtOII
ppt.

ra-PrOH
ppt,

»-BuOH
ppt.

Acetone
ppt.

THF
ppt.

Dioxane
ppt.

i 12.68 12.68 11.42 10.64 11.62 10.68 10.48 10.68
2 13.84 13.84 13.54 12.64 13.74 12.50 12.78 12.88
3 15.92 15.82 15.26 14.78 15.74 14.88 14.30 14.50
4 21.46 21.40 21.30 21.26 21.64 21.16 20.98 21.46
5 23.82 23.80 23.10 22.60 23.14 22.70 22.20 22.88
G 25.18 25.60 25.80 24.50 25.56 25.00 24.10 24.80
7 28.14 28.00 27.20 26.70 27.66 27.20 27.00 26.72

See Fig. 1.
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butanol, which is not very miscible with water, the speed of the precipitation 
of the HACTP is governed to some extent by the absorption of the water 
into the butanol and appeared to be less rapid. This may be the reason 
why the peaks in this case did not shift towards smaller values of 8.

With acetone and ethers, the patterns are similar to each other, showing 
more diffuse structures than those obtained with alcohols and smaller values 
of 8. The foaming abilities of ketone- and ether-precipitated HACTP’s 
were always better than those precipitated by other organic solvents. 
These results suggest that the smaller the values of 8, the greater the foam
ing ability of HACTP.

Prom the experimental results discussed above, it seems most likely that 
impurities such as partially hydrolyzed HACTP are the cause of the foam
ing. Impurities such as ammonium chloride, on the other hand, have no 
effect on melting or foaming, either because they are too soluble in the 
aqueous-organic phase, or, if coprecipitated, they lack the ability to depress 
the melting point of HACTP.

CONCLUSIONS

Pure, recrystallized hexaaminocyclotriphosphazatriene (HACTP) under
goes thermal bulk condensation polymerization with the liberation of am
monia to give phospham as a dense powder. The reaction proceeds in the 
solid phase, as the compound decomposes before its melting point. If 
suitable impurities are present, however, the HACTP melts on sudden 
heating to temperatures higher than 250°C., and the simultaneous, vigorous 
elimination of ammonia causes the formation of a foamed material. The 
ammonia acts as a built-in frothing agent, a rather novel way of producing a 
solid foam. The impurities which seem to be the most effective are com
pounds having structures similar to that of HACTP.

The mechanism by which the effective foam producing impurities depress 
the melting point of HACTP is not quite clear. The evidence from the x- 
ray powder photographs, together with what little there is known about the 
probable structures of the impurities favors a depression of melting point of 
HACTP through solid solution rather than eutectic formation.

The exact nature of the solvent used in the precipitation is only of major 
importance in the foam formation insofar as it determines the solubility of 
the impurity and HACTP in a mixture of water and the organic solvent. 
The differences in solubility will probably give differences in the crystal 
lattice dimensions of the precipitated HACTP, and the greater the lattice 
distances, the less energy would be required for the melting process.

It is noteworthy that so far no foaming has been observed with octa- 
aminocyclotetraphosphazatetraene, N4Pj(NH2)8.
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Résumé
On décrit la préparation d ’une mousse solide inorganique. L’hexaaminocyclotri- 

phosphazotriène, N3P3(NH2)6, employé soit sans purification, soit après recristallisation 
dans l’eau, donne une phosphane sous forme d’une poudre épaisse. Cependant, si on 
précipite le corps de départ de sa solution aqueuse par un solvant organique convenable, 
on obtient une mousse. On discute les différentes raisons de ces divers comportements. 
L’ammoniac qui se dégage par décomposition thermique, joue le rôle d’agent promoteur 
de la mousse.

Zusammenfassung
Über die Darstellung eines festen anorganischen Schaumstoffes wird berichtet. 

Hexaaminozyklotriphosphazatrien, N3P3(NH2)6, liefert sowohl ohne Reinigung als auch 
bei Umkristallisation aus Wasser Phospham als ein dichtes Pulver. Wenn jedoch das 
Ausgangsmateral aus seiner wässrigen Lösung durch geeignete organische Lösungsmittel 
gefällt wird, entsteht ein Schaumstoff. Die möglichen Ursachen für dieses unter
schiedliche Verhalten werden diskutiert. Das bei der thermischen Zersetzung ent
wickelte Ammoniak wirkt als eingebautes Schäumungsmittel.
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NOTES

F re e  R a d ic a ls  i n  P o p c o r n  P o ly m e r s

Popcorn polymerization is recognized as a free-radical mechanism that results in a 
polymer that is insoluble due to extensive crosslinking.1'2 Once an insoluble nucleus is 
formed, the polymer propagates itself a t a logarithmic rate when placed in the presence 
of additional monomer.3 The growing chains which result have restricted mobility and 
hence no rapid termination rate. Evidence for the existence of these nonterminated, 
growing chain ends was obtained in this work by subjecting the polymer samples to 
electron spin resonance measurements.

A sample of fresh butadiene popcorn polymer was removed from the tube in which it 
was grown, ground, and immediately resealed under vacuum in a 7 mm. Pyrex tube. 
Using a Varian ESR instrument a total spin concentration of 1016/g. was detected. 
Heating of a similar sample in air a t 140°C. for 1.5 hr. lowered the spin concentration 
to one-fourth of the unheated value.
¡¡j Additional samples and the results obtained are tabulated in Table I.

TARLE I

Sample Wt. used, g.

Approx.
line

width,
gauss

Relative spin 
cone, per g.

Butadiene popcorn 0.123 10 i
Butadiene popcorn, heated 48 hr.,

125 °C. in vacuum 0.0118 10 0.2
Butadiene popcorn, heated 94 hr.,

125°C. in air 0.0114 5 0.4
Butadiene popcorn, exposed to air, 96

hr., room temp. 0.0121 10 0.3
Methyl( methacrylate )-on-butadiene

popcorn 0.0123 10 0.1
Styrene-on-butadiene popcorn 0.0156 — Not detectable

A sample of methyl(methacrylate) popcorn seed that was grown on butadiene pop
corn4 showed only 10% of the free radical concentration found for the pure butadiene 
popcorn. Styrene-on-butadiene popcorn seed showed no detectable spin concentration. 
This is in agreement with the author’s previous findings that once styrene-on-butadiene 
popcorn polymer is removed from the tube in which it was grown, i.e., exposed to air, 
the loss of activity for continued growth is extremely rapid.5

Heating of butadiene popcorn seed in vacuum produced a significant lowering of the 
radical concentration. This can be explained by the increased mobility of the chains at 
the higher temperature and hence the greater probability of chain termination.

One of the most interesting observations was the change in the nature of the free 
radicals when the butadiene popcorn is heated in the presence of air. The decrease from 
10 to 5 gauss for the approximate line width obtained indicated a free radical of a different 
species. I t  is evident that the oxidation of the polymer results in the formation of the
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hydroperoxide groups in the carbon atoms alpha to the double bonds. These peroxide 
radicals are not those responsible for the propagation of the polymer, however, even 
though they may be present in sizeable amounts.6

We wish to thank Mr. J. L. Holcomb of Varian Associates for his cooperation in ob
taining these analyses and the Petroleum Research Fund of the American Chemical 
Society for their financial assistance.
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P r e p a r a t io n  o f  T i t a n i u m  D ic h lo r id e  D ip r o p io n a te  
a n d  P o ly p r o p y le n e  w i t h  H ig h  A m o r p h o u s  C o n t e n t

INTRODUCTION

The high degree of stereoregularity found in the isotactic polypropylene prepared by 
N atta1 emphasizes a unique property of the catalytic system. We find that a small 
modification of the catalyst causes a substantial loss of steric control over the product. 
Amorphous polypropylene has been recovered from polymerization products by Natta, 
and has been reported in a fluid-bed process with Ziegler-type catalysts.2 The use of 
titanium dichloride dipropionate as the transition metal in combination with aluminum 
triisobutyl gives a product which is highly atactic.

Amorphous Polypropylene

Polymerizations. These polymerization studies were undertaken to test the catalyst, 
titanium dichloride dipropionate in combination with aluminum alkyl, and to charac
terize any unique properties this system might exhibit. The actual experiments were 
carried out in peroxide bottles, shielded with a brass cage, and thermostated a t 50°C. in a 
tumbling polymerization bath.

The results obtained have been summarized in Table I.

TABLE I
Results from the Propylene Polymerization

Propyl
ene, g.

Titanium 
dichloride 
dipropion

ate, g.

Aluminum
isobutyl,

g-
Al
Ti

Time,
hr.

Yield,
%

hi,
150°C.
decalin

%
extracted 

by hot 
isooctane

6 0.286 1.6 7.5 41 16 1.9
31 0.393 1.6 5.4 41 16 5.2 93
17 0.297 1.6 7.2 144 49 3.2
24 0.445 1.6 4.8 144 65 4.7 91
30 0.949 2.4 3.4 137 50 2.7
28 0.449 1.6 4.8 137 64 2.5
20 0.414 1.6 5.2 137 47 2.7
26 0.346 1.6 6.2 117 53 3.3 88
22 0.246 1.6 8.7 117 38 3.7
28 0.273 1.6 7.8 117 40
26 0.262 1.6 8.2 117 50 3.1
25 0.213 1.6 10.1 117 28 4.2
21 0.387 1.6 5.5 117 57 3.9
26 0.319 1.6 6.7 117 42 3.1
26 0.592 1.6 3.6 117 68 2.4

One large scale run was carried out in a 4-liter autoclave. (By D. E. Winkler of the 
Organic Chemistry Department.) A charge of 500 g. followed by 245 g. of propylene on 
the second day resulted in 100 g. of polymer or a 13% yield. The polymer had an [ij] of 
2.7 a t 150°C. in decalin.
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Summary of Physical Properties

Direct current resistivity
5.4 X 1016 ohm/cin.

Dielectric constant 
1.89 at 1000 cycle/sec.
2.04 a t 2 Mc/sec.

Power factor
0.00084 at 100 cycle/sec. 
0.00042 at 2 Mc/sec.

Arc resistance melts away

ASTM D 257-54T 

ASTM D 150-54T

ASTM I) 150-54T 
ASTM 1) 405-56T

Tensile properties
165 psi at break, 985% elongation
no characteristic yield point ASTM D 638-56T

Brittle Point -6 °C . ASTM D 746-55T

Softening point 147°C.;
Flowpoint 200°C.

Density
0.876 g./ml. by gradient method on 

film at 25°C.
Birefringence of oriented polymer was too 

low to measure, less than 0.001
Light scattering

inconclusive, requires high temperature 
methods

Melt index
0.20, 6 min. at 190°C. ASTM D 1238-52T

Miscellaneous Results

One radiation experiment was attempted and this resulted in extensive degradation. 
An amorphous polymer with an intrinsic viscosity of 2.7 was dosed with 50 Mrad. of 3 
Mev electrons. The degraded product had an intrinsic viscosity of 0.50.

Exploratory Tests with Other Monomers

3- Methylbutene-l (Isopropyl Ethylene). This monomer did not polymerize in the sys
tem tested.

Butene-1. Butene-1 was relatively unreactive with titanium dichloride dipropionate 
catalyst. Five per cent yield of polymer was formed in 9 days.

4- Methylpenlene-l (Isobutyl Ethylene). Films pressed from polyisobutyl ethylene pre
pared by the use of titanium tetrachloride and aluminum isobutyl were found to crack 
when folded. Films prepared by polymerizing with titanium dichloride dipropionate and 
aluminum isobutyl did not crack when folded and appeared to have a superior clarity. 
A 10% yield of polymer was formed in 10 days.

Catalysts

Titanium Bichloride Dipropionate. During a study of a system involving titanium 
tetrachloride dissolved in propionic acid, it was discovered that the addition of a hydro
carbon, e.g., Skellysolve-B, causes a crystalline compound to separate. This product is 
highly deliquescent and on exposure to the atmosphere, evolves hydrogen chloride gas.

The analytical results obtained for titanium, chlorine, carbon, and hydrogen best fits 
the empirical formula TiCLCeHnOj. A similar reaction has been described with ti
tanium tetrachloride and acetic acid.3
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Exploratory Experiments with Vanadium Tetrachloride

Experiments to test the generality of the effect of substitution on transition metal 
were attempted. Vanadium tetrachloride appears to give the same type of reaction with 
propionic acid. This derivative appeared crystalline, but proved to be difficult to isolate. 
Qualitative experiments with the crude salt (no analysis) and aluminum isobutyl indi
cated that propylene would slowly polymerize a t 50°C. and ~ 8  atm. propylene pressure. 
The intrinsic viscosities observed were 4.0 and 6.0.

EXPERIMENTAL 
Peroxide Bottle Runs

The solvent, n-heptane, 100 ml., was first syringed into the bottle under nitrogen. The 
solid catalyst was dropped into the bottle using a dry bag. The weight of catalyst used 
was determined by difference on the catalyst container. Aluminum isobutyl, 2.0 ml. 
was syringed in; the mixture was stirred and the solid catalyst crushed with a stirring rod 
until a uniform black dispersion resulted.

Propylene was passed through a purifying train (this train was constructed by D. O. 
Collamer) which consisted of a Drierite tower followed by a cetane bubbling tower con
taining aluminum isobutyl, and loaded into a peroxide bottle a t — 40°C. The bottle was 
capped with a Hvcar gasket and placed in the 50°C. tumbling polybath.

Upon removal from the polybath, the excess propylene was bled off by inserting a 
needle through the cap and regulating the flow with a finger. The polymer was removed 
from the bottle with the aid of some 10% cone. HC1 in IPA (isopropyl alcohol) and placed 
in a beaker with ~200 ml. of HC1-IPA. The coagulate was removed and ground in a 
Waring blender with fresh methanol with some added H C H PA . The polymer was 
ground three more times with pure methanol, with a trace of Ionol in the last wash, and 
dried in a vacuum oven.

A 5-fold scale up of the bottle runs with titanium dichloride dipropionate has been com
pleted. Titanium dichloride dipropionate (1.48 g.) was dropped into 500 ml. of dry 
heptane in a 1-quart ginger ale bottle. Aluminum isobutyl (10 ml.) was added, and the 
bottle charged with 138 g. of propylene. The bottle was placed in the 50°C. polybath 
and allowed to react for 13 days. An 83% yield of amorphous polypropylene was ob
tained. This material had an intrinsic viscosity of 3.1.

Four-Liter Autoclave

Premixed catalyst was prepared in a 1-liter bottle under dry nitrogen. Titanium 
dichloride dipropionate, 8.2 g., was placed in approximately 1 liter of dry ra-heptane. 
Aluminum isobutyl, 35 ml., was syringed in and the catalyst ground with a stirring rod. 
This was charged wuth 3 1. of heptane followed by 500 g. of polypropylene into the auto
clave. The polymer was worked up with IPA and methanol.

Dry Bag Technique

A 3-way stopcock is fitted to a 3 mil 24” X 48” polyethylene bag by inserting the single 
end into a hole in the corner of the closed end and wrapping it with a rubber band. 
Nitrogen is attached to one side and a vacuum line to the other. The materials are 
placed inside, and the open end rolled up, and fastened with clothespins. The bag is filled 
and evacuated three times. This gives a simple anhydrous system. The manipulations 
are carried out by grasping through the bag from the outside.

MATERIALS
Titanium Dichloride Dipropionate

Titanium tetrachloride (30 ml. 54 g., .27M ) is dissolved in 200 ml. of propionic acid, 
under a nitrogen blanket, and allowed to stand overnight. The addition is accompanied 
by a vigorous evolution of HC1. The crystals of dichloride dipropionate are precipi
tated by the addition of 270 ml. of petroleum ether. The supernatant liquid is decanted
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off using a dry bag. The precipitate is washed four times with petroleum ether and 
finally filtered with a sintered glass funnel. The filter cake is dried by allowing dry nitro
gen to pass through it. The material obtained weighed 12.3 g. representing a 16% yield. 
The analysis obtained was the following:

Calc, for TiCLCeHuOi: Ti, 18.1%; Cl, 26.7%; C, 27.2%; H, 3.8%. Found: 
Ti, 18.8%; Cl, 25.4%; C,27.5%; H, 4.2%.

Aluminum Isobutyl

The material used in these experiments was purchased from Hercules Powder Company 
and used without further purification.

Propylene

The propylene used was Phillips Pure Grade. This was further purified by passing it 
through towers of Drierite and aluminum isobutyl in cetane. The propylene used in the 
large scale autoclave was not treated.

Amorphous Polypropylene

Table I summarizes the results obtained using peroxide bottles with 100 ml. of n-hep- 
tane as a solvent, in a 50°C. tumbling polybath. This polymer has a melting range of 
160-240°C., and a brittle point of —6°C. (ASTM D 746-55T; G. N atta1 reported the 
second-order transition point for atactic polypropylene to be — 35°C.)

DISCUSSION

An interesting feature of the titanium dichloride dipropionate with aluminum-isobutyl 
system is that the overall rate of polymerization, as compared to the usual titanium tetra
chloride-aluminum alkyl systems, is much slower. We can expect the slower rate proc
ess to be more selective and give the thermodynamically more stable product. This im
plies that the amorphous form of polypropylene is actually a lower energy form.

The fact that a definite compound, titanium dichloride dipropionate, can be isolated 
from a solution in propionic acid is difficult to rationalize. If one clings to the notion 
that transition metals, in general, derive a special stability in octahedral complexes, then 
one must postulate that the carboxyl group functions as a bidentate ligand.
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Stability Constants. I. Inorganic Ligands; II. Organic Ligands, L. G.
S il l e n , and  A. E. M a r t e l l , Chemical Society, London, 1964. xviii +  754 
pp., $23.00.

This is the second edition of a compilation that originally appeared in 1957 and 1958 
as two volumes under the auspices of the International Union of Pure and Applied Chem
istry and is now issued in revised and updated form by The Chemical Society. Section 
I, which deals with inorganic ligands, was compiled by Lars Gunnar Sillen; section II, 
organic ligands, was contributed by Arthur E. Martell. A lengthy section gives details 
on how to use the tables. An index of ligands and metals is a helpful aid for locating 
pertinent material.

Fundamental Phenomena in the Material Sciences, Vol. 1, Sintering and 
Plastic Deformation, L. J . B o nis  a n d  H . H . H a u s n e r , Editors, Plenum 
Press, New York, 1964. ix +  134 pp., $9.50.

Consists of six chapters discussing the sintering and plastic deformation of metals, 
ceramics, and polymers. An appendix contains a selected annotated bibliography 
with more than a hundred recent references.

Das Diisocyanat-Polyadditionsverfahren, O. B a y e r , Carl Hanser Verlag, 
München, 1963. 48 pp., DM 6.80.

This booklet presents a history of the discovery and development of the isocyanate 
addition reactions based on the personal recollection of the foremost investigator in this 
field. Included are fibers and films from linear polyurethanes, polyurethane lacquers, 
urethane molding compounds, adhesives, foams, polyureas, elastomers, etc.

Mechanochemistry of Polymers, N. K. B aram boim , trans. R. J. M o seley  
and W. F. W a tso n , Editors, Macleren & Sons, Ltd., London, 1964. 261 
pp., $7.00.

An English translation of an account of Russian work in this field carried out up to 
1959. Discusses the physical-mechanical properties of high polymers, mechanical deg
radation, mechanochemical synthesis of copolymers, alteration in macrostructure, in 
surface properties, and in molecular configuration, and the equipment for carrying out 
mechanical-chemical processes. Has 202 references but no index.

High Polymers, M. G ordon , Addison-Wesley, Reading, Massachusetts, 
1964. 158 yp., $6.75.

This book is concerned with the structure and physical properties of high polymers 
rather than with methods of synthesis. Includes the theories of molecular packing and 
relaxation, chemical bonding, states of aggregation, coiling and uncoiling, crystallinity, 
diffusion, and solubility.
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ERRATA

C y c lic  D i s t r i b u t i o n  in  D im e th y ls i lo x a n e s

(article in J. Polymer Set., A3, 971-984, 1965)

By JACK B. CARMICHAEL and ROBERT WINGER

Dow Corning Corporation, Midland, Michigan

On page 973, the equation at the bottom of Table II should read:

( Area of n \  /  Area of 5— \
Wt.-% of n )  = \W t.-%  of 5 - /  X

I n f r a r e d  S p e c t r a  o f  P o ly b u ta d i e n e s

(article in J . Polymer Sci., A3, 1587-1599, 1965)

By JOHN L. BINDER

Central Research Laboratories The Firestone Tire Company, Akron, Ohio 

The full captions for the figures in this article are:

Fig. 1. Solid line (—) observed spectrum. Circles (O) spectrum calculated from band 
envelopes shown, in part, by dotted lines (- -).

Fig. 2. Dotted lines (- -) spectra calculated from band envelopes shown by solid lines 
( - ) •

Fig. 3. Upper curve, observed spectrum of high cfs-1,4- polybutadiene. Circles (O) 
give spectrum calculated from band envelopes shown in lower part.

Fig. 4. Specific absorbances of bands shown in Figure 3 versus time of isomerization.

Fig. 5. Rate curve of specific absorbance of 740 c m r 1 band.

Fig. 6. Upper curve, observed spectrum of a high cfs-1,4 polybutadiene. Circles (O) 
spectrum calculated from band envelopes shown in lower part.

Fig. 7. Upper curve, observed spectrum of an isomerized cfs-1,4- polybutadiene. Cir
cles (O) spectrum calculated from band envelopes shown, in part, by dotted lines (- -).

Fig. 8. Rate curves of specific absorbances of bands in 10-11^ region.
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