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Synopsis

When single crystals of 6-aminocaproic acid (ACA) are heated about 30°C below their 
melting point, polycondensation to nylon 6 takes place. The polymer crystallites are 
biaxially oriented towards each other and the relation between their orientation and that 
of the parent monomer crystal has been clarified. The kinetics of the process are charac
terized by three stages, (a) an induction period, (b) a stage in which monomer disappears 
at a constant rate while polymer of relatively low molecular weight is formed, and (c) a 
slow polycondensation of the polyamide chains after exhaustion of the monomer. Oligo
mer concentrations were below detectable limits at all stages of the process. Addition of 
monomer to the polyamide was retarded when ACA was kept from reaching its equilib
rium vapor pressure (0.12 mm llg at 170°C) by condensation on a cool surface or when 
an inert gas was admitted to the system. This was interpreted as suggesting that ACA 
is transported through the vapor phase to the propagating polyamide. A number 
of surfaces catalyzed the polycondensation of ACA vapor, but nylon 6 formed in this way 
on KC1 crystals exhibited no preferred orientation. The linear dimer and trimer of ACA 
were also found to condense to nylon 6 in the crystalline state, although at a slower rate 
than the monomer. The solid-state polycondensation of these oligomers was accelerated 
when they were exposed to the vapor of the monomer. Solid-state polycondensation of 
single crystals of the linear dimer led also to biaxially oriented nylon 6.

INTRODUCTION

The reactivity of organic compounds in the crystalline state has become 
only in recent years a subject of systematic investigation.1“ 3 Among such 
studies, particular interest attaches to the question whether it is possible 
to make use of the orientation of reagent molecules in a single crystal of a 
polymerizable substance to produce chemically specimens with oriented 
polymer chains, without need of the usual mechanical orientation process. 
Such production of oriented polymer chains has been shown to occur in the 
solid-state polymerization of trioxane4-5 and trithiane6’7 as well as in the 
polymerization of a variety of vinyl monomers contained in urea8 or thio
urea9 clathrate complexes. In the absence of the constraints imposed by 
inclusion in a channel complex, the solid-state polymerization of vinyl 
monomers may still be characterized by partial orientation effects. These
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lead to an anisotropy of the electron spin resonance spectrum in the initial 
stages of the polymerization of barium methacrylate dihydrate10 and 
acrylamide,11 infrared dichroism of the polymer obtained from p-benzami- 
dostyrene,12 and an x-ray diffraction pattern which proves that the side 
chains of vinyl stearate retain their original orientation during the poly 
merization process.13

It has also been reported by various investigators that some polyconden
sation reactions may take place in the crystalline state.14 Since such a 
reaction requires the diffusion of the eliminated molecules through the 
partially polymerized specimen and a substantial contraction in the direc
tion of the fiber axis, it seemed unlikely that oriented chain growth could be 
achieved in this way. Yet, in a note previously published from this 
laboratory,16 clear crystallographic evidence was presented that single 
crystals of 6-aminocaproic acid (ACA) heated well below their melting 
point are converted into an assembly of crystallites of polycapramide 
(nylon 6) which are highly oriented towards each other in all crystallo
graphic directions.

The x-ray evidence for the production of oriented polycapramide from 
single crystals of ACA and the correlation of the orientation of the polymer 
crystallite with the parent monomer crystal are now discussed in more 
detail. The existence of an oriented polycondensation process raises many 
questions which we were trying to clarify by studies of the kinetics of the 
process, analysis for oligomeric products, electron-microscopic observations, 
and a comparison of the polymerizability of crystals of ACA and its oligo
mers.

EXPERIMENTAL

Materials

Commercial 6-aminocaproic acid (Columbia Organic Chemical Co.) was 
recrystallized three times from 5 ml ethanol and 1.5 ml water per gram of 
ACA at 50°C, raising the melting point from 205°C to 207°C. The crystals 
were sifted through standard sieves, selecting the fraction with an average 
size of 0.3 mm for studies of the polycondensation kinetics. Single crystals 
for crystallographic studies were grown from a mixture of 4 ml water and 
40 ml »-butanol per gram ACA. Monoclinic needles about 3 mm long 
were obtained.

To synthesize the ACA dimer, the following steps were employed: (a)
ACA was carbobenzoxylated,16a yielding a product melting at 55.5-56.5°C 
in 89% yield; (i>) the carbobenzoxy-ACA was coupled with free ACA by 
the mixed anhydride technique17 to yield the earbobenzoxylated dimer 
(m.p. 106.5-107°C) in 69% yield; (c) the free dimer was obtained by 
palladium-catalyzed reduction of the carbobenzoxy-derivative16*3 and 
recrystallized from aqueous «-butanol (m.p. 202°C). The x-ray powder 
diagram of the product agreed with data in the ASTM powder file. Single
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crystals of the dimer were grown from 9:1 mixtures of n-butanol with water. 
They were obtained as monoclinic needles 1 mm long.

A similar procedure was used to obtain the ACA (rimer (m.p. 209 -210°C).
4- Aminobutyric acid (Calbiochem, A Grade) was reerystallized from 

ethanol-water, yielding a product melting at 206.5°G.
5- Aminovaleric acid (Aldrich ©hem. Go.) was reerystallized from a mix

ture of 20 ml of 95% ethanol and 5 ml of ethyl acetate. The product 
melted at 157°C.

11-Aminoundecanoic acid (Aldrich Chem. Co.) was reerystallized from 
ethanol containing 30 vol-% of water. The product melted at 188°C.

Kinetic Studies
Samples of ACA (or the other compounds under investigation) were 

weighed in micro test tubes which were placed into glass ampules. The 
ampules were evacuated for at least 4 hr at 10 ~4 mm Hg, sealed, and 
placed in a constant temperature bath containing Dow Corning 200 Fluid 
at 170 ±  0.1°C. In one series of experiments, nitrogen under fixed pressure 
was admitted before sealing the ampules. In another series, weighed 
amounts of water were placed in separate microtubes which were placed 
into the ampules together with the sample of ACA. The ampules were 
cooled in a Dry Ice-acetone bath and evacuated to 10 "2 mm Hg for 4 hr 
before sealing. For an}’ given kinetic run, ampules were removed from 
the thermostatic bath after varying reaction times and their contents were 
analyzed as described below.

Analytical Procedures
The extent of the polycondensation reaction was determined by conduc

tometric amine titration18 with the use of a dipping cell with platinum 
electrodes with a surface area of 2 cm2 at a distance of 1.7 mm from each 
other. The titrant was 0.1 A  aqueous HC1 administered from a microburet 
with a precision Teflon plunger operated by a manual micrometer. The 
volume of the buret was 2 ml graduated in 0.001 ml. The resistance was 
measured with an Industrial Instruments Co. IiC-1682 bridge. In a typical 
experiment, 10-20 mg of sample was dissolved at 50°C in phenol, adding 
subsequently 5 ml of 95% ethanol and 5 ml of water. The titration was 
run well past the end point and the conductances were plotted against the 
volume of titrant. The points were found to lie on two straight lines whose 
intersection defined the equivalence point. ACA, its dimer and trimer 
yielded titration values within ± 2 %  from theoretical. Similar reproduci
bility was attained in the estimation of the number-average degree of 
polymerization of commercial nylon ti (P„ = 190). Denoting by 5 the 
number of milliequivalents of amine per gram of sample, P„ = (8.85/b) 
— 0.16. The degree of conversion is given by p = (P n — 1 )/Pn =  
(7.62 -  5)/(7.62 -  0.145).

To determine the water-insoluble fraction (f), 100 mg of sample obtained 
from the polymerization experiments were stirred with 5 ml of water at
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Determination of the Vapor Pressure of ACA

Isooctane (bp 99.3°C), toluene (bp 111°C), xylene (bp 139°C), cumene 
(bp 153.3°C) and p-cymene (bp 176°C) were carefully dried over metallic 
sodium, and 1500 ml of the solvent was distilled with 50 mg of finely 
ground ACA. A 1000 ml portion of the distillate was extracted four 
times with 5 ml of deionized water. The ACA in the aqueous extract was 
determined by conductometric titration and the extraction was repeated 
to make sure that no amino acid remained in the organic layer. The 
vapor pressure of ACA was then calculated, complete immiscibility of ACA 
with the organic solvent being assumed.

RESULTS AND DISCUSSION

Crystallographic Study of Nylon 6 Obtained by Solid-State 
Polycondensation of 6-Aminocaproic Acid

Single crystals of ACA heated in vacuo for 16 hr at 168°C were found to be 
converted quantitatively to highly oriented nylon 6. An x-ray photograph 
of polymerized crystal rotated about the b axis of the monomer precursor 
is shown in Figure la. It contains three intense reflections. Two, 
corresponding to a spacing of 3.7 A, appear on the zero layer and the first 
layer, while a third reflection corresponding to 4.4 A is seen on the first 
layer. These strong reflections are characteristic of the monoclinic a form 
of nylon 6 as described by Holmes et al.21 This identification was con
firmed by the observation of weaker reflections for spacings of 2.4, 2.2, 
1.98, and 1.84 A.

A Weissenberg photograph of the same sample is shown in Figure 15, and 
it proves in conjunction with the rotation photograph that the nylon 6 is 
biaxially oriented. The extent of the orientation about axes normal to the 
axis of rotation may be judged from the length of the streak on the 0-layer 
Weissenberg photograph, which corresponds to an angular range of 20° 
for each of the intense reflections. Similar biaxial orientation of the 
polymer formed in a solid-state polymerization process has previously been 
reported for the conversion of single crystals of trioxane into polyoxy- 
methylene22 and of trithiane into polymethylene sulfide.6'7

The monomer crystal is monoclinic, space group P'2l/c, with a =  8.555 
A, b =  5.872 A, c =  15.274 A, 13 = 103.1 A, and four molecules per unit cell. 
The structure has been determined recently by Bodor et al.23

The amino acid molecules are in the zwitterionic form (this is also con
firmed by the infrared absorption at 1400 cm-1, characteristic of ionized 
carboxyl) and lie in layers approximately parallel to the ah plane. Each of 
the four molecules per unit cell belongs to a different layer and the nitrogen 
atom of each molecule forms three hydrogen bonds. Of these, two serve to 
bind molecules together in the ab layers while the third serves to link the 
layer at z =  Vs and the layer at z =  */» to that at z =  7/$, forming 
strongly bonded double layers. It should be noted that these double 
layers are held together by relatively weak intermolecular interactions and
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( b )

Fig. J. X-ray diffraction from nylon 0 produced from a single crystal of 0-ainino- 
caproic acid rotated around the b axis of the parent monomer: (a ) rotation photograph; 
(b ) zero-layer Weissenberg photograph.
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also that if molecules at z — */8 are oriented parallel to the [110] direction, 
those at z =  7/ 8 "'ill be parallel to the [110] direction. It would be ex
pected that disordering processes (mechanical stress, melting, sublimation) 
would be propagated within the double layers but would not be transmitted 
easily from one double layer to the next. This would leave the surface of 
the double layer as the predominant ordered exposed surface in the crystal.

The polymer crystal structure belongs to space group P2\, a =  9.56 A,
o  o

b =  17.2 A, c = 8.01 A, /3 = 67.5°, with the chain axis parallel to b and 
nearest neighbor chains, antiparallel to each other, forming a hydrogen- 
bonded network parallel to the ab plane.

Weissenberg photographs of partially converted monomer crystals 
showed that the (200) reflection of the polymer lies parallel to the (112) 
monomer reflection. Beyond that, the data allowed two alternative 
interpretations, either (202)poi I (112)mon with (002)poi || (004)mon, or, 
(202)pOi I I  (004)mon with (002)pOi (112)mon. [The interplanar spacings are
3.70 A for (002)poi and 3.59 A for (202)poi; these values are too close to one 
another to distinguish unambiguously between the two correlations given 
above.] Since the three polymer reciprocal lattice vectors are perpendicu
lar to the b axis of the polymer, while the three monomer reciprocal lattice 
vectors are perpendicular to the intersection of the (110) or (llO) planes 
with the (004) planes of the monomer, it may be concluded that the b 
axis of the polymer unit cell must lie parallel to the (110) and (llO) direc
tions in the monomer. The polymer crystallites were, in fact, found to be 
twinned with the preferred orientation of the polymer b axis at ± 55° to 
the b axis of the monomer. Such twinning is a necessary consequence of 
the space group of the monomer which requires chain growth to be equally 
probable in two alternative directions symmetrical about the ac plane. 
A similar twinning phenomenon was previously encountered in the solid- 
state polymerization of trioxane.22

The conclusions reached on the basis of crystallographic studies were 
supported by electron-microscopic observation of the surface of an ACA 
crystal after conversion to nylon 6. The electron micrograph shown on 
Figure 2 reveals two alternative directions of fiber crystal orientation 
inclined to each other at 110°.

It may be noted that the direction of fiber growth is almost identical to 
the orientation of the molecules in the monomer crystal. However, inter
pretation of the polycondensation as a solid-state reaction poses some 
serious problems. The reaction involves a contraction of 17% in the direc
tion of the polymer chain axis and a 18% reduction of volume and it is not 
at all clear how this could be accomplished in a topotactic process. In 
addition, we have to account for the fact that all the chains in the polymer 
crystal are either parallel or antiparallel to each other, while the orientations 
of the molecules in alternate layers of the monomer crystal subtend an 
angle of 55°, so that the solid-state polycondensation would have to involve 
considerable rotation of the monomer residues.23 These difficulties may 
be avoided if we assume that, we are dealing with an epitactic process in
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Fig. 2. Electron micrograph of a replica of the surface of a 6-aminocaproic acid crystal
converted to nylon (i.

which vapor of the monomer reacts at the (001) crystal surface to form 
oriented nuclei of the polymer crystallites. The orientation of these 
nuclei would then occur with equal probability in the two directions charac
terizing the orientation of alternate layers of the monomer molecules, thus 
leading to the observed twinning of the polymer crystallites. We shall see 
later that observations of the kinetics of the polycondensation process also 
support this interpretation.

Polymerization of a single crystal of the ACA dimer led also to nylon ü 
specimens with biaxial orientation. The complete crystal structure of the 
dimer is not available at this time but infrared spectroscopic evidence shows 
that here, too, the endgroups are ionized. The monoclinic unit cell, space 
group P2i/c, a =  17.50 A, b = 4.92 A, c = 17.40 A, ¡3 = 100.8° contains 
four molecules which again seem to lie approximately parallel to the 110 
direction.

Kinetics of ACA Polycondensation

The kinetic pattern was characterized by three clearly distinct stages of 
the polycondensation process. In the first stage, polymer formation was 
negligible. This induction period was followed by a period when l he degree 
of conversion increased rapidly at a constant rate essentially up to the
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complete disappearance of monomer. Finally, the degree of polymeriza
tion of the polyamide continued to increase slowly for a long time. Data 
from a typical kinetic run are listed in Table I; we may see that under the 
conditions of this experiment no reaction is observed for the first 2 hr, 
while 52% of the amine groups reacted in the following 9 hr. From the 
overall degree of conversion p, the water-insoluble fraction i, and the 
number-average degree of polymerization of the water-insoluble fraction 
P ni, we may calculate the amine content of the water-soluble fraction, and 
that is given as ba in the last column of Table I. The values deviate little 
from bs =  7.62 corresponding to pure monomer. Thin-layer chromatogra
phy also led to the conclusion that no detectable amounts of dimer, trimer 
or tetramer are present in the aqueous extracts at any stage of the solid- 
state polycondensation. In this respect, the product obtained in the poly
condensation of crystalline ACA differed strikingly from that obtained 
when the reaction was carried out in molten ACA. In the latter case, the

TABLE I
Solid-State Conversion of 6-Aniinocaproic Arid to Nylon 6 at 170°C°

Time,
hr

Amine,
meq/g P n V

Fraction 
water- 

insoluble (i) P n i 6 s

1 7.62 1.0 0.00 0.00 — 7.62
2 7.70 1.0 0.00 0.00 — 7.70
5 7.10 1.1 0.08 0.06 16.5 7.52
6 6.25 1.26 0.20 0.1S 18 7.50
9 4.75 1.70 0.41 0.32 22 6.83

11 3.90 2.11 0.52 0.41 27 6.42
13 3.25 2.72 0.61 0.57 32 7.23
16 2.20 3.82 0.74 — - —
20 0.17 52 0.98 — — —

a 230 mg ACA in 25-ml ampules with a surface of 48 cm2.

same chromatographic procedure revealed large concentrations of dimer, 
trimer, and tetramer. Assuming that the reactivity of a functional group 
is independent of the length of the chain to which it is attached,24 the mole 
fraction N(P)  of an oligomer with P  units is given by N(P)  =  pp_1(l — p), 
so that for high degrees of conversion, monomer and low oligomers should 
be present in nearly identical molar concentrations. The color intensities 
of the spots due to monomer, dimer, trimer, and tetramer in an aqueous 
extract from melt-polymerized ACA were, in fact, found to be approxi
mately equal in accordance with expectation, since the color reaction is 
proportional to the endgroup concentrations. The fact that in solid-state 
polycondensation the molar concentration of the oligomers is negligibly 
small compared to that of the monomer results from (he heterogeneous 
character of the solid-state reaction which segregates the polymer in a 
separate phase. Thus, even if the chain-length distribution in the polymer 
phase corresponds to the classical distribution functions, the oligomer will
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be below detectable limits in the presence of the large amount of monomer 
in the separate monomer phase.

On the basis of our data, the solid-state poly condensation of AC-A can be 
described in the following terms. In the initial stages, the polymer phase 
has to be nucleated. The formation of such nuclei is readily observable 
under the polarizing microscope. An induction period corresponding to the 
time required to produce nuclei of a polymer phase has previously been 
observed in the solid-state polymerization of A-carboxy-a-amino acid 
anhydrides to polypeptides.'25 The rate of nucleation of a new phase is 
highly sensitive to the perfection of a crystal,26 but in polycrystalline sam
ples a fair degree of reproducibility can be achieved by statistical averaging. 
In the second stage, monomer disappears at an approximately constant 
rate, while polymer of relatively low molecular weight is formed. Finally, 
after exhaustion of the monomer, polycondensation involving terminal 
groups of the polymer chains leads to a slow increase of the molecular 
weight of the product, even though the system is kept below the melting 
point of the polymer. (The existence of such a process was described in the 
patent literature almost thirty years ago.27) We shall now consider the 
characteristics of these three stages in somewhat more detail.

It was suspected that the length of the induction period might be sensi
tive to the vapor pressure of water to which the monomer crystals are 
exposed.25 This was varied in the following way. When the monomer was 
sealed in vacuo, the aqueous vapor pressure built up gradually owing to the 
water eliminated during the polymerization process, and this pressure could 
be varied by varying the ratio of the size of the monomer sample to the 
available vapor space. Since it, was invariably noted that a thin him 
formed on the surface of the glass tubes (this film being identified spectro
scopically as nylon 6), the question arose whether the polymerization rate 
of the bulk of the ACA would be significantly affected if this initial surface-

Fig. 3. Dependence of polycondensation on experimental conditions: (O) ‘230 mg ACA 
in a 25 ml ampule; (®) 200 mg ACA in 230 ml; (ffi) 670 mg ACA in 230 ml; (3 ) 200 
mg ACA in 25 ml, ampule surface silicone-coated; (•) 200 mg ACA in 25 ml, initial 
aqueous vapor pressure 410 mm Hg.
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catalyzed polymerization, with its attendant water elimination, could be 
prevented. It was found that the catalytic effect of the glass on the ACA 
vapor could be suppressed by coating with silicone oil and baking for 1 hr 
at 170°C before introducing the monomer, and a kinetic run was carried 
out under these conditions. Finally, a run was carried out with a weighed 
amount of water added to the reaction tube so as to provide a relatively 
high aqueous vapor pressure at the outset of the experiment .

The results obtained under these various conditions are given in Figure 3. 
It may be seen that the reaction rate in its rapid phase is quite independent 
of the variables investigated (0.06 hr 1 at 170°C), while the length of the 
induction period is subject to wide variations. When the monomer sample 
was enclosed in 25 ml ampules, the induction period was not altered by 
silicone treatment of the glass surface so as to prevent the surface-catalyzed

Fig. 4. Polyeondeiisation of nylon 6 after exhaustion of the monomer: (O) final aqueous 
vapor pressure ISO mm Hg; (© ) final aqueous vapor pressure 1680 mm Hg.

reaction. Moreover, the introduction of water at the beginning of the 
experiment yielded results very similar to those obtained in one of the runs 
in which the space above the monomer was initially highly evacuated. 
We are, at present, unable to define the factors determining the length of the 
induction period.

Once the polymer phase has been nucleated, the growth of polymer chains 
appears to be relatively rapid. We see, for instance, in Table I that at a 
point where only 8% of the reactive groups had disappeared, the system 
consisted of unchanged monomer and a water-insoluble fraction constituting 
6% by weight and containing polymer with a degree of polymerization of
16.5. As monomer gradually disappears, the polymer chain length in
creases, but the degree of polymerization increases much more slowly than in 
proportion to the weight of the water-insoluble fraction. Thus, the growth 
of new polyamide chains must be initiated while monomer adds to extend 
the length of existing chains. For instance, an almost tenfold increase in 
the water-insoluble fraction from 6% to 57% was accompanied by about a 
doubling of the polymerization degree, from 16.5 to 32.
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The last, stage of the process, i.e., the polycondensation of the polyamide 
following monomer disappearance, was also followed as a function of the 
ambient aqueous water pressure (varied by the space provided per unit 
weight of monomer at the outset of the experiment). In view of the highly 
restricted mobility of the reactive groups in the semicrystalline polymer 
sample, one would not expect the reaction to follow, in this case, conven
tional second-order kinetics.28

In fact, plots of P n against time and even plots of (P„)2 against time 
(corresponding to third-order kinetics) are strongly concave towards the 
time axis. A double logarithmic plot of the degree of polymerization 
against reaction time was found to be linear (Fig. 4), with the higher aque
ous vapor pressure leading to somewhat lower chain length at long reaction 
times. Under these conditions, P n did not increase between 20 and 50 
days, suggesting that a state of equilibrium29’30 may have been reached.

Mechanism of the Reaction

The high orientation of the polymer obtained in the polymerization of 
crystalline ACA suggests that the process takes place in the solid state and 
that the direction of chain propagation is governed by the crystal structure 
of the monomer. Yet, the high contraction in the direction of the fiber 
axis, which we have referred to previously, renders it rather difficult to 
visualize such a process, and alternative possibilities have to be considered.

First we should consider the possibility that the reaction occurs in a small 
volume of a liquid phase. Let us note that the reaction takes place more 
than 30°C below the melting points of either monomer or polymer, but that 
we do not know to what extent the semicrystalline polymer may be swollen 
by ACA and how much the polymer melting point might be lowered by 
such dilution. In addition, the relatively high pressure of water vapor 
built up when sizable amounts of ACA undergo a polycondensation in a 
closed space (between 180 and 1930 mm Fig under the conditions of the 
experiments illustrated in Fig. 3) might, in principle, lead to formation of a 
liquid phase at temperatures close to the melting point of the monomer.

It was found that, the addition of water to provide an initial aqueous 
vapor pressure of 410 mm Hg led to no detectable reduction in. the orienta
tion of the polyamide formed. This can be reconciled with polymerization 
in a disordered phase only by assuming oriented deposition of polymer 
crystallites on the underlying monomer crystal. Such epitactic polymer 
crystal growth has been observed even on chemically quite dissimilar 
substrates,31'32 and an analogous oriented crystallization of a polyamide on 
the surface of an ACA crystal would appear to be quite feasible. However, 
if the presence of a liquid phase is essential for the reaction to proceed, the 
initial addition of water should lead to a marked acceleration and the elimi
nation of the induction period. No such effect was observed and it appears 
that the role of a liquid phase in the process studied in the present investiga
tion may be safely excluded.
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The other possibility to be considered involves the transport of monomer 
through the vapor phase to the reaction sit e. We have already noted that 
during the polycondensation of crystalline ACA a film of nylon 6 was 
deposited on the surface of the glass ampules in which the monomer was 
contained. Control experiments, in which the ampules contained capro
lactam, produced no such film, proving that the glass surface catalyzed the 
polycondensation of ACA, rather than the polymerization of caprolactam 
which might have been formed by dehydration of ACA in the vapor phase. 
Since the film could be grown to a thickness of several microns, it is clear 
that only the initiation of the chain growth could have been affected by the 
specific properties of the glass and that addition of ACA vapor to the 
polyamide can continue independently of the nature of the underlying 
surface. It may then be conjectured that a similar process is responsible 
for the growth of polymer nuclei formed on the ACA crystals. The vapor 
pressure of ACA at five temperatures ranging from 99.3 to 176°C was 
determined as described in the experimental section, yielding the values 
listed in Table II. From these data, the vapor pressure at the reaction 
temperature of 170°C is estimated as 0.12 mm Hg. This value is easily 
sufficient to account for the transport of monomer to the reaction site.

TABLE II
Vapor Pressure of 6-Aminocaproic Acid

Temperature,
°C

Vapor pressure, 
mm Hg

99.3 0.00025
111.0 0.00095
139.0 0.0069
153.0 0.034
176.0 0.197

Two experiments were carried out to test the role of monomer transport 
through the vapor phase in the polymerization of crystalline ACA. In 
the first, a sample of ACA was placed in one leg of a U tube, while some 
water was placed in the other leg. The system was frozen at —78°C and 
sealed under a pressure of 10-3 mm Hg. The leg containing the monomer 
was then placed in a thermostat at 170°C while the other leg was maintained 
at 26°C. In this fashion it was insured that the vapor pressures of water 
and of ACA would not exceed their equilibrium values at 26°C, i.e., 
pH,o =  24 mm Hg and an estimated paca =  10~7 mm Hg. Under these 
conditions, only 5%  of the amine groups of ACA had reacted in 21 hr, a 
time corresponding to 50-98% conversion in the runs plotted in Figure 3. 
In a second experiment in which the water in the cold leg of the U tube was 
omitted, no detectable reaction was observed after heating the ACA for 
21 hr at 170’ C. These results may be interpreted as signifying that crystal
line ACA cannot be converted to polyamide in the absence of ACA vapor. 
When I he cold leg of the U lube contains water, the aqueous vapor reduces
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carried out on Pyrex glass (thickness 0.1 mm), mica (0.07 mm), and single 
crystals of NaCl, KC1, and KBr. A reaction time of 48 hr was found to be 
required to build up a polymer film of 20 ¡x thickness. Since the monomer 
was essentially exhausted after 24 hr by solid-state polycondensation, the 
ampules were opened, the monomer replenished, the system sealed again, 
and the process continued.

In all cases, the polymer gave the characteristic infrared spectrum of 
nylon 6. In the case of films deposited on the 100 faces of KC1, the spec
trum was also observed with polarized infrared radiation. The intensity 
of the N—H stretching band at 3300 cm-1, the amide I band at 1648 cm-1, 
and the amide II band at 1540 cm-1 were all found to be independent of the 
orientation of the plane of polarization. It was concluded that polymer 
crystallites exhibit no epitaxial orientation on this substrate. This con
clusion was substantiated by electron microscopy which revealed spherulites 
with fibers about 170 A thick and several thousands of Angstroms in length.

Behavior of Oligomers of ACA

The linear dimer and trimer of ACA behaved in a manner qualitatively 
similar to that of ACA. With 70 mg samples in 25 ml ampules at 170°C, 
the dimer was characterized by a maximum rate of 0.024 hr-1 and an 
induction period of 10 hr, while for the trimer the maximum rate was 0.01 
hr-1 and the induction period 17 hr. While these rates are distinctly lower 
than that characterizing the monomeric ACA, it should be noted that the 
reduction in the rate is much less than that which would be expected from 
the change in the vapor pressure of the reagent which must decrease by 
many orders of magnitude as we pass from the monomer to the dimer and 
the trimer.

Interesting results were obtained when separate vials containing ACA 
(120 mg) and dimer (18 mg) were sealed in a 25-ml ampule and heated, so 
that the oligomer was exposed to ACA vapor. Under these conditions, the 
polycondensation of the dimer sample was characterized by an induction 
period of 6 hr and a maximum conversion rate of 0.05 hr-1. The dimer 
sample was also found to increase in weight by 10%, but, all of this gain was 
completed at the time the conversion had attained 16%. It appears then 
that the monomer vapor reacts with the dimer surface and helps to initiate 
the polycondensation reaction, increasing the number of chains whose 
propagation characterizes the period of maximum reaction rate.

Exposure to ACA vapor had a much more dramatic effect on the poly
condensation of crystalline trimer. This material, when contained alone 
in the ampule, reached degrees of polymerization of only 3.2 and 3.7 after 
19 and 34 hr, respectively. If the ampule also contained monomer, the 
polycondensation of the trimer reached P n values of 8.7 in 13 hr and 101 
in 19 hr. In all experiments involving crystalline dimer or trimer, chroma
tographic analysis of aqueous extracts of partially converted samples re
vealed only the oligomer present originally.
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Behavior of ACA Homologs

Attempts to carry out a polycondensation of 4-aminobutyric acid 
(mp 206°C) at 170°C and 5-aminovaleric acid (mp 157°C) at 120°C 
failed, since only the low-melting lactams were obtained. With 11-amino- 
undecanoic acid (mp 1S6-187°C), a slow polycondensation was observed 
at 145°C, leading to a degree of conversion of 0.23 in 476 hr. Polyconden
sation of this substance has been studied previously at temperatures closer 
to the melting point.33'34 Unfortunately, we were unable to grow suitable 
single crystals so as to determine whether oriented polyamide is formed in 
this process.

In the crystallographic investigation we have been greatly aided by the advice of Pro
fessor B. Post of the Department of Physics, Polytechnic Institute of Brooklyn. For the 
Weissenberg photograph reproduced in Figure 16 we are indebted to Dr. P. N. Kasai of 
the Department of Applied Chemistry, Osaka University. The electron microscopic 
studies were performed under the direction of Prof. E. Fischer of the University of Mainz. 
We are greatly indebted to Prof. G. Palade of the Rockefeller University for offering us 
the use of his elect ron microscope for this work.

This paper is abstracted from Ph.I). theses submitted by N. Morosoff in 1965 and 
by  E. M. Macchi in 1967 to the Graduate School of the Polytechnic Institute of Brooklyn.

Financial support of this work by the National Science Foundation (Project 2271- 
NSF-7503) and the National Institutes of Health (Grant GM-05811) is gratefully ac
knowledged.
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Inorganic Esters of Novolacs*

B. F. DANNELS and A. F. SHEPARD,
Central Research Department, Hooker Chemical Corporation, 

Niagara Falls, New York 14302

Synopsis

Reaction of conventional novolacs with polyfunctional materials is known to yield 
crosslinked infusible products. Surprisingly, high proportions of polyfunctional phos
phorus derivatives can be esterified with o,o'-linked novolacs without encountering 
gelation. Soluble, fusible resins of high phosphate content, which possess improved 
flame retardante, are conveniently obtained. We attribute this result to the formation 
of cyclic esters in preference to crosslinking, as evidenced by the formation, in good yield, 
of the eight-membered heterocyclic compound C27IT31O4P from o,o'-methylenebis(p-feri- 
butylphenol) and phenyl phosphorodichloridate. Relatively large amounts of poly
functional derivatives of boron and silicon can also be reacted with 0,0 '-linked novolacs, 
presumably in a similar manner. Novolacs partially reacted with phosphorus, boron, or 
silicon derivatives and retaining some phenolic hydroxyl cure readily with hexa
methylenetetramine, yielding products exceptionally low in volatile loss at 400°C.

INTRODUCTION

Esterification of novolacs is a potential means of modifying and improv
ing their properties. Of particular interest is esterification with inorganic 
polybasic acids, such as phosphoric, boric, and phosphorus acids, since 
these modifiers offer special promise for increasing heat or flame resistance 
as well as for modification of electrical and mechanical properties. Simi
larly, modification of novolacs by conversion to silanediol derivatives is 
also of potential value.

However, because the OH functionality of novolac molecules is usually 
high (typically about 5 in many commercial novolacs), esterification with 
polybasic acids, such as phosphoric acid, tends to yield crosslinked, insoluble 
products. Several investigators1” 3 have studied such systems, and 
some1’2'4” 6 have obtained linear polymers using diphenols and difunctional 
derivatives of phosphoric acid.

We wish now to report that novolacs having appropriate structure can 
be esterified with relatively large amounts of inorganic acids to yield 
soluble, fusible products having unusual and useful properties.

*Presented in part at the 153rd Meeting of the American Chemical Society, Miami 
Beach, Fla., April 9-14, 1967.
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RESULTS ANl) DISCUSSION 

Effect of Novolac Structure on Esterification

Two structurally different types of novolacs have been used in this work: 
(a) those in which the methylene linkages are located more or less randomly 
in the o- and p- positions,7 hereafter called random novolacs, and (b) those 
in which practically all methylene linkages are located in the 0-positions, 
hereafter called o,o'-novolacs.8_n

These two novolac types behave quite differently on esterification, as 
shown in Table I. Runs 1, 2, and 3 compare formation of phosphate esters

TABLE I
Novolac Esterifications

Equivalents
Ester phenolic OH/

Run Kind Mn with reactive group Product

1 Random 510 CJLOPOCh 18 Fusible
2 Random 510 cduopocu 6.7 ( lei
b o ,o '- 560 CJLOPOCk l.S F risible
4 0,0 '- 560 C k C s IR O P O C I, 1.9 Fusible
5 o,o'~ 560 Br2C6H3OPOCL 1.8 F usible
6 Random 510 (Celbb SiCl, 20 F usible
7 Random 510 (CJhbSiCL 17 (let
8 o .o '- 560 (CJEkSiCb 2 2 F usible
9 Random 510 (CdbhPO, i .2 del; 19(7 

reaction
10 o ,o '- 600 ( C e lb h P t h 1 .2 Fusible;

73% reaction
11 Random 510 II3 B O 3 12 Fusible, very

viscoiH
12 0,0 560 H3BO 3 1 .9 Fusible

from o,o'- and random novolacs by reaction with phenyl phosphorodichlori- 
date, while runs 9 and 10 show the behavior of the same novolacs in their 
alkali-catalyzed transesterification with triphenyl phosphate to yield the 
same type of product. In both cases, the o,o'-novolac can be quite exten
sively esterified, while the random novolac gels at a low level of esterifica
tion. Similar differences are also seen between runs 6, 7, and 8, where 
reactions with diphenyl silyl dichloride are compared, and between runs 
11 and 12, where direct esterifications with boric acid were conducted.

Formation of Cyclic Esters

A possible explanation for the distinct difference between o,o'- and 
random novolacs in the foregoing esterifications is that the random novo
lacs undergo the expected intermolecular esterification as suggested by 
Cass3 |eq. (1)1, while in contrast we have
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OH OH

Random novolac 
segment

+ <0^°^
Cl

Phenyl phosphorodichloridate

OH

Cross linked 
novolac

found that o,u -novolacs have an unusually strong tendency to form stable 
cyclic esters by intramolecular esterification [eq. (2)]. In this connection,

it is noteworthy that recent patents12-14 describe cyclic carbonates and 
other esters obtained from o,o'-novolacs or o,o'-methylene-linked diphenols 
under mild reaction conditions; but these cyclic carbonates are metastable 
and resinify on heating.

In the reactions with boric acid or diphenyl silyl dichloride a similar 
situation may also exist, with the o//-novolac being prone to form intra
molecular compounds, some possible types of which are the cyclic borate 
ester (I) and the cyclic silanediol derivative (II).
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H
I
O

Simple Cyclic Esters

In support of this explanation, we have found that an o,o'-methylene- 
linked diphenol gives good yields of the cyclic phosphate (III). A related 
cyclic phosphite (IV) has also been obtained in an analogous reaction 
between the same diphenol and a phenyl phosphorodichloridite.

i-Bu

Application for Novolac Esters

Of various possible uses for the esters, some of the more interesting 
stem from novolacs which are only partially esterified. Phenol-formalde
hyde novolacs in which 25-50% of the original phenolic hydroxyls remain 
unesterified still remain curable with conventional novolac curing agents 
as illustrated in structure V.
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With hexamethylenetetramine (hexa) in particular, the curability of the 
novolacs is preserved to a large degree. This makes available phenolics 
which behave more or less normally in processing and molding, yet which 
contain substantial amounts of such modifying elements as phosphorous 
or boron.

Also, as shown in Table I, runs 4 and 5, stably bound halogen is easily 
incorporated in novolac phosphate molecules through the use of halo- 
genated phenyl phosphorodichloridates.

These curable modified phenolics can be used in the formulation of flame- 
retardant or self-extinguishing materials. More significantly, however, 
these modified phenolics can have outstanding heat resistance under drastic 
conditions. Several examples of this are shown in Table II. The lower 
weight losses from the modified o,o'-resins are quite striking, and it is 
considered that this type of heat resistance should be useful in many 
phenolic applications.

In the case of the random novolac, the degree of modification approaches 
the maximum which can be obtained without gelation.

TABLE II 
400°C. Weight Losses

Base Novolac Modifier Run no. (Table I)
4-hr.

weight loss, %

Random None — 60-90
Random 0.3%  B 11 58
Random 0.7%  Si 6 56
Random 0.8%  P 1 48
0,0 4 .5 %  Si 8 39
o,o'- 1.7%  B 12 34
0,0 6.0%  P 3 28

EXPERIMENTAL 

Novolac Esters

The general procedure3 used in obtaining the data of Table I was to react 
a mixture of novolac and esterifying agent at temperatures up to about
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200°C. Where phosphorus or silicon halide derivatives were used, reaction 
was carried out at atmospheric pressure and was continued till hydrogen 
chloride formation subsided and over 90% of reactive chlorine had 
been eliminated.

In the transesterifications, mixtures of triphenyl phosphate, novolac and 
sodium hydroxide (0.5% of 50% aqueous sodium hydroxide on the novo
lac) were warmed to 90°C., water being removed under vacuum. The 
mixtures were then more strongly heated, phenol being distilled off at 
180 mm. over a period of up to 45 min. and a pot temperature up to 220°C. 
Boric acid esterifications were conducted by heating novolac-boric acid 
mixtures for about 1 hr. at 150 21 (PC., water being distilled off as it formed.

M n values were determined in tetrahydrofuran and/or methyl ethyl 
ketone with a Mechrolab Model 301 vapor pressure osmometer.15

Simple Cyclic Esters

The cyclic phosphate 2,10-di-fer£-butyl-6-phenoxy-12-di-H-dibenzo(d,g) 
(l,3,2)-dioxaphosphocin-6-oxide (III) was prepared by dropwise addition 
of 10.6 g. (0.05 mole) of phenyl phosphorodichloridate to a solution of 15.6 
g. (0.05 mole) of 2,2,-methylenebis(4-fer£-butylphenol) and 11 g. (0.1 
mole) triethylamine in 20 ml. of diethylene glycol dimethyl ether. The 
mixture was kept below 50°C. during the addition and was then cooled 
and kept at room temperature overnight. Product was recovered by 
pouring the mixture into 2 liters of cold water, separating the resulting 
white solid, and washing it with water and with hot hexane; yield 19 g. 
crude, (84% of theory) m.p. 171M78°C. Repeated crystallization from 
hexane yielded 10 g. of colorless crystalline ester, m.p. 179.5-181°C.

A n a l . Calcd. for C2JH31O4P: P, 6.88% ; mol. wt. 450. Found: P, 7.00%; mol. wt. 446.

The cyclic phosphite 2,10-di-feri-butyl-6-(2,4,6-tri-ter£-butyl phenoxy)-
12-di-H-dibenzo(d,g)(l,3,2)-dioxaphosphocin, (IV) was obtained as follows. 
A solution of 13.1 g. (0.05 mole) of 2,4,6-tri-feri-butylphenol and 17 g. 
(0.175 mole) triethylamine in 65 ml. diethylene glycol dimethyl ether was 
added dropwise to 6.9 g. (0.05 mole) phosphorus trichloride at 10°C. 
After 2 hr. at 10°C., Jhe mixture was heated to 90°C. and 15.6 g. (0.05 
mole) of 2,2'-methylene-bis(4-£er£-butylphenol) dissolved in 45 ml. dieth
ylene glycol dimethyl ether was added and heating continued for 20 hr. at 
95°C. The mixture was cooled, poured into 300 ml. water, and the sepa
rated solids were extracted with hexane and crystallized from ethanol. 
The colorless crystalline product, m.p. 181-6°C., amounted to 13 g. 
Further purification by repeated crystallizations from ethanol yielded S g. 
cyclic phosphite, m.p. 188-1S9°C.

A n a l . Calcd. for C39IIS5O3P: P, 5 .1 5% ; mol. w l. 602. Found: P, 5.1 1 % ; mol. wt. 585.

The eight-membered heterocyclic structures assigned to the phosphate 
and phosphite are supported by infrared spectra and by 31P and ‘H NMR. 
Neither compound absorbs in the OH stretching region of the infrared.
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100 2 0 0  3 0 0  4 0 0  500

TEMPERATURE-°C.

Fig. 1. D TA plot for cyclic phosphate III.

The phosphate shows a chemical shift in the 31P spectrum of +17.3 ppm 
upheld from phosphoric acid and in excellent agreement with triphenyl 
phosphate at +17.2 ppm. In the :H spectrum its tertiary butyl protons 
are magnetically equivalent while the methylene protons, as expected 
from molecular models, are 11011-equivalent, and the low field member of 
this pair is further split. The phosphite exhibits a 31P shift at —136 ppm 
comparable to —127 ppm for triphenyl phosphite. The TI spectrum of 
the phosphite shows three tertiary butyl moieties, in a ratio of 2/1/2, and 
two magnetically non-equivalent methylene protons of which the low 
field member is further split.

The cyclic phosphate examined by DTA in N2 gave no indication of 
rearrangement or polymerization at temperatures up to 400°C. (Fig. 1).

Existence of related simple heterocyclic ring systems has been proposed, 
though not substantiated, by others.16,17

400°C. Weight Losses

In obtaining these data, resin samples were cured with 11% of their own 
weight of hexamethylenetetramine, reduced to 100-400 ¡j, particle size, 
weighed, baked in air for 4 hr. at 400°C., and reweighed to determine 
weight loss.

The advice and assistance of Messrs. M. E. Hull, III, D. W. Hoch, J. J. Pullano, and 
Mrs. L. M. Kaderabeck aie gratefully acknowledged. Thanks are also due to Dr. J. G. 
Colson for interpretation of N M R spectra, and to the Hooker Chemical Corporation for 
permission to publish this paper.
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Synthesis of Ordered Copolyamides by the Interfacial
Polycondensation of the Hydrolyzate of Bisimidazoline

with Diacid Chloride

TSUTO::\IU KAGIYA, ::\IASATSUGlJ IZU, TAKEHISA lVIATSUDA,
::\,JORIYASU ::\IATSUDA, and KEKICHI FUKUI,
Faculty of Engineering, Kyoto Fniversity, Kyoto, Japan

Synopsis

Ordered copolyamides were prepared by the interfacial polycolldensation of the hy
droly:r,ate of bisimidazoline in the aqueous solution with diacid chloride in chloroform solu
tion; bisimidawlilles used were 1,4-bis(imidazoline-2-yl)butane and 1,4-bis(imidazoline
2-yl)-octane; diacid chlorides used were adipoyl chloride, sebacoyl chloride, and ter
ephthaloyl chloride. The aqueous solutions of the hydl'Olyzat.es of bi:;imidazolines were
prepared by heating the aqueou:; solutions of imidazolilles at 70°C. It was shown by infra
red spectraand paperelectrophoresis of the hydrolyzate:; that bisimidazolines were hydro
lyzed to give quantitatively diamines containing amides linkages of the type H,N( CH,),NH
CORCONH( CH,)~NH~. The regularity in the sequence of the copolyamide of nylon 26
and nylon 21' prepared from the hydrolyzate of 1,4-bis(imidazoline-2-yl)butane and
terephthaloyl chloride was studied by NMR spect,rometry; it was concluded that the co
polyamide wa.., highly ordered.

INTRODUCTION

Preston has reported the synthesis of aromatic ordered copolyamides of
high thermal stability by the illterfacial polymerization of aromatic di
amines containing amide linkages with diacid chloride. 1 It has been shown
that the ordered copolyamides had characteristic properties different from
those of corresponding homopolymers and those of random copolyarnides.
Little attention has, however, been paid to the preparative method and
the properties of aliphatic ordered copolyamides.

As has been reported by the present authors,2 copolyamides are synthe
sized by the polyaddition of bisimidazolines with dicarboxylic acids at
220°C. in bulk. The regularity in the sequence of these copolyarnides
was studied by means of x-ray analysis and melting-point measurement;
it was concluded that the regularity was low because of the occurrence of
the transamidation reaction between polyamides formed and carboxylic
acid unreacted. In view of preparing ordered copolyamides from bisimid
azolines, the author::; have carried (Jut the interfacial polyaddition reaction
of bisimidazolines with diacid chloride at a low temperature. The poly
mers formed in this case were, however, crosslinked; therefore, the regularity
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cuuld not be determined. In carrying out thi:,; study, the author:,; have
found that bi:,;imidazoline:> are easily hydrolyzed by heating the aqueous so
lution to give quantitatively diamines containing amide linkages [e<1. (1)]

CH,,-N N-eH2I - ~C-R-< I + 2H20 --- H2N(CH2),NHCORCONH(CH2)2NH, (1)

CH2-NH NH-CH2

By carrying out the interfacial polycondensation of the hydrolyzate with
diacid chloride, the authors have prepared ordered copolyamides. The
regularity in the sequence of these copolyamides was confirmed by N~1R

study.

EXPERIMENTAL

Materials

Imidazoline. 2-Ethyl-2-imidazoline, 1,4-bis(imidazoline-2-yl)butane,
and 1 ,4-bis(imidazoline-2-yl)octane were prepared accurding to the method
reported in a patent. 3 Physical constants were: 2-ethyl-2-imidazoline,
b.p., 92-93°C./13 0101. (lit.:3 109-ll0°C./I5 0101.); 1,4-bis(imidazoline-2
yl)butane, m.p. 218-219°C. (lit.: 3 215-216°C.); 1,4-bis(imidazoline-2-yl)
octane, m.p. 192-193°C.

ANAL. Calcd. for CIOH,SN4: C,61.82%; H,9.34%; N,28.84%. Found: C,61.92%:
H, 9.33%; N, :W.02%.

ANAL. Calrd. fot' C14H"N4: C, 67.26%; H, 10.40%; ,22.10%. Found C, 66.98%;
H, 10.5:/%; N, 22.100/;.

Acid Chloride. Commercial (G.H. grade, Nakarai Chemicals, Ltd.)
propionyl chloride and benzoyl chloride were used without purification.
Adipoyl chloride and sebacoyl chloride (G.R. grade, ~akarai Chemicals,
Ltd.) were purified by vacuum distillation before use. Commercial (G.R.
grade, Nakarai Chemicals Ltd.) terephthaloyl chloride was purified by
recrystallization from dry hexane.

Diamide. N,N'-Dipropionylethylenediamine and N,N'-dibenzoylethyl
enediamine were prepared by the interfacial reactions of ethylenediamine
in the aqueou:> solution with propionyl chloride and benzoyl chloride in
chloroform solution, respectively. N ·Propionyl-N'-benznylethylenedi
amine was prepared by the interfacial reaction of benzoyl chloride in chloro
form solution with N-propionylethylenediamine in aqueous solution which
was prepared by the hydrolysis of 2-ethyl-2-imidazoline. 4 Physical con
stants were: N,N'-dipropionylethylellediaminc, m.p. 191-192°C. (lit. :5191
192°C.); N,N'-dibenzoylethylenediamine, m.p. 240-251°C. (lit.:5 246
247°C.); N-propionyl-N'-bellzoylethylenediamine, m.p. 157-158°C.

Hydrolysis of Bisimidazoline

Bi:>imidazu!ille disper:>ed in :30 ml. of water wa:> healed at iO°C. (The
concentration of bisimidazoline \Va:> 0.1:'5-0.35 mole/I.). The aqueous
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solution of the hydrolyzatc prepared by heating for 1 hr. in the case of
l,4-bis(imidazoline-2-yl)butane and for 4 hr. in the case of 1,4-bis(imidazo
line-2-yl) octane was used for the poly condensation. The consumption of 
bisimidazoline by the hydrolysis was followed by measuring the infrared 
spectrum of the liydrolyzate isolated from the aqueous solution by a 
freeze-drying method, on a KBr pellet; the characteristic peaks of imidazo
line at 1610 and 995 cm.“ 1 were used for the determination. In order to 
check the formation of ethylenediamine by the second-stage hydrolysis 
(see Results and Discussion), paper electrophoresis was used under the 
following conditions: 1500 v.; 33 ma.; pH 4.49 (M/15 KH2P 04 aqueous 
solution); Toyo Filter No. 2. A ninhydrin-n-butanol solution was used 
for the coloration.

Interfacial Polycondensation

A 50 ml. portion of a chloroform solution of diacid chloride was charged 
into a 200 ml. flask; then, 30 ml. of the aqueous solution of the liydrolyzate 
prepared from bisimidazoline and sodium hydroxide as an acid acceptor 
were charged into the flask. (The feed molar ratio of diacid chloride, 
bisimidazoline, and sodium hydroxide was 1:1:2; the concentration of 
diacid chloride was 0.15-0.35 mole/1.) Immediately, the mixture was 
stirred vigorously. After 10 min., the stirrer was stopped, and 100 ml. of 
water was poured into the flask. The reaction product was separated by 
suction filtration, washed with water and ethanol, and subsequently 
washed with hot water under reflux for a y 2 hr. The solid product was 
dried at 60° C. for 24 hr. under vacuum.

Characterization of the Polymers

The infrared spectra were determined with a Shimadzu Infracord, 
Model IR-27, on KBr pellets. The viscosity of the formic acid or the 
trifluoroacetic acid solution of the polymer was measured at 35°C. in an 
Ubbelohde-type viscometer. The melting point of the polymer was deter
mined visually from the softening point to the liquefaction point in a 
sealed capillary under a nitrogen atmosphere with a Yanagimoto melting 
point measuring apparatus, Model MP-S2. The differential thermal 
analysis was performed with the use of a Rigaku Denki DTA apparatus. 
The NMR spectrum was run at 23.5°C. in a formic acid solution for 
diamides and at 70°C. in a trifluoroacetic acid for polymers on a Japan 
Electron Optics high resolution spectrometer, Model 4H-100, at 60 Me./sec. 
with tetramethylsilane as a standard.

RESULTS AND DISCUSSION 

Hydrolysis of Bisimidazolines

1,4-Bis(imidazoline-2-yl)butane and l,4-bis(imidazoline-2-yl)oc.tane were 
slightly soluble in water and were not hydrolyzed at the room temperature.



2062 T. KAGIYA ET AL.

They were readily soluble and hydrolyzed in hot water, however. The 
hydrolysis of 2-methy]-2-imidazoline was studied by A spinal,4 and he 
reported that 2-methyl-2-imidazoline was readily hydrolyzed in boiling 
water to yield JV-acetylethylenediamino.

The hydrolysis of bisimidazolines was followed by means of infrared 
spectrometry to determine the concentration of the unreacted bisimidazo- 
line and by means of paper electrophoresis to determine the concentration 
of ethylenediamine formed by second-stage hydrolysis [eq. (2)]:

C H -N  N--------CH,| 2 A // | - + 21+0
;C - R - C x | ------- >  H,N(CH2)2NHCORCONH(CH2),NH2 +

CH—  NH NH— CH,
+ 211:0
-------+  2H2N(CH,),NH, +  H00CRC00H (-')

Tlie hydrolyses of l,4-bis(imidazoline-2-yl)butane and l,4-bis(imidazo- 
line-2-yl)octane in water were carried out at 70°C. over the concentration 
range of 0 .lb-0.35 mole/1. The characteristic peaks of imidazoline at 
1610 and995 cm.-1 disappeared in the infrared spectrum of the hydrolyzatc 
of l,4-bis(imidazoline-2-yl)butane after 1 hr. hydrolysis and in that of the 
hydrolyzate of l,4-bis(imidazoline-2-yl)octane after 4 hr. hydrolysis, while 
the spectra displayed the characteristic peaks of secondary amide at 1(540 
and 1550 cm.-1.

The results of the paper electrophoresis of the aqueous solutions of the 
hydrolyzate of l,4-bis(imidazoline-2-yl)butane prepared by heating for 
1 hr. and that of l,4-bis(imidazoline-2-yl)octane prepared by heating 
for 4 hr. are shown in Table I. Each hydrolyzate gave one spot which 
was not assignable to ethylenediamine. A faint spot assignable to ethyl
enediamine appeared after heating the aqueous solution for 16 hr. at 
100°C. It is, therefore, concluded that diamines which have amide 
linkages were obtained by the hydrolysis of bisimidazolines.

TABLE I
Paper Electrophoresis of the Hydrolyzate of Bisimidazoline“

T ly droly zate Mobilities to cathode1'

Ethylenediamii le 1.0
BB1)C 0.72
BOD“1 0.64
BOD- 1.0 (Trace) 0.64

“Conditions: 1500 v.; 04 ma.; 
Toyo Filter No. 2.

pH 4.49 (M /lo  KH>P()4 aqueous solution); 70 min.;

bMobilities relative to that of ethylenediamine.
“Hydrolyzate of l,4-bis(imidazoline-2-yl)butane. (Conditions of hydrolysis: 70°C .: I 

hr.; 0.25 mole/1.)
“■Hydrolyzate of l,4-bis(imidazoline-2-yl)oetane. (Conditions of hydrolysis: 70°C.; 4 

hr.; 0.25 mole/1.)
“Hydrolyzate of l,4-bis(imidazoline-2-yl)oetane. (Conditions of hydrolysis: 100°C.; 

16 hr.; 0.25 mole/1.)
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Interfacial Polycondensation of the Hydrolyzate of 
Bisimidazoline with Diacid Chloride

Interfacial reaction of an aqueous solution of hydrolyzate of bisimidazo
line with a chloroform solution of diacid chloride, such as adipoyl chloride, 
sebacoyl chloride, and terephthaloyl chloride, gave a white solid product 
in a good yield. The results are listed in Table II. It is considered that 
these products are represented by the structure I:

-fNH (CH 2)2NHCORCONH(CH2)2NHCOR'CO-|-„,
I

where R represents an alkylene group in the hydrolyzate of bisimidazoline, 
and R ' is an alkylene group in diacid chloride.

The products possessed the following characteristics of polyamide: 
(.1) the infrared spectra were very similar to that of polyamide; (2) the 
products were soluble in formic acid, but insoluble in hot water and in 
common organic solvents; (3) the reduced viscosities in formic acid solution 
at 35°C. were 1.0-1.6.

When R and R ' are different, it is suggested that the product would 
be an ordered copolyamide if the transamidation reaction were not to 
take place.

TABLE II
Interfacial Polycondensation of the Hydrolyzate of Bisimidazoline 

with Diacid Chloride

Polymer code Reactants“
Yield, Melting Point, 
wt.-%  °C.

Vsp/c,
dl./g.

Polymer A 262-6 BBD +  A 72.2 314-315 0.98
Polymer B 262-10 BBD +  S 69.1 301-302 1.06
Polymer Cb 262-10 BB +  SA 86.0 233-234 0.24
Polymer D 2102-6 BOD +  A 69.7 301-302 1.21
Polymer E 2102-10 BOD +  S 82.1 279-280 1.60
Polymer F 262-T BBD +  T 84.6 390“ 1.16
Polymer Gd 26 E +  A 80.8 315“ 0.96
Polymer Hd 2T E +  T 79.9 451“ 1.20
Polymer Id 26-2 T E + V jA +  V jT 78.3 w (X 00 1.08

“BBD =  hydrolyzate of l,4-bis(imidazoline-2-yl)butane; BB = l,4-bis(imidazoline- 
2-yl)butane; BOD =  hydrolyzate of l,4-bis(imidazoline-2-yl)octane; A =  adipoylchlo- 
ride; S =  sebacoyl chloride; T  =  terephthaloyl chloride; E - ethylenediamine; SA = 
sebacic acid.

bPrepared by the polyaddition of l,4-bis(imidazoline-2-yl)butane with sebacic acid in 
bulk (conditions: 220°C.; 6 hr.).2

"The position of a melting peak in the thermogram measured by DTA.
dPrepared by the usual interfacial polycondensation.6

Determination of the Regularity of Copolyamides by 
Means of NMR Spectrometry

R ecen tly , it w as reported7 th at the order o f  m on om er units in the reaction
p rod u ct o f  p o ly  (ethylene terephthalate) and p o ly  (ethylene sebacate) had
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been determined by means of NM R spectrometry by measuring the r 
values of the methylene protons in ethylene glycol units in the copolyester. 
To the best knowledge of the present authors, however, regularity in the 
sequence of copolyamides has never been studied by means of XM R  
spectrometry.

In order to examine whether regularity in the sequence of a copolyamide 
is determined by XM R measurement, XM R spectra of three diamides 
(I III) were measured:

CH3CH2CONH(CH2),NHCOCH2CH3
II

CH3CH2CONH(CH2)2NHCO-

III

^  y —c o n h (Ch 2)2n h co

IV

The singlets at 6-7 ppm (Fig. 1) are assignable to the methylene protons 
of ethylenediamine units. The r values of these chemical shifts are listed 
in Table III. The symmetrical diamides, II and IV, exhibited singlets at

TABLE III
Chemical Shifts of the Methylene Protons of Ethylenediamine Units of Diamines

Unit t , ppm“

CH:!CH,CONH(CH2).,NHCOCH2CH:i 6.58

c h ;,c h 2c o n h (Ch 2)2n h co— 6.42 

(  V - c o n h (c h 2)2n h c o - 4  y  6.35

» 5%  formic acid solution; 23.5°C.; 60 Me./sec.; tetramethylsilane as a standard.

different r values; the difference is due to the difference in the shielding 
effects of acid components. The unsymmetrical diamide III also exhibited 
a singlet which lay between those of II and IV ; this result means that the 
chemical shifts of two methylene groups of the ethylenediamine unit of III 
are nearly equal, but distinctly different from those of II and IV.

From these results, it was suggested that the regularity in the sequence 
of the copolyamide of nylon 26 and nylon 2T, the unit structures of which 
are similar to the diamides, II, III, and IV, be determined by NMR  
spectrometry.

The NMR spectra of polymer F which is expected to be an ordered 
copolyamide, nylon 26, nylon 2T, and the random copolyamide (polymer 
I) of nylon 26 and nylon 2T are shown in Figure 2; r values of singlets at
6-7 ppm assigned to the methylene protons of the ethylenediamine units
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F or nylon 2 T :

"C0 \  CONH(CH,),NHCO—4 y -C O -

VI

For polymer F (expected formula):

- co (Ch 2)4c o n h (c h 2)2n h co - 4 y - c o -

VII

For polymer I:
V +  VI +  VII

As is seen in Figure 2, the peak assignable to the methylene protons of 
the ethylenediamine units of nylon 2(3 as well as that of nylon 2T was a 
singlet, but the spectrum of the random copolyamide exhibited three peaks 
assignable to the methylene protons of the ethylenediamine units; these 
three peaks at a higher field, at the middle field, and at a lower field were 
assigned, respectively, to the unit structures of V, VII, and VI. On the

Fiji. 2. NM R spectra of polymers: Symbols (F)- (I)  stand for the polymers (F )-(I ) 
in Table II. Conditions: 5%  trifluoroacetic acid solution; 70°C.; 60 AIc./sec.; tet.ra- 
methylsilane as a standard.
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other hand, the spectrum of polymer F exhibited one singlet assignable 
to the methylene protons of the ethylenediamine units, and the r value 
was identical with that of the middle peak of the random copolyamide 
(polymer I), i.e., the peak assigned to the unit structure VII.

From these results, it was concluded that the copolyamides prepared by 
the interfacial poly condensation of the hydrolyzate of bisimidazoline with 
diacid chloride possessed highly ordered structures, and that the regularity 
in the sequence of the copolyamide of nylon 26 and nylon 2T can be 
determined quantitatively by measuring the relative areas of three peaks 
assignable to the unit structures V, VI, and VII.

Melting Points of Ordered Copolyamides

Generally, properties such as polymer melt temperature of the random 
copolyamides pass through a minimum at a certain composition between 
the homopolymers, and the properties of a random copolyamicle of a 1 : 1  
composition show lower values than the corresponding homopolymers, 
An exception is found in those copolyamides having constituents which are 
isomorphous, i.e., are capable of occupying interchangeably the same 
crystal lattice.8 Such copolymers show a linear dependence of physical 
properties on composition.

The melting points of ordered copolyamides (Table II) lay between 
those of the corresponding homopolymers. The melting point of the or
dered copolyamide, nylon 2,6,2,10 , was higher than that of the copolyamide 
prepared by the poly addition of l,4-bis(imidazoline-2-yl) butane with 
sebacic acid in bulk at 220°C.2 whose sequence was disordered by the t.rans- 
amidation reaction. On the other hand, the melting point of the ordered 
copolyamide, nylon 2,6,2,T, was close to that of the random copolyamide 
prepared by the interfacial polycondensation of the equimolar mixture of 
adipoyl chloride and terephthaloyl chloride with ethylenediamine. It is 
considered that this result is due to the isomorphism.
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TABLE I
Polymer Yield, Molecular Weight, and Number of Polymer Chains“

No. of
Avg. polym.

Reaction Polymer rate of chains
time, yield, polvmzn., Mol. wt. X104,
hr. Solvent g-/l. g./hr.-l. X10-4 mole/1-
1.0 None 14.0 14.0 28.0 0.50
1.0 Methyl alcohol 8.7 8.7 2.6 3.35
2.0 20.4 10.2 2.1 9.72
1.0 Ethyl alcohol 7.5 7.5 0.57 13.2
2.0 14.4 7.2 0.60 24.0
0.5 »-Propyl alcohol 3.6 7.2 — —
1.0 6.5 6.5 0.81 8.03
1.0 Isopropyl alcohol 6.1 6.1 0.38 16.0
2.0 12.4 6.2 — —
0.5 //-Butyl alcohol 3.9 7.8 — —
1.0 8.4 8.4 0.98 8.57
0.5 Isobutyl alcohol 4.0 8.0 — —
1.0 8.1 8.1 1.05 7.71
1.0 «•r-Butyl alcohol 4.9 4.9 0.60 8.17
2.0 9.0 4.5 — —
0.5 b/'/-Butyl alcohol 6.9 13.8 — —
1.0 18.8 18.8 15.5 1.21
1.0 re-Pentyl alcohol 8.0 8.0 1.18 6.78

a Reaction conditions: 30°C., 400 kg./cm .2, 1.4 X 10s rad/hr., solvent 30 ml., reactor 
100 ml.

known that the OH group in primary alcohols is not affected by bromine, 
the group in secondary alcohols is oxidized to form ketone, and the group 
in tertiary alcohols is substituted by bromine a t o m . 11' 12

In the spectrum of the polymer formed in methyl alcohol the band near 
3400 cm.“ 1, ascribed to associated OH stretching vibration, and that near 
1050 cm.“ 1, which may be assigned to C— O stretching and O— H deforma
tion vibrations of primary alcohols, are observed (curve 1 in Fig. la). These 
bands are not affected by bromine-treating (curve 2 in Fig. la). Only the 
primary OH groups, therefore, are shown to exist in this polymer. The 
spectrum of the polymer formed in «-propyl alcohol shows the absorption 
band near 1100 cm.-1  that may be attributed to C— O stretching and O— H 
deformation vibrations of secondary alcohols, together with the bands 
near 3400 and 1050 cm.“ 1 (curve 3 in Fig. la). When the polymer was 
treated with bromine, the band near 3400 cm. 1 decreased remarkably, and 
that near 1100 cm.“ 1 disappeared, whereas the strong absorption band near 
1710 cm.“ 1, assigned to the carbonyl groups, appeared, and that near 1050 
cm.“ 1 remained (curve 4 in Fig. la). Consequently, the polymer is shown 
to contain both primary and secondary OH groups. In the spectrum of 
the polymer formed in isopropyl alcohol several bands in the range 900- 
1300 cm.“ 1, which may be due to the C— C skeletal vibrations and/or the 
C— 0  stretching and O— H deformation vibrations of secondary and tertiary
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are considered to be not markedly changed, even if the CH3 group in the 
(CH3)2CH— and (CH3)3C—  groups is replaced with the OH group.15 There
fore, the absorption bands ascribed to the (CH3)2CH— group (in2-methyl 
alkanes) are considered to be similar to those of isopropyl alcohol (gener
ally, 1-methyl alcohols). The same relation between the (CH3)2CH— 
group and isopropyl alcohol may be found between the bands ascribed to 
the (CH3)3G— group (in 2,2-dimethyl alkanes) and those ascribed to tert- 
butyl alcohol (generally, 1 ,1 -dimethyl alcohols).

On the basis of these considerations the bands in the range 900-1300 
cm.-1  in the spectra of the polymers formed in isopropyl alcohol and in 
¿erf-butyl alcohol are assigned to the structures shown in Table III and may 
be compared with the structures of 2-methyl alkanes, 2,2-dimethyl al
kanes,13'14 isopropyl alcohol, and ¿erf-butyl alcohol.16 That is, in the spec
trum of the polymer formed in isopropyl alcohol the bands corresponding 
to both 2-methyl alkanes (or isopropyl alcohol) and 2 ,2-dimethyl alkanes 
(or ¿erf-butyl alcohol) are observed; this polymer therefore is found to 
contain both the structures of 1 -methyl alcohol and 1 ,1 -dimethyl alcohol. 
Only the latter structure is found in the polymer formed in ¿erf-butyl 
alcohol, according to the bands corresponding to 2,2-dimethyl alkanes or 
¿erf-butyl alcohol.

These results are summarized in Table II.
Methyl Content and Unsaturation in Polymers. As shown in Table IV, 

the methyl content of the side chains of the polymer formed in alcohols is 
0-3 CH3 groups per 1000 carbon atoms, which is almost equal to that 
of the polymer obtained by bulk polymerization.17,18 The methyl content 
of the polymers formed in isopropyl alcohol and in ¿erf-butyl alcohol is high.

The polymers formed in alcohols lack both terminal vinyl and trans- 
vinylene t}7pes and contain only a small amount of vinylidene unsaturation 
(0.02-0.05 double bonds per 1000 carbons), like the polymer formed in

LOG ( M OLECULAR WEIGHT X I 0 ' 3 )

Fig. 2. Logarithm!! plots of density versus molecular weight of polymer formed: 
(O) in various alcohols present work, CH3 per 1000 C =  2.7-4.4, average 3.5: ( lT) in 
methyl alcohol, lit,,18 CH, per 1000 C = 2.2-4.4, average 3.4; (•) in bulk, lit.,17 «  
CH3per 1000 C =  2.1-4.6, average 3.7.





POLYMERIZATION OF ETHYLENE 2077

When tert-butyl aleohol is solvent, only tertiary OR group is observed in
the polymer. This means that the following initiation and/or transfcr may
occur:

Initiation: (CH,),COH -N\.-.. . CH2(CH,)2COH

Trausfer: (CH,),COH + R,,' --+ ·CH,(CH,hCOH + RnH

(11 )

(1 '2)

From the viewpoint of radiolysis products of alcohols (since the G values
of the formation of methane in isopropyl alcohol and in tert-butyl alcohol
are comparable to those of the formation of hydrogen) 20 the dissociation of
the C-C bond and also that of the C-R bond takes place, which is con
sidered to be the initiation shown in the following reactions in the case of
polymerization in tel't-butyl alcohol and in isopropyl alcohol:

Initiation: (CH,),CHOH....../V'>...+ ·CH(CH,)OH

(13)

(14)

On the other hand, in the case of methyl alcohol and n-propyl alcohol, the
G value of hydrocarbon formation is much lower than that of hydrogen
formatioD. 20 The initiation shown in reactions (1), (3), and (5), which are
brought about by dissociation of the C-H bond mainly occur, therefore,
in methyl alcohol and in n-pl'opyl alcohol.
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Free-Radical Copolymerization of 9-Viiiylanthracene

D. KATZ, Scientific Department, Israel Ministry of Defence, Tel-Aviv, and
J. RELIS, Bar-Ilan University, Ramat-Gan, Israel

Synopsis

Free-radical copolymerization of methyl acrylate, ethyl acrylate, butyl acrylate, and 
methyl methacrylate with 9-vinylanthracene was studied, and the reactivity ratios n 
and r2 were calculated. In the light of earlier data on copolymerization of 9-vinylanthra
cene with styrene results show that the difference in polarity of the monomers participat
ing in the copolymerization has an insignificant influence compared with that of the steric 
factors involved in the reaction.

INTRODUCTION

Free-radical polymerization of 9-vinylanthracene (9-VAn) and its co
polymerization with styrene were reported earlier.1’2 In view of the good 
scintillation properties of 9-VAn,3 the interesting behavior of the monomer in 
polymerization processes,2“ 9 and the possibilities of using its copolymers as 
plastic scintillators2 and organic semiconductors,10 the free-radical copoly
merization with additional vinyl monomers was studied.

In the copolymerization process with styrene 9-VAn showed low re
activity, mainly attributed to the aplanarity of the 9-VAn molecule with 
steric hindrance of the exocyclic double bond by the bulky anthracene sys
tem.2 As styrene and 9-VAn are of the same polarity, the present study 
was undertaken in order to ascertain whether copolymerization of 9-VAn 
would proceed more readily with monomers of opposite polarity. The 
monomers used were methyl acrylate (MAc) ethyl acrylate (EAc), butyl 
acrylate (BAc), and methyl methacrylate (MM).

EXPERIMENTAL 

Preparation of 9-Vinylanthracene

The synthesis of 9-VAn, based on acetylation of anthracene in the 9 
position, reduction of the acetylanthracene, and dehydration of the car
binol were described earlier.1 Small modifications in the original acetyla
tion procedure,11 such as lowering of the temperature range from about
5- 0° to about —10° to —5° and heating of the reaction mixture after 
addition of the A1C13 to + 5 °  instead of + 1 0 ° increased the efficiency of this 
step from 57-60 to 73%. The methyl acrylate, ethyl acrylate, and 
methyl methacrylate were obtained from British Drug Houses, Ltd., the

2079



2080 D. KATZ AND J. REUS

butyl acrylate from Rohm & Haas Company, and thedi-feH-butyl peroxide 
from the Lucidol Division, Wallace & Tiernan Inc. After removal of the 
inhibitor with a 5%  solution of NaOH the monomers were purified by addi
tional distillation.

Copolymerization

Four series of experiments were conducted for the study of copolymeriza
tion of 9-YAn with each of the other monomers. In each series six test 
tubes containing 9-VAn, the other monomer, and the catalyst were sealed 
under reduced pressure in an atmosphere of dry N2, the pressure at the 
moment of sealing being about 1 mm. Hg. The ratio of 9-VAn to the other 
monomer differed in each test tube, ranging from 10 to GO mole-% 9-VAn. 
The amount of polymerization initiator (di-teri-butyl peroxide) used in the 
reaction was 3 mole-% per mole of monomer. The test tubes were kept 
in a thermostatic bath (76 ±  0.5° for 9-VAn methyl acrylate and 78 ±  0.5° 
for the other systems) for different lengths of time. The polymerization 
process was interrupted before conversion reached 15% by opening the test 
tubes, dissolving their contents in methyl ethyl ketone, and precipitating 
the copolymers with -«.-heptane. Dissolution and precipitation of each 
polymer were repeated several times up to a constant weight of the dry 
polymer, after which the percentage of conversion was determined.

The composition of the copolymers was determined by measuring their 
specific extinction coefficients in chloroform solutions at 261/mg. The 
equation used for calculation was

X  =  (E* -  E B*)/(EA* -  A’«*) (1)

where X  is the fraction of monomer A in the copolymer and E A*, E B*> and 
E* are the specific extinction coefficients of homopolymer A, homopolymer 
B, and copolymer, respectively. This method, first used by Meehan in 
determining the composition of GR-S rubbers,14 was also applied earlier 
in the study of the 9-VAn styrene copolymerization.2 The specific extinc
tion coefficients measured at 261/mju for the different polymers relating to

TABLE I
Copolymerization of Methyl Acrylate (M i) with 9-Vinylanthracene (Ms) 

(76 ±  0.5°, 3 mole-% di-tof-butyl peroxide)

No.

[M,]
in init. 

monomer 
mixt., 

mole- %

Polymn.
lime,
hr.

Convsn.,
%

E* at,
261 niM

[m2| in 
copolymer, 

mole-%

1 10 166 1 .84 7.65 3.43
2 20 210 1.21 16.10 7.61
o 30 234 1.13 23.30 11 59
4 40 258 1 .02 29.60 15.45
5 ;')0 261 0.96 38.80 21.65
6 60 330 i .13 46.51 27.52
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Data on the initial composition of the monomer mixtures (Mi, M 2) and 
on the amount of monomers found in the copolymers (mi, m2) were used for 
calculating the relative reactivities of 9-VAn and other monomers (r1; r2). 
The copolymerization equation derived by Alfrey and Goldfmger13 and by 
Mayo and Lewis14 was applied in its graphic representation:

r2 =  [M1]/[M 2]{[m 1 ]/[m2](l +  [M ,]/[M 2] n) -  1} (2)

For each copolymerization series a family of six straight lines (one for each 
experiment) was obtained in the ri-r2 system of coordinates. Theoretically, 
each family of lines should have a single intersection point, but no concur
rence could be obtained, owing to experimental errors, and mean values of 
v'i and r2 had to be calculated, allowing for different weights of the inter
section points (nearly right-angled intersections being more important 
than acute-angled ones).

The equations used were:

r2 =  (miiCi +  m2x2 +  . . .  +  mnxn)/'Smn (3)

n  =  (mjj/i +  m2y2 +  . .. +  mny n)/2 to„ (4)

where x„ and y n are coordinates of the nth point of intersection, and m„ is 
the sine of the angle between the intersecting lines. This approach was 
already used by one of the authors in an earlier work.2 The relative re
activities of the monomers obtained are listed in Table V.

TABLE V
Copolymerization of Methyl Acrylate, Ethyl Acrylate, Butyl Acrylate, 

and Methyl Methacrylate (M i) with 9-Vinylanthraeene (Mi)

No. Mi m 2 n ?’2

di- 
tert- 

Imtyl 
per

oxide. 
Temp., mole-

° c .  %

i Methyl acrylate 9-Vinylanthracene 2.97 0.082 76 =b 0.5 3
2 Ethyl acrylate ii 3.43 0.274 78 ±  0.5 3
3 Butyl acrylate It 3.7(5 0.163 78 ± 0 . 5  3
4 Methyl it 3. SI 0.071 78 d= 0.5 3

methacrylate

CONCLUSIONS

In the light of earlier data on the copolymerization of styrene with 9- 
VAn2 the present results show that the difference in polarity of the mono
mers participating in the copolymerization has an insignificant influence 
compared with that of the steric factors involved in the reaction.
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Determination of Theoretical Plates in 
Gel Permeation Chromatography by Using 

Polydisperse Materials (Polymers)*

DONALD D. BLY, Central Research Department, Experimental Station,
E. I. du Pont de Nemours and Company, Wilmington, Delaware 19898

Synopsis

The need for an improved method of expressing performance of GPC columns and 
operating conditions is discussed. It is shown that theoretical plates can be calculated 
from chromatograms of high molecular weight materials (polymer’s) if the curve widths 
are normalized for polydispersity. The resulting value N, where N  =  16d2(v/W)'‘ , 
is a useful measure of the real plate count afforded by the columns to polymers and is 
useful for comparison purposes. Since N  does not provide absolute data on separation, 
it is better to use formulas for resolution and fractionation wherr sttch data are needed.

Introduction

Gel permeation chromatography (GPC), a rapid, new method for deter
mining molecular weight distributions of polymers,1 is a column chromato
graphic technique which sorts molecules according to their sizes in solu
tion.2'3 Two methods are generally used to evaluate the performance of 
the columns and operating conditions in GPC: the determination of 
theoretical plates N  by means of a low molecular weight, monodisperse 
(single molecular size) material and the establishment of a calibration curve 
relating molecular weight to the peak elution volume v of the GPC curve.3'4 
In addition, this author has described formulas which can be used as tests 
for performance by calculating and predicting resolution and fractionation 
in GPC,6 and Giddings has discussed the maximum number of components 
resolvable by GPC.6

Although the calibration curve is a useful measure of quality for the GPC 
operator, it depends specifically on polymer type and cannot be used easily 
to communicate quality between laboratories. Plate count, or number 
of theoretical plates, is a well-defined quantity used extensively in some 
areas of chromatography, but as presently determined it is not properly 
descriptive for GPC.5 The very low molecular weight, monodisperse 
material (such as acetone) is the last of the molecular sizes, except perhaps 
water and air, to be eluted from the column. The size exclusion/diffusion 
mechanism7'3 suggests that this material has taken the longest possible

* Contribution No. 1389.
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equilibrium route through the column and thus can be used to measure the 
maximum plate count affordable by the column. Unfortunately the maxi
mum plate count does not very well describe the real plate count available 
to much larger, more slowly diffusing polymer molecules which see a smaller 
column volume. Because monodisperse polymer standards do not exist, 
polymers have not been used to determine plate count. The curve width W  
varies with dispersity, and it has been assumed that eq. (I)8 cannot be used 
when polydisperse materials are employed.

N  =  16 {v/wy  (1)

This paper describes a simple normalization technique for permitting the 
use of polydisperse materials to determine realistic N  values for polymer 
fractionations.

Materials and Experimental Conditions

The polystyrenes used were purchased from commercially available 
stocks. Specifications and suppliers are listed in Table I. The anionicallv 
polymerized polycaprolactams were prepared by methods described by

TABLE I
GPC Data for Standard Samples

N calc’d.

Sample
Mw X 10-3 

reported
d

reported
V,

counts
W,

counts W/d
as 16d2
(v/wy

Polystyrenes“
P-18M 1800 1.20 16.22 2.47 2.05 993.5
W-4190037 411 1 .05 17.44 2.23 2.12 1079
N-705 185 1 . 10 18.35 2.08 1.89 1507
P-7a 51 I .06 19.73 1.93 1.82 1875
P-2a 19.8 1 .06 21 .01 2.14 2.02 1733
P-12a 2.03 1.10 23.63 2.14 1.9,5 2360

PMMA
1 (containing 169b 2.00° 18.39 3.90 1.95 1423

4%  ethyl 
acrylate)

2 homopoly- 7ob 1.95' 19.30 3.81 1.95 1561
mer

3 (containing 100b 1.86' 18.95 3.63 1.95 1508
4%  ethyl
acrylate)

Nylons (anionically prepared Poly caprolactam) 
1 175 3.51 18.38 6.S6 1.95 1415
2 100 2.56 18.51 4.99 1 .95 1443
3 26 2.5 19.66 4.91 --- 1600
Acetone — — 25.77 1.22 — 7120

“ Sources: P = Pressure Chemical Company; W  — Waters Associates, Inc.; N =  
National Bureau of Standards. 

b From light-scattering data,
'  From'GPC.
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Gechele and Stea9 with slight modifications in temperature and time. 
The PMMA samples were prepared for characterization purposes by rou
tine, free-radical solution or emulsion polymerization using techniques 
similar to those described by Sorenson and Campbell.10 Samples 1 and 3 
were copolymers with 4%  ethyl acrylate while 2 was a homopolymer.

The M w values for polycaprolactam in Table I were obtained by light 
scattering in 95% formic acid containing 0.2 mole-% sodium formate. 
The refractive increments were 0.143 at 5461 A. and 0.144 at 4358 A. The 
Zimm method of extrapolation to zero angle and zero concentration was 
employed. The instrument has been described by Baum and Billmeyer.11 
The PMMA samples were measured in acetone at 90° only. The usual 
extrapolation to zero angle was made but there was no dissymmetry cor
rection. Refractive increments were 0.129 for both wavelengths. Os
motic pressure measurements were made on the PMMA samples in acetone 
with a Stabin-Shell Automatic Osmometer. The light-scattering/os- 
mometry ratios agree with the GPC d values for M w/Mn within 10%. All 
GPC experiments were carried out in freshly distilled m-cresol at 100°C. 
at 1 ml./min. flow rate, 0.25-0.5% polymer concentration with nominal 
106 +  10“ +  103 A. columns in series.

Development

This author has shown that the width W  of a GPC curve divided by 
the sample polydispersity d is a constant for a fixed set of operating con
ditions provided the sample distribution is continuous and composed of 
linear molecules, and the elution curve falls within the linear portion of the 
“linear-log calibration.” 5 In this case W  is the curve width in volume 
units, defined as the width of the base line of the curve between two tan
gents drawn on the inflection points of the GPC curve and extended to the 
base line. W  should be measured very carefully and converted into volume 
by a factor relating inches to volume (counts or milliliters) across the full 
curve. The polydispersity d is M J M n. Since many polymers, including 
commercially available standards, fit these criteria, this principle is very 
useful. The GPC curve width W  can be normalized by dividing it by d, 
and eq. (1 ) is transformed into eq. (2).

N  =

it follows that

N'h =  Mv/W  (3)

and since

W/d =  Constant

then

lQW/d_
=  16d2

W
(2)

d/W =  Constant
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N'h = CV (4)

Thus N'h as calculated from eq. (2) or (3) should vary linearly with the peak
elution volume and should be independent of polymer type. These hy
potheses are confirmed and the equations are satisfied by the data in Figure 1
and Table I which relate N'h to the peak elution volumes obtained for poly
styrene, nylon, and poly(methyl methacrylate) samples of various molecu
lar weights and polydispersities. The constant C will vary with columns
and operating conditions. Although the data points of Figure 1 appear
to be considerably scattered, the data are quite good considering the strong

49

47 o POLYCAPROLACTAM
"PMMA

45 x POLYSTYRENE
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41
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Fig. 1. Square root of theoretical plates 1Y Vti. peak elutiou volume V ati au independent
function of polymer type in C:PC.
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.jN

Fig. 2. Hqnare root of theoretical plaLes N vs. log molecular weight 'l.' a fUlldioll or
polymer type in gel permeation chromatography.
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dependence 011 d which i~ difficult. 1.0 det,ermillc to bett.er than 10% by
absolute means. Note that the line extrapolates to Jl;ero N at Jl;ero V.
The high result for acetune is thought tu be related to diffusion rate.

.Moore has described a Iillear log calibratioll ill GPC by eq. (5).1

From eq. (4)

or

lugMw = A - BV

N'I, e[A - log ll?w]/B

(5)

N'h = k - K logMw (6)

Equation (6) predicts that Nlj2 will vary with log Mw and for this equation
will be dependent on polymer type. Indeed as shown in Figure 2, three
separate relationships are found for polystyrene, nylon, and poly(methyl
methacrylate), respectively. The closeness of the polystyrene and PMMA
curves agrees with our calibration data for these materials.

In summary, we propose that plate count, calculated from polymer curves
via eq. (2) is often useful to describe the performance of a column or series
of columns in fractionating polymers. Plate count so obtained is more
realistic in polymer work than the values found from monomers. Since the
calculated N depends on elution volume, the volume or volume range used
to calculate N should be noted so that the various laboratories can compare
numbers.

The author wishes to acknowledge the assistance of A. DiGiacomo who prepared the
polycaprolactams and E. Robinson and R. Hocker who prepared the PMMA polymers.
He also wishes to thank J. J. Myers, N. S. Steptoe, and J. W. Robson for their assistance
in the characterization of the sample materials.
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Polymerization of Acrylamide by Ceric 

Ammonium Nitrate
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Kawasaki-City, Japan

Synopsis

The ceric salt-initiated polymerization on acrylamide and graft eopolymerization of 
acrylamide onto cellulose were studied. The mechanism of the ceric salt-initiated poly
merization of acrylamide in the homopolymerization system can be explained by a 
radical mechanism based upon Ce4+-coordinated acrylamide, and the mechanism of 
the ceric salt-initiated graft eopolymerization of acrylamide onto cellulose can be ex
plained in two ways: a free-radical mechanism with the ceric-cerous redox system,
and a radical mechanism based upon Ce4+-coordinated acrylamide. The velocities of 
initiation, propagation, and termination in the redox mechanism are quite different from 
those in the coordinated radical mechanism. From the infrared absorption and nuclear 
magnetic resonance spectra measurements it is concluded that the structure of the ceric- 
coordinated acrylamide is the ir-complex.

INTRODUCTION

Since Mi no and Kaizerman1 made a study of some vinyl monomer 
polymerizations initiated by ceric ammonium nitrate, many other reports 
have been published. They were mainly connected with graft copolymer
ization onto cellulose. The mechanism of the initiation of graft copolymer
ization has been generally reported as a free-radical mechanism based upon 
the cellulose radical formed.2-4 In addition to this, another mechanism of 
initiation reaction was reported.5-7

As previously reported,7 the existence of two polymerization mechanisms 
is recognized in the present system. One is a free-radical mechanism 
based upon the ceric-cerous redox system; the other cannot be interpreted 
as a mechanism based upon the ceric-cerous redox system, but it should be 
concluded that the radical mechanism is based upon the ceric-coordinated 
vinyl monomer. The structure or polymcrizability of this coordinated 
compound has not been sufficiently elucidated, however.

EXPERIMENTAL

Acrylamide (a commercially available sample, Nitto Chemical Industry 
Company, Japan) was used after recrystallization from benzene.
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Iodine tloul>lc bond tlct.crlllinalion i/ltlicat.ctl \)9.:3% purit.y. Ceric ammo
nium nitrate was obtained from Showa Chemical Company (.Japan), ami
ferrosimetric analysis indicated 99.0;')% purity. Acrylamide and eerie
ammonium nitrate will be denoted by AM and CeH , respectively.

The cellulose film was used as a wet sheet not undergoing drying to
cellophane; the crystallinity was 30-32% (x-ray method); the weight
average molecular weight ranged between 48,000 and 50,500; the thickness
of the wet sheet was 100-105 JJ. (after dryup 20 JJ.).

The polymerization was carried out in nitrogen in a round-bottomed
flask equipped with a stiner.

The concentrations of CeH and AM wcre kept at 0.0069 and 0.42 mole/I.,
respectively. Jitric acid was not added in this solution.

The yield of monomer polymerized was assessed by the use of the iodine
double bond determination. The number-average molecular weight of
polyacrylamide was determined by using an Ostwald viscometer at 30°C.
for aqueous solution and \\"as calculated from the viscosity data by using
the equation;8

h] = 6.80 X 1O-4MnO. 66

The grafting yield was determined by nitrogen analysis or by direct weigh
ing of the graft copolymer produced. The polyacrylamide making up thc
branches was extracted from the graft copolymer by the depolymerization
of cellulose chain, and the number-average molecular weight of branched
polymer was determined viscometrically.

RESULTS AND DISCUSSION

Cerie Salt-Initiated Homopolymerization of Aerylamide

The initiation of this polymerization is accompanied by an induction
period. It can be seen that the polymer yield increased slowly with reac
tion time. The ratc of polymerization shows a decrease with reaction
time in this polymerizat.ion.

The molecular weight of polymcr formed increases in proportion to thc
polymer yicld, as shown in Figure 1. It should be noted that the life of the
growing polymcr chain is quite long, and thc rate of propagation is very
slow. And, sincc thc molarity of thc grO\ying polymcr chain is nearly
constant during rCL1Ction, it is prcsumcd that the ratc of initiation is much
smallcr than that of propagat.ion.

Thc rate of polymerization waS accelcratcd with incrcasing temperaturc.
But, since the rclationship between the molecular weight of polymer and
the polymer yield at. the higher temperal.lIrc (r,ooc.) agreed with t.hat at the
lowl'r tempcrat.ure as :;hO\nl ill Figure ~) it. is preSllllH'd t 11:1.1. prill1:1.rily 111l'

ra.tc or prop:Lgat iOIl is :tlTec\.ed by I hc t.cmpcrature.
When nit.ric acid, in conccntration of 0.010 mole/I., \\'as added to thc

solution in \\'hich the polymerization was proceeding, the increase of molec
ular weight soon stops, as shown in Figure 3.
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Relation between IINOj
TABLE I

Concentration in the System and .lb, of Polymer Formed

H N 03, Homopolymer
mole/l. Mn X 10"S

(0) (10.2)
0.005 5.2
0.0075 3.9
0.010 3.1
0.015 2.8
0.019 1.5
0.023 1.1

On the other hand, when nitric acid (0.010 mole/1.) was added to the 
solution at the time the Ce4+-A M  aqueous solution was prepared, the same 
induction period was observed, and the rate of polymerization was compar
able with the system without nitric acid and with that in the system at the 
initial stage. The molecular weight of the polymer in the system with 
nitric acid was almost unchanged during the polymerization, as shown in 
Figure 3. It should be noted that the nitric acid is an excellent chain 
transfer agent. The relationship between the molecular weight of polymer 
and the concentration of nitric acid in the system is given in Table I. 
When the monomer in this system had been almost completely consumed 
by polymerization, AM  was replenished in this system without nitric acid. 
As soon as AM was replenished, the rate of polymerization began to increase 
again, and the molecular weight increased proportionally to the polymer 
yield. But shortly after the addition of monomer, the molecular weight of 
polymer showed a sharp increase; this presents a great contrast to the 
relationship between molecular weight and polymer yield before the addi-

Fig. 4. Plots of molecular weight vs. polymer yield: for systems without HNOj: 
(•) 0.20 mole/1. acrylamide added after 0.395 mole/1. monomer conversion; (O) before 
replenishment of acrylamide. Reaction temperature 20°C.
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lion of monomer, as shown in Figure 4. Thereafter, the rate of polymeriza
tion was observed to decrease rapidly. These results are presumed to be 
related to the termination reaction by the recombination of polymer radi
cals.

The behavior of Ce4+ in the system was also studied. The change of 
Ce4+ concentration with the progress of polymerization was determined by 
ferrosimetric analysis with excess orthophosphoric acid. The result shows 
that cerous ion formation is not detected extending over a long time, no 
matter what the polymer produced may be. This covered every case of 
polymerization.

These results cannot be interpreted on the basis of a mechanism based 
upon the ceric-cerous redox polymerization.

Ceric Salt-Initiated Graft Copolymerization 
of Acrylamide onto Cellulose Film

First graft copolymerizability in the case of freshly prepared Ce4+-A M  
aqueous solution was studied. As soon as the Ce4+-Ai\I aqueous solution 
was prepared, a given weight of cellulose film was introduced in the solution 
for a given time, and copolymerization took place. The concentration of 
cellulose was kept at 1.80 g./l. grafting solution. After various treatment 
times (1, 2, 3, or 4 hr.), the treated film was removed from the solution, and 
homopolymer in the grafted film was extracted in boiling water for many 
hours. The grafting yields were plotted against reaction time (Fig. 5). 
The grafting yield shows a maximum value (about 20%) in a short reaction 
time. As soon as the cellulose film was introduced, the Ce4+ showed a 
slight decrease in concentration, and it then showed the maximum value 
within a short reaction time, and a decrease of 2 X 10-4 mole/1., and in 
terms of mole ratio, a decrease of about 5.39 of Ce4+ per unit cellulose chain.

The mechanism of the initiation of graft copolymerization has been 
reported quite generally as a free-radical mechanism based upon the cellu
lose radical formed; the same holds for this grafting reaction in the case of 
the Ce4 +-AAI aqueous solution, either freshly prepared or shortly after 
preparation.

Fig. 5. Plot of grafting yield vs. reaction time with freshly prepared Ce4+-AM  solution.
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yield value as shown in Figure 6. The formation of homopolymer was also 
observed in parallel with the graft copolymerization. The molecular 
weights of both branched polymer and homopolymer in the solution were 
plotted versus monomer conversion by homopolymerization and graft 
copolymerization in the same solution (Fig. 7). This agrees closely with 
Figure 1.

The rate of propagation of graft copolymerization shows a rapid decrease 
as the grafting yield value approaches about 500%. According to another 
experiment, the maximum grafting yield depends on the structure of 
cellulose film. That is, the volume extension of the cellulose structure 
reaches its limit: as a consequence, it follows that the cellulose film is un
able to house a branched polymer above some percentages, about 500%. 
Little concentration decrease in Ce4+ was detected during the grafting re
action, no matter what the graft copolymer is produced.

In another series of experiments, nitric acid (0.010 mole/1.) was added to 
the solution as soon as the Ce4+-A  AI aqueous solution was prepared. 
This solution was stored for 2 hr. at 20°C. in nitrogen. Then the same 
weight of cellulose film was introduced to the ripened solution, and graft 
copolymerization was allowed to take place. After varying treatment 
times, the films were taken out of the solution. In t his case, the grafting 
yield value increased proportionally to the reaction time but the increase 
of grafting value terminated at the time amounts to about 150%. The 
molecular weight of branched polymer at this time was 3.6 ±  0.2 X 104, 
and this value agreed with the molecular weight of polyacrylamide in the 
homopolymerization system containing 0.010 mole/1. nitric acid (Fig. 3). 
Little concentration decrease in Ce4+ was detected during this grafting 
reaction.

The relationship between nitric acid concentration in the system and 
both grafting yield and molecular weight of polyacrylamide making up the 
branches was examined by the same method: results are given in Table
II. It can be seen that the molecular weights in Table II agree closely 
with those in Table I. These results seem to suggest that the termination 
mechanism of graft copolymerization is the same as that of homopolvmer-

TABLE II
Relation between H N O 3  Concentration in the System and Both Grafting Yield and 

M n of Branched Polyacrylamide

Branched polymer

mole/1. Grafting, % M „  X 10

(0) (493) —
0.005 245 4.9
0.0075 207 4.1
0.010 159 3.4
0.015 124 2.2
0.019 81 1. 0
0.023 50 1. 2
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Fig. 8. Grafting efficiency vs. reaction time.

ization. However, the rates of initiation and propagation reaction of the 
two are different, The rates of initiation and propagation reaction of 
graft copolymerization are proportionately larger than those of homopoly
merization at the initial stage of polymerization, as shown in Figure S.

The behavior in the cases of the experiments described above cannot be 
interpreted on the basis of a mechanism based upon the ceric-cerous redox 
polymerization.

Interaction between Ce4+ and AM

There is no sufficient reason for the polymerization behavior without 
the formation of cerous ion. It may, however, be presumed that there is 
some relationship to the ripening of the Ce4+-A M  aqueous solution. Some 
experiments were therefore carried out to study the interaction between 
Ce4+ and AM at varying times after preparation of the Ce4+-A M  aqueous 
solution.

The behavior of Ce4+ during the reaction was followed by two methods: 
volumetric analysis by the ferrosimetric method and an iodometric method. 
They differ in oxidation-reduction potential. When no cellulose film was

Fig. !). Ce4+ concentration vs. time: (•) ferrosimetric method; (O) iodometric method.
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introduced in the solution, no change in Ce4 + concentration was detected 
by the ferrosimetric method for many hours. However, a change of Ce4 + 
concentration with time was noted by means of the iodometric method. 
For the same solution without AM, the Ce4+ concentration as obtained by 
the ferrosimetric method agreed with that obtained by the iodometric 
method. The difference in the Ce4+ concentration obtained by these two 
methods thus may be due to formation of complex between Ce4+ and AM. 
The relation between Ce4+ concentration by two methods and the lapse of 
time after preparation of Ce4+ AM aqueous solution is given in Figure 9. 
Formation of Ce:i+ ion and polyacrylamide were not recognized during 
these experiments. The Ce4+ - AM complex was resolved into Ce4+ ion 
and AM monomer by adding excess orthophosphoric acid. It seems that 
the C = C  bond retains most of its double-bond character, and Ce4+ retains 
most of its Ce4+ character in the compound.

Fig. 10. Typical infrared spectra of Ce4+-AM  mixtures: (I) immediately after prepara
tion; (2 ) after 15 min. ripening.

When a mixture of Ce4+ and AM in the crystal state was crushed in the 
mortar it acquired a slightly glutinous and deliquescent character. The 
infrared absorption spectrum of such a mixture was determined by the 
IvBr disk method. AM and Ce4+ were mixed at a molar ratio of A M /C e4+ 
= 10. Typical infrared spectra are given in Figure 10. The C = C  
stretching (1616 cm.-1) and the C = 0  stretching (1670 cm.-1) bands of 
AM were shifted to frequencies about 20 and 10 cm.-1 lower, respectively, 
by the action of Ce4+. The strong band at around 3400 cm.-1, which is 
assigned to the — NH2 group, broadened as a consequence of bringing the 
Ce4+ molecule into close proximity with AM. The shift of C = C  stretch
ing band is especially marked.

The data from the infrared spectra may be interpreted as follows. The 
red shift of the C = C  stretching band may be considered indicative of 
7r-complex. The small red shift and broading of the C = 0  stretching band 
may be interpreted as a cr-complex. Broading of the strong band at
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Fig. 11. Typical NMH spectra of acrylamide: ( A )  in absence of Cel+; (B )  in presence of
Ce4 + (acrylamide/Ce4 + = 1).

approximately 3400 cm.-1, which is associated with the — XH* group, 
may be interpreted as a <r-complex.

The correct structure may be roughly deduced from information on the 
vinyl proton. Therefore the nuclear magnetic resonance spectra (XM R) of 
monomer and Ce4+-attacked monomer were obtained. All measurements 
were made with a high-resolution spectrometer with a 100 Me. oscillator 
with super stabilizer and field homogeneity control. AM and Ce4+ were 
mixed at a molar ratio A M /C c4+ of 9.9-10 D20  at a monomer concentration 
of 1.0 mole/1. The typical spectra are given in Figure 11. The NMR 
spectrum for AM in the presence of Ce4+ is significantly different from that 
of AIM in the absence of Cc4 + ; the centers of the quartet assigned to H0,

TABLH III
NMH Data for Acrylamide in the Presence of Ce4 +

lb , H „
\ _ /
/ ~ \

Hc C = 0
I
NI h

Mole ratio Chemical shift, T Coupling constant, cps

AM/Ce4 + H „ I U I I , . J  Iran» J  c i s  J  uetn

Only AM 5.01 3.47 3.16 13.0 7.5 4.3
1( 1 5.01 3.47 3.16 12.8 7.4 4.5
0 5.02 3.4,8 3 . 1 6 12.4 7.4 4.9
2 ¡0 5 3.50 3 .11 12.2 6.8 5.(1
1 ¡ . 0 8 3.52 3 . 1 9 1 1 . 7 5.7 5.7
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tb, and H . of AM in the presence of Ce4+ are shifted approximately 0.05 
ppm to higher field than those of AM in the absence of Ce4+, and a change 
has been effected in the spin-spin coupling, as shown in Table III.

This seems to suggest that the positive electric charge on the carbon 
atom of the C— H bond has decreased, that the degree of electron delocaliza
tion, where it extends from 0 —Htt to the C—H6 and C— Hc bonds, shows a 
slight decrease, and that electrons are attracted to Ce4+ from the C—H„ 
and C— H; bonds as a consequence of the interaction between Ce4+ and 
AM.

The x-ray diffraction patterns of the glutinous mixture AM -Ce4+ are 
consistent with a lengthening of the C = C  bond length of AM and thus 
with a slight increase9 in the electron density by the Ce4+.

These results lend support to the concept of formation of a x-type 
structure. It is a phenomenon of some interest that, although Ce4+ does 
not have an incomplete 5cl electron shell and is a hard Lewis acid, it forms 
a x-complex with AM. This may be explained as follows. The hydration 
of Ce4+ occurs in aqueous solution. As a result, the Ce4+ behaves as if it 
had an unpaired electron in a vacant orbital (probably the 5d orbital). 
The formation of aqueous ion is suspected from measurements of the ultra
violet and visible absorption spectra. Ce4+-coordinated AM is obtained 
in systems without nitric acid or at low concentration of nitric acid (0.015/1/ 
or less), and hydrated Ce4+ is also obtained under these particular condi
tions. It may be that the hydrated nucleus in the immediate formation 
has chemical peculiarities. When AM molecules approach hydrated 
Ce4+, a x-electron orbital of AM overlaps the dsp vacant hybrid orbital of 
hydrated Ce4+, and an unpaired electron of hydrated Ce4+ overlaps a 
vacant antibonding orbital of AM. This has great resemblance in struc
ture to Ziese’s salt,10’11 but the stability of the present coordinated com
pound is quite different.

It is presumed that formation of Ce4+-coordinated AM is directly in
volved in the initiation of homopolymerization in the system, and while 
graft copolymerization is entirely different in behavior from redox poly
merization. The mechanism of the ceric salt-initiated polymerization of 
AM in the homopolymerization system, without nitric acid, can be ex
plained by a radical mechanism based upon Ce4+-coordinated AM, 
and the mechanism of the ceric salt-initiated graft copolymerization of 
AM onto cellulose can be explained in two ways: a free-radical mechanism 
involving the ceric-cerous redox system, and in addition a radical mecha
nism based upon Ce4+-coordinated AM. The induction period for poly
merization must reflect the time necessary for activating the comparatively 
stable Ce4+-AM x-complex in order to initiate the polymerization, and 
after the activation, the Ce4+-coordinated AM initiates both graft and 
homopolymerization.

In the case of redox polymerization, the remaining unhydrated Ce4+ 
ion, acts as an attack reagent for cellulose, while the case of coordinated 
radical polymerization is attributable to a hydrated Ce4+.
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The rates of initiation, propagation, and termination in the redox mech
anism are quite different from those in the coordinated radical mechanism.
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Silicon-Containing Amide, Benzimidazole, Hydrazide, 
and Oxadiazole Polymers
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SIMMS, U.S. Naval Applied Science Laboratory,

Brooklyn, New York 11251

Synopsis

This study reports the synthesis of new silicon-containing amide, benzimidazole 
hydrazide, and oxadiazole polymers. Procedures are described for the preparation of 
several intermediate compounds. The silicon-containing polymers are soluble in or
ganic solvents. Solution-cast films from the polymers generally are flexible and exhibit 
good adhesion to glass and metal surfaces. Preliminary examination indicates that the 
polymers are heat-stable at elevated temperatures.

INTRODUCTION

A considerable number of aromatic and heterocyclic polymers have 
been reported,1 ~5 some of which show good thermal resistance. The rela
tion of the molecular structure of Schiff base and acid amide polymers to 
their resistance to thermal decomposition was investigated at this labora
tory.6 These products are generally insoluble in organic solvents and, 
therefore, they have limited end-item application.

A recent study7 covering the synthesis and heat-stability properties of 
silicon-containing Schiff base and benzimidazole derivatives indicated that 
polymers based on such structures might possess good thermal resistance 
and exhibit other useful characteristics. In continuation of this work, this 
paper reports the results of investigations leading to the development of 
novel silicon-containing acid amide, benzimidazole, and oxadiazole polymers.

DISCUSSION

Synthesis of Intermediate Compounds

Intermediate compounds had to be synthesized before the desired poly
mers were prepared. Di(p-tolyl)diphenylsilane (I) was oxidized with 
chromic acid in a mixture of acetic acid and acetic anhydride to produce 
white crystalline bis(p-carboxyphenyl)diphenylsilane (II) in 96% yield, 
m.p. (uneorr.) 266-268°C. This method is based on that described by 
Lewis and Gaines8 for the oxidation of alkarylsiloxanes. Speck9 prepared 
II, imp. 250-257°C., by oxidation of I with potassium permanganate.

2103
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The diacid II was treated with excess of diazomethane to prepare bis(p- 
carbomethoxyphenyl)dipheuylsilane (III). Efforts to prepare polymers 
by reaction of III with phcnylenediamines were unsuccessful.

Previous studies involving the synthesis of polypeptides from pentachloro- 
phenyl esters10'11 suggested that such reactions might be applicable in this 
case. Thus, II was converted by reaction with pentachlorophenol in the 
presence of dicyclohexylcarbodiimide as coupling agent to produce bis(/>- 
carbopentachlorophenoxyphenyl)diphenylsilane (IV) in 81.4% yield.

II +  2HOC6Ch CsH ,|N =C=NC6H„

(3)

Since p-nitrophenyl esters of amino acids are used as intermediates for 
polymerizat ions, bis [p-carbo-(p-nitrophenoxy)phenyl Jdiphenylsilane (V) 
was similarly prepared in yields of 18-42%.

V
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Optimum yields of IV and V were obtained when dicyclohexylcarbodi- 
imide and pentachlorophenol or p-nitrophenol were used in large excess. 
When equivalent weights of reactants were employed, the yields of IV and 
V were much lower and the V-acylurea derivative of their half-esters were 
isolated as additional by-products.

The reaction of II and thionyl chloride gave white crystalline bis(p- 
chlorocarbonylphenyl)diphenvlsilane (VI) in 91% yield.

The infrared spectrum from the dicarboxylic acid II showed a carboxyl 
group absorption band at 5.9 y.  After esterification, the peak disappeared 
and was replaced by a new vibration mode at 5.80, 5.72, and 5.71 y  for III, 
IV, and V, respectively. The spectrum of diacid chloride VI exhibited two 
peaks in the carbonyl region at 5.64 and 5.76 y.  The location of these 
absorption bands is identical with that found in the spectrum of benzoyl 
chloride.13 Vibration frequencies at 7.0 and 8.9 y  that are characteristic of 
phenyl-silicon bonds were present in the spectra of all of the intermediate 
compounds.

Synthesis of Silicon-Containing Polymers

Polyamides. Polyamides VII and VIII were prepared by interfacial14 
and solution polycondensation15 techniques with the use of equimolar 
quantities of acid chloride VI with m-phenylenediamine and p-phenylene- 
diamine, respectively. In the interfacial polymerization method methylene 
chloride was employed as the organic solvent and sodium carbonate as the 
base.

Polymers VII and VIII prepared by the interfacial condensation method 
gave inherent viscosities of 0.95 and 1.86, respectively. Viscosities of 0.69 
and 0.79 were obtained from specimens of polymers VII and VIII, respec
tively, that were synthesized by polycondensation of the reactants in 
chloroform solution. Similar polycondensation reactions in dimethylacet- 
amide produced polymers VII and VIII with viscosities of 0.27 and 0.26, 
respectively.

While polymers VII and VIII were successfully prepared from the diaeid 
chloride VI, no polymers could be obtained from the dimethyl ester III. 
Low yields of polymer VII were isolated after the dipentachlorophenyl 
ester IV was refluxed with m-phenylenediamine for 30 hr. in toluene or for 
50 hr. in dimethylform amide.
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Contrary to this, when IV was refluxed with benzidine in N,N-diethyl- 
aniline for 52 hr. the silicon-containing polyamide IX  was produced in 64% 
yield. The inherent viscosity of the polymer was determined to be 0.20. 
A number-average molecular weight of about 20,000 (approximately 84 
recurring units) was calculated on the basis of chlorine analysis, assuming 
an average of one pentachlorophenyl endgroup per polymer chain. The 
reaction of benzidine and the p-nitrophenyl ester V for 11 hr. produced 
polymer IX  with an inherent viscosity of 0.38, but the yield was only 19%.

The infrared spectra of polymers VII, VIII, and IX  were consistent with 
their structure.

Speck16 reported the preparation of silicon-containing polyamides from 
alkyl and alkaryl diamines. These polymers softened at about 200°C. 
On the other hand, polymers VII, VIII, and IX  that were derived from 
aromatic diamines do not melt before they start to decompose at about 
400°C. On this basis, the polymers produced in this study are more heat- 
stable.

Polybenzimidazole. Blinker and Robinson17 introduced benzimidazoles 
into polymer chemistry by reacting bis-o-diaminophenyl compounds with 
aliphatic dicarboxylic acids. More recently, Marvel and co-workers1 
prepared fully aromatic polybenzimidazoles that exhibited high thermal 
stability in inert atmospheres, but were insoluble in organic solvents. 
Improved solubility properties were achieved by incorporating aryl ether 
linkages18 or disiloxane units19 into the polybenzimidazole structure. The 
polymers with the disiloxane group, however, showed much more lower 
resistance to thermal decomposition than the fully aromatic polybenzimida
zoles.
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In this study a new type of benzimidazole polymer containing silarylene 
groups in the repeating unit was synthesized. The reaction of the dipenta- 
chlorophenylester IV with 3,3'-diaminobenzidine in boiling A/V-dirnethjd- 
aniline or lV,A7-dicthylaniline at a temperature about 200°C. for 3-11 hr. 
produced yellow polymeric precipitates having inherent viscosities of 0.38- 
0.71. The higher viscosities were exhibited by the polymers obtained from 
the longer reaction periods. However, some tar formed when the reactants 
were heated for 11 hr. in dimethylaniline.

H2N nh2

IV + H2N— i  \ / — NHo

Several experiments also were carried out at 235°C. for 4-11 hr. in 
quinoline from which solvent the polymer did not separate. The dark 
products thus obtained had inherent viscosities of 0.33-0.57.

When a polymer prepared in lV,lV-dimethylanilme was refluxed for 37 hr. 
in tetralin, the inherent viscosity of the product increased from 0.57 to 1.23. 
Comparison of elemental analysis results before and after the tetraline 
treatment showed that the carbon-hydrogen values increased while the 
chlorine content of the polymer decreased. Assuming one pentachloro- 
phenyl endgroup per molecule, the number-average molecular weight of the 
polymer before and after the tetralin treatment can be calculated from the 
chlorine analysis to be about 11,000 and 126,000, respectively.

The infrared spectrum of X  showed absorption peaks at 2.92, 3.25, 6.14, 
6.23, 6.50, 7.00, and 8.90 g. Similar vibration frequencies have been 
observed in the spectra of a silarylenebcnzimidazole model compound7 and 
aromatic polybenzimidazoles.1

All of the silicon-containing polybenzimidazoles prepared with the 
different solvents were soluble in dimethylformamide, dimethyl sulfoxide,, 
dimethyl acetamide, and pyridine. After heating at 340-350° C. for 4 hr. 
under vacuum, about 30% of a polymer prepared with ,V,iV-dimelhylaniline 
became insoluble in these solvents. Comparison of the C = N /C = C  
(6.14/6.23 g) absorption ratio in the spectra of X  before and after heating 
indicates that the insoluble fraction may have formed because of the partial 
rupture of phenyl groups. Inherent viscosity measurements showed that 
the molecular- weight of the soluble polymer fraction was essentially un
changed.
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Polyoxadiazole. Huisgen and co-workers20 were the first to report the 
synthesis of 1,3,4-oxadiazole oligomers through a series of reactions in
volving the thermolysis of 5-substituted 2-acyltetrazoles at 60-110°C. 
Low molecular weight oxadiazole polymers were made by Abshire and 
Marvel21 by refluxing bistetrazoles with dicarboxylic acid chlorides in 
pyridine. On the basis of Stelle’s earlier work,22 Frazer and co-workers2 
prepared high molecular weight poly-1,3,4-oxadiazoles through the thermal 
cyclodehydration of aliphatic23 and aromatic24 polyhydrazides. The 
latter fully aromatic infusible polyoxadiazoles were thermally stable but 
insoluble in organic solvents and, therefore, could not be fabricated into 
films and fibers by conventional means.

From the behavior of the silicon-containing polyamides and poly
benzimidazoles described above, it was considered feasible that the in
corporation of a silicon atom into the recurring structure of aromatic 
polyoxadiazoles would improve their solubility properties. Thus, inter
facial polycondensation methods14 were used to synthesize a new silicon- 
containing polyhydrazide (XI) from the diacid chloride VI and hydrazine 
sulfate.

VI + fLNNFLfLSO.,

XI

(8a)

(8b)

The silicon-containing polyhydrazide X I was converted to X II by heat
ing under vacuum. The temperature was gradually raised to 285°C. and 
maintained there for several hours. The polyhydrazide X I was soluble in 
dimethylacetamide and insoluble in benzene and chloroform. After the 
ring formation, the new polyoxadiazole XII was readily soluble in these 
solvents also. The inherent viscosity of X II was 0.23.

The infrared spectrum of polyhydrazide XI showed absorption peaks at
3.08, 6.08, 6.4o, 7.00, and 8.90 m that are consistent with its structure. 
After the thermal cyclodehydration of XI, the spectrum no longer exhibited 
absorption bands at 3.08, 6.08, and 6.4.7 /t. Instead, a doublet was present
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at G.40 and (5.50 g and a new peak appeared at 10.40 g that is characteristic 
of the oxadiazole ring structure.2'25

Flexible films were produced from solutions of the silicon-containing 
polymers V I1 XII. The films generally showed good adhesion to metals 
and glass. The polymers also exhibited good resistance to decomposition 
when heated in air at elevated temperatures. Results of the heat-stability 
studies will be presented in another paper.26

EXPERIMENTAL  

y  Viscosity

Inherent viscosity measurements were made at 30°C., from dimethyl 
acetamide solutions containing 5% of lithium chloride, except in the case of 
the silicon-containing polyoxadiazole where the solvent was chloroform.

Infrared Spectroscopy

Spectra from solution cast films and Nujol mulls of the products were 
recorded in the 2.5-15.0 g region with a Perkiu-Elmer model 337, grating 
infrared spectrophotometer equipped with sodium chloride windows.

Elemental Analysis

The products were analyzed by the Schwarzkopf Microanalytical Lab
oratories, Woodside, New York.

Purification of Materials

Chloroform was purified and dried as described by Morgan and co
workers.27 The remainder of the solvents used in the polymer synthesis 
procedures were freshly distilled.

The aromatic amines, m-phenylenediamine, p-phenylenediamine, benzi
dine, and 3,3'-diaminobenzidine were recrystallized from ether-petroleum 
ether, methylene chloride at — 20°C., acetone-cyclohexane, and methyl 
alcohol, respectively.

Synthesis of Intermediate Compounds

Diphenyldi(p-tolyl)silane (I). The method of Maienthal and co
workers28 was used to prepare I.

Bis(p-carboxyphenyl)diphenylsilane (II). To a well stirred suspension 
of 10.92 g. (0.03 mole) of I in a mixture of 450 ml. of glacial acetic acid, 
150 ml. of acetic anhydride, and 18 ml. of concentrated sulfuric acid was 
added 120 g. (1.2 mole) of chromic acid over 55 min. while maintaining the 
temperature at 15°C. The reaction mixture was stirred for an additional 
10 min., poured onto ice and stirred vigorously for about 30 min. After 
filtering, the residue was washed thoroughly with water and air-dried t( > 
produce 12.3 g. (96% yield) of colorless, crude product; m.p. 258-264°C. 
(uncorr.). The crude material was dissolved in acetone, treated with
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When the molar ratio of diearboxylic acid IV, pentachlorophenol, and 
dicyclohexylcarbodiimide was 1:2:2, the N ,N '-dicyclohexylurea derivative 
of the pentachlorophenyl half-ester, C6Cl500C6H4Si(C6H5)2C6H4C0 N 
(CeHiJCONHCfdln, m.p. (uncorr.) 142-145°C. was isolated in 39% yield. 
The infrared spectrum of the half-ester was consistent with its structure.

Anal. Calod. for G,6H«Cl6N20 4Si: C, 61.48%; H, 4.7%; N, 3.18%; Cl, 20.16%; 
Si, 3.19%. Found; C, 61.54%; H,4.81%; N, 3.04%; Cl, 19.32%: Si, 3.28%.

Bis-/>-carbo-(p-nitrophenoxy)phenyldiphenylsilane (V). A solution of
l .  4 g. (0.01 mole) of p-nitrophenol and 2.06 g. (0.01 mole) dicyclohexyl
carbodiimide dissolved in 50 ml. of dry ethyl acetate was allowed to stand 
for 10 min. Then, 1.06 g. (0.0025 mole) of diearboxylic acid II was 
added in several portions. After a few minutes, crystals started to 
separate. The reaction mixture remained at room temperature for 15 hr., 
was refluxed for 3 hr., and cooled in an ice bath to give 1.13 g. of crystals 
that were separated by filtration. The crystals were washed with ice-cold 
ethyl acetate and then ether. The residue was triturated with hot benzene 
to leave 647 mg. (57.8% yield) of dicyclohexylurea, m.p. (uncorr.) 228- 
230°C. The benzene solution was evaporated to dryness and the residue 
was washed with methyl alcohol to yield 363 mg. of the dinitrophenyl 
ester V, m.p. (uncorr.) 290-292°C. The mother liquor from the original 
reaction mixture was concentrated to an oily crystalline paste that was 
washed with ether and then with hot methyl alcohol to give an additional 
325 mg. of crude diester V (total yield 42%), m.p. (uncorr.) 291-292°C. 
after recrystallization from a 1:10 mixture of benzene and methyl alcohol.

Anal. Caled. for C3SH26N20 8Si: C, 68.45%; H, 3.94%; N, 4.20%; Si, 4.21%. 
Found: C, 68.72%; H, 3.88%; N,4.56%; Si, 4.48%.

Bis(p-chlorocarbonylphenyl)diphenylsilane (VI). A mixture of 6.36 g. 
(0.015 mole) of diearboxylic acid II and 120 ml. of thionyl chloride was re
fluxed for 40 min. The resulting clear solution was concentrated to dryness 
and the residue recrystallized from ligroin (b.p. 90-120°C.) to produce
6.3 g. (91% yield) of VI, m.p. (uncorr.) 183-185°C.

Anal. Caled. for C26H18Cl20 2Si: C, 67.68%; II, 3.93%; Cl, 15.37%; Si, 6.09%. 
Found: C, 67.62%; H, 4.44%; Cl, 15.07%; Si, 5.97%.

A dianilide derivative of VI was prepared by adding a solution of 0.12 g. 
(0.26 mmole) of VI in 7 ml. of dry benzene to 0.28 g. (3 mmole) of aniline 
dissolved in 5 ml. of the same solvent. Crystals separated immediately. 
The reaction mixture was stirred at room temperature for 40 minutes and 
filtered. The residue was washed thoroughly with benzene, petroleum 
ether, and finally with water to remove aniline hydrochloride. After 
drying, 0.19 g. (93% yield) of bis(p-carboanilidophenyl)diphenylsilane,
m. p. (uncorr.) 268-270°C. was recovered. The derivative was recrystal
lized from acetone, m.p. (uncorr.) 269-271°C. The infrared spectrum was 
consistent with the structure of the product.

A n a l . Caled. for CjgHsoNaOjSi: C, 79.41%; H, 5.26%; N, 4.88%; Si, 4.89%.
Found: C, 79.15%; 11,5.18%; N, 5.08%; Si, 4.91%.
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An NS.5% yield of polymer VIII having an inherent viscosity of 0.78 
(0.5% solution) was obtained when the reaction of VI and p-phenylencdi- 
amine was carried out in chloroform.

Anal. Calcd. for (CaTbiNAhSi ■ ILO)„: C, 74.68%; H, 5.09%; N, 5.44%; Si. 
5.45%. Found: C, 74.58%; H, 4.95%; N, 6.05%; Si, 5.98%.

A 40% yield of polymer VIII with inherent viscosity of 0.2G (0.5% 
solution) was produced from reaction in dimethylacetamide.

Polyamide From Benzidine (IX). A mixture of 0.184 g. (1 mmole) of 
benzidine and 0.921 g. (1 mmole) of IV was refluxed in 20 ml. of N,N- 
diethylaniline for 52 hr. under a dry nitrogen atmosphere. After cooling 
to room temperature, 60 ml. of benzene was added to the semisolid reaction 
mixture. The insoluble fraction was separated by filtration and washed 
with benzene, ethyl acetate, and acetone to leave 0.37 g. (64.6% yield) of 
tan, solid polymer IX  having an inherent viscosity of 0.20 (0.2% solution).

Anal. Calcd. for ( ( U L - N d L S i C ,  79.69%; H, 4.93%; N, 4.89%; Si, 4.90%. 
Found: 0,78.17%; H, 5.29% : N, 5.25%; Si, 4.91%; Cl (from chain ends), 0.89%.

The reaction of benzidine and V in V,X-diethylaniline for 11 hr. under 
similar conditions gave an IN.<8% yield of polymer IX  with inherent viscos
ity of 0.38 (0.2% solution).

Polybenzimidazole (X). In an atmosphere of nitrogen a mixture of 
1.842 g. (0.002 mole) of IV and 0.428 g. (0.002 mole) of 3,3'-diamino- 
benzidine suspended in 50 ml. of X,(V-dimethylaniline was stirred vigor
ously for 15 min. at room temperature, and then heated in a Wood’s metal 
bath. At 130°C. a clear solution was obtained. After refluxing for 
y 2 hr. (b.p., 197°C.), a yellow precipitate began to form. Refluxing was 
continued for another 3 hr. and the precipitate was separated by filtration, 
washed successively with X,V-dimethylaniline, benzene, acetone, and 
ethyl acetate, and dried under vacuum to give 0.98 g. (86.5% yield) of 
light orange polymer X  having an inherent viscosity of 0.57 (0.5% solu
tion).

Anal. Calcd. for (C38H26N4Si)„: C, 80.53%; H, 4.62%; N, 9.89%; Si, 4.96%. 
Found: C, 77.07%: II, 4.76%; N, 9.73%; Si, 4.87%; Cl (from chain ends), 1.54%.

The inherent viscosity of the above product was increased substantially 
by refluxing a 0.30 g. sample in mixture with 30 ml. of tetralin under a 
nitrogen atmosphere for 37 hr. After filtration, the insoluble fraction was 
washed with benzene, ethyl acetate, and petroleum ether to produce an 
orange polymer with inherent viscosity of 1.23 (0.2% solution). The 
infrared spectrum of the product was identical to that obtained from the 
lower molecular weight polymer X.

Anal. Calcd. for fC3SH26N4Si)„: C, 80.53%; H, 4.62%: N, 9.89%; Si, 4.96%. 
Found: C, 7S.66%; Id, 4.82%; N, 9.45%; Si, 4.81%; Cl (from chain ends), 0.14%.

When polymer X  with inherent viscosity of 0.57 (0.5% solution) was 
heated for 4 hr. at 340 350°C./1 mm. Hg pressure a tan product was 
obtained.
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Anal. Calcd. for (C38H26N4Si)„: C, 80.53%; II, 4.62%: N, 9.89% Si, 4.96%. 
Found: C, 78.46%: Id, 4.96%; N, 9.89%; Si, 6.01%: Cl (from chain ends), 0.15%.

After dissolving the tan product in dimethylacetamide, the solution was 
filtered to remove about 30% by weight of insoluble fraction. Acetone was 
added to the filtrate to precipitate polymer X  with an inherent viscosity 
of 0.56 (0.25% solution).

Polyhydrazide (XI). To a stirred ice-cooled solution of 1.384 g. (3 
mmole) of acid chloride VI in 75 ml. of methylene chloride was added 0.39 g. 
(3 mmole) of hydrazine sulfate dissolved in 120 ml. of 0.1V potassium 
hydroxide. The mixture in an ice bath was stirred for 1 hr. and then al
lowed to remain for 1 hr. at room temperature. The precipitate thus pro
duced was separated by filtration and washed with acetone, methyl alco
hol, and benzene, and several times in sequence with acetone and water 
to give 1.18 g. (93.6% yield) of polymer X I with inherent viscosity of 0.56 
(0.5% solution).

Anal. Calcd. for (C26H20N2O2Si)„: C, 74.26%; II, 4.79%; N, 6.66%; Si, 6.68%. 
Found: C, 74.31%; 11,4.42%; N, 6.80%; Si, 6.67%.

Polyoxadiazole (XII). A 0.5 g. sample of silicone-containing poly
hydrazide X I was very well pulverized and heated at 1 mm. pressure within 
1 hr. to 170°C. and maintained at that temperature for 1 hr. The tem
perature was raised to 240° C. and kept there for 40 min. and then elevated 
to 285° C. and maintained there for 35 min. The resulting beige-colored 
cake was cooled to room temperature, pulverized, and heated under vacuum 
for 4 hr. at 285° C. The product was washed with acetone, dissolved in 
25 ml. of chloroform, and poured into 250 ml. of petroleum ether. The 
white precipitate was worked up in the usual manner to give 0.31 g. (64.6% 
yield) of silicon-containing polymer X II having an inherent viscosity of 
0.23 (0.25% solution).

Anal. Calcd. for (C26Hi8N2OSi)n: C, 77.58%; II, 4.50%; N, 6.96%; Si, 6.98%. 
Found: C, 77.26%; H,4.54%; N, 6.61%; Si, 7.53%.

The authors wish to thank E. A. Bukzin of the Naval Ship Systems Command and 
W. B. Shetterly of the Naval Ship Engineering Center, Washington, D.C. for sponsoring 
this study.

The opinions or assertions contained in this paper are the private ones of the authors 
and are not to be construed as official or reflecting the views of the Naval Service at 
large.
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Thermal Stability of Silicon-Containing Amide 
Benzimidazole, Hydrazide, and Oxadiazole Polymers

ALVIN D. DELMAN, HANNA NAGY KOVACS, and BERNARD B. 
SIMMS, U.S. Naval Applied Science Laboratory,

Brooklyn, New York 11251

Synopsis

Studies were undertaken to ascertain the thermal stability of several types of silicon- 
containing polymers. Results of thermal analysis investigations indicate that all of 
the polymers are unusually heat-resistant when heated in air at elevated temperatures. 
Solution-cast films of the polymers on aluminum showed excellent flexibility and ad
hesion characteristics after being heated in air for 100 hr. at 300°C. and then for 3.5 hr. 
at 400 °C. Visual examination of the films after the heating sequence indicated that the 
silicon-containing polyamides and polybenzimidazole had darkened slightly, while the 
polyoxadiazole appeared to be unaffected in this respect. Infrared spectroscopy studies 
showed that all of the polymers underwent only very minor structural changes during 
the prolonged heating process.

INTRODUCTION

A previous paper1 covering the synthesis and heat resistance of model 
compounds indicated that fully aromatic silicon-containing benzimidazole 
polymers based on such structures might be thermally stable and have use
ful properties. On this basis, studies were undertaken that led to the 
development of novel silicon-containing amide, benzimidazole, hydrazide, 
and oxadiazole polymers.2 These polymers were found to be soluble in 
several organic solvents. Solution-cast films of the macromolecules 
generally were flexible and exhibited good adhesion to metal and glass sur
faces. Similar amide,3 benzimidazole,4 and oxadiazole5 polymers which do 
not contain a silicon atom in the repeating structures are reported to be in
soluble in organic solvents and, therefore, are not very useful for preparing 
heat stable coatings and films.

This paper presents the results of studies to determine the thermal re
sistance of the new silicon-containing polymers.

EXPERIMENTAL

Thermal Analysis

Thermogravimetric Analysis (TGA). The resistance of the polymers to 
thermal decomposition in air when heated at 3°C./min. was measured as 
described in a previous paper.6

2117
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TABLE I
Silicon-Containing Polymers

Designation Recurring Structure

-M l



THERMAL STABILITY 2119

Differential Thermal Analysis (DTA). Approximately 3-5 mg. of poly
mer sample was sandwiched between alumina (Fisher Certified Reagent 
Grade, Catalogue No. A-591) in a manner similar to that reported in the 
literature.7 The sample and another platinum container loaded with 
an equal volume of alumina were heated simultaneously in air at 5°C./min. 
in a Du Pont model 900 differential thermal analyzer equipped with a 
1200°C. DTA cell. The furnace temperature and the temperature differ
ence between the sample and the reference material were measured with a 
platinum-platinum +  13% rhodium differential thermocouple.

Isothermogravimetric Analysis (IGA). Weight changes of 35-60 mg. 
samples were recorded as described before8 while being heated in air for 
several hours at 300 or 400°C. The sample was inserted into a furnace 
at room temperature and heated in about 1 hr. to the desired degree of 
heat.

Solution-cast films on aluminum and sodium chloride windows for in
frared absorption analysis were heated at 300 or 400°C. in a Type 1400 
Thermolyne electric furnace, Model F-A 1410M. Periodically, the sam
ples were removed from the furnace and cooled to room temperature in a 
desiccator. The aluminum-coated specimens were visually inspected, and 
infrared spectra were obtained from the films on the sodium chloride 
crystals.

Infrared Spectrophotometry

Infrared absorption measurements over the 2.5-15.0 g range were ob
tained from the solution-cast films on sodium chloride crystals. The 
spectra were recorded with a Perkin-Elmer model 337 grating spectropho
tometer.

Materials

The recurring structures of the silicon-containing polymers that w’ere 
examined in this study are presented in Table I.

RESULTS

Figures 1-3 present the TGA thermograms of the silicon-containing 
polymers. These data generally indicate that all of the polymers possess 
good resistance to decomposition when heated in air to about 400-450° C. 
Below this temperature range the heat stability of amide polymer I, high 
molecular weight benzimidazole IV, and oxadiazole VI appear to be about 
equal. Polymers II, III, and V seem to be somewhat less resistant. The 
weight losses up to about 450°C. may have been produced as a result of 
volatilization of occluded water or because of condensation reactions. All 
of the polymers appear to undergo radical thermal degradation at higher 
temperatures.

Figure 1 compares the thermograms from the silicon-containing poly
amides. Results show that the polymer derived from »i-phenylenediamine
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is somewhat more heat-resistant than the product prepared from the para 
isomer. The relative order of thermal stability of these polymers parallels 
the results obtained with aromatic amides without silicon atoms3 and re
lated model compounds.1 Below 570°C., the polyamide synthesized from 
benzidine is slightly less heat stable than those derived from phenylene-

Fig. 1. TGA thermograms of amide polymers: (O) I; (C) II; (•) III.

T E MP E RA T UR E  (°C.)

Fig. 2. TGA thermograms of benzimidazole polymer IV; (O) original polymer; (©) 
heated in boiling tetralin; (•) heated under vacuum.
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diamines. This is contrary to what would be expected from the general 
conclusions of studies of the relative heat resistance of aromatic acid 
amides.3

The thermograms from specimens of polybenzimidazole IV are shown in 
Figure 2. All of the samples were obtained originally from a polymeriza
tion reaction in boiling Ar,Ar-dimethylaniline, b.p. 194°C. A portion of the 
polymer was then treated further by boiling in tetralin, b.p. 207°C., for 87 
hr. to increase its inherent viscosity from 0.57 to 1.23. Another sample of 
the original polymer was heated under vacuum for 4 hr. at 340-350°C. to 
produce an insoluble fraction (30% by weight) and a soluble portion having 
an inherent viscosity of 0.56. The thermogram was obtained from the 
polymer before it was separated into two parts by solvent fractionation.

Fig. 3. TGA thermograms of hydrazide and oxadiazole polymers: (O) V; (•) VI.

The thermograms show that at temperatures up to about 400°C., the 
sample prepared by heating under vacuum at 340-350°C. generally lost less 
weight than the other polymer samples synthesized at lower temperatures. 
Results also indicate that the higher molecular weight polymer is somewhat 
more heat stable than the lower molecular weight specimens.

Figure 3 presents the TGA thermograms obtained for polyhydrazide V 
and polyoxadiazole VI. These data indicate that VI is slightly more heat- 
resistant than V. The oxadiazole polymer exhibited a weight loss of only 
4.6% when heated to 450°C. The 0.6% weight loss observed up to 100°C. 
was probably due to volatilization of adsorbed water.9 It is interesting to 
observe that the shapes of the thermograms at temperatures above 500°C. 
are very much alike. This can be explained by the fact that V is a precur
sor of VI.



2122 DELMAN, KOVACS, AND SIMMS

The results of DTA studies are given ill Figures 4--6. The absence of
endotherms indica.tes that the polymers are not fusible below temperatures
at which they are decomposed. The exothermic peaks and troughs cor
relate very well with the temperatures at which TGA data indicate the oc-
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Fig. 4. lyrA thel'mogram~of amide polymers I, II, and III.
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Fig. 5. DTA thermogram of benzimidazole polymer IV.
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currence of maximum or minimum rates of weight loss. All of the thermo
grams contain a strong exotherm that reaches a peak in the region of 
o45-560°C. Since the diphenylsilarvlene group is the only structure that is 
common to the different types of silicon-containing polymers, it seems rea
sonable to assume that this exothermic peak is connected with the thermo- 
oxidative decomposition of this unit. Brown and co-workers,7 in a study 
of other silicon-containing products, reported that triphenyl-p-biphenylsi- 
lane exhibited a strong DTA exothermic peak in this temperature region.

The thermograms of the polyamides are compared in Figure 4. At tem
peratures below about 365°C. the thermograms of the polymers show 
weak exothermic changes that may be due to condensation reactions.

0  2 0 0  4 0 0  6 0 0  8 0 0  1 00 0  1200

TEMPE RA T URE (°C.)

Fig. 6. DTA thermograms of hydrazide and oxadiazole polymers V and VI.

These data also indicate that the onset of the large exothermic change 
shown by the polyamide derived from benzidine occurred at a slightly 
higher temperature than that exhibited by the polymers prepared from the 
meia and para isomers of phenylencdiamine. On this basis, it would seem 
that polyamide III is somewhat more heat-stable than polymers I and II. 
This agrees with previous studies,3 which indicated that polyamides with 
biphenylene groups were more resistant lo thermal decomposition than 
similar products with phenylene units. TO A data, however, showed that 
the weight loss from the benzidine-derived polyamide was slightly higher at 
most temperatures than that from polymers I and II. Additional infor
mation would be required to explain the difference in the relative behavior
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Fig. 7. Isothermograms of polymers at 400°C.; (0 )1 ; (©) II; ((J)IV; (•) VI.

of these products when examined under experimental conditions of TGA 
and DTA.

Figure 5 presents the DTA thermogram obtained from the benzimid
azole polymer IV. As in the case of the polyamides, the relatively weak exo
therm in the range of about 215-320°C. was probably the result of the con
densation of chain ends. The stronger exothermic change beginning at 
about 320°C. was evidently due to the start of thermal oxidative decompo
sition of the polymer. This is consistent with results obtained from TGA 
studies which showed that weight losses started to accelerate in this tem
perature range.

Results of DTA studies of polyhydrazide V and polyoxadiazole VI are 
presented in Figure 6. The thermogram of polymer V shows a weak exo
therm at about 175°C. which is absent in that, from polyoxadiazole VI. It 
is presumed that this exotherm was produced because of a cyclodehydration 
reaction that resulted in the formation of oxadiazole rings.5 The thermo
grams of V and VI then showed no change from the base line until about 
350°C., when a series of exotherms began which peak at approximately 
450, 500, and 550°C. Since it was previously assumed that the latter peak 
was associated with the diphenylsilarylene unit of the molecule, then it 
seems reasonable to consider that the other maxima were produced as a 
result of the degradation of oxadiazole rings. Studies of polyphenylene-1,
3,4-oxadiazole indicated that at 460-560°C. the polymer degraded thermally 
mainly by nitrogen elimination and to a lesser extent by the formation of 
benzonitrile and phenyl isocyanate.10

After being exposed in air for 6 hr. at 300°C., the silicon-containing 
polyamides I, II, and III showed weight losses of only 2.0, 0.7, and 4.0%,
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respectively. The infrared spectra of films cast on sodium chloride crys
tals showed no changes after heating for an equivalent time period in a 
muffle furnace at 300°C. This suggests that the observed weight losses 
may have been due to flic volatilization of adsorbed water or condensation 
products produced from the reaction of chain ends.

Except for tire development of a very weak absorption band at 4.48 ¡j. in 
the spectrum of polymer II, no changes were observed in the spectra of the 
polyamide films on sodium chloride after .10 hr. at 300°C. The spectra 
of polyamides I and III exhibited a similar weak vibration mode after 100 
hours at this temperature. Films of the polyamides cast on aluminum and 
heated in air for 100 hr. at 300°C. exhibited excellent adhesion to the sub
strate when flexed manually, and were slightly darkened.

Polymers IV, V, and VI, when heated in air for about 6 hr. at 300°C., 
showed weight losses of 6.1, 5.4, and 0.7%, respectively. During the initial 
2 hr. polybenzimidazole IV and polyhydrazide V very rapidly underwent 
weight losses of about 5.4 and 4.7%, respectively, and then the rate of 
weight loss declined appreciably. During this time period, polyoxadiazole 
VI showed no loss of weight. It is believed that within the first 2 hr. the 
weight loss shown by polymer IV was due to the volatilization of adsorbed 
water, trapped high-boiling solvent, and some endgroup reaction products.4 
Cyclodehydration of polyhydrazide V to form polymer VI would account 
for 4.3 of the 4.7% of weight loss observed during the initial 2 hr. 
Thereafter, the very small weight decreases shown by all of the polymers 
may have been due to additional condensation reactions. The infrared 
spectra of films on sodium chloride crystals that were heated for 6 hr. in air 
were identical to the spectra of the original polymers. The spectra of 
polymers IV, V, and VI exhibited no change until the materials were heated 
in air for 100 hr. at 300°C. when, as in the case of the polyamides, a small 
absorption mode appeared at 4.48

Figure 7 shows the weight decreases of polymers I, II, IV, and VI when 
heated in air for about 6 hr. at 400°C. These data indicate that the poly
mers lost more weight at 400°C. than at 300°C. This suggests that these 
products might have undergone some decomposition at the higher tem
perature. The infrared spectra of films on sodium chloride crystals that 
were heated for 100 hr. at 300°C. and then for 3.5 hr. at 400°C. showed a 
slight increase in the intensity of the 4.48 n absorption mode. Otherwise, 
the spectra appeared to be identical to that obtained after heating the 
polymers for 100 hr. at 300°C. Films of the polymers cast on aluminum 
exhibited excellent flexibility and adhesion properties after being heated for 
100 hr. at 300°C. and then for 3.5 hr. at 400°G. Polyoxadiazole VI showed 
no change of color after the heat treatment while polyamides I and II and 
polybenzimidazole IV appeared somewhat darker.

DISCUSSION

These thermoanalysis studies indicate that all of the silicon-containing 
polymers are remarkably stable when heated in air to about 400°C. After
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being exposed for 100 hr. in air at 300°C., infrared spectra of the residues 
showed that the structures of the polymers were essentially unchanged ex
cept for the appearance of a new, but very weak, absorption mode at 4.48 y.  
This may be ascribed to the presence in the molecules of minute amounts of 
isocyanate (4.39 4.52 y )  or nitrile (4.46-4.50 y)  groups.11

From the literature,12 it might be inferred that the 4.48 y band appearing 
in the residues from the heated specimens of the polyamides and the polv- 
benzimidazole was due to the formation of extremely small amounts of nitrile 
rather than isocyanate groups. Studies reported by Cotter and Knight10 
suggest that the very weak 4.48 y  band in the infrared spectra from the 
heated polyhydrazide and polyoxadiazole may be associated with the pro
duction of extremely small quantities of isocyanate and nitrile structures. 
It is not yet certain whether the formation of such linkages are the result of 
reactions of the terminal groups or recurring structures of the molecular 
chain.

The authors wish to thank E. A. Bukzin of the Naval Ship Systems Command and 
W. B. Shetterly of the Naval Ship Engineering Center, Washington, D.C. for their 
sponsorship of this study. We also are grateful to J. J. Kelly for preparing the DTA 
thermograms.

The opinions or assertions contained in this paper are the private ones of the authors 
and are not to be construed as official or reflecting the views of the Naval Service at 
large.
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Thermal Reactions of Polyacrylonitrile

J. N. HAY Department of Chemistry, University of Birmingham, 
Birmingham, England

Synopsis

The exothermic process which occurs on heating polyacrylonitrile above 200°C. is 
studied with a differential scanning calorimeter and by following volatiles production. 
The process is associated with coloration of the polymer and the production of ammonia. 
It is not due to chain scission degradation, which occurs in this temperature range and 
also produces volatiles.

INTRODUCTION

Since the original study of Houtz,1 the thermal reactions of polyacrylo
nitrile have been studied in detail2-8 but there still remain considerable 
differences in reported details. The thermal reactions can be divided in 
two by temperature: a low-temperature reaction at 100-200°C., in which 
crosslinking and coloration proceed with the evolution of little or no vol
atiles; a high-temperature reaction at above 240°C., in which decompo
sition occurs with the evolution of volatiles and the production of a ther
mally stable residue, the extent of volatilization and stabilization of the 
residue increasing with temperature.

The low-temperature coloration has been interpreted as a polymerization 
of the cyanide groups. This mechanism was substantiated by initiation 
studies and infrared analysis of the colored residues from homopolymers 
and copolymers of acrylonitrile and methacrylonitrile6’7 as shown in eqs.
(1) and (2) :

Initiation :

— C— II H------C = N  —  ^ C - C = N H
I I
CN CN

Propagation :

—C =N H  -i----- C =N  ■ -C = N —C =N  H

( 1 )

( 2)

In general, the colored product is considered to consist of condensed 
tetrahydronaphthyridene rings, i.e.,

2127
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H HH HH HH H

Such a structure is, however, idealized, as there is evidence of considerable 
irregularities in the propagation reaction, i.e., crosslinking.

The higher temperature decomposition reaction is generally attributed 
to stabilization of the colored product by the formation of condensed aro
matic naphthyridene rings. The decomposition products reported, how
ever, seem to vary with reaction conditions. Burlant and Parsons2 found 
that ammonia was the major product at low temperatures, while Madorsky 
and Straus5 and later Monahan8 obtained little or no ammonia but isolated 
hydrogen cyanide, acrylonitrile, acetonitrile and other chain fragments (or 
their addition products).

Kennedy and Fontana9 reported that polyacrylonitrile exhibited an 
exothermic process in the temperature range 250-325°C. More recently 
Thompson10 has shown that this effect is molecular weight-dependent and 
accompanied with a substantial weight loss. This paper describes a study 
of the exothermic process in polyacrylonitrile and its copolymers with a 
differential scanning calorimeter, and considers it in terms of the coloration 
and decomposition reactions.

EXPERIMENTAL

The polymers and copolymers used were prepared as described previously 
when their coloration characteristics were compared.6 7

A differential scanning calorimeter, Perkin-Elmer-DSC I B, was used 
both isothermally and at a constant heating rate of 8°C./min. with 2-10 
mg. samples encased under nitrogen in thin-walled aluminum pans.

RESULTS

Initial Degradation Studies

Polymer samples were treated in a dynamic molecular still under vacuum, 
at about 5°C./min., and the instantaneous pressure of volatiles developed 
on distillation from sample to a liquid nitrogen trap was measured on a 
Pirani gage.6 7 The pressure-temperature profile is shown in Figure 1. 
Trace impurities adsorbed on the polymer were evolved just above the 
glass transition temperature otherwise no volatiles were detected until 
above 230°C. An initial maximum rate of evolution of volatiles was 
reached about 260°C., after which the rate rapidly dropped but later pro
gressively increased again with temperature. The initial maximum rate of 
evolution of volatiles corresponded with that described in detail by Kennedy 
and Fontana.9 Volatiles were not detected between 130 and 220°C., the 
temperature range in which coloration of the polymer proceeds at measure- 
able rates.6'7
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Fig. J. TV A curve for polyacrylonitrile; heating rate 5°C./min.

The volatiles produced on degrading polymer up to 400°C. were con
densed in a liquid nitrogen trap, or on the cooler walls of the pyrolysis 
vessel, and analyzed for convenience as four fractions: (I) a gaseous product 
which by infrared analysis contained ammonia and hydrogen cyanide;
(II) a volatile, colorless liquid, molecular weight 80 ±  5, containing amine 
(3350 cm.“ 1) saturated (2230 cm .-1) and unsaturated cyanide (2180 cm.-1) 
and double bonds (1640, 1625, and 960 cm.-1) absorption bands in its 
infrared spectrum and having a nitrogen content of 26.2%; (III) a less 
volatile red liquid, molecular weight 160 ±  5, with an infrared spectrum 
similar to (II); and (IV) a black solid residue, completely insoluble in all 
solvents, containing no cyanide group but very strong amino (3350 cm .-1), 
unsaturated bonds (1650-1550 cm .-1), and aromatic ring (1360, 1280, 
1250, 1150, 1070, 800, 790, 750, 680 cm .-1) absorption bands in its infrared 
spectrum.

Liquids II and III corresponded with the volatile components listed by 
Aladorsky and Straus:5 acrylonitrile, vinyl acetonitrile, acetonitrile and 
other chain fragments (or their addition products). Liquid III analyzed 
by chemical composition, molecular weight, and infrared spectrum cor
responded to acrylonitrile trimers.

Anal. Calcd. for trimers: C, 67.5%; H, 6.25%; N, 26.25%; mol. wfc. 159. Found: 
C, 67.3%; H, 6.3%; N, 26.2%: mol. wt. 160 ±  5.

Calorimetry

Polymer samples were analyzed on the DSC at a standard scanning rate 
of 8°C./min. and an exothermic process observed above 240°C. with a 
maximum in rate of heat evolution at 295°C. (Tmax, see Figure 2). This 
value was independent of sample size and reproducible to 2°C. The 
process was associated with the evolution of 5-6 kcal./mole. A less 
evident endothermic process which increased progressively with temper-
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Fig. 4. Integrated Isothermal DSC curves.

in order to consider the nature of the endotherm further, copolymers of 
styrene, methyl methacrylate, and methyl vinyl ketone, rich in acrylo
nitrile, were also studied and found to exhibit an exotherm, the Tmax value 
of which increased progressively (Fig. 3), but the intensity of which de
creased with composition. Finally at 60-70% acrylonitrile content, the 
process was too diffuse to measure and considerably masked by the endo
thermic process. Methacrylonitrile copolymers, on the other hand, showed 
a progressive decrease in Tmax value with increasing methacrylonitrile con
tent. Polymethacrylonitrile and copolymers of less than 40% acrylo
nitrile, however, did not show an exotherm although the residues of the heat 
treatment were highly colored.

The Tmax values observed, although reproducible, have little absolute 
significance, being determined by heating rate; the process could also be 
studied isothermally in the temperature range 230-270°C. These iso
therms are shown integrated in Figure 4. The process is obviously auto- 
catalytic with a pronounced induction period which is temperature- 
dependent and also independent of sample size.

The temperature range studied was limited by the sensitivity of the 
calorimeter, 1 meal./sec.; since the process obviously proceeded at lower 
temperatures. Heat-treating the polymer sample at 200°0. for 30 hr. was 
sufficient to remove completely the exotherm at higher temperatures, while 
treatment for shorter periods reduced the induction period and the intensity 
of the exotherm.

During the exothermic process considerable decomposition of the sample 
occurred, with loss of weight, production of a condensate and coloration of 
the residue. However, most of the weight loss and production of conden
sate was associated with the endothermic process as they continued beyond 
the initial exothermic process. In the temperature range 230-270°C., the
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Fig. 5. Pressure-time curves of polyacrylonitrile.

position was found to be effectively constant with reaction extent except 
at the initial and final stages of the reaction (Table III). The method of

TABLE III
Degradation Characteristics: Volatile Analysis for Degradation at 230°C.

Mole ratio

Collecting Acrylo-
time, min. Hi HCN n h 3 (H C N )a nitrile

0-30 1.0 o .s 0.(1 0.1 0. 1
0-60 1.0 1 .0 15.3 0.5 1 .0

00 00 1.0 3.0 73.2 1.(1 i .0
00-180 1 .0 5. 3 84.3 7.0 1 .0

180-720 L0 L. 3 15.8 7.2 1.5

aualysis underestimated the amounts of hydrogen and ammonia present, 
since hydrogen was noncondensible in liquid nitrogen, and ammonia would 
be adsorbed to some extent in the mass spectrometer.12 From the volume 
fraction of noncondensibles in the total volatile product the hydrogen con
tent cannot be in error by more than 50%. However, at low reaction ex
tents the absence of ammonia may also be attributable to adsorption. The 
volatile product of the reaction is clearly ammonia with some hydrogen 
cyanide, arid the total yield of product increased progressively with tem
perature, i.e., 4-7 mole-% in the temperature range 230 290°C.

The evolution of ammonia from the coloring product has similar char
acteristics to that of the exothermic process. It is accompanied with 
decomposition and production of chain fragments which has been associ
ated with the endothermic process.



21M J. N. HAY

DISCUSSION

The i.ncrease ill l\u~x value with copolymer composition shows that the
exothermic process cannot be explained in terms of a recrystallization pro
cess, although the isotherms are similar in characteristics to an Avrami pro
cess. 13 It must accordingly be attributed to an autocatalytic reaction, and a
study of the volatile suggests that the process is associated with the elimi
nation of ammonia and hydrogen cyanide. Both processes are associated
with the coloratioll reaction, being reduced by the insertion of inert co
monomer units, i.e., st.yrene and methyl methacrylate, while methacrylo
nitrile units which accelerate the color reaction and maintain the length of
conjugated sequences6 facilitate both processes. The process is also associ
ated with acrylonitrile units, as methacrylonitrile polymers and copoly
mers, although coloring, do not exhibit an exotherm. These points can be
reconciled if the ammonia production is exothermic and is produced either
in aromatization of the propagatin!!: color unit [eq. (3)]:

vy +
AN)

NHJ (3)

or the chalice interaction of two propagating units [eq. (4)]:

NHJ (4)

This mechanism involves the t,ertiary hydrogen atom of acrylonitrile units
and would be prevented by the methyl group of methacrylonitrile units.
It is also associated with the color-producing reaction. :\'1ethyl vinyl ke
tone uoit.i' also facilitate the colornti'Hl reaction of polyacrylonitrile7 by
maintainillg the conjugated sequpnces [e\(. (.i)]:

(5)

In doing so, however, it reduces the imine gl'OUp concentration and so the
ammonia-producing reaction. The elimination of water from poly(methyl
vinyl ketone), uncatalyzed and catalyzed with amine groups, was not
found to be exothermic.

The elimination of ammonia by either of the above mechanisms depends
Oll the prior production of a color producing structure and as such would be
expected to exhibit the observed induction period. Prior t.reatment at
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200°C. encouraged this formation and reduced the induction periods of the
exotherms at higher temperatures.

The exotherms were accompanied with elldotherms, particularly at the
higher temperatures, and both \\'ere associated with the evolution of vola
tile chain fragmellts. The al1lmollia content of these volatiles exhibited
similar characteristics to that of the exothermic process, while the endo
thermic process, which can be measured ",epamtely, is associated with the
evolution of hydrogen, h~'drogell c~'anide, monomer, and other chain
fragment.". Some ammonia may also be evolved in this process. TVA and
DSC show that the endothermic process is more obvious at temperatures in
excess of :500°(;.

It. would appeal' that at least three distinct thermal processes compete
with one another in the thermal degradation of polyacrylonitrile: colora
tion, by cyanide group polymerization; ammonia evolution from the
coloring structures; and chain Hcission and decomposition. The variation
in reported details of the decomposition may thus reflect differences in the
effective competition of these reactions.
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Quantitative Study on Hydrogen Bonding between 
Urethane Compound and Ethers by Infrared 

Spectroscopy
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YAMAGUCHI, Department of Applied Chemistry, Faculty of
Engineering, Kyushu University, Hakozaki, Fukuoka, Japan

Synopsis

A quantitative infrared spectroscopic study of a model urethane-type compound was 
carried out in order to obtain basic data on hydrogen bonding in polyurethanes. First, 
the absolute intensity of free N—H groups of A'-phenylurethane, which was adopted as 
the model urethane, was determined by Wilson-Wells' method to be 3.59 X 10s l./mole- 
cm.s. The free N—II of this urethane absorbed at 3447 cm.” 1, and hydrogen-bonded 
N—H absorbed near 3300 cm.-1. Then, the extents of hydrogen bonding of the urethane 
at various concentrations were determined, and the hydrogen bonding between the ure
thane and ethers was studied by using the above-mentioned absolute intensity. For 
comparison, diphenylamine was also used as proton donor. Di-n-butyl ether and poly
oxyethylene glycol) were examined and proved to be able to act as proton acceptors. 
The frequency shifts of N—H stretching vibration of diphenylamine and A'-phenylure
thane caused by hydrogen bonding with di-n-butyl ether were 96 cm.-1 and 150 cm.-1, 
respectively. The equilibrium constants were 4.8 X 10-1 1. 'mole for the former system 
4.6 X 10-11./mole for the latter.

INTRODUCTION

It can be expected that interchain hydrogen bonding affects physical 
properties of urethane elastomers. In order to understand the structure- 
property relationships of this type of elastomer, it is necessary to determine 
the extent of hydrogen bonding.

Weisfeld et al.1 proposed a practical method of estimating the contribu
tion of hydrogen bonding to the moduli of urethane elastomers. They re
solved the observed moduli into secondary ones due to secondary bonding 
and primary ones due to chemical crosslinking by the method of trial and 
error on the assumption that the temperature dependence of the former 
obeys the Arrehenius equation and that of the latter obeys ideal rubber 
elasticity. Although their method is unique and valuable, there remains 
some uncertainty since they assumed ideal rubber elasticity, which is not 
always realized in urethane elastomers.2'3

For the investigation of hydrogen bonding, an infrared technique is 
probably most suitable. However, only a few studies concerning hydrogen 
bonding in polyurethanes have been published in the literature.4-7

2137
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The aim of t hl:' present work is to obtain basic data on hydrogen bonding
in urethane elastomers. In these polymers the proton donor is primarily
the X--H of urethane units. The proton acceptor. however, ma~' var~',

for pol~'ester-basl'd urethane and pol~'ether-based met,hane. The former
have 1I10re C~O gl'Oups than the latter because of the presence of repeating
ester units. In addition, there is some possibilit~· that the - 0- of
repeating et her units pla~'s It role of proton acceptor. Therefore, it should
he noteel that three t~"pes of h~'dl'Ogen-honrling will be po,;sible in poly
urethanes a,..; iihown in structUI'l''''; L-I I L

()

/
-:'oi-·H···O=C

0
/

-·:'oi-H···()=C
'-...
c-

IT

C
/

-N-H···()

"c-
III

The relative proportion of each of these types is dependent 011 the protoll
accepting abilit~· and relative amount of each aceeptor. Some kind of
spatial effeet (eonfigurt1tionallimitation or fitness) will also affect hydrogen
bonding. In order to avoid this complication, hydrogen bonding of some
model compounds and that between methane and ethers were studied
quantitatively h~' using infrared technique.

Since urethane compounds have both lIi-H and C=O groups in t.ht~

structure, there is the capacity for self-association. Although in highly
diluted solutions the N-H of the urethane unit may become free, it was
desired to study a more simple system for the investigation of hydrogen
bonding between N-H and -0-. For this purpose secondary aliphatic
amines (dieth~'lamine, and di-n-pl'op~'lanline, diisopropylamine, di-n
butylamine, and diisobutylamiue) were examined. These compounds,
however, showed somewhat peculiar spectra in the N-H stretching region,
that is, an unexplainable hand, although weak, existed in the lower fre
quency side of free K-H and bonded (K-H· .. N) bunds. The position
of this absorptioll is not coincident with that of corresponding primary
amines. This sIllall band Illay be assigned to ~+N--H absorption or the
hydrogen bond between N-H and LCH2-CHo. In addition to thes£'
observations two facts ulake it difficult to :>t,udy infrared spectra l( llalJ

titativel.\·. Fir,..;t. secondar~' aliphatic amines easily absorb carbo II dioxide
to form the carbollic acid salt. Secolld, the absorption coefficient of 1\--H
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is small. As a result of preliminary studies, diphenylamine, a secondary 
aromatic amine, was adopted as a model X — H compound; it has single 
absorption in X H stretching region and large absorption coefficient.

The results will be valuable for the clarification of the relation between 
structure and physical properties of polyurethanes.

EXPERIMENTAL

Model Compounds

JV-Phenylurethane (Phi1) and diphenylamine (DPA) were obtained 
commercially and purified by recrystallization from absolute ethanol solu
tion (m.p. 02-53°C., 54°C.).

As proton acceptors di-n-butyl ether (DBE) and poly(oxyethylene 
glycol) 6000 (PEG 6000) were used. The former has a structure similar to 
that of the repeating unit of PEG. Both ethers were obtained commer
cially. The former was purified by fractional distillation, and the latter 
was used after dehydration by passing dry nitrogen gas into the melted 
state at 100-110°C. PEG of high molecular weight can not be used be
cause it is insoluble in carbon tetrachloride.

Solvent for Infrared Measurement

Commercial carbon tetrachloride (analytical grade) was dehydrated 
with potassium hydroxide and phosphorus pentoxide and then fractionally 
distilled. The solvent was proved to be free from common impurities such 
as carbon disulfide by chemical tests.

Infrared Measurement

The infrared spectrometer employed was a Perkiu-Elmer Model 337, 
double-beam, single-path, grating-type recording instrument. A normal 
slit program and slow scanning speed were used for all measurements. 
Since the extent of hydrogen bonding varies with concentration, spectral 
measurements were carried out on solutions of various concentrations. 
For relatively concentrated solutions, an ordinary sealed liquid cell was 
used, and for the dilute solutions special glass cells, 3-50 mm. in length, 
with a demountable NaCl plate, were used. Use of such a long path cell 
permits measurements of absorptions of free N - H group up to extremely 
dilute solutions of model compounds. All measurements were made at 
room temperature (23 ±  2°C.).

The procedure is as follows. First, the absorption of the pure solvent is 
recorded. The absorption of the solution in the same cell is then recorded 
on the same chart. In the 3 n region of the chart the spectrum of ammonia 
gas is recorded for the purpose of calibration.8 Other regions can be 
calibrated against the spectrum of indene.8

The coordinate of the recorded transmittance curve is measured ac
curately with a comparator and transformed into absorption curve by 
calculating the optical density.
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RESULTS

• I I'•• U J••~__

(1)

Integrated Absorption Coefficients of Free N-H Group

N-Phenylurethane. 1\\"0 bauds were obtained in t.he regiou of the
stretchiu/!; vibration of ~-H groups; oue of these is as::iigucd to molecules
associated by iJlt,ennolecular hydrogen uoudiJlg. and the other to free
molecules. WheJl the solut.ioJl is extremely dilut,e, only uue baud remains,
indicating thaL there is uu a::isociation. Thus it i:-; pussible to determine the
absorptiou coefficient of ~-H groups in free molecules by llleiUlS of the
following methods; (u) Lhe peak-height methull/ (b) Rmusay'::-; method,lO
(c) Sandorfy-CaballtL's methud, 11 aud (d) Wilson-Wells' method. l2

As is well known, the peak-height method is t,he simplest method. It
does not require transformation of the transmittance cmve into an ab
sorption curve, and therefore thi~ has been adopted in many infrared
studies. However, the values obtained in this method by using different
spectrometers do not always agree with one another. Even with the same
spectrometer the variation of slit width causes the variation of absorption
coefficient. To avoid this uncertainty, the use of absolute intensity is
recommended; this is possible by use of methods of (b), (c), and (d).

Of t.he integrated absorption methods, Ramsay's method is mo"t con
venient. However, this method requires the assumption of a Lorentzian
form of absorption cmve and the knowledge of spectral slit width. This
assumption \yas not realized in the absorption of this uret.hane, as shown in
Figme 1, where absorption is shown by a normalized form. The asym
metry factor, which is the ratio of the width of the higher and lower fre
quency sides of the absorption peak, was measUl'ed at different heights of
the normalized absorption curve and is also shown in Figure 1. These
ratios were used for the separation of free K-H absorption from hydrogen
bonded absorption overlapping the former. It is seen that the deviation
from Lorentzian form is appreciable in the lower frequency side of thl~

peak. Sandorfy-Cabana's method, which is a development of Ramsay's
method and requires a full knowledge of the shape of absorption CUl've,
give,; a good approximation for unsymmetric absorptions. However, the
result calculated from this method was not coincident with that from Wil
son-Wells' method, which is most direct and reliable. In addition, the
last method is of great advantage to the estimation of the free N-H ab
sorption in polyurethane. In this case it was difficult to estimate ac
cUl'ately the shape of free N-H absorption because of the overlap with
hydrogen-bonded absorption to a large ext.ent. For these reasons the
integrated intensity was determined by means of Wilson-Wells' method.
The integrated absorption coefficient was obtained according to eq. (1):

S = r In (To/T)d1l = Bel
Jband

where S is the area of absorption (in cm. -1), 1'0 is the transmittance of the
solvent, l' that of solution, 11 the frequency, B the apparent integrated
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Fig. 1. Normalized absorption curve of free N—-H of iV-phenylurethane: (------ •)
observed curve; (--O) Lorentzian curve. R y s  = 1.16; R m  = 1.18; R m  = 1.46; 
R m  = 1.54; R y s = 1.62; R m  =  1.59; R ils = 1.56; R m ,  = 1.35; Ron =  1.11. 
Raim = asymmetry factor = width on right of band maximum /width on left of band 
maximum; n / m  = intensity ratio to band maximum.

molar absorption coefficient (in l./mole-cm.2), c the concentration of solu
tion (in mole/1.), and l the cell length or the optical path (in cm.). The 
area S can be estimated by a planimeter or by weighing a piece of tracing 
paper cut carefully in the shape of absorption curve. The extrapolation 
of B to cl = 0 gives the true integrated molar absorption coefficient or 
absolute intensity A. in Table I are shown the values of B' (B ' = B/ 
2.303) of PhU with those of c, l, and S' (S' =  ¿1/2.303). Extrapolation 
was carried out by the least-square method. The value of A, which is 
represented by practical unit recommended by IUPAC and is defined by

TABLE I
Absolute Integrated Intensity of Free N—H in .Y-Phenylurethane

c X lo t  
mole/1. l, cm.

d  X 103, 
mole-cm./L

S ',
cm. -1

B ’ X 10-3, 
l./mole-cm.2

S.OO 0.960 7 .6S 25.54 3.33
5.00 0.960 4.80 16. 19 3.31

1.00 0.960 0.960 o . 6.') 3.7 S
2.00 0.960 1 .92 6.67 3.47
2.50 0.960 2.40 8.72 3. (53
3.00 0.960 2.88 10.05 3.49
4.00 0.960 3.84 13.60 3.54
2.50 0,530 1 .33 4. ”)6 3.43
3.00 0.530 1 .59 5.28 3.32
4.00 0.530 2.12 7.73 3 .67>
5.00 0.530 2.65 8.89 3.35
6.00 0.530 3.18 10.70 3.36

Extrapolated value 3.59



21 12 T .  T A N A K A .  T .  Y O K O V A M A .  Y. Y A Y I A G I  ( ' . III

Fig. 2. Normalized absorption curve of free N— H of diphenylamine: (-----• )
observed curve; ( - -O) Lorenlziau curve. K m  = 1.06: K m  =  1.17; f ta/s = 1.23; 
K m  = 1.33; K w  = 1.42; K m  =  1.42; K m  = 1.37: = 1.17: K M  = 1.01.

eq. (2), is 3.o9 X l():l l./mole-cni.2, in good agreement with the reported 
value13 of 3.4 X iO:i l./mole-cm.2 (calculated from the original value of
3.9 X 10~7 cm.2/molecule-sec.,

A =  I tvdv (2)
J  band

where

e,, =  (1 i d )  log (Jo/1)„

where Io is the optical density of solvent and /  that of solution.
Diphenylamine. In dilute solutions the X H of DPA shows a single 

absorption, indicating that there is no association of the N—H • ■ • X type. 
The free X— H absorbs at 3438 cm.-1. The free X - H absorption was 
not observed to be completely symmetric, as illustrated in Figure 2, where 
absorption is shown by the normalized curve. It is also seen that the 
Lorentzian form is not realized in this case. Accordingly, the absolute 
intensity is not obtained by the. simple Kamsay’s method but can be 
calculated from Wilson-Wells’ method as pointed out previously. By 
extrapolating the value of B to cl = 0, the absolute intensity .4 can be ob
tained. The value of .4 determined by the method of least squares and 
represented by practical units is 2.01 X 103 l./mole-cm.2. which coincides 
with the reported value13 of 1.94 X 103 l./mole-cm.2 (original value is 22.2 
X 10-8 (cm.Vmolecule-sec.).

Shift of Absorption Peak in PhU

A b sorp tion  peaks o f  X — H  stretch ing  v ibration s shift to  low er frequency
on form ation  o f  h ydrogen  bonds. In  Figure 3 are show n the X  H
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TABLE II
Percentage Hydrogen Bonding of iV-Phenylurethane

Co,
mole/L

l X 102, 
cm.

S',
cm. 1

Cfree
mole/1.

Free,
or 
, 0

Bonding
%

0.100 2.12 6.92 0.0909 90.9 9.1
0.500 2.12 20.6 0.27J 54.2 45.8
0.800 0.950 11.1 0.325 40.6 59.4
1.000 0.950 12.3 0.361 36.1 63.9
1.200 0.950 13.4 0.393 32.8 67.2

where co is the total concentration of N— H groups (in mole/1.) and ctree 
is that of free X — H. The results are shown in Table II.

Equilibrium Constant of PhU Association

The equilibrium between free and associated molecules in a solution of 
PhU is complex, since there are a number of degrees of association. In 
fact, the equilibrium constants calculated by eq. (4), which is based on the 
stoichiometry of the formation of dimer, did not give a constant value when 
the concentration was varied.

K = [dimer]/[monomer] =

[ N — H  bonded ] / (  [-^ H free  ] [ N  U b o n d e d ])“ ( 4 )

Also, eq. (5), which is based on the assumption that N— H and C = 0  
groups behave independently, did not give a constant value.

K  =  [N- T1 ■ • • 0 = C  ] / [X— H ] [C = 0  ] (5)

Hydrogen Bonding between DPA and DBE

Solutions of DPA and DBE of different concentrations were prepared. 
The concentration of amine is limited to that range where self-association 
of amine does not occur. Then, absorption curve is obtained by the

Fig. 4. Hydrogen bonding between diphenylamine and di-n-butyl ether (—— ) ob
served curve; (- -) resolved free N— H curve. Concentration of DPA = 0.03 mole/1., 
concentration of DBE = 0.5 mole/1.; I = 0.349 cm.
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Fig. 5. Hydrogen bonding between N-phenylUl'ethane and di-n-butyl ethel': (--)
obsel'Ved cUI'Ve; (- -) resolved free N-H cUI'Ve. Concentration of PhD = 0.006 mole/I.,
concentration of DBE = 1.0 mole/I.; I = 0.349 em.

",'here

CUi = iii/AI

r.Uh = Cuo - Cnr

CEr = CEO - CUh

(la)

(14)

(15)

Here Cuo is the concentration of urethane, CUb that of associated urethane;
A is the absolute intensity of PhU (3.59 X 103 1./mole-cm. 2

), and other
symbols have same meaning as above.

Hydrogen Bonding between DPA and PEG 6000

Because of the poor solubility of PEG in CCLI, a quantitative study of
hydrogen bonding was difficult. PEG 6000 was dissolved slightly in
CCk (ca. 0.5%). Slight warming was sufficed to bring it into solution.
After the spectrum of this solution was recorded, a Rmall amount of DPA
was added alld the spectrwn was recorded. The spectrum is shown in
Figure 6. In this measurement the concentration of N-H is 0.01 mole/I.,
which is sufficiently small to keep N-H unassociated.

It is seen that a new band appeared at 33.11 em. -1. This is not assigned
to hydrogen bonding of the N-H··· N type, which is ascertained to
appear at about 3385 em. -I. This observation shO\\'s that the -0
units in PEG can act as proton acceptors for hydrogen bonding.

Hydrogen Bonding between PbU and PEG 6000

Hydrogen bonding between PhU and PEG ()OOO ,ms Rtudied by a
method similar to that described above. In thi:-; caf<e the mea..mrements
were carried out at various concentration of PhU. The spectra of N-H
and 0=0 stretching vibration undergo cOllsiderahle change with the in
crease of concentration. The spectra are shoml in Figure 7. It is seen
that a new broad band appearR, which is evidence of the formation of
hydrogen bonding bet,Yeen N-H and repeating ether unit. For com-
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parison, this figure shows also spectra of PhU at corresponding concentra
tions. From the relative intensity of the two carbonyl absorptions, one is 
free and the other is a hydrogen-bonded species the relative proportion of 
each species can be deduced. Thus the possibility of hydrogen bonding of

3351 cm '1

3436cm ''

Fig. 6. Hydrogen bonding between N—H group of diphenvlamine and polyoxy
ethylene glycol) 6000 in CCh: (a ) DPA, c = 0.01 mole/1.; (b ) PEG 6000, c = 0.5 wt..-%; 
(c) DPA (c = 0.01 mole/1.) +  PEG 6000 (c = 0.5 wt.-%).

PhU PhU -P E G

N-H C=0 N-H OO

Fig. 7. Hydrogen bonding between IV-phenylurethaue and poly(oxyethylene glycol) 
6000: (a ) e  =  0.01 mole/1., I =  0.0975 cm.; (5) c =  0.10 mole/1., I = 0.0025 cm.;
(c ) c  =  0.50 mole/1., / = 0.0012 cm.; (d ) c =  1.00 mole/1., I = 0.0012 cm.; (e )  r. = 
1.20 mole/1., / = 0.0012 cm.; (/) c =  1.50 mole/1., I = 0.0012 cm.



2150 T. TANAKA, T. YOKOYAMA, Y. YAMAGUCHI

the repeating ether unit may be verified by comparing the two series of 
spectra in Figure 7. The bonded carbonyl absorptions in the series con
taining ether are considerably weaker as compared with those of corre
sponding urethane concentrations in another series. This is due to the 
participai ion of the repeating ether unit in hydrogen bonding.

DISCUSSION

As pointed out previously, the apparent absorption coefficient varies 
with the concentration and the cell length. Therefore, for the accurate 
determination of the concentration of absorbing groups the use of the ap
parent absorption coefficient for the given concentration and cell length is
reasonable.

The cell thickness is known, but the concentration of the free X H 
group is not known in the present state. The best way of estimating the 
concentration may be as follows. From several experiments the true 
optical density of the free X H absorption, which may be determined by 
extrapolation of the apparent optical density to / =  0, is obtained. Then, 
the absolute integrated molar absorption coefficient may be used to 
calculate the concentration. This method is reasonable in principle. 
However, it is anticipated that the extrapolation will introduce a large 
error because of the weak absorption measured by using small cell path. 
Therefore we accepted the preceding method and used the absolute in
tensity in place of the apparent absorption coefficients. Since the dif
ference between the absolute intensity and the apparent integrated ab
sorption coefficient is small where the concentration of the groups in 
question is small, it can be expected that the calculation will not cause 
serious error practically.

Although the extent of hydrogen bonding was determined in this way, 
the equilibrium constants of each degree of association were not determined 
because of the possibility of polymeric associations. Therefore it is im
possible to discuss thermodynamic properties of the hydrogen-bonding 
system at present. However, there remains some possibility for obtaining 
a reliable estimate of the equilibrium constant for dimer formation in the 
dilute state.

It was shown above that the X'— H of DP A and PhU can form hydrogen 
bonds with — 0 — of DBF. This result is coincident with that obtained 
by Harting and Brandt,16 who studied the association between DBA and 
tetrahydrofuran. The values of Av, which is the shift of bonded X - H 
absorption from free one, are large compared with those of hydrogen 
bonding between NT—H and C = 0 . This observation leads us to the 
conclusion that there may be strong hydrogen bonding between N— H and 
—0 — .

Nevertheless, the calculated equilibrium constants are relatively small, 
showing that only a small portion of the X H groups participate in 
hydrogen bonding. In the system of X H and 0  of PEG, a situation
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similar to that of DBE is realized. As a result, it is natural to conclude 
that the hydrogen bonding between X - H  and — 0 — is weak compared 
with ordinary hydrogen bonding of the N— H • • • 0 = C  type.

It should be noted that the appearance of the new band in the lower 
frequency side of free X H absorption is evidence for the formation of 
hydrogen bonds but is not evidence for the formation of associated mole
cules. It seems convenient to differentiate between the two situations. 
However, the two situations are equivalent in the context of the existence 
of intermolecular force. The principal difference is in the order of the 
bonding energy.

The hydrogen bonding in the system of PhU and ether is rather com
plicated because there are two types of acceptors, i.e., — 0 — and C = 0 . 
Experimental results showed that even in extremely dilute solutions, the 
N-—H of urethane can form hydrogen bonds when a proton acceptor of 
— 0 —  type is present in sufficiently high concentration. However, as 
the concentration of urethane is increased, the association of urethane 
molecule by means of the strong hydrogen-bonding ability of C = 0  becomes 
possible. This situation was seen in Figure 7 and explained in the Re
sults. When urethane is present in high concentrations only X —H - • ■ 
0 = C  hydrogen bonding will be possible, even in the presence of a large 
amount of ether type acceptor. In the concentrated state, only the poly
meric association of urethane groups will be possible.

From these observations it can be suggested that in polyether-based 
urethane systems a rather complicated equilibrium of hydrogen bonding 
among X’— H and C = 0  of urethane unit and — 0 — of the repeating ether 
unit exists. When the concentration of N— PI in polyether-based urethane 
is small, most of the X — H of urethane will form hydrogen bonds with 
ether units of polyet.her chains. Such a situation is realized when the 
polyurethane is prepared from polyethers of considerably high molecular 
weight. In these cases, secondary interchain bonding of relatively small 
bonding energy will be scattered in the bulk of polymer. When the con
centration is high (in the case of polyurethane based on relatively low 
molecular weight polyethers), secondary bonding of the polymeric N— 
H ■ • 0 = C  type wall be localized. Thus, there is a possibility that the 
configuration of network chains of polyether-based urethane rubbers will 
undergo a change as the concentration of urethane group is varied.

In the system of polyester-based urethane polymers, a relatively strong- 
acceptor of the C = 0  type originating from the repeating ester units is 
predominant. In this case there is a possibility that N— H associates 
with the C = 0  of ester units to give secondary bonding which is not 
localized in the bulk of polymer even if the concentration of urethane units 
becomes high. The possibility of a situation similar to that of polyether- 
based urethane types still remains, however. The situation actually 
realized in polyurethane depends on the relative hydrogen-bonding capacity 
for the two types of 0 = 0 ,  that is, urethane type and ester type. The 
proton-accepting ability of the former may be greater than that of the
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latter owing to the resonance effect of an amide-type structure. Further 
investigations should be based on thermodynamical consideration.

The authors are indebted to Mr. H. Jinnai, T. Aiuano, and S. Naganuina for their 
assistance in the experimental work and to Kaiseikai Learning and Study Advancement 
Society for financial support.
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Effects of Methyl Sidegroup on the 
Extent of Hydrogen Bonding and Modulus of 

Polyurethane Elastomers
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Engineering, Kyushu University, Hakozaki, Fukuoka, Japan

Synopsis
The effects of methyl sidegroup oil the properties of polyurethane elastomers, mainly 

hydrogen bonding and elastic properties, were studied. Polyurethanes of almost equal 
crosslinking density and urethane group concentration, but with different side methyl 
groups, were prepared by a prepolymer method. The extent of hydrogen bonding was 
determined by an infrared technique. The density and Young’s modulus are decreased 
by the introduction of methyl sidegroup, swelling ratio and T s are increased, but the 
extent of hydrogen bonding is not affected.

INTRODUCTION

In the preceding paper1 the authors reported a method of quantitative 
determination of hydrogen bonding of urethane compounds. As men
tioned in the discussion of the preceding paper, the molar absorption co
efficient of the N—-H  stretching vibration of a model urethane compound 
can be used to determine the extent of hydrogen bonding in polymers 
of polyurethane types.

The importance of the role of interchain hydrogen bonding in the physical 
properties of polymers is well known. In fact, a number of phenomena 
have been explained successfully by the concept of hydrogen bonding, 
as shown by studies on crystal structure, high cohesive energy density, 
melting point , and so on.

It is interesting to consider the relation between structure and physical 
properties of polymers of polyamide, polyurethane, and polyurea types. 
These polymers are analogous to one another in structure and have N—H 
groups which can form hydrogen bonds with the carbonyl groups in them. 
The physical properties of these polar polymers are somewhat complicated 
compared with those of nonpolar polymers, because there is a possibility 
of various coexisting intermolecular forces.

Thus, the concept of hydrogen bonding has been used to explain the 
relation between structure and physical properties. For example, the fact 
that the even-odd polyamides have lower melting points than the even-

2153
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even ones has been explained by the uw,mitability of configuration in the
former for the forn1l1tion of interchain hydrogen bonding. This explana
t.ion ha.-: been accepted for a long time because the picture of an extended
chain of even-odd t~'pe illui<trated the unsuitability for interchain hydrogen
bonding \\'hich leads to a lower cohesive energy density and the melting
point. This. ho\\'ever, is not true. As clarified by Terenzi. 2 most X~~H
groups of bot h type" participate in hydrogen bonding. Thi" hnding is not
surprisiug if Ill' (~onsider a three-dimensional crystal lattice in which the
polyamide chains arc packed to satist\ all possible site:,; for interchain
hydrogen bonds.

This simple fact hi:LH been lllisunden400d for a long t.ime. We seem to
have depended too much upon hydrogen bonding in the explanation of
property-structure relationships. ::'\0\1', it seems the time to reconsider the
effect of interchain hydrogen bonding for the f1ll'ther llnderstanding of the
physical properties of polymerH.

In this paper Il'e report 011 the correlation of extent of h.\'drogen bonding
and the modulus of pol!'uret hanes with methyl sidegroups of various con
centration. It can be reasonably deduced that the introduction of short
side chains leads to the decrease of modulus because of the interruption of
interchain hydrogen bonding. The actual observation of the decrease
in modulus of polyurethane with increasing of the content of methyl side
group is thus explained safely. The true situation, however, is not so
simple, as discllssed belol\.

EXPERIMENTAL

Preparation of Polyurethane

PolyurethalJes were prepared from a mixture of poly(et.hylene adipate)
(PEA) and poly(propylene adipate) (PPA) lind tol~'lene diisocyanate
(TDI) by prepolymer technique. The crosslinking agent was trimethylol
propane (T:'VIP).

PEA was supplied by the courtesy of Japan Oil Seal Compauy. PPA
was prepared by polycondensation of propylene glycol with adipic acid to
the same chain length. The number-average molecular I,'eights were
determined by acetylating the hydroxyl endgroups;3 JI" values of PEA
and PPA were 2110 and 2250, respectively. TDI (2,4- and 2,6-isomers in
80: 20 ratio) was supplied by the courtesy of Takeda Chemical Company
and purified by fractional dist.illation. The purity was checked by the
amine-equivalent method. 4 T!\ IP wa>; obtained commercially and purified
by fractional distillation.

The details of the preparation of polyurethaue are as follows. The
blended polyester, which was previously dried b~J passing nitrogen gw
t.hrough the melted mat erial. was l\'eiglJed in[.u a 1hree-uecked 8eparable
flask equipped with tI nitrogen inlet allll out.let eOlllleeterl t.o drying tllbe,
t.hermometer, and vacuum stirrer.
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The flask was heated to 80°C. in an oil bath, and was then evacuated to 
degas the polyester. Double the molar equivalent of diisocyanate was 
weighed accurately into the flask. The reaction mixture was stirred 
vigorously. Small portions of the reaction mixture were taken at ap
propriate time intervals and the content of residual isocyanate groups 
titrated by amine-equivalent method4 in order to check the extent of the 
reaction.

When the reaction was completed, a molar equivalent of curing agent 
was added and the mixture vigorously agitated. After the agent was 
thoroughly dispersed, the flask was evacuated to eliminate the bubbles. 
Because of the short gelation time of the reaction mixture, prompt opera
tion was required, otherwise the mixture would turn into a solid containing 
many small bubbles.

The resultant viscous liquid was then poured onto trays and molds coated 
with silicone varnishes. Next the reaction mixture was heated to 80°C. 
for 30 hr. in the air bath to complete the crosslinking reaction.

The three-dimensional polyurethanes obtained were rubbery at room 
temperature except for that from pure PEA, which has a tendency to 
harden by the formation of crystallites.

The content of methyl groups can be controlled by selecting the mixing 
ratio of the two polyesters, that is, PEA and PPA. When the molar ratio 
of OH of polyester to NCO of diisocyanate is kept constant, prepolvmer of 
same chain length will be obtained. The stoichiometrical use of TMP will 
make polyurethanes with almost equal crosslinking density and urethane 
group concentration.

The extent of the crosslinking reaction was traced in thin films by 
analyzing characteristic infrared bands of the isocyanate group at 2300 
cm.“ 1’6 and by measuring the modulus of the polymer at 60°C. Since the 
resulting polymers had no residual isocyanate groups, showed a constant 
modulus over 20 hr., and were scarcely soluble in benzene, it is assumed 
that the network is almost perfect. Likewise, it may be said that the poly
urethanes were synthesized quantitatively in accordance with the estimated 
value, so far as stoichiometrical considerations were concerned. Thus, 
careful syntheses make possible formation of polyurethanes of known 
structures with respect to the degree of crosslinking and concentrations of 
urethane and methyl groups.

Gel Fraction and Swelling Measurement

Gel fraction and swelling properties were measured. A small piece of 
polyurethane was immersed in benzene. The specimen was weighed at 
appropriate time intervals after absorbing varying amounts of swelling 
solvent. After the sol fraction was dissolved in solvent and swelling 
equilibrium was attained, the weight of the specimen becomes constant. 
The gel fraction and swelling ratio were then calculated by eqs. (1)—(3):

g =  Wt/W (1)
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( H ti IFfl) / Ps 
W,J~Pp

6 = 1 +  Q

(2)

(3)

where g denotes gel fraction, Q is the volume ratio of solvent in the swollen 
state to gel in the unswollen state, q is the swelling ratio; W  is the weight 
of specimen, W„ is the weight of swollen specimen, arid W b is that of gel; 
ps and pp are density of solvent and polymer, respectively.

A strip 1.74 mm. X 2.0—13.0 mm. X 38.0 mm. cut from the polyurethane 
sheet was used for these measurements. The thickness of the specimen 
was measured by a thickness gage. Then the stress-strain relationship 
was measured by a Shimadzu Autograph (an Instron-type automatic 
tensile tester with constant temperature bath). All measurements were 
carried out at constant temperature (20-100°C.) and a constant extension 
speed of 5 mm./min. The strain rate was 0.125 min.-1. From the re
corded load-elongation curve the stress-strain relationship was calculated. 
The plot of log a versus log 7 , where a is stress and 7 the strain, should be 
a straight line having a slope of unity for t he completely elastic materials. 
For the viscoelastic materials, however, this is not expected because the 
flow was included in the deformation mechanism. Therefore it was recom
mended to calculate the modulus after this slope is confirmed to be unity.6 
In our case the plots of log <7 versus log 7 for various polyurethanes show a 
straight line of slope approximately unity, pointing out that these polymers 
behave almost completely elastically at this temperature. At low or high 
extension ratios (1.1 >  a, a >  2.5), the plots deviate from the; straight line. 
The measurement error in the former and the crystallization or high stretch
ing of network chains in the latter may be the sources of these deviations.

The extent of hydrogen bonding was determined by the infrared tech
nique with the use of a Perkin-Elmer Model 337, grating-type, double
beam single-path automatic-recording infrared spectrometer. A normal 
slit program and slow scanning speed were adopted. Thin films of poly
urethanes were obtained by using a freezing microtome with a special hold
ing stage which can fix the block of polymer under cooling by Dry Ice. 
At an appropriate temperature (near the glass transition temperature) 
the thin film can be cut. The films obtained were dried over phosphorus 
pentoxide for at least 24 hr., and the infrared spectra were then recorded. 
As mentioned in the preceding paper,1 two bands were obtained in the 
N—H stretching region. One is assigned to free N—H species and the 
other to hydrogen-bonded species. The coordination of the recorded 
transmittance curve are measured by a comparator and the calculated opti
cal densities are replotted on an appropriate scale against frequencies. By

Modulus of Polymer

Determination of the Extent of Hydrogen Bonding
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assuming a reasonable J0 line the absorption curve is resolved into free 
X —H and hvdrogen-bonded absorption. The area of the former is then 
measured by weighing the piece of tracing paper which was cut in the same 
shape. Integrated absorption is obtained by dividing the weight of this 
area with that of unit area. The concentration of free N—H groups is then 
calculated by eq. (4):

Cfree = S/Al (4)

where cfree is the concentration of free N—H groups, S the integrated ab
sorption of free N— H, A the true integrated molar absorption coefficient 
(absolute intensity) of free X — H, and l the thickness of the film. The 
per cent hydrogen bonding is then calculated from eq. (5):

H bonding, %  = 100(ctotal — Cfree)/Ctotal (5)

where per cent hydrogen bonding refers to the proportion of hyclrogen- 
bonded species, ctotal is the stoichiometrical total concentration of X H 
groups, and Cfree the concentration of free X — H group. 2,4-Tolylcne di
ethyl urethane was used as model diurethane. The true integrated molar 
absorption coefficient of the free X — H of this diurethane was measured 
according to the Wilson-Wells’ method as described in the previous paper.1

Glass Transition Temperature T0

The glass transition temperature Tt was determined from the length- 
temperature curve.7 At 1\ this curve has an abrupt change in slope which 
is due to the fact that above Tt the coefficient of expansion is greater than 
the value below T0.

RESULTS AND DISCUSSION

The properties of obtained polyurethanes are tabulated in Table I. 
From the data of gel fraction, which is nearly unity, it can be said that the

TABLE I
Properties of Polyurethanes

PPA,
%

Density,
g-/cm.3

Gel fraction 
in benzene,

0 7/c

Swelling
ratio

in benzene
T „
°C.

0 1.243 99.2 2.096 -2 5 .8
10 1 .226 100 2.220 -2 4 .7
20 1 .234 100 2.299 -2 4 .2
30 1.226 97. S 2.442 -2 3 .5
40 1.211 97.6 2.683 -2 2 .6
50 1 .220 96.9 2.761. -21  .5
60 1 .223 96.7 2.898 -  19.9
70 1.210 99.6 2.893 -1 9 .3
80 1 .193 98.5 3.040 -1 8 .5
90 1.195 99.8 3.158 -1 7 .6

100 1.178 98.2 3.220 -  17.2
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Fig. 6. Effect of methyl group oil the extent of hydrogen bonding.

Fig. 7. Effect of methyl group on 7',,.

smaller than that in chains without methyl groups. This will make the 
root-mean-square end-to-end distance of the chain smaller and the slope of 
distribution function of chain displacement less steep. The resulting 
smaller entropy change in the stretching process of chain leads to a smaller 
modulus.

TABLE V
Extent of Hydrogen Bonding of Polyurethanes"

PPA,
%

1
X 103, 

cm.

Al
X 10-1, 
l./mole- 

cm."
S ,

cm.“ 1
£ fre e >

rnole/1.
t o t a l  >

mole/1.

Free 
N— H,

%

Bonded 
N— H,

07/c

0 d.6 2.17 7.13 0.329 1.92 17.1 82.9
10 5.7 2.21 6.22 0.281 1.91 14.7 85.3
40 8.0 3. 10 7.51 0.242 1.86 13.0 87.0
.10 9.5 3.68 10.2 0.277 1.86 14.9 85.1
60 8.3 3.21 9.20 0.287 1.86 15.4 84.6
70 12.1 4.68 12.6 0.269 1.83 14.7 85.3
80 13.3 5.15 15.1 0.293 1.79 16.4 83.6
90 9.3 3.60 10.7 0.297 1.79 16.6 83.4

100 16.3 6.31 17.4 0.276 1.79 15.4 84.6

» /, = film thickness A  — the absolute intensity of model diurethane = 3.87 X 10* 
l./mole-cm.2; a reB, ctot»i denote the concentrations of the free N—H group and total 
N—H group, respectively.
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The variation of the glass transition temperature which is shown in 
Table I and Figure 7 is also interesting and is closely related to the above 
discussion. It is seen that T,, was elevated by the introduction of methyl 
sidegroup. Apparently introduction of methyl groups restricts bond 
rotation. A similar elevation of T„ is seen in other polymer systems; for 
example, polypropylene has a higher T„ than polyethylene. One can 
visualize these situations by considering the rotation of polymeric chains. 
By this consideration one can imagine also the tendency of leveling the 
rotational potent ial curve due to the existence of methyl sidegroup.

The conclusion that what decides primarily the elastic property is not 
interchain hydrogen bonding but the rotational isomerism of the chain itself 
may not be so surprising. However, now it should be suggested that the 
effect of hydrogen bonding must not. be overestimated in the consideration 
of property-structure relationships of polymers.

Finally, the observation that the extent of hydrogen bonding is not af
fected by methyl sidegroups must be noticed. It seems that the equilib
rium of hydrogen-bond formation is governed primarily by the concentra
tion of urethane group. This is an interesting problem which should be in
vestigated in the future. Although a 1 arge value of hydrogen bonding (85%) 
suggests the thermodynamically stable structure of hydrogen bonds, in a 
mechanical process this secondary bond is weak and may be ruptured by 
stress. The fairly good agreement of calculated modulus obtained on the 
basis of the theory of rubber elasticity with observed modulus clearly shows 
above consideration .

The authors wish to thank T. Oji and T. Amano for their assistance in the experimen
tal work.
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Polymerization of «-Amino Acid iV-Carboxy 
Anhydrides. III. Mechanism of Polymerization of 

L- and DL-Alanine NCA in Acetonitrile*

YOSHIO 1WAKURA and KIEKICHI UNO, Department of Synthetic 
Chemistry, Faculty of Engineering, University of Tokyo, Bunkyo-ku Tokyo, 
Japan, and MAS AN AO OYA, Department of Industrial Chemistry, College of 

Technology University of (funma, Kiryu-shi Gunma-ken, Japan

Synopsis
The polymerization of l- and no-alanine NCA initiated with n-butylamine was carried 

out in acetonitrile which is a nonsolvent for polypeptide. The initiation reaction was 
completed within 60 min.; there was about 10% of conversion of monomer. The num
ber-average degree of polymerization of the polymer obtained increased with the reac
tion period, and it was found to agree with value of W/I, where W  is the weight of the 
monomer consumed by the polymerization and I  is the weight of the initiator used. 
The initiation reaction of the polymerization was concluded as an attack of n-butylamine 
on the Cs carbonyl carbon of NCA. The initiation, was followed by a propagation 
reaction, in which there was attack by an amino endgroup of the polymer on the Cs 
carbonyl carbon of NCA. The rate of polymerization was observed by measuring 
the C 02 evolved, and the activation energy was estimated as follows: 6.66 kcal./mole 
above 30°C. and 1.83 kcal./mole below 30°C. for L-alanine NCA; 15.43 kcal./mole above 
30°C., 2.77 kcal./mole below 30°C. for DL-alanine NCA. The activation entropy was 
about —43 cal./mole-°K. above 30°C. and —59 cal./mole-°K. below 30°C. for L-alanine 
NCA; it was about —14 cal./mole-°K. above 30°C. and —56 cal./mole-°K. below 30°C. 
for DL-alanine NCA. From the polymerization parameters, x-ray diffraction diagrams, 
infrared spectra, and solubility in water of the polymer, the poly-DL-alanine obtained 
here at a low temperature was assumed to have a block copolymer structure rather than 
being a random copolymer of d -  and L-alanine.

INTRODUCTION

The polymerization of a-amino acid iV-carboxy anhydride initiated with 
primary amine haw been studied extensively.1-8 The initiation reaction of 
NCA with primary amine haw been considered to occur by nucleophile at
tack of the amine on the C.-, carbonyl carbon of NCA |eq. (1) J. Thereafter, 
the propagation reaction proceeds by the addition of a terminal am
ine group to the Cs carbonyl of NCA.1-8 In some solvents, the initi
ation of NCA with primary amine has been reported to be caused by pro
ton abstraction from the nitrogen of the NCA,9 just as in tertiary amine 
initiation.9-13

* For the preceding papers in this series, see Iwakura, Uno, and Ova.1’ '2
2 1 6 5
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Almost all studies on polypeptides to date have been carried out with 
y-benzyl i,-glutamate NCA in nitrobenzene, tetrahydrofuran, dioxane. and 
dimethylformamide in which the polypeptides formed are soluble.

No kinetic study has been carried out on polymerization of dl- and n- 
alanine NCA in. acetonitrile which is not a solvent for polvalanine. In pre
vious papers, we reported that the molecular weight of poly alanine produced 
by polymerization of NCA in acetonitrile was much higher than that ob
tained in nitrobenzene in which the polymer produced was high ly swollen.14' I;’ 
The present study describes details of polymerization of nn- and n-alanine 
NCA initiated with -«-butylamine in acetonitrile.

RESULTS AND DISCUSSION

The results of polymerization of i)L-alanine NCA initiated with /(-butvl- 
amine in acetonitrile are shown in Table I. The polymerization system 
became turbid within a few minutes after starting the polymerization, and 
polymer precipitated. After about 60 min. conversion of the monomer was 
about 10% ; the polymer formed was isolated easily by filtration, and no 
more polymer precipitated from t he filtrate in spite of the presence of a large 
amount of NCA in it. Pile isolated polymer was extracted with hot ab
solute acetonit rile. On pouring the extract into a NCA solution, no poly
merization occurred. Isolated polymer showed no activity for further 
polymerization after drying, but the undried polymer without drying con
tinued to polymerize further when it was added to a solution of NCA; the 
degree of polymerization of the polymer produced here was larger than that 
of the polymer used initially. This suggests that there was no initiator 
(free w-butylamine) in the solution 60 min. after starting the polymeriza
tion. Consequently the polymerization of NCA after this time would be 
considered to proceed only through a propagation of the polymer end pro
duced. The results of an endgroup analysis for the poly-on-alanine are 
also shown in Table 1. The number of carboxyl endgroups in the polymer
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was negligibly small. The number-average degree of polymerization ob
tained from amine endgroup analysis agreed with that obtained by osmotic 
pressure and the value of the molar ratio W/I, where W represents the 
monomer consumed by polymerization and I is the initiator used.

On the polymerization of DL-alanine NO A in acetonitrile initiated with 
/¡-butylamine, the molecular weight of the polymer increased with polymer
ization time. Therefore, in polymerization of DL-alanine NCA in aceto
nitrile there seemed to be no termination by a cyclization reaction.8

In the polymerization of 7-benzvl L-glutamate NCA with the primary 
amine indioxane, it has been reported that 70% of initiator was involved in 
attack on the C6 carbonyl carbon of NCA, but the remaining 30% was in
volved in abstraction of the proton from the nitrogen of NCA .9 Polymer
ization in tetrahydrofuran has been known to give similar result.12 In these 
cases, the molecular weight of the polypeptide obtained was much larger 
than the value of W/I. On the other hand, in the polymerization in di- 
methylformamide the degree of polymerization of polypeptide almost 
agreed with the value of W/I. However the polymerization of alanine 
NCA with /i-butylamine in acetonitrile would be concluded to proceed by 
attack by the initiator on the C6 carbonyl carbon of NCA. These results 
indicate that the mechanism of initiation depends on the solvent used.

Similar results were obtained for the polymerization of L-alanine NCA 
initiated by n-butylamine, as shown in Table II. When a small amount of 
n-butylamine was used as initiator, a high molecular weight poly-L-alanine, 
having an intrinsic viscosity in dichloroacetic acid as high as >5, was pro
duced.

In the polymerization of NCA in acetonitrile, the polymer formed pre
cipitated as described above, and further polymerization occurred between 
solid polymer and liquid monomer. The rate of polymerization in a heter
ogeneous system may not be discussed in the same way as the polymeriza
tion in a homogeneous system; however, as the degree of polymerization of 
polypeptide obtained here agreed well with W/I, the kinetics of polymeriza
tion will give some information regarding the mechanism.

The rate of polymerization of l -  and DL-alanine NCA initiated with 
n-butvlamine was measured in acetonitrile and nitrobenzene. The results 
are summarized in Tables 1 and II. The weight of the polymer formed and 
CO2 evolved were used to evaluate tin1 rate. The two methods gave fairly 
good agreement with each other. It is known that the rate of polymeriza- 
ion of NCA initiated by a primary amine can be represented as follows:

RP = -d[M ]/dt = fc |>/][/] (3)

where \M J and |/J denote the molar concent rations of anhydride and initia
tor. The plots of log [M0]/[Mt] versus polymerization time are shown in 
Figures 1-3, where [Mo] and [Mt\ are the concentrations of anhydride 
initially and at polymerization time t, respectively. The plots for the poly
merization of DL-alanine NCA in nitrobenzene showed nearly straight lines. 
The polymerization of L-alanine NCA in nitrobenzene showed an accelera-
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i

Fig 1. Polymerization rate of dl- and L-alanine NCA in nitrobenzene at 30°C.: (O) 
on-alanine NCA; (•) n-alanine NCA.

lines in both cases. The difference of slope above 30°C., and below 30°C. 
was quite marked for poly-DL-alanine. Kinetic parameters calculated from 
these results are shown in Table III. Activation energies below 30°C. were 
smaller than those obtained above 30°C. Therefore, at a low7 temperature, 
polymer end and monomer could take a rather preferable state with 
respect to further polymerization. The difference between activation en
ergies above 30°C. was much larger than that of L-alanine NCA, and the 
value for DL-alanine NCA approached that of L-alanine NCA below 30°C. 
This result might indicate about the same relation between polymer end and 
monomer in polymerization of both d l -  and L-alanine NCA.

The difference of activation entropies between above 30°C. and below' 
30°C. was small for L-alanine NCA, but it was very large for ni,-alanine

TABLE III
Activation Energies and Entropies of l- and dl-Alanine NCA

Polymeri
zation temp., AE,

°C. kcal./mole AS, cal./'mole

L-Alanine NCA 30-40 6.66 -4 3 .3 3  to -4 3 .3 7
8-30 1.83 -5 9 .1 3  to -5 9 .2 7

r>L-Alanine NCA 30-40 15.43 -1 4 .0 7  to -1 4 .1 7
8-30 2.77 -5 6 .3 2  to — 56.41
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Fig 2. Polymerization rate of DL-alanine NCA in acetonitrile: (■) X°C.; (□) 20°C.; 
(O ):i0°C .; (0 )3 5 °C .; (•) 40°C.

NCA. However, the absolute values of activation entropies on polymer
ization of ox,- and L-alanine N CA were very similar at low temperature. 
These data may be interpreted as showing the influence of an assembly of 
polymer chains, i.e., the polymer chains of L-alanine make a closely packed 
arrangement of regular conformation which is little influenced by tempera
ture variation, while for polymerization of DL-alanine NCA, the situation is 
quite different. At a high temperature, the polymer chains of DL-alanine 
can not be arranged so closely, and the activation entropy has a small nega
tive value; at a low temperature, the affinity between polymer chains 
formed becomes large and permits a closely packed arrangement. From 
the same value of activation entropy in both l -  and DL-alanine NCA at low 
temperature, it might be imagined that not only the conformation but also 
the sequence of units in the DL-alanine polymer chain are similar with that 
of L-alanine. Such a consideration on reaction parameters could also lead 
to an interpretation of the polymerization behavior described above. 
After 60 min., the average degree of polymerization was about 20, and at 
this time the affinity between polymer chains would be evident. There
fore, with L-alanine NCA the rate of polymerization becomes slower because 
of the packed arrangement. On the contrary, for DL-alanine above 30°C., 
the affinity of polymer chains is riot so strong, and a slowing down of the
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Fig 3. Polymerization rate of L-alanine NCA in acetonitrile: (■) 8°C.; (□) 20°C.; 
(Q)25°C.; (O) 30°C.; (•) 35°C. [Mo] =  initial monomer concentration = 0.213 
mole/1. (20 ce.); [M (] = monomer concentration at t min.; [I] Initiator concentra
tion 0.001085 mole/1. (0.5 mole-% on monomer) n-hntylamine.

lo g  k

c\

3 .2 3 .3 3 .5  (10 ‘ 3 1 /T )

Fig 4. Dependence of logarithmic plot of the rate constants propagation k on reciprocal
absolute temperature: (O) d i,-alanine NCA; (•) L-alanine NCA.
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10 20 30 (20)

Kin. •’>■ X-ray diffraction diagram of polyalanines in acetonitrile: (A) poly-L-alanine 
obtained at 30°O. : (B) poly-DL-alanine obtained at 0°C.; (C) poly-DL-alanine obtained 
at 30°O.

rate cannot he observed. At a low temperature, however, the affinity 
comes much larger and then slowing down of the rate can be observed.

The x-ray diffraction diagram of poly-L- and -DL-alanines obtained in 
acetonitrile under various conditions are shown in Figure 5. The diffraction 
peaks in these patterns were the same in every case. The crystallinity of the 
poly-L-alanine was highest, and next was poly-DL-alanine obtained at 0°C., 
and last was polv-DL-alanine obtained at 30°C.

The solubility in water of poly-DL-alanine obtained in acetonitrile at 
various temperatures is shown in Table IV. The proportion of water-in
soluble material in the polymer increased as with decreasing polymeriz
ation temperature.

No.

TABLE IV
Solubility of Poly-DL-alanine in Water 

Polymeri-
Polymerization zation

solvent temp., °C. In rjrei/c

Insoluble 
in water,

%
I

1

Acetonitrile S
2(1
30 
35 
30

0 391 59
0.

OOCM 32
0 .475 24
0..434 22
0. 305 5Nitrobenzene
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found incorporated to the extent of 0.21-0.38 per chain. It is remarkable 
that response for hydroxyl endgroup was always negative, though in most 
aqueous polymerization some OH endgroup is generally present. The 
average total endgroup content per chain was, in all cases, in the vicinity of 
0.5. In the case of poly(ethyl acrylate) initiated by an ammonia-chlorine 
system the increase of amino and halogen endgroup content with increase of 
halogen concentration is well marked from 0.05 to 0.24 and 0.37 to 0.55 per 
chain, respectively (Table II).

With bromine-ammonia initiator the yield of poly (methyl methacrylate) 
(=» 40%) and the intrinsic viscosity of the polymer are rather low, but the 
endgroup results are effectively the same as with the ammonia-chlorine 
system, with the difference that halogen incorporation is somewhat higher, 
about 0.4-0.5 per chain. The total endgroup content per chain is also 
somewhat greater than 0.5.

Iodine in combination with ammonia failed to initiate the polymeriza
tion of vinyl monomers even in presence of ultraviolet light, probably due 
to its strong inhibitive tendency.

Effect of Change of pH

In the systems of Table II the pH of the medium was found to lie be
tween 9 and 11; under these conditions polymerization started with prac
tically no induction period. On decreasing the pH of the media by addi
tion of HC1, the induction period increased, wrhile the rate, yield, and in
trinsic viscosity decreased as happens in many other cases.9'12’13 Increase 
of acidity of the media increases the halogen and amino endgroup content 
as illustrated in Table III for ethyl acrylate.

TARLE 111
Effect, of pH on the Endgroup Content of Poly(ethyl Acrylate) Obtained by Initiation 

with Ammonia-Chlorine System in Aqueous Media“

pH hi Amine

Endgroup per chain 

Halogen Total

10.12 0.73 0.08 0.41 0.49
6.00 0.61 0.10 0.45 0.55
3.85 0.59 0.25 0.52 0.77

* [NHs] = 7.302 X 1 0 "W ; [Cl] =  2.604 X 10~W ; [EA] = 0.231Jf; 30°C., N, 
atmosphere.

Mechanism

Any proposed mechanism has to account for the following experimental 
results: (1) absence of hydroxyl endgroups; (2) incorporation of amino 
and halogen endgroups; (3) total endgroup content about 0.5 per polymer 
chain; (4) increase of halogen and amine incorporation with decrease of pH.

It appears that the polymerization reaction proceeds through the inter
mediacy of free radicals, since the reaction is completely inhibited by hydro-
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Kig. 1 . Reciprocal of number-average molecular weight v.s. square root of chlorine 
concentration (inmole/1.) [MMA] = 0.094 mole/1.; [NH3] = 0.0555 mole/1.

quinoue and that the plot of 1 /Mn against the square root of initiator 
(chlorine) concentration shows a linear relationship (Fig. 1). Well and 
Morris14 studied the kinetics of the formation of monochloramines from 
aqueous chlorine and ammonia in the region of pH 12. From the observed 
bimoleeular nature of the reaction,

HOC1 +  NH3 — NH,C1 +  11,0 (1)

they postulated the formation of a cyclic activated complex:
II H

X
II Cl

Nils +  I IOC '1 +  11,0— — XII,Cl +  211,0 (2)
(> O

II II II

Although this intermediate structure can account for the formation of 
both amino and halogen radicals, it fails to explain the very low value of the 
total endgroups, about ()."> per polymer chain as obtained in our experi
ments.

Alternatively, based on the findings of Khome and Krause,16 the initia
tion reaction may be thought of as proceeding through the intermediate
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Mode of Termination in the Copolymerization of 
Vinyl Acetate—Isobutyl Methacrylate and Methyl 

Methacrylate—Methyl Acrylate at 60°C.

A JIT KUMAR CHAUDHURl and SANT I R. FAULT,
Department of Physical Chemistry, Indian Association for the Cultiration of 

Science, Jadavpur, Calcutta, India

Synopsis

The mode of termination in the vinyl acetate isobutyl methacrylate (VA-IBM A) 
and methyl methacrylate-methyl acrylate (M M A-M A) (»polymerization systems has 
been investigated at 60°C. by using the dye-interaction technique for functional end- 
group estimation. The results show that pairs of polyfvinyl acetate) radicals interact 
almost exclusively through a disproportionation mechanism. In the homopolymeriza
tion of methyl methacrylate and methyl acrylate, about 1.1(5 and 1.22 carboxyl-con
taining endgroups per polymer molecule have been estimated, which shows the predomi
nance of disproportionation over combination in these termination reactions. In 
poly(isobutyl methacrylate) about 1.55 tagged initiator fragments per chain indicate 
that 29% of the total radicals terminate through the disproportionation mechanism. 
Cross termination in the (VA-IBM A) copolymerization system occurs almost entirely 
through combination for monomer feeds richer in isobutvl methacrylate content while 
for the M M A -M A  system, combination is more important at intermediate monomer 
feed ratios. These results have been discussed in the light of different explanations 
for the reaction mechanism.

INTRODUCTION

Pairs of polymer radicals can interact either by a combination |eq. (1)] 
or by a disproportionation |eq. (2)] mechanism:

2 RCHjUXY* — KCIhCXVGXVCH di (1)

2 KOHsCXY* —  RC’ ll CXY +  RCH,CHXY (2)

where R represents a long polymer chain. Polymers prepared with initia
tors having a functional group contain one functional endgroup per mole
cule for the disproportionation reaction and two endgroups per molecule 
for combination reaction. And, in the absence of other complicating side 
reactions, the number of functional endgroups per molecule gives a quan
titative indication of the relative importance of the two types of termination 
reactions in the polymerization process.

The mode of termination in the homopolymerization of a number of 
vinyl monomers has been determined by using different physical and chem-
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ical methods, but., with t.he exception of the !Styrene-met.hyl methacrylate
system, l no other copolymerizat.ion system has ever been studied to
elucidate the mechanism of the cross-termillation reaction. In copoly
merization systems, a knowledge of the mode of termination is essential
for the correct evaluation of the rate of initiation for proper kinetic analysis.
Unless the mechanism is understood, this quantity is subject to an un
certainty of a factor of two. With this end in view, the present investiga
tions on the mode of termination in the copolymerizations of vinyl acetate
with isobutyl methacrylate and of methyl methacrylate with methyl
acrylate have been curried out at 60°C.

EXPERIMENTAL

Materials

Methyl methacrylate and isobutyl methacrylate (I.C.I. Ltd.) and
methyl acrylate (I.C.I. Ltd.) were purified by washing with 5% and 2%
caustic soda solutions, respectively, until free from inhibitors, subsequently
washed with distilled water, dried over fused calcium chloride, and finally
purified by vacuum fract.ional distillation. Vinyl acetate (Eastman Kodak
Co.) was purified as described by Palit and Das. 2

4,4'-azobis(4-cyanopentanoic acid) was prepared by the method described
by Haines and Waters3 and purified by recrystallization from warm water.
The equivalent weight of the purified product was 141 (theory = 140.1).

Recrystallized Calcozine Rhodamine 6GX conc. (C.I. No. 45160) was
supplied as a gift sample by I.C.I. Ltd. and used without further purifica
tion. AR benzene' (B.D.H.) and dimethylformamide (E. Merck) were
used after a simple distillation.

Procedures

Osmometry. O~mlUtic pre:o;sure mea!Surements were performed in Pinner
~tabin type osmometers in methyl ethyl ketone solution at 35.75 ± 0.01 0_

C. by a static elevation method with the use of HOO grade ultracella filter
membranes.

The number-average molecular weight of the polymers was calculated
from osmotic presRure data by using the equation

("Tric) 'f, = (1r/c)o'/'[l + (rz/2)c]

where (" is expresspd ill grams per liter.
Polymerization Experiments. Reaction mixtures containing different

feed ratio:o; of monumers were charged in Pyrex sealing tubes, freed froUl
dissolved uxygen by alternate freezing and thawing, and finally sealed
under vacuum. The rate of polymerization was varied by using different
concentrations of 4,4'-azobis(4-cyanopentanoic acid) and the reaction was
carried out at 60 ± 0.05°C. up to about 5% conversion. The polymer
obtained was isolated by double precipitation with methanol or petroleum
ether and dried 1:n vacuo at .'iDoC. The majority of the experiments were
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TABU; II
Copolymerization of Isuhutyl :'Ilethaerylate D[d and Vill.d Aeet·ate ('\[,) at 60°C.

Fral'f,ioll of interradicall'eactions

-:\1[1*-:\1,*

[:'\1, *J X LO', [:'\VI X JOl2, :'\1,*-:.[, * :'1[,*-:'1,* (= 1 -

Salllpl(· mol!'/!. mole!!. (= f,) (= h) II - J,)_ ..~-- -------------- ---

4 .') .24 4.12 O.27{i ""0 0.724
;') 4.7\1 S.OX 0.270 ""0 0.730
0 4 ..')2 14.!J{i 0.240 ""0 0.760
7 3.6i\ 26.05 0.210 ""0 0.7HO

TABLE III
Copolymerizatioll of Isobutyl YIethanylate (:'II,) and Villyl Al'et,ate (:'\'[,) at 60°C.

Sample

1,2,3
4
5
6
7
8,9

Average llO,

l'1l.l'boxyl
,·ollt.aillillg

elldgroups
per molecule

1.5fi
1.70
1. 71
1.81
1.84
0.93

Frad.ion of
Ilispnlporti'lIlat.iOlI

for tollil
ill tCl'rad ieaI

react.iolls

0290
0.180
0.170
O.lOfl
0.OR7

""1

Fraetiou of
(lisproportiolmt,ioll

"aleulated for
M1*-:'1,*
l'eaetioll

0.137
0.126
0.047
0.033

In homopolymerization or copolymeTization experiments with different
monomers, the initiator concent.rat.ions have heen kept ill such a range
that primary radical termination or thermal polymerizat.ion is negligible.

Dimethylformamide has a low chain t.ransfer coefficient (about :2 X 10-:')
with poly(methyl methacrylate) radicals; but, unfortunately, the magni
tude of the coefficient with ot.her polymer radicals is not known accurately.
We have, therefore, neglect.ed the effect of the solvent in the calculat.ioll
of functional endgroups per polymer chain.

~rolecular weight measurement by osmometry and funct.ional endgroup
est.imation by the dye-interaction technique were performed on the same
polymer sample so t.hat the loss of low molecular weight polymer in t.he
purification process should not. affect. the number of initiator fragments
per polymer molecule.

Homotermination

In the polymerization of isobutyl methacrylate at tiO°C., about 1.Si)
carboxyl-containing endgroups are found per polymer molecule. This
shows that in the termination of poly(isobutyl methacrylate) radicals,
both combination and disproportionat.ion mechanisms are operative, and
about. 29% of the total react.ion occurs t.hrough disproportionat.ion.





2194 A. K. CIIAUDIIURI A~D S. R. PALIT

TABLE V
Copolymerization of Methyl Methacrylate (:\.fd and Ylethyl Acrylate (M,) at 60°C.

Fraction of interradical reactions

Sample
[~Vr.*l X 108, [:\'h*1 X 109,

mole/I. mole/I.
M1*-:\'I.*

(= jl)
:Yr,*-M,*

(= h)

;V[.*-M,*
(= 1 
jl - j,)

4

6

5,2.~O

;;.067
2.7:n

1.130
:1.268
;j .314

0.53
0.40
0.20

047
0.60
O.SO

TABLE VI
Copolymerization of Methyl Methacrylate (M.) and Methyl Acrylate (M,) at 60°C.

No. average Fraction of Fraction of
carboxyl- disproportionation disproportionatioll

containing for total calculated for
endgroups interradical M 1*-M,*

Sample per molecule reactions interaction

1,2,3 1.16 0.72
4 1.40 043 0.103
5 1.50 0.33 0.070
6 1.33 0.50 0.443
7,8,9 1.22 0.64

The results for vinyl acetate polymerization indicate about one initiator
fragment per polymer chain and suggest the exclusive occurrence of the
disproportionation mechanism. Within experimental error, this result
agrees well with the results of radiochemical studies on vinyl acetate
polymerization at 60°C. by Funt and Pasika. 13 Previous investigations of
this system by Burnett et al. 14 indicated an unusual variation in the number
of fragments from 1.6 to 6.0 per molecule in the temperature range of
+27°C. to -38°C. An increase in the number of initiator fragments in
poly(vinyl acetate) with decrease in temperature has been mentioned by
Funt and Pasikal3 also.

In the present study, about 1.16 and 1.22 carboxyl-containing endgroups
per poly(methyl methacrylate) and poly(methyl acrylate) chains, respec
tively, have been estimated to be present. The result with poly(methyl
methacrylate) is in good agreement with the previous tracer technique
studies on this system. 1.15 ,16 There is no other reported investigation on
the mode of termination in methyl acrylate polymerization to compare
with our results.

The availability of hydrogen atoms at both the penultimate carbon
atom in the chain and at the a-methyl group together with the steric
effects due to methyl and ester groups on the a-carbon may explain the
importance of the disproportionation reaction in the interaction of poly
(methyl methacrylate) radicals. However, such an explanation fails to
account for the lesser importance of disproportionation in the case of
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grouping at 2780 em-I, vinyl at 1625 em-I, and the carbonyl grouping at
1675 em-I. The NlVIR spectrum (CDCb, r) showed a singlet at 6.10
ppm, singlet at 7.70 ppm, vinyl multiplet at 4.70-4.07 ppm, and complex
multiplets between 3.50 and 2.25 ppm in the expected ratio of 9: 3: 3: 9.

ANAL. Calcd for C19H2,N20,S: C, 60.61 %; H, 6.44%; N, 7.44%. Found: C,
60.78%; H,6.53%; N,7.43%.

Trimethylamine-4-vinylbenzimide (TAVBI). A solution of 7.2 g (0.0196
mole) of 1,1,1-trimethyl-2-(4-vinylbenzoyl)hydrazinium tosylate in 35 ml
of anhydrous methanol was titrated to the phenolphthalein endpoint with
1.108N alcoholic KOH requiring 16.9 ml, 96% theoretical base. The
mixture was chilled in an ice bath, potassium tosylate filtered from the
solution, and the methanol removed on a rotary evaporator. The product
was taken up in chloroform, dried over sodium sulfate and filtered. Re
moval of the chloroform solvent yielded a solid which was dissolved in hot
benzene. Cyclohexane was added to the hot solution until a gummy yellow
material precipitated. After decanting the hot solution, more cyclo
hexane ,,-as added until turbid. Cooling gave white, fluffy needles, 3.30 g
(79.5%), mp 122-124 D C. The infrared spectrum (halocarbon mull)
exhibited bands for the vinyl grouping at 1630 cm- l and the carbonyl
grouping at 1575 em-I. The NMR spectrum (CDCb, r) showed a singlet
at 6J>5 ppm, the vinyl multiplet bebyeen 4.7.5 and 2.70 ppm, and a quartet
centered at 2.16 ppm, in the expected ratio of 9 :3 :4.

ANAL. Calcd for C12H 16N,/): C, 70.57%; H, 7.90%; N, 13.72%. Found: C,
70.58%; H,8.00%; ,13.47%.

Comonomers. The monomers methyl methacrylate and styrene (com
mercially obtained) were purified by distillation under nitrogen through a
12 in. Vigreux column immediately before use. The hydroxypropyl
methacrylate was used as received from Rohm and Haas Company.

Solvents and Initiators

All of the solvents used in the polymerizations were purified according to
standard procedures. Azobisisobutyronitrile (AIBN) was purified by
recrystallization from methanol.

DTA and TGA

Differential thermal and thermogravimetric analyses were obtained on
finely divided samples by use of a du Pont 900 DTA and 950 TGA unit.
Alumina was employed as a reference material, and the analyses were
performed under nitrogen from 0 to 500 D C with a heating rate of 20D C/
Inm.

Titration

The nonaqueou;,; titration procedure used III this work is a standard
procedure developed for amine titratioI\. TQe amine '8 t~trated Ill,. 1;1,
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suitable nonaqueous solvent (such as glacial acetic acid) with standardized
perchloric acid with gentian violet indicator. The aminimide functional
i!:roup is neutralized according to the following equation:

Therefore, from a knowledge of the weight of polymer titrateu and
<,quivalents of perchlOl'ic acid used, the TAVBI unit fractions in the
eopolymen; may be calculated. The titrations performed herein \l~ed

,1 50: 50 glacial acetic-acetic anhydride mixture, O.1054N perchloric acid,
and gentian violet indicator.

Polymerizations

Homopolymerization (Trial 1, Table I). The polymerization solution
was poured into 50 ml of acetone, forming a gummy mass. The liquid was
decanted, and .50 ml of additional acetone was added; a brittle, powdery
solid was formed. The infrared spectrum of a film cast from methanol
showed no vinyl grouping absorption and showed absorption at 1575 cm- I

due to the carbonyl. Thermogravimetric analyses (TGA) shows the poly
mer losing 95% of theoretical trimethylamine bet",'een 1~0 and 220°C. A
film cast from chloroform, when heated at 180°C for 1 hr showed disappear
ance of the 1575 cm -1 aminimide band and appearance of the isocyanate
infrared absorption band at 2250 cm -I.

Homopolymerization (Trial 2, Table I). The pol:r'merization :"olution
was reduced to a gummy mass on the rotary evaporator, the residue dis
solved in 10 ml of methanol and precipitated from acetone. The results
were the same as for trial 1.

Homopolymerization (Trial 3, Table I). After the 48-hr heating period,
most of the polymer had precipitated as a heavy oil. The heavy oil was
dissolved in 25 ml of methanol and precipitated from ether. The hard
solid was washed with ether and collected by filtration, giving 8.0 g of
solid. A sample was redissolved in methanol, reprecipit.ated from ether,
dried, and analyzed. The infrared spectrum (halocarbon mull) showed
the expected aminimide carbonyl absorption band at };i7;i cm- I and the
N:\lR spectrulll showed no vinyl protons. Further, thin-layer chro
matography (TLC) showed no remaining monomer. The DTA Clll've
exhibited a strong exotherm at 180°C, and the TGA curve showed a
weight loss of 1.4.1 mg in a 5.10 mg sample between 180 and 220°C [caled
forN(GH3)aloss: 1.57mg).

TAVBI-Styrene Copolymerization (Trial 4, Table I). The polyllwl'iza
tion solution was poured into 400 ml of ether and the polymer collected.
After washing with ether and five 50 ml portions of 2% CHCh in ether,
the polymer was shown to be free of monomer by TLC. The infrared
spectrum (halocarbon mull) showed carbonyl absorption at 1575 cm-1 and
aromatic hydrogens, The NMR spectrum (CDCh) showed no vinyl
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protons. The elemental analysis indicated that the polymer consisted of 
about 1.7 styrene to 1 TAVBI unit (calcd: X, 5.14%; found: N, 5.16%).

The DTA curve exhibited an exotherm at 185°C. The TGA curve 
indicated a weight loss of 0.21 mg [calcd for N(CH3)3 loss, 0.23 mg.] 
between 170 and 220°C, which was in good agreement with the other 
analyses.

TAVGI Styrene Copolymerization (Trial 5, Table I). The polymeriza
tion solution was poured into 400 ml of ether and the polymer collected. 
The analyses results were the same as in trial 4.

TAVBI— Methyl Methacrylate-Hydroxypropyl Methacrylate Terpoly- 
mer (Trial 6, Table I). The polymerization solution was diluted with 30 
ml of acetonitrile and precipitated from 2% ethanol in ether. After 
decanting the ether solution from the gummy mass, the addition of 200 
ml of additional ether caused the polymer to solidify, forming a brittle 
granular solid. The polymer was ground in a mortar and pestle and washed 
with ether. After air drying, 18 g of solid was isolated. No monomer 
was present as indicated by TLC. The infrared spectrum (film) showed 
hydroxyl absorption bands at 3510 and 3420 cm-1 and carbonyl absorption 
bands at 1720 cm-1 (ester) and 1575 cm-1 (aminimide). The analysis 
indicated that the polymer contained 15% of aminimide (calcd: N, 
1.87%; found: X, 2.02%). The monomer ratio in the polymer was 
estimated at 5:1:1, methyl methacrylate:hydroxypropyl methacrylate: 
TAVBI. Differential thermal analysis (endotherm maximum 223°C, 
onset 170°C) and TGA indicated that the polymer lost trimethylamine 
(0.25 mg on a 5.49 mg sample), in good agreement with the expected loss 
(calcd: 0.3 mg).

A film cast from chloroform solution was heated at 180°C for 2 hr, and 
the infrared spectrum showed the disappearance of the 1575 cm-1 amini
mide carbonyl absorption band and the appearance of the band at 1720 
cm-1 attributable to the formation of the urethane linkage.

TAVBI Methyl Methacrylate Copolymerization (Trial 7, Table I). The 
polymerization solid wax dissolved in 20 ml of chloroform and precipitated 
from methanol. After two additional precipitations from methanol, the 
white solid, after drying in vacuo, was obtained in a 1.1 g yield. The in
frared spectrum (film from chloroform) indicated ester at 1725 cm-1, aro
matic ring at 1600 cm-1, and aminimide carbonyl at 1575 cm-1. The DTA 
curve showed onset of exotherm at 160°C, and the TGA curve showed a 
weight loss of 1.2 mg [calcd. for N(CHs)a loss, 1.0 mg] on an 18.2-mg sample 
over a temperature range of 160-225°C.

The elemental analysis indicated that the polymer consisted of about 
4 methyl methacrylate to 1 TAVBI unit (calcd: N, 2.45%; found: N, 
2.38%)'.

TAVBI Styrene Copolymerizations (Table II). Polymerizations were 
terminated by pouring the contents of each serum bottle into a large volume 
of ether. The precipitated polymers were collected, washed several times 
with ether, and checked for purity by TLC. All polymers showing traces
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of TAVBI were extracted with ether until ÏL C  gave a negative indicat ion 
of TAVBI. All polymers were dried in vacuo (0.1 mm Hg) for 24 hr 
and analyzed for TAVBI content by both per cent nitrogen determination 
and titration of the aminimide functional group (Table II). The values 
(see Table II, columns 6 and 7) determined by the two analysis procedures 
were in close agreement.

RESULTS AND DISCUSSION

Monomer Synthesis and Monomer Properties

Trimethyhimine-4-vinylbenzimide (TAVBI) was prepared in fair yields 
according to the reaction scheme shown in eqs. (l)-(4 ).

CH— — C02H + SOCh 

CH,

I +  (CH'()2NNH2

II + SOnCIB

III + KOH (alcoholic)

CH— —COC1
CH2

I

TAVBI
IV

( 1 )

(2)

(3)

(4)

Trimethylamine-4-vinylbenzimide (IV) exhibits excellent solubility in 
water, alcohols, acetonitrile, chloroform, dimethylsulfoxide and tetrahy- 
drofuran, similar to the solubility properties previously reported for tri
methyl amine methacry limide.1

Trimethyhimiue-4-vinyìbenzimidc has good thermal stability and long 
shelf life. For example, there is no evidence of polymer formation after 
long periods of storage in the dark at room temperature. The monomer 
can be recrystallized from benzene-cyclohexane mixtures or sublimed in 
vacuo without apparent polymerization or decomposition. Differential 
thermal and thermogravimetric analysis indicates that the monomer starts 
to decompose at ca. 175°C and decomposes rapidly at 200°C.

Polymerization

Some of the results from the initial homo- and copolymerization screen
ing experiments on TAVBI are shown in Table I.

Homopolymerization of TAVBI was accomplished in both aqueous 
and nonaqueous solutions with AIBN as initiator. Both the infrared and
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Heterogeneity Parameters by Light Scattering for 
Statistical Copolymers Incorporating Long 

Side-Chain Comonomers

EDMUND E. JORDAN, JR., Eastern Regional Research Laboratory, 
Eastern Utilization Research and Development Division, 

Agricultural Research Service, ILS. Department of Agriculture, 
Philadelphia, Pennsylvania 19118

Synopsis

Heterogeneity parameters were obtained by light scattering for a series of statistical 
copolymers incorporating long side-chain comonomers, by employing the method of 
Bushuk and Benoit. These copolymers were selected to exhibit varied compositional 
drift as required by copolymerization theory. The magnitude of the parameters found 
agreed qualitatively with the heterogeneity expected from the drift in composition with 
conversion. This was calculated using the treatment of Skeist, as modified bjr Kruse. 
However, values greater than the limit of unity were found in two instances for the 
heterogeneity index, Q/Qmax, which relates the compositional drift constant Q to the 
maximum value obtained for mixtures of homopolymers. These anomalies were 
attributed to the insensitivity of the method for heterogeneous copolymers having small 
differences in the refractive increments of their respective homopolymers. The magni
tude and sign of P, which reflects molecular weight effects on composition, was question
able because of experimental error. Both effects appear to be general deficiencies of the 
method, which limit its practical use. For solvents with high values of dn/dc («0 .1  ), 
the observed weight-average molecular weight approached the true value.

INTRODUCTION

It is well known1 that the intensity of light scattered by copolymers 
increases anomalously at low values of the refractive increment. Conse
quently, the observed weight-average molecular weights increase as re
fractive increment is lowered in a series of solvents. This was first at
tributed2 to the distribution of the values of dn/dc with the variable com
position present in both the instantaneously formed copolymer,3 and as 
composition drifts with conversion.4 The phenomenon was first treated 
theoretically by Stockmayer5 from a consideration of azeotropic copoly
mers. This theory was later extended by Bushuk and Benoit6 to provide 
a convenient means of determining heterogeneity in copolymers. The 
latter work provided parameters characterizing compositional drift re
sulting from both molecular weight distribution and reactivity differences 
between the comonomers, as well as yielding the true weight-average 
molecular weight of the copolymer, and of the components of the copoly-

2 2 0 9
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mer. Experimental data obtained by the method have, so far, been 
limited essentially to copolymers of styrene and methyl methacrylate, but 
these included statistical copolymers,6-8 graft copolymers,9-11 block co
polymers6'7'12'13 and mixtures of homopolymers.6'7 Other systems studied 
were a styrene-acrylonitrile azeotropic copolymer14 and a statistical ethyl 
acrylate-methyl methacrylate copolymer.15 Both showed little hetero
geneity by the method.

In this work the effect of increasing compositional heterogeneity and 
broad molecular weight distribution was evaluated by the method for a 
series of statistical copolymers containing long side-chain comonomers. 
Copolymers employed were n-octadecyl acrylate with, respectively, sty
rene, «-butyl acrylate, and vinyl acetate and X-n-octadecylacrylamide 
with, respectively, vinylidene chloride and acrylonitrile. Because Price- 
Alfrey parameters were available for both of the long side-chain comono
mers16'17 the drift in composition with conversion could be computed.4 
Batch copolymerization to high conversions and branching through the 
side-chain were expected to cause extensive molecular weight broadening. 
These factors, coupled with variation in the refractive increment differences 
between the homopolymer pairs, were expected to impose a severe test of 
the practical utility of the method.

EXPERIMENTAL

Preparation of the Long Side-Chain Monomers

N-n-Octadecylacrylamide was prepared as described.18 n-Octadecyl 
acrylate was obtained under special purchase from Monomer-Polymer 
Corporation and its physical properties have been described.19 The amide 
and ester were, respectively, 98.5% and 95% pure by gas-liquid chromatog
raphy. The ester was 99% pure by ester number; its impurities appeared 
to be the lower homologs, principally C«. Other vinyl monomers were the 
purest available commercially and were distilled just before use.

Polymerization Procedure

The copolymers containing n-octadecyl acrylate were prepared as fol
lows. The styrene series were copolymerized in bulk at 60°C and were 
initiated with 0.2 mole-% of azobisisobutyronitrile (AIBN); the vinyl 
acetate series were copolymerized in benzene in a mole ratio of one, based 
on total monomers, and were initiated with 0.4 mole-% of AIBX; the 
n-butyl acrylate series were copolymerized in benzene at 63 °C at a mole 
ratio of solvent to monomer of four, based on total monomer and were 
initiated with 0.2 mole-% of AIBN and regulated with 0.1 mole-% of 
w-dodecyl mercaptan. The copolymers incorporating A-n-octadecyl- 
acrylamide were prepared as follows; the vinylidene chloride series, 
through a feed composition of 25 mole-% of amide, were copolymerized in 
dispersion at 60°C with the use of a 0.5% polyvinyl alcohol solution (2 ml/g 
based on total monomer) containing 1.5 wt-% powdered magnesium car
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bonate (based on water) as a dispersing agent. The initiator was 0.1 
niole-% of benzoyl peroxide. The balance of the vinylidene chloride co
polymers were copolymerized in teri-butanol, with a solvent to total mono
mer ratio of 3 and were initiated with 0.4 mole-% of benzoyl peroxide. 
The acrylonitrile copolymers were prepared and purified as described.18 
All of the solution- and bulk-polymerized copolymers were isolated by 
precipitation in a nonsolvent and freed of monomer by repeated extrac
tions. Hot methanol was used for all of the copolymers, except the vinyl 
acetate rich copolymers, which were extracted at room temperature in 
either hexane or hexane-methanol mixtures. Samples were freed of 
solvent by evaporation from thin layers, usually in vacuum at <50°C. 
The purification of the dispersion copolymer has been described.19

Refractive Increments and Light-Scattering Molecular Weights

Solvents used for light scattering were of the purest available commer
cially and were distilled before use through an efficient column. All re
fractive increment measurements were made at 30 ±  1°C with the use of 
a Brice-Phoenix differential refractometer which had been modified elec
tronically by Dr. Brice for facile read-out of the solvent and solution 
values. A small glass correction factor calibrating the divided measuring 
cells, also provided by Dr. Brice, was applied to the readings. The light 
source was the 5360 A mercury line. Each polymer or copolymer was 
measured at two of the concentrations to be used for the measurement of 
molecular weight, and the average quotient was taken as dn/clc. Devi
ations were always small. The same procedure was followed for the homo
polymers and copolymers used in Table I. The value found for NBS 
broad molecular weight polystyrene in toluene at 30°C was 0.114; the 
literature value in this solvent was 0.109-0.111 at 25-30°C.20 A com
pilation of refractive increment values is available20 for comparison with 
other values in Table I.

Light-scattering measurements were made with a Sofica light-scattering 
photometer, Model Number 701. The light source was the green mercury 
line at 5360 A, and the calibration standard was pure dust-free benzene. 
All measurements were made at 30 ±  1°C. Sample concentrations c were 
diluted to 0.75c, 0.50c, 0.33c, and 0.25c. The initial concentration was in
creased as scattering intensity decreased and ranged from 2.0 g/1 when 
dn/dc was 0.1 to 0.2, to 15 g/1 when dn/dc was 0.01 or less. Curvature 
of the virial slope was not found. Solvents and solutions were dedusted by 
filtering each concentration through a Millipore filter assembly directly 
into the solution cells, which were protected by slotted dust shields. Filter 
designation GSWP 0.22/* was used with most solvents; when these were 
soluble (with tetrahydrofuran and n-butyl acetate) filter designation 
NRWP 1 /*, was used. With the latter porosity, however, some dust or 
microgel was present as evidenced by a marked downward drift of the 
Zimm plot at low angles. The data were treated by the method of Zimm21
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TABLI~ I
Refracl,ive III{'I'clllenl~ and Oh~erve(l Molecular Weig:hts

---------- ------~ -~-------- -- ---_._--

.J{""I' X
Experiment" Solvent V:l Vb 10-5

-_._----

(OA + BA) Tetmhydroful'an o.OG,', I 0.0702 0.0534
., 6S1,)

Hexane 0.O~8.i 0.1096 0.O\l!J7 :{ 186
Chlorobenzelle -0.0;i2.i -0.0682 -O,0;i7.i 3.101
Benzene -0.0292 -O.O;iO.i -0.03:H 4.0.i:3
Toluene -002:W -0.042.) -O.02HO :3.074

2 (OA + STY)b lIexalle O.l!l72'1 0.12\)2 lJ. LiSS 10 :31
Tetrahydrofurall 0.1926 o 089X o 1:3:t~ 10.41
Carbon tetrachloride 0 LilX 0.0114 O.07J4 10 :1I
Benzene o 112:3 -0.0269 0.025:3 Li 44
Chlorobenzene 0.0848 -0.0489 0.0007 (j;{8.0

., (OA + STY)' Hexane o.1\J72<1 O.12!J2 O. LiS.i \.).32oJ

Tetrahydrofuran o I!J2G 0.0898 0.1016 17.41
Chlorobenzene 0.084X -0.0489 -0.0324 1961
Carbon tetrachloride 0.1518 O.01l4 0.0409 2Li:3

4 (O:M + VCL) Hexane O. Li7!Jd 0.1I6S 0.1322 6.078
Tetrahydrofuran 0.126:{,1 O.OS!lS O.102S 6.031
Cydohexane 0.114.",'[ o (Hi,-J! O.07\17 6.HOI
Toluene o 06G.-,d -001'-,4 lUll :{'-, 14 .72
Bemenc 0.0607'[ -O.02li!l OOO;;H -'J - ..,.) .. ).-,

:) (OM + AN) Tetrahydrofunu 1 0.1244'1 OOS\lS O.O!)(il 2.767
Chlorobenzene O.OO:1\l,1 -O.04X\) -O.03li!l .i .:391
Benzene 0.007201 -O.026!J -0.01\):3 .).883

Toluene 0.023601 -0.0l.'>4 -0.0072 2;).23

(j (OA + VA) n-Butyl acetate 0.0716 0.0883 0.0812 5.755
Tetrahydrofuran 0.0582 0.0723 0.0657 6.675
Chlorobenzene -00426 -0.0563 -00546 6.863
Benzene -0.022;i -0.0:363 -0.0321 9.891
Cyelohexanone O. OOX:~,I 0.017'"i 0.0140 18.33

7 (OM) Hexane 0.1292 7.M!l
.L'etrahydrofuralt 0.0898 6.\l86
Cyclohexane 0.0651 6.:333
Chlorobenzene 0.0489 6.214
Benzene 0.0269 6,:367
Toluene 0.01.54 7.9.52

• Letter combinations stand for the following: OM, N-n-oetadecylacrylamide;
OA, n-octadecyl lwrylate; BA, n-hul.y1 acrylate; STY, ~tyrene; VCL, vinylidene chlo
ride; AN, acr~'l()lIit.rile; VA, vinyl aeet.at.e. The suhseript, h refers t.o the long side
ehaill eopolymer.

b Weight fraction, n-oetadecyl acrylat,e, 0.594.
, Weight fraction, n-octadecyl acrylate, 0.846.
d Extrapolat.ed by using regression coefficients obtained by least-square fit.ting of

values of V and Wb for soluble copolymers.

for measurements at angles ranging from 30° to 150° for all five concentra
tionR.

Osmometric Molecular Weights

OHmometric molecular weights were usually run in toluene at ;37°C 011 :t

l\1echrolah osmometer 501, following the procedure described previouHly.t~
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Calculations by Computer

The parameters of eq. (1) were evaluated by an IBM 1130 computer 
using program designation IBM POLRG and were carried through a 
five-degree polynomial. An F test, applied to the analysis of variance, re
vealed that the second-degree polynomial was the most significant, as 
required by theory.6 The parameters of eq. (2) were evaluated by least- 
square fitting from a program calling subroutine SIMQ. A program 
solving the equation of Kruse27 was written for insertion in a general calcu
lation subroutine designated QREAD.

THEORY

The development of the theory has been described in detail else
where5 - 7’22'23 and has been treated in reviews.24-26 Consequently, only 
expressions pertinent to the present work will be discussed briefly here. 
Based on the assumption6 of linearity between the refractive increment and 
the weight fraction of copolymer composition, an expression yielding the 
heterogeneity parameters P  and Q and the true weight-average molecular 
weight M w was derived and is given here as

T /a p p  =  M w +  2P(va —  vt/v) +  Q(va —  Vb/ v ) 2 ( 1 )

The weight-average molecular weights of the A and B component, M a and 
Af6, respectively, are contained in the expression

-Rapp = {vaVb/vi)M w +  Va(va — Vb)/vhcaAla +  vh(vb - Va) / v'lWbM „ (2)

In both expressions i l / app is the observed molecular weight, M w is the 
true molecular weight, v„ is the refractive increment of homopolymer A, 
v„ is the refractive increment of homopolymer B, v is the refractive incre
ment, and a\ is the weight fraction for the copolymer. P and Q are de
fined by

2 P  =  2j2yiM t8Wi = w„(Mw — Mb) — wa{Mw — Ma) (3)

Q =  E t t M W  =  (wa)(W b)(M a +  Mb -  M w) (4)

where y, and M t are, respectively, the relative concentration and molecular 
weight of species having composition u\, while &wt is the deviation in com
position of these molecules from the average one. Thus P  expresses the 
molecular weight influence on compositional heterogeneity, while Q indi
cates compositional drift produced in accordance with the kinetics of propa
gation in copolymerization. Limits of P  and Q are

—ivaMw ^ P  ^ wtMw (la)

0 ^ Q ^ M w[ 1 — (wawb) ] (2a)

For comparing data, the terms P/Mw and Q/Mw are convenient. An es
pecially useful quantity is Q/Qmax, where Q,„ax is the maximum value of the 
heterogeneity constant for a given system (i.e., the value obtained for a
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mixture of two homopolymers) and is defined as (walL'&)fiilto• Q/Qmax,
which has the limits 0 ~ Q/Q",ax ~ 1, is thus a useful index of composi
tional heterogeneity.

RESULTS AND DISCUSSION

The observed molecular weight, Mapp and the values found for the re
fractive increment are listed in Table 1. In this work the b subscript
always refers to the long side-chain homopolymer. The copolymers used
and their lettered designations, in the order given in Table I, are: 1,
n-octadecyl acrylate, OA, n-butyl acrylate, BA; 2,3 n-octadecyl acr~'late,
styrene, STY; 4, N-n-octadecylacrylamide, OM, vinylidene chloride,
VeL; 5, N-n-octadecylacrylamide, acrylonitrile, AN; 6, n-octadecyl
acrylate, vinyl acetate, VA. Experiment 7 (OM) shows molecular weight
data for the homopolymer, N-n-octadecylacrylamide, in the same solvents
used for the copolymers. Further reference to these systems will be by
experiment number only. Because neither poly(vinylidene chloride) or
polyacrylonitrile is soluble in any of these solvents, values of refractive in
crement versus weight fraction for a series of five copolymers, can-ied to
high conversion, were fitted as first-degree polynomials, with the intercept
yielding lJa' This procedure was required with one solvent each for ex
periment 3 (hexane) and experiment 6 (cyclohexanone). Increase in the
magnitude of the slope of this relation, IJ& - lJa, is in the direction of in
creasing accuracy. For these experiments the relative magnitude of IJ&

- lJa was: vinyl acetate, 0.11; butyl acrylate, 0.14; acrylonitrile,O.:i4,
vinylidene chloride, 0.51; styrene, 1.0. As had been observed before, I.

copolymers of similar structure had low relative values. The difference,
IJ& - lJa, was not constant for the solvent series of each experiment, as had
been assumed for styrene and methyl methacrylate. 13 Surprisingl~·, it
varied from positive to negative for the butyl acrylate and vinyl acetate
system. This may reflect the influence of the long side-chains on dn/de:
in these two examples where the slopes are already low.

In Table II are listed the reactivity ratios ra and 1'& and the mole fractions:
of the long side-chain comonomers in, respectively, the feed j&O, the initial
copolymer, F&o, and the final copolymer, F&. This last value was estimated
from the relation of Skeist4 and was read from plots using the simplified
calculations of Kruse,27 which were solved by computer. With the aid of
these plots, the ratio of the experimental drift of F& with conversion p
compared to the maximum value at p = 1.0 was obtained as the ratio of
areas in accordance with the relation

rn rl

A/A max ;;= n[F(n)] - Jo !(]I)dp/F(l) - Jo j(p)dp (,5)

The areas were measured from the plots with a planimeter and were given
the designation A/Aroax. This ratio therefore, represents the extent of
drift for each system. In similar fashion, Are.l (Table H) relates the hetero-
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TABLE II
Reactivity Ratios and Calculated Initial and Final Copolymer Compositions

Expt 1 
(OA +  

BA)

Expt 2 
(OA +  
STY)

Expt 3 
(OA +  
STY)

Expt 4 
(OM +  
VCL)

Expt 5 
(OM +  

AN)

Expt 6 
(OA +  

YA)

Ta 1.0 0.640 0.646 0.440 4.394 0.048
n 1.0 0.120 0.120 1.257 0.140 7.312
fus 0.350 0.300 0.600 0.250 0.350 0.400
FlA) 0.350 0.300 0.452 0.378 0.105 0.846
F f 0.350 0.300 0.560 0.315 0.230 0.455
Fb'b 0.157 0.320 0.638 0.357 0.380 0.340
Wif 0.320 0.594 0.846 0.649 0.789 0.660
Conversion, % 89.0 94.8 91.3 66.9 83.1 93.8
A / -A max 0 0 0.635 0.342 0.415 0.830
■A re I 0 0 0.29 0.11 0.31 1.00

° Calculated by the method of Kruse.27
b Calculated from the refractive increment data, w/,, calculated from the elementary 

analysis, was: expt 1, 0.574; expt 2, 0.567; expt 3, 0.827; expt 4, 0.642; expt 5, 0.783; 
expt 6, 0.701.

geneity of each experiment to the one having the greatest heterogeneity 
(experiment 6). Fh' and the corresponding weight fraction wb were com
puted from the refractive increments of the homopolvmers and copolymer. 
Similar values were obtained by elementary analysis. The values found 
for Ft generally indicated greater compositional drift and more hetero
geneity for the experiments than were estimated from the Kruse relation. 
However, large errors arise in determining copolymer compositions by ele
mentary analyses.28 Because error is also considerable in the Kruse rela
tion, which depends on reactivity ratios,28 these observed differences and 
apparent anomalies can be expected. Although composition estimates for 
copolymers by refractive increment probably involves less error than by 
the other methods, uncertainties in the determination can be large, arising 
mostly from impurities in the polymer and solvents.29 This might be the 
cause of the low value of F,/ in experiment 1. In this case, however, the 
value of Ft,' by elementary analysis seems to be correct. Reactivity ratios 
were calculated, the values for .Y-n-octadecylacrylamide, Q =  0.66, 
e = 1.13 being used,17 except for experiment 5 (see below) and for n-octa- 
decyl acrylate, Q =  0.43, e =  0.80, as estimated from reference 16. Other 
values of Q and e were from Young.30

The parameters, evaluated by computer, for eqs. (1) and (2) are listed 
in order of increasing heterogeneity in Table III. Equation (1) describes 
a parabola in which the magnitude of Q indicates the degree of curvature, 
the slope at va — vt/ v  = 0 indicates the value and sign of P ,  and the inter
cept is M w. Relative heterogeneity is best expressed as Q/Mw, while the 
fraction of the maximum heterogeneity attainable (realizable for mixtures) 
is given as Q/Qmax. Consequently, for comparison with the data in Table II 
it is convenient but only qualitatively proper to compare A iei and Q/Mw,
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TABLE III
Molecular Weights and Compositional Heterogeneity Parameters

Expt 1 
(OA +  

BA)

Expt 2 
(OA +  
STY)

Expt. 3 
(OA +  
STY)

Expt 4 
(OM +  
YCL)

Expt. 5 
(OM +  

AN)

Expt 6 
(OA +  

VA)

M y, X 10 '6 [eq. (1)1 3.342 9.397 15.75 6.622 2.945 6.703
M v, X 10“6 [eq. (2)] 3.248 11 .29 14.69 6.445 2.863 5.135
P  X 10“ 4 -1 .0 3 4.88 5.13 —4.37 \ to to 56.28
*„ X 10-4 ±4.72 ±0.89 ±1.08 ±0.997 ±1.11 ±46.36
Q  X H)-4 0 1). 121 3.49 3.04 6.30 44.00
S ,  X 10-4 ±0.009 ±0.83 ±0.13 ±0.39 ±10.79
P / M w 0.052 0.033 -0 .066 -0 .112 0.840
Q / M w 0 0.0013 0.022 0.055 0.214 6.57
Qmax X 10-~6 2.307 2.176 1 .522 0.500 1 .405
Q/Qmax 0 0.0053 0.160 0.239 1 .26 31.3
M  a X 10 ~6 -1 .823 4.252 6.114 2.549 2.976 1 14.1
Mb X 10 -1.991 7.078 9.600 5.440 3.698 48.18
M n X lO“6 1.017 3.609 3.813 1 .722 1 .232 1 .076
M w / M n 3.29 2.60 3.99 3.85 2.39 6.23

with a value of one arbitrarily assigned to the latter parameter in experi
ment 6. Actually, if the limit of heterogeneity is assumed for experiment 6 
[see relation (2a)], Q/Mw is then approximately 0.78, yielding for experi
ments l -o  relative values for Q/Mw of respectively 0, 0, 0.03, 0.07, 0.27. 
The quantities A /A max and Q/Qmax have different meanings, of course, and 
cannot be compared. In general, the values in Table III for Q, Q/Mw 
and Q/Qmax are in the expected order as required by their kinetic parameters 
ra and rb and are qualitatively in harmony with the calculated values of Table
II. For example, in the two special cases of equal comonomer reactivity 
(experiment 1) and azeotropic feed composition (experiment 2) where both 
comonomers enter at equal rates, the values of the parameters are rea
sonable. Because these data seem to indicate that the reactivity ratios 
are correct, the value for Q/Mw in experiment 3 seems to be too low. Both 
the extent of drift, -4/A max, and the quantity Mrei indicate the presence of 
considerable heterogeneity. In contrast, in experiment 4 there is better 
correspondence betiveen the constants of Tables II and III.

Two divergent Q and e parameters exist for the A-M-alkylacrylamides,17,31 
leading to different predictions of reactivity and of homogeneity for the 
jV-Ti-octadecylacrylamide-acrylonitrile system (experiment 5). The 
values r„ and /> listed in Table II31 predict much heterogeneity, while the 
other17 values (ra =  0.836, rh — 1.191) indicate very little. Because 
Q/Mw and especially Q/Qmax were both large, the former values were con
sidered to be correct and were listed. Some reservations exist however. 
The compositions of all copolymers of W-n-octadecylacrylarnide with 
acrylonitrile have always been found at this laboratory to equal the mono
mer feed in either ¿erf-butanol or benzene, where copolymerization occurs 
heterogeneously. Anomalies are known to exist which affect the kinetic
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parameters of copolymerization under heterogeneous conditions,82 being 
especially severe with acrylonitrile copolymers. Conceivably hetero
geneity could be present that was not reflected in the copolymer analy
sis.

The extreme heterogeneity found for the n-octadecyl acrylate-vinyl 
acetate system (experiment 6) is predictable from the reactivity reactivities 
in view of A /A  max- However, the ratio Q/Qm̂  is far in excess of the the
oretical limit of unity, for this system and, to some extent, for the previous 
one. For vinyl acetate this may be related to the small value of — va 
(Table I) coupled with the low value of v used to calculate M app in benzene 
and in cyclohexanone. By setting P  equal to zero and using Qmax, M m, 
and found values for the ratio va —  vt/ v ,  values of M app were calculated 
which were close to values found for the first three solvents in experiment 6, 
but which differed widely for the last two. Although this explanation 
may be an oversimplification, similar results were found for experiment 5.

The magnitude and sign of P  reflects the shift in composition of the 
A or B species into the higher molecular weight fractions of the copolymers 
[eq. (3)]. In these systems, a negative value for the constant indicates a 
shift of the long side-chain monomers into the high molecular weight frac
tions; a positive value indicates the opposite. While specific trends in 
Table III may be rationalized, it is considered that the large error (values 
of s) in P  make such rationalizations speculative. The errors in literature 
values of P and Q showed similar trends when all available data6’7'9'10’13 
were recalculated by the computer methods used for this work. With 
statistical copolymers, the data indicated greater heterogeneity than would 
be expected from the respective reactivity ratios.

Values of M w from eq. (2) agree fairly closely with those of eq. (1) (Table 
III), while values of Ma and M„, when inserted in eq. (3) yielded reasonable 
values of P. Credence is thus lent to the above remarks by the parameters 
of eq. (2).

SUMMARY AND CONCLUSIONS

In this work, several copolymers of increasing heterogeneity were pre
pared at high conversions from monomers selected to produce composi
tional drift in accordance with copolymerization theory. Molecular weight 
broadening was obtained by batch polymerization and through branching. 
It was shown that, in general, the heterogeneity index followed the kinetic 
predictions but that indices of heterogeneity higher than those theoreti
cally possible were observed in two cases, one case being extreme. These 
facts, together with uncertainties with respect to the magnitude and sign 
of P, lead to the conclusion that experimental quantitation depends on the 
differences in value for the refractive increments of the two homopolymers. 
Insensitivity becomes particularly severe when vb — va is low and where va 
and vb are of opposite sign. In this situation v is extremely low, casting 
doubt on the validity of M app. It is under these circumstances that Afapp
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site enjoys an existence which is independent of the other species present. 
Typically, Ziegler-Natta catalysts incorporate several species of active 
sites which, in the presence of monomer, produce polymer simultaneously. 
The study of these catalysts will be simplified as ways of examining the 
active species in isolation are found. This paper reports a study of the 
polymerization of isoprene with VCI3  and Et3Al. The results indicate the 
presence of several species of active sites and it has been found possible 
to take some initial steps toward their study on an individual basis.

EXPERIMENTAL 

Polymerization Technique

Polymerizations were carried out in a 2-liter, steam-heated, water-cooled 
glass reactor fitted with a stainless steel headplate. Temperature control, 
to ±1°C , was achieved by the action of a thermistor through a bridge 
circuit and relay on a solenoid valve in a steam line. Rapid cooling 
was obtained by manual operation of a cold water valve. During opera
tion, the reactor temperature could be changed within 2 min from any 
temperature in the (10-90°C range, to any other temperature in that range. 
VCI3 powder was weighed into the reactor from a stainless steel tube 
which could be screwed into the reactor and discharged by opening a 
Yrin. ball valve. The amount of other reagents required was calculated 
from the weight of vanadium trichloride added to the reactor, with the 
order of addition being: VCI3 , benzene, Et3Al, isoprene, and, where
appropriate, electron-donor compound. A positive pressure of nitrogen 
was maintained in the reactor at all times. Samples of polymer were 
collected in ice-cold flasks containing methanol under a nitrogen atmo
sphere. The polymer was recovered by pumping off the volatiles at a 
temperature below 40°C and storing them under nitrogen in a refrigerator 
until needed. The yield of polymer was obtained by direct weighing. 
A11 allowance for the catalyst residues was made by taking samples at 
zero time, before any polymer had been formed, and removing the volatiles 
exactly as in the case of samples containing polymer.

All VCI3  manipulations were carried out in a nitrogen-filled dry box. 
Oxygen was removed from the box by flushing with at least five volumes 
of nitrogen, thereby reducing its concentration to less than 0.1%. The 
presence of oxygen was tested for by means of a 3-V lamp from which the 
glass envelope had been removed. If the lamp burned without smoking, 
the concentration of oxygen was deemed to be acceptably low. The 
nitrogen in the box was dried by circulation over open dishes of P2O5.

Chemicals

VCI3  from Stauffer Chemical Co. was extracted for 16 hr at 80°C with 
dry benzene, washed twice with fresh dry benzene, pumped dry, ball- 
milled for 6 hr, and stored in a desiccator in the dry nitrogen box until 
required. The same batch of VC13 was used for all the experiments.
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Et;iAl from Texas Alkyls was received as a solution in benzene and used 
without purification. Phillips Polymerization Grade isoprene was distilled 
under nitrogen and stored over activated alumina at 0°C until used, within 
three days of distillation. Benzene (Phillips Pure Grade) was dried over 
3A molecular sieves and deaerated by nitrogen bubbling. Hi-Pure Grade 
nitrogen gas, from Liquid Carbonic, was used as received for most experi
ments. The nitrogen gas for a few experiments was obtained from high 
purity dry grade liquid nitrogen manufactured by Union Carbide. Methyl 
hydrate grade methanol was bubbled with nitrogen to remove dissolved 
oxygen and used without further treatment. Anhydrous diethyl ether 
from Fisher Scientific Co. was used without purification. Diisopropyl 
ether, Fisher Certified Keagent Grade, was purged with nitrogen to remove 
oxygen, dried with sodium metal, and distilled under nitrogen.

Structural Analysis of the Polymer

The structure of the polyisoprenes prepared was determined by the 
nuclear magnetic resonance method.6 The absorption due to methyl 
group protons relative to tetramethyl silane (TMS) occurs at 1.66 ppm in 
Carts-1,4-poly isoprene, 1.79 ppm in m-l,4-polyisoprene, and 0.9 and 1.8 
ppm in cyclized polyisoprene. Because of the absorption at 1.8 ppm it 
is not possible to obtain a reliable estimate of the cis/trans ratio in the 
presence of cyclized polyisoprene. Protons of the terminal CH2 groups 
in 3,4-polyisoprene absorb at 4.84 ppm. The spectra were run in solutions 
of deuterated benzene in which solvent absorption by impurities was at a 
minimum. The small amount of benzene present, absorbing at 7.20 ppm 
relative to TMS, served as an internal reference. The percentage of each 
polyisoprene was determined by measuring the area under the appropriate 
absorption peak. In the absence of cyclization, the error in the cis/trans 
ratio is less than 1%, but the error in total irans content and in the 3,4- 
polyisoprene content is ±  3%.

Molecular Weight Distribution Measurements

.Molecular weight distributions were determined with a Waters gel 
permeation chromatograph containing columns with pore sizes of 5 X 106, 
3 X 10°, 1 X 10\ and two of 3 X 104 A. The initial theoretical plate 
count was 854, but it fell to 339 at the end of the experiments with most 
of the loss occurring in the 3 X 104 A columns. The solvent was cyclo
hexane at 58°C; trans-1,4-polvisoprcne was injected as a 0.5% solution in 
cyclohexane.

The chromatograph was calibrated with buns-1,4-polyisoprene fractions 
prepared in a large-scale Baker-Williams column7 employing ethylene 
dichloride as the solvent and methyl ethyl ketone as the nonsolvent. The 
intrinsic viscosity of the fractions was determined in toluene at 30°C, 
and the molecular weight calculated from Cooper’s relationship:8

[r,] =  4.37 X 1 0 -W 0-65
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The fraet.ions were run in t.he chronmlograph and a trial calibrat.ion curve
of log ill. against the elut.ion volume in count. numbers was prepared.
Xext, the chromatographic t.race of each fract.ion was divided into seg
ments, il" for each segment. was read from the graph, and the viscosit.~·
average molecular weight for eaeh fraction was calculat.er! fl'OmS'~

.II,. = [r.!ii~lli(~+o.r.:'!J'/o.r.:>
"LN;:1/i

The calibration curve of log JI. venms count number was redrawn, the
count numbers corresponding to the calculated Mv of each fraction being
used. This process was repeated until no significant change in the cali
bration curve occurred with further iteration. Weight-averag8 and num
ber-average molecular weights were calculated from,9

Xl" = ",£Ni.1f,~/"LNi!lli

.11" = "LNi.l/;"LNi
No allowance was made for brotHlening of t.he dist.ribution due to imperfect
resolution in the columns; the final calihmt.ion curve was: log ill. =
10.620 - 0.160 (count IlIl1nher).

Experimental rep]'()ducihilit.y was e:-:t imalcd by running the same sample
through the chromatograph a number of t.ime:-;, and by re-reading the same
trace a number of times. Reading errors were negligible but the error
from re-running the same sample was ±12% in Mw and ±8% in Mn .

The low molecular weight peaks found in most samples were not included ill
the molecular weight calculations. A cut-off was made in the region of
count number 40 and the low molecular weight end of the distribution
drawn in by hand. We estimate the precision of the measurements to be
±20% in Mn and ± 15% in M. and Mw• The absolute error, due to
concentration and other effects, is liable to be much greater.

EXPER~ENTAL RESULTS

Temperature Dependence of the Rate

The time dependence of fractional conversion, molecular weight distri
bution, and chemical composition was measured at 50, 70, 80, and 90°C.
In each case the initial concentration of the reactants in benzene was
0.70M isoprene, 0.004M VCb (slurry), and 0.OO8M EtaAI. The fractional
conversions are given in Figure 1 for reaction periods of up to 10 hr and in
Figure 2 for periods of up to 10 days. The run-to-run experimental error is
typified by the fractional conversions of two experiments at 70°C as seen in
Figure 1. It is surprising to note that the rate of reaction at 80°C is less
than that at 70 and 90°C. Natta found that the rate at which propylene is
polymerized by VCb and EtsAI reaches a maximum at 70°C,10 but our
results with isoprene, plotted as fractional conversion at 4 hr against
temperature, :-;how an inflection point with a minimum and a maximum in



ACTIVE SITES IN ZIEG LER-.NATTA CATALYSTS

Fractional conversion of isoprene at different temperatures. Concentrations in 
benzene: C:,HS, 0.70.1/; VCI3 (Slurry), 0.004M; EtsAl, 0.008.1/.

TIME (DAYS)
Fractional conversions of isoprene at different temperatures. Concentrations

as in Fig. 1.

I  10(f)
cnw.08

06

<
z.04-o
o<02

60 70 80 90
TEMPERATURE °C

Fig. 3. Fractional conversion after reaction for 4 hr. From Fig. 1.
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the G0-90°C interval (Fig. 3). Confirmation of the results in Figure 1 
was obtained by changing the temperature of the reactor during the course 
of a run and observing the change in slope of the conversion curve. The 
increase in rate observed as the temperature is increased from 80 to 90°C

Fig. 4. Changes in the rate of conversion with temperature. Concentrations as in
Fig. 1.

TIME (HOURS)

Fig. 5. Changes in the rate of conversion with temperature. Left side: Tempera
ture varied from 60 to 70 to 80°C. Right side: Temperature varied from 80 to 70 to 
60°C. Concentrations as in Fig. 1.

is verified by the results in Figure 4 from which it is evident that the slope 
of the 90°C portions of the curve is higher than the 80°C portions. The 
maximum in the rate between 60 and 80°C is confirmed by the results in 
Figure 5. The latter experiments were done in 30-oz crown-cap bottles 
over a period of 3 days in order to demonstrate that the rate differences 
found at short reaction times were also found at longer times.
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Molecular Weight Distributions

Changes in the molecular weight distribution with reaction time at 70 
and 80°C are presented in Figures (i and 7 respectively. The results 
are given as the change in refractive index, as a function of the elution 
volume expressed in count numbers, where one count number corresponds 
to 5 ml of eluted solution. The distributions have not been normalized to 
a common area; they are cumulative, not instantaneous, at the time indi-

ELUTION VOLUME (COUNT NUMBERS)

Fig. 6. Molecular weight distributions at 70°C. Concentrations as in Fig. 1.

45 40 35 30 25 20
ELUTION VOLUME (COUNT NUMBERS)

Fig. 7. Molecular weight distributions at 80 °C. Concentrations as in Fig. 1.
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ELUTION VOLUME (COUNT NUMBERS)

Fig. 8. Molecular weight distribution as a function of temperature after more than 9 hr 
reaction time. Concentrations as in Fig. 1.

cated. The changes undergone by the molecular weight distribution with 
reaction time at 60 and 90°C are similar to those at 70 and S0°C.

The distributions are distinctly nodular: for example, the 10 hr 
sample in Figure 6 exhibits five nodes at count numbers of 46, 4.3, 36, 
31-33, and 27. The relative amount of low molecular weight polyisoprene 
decreases as the reaction proceeds indicating its formation occurs during the 
early stages of the polymerization. There are at least three overlapping- 
nodes of high molecular weight polymer with maxima at count numbers 
36, 31-33, and 27. The relative amount of polymer at these nodes does 
not, within the experimental resolution, change with the length of the 
reaction period.

Molecular weight distributions obtained after nine or more hours of 
reaction at 60, 70, SO, and 90°C are given in Figure 8 ; little change in the 
distribution is observed after the first S or 9 hr of reaction. The percentage 
of low molecular weight polymer clearly increases with the reaction temper
ature. In addition, the relative intensity of the nodes at count numbers 
31-33 and 27 is changing; at 60°C virtually all of the polymer appears at 
count number 27, while at 90°C the most intense nodes are at 31-33 and 
36, and the node at 27 has nearly disappeared. All of the nodes are evident 
at 70 and S0°C. Molecular weights were calculated for the combined 
nodes at 27, 31-33, and 36. These nodes overlap too much to be resolved. 
The contribution from the low molecular weight tail of these nodes was 
estimated by drawing in the dotted lines shown in Figures 6- 8. Weight, 
number and viscosity-average molecular weights calculated from the 
chromatograms in Figures 6-S are given in Tables I and II. The decline 
in molecular weight with increased temperature occurs because the iuten-
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TABLE I
Moleculai■ Weights as a Function of Reaction Time

Temp, Time,
°C hr Mu

ÓX

Mn X 10 -' Mw/Mn

TX

Mw/Mv

70 1 1.5 0.23 6.5 1.2 1.2
2 ‘A 1.4 0.26 5.4 1.1 1.3
57* 1.2 0.19 6.6 1.0 1.3

10 1.3 0.20 6.4 1.0 1.3
80 74 1.0 0.11 9.5 0.7 1.4

17* 0.9 0.11 7.7 0.7 1.3
77* 0.9 0.12 7.6 0.7 1.3

221/2 0.9 0.12 7.7 0.7 1.3

sity, relative to the whole polymer, of the high molecular weight node at 
count number 27 is decreasing. The ratio, M w/Mn, passes through a 
maximum between 60 and 90 °C due to the existence of several prominent 
nodes in this temperature range. Within the experimental error, M w/M v 
does not change with temperature.

TABLE II
Molecular Weights at Various Temperatures

Temp,
°C

TX1^ TX

Mw/Mn X o Mw/Mv

60 1.7 0.32 5.3 1.4 1.2
70 1 .3 0.20 6.4 1 .0 1.3
80 0.9 0.12 7.7 0.7 1.3
90 0.5 0.11 4.4 0.4 1.3
90 0.4 0.08 5.2 0.3 1.3

Structural Analysis of the Polymer

The structure of the polymer sampled after various periods of reaction at 
a series of temperatures with and without diisopropyl ether was determined 
by NMR. Within the experimental error, there are no changes in compo-

TABLE III
Composition of the Polyisoprenes

Temp,
°C

Cis,
wt-%

Trans, 
wt-%

3,4-,
wt-%

Cyclized,
wt-%,

60“ 0 97 ±  3 3 ±  3 0
70“ 0 97 ±  3 3 ±  3 0
80“ 4 93 ±  3 3 ±  3 0
90“ o 92 ±  3 5 ±  3 0
70b 0 94 ±  3 6 ±  3 0
90» 9 83 ±  3 8 ±  3 0

“ Concentrations as in Figure 1. 
b Concentrations as in Figure 9.
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sit-ion with reaction time, but changes with temperature and catalyst 
composition do occur and these are given in Table III. Between 3 and 5%  
of 3,4-polyisoprene is formed at all temperatures investigated, and if 
diisopropyl ether is present, 6- 8%  is formed. Generally speaking, 3,4- 
polyisoprene seems to be concentrated in the low molecular weight polymer, 
but it is not possible at present to relate polymer composition to any 
particular node in the molecular weight distribution. Cyclization, if it 
occurs, appears to be a post-reaction phenomenon. Under all reaction 
conditions studied, some cfs-l,4-polyisoprene is found at 80 and 90°C but 
not at 60 and 70°C. The amount increases if diisopropyl ether is used in 
the catalyst.

Fig. 9. Fractional conversion with diisopropyl ether. (□) Concentrations as in Fig. 1,
0.012M ¿-Pr-,0.

ELUTION VOLUME (COUNT NUMBERS)

Fig. 10. Molecular weight distributions with diisopropyl ether after more than 2l/ 2 
hr reaction time. Concentrations as in Fig. 9.
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Effect of Electron Donors

Experiments in which diethyl ether or diisopropyl ether was added to the 
catalyst have been carried out. At concentrations in benzene of 0.7Of!/ 
isoprene, 0.008/1/ EtsAl, 0.001.1/ VCI3 (slurry) and 0.004,1/ diethyl ether 
the rate of polymerization increased by a few per cent, and there was no 
evident change in the molecular weight distribution. The time-conversion 
curves obtained when diisopropyl ether is present in the catalyst are given 
in Figure 9. As for the experiments without ether, the rate of conversion 
at <S0°C is less than that at 70 and 90°C. The reaction terminates after
3-5 hr, although in the absence of ether termination occurs only after 
several days. The molecular weight distributions at 70, 80, and 90°C are 
given in Figure 10. Again the nodularity and its changes with temperature 
are evident.

DISCUSSION

The results described in this paper can be interpreted in terms of the 
presence of several distinct species of active polymerization sites on the 
V C I3  catalyst. The ratio of the rates of chain growth and termination, 
factors which control the molecular weight, are characteristic of the species 
as is the rate at which the sites form and deactivate. The nature of the 
polymer, whether as, Irans, 3,4-, or some mixture of them is also a feature of 
the particular species. The concept of the independent nature of each 
species can be supported by the results presented in this paper.

In the reactions discussed so far, the catalyst components and isoprene 
were brought together at the same time. If the catalyst components are 
brought together before introducing isoprene, some surface reduction to 
V C I2  will occur, 11 resulting in changes in the polymerization behavior. 
V C I3  and EtsAl were allowed to react for 2 hr at 90° C  before isoprene was 
added to the reactor; the rate and conversion were greatly reduced and the

ELUTION VOLUME (COUNT NUMBERS)

Fig? 11. Molecular weight distribution after catalyst aging at 90°C: (a) catalyst
aged 2 hr, conversion 0.2% after 6 hr., (6) Not aged. Conversion 5% after 6 hr.
Concentrations as in Fig. 1.
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TIME (HOURS)

Fig. 12. Fractional conversion to low molecular weight polymer. Reaction conditions
as in Fig. 1.

Fig. 13. Fractional conversion to low molecular weight polymer with diisopropyl ether.
Reaction conditions as in Fig. 0.

molecular weight distribution altered substantially (Fig. 11). The sites 
yielding polymer at count numbers 31 and 27 were suppressed, but those 
giving polymer at count number 36 were not, an indication of the indepen
dence of these sites.

The experimental results have shown that efs-l,4-polyisoprene is pro
duced at 80 and 90°C and that it is in this region that the active sites 
producing polymer of count number 27 are deactivating relative to those 
producing polymer of count numbers 31-33 and 36. Hence, cfs-1,4- 
polyisoprene may be associated with one of these nodes and since the node 
at 31-33 is quite evident at 70°C, at which temperature there is no cis 
polymer, it seems likely that the cis-l,4-polyisoprene is concentrated in the 
node at count number 36. It is not known whether the cis isomer appears 
in a copolymer or homopolymer.
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The polymer from each species of active site would be expected to possess 
a molecular weight distribution in which M w/Mn ~  2. At all temperatures 
there is substantial overlapping of the polymer from more than one species 
of active site and M w/Mn is greater than two. The nodes overlap too 
much to resolve with confidence.

Because each species exhibits the characteristics of a simple reaction, 
the rate of polymerization due to a single species can be determined. The 
yield of polymer from a given species can be obtained by measuring the 
ratio of its area under the molecular weight distribution curve to the total 
area and multiplying by the total yield of polymer. Thus, conversion 
from site's of interest can be calculated as a function of reaction time. The

275 2.80 2.85 2.90 295
l / TX  I0 3 (DEG -| )

Fig. 14. Temperature dependence of the rate constant, (o ) diisopropyl ether; (0 )
no electron donor.

active sites which yield nodes at count numbers 27 and 31 overlap too much 
to separate accurately, and further, the node at 27 appears to be undergoing 
deactivation in the temperature range studied. The low molecular weight 
peak at count number 43 does not suffer from these limitations and the 
fractional conversion to low molecular weight polymer as a function of time 
and temperature has been calculated. The results obtained without any 
electron donor and with diisopropyl ether are given in Figures 12 and 13, 
respectively. Due to the accumulation of experimental error, the points 
do not fall on good straight lines, but it is fair to say that the rate of poly
merization to low molecular weight polymer increases as the temperature 
increases. The results have been examined by the Arrhenius equation,

In A- =  In A -  (AH*/RT)
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where lc is a pseudo first-order rate constant, A is the Arrhenius factor, 
AH* is the activation energy, It is the gas constant, and T the temperature. 
The constants k and A contain a term giving the concentration of active 
sites. A graph of In k versus 1 /T  is presented in Figure 14 for polymeriza
tions with and without diisopropyl ether. The experimental points are 
scattered too much to permit one to identify a difference, if any, in A and 
AH* for the two reactions. From Figure 14, AH* ~  10 kcal/mole and 
A ~  10 min“ 1 for both reactions.

Cooper11 has shown that the rate at which isoprene is polymerized by 
VCh, EtaAl, and diisopropyl ether follows the same path with time as does 
the reduction of VC13 in the same system, without isoprene. This parallel 
may arise because the active site is an intermediate in the reduction process 
which probably occurs through the alkylation of vanadium by Et3Al, 
followed by reduction when the unstable V— C bond ruptures. The V— C 
bond is probably a major feature of the active site, and polymerization 
possibly occurs during its transient existence. The possibility that divalent 
vanadium is required for the active site is unlikely as reduced VC13 exhibits 
very low activity. It seems therefore, in agreement with Cooper,12 that 
the increased rate of polymerization observed when diisopropyl ether is 
added to the catalyst is due to an increase in the rate of formation of V— C 
bonds, and therefore in the rate of active site formation. The decline of 
the node at count number 27 with temperature is possibly related to deacti
vation by reduction, as Natta10 suggests is the case in the polymerization of 
propylene. The subsequent increase in the overall rate at higher tempera
tures results from increased activity at those sites which yield polymer of 
count numbers 31-33 and 36.

The results described in the paper are consistent with the hypothesis that 
the polymerization of isoprene with VC13 and Et3Al proceeds simultaneously 
at several independent species of catalyst sites, and that these species can 
be characterized by their chemical behavior. The deactivation of certain 
species with temperature may be the result of conversion to some other 
species of active site rather than conversion to an inactive site.

We wish to thank Messrs. J. Hulme and I). Wooden for the molecular weight and 
chemical composition measurements, respectively, and Dr. J. F. Henderson for his com
ments during the course of this work. The permission of Polymer Corporation Limited 
to publish this paper is gratefully acknowledged.
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Reduction of Disulfide Bonds in Keratin with
1,4-Dithiothreitol. I. Kinetic Investigation

HAXS-DIETRICH WEIGMANN, Textile Research Institute,
Princeton, New Jersey 08540

Synopsis

The kinetic;; uf the reduction of disulfide group;; in wool fibers with dithiothreitul has
been investigated. The rate-controlling process appears to depend on the pH of the re
ducing solution and changes from diffusion control to reaction rate control as the pH is de
eTeased from neutral to pH 3.50. Pseudo second-order kinetics, second-order with re
spect to the concentration of the disulfide groups in keratin, has been found to describe
the experimental data at pH 3.50. An activation energy of 2.5 kcal/mole has been deter
mined for the rate-controlling step at that pH value, as opposed to an activation energy
of 13.4 kcal/mole for the diffu;;ion-controlled process at neutral pH. Only about 85% of
the disulfide groups are accessible to dithiothreitol under the conditions which were in
vestigated.

INTRODUCTION

The reactivity and accessibility of disulfide groups to reducing agents
in protein fibers has been investigated by a number of workers, and a con
siderable amount of evidence supporting conflicting theories has been
reported.

Elsworth and Phillipsl,2 found that the reduction of wool with bisulfite
solutions at pH 5.0 left a considerable amount of disulfide groups unreacted.
A similar lack of completeness of reduction was reported by Harris and
co-workers3 when they reduced wool ,,,,ith thiolacetic acid. This evidence,
and the results of other investigations, led Phillips and his co-workers4

-
6 to

postulate the existence of four fractions of disulfide groups in keratin differ
ing in reactivity or accessibility. It has since been shown, however, that
this theory is not necessarily valid and that some of the supporting evidence
could be explained in terms of the equilibrium nature of the scission
process.7•S Thompson and O'Donne1l9 showed that increases in the con
centration of the reducing agent, mercaptoethanol, up to 4M resulted in
nearly complete scission of the disulfide bonds. Similarly, the reduction
with sulfite can be forced to completion if one of the reaction products is
removed by reaction with an organo-mercurial compound.7•1o Recently
Leach and co-workersll described an elegant electrolytic method for the
reduction of disulfide bonds in keratin in which small amounts of thiols
,yere used to act as current carriers. These workers were able to achieve

2237
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100% reduction at pH 9 and over 90% reduction at pH 7, which seems to 
suggest that molecular accessibility is not involved in restricting reduction 
of disulfide bonds in keratin and that apparently the equilibria formed in the 
two-step reduction process determine the degree of reduction obtainable. 
The two steps of the reaction between the disulfide bonds and a thiol, in 
which the first step is the formation of a mixed disulfide, are shown in eqs.
(1) and (2) where W  stands for the wool residue:

W —S - S —W +  R— >SH W — S— S— R +  W—SH (1)

W— S—S— R, +  R— SII v i  R— S— S— R +  W —SII (2)

Both reaction steps lead to equilibria with equilibrium constants near 
unity, which explains why extremely high concentrations of the thiol (R- 
SH) are necessary to approach completion of the reaction. It would appear 
that a reducing agent which forms an energetically favored oxidized form 
would have a high equilibrium constant for the second step of this reaction 
and thereby shift the overall equilibrium to the side of the reduced disulfide 
group in keratin. A compound which has been shown to be promising in 
this respect.12 is 1,4-dithiothreitol (DTT), which has recently been intro
duced into protein chemistry as a protective reagent for SH groups by 
Cleland.13

In the first step (3) of the reaction sequence, DTT reacts with disulfides 
like a monothiol and forms a mixed disulfide. This step has an equilibrium 
constant near unity.

W — S—S—W +  HS— CH2— CH(OH)— CH(OH)— CH,— SH v=

HO— CH

W— SH +  W— S— f CH,— CH(OI

Wi1s11s S
/ /  \
j SH CH;

CH2 HO— CH
\ / \  /

CH1 CH
1

OH OH

+  W— SH (4)

In the second step (4) the free SH group of the mixed disulfide reacts 
intramolecularly with the disulfide group forming combined cysteine and 
the cyclic disulfide 4,5-dihydroxy-l,2-dithiane. The geometrical require
ments of the six-membered ring cause considerable distortion14 of the nor
mal dihedral 90° angle for an unstrained disulfide leading to a strain energy 
of at least 5 kcal in a 1,2-dithiane.16,16 Nevertheless, this compound is 
remarkably stable, and an equilibrium constant of 1.3 X 104 has been re
ported by Cleland13 for the second step of the reaction with cystine. This 
high equilibrium constant for the second step causes a shift of the overall 
equilibrium to the reduced form of the disulfide bond in the keratin. DTT  
is therefore a reducing agent which is not hampered by the usual equilibrium
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considerations connected with the reduction reaction, and causes a specific 
and symmetric scission of the disulfide bonds without producing any by
products such as mixed disulfides. In other words, it is ideally suited for a 
kinetic investigation of the reduction reaction of disulfides in keratin fibers, 
and some of the results of this investigation are reported in this paper.

EXPERIMENTAL METHODS 
Materials

The wool investigated was solvent-extracted, coarse, crimpless 40-44s, 
subsequently referred to as BA fleece wool. The ultraviolet spectrum of 
the oxidized cyclic form of DTT (Fig. 1) has a characteristic absorption 
maximum at 2S4 mju with no interference from DTT itself, which proves 
extremely valuable in following the reduction reaction. The calibration of 
this method with authentic 4,5-dihydroxy-l,2-dithiane has been reported 
previously.12

OO

Fig. 1. Ultraviolet spectra of D TT and oxidized D TT in water.

Reduction of Wool with DTT
Wool samples of approximately 0.5 g were reacted in a constant-tem

perature bath with 100 ml solution of DTT under nitrogen with magnetic 
stirring. The stirring rate was maintained at approximately 250-300 
rpm, and increases in the rate did not cause any changes in the rate of 
reduction. The reduction was followed by determining the increase in 
concentration of oxidized DTT in the solution surrounding the wool from 
absorbance measurements at 284 rnp in a Beckman DU spectrophotometer. 
The spectrophotometer cell was filled under nitrogen, and after measuring 
the absorbance, the solution was returned to the reaction vessel under 
nitrogen. For the investigation of the pH dependence of the reduction re
action, phosphate buffers of an ionic strength of =  0.183 were used. These 
buffer solutions were adjusted with phosphoric acid 1o the lower pH values
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and differences in ionic strength were compensated for by the addition 
of a neutral electrolyte, sodium chloride.

Determination of Residual Disulfide
The applicability of this method of determining the degree of reduction 

was tested by determining the residual disulfide content in the fibers by the 
standard method of Folin and Marenzi17 as modified by Zahn and Trau- 
mann.18 The free SH groups of the combined cysteine were protected 
from reoxidation during this analysis by reaction with methyl iodide. 
The correlation of the degree of reduction as determined by the measure
ment of the concentration of oxidized DTT and as determined by analysis 
of residual disulfide content in the wool is shown for a number of cases in 
Figure 2. This correlation is quite satisfactory and demonstrates that the 
measurement of the oxidized DTT in the solution surrounding the wool 
proves an accurate way of determining the degree of reduction in the 
fibers.

DEGREE OF REDUGtION (%) BY DISULFIDE ANALYSIS

Fig. 2. Correlation of two methods for the determination of the degree of reduction (the 
line represents a 1:1 relation).

Titrimetric Determination of DTT
For the determination of DTT in a 5 X 10~4fl/ solution surrounding the 

wool, 5 ml aliquots were withdrawn under nitrogen, injected into the cell 
of an automatic recording titrator (Radiometer Copenhagen), and ad
justed to pH 8 by the addition of 0.11V XaOH. The pH of 3.5 used in these 
experiments had been obtained by adding O.liV FIC1 to the reducing 
solution. The wool had been previously adjusted to the same pH value. 
A sufficient amount of sodium chloride was added to compensate for
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differences in ionic strength (g =  0.183) as compared to the experiments in 
buffered solutions. A 1 ml portion of a 0.1 A' K 3Fe(CN)6 solution was then 
added, constituting a twofold excess of oxidizing agent resulting in an 
immediate drop of pH which is compensated for by the automatic re
corded addition of O.LV XaOH. The oxidation reaction can be written as:

K—(SHj2 +  2K3Fe(CN)6 +  2NaOH —  2K3NaFe(CN)6 +  2H20  +  RS, (5)

The reproducibility of this titration method was found to be quite satis
factory.

RESULTS AND DISCUSSION

Under the assumption that the overall rate of the reaction between DTT  
and the disulfide bond in wool, at least in unbuffered neutral (pH 5.9) 
solutions, is controlled by diffusion of DTT into the fibers, increases in the 
concentration of oxidized DTT in the solution can be taken as an indica
tion of the rate of diffusion of DTT into the fiber. This would mean that 
the two other steps, reaction with the disulfide bonds forming oxidized DTT  
and the back-diffusion of oxidized DTT out of the fiber, are faster than 
diffusion of DTT into the fiber. This latter assumption appears justified, 
since the medium out of which the oxidized DTT has to diffuse is swollen 
due to reduction and should, therefore, offer less resistance to the back 
diffusion of oxidized DTT into the solution.

For the calculation of an approximate diffusion coefficient, an equation 
developed by Crank19 was chosen which describes the diffusion from a 
stirred solution of limited volume into a cylinder:

m , _  r  2 /Dt\'-~ i d i  1 r i) t\ ,/? 
M„ _  2 )  ~  2 « 2 ~  (hr'7, W )  + (6)

M t in this equation is the amount of solute in a cylinder of radius a after 
time t, and M a is the corresponding amount after infinite time. In our 
case, M , corresponds to 1he concentration of oxidized DTT in the solution 
Ct, and M„ can be equated to the maximum concentration of oxidized 
DTT in the solution C„, obt ainable if all disulfide groups have been reduced. 
If C,/Ca, is plotted against the square root of time, as shown in Figure 3, 
the curves show a linear relationship for about 50-60% of the reaction, 
indicating that up to this degree of reduction the first term in the diffusion 
equation can be used. After this initial linear relationship, the curves 
level off at values of 0.9, indicating a degree of reduction of approximately 
90%, which appears to be independent of the temperature.

This degree of reduction of 85—90% appears indeed to be the limiting 
value under these conditions as shown in Table I in which the degree of 
reduction as determined from absorbance measurements is compared with 
the degree of reduction determined from residual disulfide analyses in the 
wool samples after methylation of the free SH groups. An average 
residual amount of ~ 7 5  gmole/g of disulfide bonds is found in the keratin
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Fig. 3. Reduction of wool with DTT at different temperatures; 0.5 g wool, 1O-2M
DTf, 100 ml solution.

even after exceedingly long times of reduction and at elevated temper
atures. Occasionally the formation of oxidized DTT exceeds 90 or 100%,
which must be attributed to secondary reactions which are not connected
with the reduction of the disulfide bonds in the keratin and are probably
due to incomplete elimination of oxygen from the system. To eliminate
the possibility t.hat preferential absorption of oxidized DTT would account
for the apparent lack of completion of the reduction, the residual 15%
disulfide bonds ,ycre isolatcd after total hydrolysis of an exhaustively
reduced and subsequent.ly methylated sample and identified as cystine by

TABLE I
Degree of Reduction and Residual Disulfide Content at
Equilibrium in the Reaction with 1O-2M DTT Solution

Temp,
°C

29
29
29
39
47.5
62

Residual
Degrel; of cystine Degree of

Time, reduction, content, reduction,
hI' %& .umole/gb %b

30.;:) 104.4 78.2 84.1
46 90.7 74.3 84.9
70 107.3 69.7 85.8
6 91.8 59.9 88.0
6 90.6 80.5 83.6
6 92.2 66.6 86.4

&Determined from absorbance measurements.
b Determined from disulfide analyses in the wool sample.
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pap er ch rom atograph y . N o  trace o f  ox id ized  D T T  cou ld  be  fou n d  in the 
h ydrolysate .

A p p rox im a te  d iffusion  coefficients can  be ca lcu lated  from  the slopes o f  
the straight p ortion s  o f  the cu rves in  F igure 3, using an average radius o f  
the fibers o f  ~ 2 4  n as determ ined  b y  v ib ro sco p ic  m easurem ents.20 T hese 
approx im ate d iffusion  coefficients fo r  a con cen tra tion  o f  1 X  10~ 2A i D T T  
are sh ow n  in  T a b le  II . B y  extrapolation  o f the straight lines p u t th rou gh  
the experim ental po in ts  to  Ct/C„  =  0, an in itiation  tim e, tiy is determ ined  
w h ich  indicates the existence o f  a  surface barrier to  diffusion . T h is  has 
been  n oted  p rev iou sly  in  experim ents on  the d ye in g  o f  w oo l fibers and has 
been  identified  w ith  the ep icu tic le .21

TABLE II
Diffusion Coefficient of D TT in Wool (1 X 10~2/lf)

'temp, 1/7 
°C

X 10 
°K v1

D X 10s, 
cm2/ min

ti,
min

16.0 1.450 0.355 17.7
22.5 >. 383 0.643 15.2
31.5 1.283 1.268 4.0
38.5 5.200 1 .975 2.0
47.5 LI 10 3.01.6 1.4

F rom  th e  tem perature dependence o f the diffusion  coefficients, an 
activa tion  energy o f d iffusion  can  be ca lcu lated  accord in g  to  the fo llow in g  
equations:

D, =  D & - k, rt (7)

In 1), =  In D0 -  (.li/RT) (8)

Fig. 4. Temperature dependence of the diffusion coefficient of D T T  in wool.
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where D l is t.he observed diffusion coefficient at a temperature T, and Do
is a const.ant. If In D l is plotted as a function of the reciprocal of the
absolute temperature, the points should lie on a straight line. In Figure 4
the diffusion coefficients have been plotted in this way, and an activation
energy of 1:~.4 kcal/mole has been calculated from the slope of the straight
line put through the experimental points. This value compares favorably
with activation energies for the diffusion within wool fibers of various
solute molecules "'hich range from 11 to 14 kcal/mole,22 providing good
support for the assumption that diffusion is the rate-controlling step.

Concentration Dependence

The concentration dependence of the diffusion coefficients can be seen
in Table III. At lower concentrations the diffusion coefficient is in
dependent of concentration; however, it increases significantly at higher
concentrations of reducing agent.

TABLE III
Coneentration Dependence of Diffusion Coefficients of 1>TT in Wool

.- _ .._-------

Concentra-
tion X 10', Temp, DX 108,

mole/l °C cm2/min ti, min tJh, min

1 W.O 0.35:, 17.7 173
1 22.,-, O.64:l 15.2 142
2 12.:i 0.290 21.1 214
2 22.r. 0.646 11.6 144
2 31.5 1.26 7.3 55

9.4 8.0 0.834 21.2 108
9.4 10.5 1.25 10.1 67
9.4 16.0 2.17 7.3 40

-----~- ---- --~ ----- - ----

Similar behavior of independence of concentration up to a certain critical
concentration and subsequent sharp increases in diffusion coefficients have
been observed in dyeing23 and in the oxidation of wool with pot.aRsium
permanganaJe. 24

pH Dependence

A series of phosphate buffers ranging from pH a.49 to 8.20 was used for
the investigation of the pH dependence of the reduction of disulfide bonds
in wool with DTT. To compensate for differences in ionic strength of the
buffer solutions, sodium chloride was added as required. As shown in
Figure ;j, the rate of reduction is strongl~· affected by changes in pH.
Plots of CjCoo againRt the Rquare root of time still show considerably long
straight portions even at 1m" pH values. The pH dependence of the
apparent diffusion coefficients, as det.ermined from the straight portions
of these curves, is shown in Figure 6. Also shown in Figure 6 is the pH
dependence of t'l" the time neceSRar~' to accomplish reduction of 50% of
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. 5. Reduction of wool with DTT at different pII values; O.o g wool, 2 X 10-2Af
DTT, 24°C.

ti. pH dependence of apparent diffusion coefficients of DTT in wool and of half 
times of reaction.
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all disulfide bonds present in the keratin. The only way in which diffusion
may be expected to depend on pH is through differences in swelling of the
fibers, since the penetration of neutral molecules through the fiber structure
should be unaffected by changeR in electrical charges on the surface and
within the fiber. As shown b~· the work of Alexander and co-workers25

on the pH indepelldellce of the reaction rate between chlorine and wool
over wide ranges of pH values, swellillg seems to have a negligible effect.
Herrmann2G inveHtigah'd the pH depelldence of the time necessary for
complete penetration of keratin libel'S by various thiols and found rel
atively small effects of thiols containing no ionizable groups other than
SH. These observations suggest that the strong pH dependence of the
rate of reduction with DTT (Fig. 6) indicates a change in the mechanism of
the rate-controlling step from diffusion to the reaction rate itself as the pH
is decreased. The rate of the reaction is expected to decrease rapidly
with decreasing pH, since the concentration of the reacting mercaptide
ions is controlled by the pH-dependent dissociation equilibrium:

HS-R-8H ~ HS-R-8<-l + H<+) (9)

A single pK value of 9.15 for DTT has been determined by titration with
sodium hydroxide solution in an automatic recording titrator. Eventually
the reaction rate will be slower than the diffusion in the fiber and then
become the rate-determining step. In this case one might expect a change
in the activation energy at low pH values.

Kinetic Analysis

If the reaction sequence of the reduction reaction is expressed as shown
in eqs. (10) and (11)

kl
W-8-S-W + HS-R-8H ~ W-8-.."-R-~H+ W-FlH (10)

A B k-, C D

k.

W-S-..";-R-8H~R-.':;, + W---.~H (II)
C E j)

it. can be shO\\"n that the rate expreiSsion ,,·hich can be derived for the forma
tion of the cyclic disulfide appears as that of a pseudo first-order reaction:

which can easil~T be solved to give the following expression:

k1* = (lit) In [Aol (A o - E) 1

(12)

(13)

This equation has been derived under the assumption that the reaction
rate of step 1 is considerably slower than that of step 2 and, therefore,
determines the rate of the overall reaction. In other words, the inter
mediate mixed disulfide reacts to form the cyclic disulfide and combined
cysteine as soon as it is formed and never exists in an appreciable con
centration. If this assumption is correct, the amount of cyclic disulfide
formed should be equal to the amount of DTT that has reacted and there-
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fore disappeared from the reaction mixture. The amount of the cyclic
disulfide formed can be determined easily by the measurement of absorb
ance at 284 mJ.! and the residual DTT in the solution can be determined by
oxidation with excess potassium ferricytLnide and titration of the acid
generated in the reaction. Since the :;ample i:; not returned to the reaction
vessel, a valid reaction rate cannot be determined from t.he:;e experiments.
The amount of oxidized DTT formed and the amount of DTT lost, how
ever, should still be equal under the above mentioned assumption. The
results of the deter'Illinations of DTT and oxidized DTT are shown in
Table IV, and the differences bet.ween the:;e two values are expressed as
t:.C and listed in the last column. The low t:.C values indicate that the
mixed disulfide does not exist in an appreciable concentration at any time
under these conditions. It call, therefore, be concluded with some justi
fication that the first reaction is slO\ycr t han the second and that it is rate
controlling.

TABLE IV
Reduction of Wool with DTT at pH 3.5.

Calculated COllen.
concn. oxidized

Time, D1'T, COllen. oxidized DTT, DTT, e.C,
hr mmole/l mmole/la mmole/l mmole/l

0 4.73 0 0
1/2 4.65 0.08 0.02 -0.06

1 4.60 0.13 0.04 -0.09
31/ 3 4.60 0.13 0.08 -0.05

5 4,51 0.22 0.21 -0.01
56

/ 6 4.38 0.35 0.31 -0,04
9 4.11 0.62 0.64 +0.02

12 3,89 0,84 0.93 +0.09
25 3.35 1.38 1.58 +0.20
2<J 2.99 1.74 1. 93 +0.1!J

n Calculated from the decrease in the concentration of DT1'.

TABLE V
Reduction of Wool with DTT in Unbuffered Solution (pH 5.9)

Calculated
COllen. COllen.

Time, Concn. DTT, oxidized DTT, oxidized DTT, e.G,
min mmole/l mmole/ln mmole/l mmole/l

0 4.77 0 0
40 4.55 0.22 0.36 +0.14

110 3.70 1.07 1.09 +0.02
170 3.14 1.63 1.61 -0.02
280 2.44 2.33 232 -O.OJ

480 2.04 2.73 2.90 +0.17
1200 1.01 3.76 3.93 +0.16

• Calculated from the decrease in the concentration of DT1'.
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A similar experiment was conducted in an unbuffered solution without 
addition of sodium chloride or hydrochloric acid at a pH of 5.9 resembling 
the conditions of the initial series of experiments under which conditions 
the rate-controlling step appears to be diffusion of DTT in the libers. 
The results are shown in Table V, and again very low AC values are found. 
This observation provides evidence for the previously made assumption 
that, under these conditions, diffusion of DTT in the wool is the rate
controlling step, all following steps being considerably faster.

To investigate the applicability of the derived expression for pseudo 
first-order kinetics at lower pH values, an experiment at pH 3.5 and with a

PSEUDO FIRST ORDER KINETICS

Fig. 7. Pseudo first-order kinetics for the reduction of wool with D TT at pH 3.50.

DTT concentration of 2 X 10 2 mole/1 was chosen. This concentration 
constitutes an approximate eightfold excess of reducing agent over the 
available disulfide bonds and at least in the initial phase of the experiments 
the changes in the concentrations of DTT can be neglected. In Figure 7 
In [1/(1 — .r1)] is plotted against time, where x 1 represents the degree 
of reduction and is equal to E/A0. There is considerable deviation from 
the linear behavior which would be expected if pseudo first-order kinetics 
were applicable. This is also borne out in Table VI which shows the 
reaction rate constant ki*. Over no significant time period could a constant 
value be obtained, as already indicated by the corresponding curve in 
Figure 7. At all four temperatures which were investigated it could be 
shown that eq. (13) does not describe the experimental data and that the
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TABLE VI
Reduction of BA Fleece Wool (~ 0 .5  g) with 2 X 10~2 M  D TT at pH 3.50 and 36.4°C

Time,
min Absorbance

K eduction,
6V/c

fa* X 103, 
min-1

fa* X  103, 
1/mole min

20 0.026 4.3 2 22 3.59
40 0.048 8.0 2.09 3.47
63 0.073 12.2 2.07 3.52

128 0.130 21.7 1.91 3.46
193 0.176 29.4 1 .80 3.44
291 0.230 38.4 1 .66 3.42
421 0.288 48. 1 1 .56 3.51
556 0.329 54.9 1 .43 3.49
744 0.373 62.3 1.31 3.54

1271 0.438 73.1 1.03 3.41
1734 0.470 78.5 0.886 3.36
2711 0.504 84. 1 0.678 3. 11

reaction obviously does not follow simple pseudo first-order kinetics. If, 
however, pseudo second-order reaction is considered and it is assumed that 
the reaction is second-order with respect to the concentration of the 
disulfide bond A, the following expression for the reaction rate constant is 
obtained:

h *  =  0 / A 0t) [1/(1 -  .c1) -  1] (14)

Fig. S. Pseudo second-order k inetics for th e  reduction  of wool w ith  D T T  id pH  3.50.
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This equation seems to represent a much better description of the experi
mental data as the constant values of k *  in the last column of Table VI 
indicate. The initial concentration of cystine in the wool was calculated 
under the simplifying assumption of a uniform distribution of cystine 
throughout the fiber using the apparent density of wool in water at 25°C 
given by King.27 A concentration of cystine of 0.625 mole/1 was obtained 
this way. It is interesting to note that this reaction rate constant de
creases significantly at the critical reduction values of 80-85%, at which

3.100 3.200 , 3 „ 3300 3.400
% I0  ( K )

Fig. 0. Temperature dependence of pseudo second-order rate constant at, pH 3.50 for 
reduction of wool with DTT.

point no further reduction of the disulfide bonds in the keratin can be 
accomplished as was pointed out above. Accordingly, a plot of [1/ 
(1 — x 1) — 1] against time, representing pseudo second-order kinetics as 
shown in Figure 8 for four different temperatures, shows linear portions 
of the curves over a considerable time range. For all four temperatures 
which were investigated a satisfactory constancy of k2* has been found 
over most of the reaction range until the values dropped as reduction of 
80-85% had been reached. Average values of the rate constant were 
determined from the slopes of the curves in Figure 8. The temperature 
dependence of these data is shown in Figure 9, where the natural logarithm



of k2* is plotted against the reciprocal of absolute temperature according 
to an Arrhenius equation:

In k2* =  In K  -  (E/RT) (15)

If these data are assumed to follow a linear relationship as is indicated at 
least over this narrow temperature range, an activation energy of ^ 2 5  
kcal/mole can be calculated from the slope of this line. This activation 
energy is twice the value that has been found for the unbuffered solution
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Fig. 10. Pseudo second-order kinetics for the reduction of wool with D TT at 24°C.

which has been described above and which presumably represents a 
diffusion controlled rate of reduction. This change in activation energy 
indicates that there is indeed a distinct difference in the mechanism of the 
rate controlling step of reduction in neutral solution as opposed to reduction 
at lower pH values. If an attempt is made to fit the experimental data 
at higher pH values into the pseudo second-order kinetics, deviations from 
the linear behavior occur (Fig. 10). This indicates that pseudo second- 
order kinetics do not describe the behavior at approximately neutral pH 
values, and it seems reasonable to assume that the low activation energy 
observed under these conditions is indeed the activation energy of a dif
fusion-controlled process. Further experimental data are currently being 
obtained, and until these data are available no attempt will be made to 
speculate about the surprising observation that a pseudo second-order 
kinetics describes the experimental data more satisfactorily than the ex
pected pseudo first-order kinetics.
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SUMMARY

Approximately 85% of the disulfide bonds in keratin are uniformly
accessible tu DTT and can be reduced under very mild conditions with
small excess of reduciu!!: lL!!:ent. The residual 15% could not be reduced
under the cunditiuns investigat.ed.

The ratl-' uf reductioll uf disultide bumb in woul with an ullbutl'ered
neutral solutioll of DTT appears to LJe controlled by the fate of the dif
fusiolL of the reducing agent into the tiLJer. All activatioll energy of I:U
kcal/mole has beell determiued for this process.

With decreasiug pH, a change in the mechaw:-;m of the rate controlling
step is observed. At lower pH values the reaction rate itself apparently
is slower than the rate of diffusion and becomes rate controlling. .-\11
activation energy of 25 kcai/Illole has been determined at pH 3.5.

Pseudo second-order kinetics, second-order with respect to the disulfide
bonds in kf'ratin, has been found to describe the experimental data at pH
3.5.

This wurk wa:-; eUllducted !l.S part uf the Textile He.seareh Institute wuol research project
supported by a group of TRI Contributing Member firms and the Intel'llatiollal Wool
Secretariat. The encouragement and advice given by Dr. L. Hebenfeld are gratefully
aeknowledged. The author is also pleased to acknuwledge the experimentallLssistrull'e of
Mr. E. Samulski in the illitial phase uf this illvesti!!:atioll alld the advice given h~' Dr. B.
:'IElier and Dr. P. N. Ramaehandran.
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Polymerization of
2-(Chlorinated Methyl) -4-Methylene-1 ,3-Dioxolanes *

HEINZ .T. DIETRICH, Olin Research Center, Olin Mathieson Chemical
Corpomt?:on, New Haven, Connecticut 06504

Synopsis

The polymerizations of the novel 2-(chlorinated methyl)-4-methylene-l,3-dioxolane~
derived from mono-, di-, and trichloroacetaldehyde were inve~tigated. Poly-2-tri
ehloromethyl-4-methylene-l,3-dioxolane was of particular interest because of its high
hydrolytk stability and nonflammability. The monomers could be polymerized with
cationic catalysts via the methylene functions wit.hout cleavage of the dioxolane l'illg~.
This selectivity was due to the acetal-stabilizing negative substituents and to the use of
Lewis acid complexes of low reactivity as catalysts. In contrast to previously reported
poly-4-methylene-l,3-dioxolanes, the title polymers were high-melting colorleRs solids
of good to excellen t fire resist.ance.

INTRODUCTION

Polymeric derivatives of halogenated aldehydes have been based on
participation of the carbonyl in making up the polymer backbone. 1 They
are known to possess limited hydrolytic and thermal stability. 2 One exam
ple in which derivatives of chlorinated aldehydes were components of
carbon-{lhain polymers was t.he polyketene acetals. 3 Attempts to capitalize
on the unusually high stahilit~T of acetals of chloral by using them as a
polymer backbone have failed, since no synthesis route for diol-derived
polyacetals has been found. 2,4 Since cyclic acetals of chloral are quite ac
cessible, 4 it was thought interesting to attach them to a carbon polymeric
chain, expecting to obtain hydrolytically stable high-melting fire-resistant
plastics and, by analogy to polyvinyl butyral, for example, plastics with
good adhesiveness and transparency. As model reactions the syntheses and
polym~izations of 4-methylene-l,3-dioxolanes were chosen. Their poly
merization is initiated by cationic cal alyst:-i, a:-i expected for the vinyl ether
type of monomer. However, the acet.a.1 bonds in 1,3-dioxolanes are easily
cleaved by electrophilic catalysts. Therefore, various degrees of ring
opening have been reported to accompany carbon-chain polymerization of
4-methylene-dioxolanes.",G Because of the high hydrolytic stability of
chloral acetals4 it was hoped that the unreported 2-trichloromethyl-4
methylene-l,3-dioxolane would undergo carbon-chain polymerization with-

* Part of this papcr was present.erl :l.t, t.he :\Icet.ing of Thc Americ:l.n Chemir'al Society,
Spring H167.
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100°. Protic and most Lewis acids and their etherates were either ineffec
tive or produced dark oils or black resins, often in violent reactions accom
panied by carbonization. The infrared spectra of these resins indicated the 
presence of carbonyl groups and of unsaturation. The formation of water 
and hydrochloric acid was detectable. Similar results were obtained when 
a cationogenic catalyst (iodine) or carbonium salts were used (adducts of 
triphenylmethyl chloride with bismuth trichloride, mercuric halides, and 
cadmium chloride in various solvents such as p-cresol or dimethyl sulfox
ide) . Al coholic solutions of zinc chloride, reported to have converted several 
4-methylene-l,3-dioxolanes to soluble polymers with little or no discolora
tions,5 also resulted in the formation of black resins. When methanolic solu
tions of Lewis acids of different strengths were screened, it became apparent 
that the monomer reactivity of a given catalyst complex toward ring-open
ing as well as toward carbon-chain polymerization decreased markedly from 
(IV) to (VI) ; see Table I. The more reactive Lewis acid solutions were 
found to cause degradative ring-opening polymerization, as indicated by the 
dark colors of the polymers and by their infrared spectra. They were solu
ble, except for those in which partial carbonization had occurred. The 
catalysts are arranged in Table I according to their visually established de
creasing reactivity, tvhich resembles previous comparisons of relative reac-

TABI/E I
Catalyst Screening, LI/ Lewis Acids in Methanol

(IV) = 2-Chloromethyl-4-methylene-l,3-dioxolane
(V) = 2-Diehloromethyl-4-methylene-l,3-dioxolane
(VI) = ‘2-T riehlnromel hyl-4-inethylene-l ,3-dioxolane
Catalyst, concentration: approximately I mole-%
Time: up to 72 hr.
0 =  no polym erize turn
C = carbon-chain polymerization, polymers colorless, 

negligible C— O (by IR)
It = ring-opening polymerization, polymers dark, large 

C - -0  (by IR)
The subscripts refer to times after which viscosity increases

became noticeable: 1, instantaneous; 2, <  24 hr.; 3, >  24 hr.

IV V VI
Lewis ---------- ----- -------------------
acid 25° 70° 25° 70° 25° 70°

BFj ether Hi Hi — IL —
SnCb H i — K-. — Co —
FeClj H i — IL — 0 H -2
ZnCl, H j — C3 + — 0 r 3
SbClr, IL — h 3 1L 0 0
TiOI, IL — IL IL 0 0
Znl; C-, — 0 IL 0 IL
B iCh 0 R, c 3 — 0 c 3
CdCl, c 3 — c 3 — 0 0
HgCl, 0 r 3 0 0 0 0
A1CL 0 0 0 0 0 0
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tivities of Lewis acid catalysts.7 The more negatively substituted the 
monomers were, the slower they reacted with a given Lewis acid solution in 
both normal and degradative types of polymerization. Thus, tin tetra
chloride caused an explosive decomposition with (IV), a rapid (several 
hours) degradative reaction with (V), and a somewhat slower carbon-chain 
polymerization with (VI). This reflected the expected increasing stabiliza
tion of the acetal structure with increasing negative substitution in the 2 
positions of (IV), (V), and (VI).

The infrared spectrum of poly(VI) prepared at —78° (Table II) was de
void of absorptions in the 5-6.5 p range, indicating the absence of car
bonyl and unsaturated groups. Other polymers listed in Tables II and III 
showed bands at about 5.9 and 6.15 /r of very weak intensity (well below one 
tenth of the relatively low intensity of C— H absorptions at 3.35-3.4 p).

TABLE III
Polymerization of IV, Y, and VI with 1 il 7-Lewis Acids in Methanol

Catalyst (M/cy>
Temp.,

°C. Time
Yield,

%
M  h

( X 1Ô-3) T °C c

(IV) Znl, 900:1 25 1 day 69 6.2 95 III)
(IV) CdCl2 900:1 25 14 days 58 16.0 100-130
(V) ZnCl2 800:1 25 14 days 11 2.7 105-110
(V) BiCh 800:1 25 14 days 12 2.3 90-100 (y)
(V) CdCh 800:1 25 14 days 47 (9) (11.5) 135-150

(38) (5.8) 130-150 (y)
(VI) SnCh 900:1 25 2 hours 13 13.0 210-225 (y)
(VI) BiCff 700:1 80 3 days 19 (5) (6.9) 200-215 (y)

(14) (3.0) 187-195 (y)

■l M, monomer; C, catalyst (moles).
b Based on polymer insoluble in methanol; diit a in paren t heses refe r to yields after

fractional precipitation.
c Discolorations are indicated as “ y ” = yellow; the softening temperatures were 

determined on a Fisher-Johns melting-point apparatus.

These minor bands are ascribed to unsat uration and not to carbonyl groups, 
since the monomers showed absorptions in the same region (medium 
shoulder at 5.85, strong at 5.95, medium shoulder at 6.1-6.2 p), while 
colored polymers obtained by degradative polymerization showed a sharp, 
strong band at 5.7 and a shoulder at 5.8 p. The infrared spectra could thus 
be used to distinguish reliably between carbon-chain and degradative poly
merizations.

The system tin tetrachloride-(\T), which favored carbon-chain reaction 
exclusively, was chosen for further study. The effects of added methanol 
on rates (followed by refractive index), yields, and molecular weights are 
summarized below for polymerizations carried out in bulk at 0 -5°C. in nitro
gen atmosphere;

(i) Polymerization occurred with tin tetrachloride in the absence as well 
as in the presence of methanol, with molar ratios of C H 3O H /S 11C I4  of 0, 1 , 3,
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4, and 10; practically no conversion took place with a molar ratio of 2 after 
slight initial reaction.

(2) Plots of refractive index versus time showed induction periods for 
molar ratios of 0 (over 3 hr.) and of 1 (0.5 hr.) and none or below (0.5 hr.) for 
other catalyst ratios. The rates during the first 1.5 hr. were proportional to

Fig. ]. Refractive index of polymerizing (VI).

[C H 3O H ] : [SnCI4]

Fig. 2. Polymerization of (VI) at 0°C1.; |SiiOl4| = JO ;; monomer.

t he amount of added methanol. At litt er stages t he plots acquired wavelike 
patterns, i.e., consecutive cycles of inhibition and polymerization, except for 
CH3OH =  0; see Figure 1.

(3) Total yields, yields in high polymer, and molecular weights were 
highest for the methanol-free polymerization (Fig. 2). However, even in 
this case about one half of total yield was oligomer (M„ <  1000).
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The analyses of the polymers showed a small excess of CH and deficiency 
in chlorine. This could not be explained by CH30  endgroups, since the de
viations were too large and independent of M„. It was also noticed that the 
infrared and N.UK spectra of the polymers indicated the presence of ap
proximately one CH;i group for every ten monomer units. This may be ex
plained by assuming isomerization of the monomer to 2-trichloromethyl-4- 
methyl-I,3-dioxole (VII) and copolymerization of the latter. Although 
this isomerization was independently found to be catalyzed by weak bases, 
some dioxole was detected in residual monomers after workup of polymeri
zation mixtures (see under “Experimental”).

Interestingly, it was also found that Lewis acids, modified in the fashion 
of Ziegler-type catalysts, supported a carbon-chain polymerization of (VI) 
without affecting t he acetal group (Table II). It is likely that they did not 
act by a Ziegler coordination mechanism, as indicated by the fact that 
aluminum alkylchlorides at low temperature effected polymerization in the 
absence of titanium compounds. The highest molecular weights (over 
40,000) were obtained under these conditions.

The polymers were white (trichloromethyl) or light yellow (di-and chloro- 
methvl derivatives) powders, forming transparent, brittle films when cast 
from solution. They were soluble in common organic solvents except al
cohols and aliphatic hydrocarbons. Their softening temperatures (see 
Table III) increased from polychloromethyl ( 100 -140°C. for M n =  10,000) 
to polydichlorumethyl (135 lb()°C. for M „ =  1.1,500) to polytrichloro- 
methyl-4-inethylene-l,3-dioxolane (220-235°C. for \Jn =  43,000). The 
higher-melting polymers showed slight yellowing after melting. The high 
softening temperatures contrast with those of previously known chlorine- 
free poly-4-methylene-dioxolanes, which soften well below 100°C.5

Polymers derived from chloro-and diehloromethyl-4-methylene-l,3-di- 
oxolanesupported combustion to varying degrees. Polytrichloromethyl-4- 
methylene-l,3-dioxolane, however, burned only partially on a red-hot 
spatula in a Bunsen burner, leaving considerable carbonized residue after 5 
min. Whenever withdrawn from the flame, burning ceased instantaneously. 
The nonflammability of this polymer distinguished it from other polymeric 
derivatives of chloral, including polychloral.

The hydrolytic stability of poly(VI) was established by subjecting it to 
AST.VI Procedure D-1376-5S for determining aldehydes in polyvinyl acetals. 
After 3 hr. of reflux the quantitatively recovered polymer was devoid of 
hydroxyl groups. Its infrared spectrum showed minor differences in the 
C— Cl region. Purification from acetone-methanol gave a 76% yield of 
poly(VI), which was identical in all respects to the starting material. It 
was concluded that no hydrolysis of poly (VI) had taken place under the 
conditions of the ASTM procedure, since the hydrolysis solution did not 
contain chloral hydrate, according to vapor-phase chromatography.

The current experiments were not designed to establish the mechanism of 
1 his reaction. Obviously, the characteristic features of cationic polymeri
zations are missing, such as fast rates at low temperatures and inhibition by
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more than cocatalytic amounts of alcohol. It is unlikely that dissociated 
carbonium ions are involved in the propagation. In this and other respects 
the observed phenomena are compatible with a “pseudo cationic” mecha
nism, such as that suggested by Plesch and his co-workers for the system 
styrene-water-perchloric acid8 or styrene-water-titanium tetrachloride,9 
with an ester as a chain carrier. In the case of 4-methylene- 1,3-dioxo- 
lanes the ester would possess a ketal structure linked to the Lewis acid com
plex, L. In the polymerization of (VI) with stannic chloride or aluminum 
alkyl chlorides alone the ester may be formed from impurities or by isomeriza
tion of some monomer during the induction period.

propagation on ketal ester of Lewis acid "I .” :

The C— OL bond would be much more reactive than the acetal structure, 
since noncyclic ketals such as 2,2-diethoxypropane tire known to hydrolyze 
more than 104 times faster than cyclic acetals such as 2-methyl-l,3-dioxo- 
lane.10 This would permit insertion of suitably polarized monomer to form 
the growing chain, P, with considerably greater ease than, say, styrene co
polymerizes with 1,3-dioxolane.11 Whether this insertion occurs via ionic 
transition states or in the fashion of a four-center reaction may be difficult to 
determine. If ionic species are involved, they are certainly not free ions in 
the conventional sense of the word.

The wavelike patterns observed in the polymerizat ion of (VI) with st annic 
chloride and methanol (Fig. 1) were similar to those reported previously for 
stannic chloride-water-styrene.12 The interpretation of these data in
volved the formation of inhibiting hydrochloric acid, followed by hydro
chlorination of styrene and participation of the monomer chloride, together 
with stannic acid chloride, in the consecutive inhibition-retardation -initia
tion cycle. It was likely in the case of the 4-methylene-l,3-dioxolane (VI) 
that free hydrochloric acid with a methanol-solvated proton would have 
selected the acetal group rather than the double bond as its target. Thus,
(VI) was found to undergo degradation with catalytic amounts of methano- 
lic anhydrous hydrofluoric acid or sulfuric acid hydrate. The conversion 
patterns may, at least in this case, involve the previously discussed mono
mer ester, a possibility that had not been considered for styrene at that time.

EXPERIMENTAL 
Purity of Monomers

The monomers were purified by distillation through a 36 in. spinning- 
band column under nitrogen. Vapor-phase chromatography showed the
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following impurities for 2-chloromethyl (IV), 2-dichloromethyl (V), and 
2-trichloromethyl-4-methylene-l,3-dioxolane (VI):

%  Monomer No. impurities No. distillations
(IV) 94.33 .7 1
( V )  91.07 4 1
(VI) 98.09 2 4

Catalyst Screening

Catalysts were of reagent grade and used as such. Solutions (LI/) were 
prepared from anhydrous solvents under nitrogen and transferred with 
baked syringes. In case of precipitates (such as BiCl3 +  CHsOH) the 
supernatant liquid was used. Freshly distilled monomers, 5 ml. each, were 
transferred by means of baked syringes into baked nitrogen-flushed, 10 ml. 
vials, closed with serum stoppers. The polymerizations were observed over 
a 2 wk. period.

Polymerization of (IV), (V), and (VI)

The polymerizations were carried out under nitrogen in baked, two
necked, 50 ml. flasks, provided with a three-way gas inlet and magnetic 
stirring bars. Monomers followed by catalyst solutions were added from 
baked syringes.

The polymer mixtures were dissolved in acetone and twice precipitated 
into methanol as fine white powders. The filtrates from poly(VI), Table 
III, were evacuated, and the distillable residue (4%) was fractionated 
through a spinning-band column. The fraction boiling from 65-69°C. at
7.2 mm. consisted of a mixture of monomer with 2-trichloromethyl-4- 
methyl-l,3-dioxole (VII), according to its NM R spectrum.

Polymerization of 2-Trichloromethyl-4-methylene-
1,3-dioxolane (VI) with Tin tetrachloride

Reagents. Nitrogen, Linde H.P. dry, led through 10 in. calcium hydride 
tower. Dichloromethane, stored over and distilled from Linde molecular 
sieve 5A under nitrogen. Tin tetrachloride, Fisher Scientific Co., No. 
T-140, used as such from fresh bottle.

Polymerization Procedure. Two-necked, 100 ml. flasks, provided with 
glass stopper, three-way stopcock, and magnetic stirring bar, were baked 
at 120°C., permitted to cool under nitrogen flush, and immersed in an ice 
bath. During stirring the following additions were made from baked 
syringes through the stopcock, with purging with nitrogen through its 
horizontal arm. Monomer (40.70 g\, 0.2 mole) was followed by varying 
amounts of mixtures of methanol with 0.1 ml. dichloromethane, keeping 
the latter’s concentration constant. This was followed by 0.1 ml. 
(2 X 10 ~4 mole) of a 2M  solution of tin tetrachloride in dichloromethane. 
The added methanol corresponded to 0, 1, 2, 3, 4, and 10 molar multiples of
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tin tetrachloride. Stirring was continued for 30 min. after addition of 
catalyst.

The conversion was followed by measuring the refractive index of samples 
withdrawn every 30 min. during the first 8 hr. Later readings were less 
frequent. The refractive index of the monomer (?Id =  1-4950) seemed to 
be little affected by the small amounts of catalyst and solvents, ranging from 
1.4945 to 1.4950. After 96 hr. in an ice bath the polymers were dissolved in 
SO ml. of dichloromethane containing approximately 80 mg. of ethanolamine 
and precipitated t wice into 800 ml. of hexane. The precipitates and resi
dues obtained after evaporation of hexane were dried at 100°C. and 0.2 mm. 
Hg to constant weight.

A n a l . Calcd. for (C 5H5CI3Q2 ),, (% ): C 29.20, II 2.46, Cl 52.40. Found for hexane-
insoluble polymer (% ):

CH3OH:S11CI4 = 0 = C 30.71, 11 2.77, Cl 51.8; mol. wt. 8090
1 = 0  30.10, H 2.58, Cl 53.3; mol. wt. 6290
4 = C 29.89, 11 2.66, Cl 52.1; mol. wt. 8285

10 = C 29.77, H 2.53, Cl 51.9; mol. wt, 5860

The author is indebted to W. Harple, H. Hoberecht, and G. Vickers, of Olin Central 
Analytical Research Department, for determining and interpreting spectral data, to 
R. Rittner and his co-workers for performing instrumental and microanalytical work, 
to R. Raynor for performing most of the monomer syntheses, and to .1. V. Karabinos 
for valuable discussions.
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The Emulsion Polymerization of Vinyl Acetate. 
Factors Controlling Particle Surface Area 

and Rate of Polymerization

E. V. GULBEKIAX, Vinyl Products Limited, Carshalton, 
Surrey, England

Synopsis
An emulsion polymerization system with uniform continuous addition of vinyl acetate 

monomer, Pluronic F68 surfactant, and persulfate initiator has been examined with vari
ation of the surfactant concentration over a tenfold range. The particle surface area 
per unit weight of emulsion was found to vary directly as the surf actant /monomer 
ratio, as also did the emulsion viscosity. At constant polymer/emulsion weight the 
number of particles per unit emulsion weight varied directly as the cube of the surfactant 
concentration. It is shown that these relationships apply also to other monomers, 
such as styrene and methacrylate esters. The solubility of vinyl acetate in a range of 
Pluronic F68 aqueous solutions was determined, and it was shown that the rate of poly
merization is dependent on the solubility of the monomer in the surfactant solution. 
It is concluded that when a water-soluble initiator is used, polymerization proceeds in 
the aqueous phase. The principal factors controlling the rate of polymerization in the 
emulsion polymerization of vinyl acetate are, consequently, the initiating system and 
the concentration of monomer in the aqueous phase. Solubilization characteristics 
indicate that the surfactant concentration will have a much greater effect on the less 
water-soluble monomers, such as styrene, than on the more soluble ones, such as vinyl 
acetate.

INTRODUCTION
Examination of the kinetics of emulsion polymerization has usually been 

carried out in one-stage processes in which all the ingredients are added at 
the start. In such a process both the overall concentration of monomer and 
the ratio of surfactant to monomer will vary during the polymerization. 
Since the particle size also changes during the reaction, it is possible for 
fortuitous correlations to be observed.

To reduce the number of the uncontrolled variables, the kinetics of the 
emulsion polymerization of vinyl acetate at high conversion was examined 
in a system involving continuous addition of monomer, surfactant, initiator, 
and alkali, a process that was expected to yield a narrow distribution of 
particle diameters. Non-ionic Pluronic F68 was selected as the sole surfac
tant because of its versatility as emulsifier and stabilizer and the added 
advantage that it is soluble in vinyl acetate and compatible with its polymer.

2265
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EXPERIMENTAL

The polymerizations were conducted under atmospheric pressure in a
16-liter FMB stainless-steel reactor suitably equipped with a stirrer,
temperature recorder and means of adding three ingredients f>imultaneous]y
at a steady rate and of taking samples. The basic formula used was as
follows. Distilled water: The quantity of distilled water was adjusted to
give a final theoretica.lnonvolatile content of 50.0% at complete conversion.
Vinyl acetate (inhibit,ed with 15 ppm hydro<[uinone): 100.00 parts by
weight. Pluronic F (j~: a block copolymer derived from propylene
oxide aud et.hylene oxide; contains 5 ppm 2: (j di-tel't-but~'l-Jl-cre:-;ol(supplied
by Wyandotte Corporation). Almnonium persulfa.te, reagent-grade, 0.24
part..<; by weight. Distilled water, 21.00 parts by weight. Sodium hy
droxide, reagent-grade, 0.10 parts by weight. Distilled watcr, 20.00 parts by
weight.

The first portion of distilled water was put in the reactor and was fol
lowed, with agitation, by 10% of the monomer-Pluronic F68 solution
(made up at 27°C. and cooled back to room temperature) and 0.20 parts by
weight of the persulfate initiator in 1.00 parts by weight distilled water.

The temperature was raised to 60°C. and then over 15 min. to 7G-72°C.,
reflux being avoided by jacket cooling as necessary. Thc balance of the
monomer-surfactant solution and the persulfate and NaOH solutions were
added to the reactor continuously in separate streams at known uniform
rates over about 4 hr., the temperature being kept 70-72°C. Small samples
were taken every 0.5 hr. The polymerization of the sample was stopped
by cooling immediately and saturating with air. The nonvolatiles were
determined gravimetrically; the weight-average particle sizes, by a turbidi
metric method. 1

The quantity of Pluronic F68 was varied between 2.0 and 20.0 parts by
weight on 100 parts vinyl acetate.

The number of polymer particles (N) was calculated by assuming a
specific gravity of 1.198 for polyvinyl acetate. This value for the specific
gravity was calculated from the density of the final polymer emulsion and
compares well with previously published figures. 2,3 The particle diameter
was calculated from light-transmission figures corrected for the surfactant
content. The particle diameter distribution was checked in selected sam
ples by electron microscopy and found to be similar to that noted by
French, 4 i.e., log normal.

The solubility of vinyl acetate monomer in surfactant solutions was
determined by shaking 10 ml. of the monomer with 100 ml. of the solution
at 20°C. and allowing them to stand at this temperature overnight. The
vinyl acetate concentration of the aqueous phase was then determined on a
Perkin-Elmer 800 gas chromatograph with a differential flame-ionization
detector. A 12 in. column was used with a 10% Reoplex 400 stationary
phase at 69°C., the flame-ionization detector at 100°C., the injection port at
170°C., and the nitrogen carrier at 31.2 ml./min.
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DISCUSSION

Particle Surface Area

In the present series, in which monomer, initiator, and surfactant were
added continuously, the rate of polymerization was substantially constant,
both during each experiment and with variation of the surfactant concen
tration over a tenfold range. Since both the particle diameter and the
number of particles per unit weight. of emulsion varied during the polymeri
zation process, conclusions may be drawn concerning the dependence of
these factors apart from the rate of polymerization.

From Figure 1 it i.;; seen that at a given surfactant concentration the
total particle surface area is directly proportional to the emulsion weight:

(1)

where r is particle radius, N is total number of particles, and W is emulsion
weight.

In Figure 2 the slopes of the curves of Figure 1 are plotted against the
surfactant concentration, and the total particle surface area per unit
weight of emulsion is seen to vary directly as the surfactant concentration.
A straight line is also obtained by using the mean values for total particle
surface area per gram of emulsion given in Table 1. Thus

4 1rrW/W ex: [S] (2)
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Fig. 1. Val'i8,tion of total parLicle surface area A with weight HI of emulsion at dif
ferent surfactant-monomer ratios [SI: (0) 0.20; (e) 0.12; (x) 0.08; ('7) 0.06; (D)
0.04; (~) 0.D2.
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Fig. 3. Variation of reciprocal of particle radius (1/1') with surfactant-monomer ratio
lSI at constant polymer-emulsion weight ratios: (a) 0.20; (b) 0.30; (c) 0040.

investigated the emulsion polymerization of vinyl acetate in a one-stage
process, using Pluronic surfactants. In a series in which Pluronic F68
was varied from 1.0 to 10.0 parts per 100 parts vinyl acetate a linear rela
tionship was found, at a conversion of 0.97, between the total particle
surface area per unit weight of polymer and the surfactant concentration
that was similar to relation (2). French also found that the number of
polymer particles per unit weight of polymer at an approximately constant
polymer emulsiou weight ratio varied ai:i the cube of the surfactant
monomer ratio, much as in relation (5).

Previous results6 (Fig. 4) have shown that the variation of total particle
smface area with emulsion weight applied to vinyl acetate in a colloid-free
formula containing othpr nonionic :,:urfaclants, with and without anionic
surfactant.

The resulL:; of Brodnyan et al.7 wit.h methyl anll n-butyl methacrylates
in a one-stage proces:; at constant monomer and initiator concentrations
showed that the rate of polymerization (R,,) per "specific particle surface
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Fig. o. Variation of total particle surface area per unit weight of emulsion (A/W ) 
with surfactant-monomer ratio (data of Brodnyan et al.7): (X )  methyl methacrylate; 
(O ) n-butyl methacrylate.

where [M] is monomer concentration and V  is volume of water, while Brod
nyan et al.7 have demonstrated that the dependence of particle number on 
the cube of the surfactant concentration also applies.

More directly, Berezhnoi et al.10 and Vanderhoff et al.11 have shown that 
for styrene the total particle surface area varies directly with the anionic 
surfactant concentration (viz. sodium laurate and sodium dihexyl sulfosuc- 
cinate, respectively); again, this may be compared with relation (2).

Relationships (4) and (5) also have been reported to apply to vinylidene 
chloride and vinyl chloride.12

The variation of particle surface area per unit weight (or volume) of 
emulsion with surfactant concentration is therefore covered by relation (2)
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Pig. 6. Variation of total particle surface area per unit volume of emulsion per unit 
surfactant-monomer ratio (A /F ($ ))  with monomer-water ratio.

for a variety of monomer and surfactant types. Two results obtained with 
vinyl acetate and methyl acrylate,13 and ethylene14 indicate a different rela
tionship, however:

N/V  -  [S] (7)

Although the results with ethylene may be due to its different solubility 
characteristics, it is not possible to explain Alexander’s results13 with 
vinyl acetate and methyl acrylate on the evidence presented.

The most probable explanation of the observation that particle surface 
area per unit weight (or volume) of emulsion varies as the concentration of 
surfactant is that the number of stable particles depends on the quantity of 
surfactant available for stabilizing a given surface area. In the system 
studied, 2.02 X 10,3-2.40 X 1013 molecules of Pluronic FOB were required
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to stabilize 1 cm.2 of polyvinyl acetate in emulsion at final theoretical 
polymer-emulsion weight ratios of 0.49-0.42.

From relation (2), since polymer weight P  varies as rW , it may he shown 
that

/• -  ( 1 / [ S ] ) ( / 7 M 0  ( 8 )

The particle size is thus determined by the surfactant-monomer ratio and 
the polymer concentration.

On extrapolation of curve (b) of Figure 2 to zero surfactant concentration, 
the particle surface area per unit emulsion weight yields a value of 1.6 X 
104 cm.2/g. A similar value is obtained by extrapolation of Figure 4 in 
French’s paper4 and may be compared with values ranging between 0.24 X  
104 and 2.07 X 101 cm.2/ml. for persulfate-initiated polymerizations in 
aqueous solution in the absence of surfactant.15 In the latter case, stabiliza
tion of the polymer particles presumably is effected by sulfate endgroups.

Rate of Polymerization

The comparative study"1 of the polymerization of a mixture of acrylate 
monomers by one-stage and continuous monomer addition processes has 
shown that in the latter the rate of polymerization was relatively constant, 
suggesting that the major controlling factor was the monomer concentra
tion.

Patsiga et al.17 have noted that the rate of polymerization of vinyl acetate 
in emulsion is independent of soap concentration. This is in agreement 
with other results from partially water-soluble monomers, viz., vinyl ace
tate18 and methyl acrylate,19 reported in the literature but not with those of 
O’Donnell et al.20 which show that

K  «  [S]

for vinyl acetate stabilized with polyvinyl alcohol, nor with those of Dunn 
arid Taylor,21 who, using low concentrations of polyvinyl alcohol and vinyl 
acetate, reported that the rate of polymerization decreased with increase of 
the stabilizer.

The general independence of the rate of polymerization from the sur
factant concentration for the more water-soluble monomers may be com
pared with results obtained by Medvedev and his co-workers8'10 from 
styrene in a one-stage process with azobisisobutyronitrile as initiator and an 
anionic surfactant, when the polymerization rate was found to be dependent 
on surfactant concentration only below a surfactant monomer ratio of 
0.15 (equal to 5%  in the aqueous phase).

Berezhnci et al. have suggested22 that the rate of polymerization is 
determined by the concentration of emulsifier only up to the point at which 
the particle surface is saturated by emulsifier; Uchida and Nagao,23 working 
with acrylonitrile and methyl methacrylate, have found the rate to increase 
with anionic surfactant concentration up to the critical micelle concentra
tion.
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Since from the consensus of data discussed above the particle surface area 
is determined by the surfactant concentration, it seems more reasonable 
that the rate of polymerization depends on the solubility of the monomer in 
the water phase, as proposed essentially by Okamura and Motoyama18,24 
and confirmed by Vanzo,25 and that the constant rate observed by Medve
dev8’10 at a very high surfactant concentration represented the point at 
which the solubility of styrene in that water phase reached a maximum.

In support of this it may be noted that the solubility of vinyl acetate 
increases to a much lesser extent in 2%  sodium dodecyl sulfate solution at 
30° C. than does styrene.18 Thus,

2%  aq. sodium 
Water dodecyl sulfate

vinyl acetate: 2 .3 %  4 .0 %
styrene: 0 .03%  0.12%

Similarly, the solubility of styrene increases substantially in 0.09371/ 
potassium palmitate solution:26

40° C.: 
50°C.:

Water
0.0320%
0.0382%

0.0934/ potassium 
palmitate 

1 .0 0 %  
1.45%

The relatively greater solubilization of the less water-soluble monomers is 
consistent with McBain and Richard’s results27 with organic liquids, some of 
which are quoted in Table II below.

It was shown by Uchida and Nagao23 that the rate of polymerization of 
acrylonitrile in aqueous polyvinyl alcohol solution varied with the stabilizer 
concentration and that the solubility of acrylonitrile correspondingly 
increased with the concentration of polyvinyl alcohol.

In the present work it may be noted from Tables III and IV that Pluronic 
F68 has little effect on the solubility of vinyl acetate in water and that the 
mean rates of polymerization, which vary slightly over a tenfold increase of 
surfactant concentration, are proportional to the solubility of vinyl acetate 
in the surfactant solution, exhibiting a maximum at a surfactant concentra-

TABLE II
Solubility of Organic Liquids in Surfactant Solution27

Water, 
%  w /v

0.1 aq.
potassium 

laurate, %  w /v
Ratio of 

solubilities

n-Hexane 0.014 0.170 12.1
n-Octanol 0.059 0.444 7.53
Benzene 0.070 0.296 4.23
Methyl iso- 

butylketone
1.820 3.020 1.66

Methyl tert- 
butyl ether

5.126 6.586 1.28
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TABLE III
Rate of Polymerization (Rp) and Surfactant Concentration

Mean concn. of Plutonic Mean Rp
F68 in aqueous phase, (fraction of monomer

Expl. No. w /w  addition rate)

1
2
8
\
,5
6

0.109
0.071
0.050
0.038
0.026
0.013

0.92
0.91
0.90
0.94
0.98
0.93

Solubility of Vinyl Acet ate in
TABLE IV

Aqueous Solutions of Surfactant at 20°C.

Surfactant

Solubility of vinyl acetate, 
%  w /v

concn., g./ml. Pluronic F68 Ethylan BCP°

0.16 2.42 —

0.08 2.36 5.33
0.04 2.37 4.83
0.02 2.63 2.94
0.01 2.52 3.12
0.005 --- 2.42
Nil 2.22 2.22

a A commercially available nonylphenyl-ethylene oxide condensate, with 9-10 
ethylene oxide units. The free polyethylene glycol content was 0.8%.

tion of 0.02-0.03 g./ml. A noiiylphenol-enthylene oxide (9 unit) adduct 
is seen to be rather more efficient with vinyl acetate, but even at a concen
tration of 8.0% surfactant the solubility of vinyl acetate is only about 2.5 
times that in water.

It seems probable, therefore, that the rate of polymerization is controlled 
essentially by the concentration of monomer in the water phase, assuming 
that the surfactant does not interfere with the initiator system, and that 
where the rate has been shown to depend on surfactant concentration or 
particle surface area this has been a reflection of the ability of the surfactant 
to increase the solubility of the monomer in the aqueous phase.

From the solubilization characteristics discussed above it follows that the 
rate of polymerization of the less water-soluble monomers will be more 
dependent on surfactant concentration. In considering the basic rate 
equation,

R v =  kv [M ] [R • ]

where [R.' ] is the concentration of radical, [M] has been assumed to repre
sent the monomer concentration in the particles. Although this may be 
true when a polymer-soluble initiator is used, it is unlikely to apply to 
water-soluble initiators. The results presented in this paper suggest that
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the water phase is the main locus of polymerization, in which case [M] 
should be regarded as the monomer concentration in this phase.

In the presence of excess monomer the overall concentration of monomer 
liable to polymerize and, hence, the rate of polymerization will be deter
mined by the solubility of the monomer in the aqueous surfactant solution. 
If the monomer is not in excess, R p will depend on the proportion of mono
mer partitioned into the water phase.

Emulsion Viscosity

At a nonvolatile content of n0% there is a direct relation (Fig. 7) between 
the emulsion viscosity and the particle surface area per unit weight of 
emulsion; thus,

emulsion viscosity cc -iirr'2N/W  cc [S] (9)

This relationship is different to that found by French,4 which was that 

log (emulsion viscosity) «  [S]

The difference could be due to the different methods of manufacture of the 
two series of emulsions or to the different methods of determination of the 
viscosity.
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TABLE Y
Final Emulsion Properties

Expt.
No.

Ratio 
Pluronic 
F68 to 

monomer, 
w /w

Nonvolatile, 
%  wt. in 
emulsion pH

Vise.
at 25°C.,a 

poise

Wt. av. 
particle 
diam., /x

Surf, 
tens, 

at 21°C., 
dynes/cm.

1 0.20 48.1 5.0 1.31 0.08 42.7
2 0.12 48.5 5.0 0.78 0.12 42.4
o 0.08 48.9 5. 1 0.40 u . 17 41.6
4 0.06 49.3 5.1 0.33 0.21 42.9
5 0.04 49.0 5.1 0.20 0.27 43.0
6 0.02 49.4 4.8 0.14 0.33 42.6

° Measured on a Ferranti viscometer: V L /V M A  speed 5 (shear rate, 161.8 sec.-1)

CONCLUSIONS

In a continuous-addition process for the emulsion polymerization of 
vinyl acetate initiated by persulfate, the particle surface area of polymer per 
unit weight of emulsion varies directly as the surfactant monomer ratio. 
This relationship has been shown to apply to a number of monomers, 
irrespective of their solubility in water.

The particle size is determined by the surface area that the given concen
tration of surfactant is able to stabilize and by the polymer concentration.

In the system studied in the present work the rate of polymerization is 
dependent on the solubility of the monomer in the water phase, and it may 
therefore be deduced that the latter is the principal locus of polymerization.

The viscosity of a polyvinyl acetate emulsion stabilized with Pluronic F68 
and prepared by a continuous-addition process, varies directly as the sur
factant concentration at a given nonvolatile content.

The author thanks C. E. It. Jones for carrying out the gas chromatographic deter
minations, B. H. Quadri for assistance with the experimental work, and J. E. O. Mayne, 
W. P. J. Bailv, and G. E. J. Reynolds for useful discussions.
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Some Properties of Poly-a-piperidone

HISAYA TANI, Department of Polymer Science, Faculty of Science, 
Osaka University, Toyonaka, Osaka, Japan, and TUYOSHI KONOMI, 
Katata Research Institute, Toyo Spinning Co., Ltd., Katata, Shiga, Japan

Synopsis
The high molecular weight polymer of a-piperidone, which had been unobtainable 

with the use of alkali metal, trialkyl aluminum, or Grignard reagent as catalyst, was pre
pared with M -AlEt3, (where M is alkali metal), MAlEt4 or KAlEts(piperidone) as catalyst 
and A-acyl-a-piperidone as initiator. From the determination of the behavior of the 
solution viscosity of poly-a-piperidone in m-cresol at 30°C. the value of 0.27 for the Hug
gins constant was obtained. Examination of the correlation between the number-aver
age molecular weight, determined by endgroup titration, and the intrinsic viscosity gave 
a somewhat small value for the endgroup COOH. This may be considered due to the 
consumption of AT-acyl-a-piperidone by a propagating polymer in the course of polymeri
zation. The thermal stabilities of the polyamides, nylons 4, 5, and 6, was in the order 
nylons 6 >  5 >  4 according to differential thermal and thermogravimetric analyses, 
Poly-a-piperidone, which has a reduced viscosity of 0.7, shows a melting point of 270°C.. 
which was expected from the zigzag pattern of the correlation between melting points and 
numbers of CH2 groups for polyamino-acid polymers.

INTRODUCTION
In preceding papers1'2 it was reported that MAlEt4, or M-AlEt* (M =  

alkali metal), or KAlEt3 (piperidone) had the ability to produce a high 
molecular weight polymer of a-piperidone. Since the method gave for 
the first time a high molecular weight poly-a-piperidone (nylon 5), the 
determination of several properties of this polymer in solution or in solid 
state is interesting not only in itself but also for comparison with the 
properties of nylons 4 and 6.

In this work the viscometric behaviors of the polymer in //¡.-cresol and 
the thermal properties of the solid polymer were determined.

EXPERIMENTAL
Preparation of Polymers for Determination of Endgroups

A series of polymers having various degrees of polymerization was pre
pared by varying the polymerization time, the other polymerization con
ditions being constant at 2.5 mole-% of KAlEt4, 2.0 mole-% of Y-acetyl- 
a-piperidone, and 40°C.

2281



2282 II. TAM  AND T. K.ONOMt

The polymerization was terminated with water, and the precipitated 
polymer was kept standing in 5 wt.-% aqueous hydrochloric acid solution 
for 12 hr. and then was washed several times with water and methanol and 
dried under reduced pressure at 70°C.

Measurement of Intrinsic Viscosity
The viscosity measurement was carried out in an Ubbelolule viscometer 

at 30 ±  0.02°C., in a concentration range of 0.125-1.500 g. per 100 ml. 
The intrinsic viscosity was determined by graphical extrapolation of the 
induced viscosity to concentration zero.

Measurement of Molecular Weight by Endgroup Determination
The carboxyl groups were determined by microtitration. They were 

titrated in benzyl alcohol at room temperature with 0.021V NaOH (10 
ml. of water was added to 250 ml. of a solution in order to raise the solubility 
of NaOH) and phenolphthalein as indicator. Benzyl alcohol and chloro
form were distilled in a nitrogen atmosphere and titrated as blanks before 
each use.

All the procedures for preparation of a colloidal solution of polymer in a 
mixed solvent of benzyl alcohol and chloroform and for titration were done 
in a stream of dry nitrogen. To 10 ml. of benzyl alcohol 0.100 g. of polymer 
was added and the mixture was heated for about 4 min., so as to dissolve 
completely. The solution was cooled in about 4 min., and then 10 ml. of 
chloroform was added with stirring. The resulting colloidal solution was 
titrated as soon as possible at room temperature.

Measurement of Melting Point of Polymer
The melting point of the polymer was determined in air with a Aleihoh 

Thermo Analyzer and with a Yanagimoto Melting Point Apparatus.

Differential Thermal Analysis
DTA was carried out in a stream of dry nitrogen with a Shiniazu DT- 

10. A “ sandwich” technique was used, in which 0.200 g. of sample was 
placed between two layers of a-alumina. The sample was heated at a 
controlled rate of S°C./min., and the differential temperature was recorded 
against the inert sample of a-alumina packed into the first compartment of 
the cell.

Thermogravimetric Analysis
T(4A was carried out in air or nitrogen with an Automatic Recording 

Thermobalance Type ORK-B Oyorika Ivogyo. The sampling of the 
polymer was 0.300 g. The weight losses of the samples were recorded to 
an accuracy of ± 0 .5 %  and the temperature to better than ±5°C . The 
temperature of the sample reached at a temperature in about 7.5 min. in 
every case.
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RESULTS
Correlations between Reduced Viscosity, Intrinsic 
Viscosity, and Number-Average Molecular Weight

The behavior of the viscosity in various concentrations of polymer in 
m-cresol and the correlation between the intrinsic viscosity and the number- 
average molecular weight of the unfractionated poly-a-piperidone were 
examined.

Fig. 1. Reduced viscosity versus concentration of a-piperidone polymer solution in
m-cresol at 30°C.

The data for reduced viscosity versus concentration are given in Table 
I and plotted in Figure 1. Since the deviation of reduced viscosity was 
great below a polymer concentration of 0.25 g. per 100 ml., the usefulness 
of the viscosity formula is limited to the range of concentration from 0.25 
to 1.50 g. per 100 ml.

TABLE I
Relationships between Reduced Viscosities and Concentrations 

of Polymer (Nylon 5) Solutions

Reduced viscosities of a-piperidone polymer" at con
centration of polymer (g. per 100 ml. of m-cresol) 

Sample -----------------------------------------------------------------------------------
No. hi 1.5 1.0 0.75 0.50 0.25 0.125

816 0.810 1.07 1.06 0.94 0.92 0.90 0.97
ate-3/2 0.726 0.94 0.87 0.83 0.80 0.76 0.77
Li-LiAl 0.454 0.55 0.52 0.51 0.49 0.47 0.51
ate-3/26 0.370 0.42 0.40 0.39 0.39 0.38 0.42
ate-2/15 0.260 0.28 0.27 0.27 0.26 0.26 0.28
ate-2/11 0.187 0.20 0.19 0.19 0.14 0.20 0.25

•Measured by Ubbelohde viscometer in m-cresol at. 30°C.
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merization of a-piperidone, which might not give the correct number for
the carbonyl group in the endgroup measurement.

Correlation between Melting Point and Reduced Viscosity

The melting point of nylon .1 has been reported to be 259°C., but the
degree of polymerization of the polymer used was comparatively 10'" ([1]]
= 0.246 dl./g. in m-cresol at 30°C.).7

The melting point of nylon 4 derived from a-pyrrolidone by alkali
metal-catalyzed polymerization at 10"- temperature was reported to be
251 and 260-265°C. by :\iurahashi et a1.8.~ Nagaoka et al. have in
vestigated the dependenee of the melting point of poly-a-pyrrolidone on
the intrinsic viscosity and indicated that the polymer having an intrinsic
viscosity higher than 0.7 dl./g. in m-cresol at 25°C. melted at 260
263°C.w

We examined the thermal behavior of nylon .'5 having reduced viscosities
of 0.18-0.81 b~' differential thermal analysis and ordinary melting-point
measurement; the results are given in Table III and Figure 3.

The thermogram of nylon 5 in Figure 3 exhibits a well-defined peak
position and peak area; the position of the fusion point was taken as the
melting point of the pol~:mer.11 TIl{' fusion peak in DTA appeared at a
somewhat higher temperature than that measl1l'ed with the naked eye,
but it rose exactly in accordance with the increase in redueed viRcosity.

The effect of the heating rate all t.he pOl'iitioll of fusion point was deter
mined as shown in Table IV. T~ appeared broadly at about 233°C. at

IDT A curve of 5 NYLON I

209

Differential Thermal AnalySiS

Samplin~. 0.150 g ; Heating Rote. 8'C / min

5 NYLOI'l

['2) so·c.in m-cre. 0.71

Prepared by onio.nic Polymerization.

Catalyst, NaAIEt4; Initiator, Ac- Pip.;

Palymerizotion Temp.. 40·C

24'

271

37'

Temp .• ·C

II

417

Fig. 3. Differential thermal analysis of nylon 5; sampling, 0.150 g.; heating rate
8°C./min.
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TABLE IV
Effect of Heating Rate on DTA Curves“

2287

Heating rate, 
°C./min. Tt, °C. Th °C.

1-2 233 259-262
4-5 243 267
9-10 243-244 266-267

a Nylon 5: i)iV/C = 0.50.

heating rate of l-2°C ./m in., l ’> was obtained as a shoulder of the peak 
Tz at a heating rate of 4-5 or 9-10°C./min., and Ts rose somewhat with 
heating rate. T-2 might be considered to be the melting point of a low 
molecular weight polymer.

Thermal Stability of Nylons 4 and 5

The thermal gravimetric analysis of nylons 4 and 5 was carried out with 
a thermobalance in air or nitrogen. Figures 4 and 5 show the effect of 
experimental temperature on the degradation of polymer. The temper-

Fig. 4. Thermogravimetric. analysis of nylon 4 by thermobalance: effect of temperature
on weight loss: [ij] = 1.25 in m-eresol at 30°C.
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a ture of the sample could be made to rise to a given temperature in 7.o 
min. in all cases. The first stage of the curves indicates that water in the 
polymer was evolved continuously up to a temperature of 150°C. From 
the experimental data it may be recognized that the thermal stability of 
nylon 5 is superior to that of nylon 4 in the polymer untreated after poly
merization. Xo weight loss was observed in nylon 6 at 250°C. during 60 
min., but the degradation leading to almost an a-pyrrolidone for nylon 4

Time (min.)

Fig. a. Thennogravimetric analysis of nylon o by thermobalance: effect of temperature 
on weight loss; [tj] =  0.66 in m-cresol at 30°C.

and to the formation of a yellow (in nitrogen) or a black (in air) block of 
nylon 5 were observed in the same condition.

The correlation between the viscosity of the polymer and the degradation 
behavior was examined; see Figure 6 and 7. No obvious effect of the 
degree of polymerization on the degradation was observed in either nylon 
4 or nylon 5. These results might not support the consideration that the 
thermal degradation of nylon 4 occurs only at the polymer end. A partial 
ring closure in the main chain of the polymer may also be considered.
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DISCUSSION
T h e  determ ination  o f  the change in th e  redu ced  v iscosity  o f  po lym er 

treated  at tem peratures from  180 to  2 3 0 °C . indicates th at the decrease 
in th e  v iscos ity  o f  n y lon  4 was m ore pred om in an t in  th e  higher m olecu lar 
w eight sam ples; see Figure 8. S uch  therm al behavior is n o t  explained 
o n ly  b y  considerations o f  the therm al degradation  at the p o lym er ends and 
the depression  in polym eriza b ility  o f  a -p iperidone. A  form ation  o f  ring

Fig. 6. Thermogravimetric analysis of nylon 4 by thermobalance: effect of reduced 
viscosity on weight loss at 255°C. in air. Values of i j s p /C ':  (O) 0.15; (□) 0.33; (A ) 
0.60 and 0.96.

lactam  b y  ring closure from  p o lym er chain  is considered  to  b e  m ore pre
dom inant in n y lon  4  than  in n y lon  5. T h e  therm al degradation  appeared 
at abou t 2 8 7 °C . for  n y lon  4 and at 3 30 °C . for  n y lon  5, and  n y lon  6 was 
stable at 3 30 °C . under the con d ition  o f  a heating rate o f  8 ° C . /m in . ; see 
F igure 9.

T h e  m elting p o in t o f  n y lon  5 rose w ith  increasing v isco s ity  and reached 
the constant v a lu e  o f  2 70 °C . (ju d g ed  th e  naked  e y e ); at this p o in t the 
fusion peak in D T A  curves ind icated  a tem perature o f  271 ° C .;  see F igure
10.
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Fig. 7. Thermogravimetrie analysis of nylon 5 by thennobalance: effect of reduced 
viscosity on weight loss at 255°C. in air.

Time of Heat-treatment (min}

Fig. 8. Effect of heat, treatment on reduced viscosity of nylons 4 and 5 in nitrogen
atmosphere. Temperature of heat treatment: (circles) 230°C.; (squares) 200°C.;
(triangles) 180°C.
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8  0.9 1.0

n^/c

Ein. PI Melting poi)il versus reduced viscosity of nylon ñ.
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In contrast to nylon 6, nylons I  and 5 showed undesirable thermal 
stability, and the temperature interval between melting point and deg
radation decreases in the following order: nylons 6 >  5 >  4. This may 
indicate the difficulty of treating nylons 4 and 5 in the melt state.

From the experimental results described above the melting points of 
polyamides are in the order of nylons 5 >  4 >  6; this thermal property 
may accord with the fact that the relationship between the melting point

Fig. 11. Polyamides: (O) even number of CHS groups; (•) odd number of CH-. groups.

and the carbon number of polyamides shows a zigzag pattern,12 and the 
groups in the polymer backbone may be considered an internal diluent, 
decreasing the amount of hydrogen bonding,11 see Figure 11.

The high molecular weight polymer of a-piperidone has a melting point 
of 270°C., which may be in accordance with that expected from the pattern 
described for the relation between melting points and number of CH2 
groups of amino acid polymers, which is 10-5.12’13
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Polymerization of a-Piperidone with M-AlEt3, MAIEt4, 
or KAlEt3(Piperidone) as Catalysts and 

ZV-Acetyl-a-piperidone as Initiator*

H1SAYA TAXI and TUYOSHI KOXOAILf Department of Polymer 
Science, Faculty of Science, Osaka University, Toyonaka, Osaka, Japan

Synopsis
Low-temperature polymerization of a-piperidone was carried out by using MAlEt4, 

KAlEta(piperidone), and M -AlEti (where M  is Li, Na, or K ) as catalysts and iV-acetyl- 
a-piperidone as initiator. The behavior in polymerization of these catalysts was su
perior to alkali metal or aluminum triethyl, and a polymer having an intrinsic viscosity 
of 0.8 dl./g. was obtained. Polymerization results and infrared analyses of the metal 
salts of lactams suggest that a complex, the structure of which was analogous to the one 
formed from M -AlEt3, is formed in the case of the alkali metal piperidonate-ethyl alu
minum dipiperidonate catalyst system and that it is changed to another complex having 
a different composition and lower catalytic activity by heat treatment The infrared ab
sorption band of the metal salts of lactams and of KAlEt3(piperidone) at 1570-1590 
cm.-1, which is attributable to the C = N  group in enolate form, may be considered to be 
related to the catalytic activities of alkali metals and the polymerizabilities of lactams. 
Such special catalysts as MAlEti, alkali metal-AlER, or KAlEt3(piperidone) are supposed 
to suppress the consumption, by alkali metal, of .Y-acyl-a-piperidone group of growing 
polymer end A prolonged polymerization required for obtaining a high molecular 
weight polymer, even when such catalysts tire used, is ascribable to a greater difficulty 
in re-forming lactam anion from a-piperidone, the basicity of which is higher than that of 
the other lactams.

INTRODUCTION
In the course of tin investigation of the polymerization of lactams we 

succeeded in obtaining high molecular weight polymer of a-piperidone by 
using MAlEti or alkali metal-AlEt3 catalyst system.1

In an earlier paper it was shown that an alkali metal catalyst, which 
possesses a superior property for the high polymerization of five- and seven- 
membered lactams, was unable to yield the high polymer of a-piperidone 
and that MAlEt4, which gave the a-piperidone polymer with intrinsic 
viscosity of 0.8 dl./g. in low-temperature polymerization, exists as a cer
tain type of complex salt and also participates in the stabilization of the

* Part of this paper was presented at the 13th Annual Meeting of the Society of Poly
mer Science, Japan, Kyoto, June 1964.

t Present address: Katata Research Institute, Toyo Spinning Co., Ltd., Katata, 
Shiga, Japan.
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alkali metal salt and in the protection of the initiator and the N-acyl 
lactam group of propagating polymer ends against an unfavorable side 
reaction.

The present investigation is concerned with the determination of the 
behavior of M -AlEt4 in lactams at various temperatures and of the relation 
between the molar ratio of alkali metal, aluminum, and initiator. In 
addition, the polymerization of a-piperidone with the catalyst KAlEts- 
(piperidone), the structure of which is supposed to be equal to that of a 
solution of KAlEt-4 in monomer, was carried out at low temperature.

The polymerization results and the infrared spectral analyses of metal 
salts of lactams in lactam solution and of KAlEt3(piperidone) the poly- 
merizabilities of alkali metals and aluminum will be evaluated and dis
cussed.

EXPERIMENTAL 

Preparation of MAlEt4

Alkali metal reacted with a concentrated toluene solution of triethyl- 
aluminum in a dry nitrogen atmosphere to give M -AlEt4:

3 M  +  4 A lEt3 — 3 AIAlEti +  A1

LiAlEt4 and NaAlEt4 were purified by repeated recrystallizations from 
toluene. KAlEt4 was precipitated from its concentrated toluene solution 
by adding n-hexane, was washed repeatedly with n-hexane, and then was 
dissolved in tetrahydrofuran. The organo-aluminums were used in tetra- 
hydrofuran solution.

The catalyst concentration was determined by alkalimetry, back- 
titration, and gasometry. The gaseous product evolved during the 
hydrolysis of the catalyst was proved to be ethane by gas chromatography 
(charcoal column: 2 m., 170°C.).

Preparation of the Complex KAIEtdPiperidone)

Potassium Piperidonate. To a solution of 2U ml. (about 0.220 mole) of 
a-piperidone in 20 ml. of dry toluene was added 4.29 g. (0.110 mole) of 
metallic potassium) under an atmosphere of dry nitrogen at temperatures 
from 30 to 50° C. The mixture was allowed to react with stirring. After 
completion of the reaction a white precipitate of potassium piperidonate was 
separated out by adding tetrahydrofuran. It was washed five times with dry 
tetrahydrofuran and was dried under reduced pressure at 120°C. Potas
sium piperidonate is hygroscopic, decomposes in air to form a-piperidone 
and potassium hydroxide, and is almost insoluble in benzene, n-hexane, and 
tetrahydrofuran.

KAlEt3(Piperidone). Potassium piperidonate was heated to 120°C. 
under reduced pressure (0.1-0.4 mm. Hg) to remove a trace of solvent
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adhered to it. To a suspension of the salt in 40 ml. of dry n-hexane was 
added 10 nil. (0.0728 mole) of triethvlalurni num, dropwise, with stirring, 
at room temperature. The salt changed gradually from a solid to a slightly 
yellow, highly viscous liquid. The viscous liquid phase was separated and 
washed five times with dry n-hexane, to remove unreacting triethylalumi- 
num as completely as possible. It is very hygroscopic and unstable, 
decomposes violently in air, forming white, solid material, and reacts with 
alcohol or water under evolution of ethane gas, unlike potassium piperido- 
nate. The isolation of this complex in crystalline form was unsuccessful.

Preparation of A'-Acetyl-a-piperidone

A^Acetyl-a-piperidone was prepared in the same manner as described in 
the previous paper.1

Preparation of O-Ethyl Lactims

O-Ethyl-e-caprolactim, O-ethyl-5-valerolactim, and O-ethyl-y-butyro- 
lactim were prepared by the method described by Benson and Chairns3 
(b.p. 64°C. at 10 mm. Hg, 56°C. at 17 mm. Hg, 37°C. at 16 mm. Hg, re
spectively) .

Polymerization of a-Piperidone

Preparation of Monomer Solution of Catalyst. Catalyst solution was 
prepared by using the monomer as a solvent. All procedures mentioned 
below were carried out in a dry nitrogen atmosphere. Monomer containing 
a given amount of potassium salt was prepared by adding a calculated 
amount of metallic potassium into monomer at a temperature below 80°C.

The monomer containing bis(2-oxopentamethyleneimine)ethylalummum 
was prepared by dropwise addition of triethylaluminum to a-piperidone. 
In this reaction 2 moles of ethane were evolved for 1 mole of triethylalu
minum.

The solution of MAlEt*-piperidone catalyst was prepared to 40-50°C. 
by stirring a mixture of a catalytic amount of MAlEtj in tetrahvdrofuran 
and a-piperidone; 1-2 moles of ethane per I mole of A1 AlEf , evolved.1 
Tetrahvdrofuran was removed under reduced pressure as completely as 
possible by increasing the temperature to 60°C.

Solution of KAlELtfpiperidone) in monomer was prepared as follows. A
1.3 ml. amount of a 2.01) moie-% solution of the complex in benzene was 
added slowly with stirring into 1.2 ml. (0.132 mole) oi freshly distilled 
a-piperidone at 45-50°C. in a stream of nitrogen. Benzene was removed 
at 50-60°C. under reduced pressure as completely as possible.

Polymerization. The polymerization procedure was the same as that de
scribed in the previous paper. The polymerization was terminated by 
adding a mixture of methanol and 5 wt.-% aqueous solution (1:1 v /v). 
The reduced viscosity of the polymer solution was measured at a concentra
tion of 0,5 g. of polymer per 100 ml. of m-cresol at 30°C.
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RESULTS

Alkali Metal Catalyst

The alkali metal catalyst was unable to convert a-piperidone to a high 
molecular weight polymer having a reduced viscosity higher than 0.3. A 
trace of water contaminated in monomer acts as an initiator in the alkali- 
catalyzed polymerization of all of the five-, six-, and seven-membered 
lactams, although there is some difference in the degree of inhibition 
between these lactams. Therefore, inability to obtain a high molecular 
weight polymer only in the case of a-piperidone, even in a prolonged

C a ta lys t or In i t ia to r  ( m o le - % )

Fig. 1. Polymerization of a-piperidone at equimolar ratio of catalyst to initiator: 
catalyst, metallic potassium; initiator, N-acetyl-œ-piperidone; polymerization tem
perature 40°C. ; polymerization time 48 In'.

polymerization time, cannot be ascribed to the contamination of a trace 
of water. It is considered to be due to the depression of catalyst concen
tration resulting from the ease of consumption of A-acyl lactam group of 
the propagating polymer end. This consideration is supported by the 
fact that the molar ratio of catalyst to initiator affects the relationship 
between yield and reduced viscosity of the resulting polymer. In addition, 
an isolated potassium salt of a-piperidone gave an unsatisfactory result. 
The yield and the degree of polymerization, of polymer have an optimum 
at about an equimolar ratio of catalyst to initiator, but even at this opti
mum ratio the increase in concentration of catalyst (and initiator) gave 
unsatisfactory results, as shown in Figure 1. The yield of polymer was 
a maximum at 7 mole-% of catalyst (and of initiator), but the reduced 
viscosity remained constant at 0.17-0.14 dl./g., regardless of catalyst 
concentration.

This result suggests that the initiator and the A-aeyl lactam endgroup 
of propagating polymer are more rapidly consumed with increasing con
centration of alkali metal salt in the polymerization of alkali metal salt in 
the system.
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M-A1EI.I Catalyst

In the previous paper1 we assumed that in a-piperidone solution at room 
temperature MAlEt4 (where M is Li, Na, or K) existed as a complex of 
the type

LiN—C=0 • AlEt(N—C=0)2, NaN—T==0 • AlEt2N—£=0, KN—C=0 • AlEt,

based on the experimental results of the number of ethyl groups in the 
.\IAlEt4 molecule reactable at room temperature with lactam and on the 
decrease in catalytic activity for the polymerization of a-piperidone of 
I\AlEt4 by heat treatment of the catalyst in a-piperidone.

In the complexes the alkali metal salt of lactam (Lewis base) is neutra
lized and stabilized by AlEt3- M(lacM), where n =  0, 1, or 2 (Lewis acid).

To know the reaction occurring in the heat treatment process the 
amount of ethane evolved in the reaction of MAlEt4 with a-piperidone was 
determined at various temperatures. The results shown in Tables I and 
II imply that the remaining ethyl groups in the complex further reacted

TABLE 1
Determination of Ethane Gas Evolved in Reaction of Lactams 

with Sodium Tetraethylalanate at Various Temperatures“

Temp., °C. a-Pyrrolidone a-Piperidone e-Caprolactam

15-20h 1.4 1.4 0.74
50 1.67 (3.58) 2.78 (3.41) —
80 2.12 (3.86) 3.22 (3.78) 3.24 (3.68)

120 3.47 (4.00) 3.54 (3.83) 3.54 (3.93)

“ Values in the table are moles of ethane evolved per mole of NaAlEti in the reaction
with lactams; 0.20 ml. of a tetrahydrofuran s(tint ion of NaAlEt4 (2.01 moles/l.) and 2.0
ml. of lactam were used. Values in parentheses are the moles of ethane evolved in the
acid hydrolysis of the reaction products; 2.0 ml. of 5.0 wt.-'y, of aq. 11 Cl solution was
used.

b At this temperature 1.0 ml. of letrahydrofurau was added to give a clear solution.

TABLE II
Determination of Ethane Gas Evolved in Reaction of

KAlEti with a-Piperidone at 50-230°C.a

Temp., Ethane/KAlEt-i, Temp., Ethaue/KAlEti,
°C. mole/mole °C. mole/mole

.50 0.71 145 3.61
70 0.91 180 3 .751’
80 1.40 200 3 .79b
90 2.36 230 3.911’

100 2.32

“ Here 0.20 ml. of a THF solution of KAlEt4 (2.70 moles/l.) and 2.0 ml. of a-piperidorie 
were used. The reaction times were 40 min. in I he lower temperature range and 20 min. 
in the temperature range higher than 100°C.

t The color of the reaction mixture turned from faint yellow t o pink.
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to form lactamate. The decrease in polymerization activity is reasonably 
connected with the decrease in the electron affinity of the aluminum atom, 
and as a result the protecting effect of lactam for an active site is lowered.

Potassium Piperidonate-Ethylaluminum Dipiperidonate Catalyst
System

As a support for the formation of the complexes mentioned above, the 
catalytic activities of the mixed catalyst systems containing various molar 
ratios of potassium piperidonate to ethylaluminum dipiperidonate were 
determined for the polymerization of a-piperidone.

A IE t j /M e ta ll ic  potassium, mol. ratio

Pig. 2. Polymerization of a-piperidone with various molar ratios of trietlxylaluminum 
and metallic potassium catalyst system. Catalyst concentrations (mole-%): (O)
3.85.; (•) 5.16. Polymerization temperature 40°C.; polymerization time 240 hr.; 
.V-beiizoyi-a-piperidone, 2.0 mole-%.

An optimum condition for the formation of a very high molecular weight 
polymer is determined only by the relative amount of potassium, to alu
minum (Figure 2). This result together with the result of gasometry of 
1 lie reaction of AlEt3 and MAlEti with a-piperidone (see Table I and p. 
310 in the previous paper1) implies that also in this catalyst system a com
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plex that is analogous to that derived from MAI Eta with a-piperidone is 
produced.

KSN—Y>—O +  Allh (N—Y'=0)a =  K°N~-C—()Allh(N—Cf===0)s 

KAlEt:i( Piperidone) Catalyst

The complex KAlEt3(piperidone) was prepared from potassium piperi- 
donate and triethylaluminum and was used as a catalyst for the poly
merization of a-piperidone (see Table 111). In this case also the molecular 
weight of the polymer obtained was higher than that obtained by alkali 
metal salt catalyst.

Polymerization tim e , days

Fig. 3. Comparison of the reduced viscosities of the resulting polymers by using 
several catalyst systems. (O) KAlEtj(piperidone), 2.0 mole-% ; A'-acetyl piperidone, 
1.0 mole-%. ( © ) Metallic potassium, 2.58 mole-%; IV-benzoyl piperidone, 2.0 mole-%. 
(9) KAlEt4, 2.58 mole-%; -Y-acetyl piperidone, 2.58 mole-%. (C) Metallic po
tassium, 2.58 mole-%; AlEt$/'metallic potassium (mol. ratio) 2/3 ; JV-acet.yl piperidone, 
2.58 mole-%. (®) AlEt3, 3.0 mole-% ; Y-benzoyl piperidone, 2.0 mole-%,.
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WAVE L E N G T H  < W

Fig. 4. Infrared spectra of alkali metal salts of a-piperidone: (—  -)  potassium salt; 
(-------- ) sodium salt; (----- ) lithium salt.

intensities of these bands increase with the increase in the concentration 
of the salt. The band at 1640-164") cm.-1 is difficult to evaluate because 
of separating it clearly from the very strong carbonyl bands at 1660- 
1680 cm.-1. The frequency of the band at 1570-1590 cm.-1 varies in 
this range, depending upon the nature of the metal and of the lactam (see 
Table IV). On the other hand, potassium salt of a-piperidone in the 
solid state had a characteristic band at 1569 cm.-1. The difference ob
served in the solid and the solution state indicates that this compound exists 
in tautomeric forms in solution. The band at 1640-1645 c m -1 is 
assignable to the C = 0  group and that at 1570-1590 cm.-1 to the X = C  
group. This interpretation is supported by two experimental results. 
First, it was found that 0-ethyl-y-butyrolactim, O-ethyl-S-valerolactim, 
and O-ethyl-6-caprolaetim had the C = N  band at 1632, 1637, and 1682 
cm.-1, respectively. Second, Chrzczonowicz et al.3 have isolated alkali 
metal salts of e-caprolactam and reported that the absorption band of the 
C = 0  group appeared at 1656 ran.-1 for the sodium salt and at 1651 cm.-1
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(m )
6 7

WAVE NUMBER CM

KSalt /
'A l Salt

(m ol. ra tio  )

(------) : t/\ .
{----- ) : i/ i .
(----- ) ; 1/2 .
(L iq . NaCI)

Fig. 6. Infrared spectra of mixtures of potassium salt and aluminum salt of a-piper- 
idone; potassium salt, 20 mole-% of monomer. [K»i,]/[Al*utl, moles (liq. NaCI): 
(----- ) 2:1; (---- ) 1:1; (---- ; 1:2.

WAVE LENGTH («)

Fig. 7. Infrared spectrum of complex derived from an isolated potassium salt of a-piper- 
idone and triethylaluminum (liq. state).
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of the C=N band of the salt depends also on the ring size of the lactam
and decreases in the order six > five> seven (see Table IV).

These results imply that the C= T absorption frequency, the bond
character of metal-oxygen in enolate form, is related to the catalytic
aetivity of catalyst and to the polymerizability of lactam.

Infrared Spectrum of Complex KAIEts(Piperidone)

The infrared spectrum of KAIEt3(piperidone), Figure 7, hal' a Rtrong
absorption band at WOO cm. -\ which is attributable to the -N-C(O-)
group in a lactim form.

DISCUSSION

In the low-temperature polymerization of five-, six-, and seven-mem
bered lactams the most peculiar behavior, observed only in the case of a

piperidone, is the fact that propagation reaction ceases soon after a
relatively low molecular weight polymer forms.

The rise of the degree of polymerization with increase in the molar ratio
of catalyst to initiator is not observed in the case of a-piperidone in the
range of high molar ratios, in contrast to that of a-pyrrolidone and E

caprolactam (see Fig. 8). This phenomenon suggests a remarkable con
sumption of N-acyllactam at the growing polymer end. .;\Ioreover, even
at a lower molar ratio of catalyst to initiator N-acyllactam is presumed to
be consumed at a higher catalyst concentration than 7 mole-% (see Fig.
1). The basicity of the polymerization system increases with increase of
catalyst concentration. These results therefore indicate that the basicity
of the polymerizntion sp;tem should be closely related to yield and mo
lecular weight of polymer through consumption of the activc polymer end
and of initiator.

The following scheme is considered for propagation; it is the same as
that proposed by Yoda and Miyake,4 except that the reaction is rever
sible:

o
RCOfNH(CHJiilcotN(CH"+,;;-CO'N,j

MEf)

H ()
II 11

+ N-C
'-./

o
RCO rNH(CH,?;,,--CO 1 N-St -t-,--,

o
E) \I

+ MItJ N-C --+
'--'"

r l' 0
RCOtNH(CH,1;,,-C0-.1N-(CH,t,;;-CO'N-C

" M" '---'"

The equilibrium should be affected by the relative acidity of the amide
group in lactam and in polymer, and therefore the equilibrium conRtant K
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estimated, by potentiometry are —0.03, 0.75, and 0.30, respectively. An 
average p/vB value (0.81) of A-mcthylbutylamide, iV-methylacet amide, and 
A-butylacet amide is taken as a p /l„ of the amide group in the polymer. 
The relative acidities of the amide groups of lactams and of polymer 
estimated by the ratio of K L/KP are 6.91 for a-pyrrolidone, 1.1-1 for a- 
piperidone, and 2.82 for e-caprolactam, respectively.

The data referred to are consistent with the idea that the consumption 
of N-acyl lactam of propagating polymer ends is very predominant in the 
case of a-pipcridone. An analogous suggestion has been made by 
Wichterle and Gregor6 in the polymerization of caprolactam. The side 
reaction and the unfavorable reformation of lactam anion cooperate in the 
case of a-piperidone for the formation of low molecular weight polymer.

The results presented in this paper support the conclusion that triethyl- 
aluminum added forms a certain type of complex, the structure of which 
is analogous to one derived from MAlEt4, and that it suppresses unfavor
able side reactions by stabilizing the alkali metal salt as a complex.

A high molecular weight polymer of a-piperidone can thus be obtained 
by polymerizing it with M -AlEt3 or MAlEt4 as catalyst, although a pro
longed polymerization time is required because of the characteristic prop
erty of this monomer.
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Polymerization of 2,5-Dimelhyl-3,4-Dihydro-2/f- 
Pyran-2-CarboxyaIdehyde (Methacrolein 

Dimer). Part II

YOSHIHARU KITAHAMA,* Technical Research Laboratory, Asahi
Chemical Industry Co., Ltd., Shimura Nakadai, Tokyo, Japan

Synopsis

2,5-Dimethyl-3,4-dihydro-2iï-pyran-2-carboxyaldehyde (methacrolein dimer) gave a 
polymer consisting of only recurring bicyclic structure of l,4-dimethyl-6,8-dioxa-bicyclo- 
[3,2,poetane with the use of Lewis acid and protonic acid as catalyst at room tempera
ture. On the other hand, the polymer obtained by using BF3-(C2H6)20 under —78°C. 
was found to have the structures produced by the aldehyde group polymerization as well 
as the bicyclic ones. The polymer obtained at —40°C. had a low decomposition tem
perature (164°C.) owing to the presence of polyacetal group, whereas the fully saturated 
bicyclic polymer had a considerably high one (346°C.). The main factors affecting the 
polymerization were polymerization temperature and catalyst. Lowering temperature 
increased the polymerization of the aldehyde group. Anionic catalysts and weak cationic 
catalyst such as A1(CìH6)3-H 20 , which were active catalysts for acrolein dimer, did not 
initiate the polymerization of methacrolein dimer. The fact that the relative viscosity 
of the polymer increased with polymerization time shows (he polymerization of this 
monomer is a successive reaction.

INTRODUCTION

In the previous paper1 it was shown that methacrolein dimer underwent 
an intraintermolecular polymerization to produce a soluble polymer having 
only recurring bicyclic structures of l,4-dimethyl-6,8-dioxabicvclo [3,2,1 ]- 
octane in the presence of B IviC ^H ^O  as initiator at room temperature.

Methacrolein dimer, however, is expected to undergo four types of 
polymerization: of the cyclic vinyl ether group (I), of the aldehyde group
(II), intraintermolecular (III), and dihydropyran ring-opening (IV).

The purpose of the present paper is to report on the microstructures of 
methacrolein dimer polymers obtained by using l it  and NMR methods and 
on the relationships among polymerization conditions, polymer structures, 
and polymer character.

The characteristic of the methacrolein dimer polymerization will also be 
discussed.

* Present address: Kawasaki Plant, Asaki-I)ow Ltd., Yako-cho, Daishigawara,
Kawasaki, Japan.
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CH3

[I] [II] [III] [IV]

EXPERIMENTAL

Monomer and a Model Compound

Methacrolein dimer was prepared by thermal dimerization of anhydrous 
methacrolein in the presence of hydroquinone; (1 %  by weight in methacro
lein) in a stainless-steel autoclave at 160°C'. for 3 hr. under nitrogen pres
sure; yield 30%.

The main material fractionated at 6S.1°C. at 24 mm. Hg was found to be
2.5-dime.t hyi-3,-1-di I'ydro-2//-pyraii-2-c.nrboxy,aldehyde.

The IR  and NMR spectra of this compound have the following ab
sorption bands and chemical shifts, which are assignable to the proposed 
structure: 1735 cm.-1, 0.7 r, due to — CHO, and 1150 cm.-1, 3.82 r, due 
to ... (CH,.)C- Cil 0  .

This monomer was redistilled over CaH2 under reduced pressure prior 
to use in polymerization studies.

A model compound of l,4-dimethyl-7-methoxy-(),8-dioxabicyclo¡3,2,1 ]- 
octane was synthesized by the Whetstone method.2

A colorless liquid distilling at 63-66°C. under 10 mm. Iig and con
taining 62.47% carbon and 9.64% hydrogen was obtained. Calcd. for 
C9H16O3 (% ): C, 62.75; H, 9.25. It was identified as having the apparent 
structure of 7-methoxy-l,4-dimethyl-6,8-dioxabicyclo [3,2,1 ]octane cor
responding to structural formula [V], according to IR and NMR analyses.

The NMR spectrum of the model compound had neither peak with 
chemical shift due to a proton of the aldehyde group nor uusaturated 
ether group, but it had peaks with chemical shifts located at 5.50 r, probably 
due to the acetal methinyl proton derived from the unsaturated ether group

CH:

[V]
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(Hb in formula [V]), at 5.05 r due to another proton from the aldehyde 
group (Ha in [V]), and at 6.60 r due to protons of methoxy group.

The ratio of the integrated peak area of each hydrogen in this compound 
was 1:1:3:11 and exactly the same as the one calculated from the proposed 
structure [V].

Polymerization Procedures

The polymerization of methacrolcin dimer was usually carried out by the 
following procedure. Methacrolcin dimer and toluene were charged into 
an ampule under a nitrogen atmosphere, and then a catalyst was added to 
the system at polymerization temperature. After the polymerization the 
reaction mixture was diluted with toluene containing a little pyridine. 
The white, powdery polymer was precipitated from the solution by addi
tion to ether or acetone.

It was washed with fresh acetone, dried by sucking, and finally dried in
a vacuum oven at 35°C. for 24 hr.

Analysis of the Polymer Structures

IR and NMR analysis of the polymer structures were carried out by 
using Hitachi-EPI-2 and Varian A-60 apparatus. In the case of IR  
analysis the mole per cent of the residual cyclic unsaturated ether groups 
in a polymer were calculated from the ratio of the optical density of 1675 
cm.-1 to that of the monomeric methacrolein dimer in chloroform solution. 
The NMR method was also used for quantitative analysis of the polymer 
structures by evaluating ratios of peak areas of the chemical shifts assign
able to unsaturated ether group protons or those of methinyl protons to the 
total area of all the protons in the polymers.

RESULTS

NMR Spectra of the Polymethacrolein Dimers

Figure 1 shows NMR spectra of the polymers obtained by using Bl'V 
(C2Hs)20  as catalyst at —40 and — 7S°C. Chemical shifts of the polymers 
and their intensities are also summarized in Table I.

TABLE I
Chemical Shifts and Intensities of Polymethacrolein Dimer

5.1-5 .8,
4.1 Si, plus 6.5

Polymer (sharp), 5 .6 (sharp), 6. 0-6 .5 (sharp) Caled.
No.a Si S3 S4 S;, Si S3

(1) 1 15 1 13 15
(2) 1 5.67 0 3.67 5.8
(3) 1 2.14 0 .74 0.24 1.98

8 Polymers; obtained with BFaRkthkO at (1) — 20°C., (2) — 40°C., and (3) —78°'
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Fig. 1. NM R spectra of polymers measured at 40°C. by Varian A-60A working at 60 
Me./sec. in deuterated chloroform. Polymers obtained with BFa• (C2H5)jO at: (1) 
— 40°C.; (2) —78°C.

Those spectra have no chemical shift at 9.5 r due to a proton of the 
aldehyde group. This means that the polymerizations of (I) and (IV) 
did not take place. They show, however, the same chemical shift at 4.1 
t  as that present in the monomer, in addition to those at 0.5 and 5.6 r due 
to the acetal methine protons of recurring bicyclic units [III].

Influence of Polymerization Conditions

The effects of polymerization temperature on the relative reaction rate 
of the functional group are shown in Table II.

By lowering the polymerization temperature the relative rate of the 
aldehyde-group polymerization increased. Table III shows the results of 
polymerization of methacrolein dimer with the use of various catalysts.

At room temperature both anionic catalysts such as butyllithium and 
active catalysts for acrolein dimer, A1(C2Hc)2C1 or A1(C2H6)3- H20, did not 
initiate any polymerization of this monomer, whereas Lewis acids such as 
SnCl4, BF3(C2H6)20, and I2 and protonic acids such as ILSOi produced a 
polymer containing recurring bicyclic units.
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TABLE II
Effects of Polymerization Temperature on Reactivity of 

Methacrolein Dimers and Their Polymer Structures*

Temp.,
°C.

Yield,
g-

Structure, %

(II) (HI) 4SP/C b

50° 0.270 0 100
15 0.540 0 100 0.45
0 0.763 2 98 0.86

- 2 0 0.659 7 93 0.61
- 4 0 0.407 18 82 0.29
— 78d 0.180 49 51

“ Polymerization conditions: methacrolein dimer 1 cm.3, toluene, 9 cm.3, BF3(C2H5)20  
1.0 mole-% of monomer, time 60 min. 

b Measured in 1% chloroform solution at 35°C. 
c BF3(C2H5)20  0.05 mole-% of monomer.
d Monomer 2 cm.3, toluene 8 cm.3, BF3(C2Il5)20  2.0 mole-% of monomer, time 24 hr.

TABLE III
Polymerizations of Methacrolein Dimer with the Use of Various Catalysts“

Temp., Poiymn. Yield, Reaction
Catalyst °C. time g- soln.b

Butyl Li 10 48 hr. 0 none
A1(C2H5)3 U i t 0 u
A1(C2H6)2C1 u U 0 ( C

A1(C2H6)C12 a 11 0 u

BF3(C2Hs)20 u 15 min. 0.43 opaque gel
L u 24 hr. 0.26 vise. liq.
SnCh 0 90 min. 0.64 transpar. gel
h 2s o 4 10 24 hr. 0.63 U

FeCL 0 90 min. 0.81 U

A1(C2H5)2C1 — 78 48 hr. 0 none
A1(C2H6)s ( l (< 0 vise. liq.
C2HBMgBr “ U 0.03 transpar. gel
BF3(C2HE)20 u 24 hr. 0.18 vise. liq.

a Polymerization conditions : monomer 15 cm.3,, catalyst concentration 1 mole-%
of monomer.

b At. polymerization temperature.

TABLE IV
Effect of Polymerization Time on Polymerization of Methacrolein

Dimer with BF3(C2H5)20  at 0° C. for 15 min.“

Poiymn. time Yield, g. >H p /C ,  dl./g.

15 min. 0.0 —

80 min. 0.17 0.12
120 min. 0.36 0.18
21 hr. 0.61 0.32

“  Polymerization conditions: catalyst concentration 0.05 mole-%j of monomer, mono-
mer 1 cm.3, toluene 15 cm.3.



2314 Y. K1TAHAMA

At the low temperature of —78°C. the reaction solution with Al(C-.Hr,)3 
or C^HAIgBr changed into a transparent, viscous gel in 2 or 3 hr. but did 
not give any precipitate when poured into acetone.

Table IV shows the dependence of time on the polymerization of metli- 
acrolein dimer.

The relative viscosity (rjsp/C) of the polymer increased with polymeri
zation time, and yields of the polymer also increased in 3 or 4 hr.

DISCUSSION

Polymer Structures

Experimental results show the existence of two kinds of polymerization,
(II) and (III). Therefore, there are supposed to be four combinations of 
addition reactions, as shown below:

The ratios of these four addition structures in the polymer were determined 
by the following procedure (assumption, calculation, and verification) with 
the use of NMR results.

In the NMR spectrum of a polymer having structure A the chemical 
shifts due to Haa, the methinyl proton of the ether group, and Hba, the 
acetal proton, appear at 6.5 and 5.6 r, respectively, as observed in the 
completely bicyclic polymer reported in the previous paper.1 Protons Hbb 
and Hab in structure B coincide with the Hb and Ha of structure [V] for 
a- model compound, respectively, so that the chemical shift due to Hbb 
probably appears at 5.5 r and that due to Hab at 5.1 r, which is easily 
understood from the fact that Hbb has nearly the same environment of 
Hba, whose chemical shift appears at 5.6 r.
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Only a strong acid, such as Lewis or protonic acid, initiated the polymeri
zation of methacrolein dimer and gave a bicyclic polymer at room tempera
ture; see Table III.

These findings seem to be explained as follows. The cyclic unsaturated 
ether group of methacrolein dimer has a more cationic character but a lower 
reactivity, owing to steric hindrance of its methyl group, than that of 
acrolein dimer. Though the unsaturated ether group is more cationically 
reactive than the aldehyde group, a carbonium cation derived from the 
unsaturated ether group seems to be added rather more easily to the alde
hyde group in the same monomer than to a functional group in another 
monomer because of the steric hindrance of each methyl group.

With anionic catalysts, such as ethylmagnesium bromide, methacrolein 
dimer gave a viscous liquid at — 78° C., but no polymer was found at room 
temperature.

It is postulated, from above facts, that anionic catalyst initiates poly
merization (II) to give a polymer having polyacetal structure D, which is 
too unstable to give a polymer at room temperature.

In other words, there seems to be a ceiling temperature in polymeri
zation (II) with anionic catalyst, as in the case of acetaldehyde,4 and that 
of methacrolein dimer is expected to be lower than that of acetaldehyde.

The relationship between the relative viscosity of the polymer and 
polymerization time seems to show that the polymerization of this mono
mer is a successive reaction.

The author is grateful to T. Takizawa of Tokyo University and to H. Ohama and H. 
Kobayashi of Technical Research Laboratory, Asahi Chemical Industry Co., Ltd., for 
helpful discussions. He also wishes to thank Suzuki, director of our laboratory, for 
permission to publish this research.
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Polymers from 1,3-Dipole Addition Reactions: The
Nitrilimine Dipole from Acid Hydrazide Chlorides*

J. K. STILLE and E. W. HARRIS, Department of Chemistry, University of 
Iowa, Iowa City, Iowa 522fO

Synopsis
An investigation of the suitability of the 1,3-dipole addition reaction of bisnitrilimines, 

generated from the corresponding acid hydrazide chlorides, with diyne and dinitrile 
dipolarophiles was carried out. The reactions of iso- and terephthaloylphenylhydrazide 
chlorides and 4,4'-oxydibenzoylphenylhydrazide chloride with the dipolarophiles m- 
and p-diethynylbenzene, m-divinylbenzene, and perfluoroglutaronitrile in the presence 
of triethylamine gave moderate molecular weight polymers containing pyrazole or tri
azole units along the polymer backbone. The polymers were soluble in such polar sol
vents as hexamethylphosphoramide and acids but had inherent viscosities only as high 
as 0.32. The thermogravimetric analyses of the finely powdered polypyrazoles showed 
breaks near 5Q0°C. in air and in nitrogen atmospheres.

INTRODUCTION

The cycloaddition reaction may be employed in theory as a mode of 
propagation in the synthesis of macro molecules; the 1,2-, 1,3-, and 1,4- 
cycloadditions are well-known organic reactions. Diels-Alder additions 
have been investigated as polymerization reactions1 and have been used for 
preparing a variety of polymers containing rings in the backbone. The
1.2- addition reactions do not appear to be particularly attractive propaga
tion reactions, since the yields are usually too low to be effective propaga
tion modes, and either the additions must be photocatalyzed2 or, if the 
addition is thermally induced,3 the olefins must be substituted with groups 
that would require a very difficult monomer synthesis. Furthermore, the 
strain in a cyclobutane ring provides a measure of instability in polymer 
degradation; the reverse cycloaddition takes place readily at elevated tem
peratures.

Many of the 1,3-dipolar addition reactions4 are suitable, however, for 
use as polymer-forming reactions, since the difunctional monomers are 
synthesized readily, and many of the dipolar additions are nearly quanti
tative. We have previously reported5 a polymerization that utilizes the
1.3- dipolar addition reaction of benzalazine for propagation. Especially 
suited to the production of a stable polymer is the fact that certain prod-

* Presented as a part of a talk, “ 1,3-Dipole Addition Polymers,” at the IUPAC Sym
posium on M acromolecular Chemistry at Brussels-Louvain, 12-16 June 1967.
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hydrazide chloride (Ie) were prepared by the reaction of phosphorus penta
chloride on the respective dihydrazides:

o 0
II II

CsH,NHNH-e-Ar-C-NHNHCsHs

CI CI
I I

CsHsNH-N=c-Ar-C=N-NHCsHs

(I)

Ar = (a)m-CsH,
(b)p-CsH,

(C)-©--O-©--
These acid hydrazide chlorides eliminate hydrogen chloride on treat

ment with base to afford the intermediate nitrilimine dipole:
(C,H.j,N _ + + _

(I) ) C6H 5-N-N=C-Ar-C=N-N-C6H 5

The diacetylenes m- and p-diethynylbenzene (IIa,b)21 and the dinitrile,
perfluoroglutaronitrile (III) 22 were synthesized for use as double di
polarophile monomers:

HO=C-CsH,-C=ClI N=C-(CF2)3-O=N
(II) (III)

(a) m-C6H,
(b) p-CGH

Model CompoWlds

The reactions of the acid hydrazide chlorides (Ia,b) with phenylacetylene
and the reactions of '111- and p-diethynylbenzene (IIa,b) with benzoylphenyl
hydrazide chloride in the presence of base have been reported. 23 These
reactions afford 1,l',5,5'-tetraphenyl-3,3'-m- and p-phenylenedipyrazole
and 1,l',3,3'-tetraphenyl-;3,5'-m- and p-phenylenedipyrazole, respectively.
In addition, the analogous reactions of (Ie) with phenylacetylene and ben
zoylphenylhydrazide chloride with (III) and rn-divinylbenzene \yere car
ried out to afford a series of model compounds (Table I):

(

H Cl;r::::....\
CJ1;N-N-C~O + C.H.C~CH o
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Polymers

The reactions of the acid hydrazide chloride monomers (Ia-c) with the 
diynes (IIa,b) in refluxing anhydrous tetrahydrofuran in the presence of 
triethylamine afforded the polypyrazoles (IV), (V), and (VI) in high con
versions (Table II);

ala) + /i(IIa,b)

(a) w-C6H4(b) p-C„H4

n(Ic)

a(Ib)

+

+  n(IIa,b)

glib)

Similarly, the polypyrazoline (VII) was obtained when an olefin dipolaro- 
pliile, m-divinylbenzene, was employed in the polymerization reaction with 
terephthaloylphenylhydrazide chloride (lb).

The polymerization of (lb) with perfluoroglutaronitrile (III) in a sealed 
tube in anhydrous tetrahydrofuran and in the presence of triethylamine 
afforded the polytriazole (VIII) containing perfluoromethylene units in the 
chain. Although the reactions of acid hydrazide chlorides with alkyl 
nitriles in the presence of triethylamine generally do not give high yields of 
triazoles, electron-withdrawing groups attached to the cyano function 
have been shown to increase the yield dramatically.18

Since carbon disulfide has been reported to undergo cycloaddition re
actions with 1,3-dipoles,24 a polymerization employing this dipolarophile 
was carried out. The reaction of (lb) with carbon disulfide in tetrahydro
furan in the presence of triethylamine gave the polymer (IX) containing 
spirobisthiadiazoline units.
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The infrared .spectrum of each polymer sample showed maxima char
acteristic of the particular heterocyclic structure that it possessed and 
could be compared directly with the spectrum of the corresponding model 
compound.

Nitrilimines are known to undergo head-to-tail self-dimerization re
actions in the absence of a good dipolarophile.26 In fact, dihydrotetrazine 
polymers (Xa,b) can be obtained from the reactions of iso- and terephthalo- 
ylhydrazide chloride with triethylamine in refluxing tetrahydrofuran. 
This reaction could, in fact, account for the rather low molecular weights

/¡(lb) +  /¡(III)

/¡(lb) +  n( CS,)

(inherent viscosities, Table II) of the polymers obtained in the cyclo
addition reaction of the nitrilimines. Thus a disruption of monomer bal
ance through the self-dimerization would afford low molecular weight 
polymers with acetylene ends. This dimerization could also explain the 
difficulty encountered in obtaining good elemental analyses of the polymer 
samples (Table II). Altering the initial monomer balance over a range of

(CjĤ N

ç»h5

c6h 4
Il Jl
'N'>N

c6h5
(X)

(a) m-C6H4
(b) p-C6H4

/¡(Ia,b)
TH F
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Fig. 1. Thermogravimetric analyses of polypyrazole (Va) and polypyrazoline (VII).

larger molar ratios of acid hydrazide chloride to dipolarophile, however, 
did not increase the molecular weight. All polymers were obtained in high 
yields.

All of the polypyrazoles were completely soluble in 98% formic acid. 
The solubility of (IVa), for example, which contains all m-phenylene links 
along the chain, is much greater in polar organic solvents (hexamethylphos- 
phoramide) than (Vb), which contains all p-phenylene links.

The high thermal stabilities of the polypyrazoles in both air and nitro
gen atmospheres are comparable to those of other polymers containing 
heterocyclic aromatic rings in the backbone. A comparison of the thermo- 
gravimetric analysis of the polypyrazoline (VII) with the polypyrazoles 
(IV), (V), and (VI) is particularly interesting. An initial break in the 
curve in air (Fig. 1) is obtained at 360°C., and after approximately a 15% 
weight loss the remainder of the curve follows that of the polypyrazoles 
and shows a break at 520°C. In nitrogen the thermogravimetric analysis 
of the polypyrazoline shows a break followed by complete decomposition at 
360°C. This greater ultimate stability in air rather than nitrogen can be 
explained on the basis of the oxidation or dehydrogenation of the pyrazoline 
moieties to pyrazole units.26 The 15% weight loss is, of course, greater

than that calculated for the loss of hydrogen only; so, evidently, some 
pyrazoline groups are degrading before their oxidation takes place. The 
infrared spectrum indicates that this preliminary degradation proceeds
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6 7 8 9 10 12 15

Fig. 2. Infrared spectra of pvrazole and pyrazoline polymers.

with the incorporation of nitrile groups (2220 cm.“ 1) into the polymer back
bone. This conversion of pyrazoline to pvrazole was supported by com
paring the infrared spectrum of the polymer taken just after the 360°C. 
break, but before the 520°C. break, to the spectra of the untreated poly- 
pyrazoline and corresponding polypyrazole (Fig. 2).

EXPERIMENTAL
Monomers

Isophthaloylphenylhydrazide Chloride (la). Treatment of isophthaloyl
phenylhydrazide with phosphorus pentachloride as described23 afforded
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isophthaloylphenylhydi'azide chloride. Recrystallization from benzene 
afforded white needles; m.p. 170-171°C. (lit,83165-166°C.JL

Terephthaloylphenylhydrazide Chloride (lb). The preparation of 
terephthalo\ lphenylhvdrazide chloride was carried out as described23 for 
the m-isomer. Recrystallization from benzene afforded yellow crystals; 
m.p. 210-211°C, (lit.23 205 20(1

4 ,4 -Oxydibenzoylphenylhydrazide Chloride (Ic). A mixture of 4.38 g. 
(0.010 mole) of 4,4'-oxydibenzoylphenylhydrazide and 5.0 g. (0.024 mole) 
of phosphorus pentachloride in 25 ml. of anhydrous ether was heated 
under reflux for 24 hr. To the mixture was added 10 g. of phenol in 15 
ml. of ether, followed by the slow addition of 20 ml. of methanol. The 
solution was allowed to cool, and the dark-grey precipitate was filtered. 
Recrystallization from benzene afforded 2.74 g. (57.7%) of white product ; 
m.p.197-198°C.

Anal. Calcd. for C ,4L A Y 'l.<> (% ): C 65.97, II 4.25, N 11.84. Found (% ): 
C 65.54, H 3.99, N 11.66.

m-Divinylbenzene. Pure m-divinylbenzene was obtained from Labo- 
fina, 98-100 Chaussee de Vilvorde, Bruxelles 12, Belgium, and distilled 
under reduced pressure prior to use.

m-Diethynylbenzene (Ila). The bromination of pure m-divinylbenzene 
and the subsequent dehydrobromination of the tetrabromo intermediate 
according to the known procedure21 afforded product; b.p. 76-78°C. at 
14 mm. (lit,21 78°C. at 14 mm.).

p-Diethynylbenzene (lib). p-Diethnylbenzene was prepared as de
scribed21 from a commercial divinylbenzene mixture. Sublimation of the 
crude product afforded colorless crystals; m.p. 95-96°C. (lit,21 96.5°C.).

Perfluoroglutaronitrile (III). The dehydration of perfluoroglutaramide 
with benzotrichloride as described22 provided the dinitrile; b.p. 38-39°C. 
(lit,22 3S°C.).

Model Compounds

Four dipyrazole model compounds (l,l',3,3'-tetraphenyl-5,5'-m- and -p- 
pheuylenedipyrazole and 1,1 /,5,5'-tetraphenyl-3,3'-//i- and -p-phenylene- 
dipyrazole) ŵ ere prepared as previously described.23 Yields of the crude 
reaction products of the following model compounds were higher than those 
reported for the materials that had been recrystallized several times and 
were analytically pure.

1,1 '^S'-Tetraphenyl-S^'-foxydi-p-phenyleneldipyrazole. To a solution 
of 0.447 g. (0.0009 mole) of 4,4'-oxydibenzoylphenylhydrazide chloride 
(Ic) in 10 ml. of phenvlacetylene was added 3 ml. of triethylamine. After 
the addition was complete, the mixture was heated at 80-90°C. for 
18 hr. The solution was then evaporated to low volume and allowed to 
cool. The dark-brown precipitate that formed was filtered, washed with 
ethanol to remove triethylamine hydrochloride, and recrystallized from 
pyridine-water, yielding 0.300 g. (52.4%) of light-yellow product; m.p. 
212-214°C.
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l,l',3,3'-Tetraphenyl-5,5'-m-pheiiylenedi-2-pyrazoline. To a mixture 
of 0.490 g. (0.003 mole) of m-divinylbenzene and 1.380 g. (0.006 mole) 
of benzoylphenylhydrazide chloride in 12 ml. of benzene at the reflux tem
perature was added 4 ml. of triethylamine. After the addition was com
plete, the mixture was heated under reflux for 3 hr. The triethylamine 
hydrochloride that formed was filtered, and the solution was evaporated 
to a low volume. The dark-yellow precipitate that formed was recrys
tallized from pyridine-water, yielding 0.769 g. (66.4%) of light-vellow 
product; m.p. 211-213°C.

1,1'3,3'-Tetraphenyl-5,5'-perfluoropropyldi-l,2,4-triazole. A mixture of
l .  154 g. (0.005 mole) of benzoylphenylhydrazide chloride, 0.507 g. (0.0025 
mole) of perfluoroglutaronitrile (III), and 3 ml. triethylamine in 10 ml. of 
anhydrous tetrahydrofuran was sealed in a glass tube. The tube was 
placed in a Parr bomb and heated to 65° C. for 24 hr. The reaction mix
ture was filtered, to remove triethylamine hydrochloride, and the filtrate 
was slowly added to methanol. The precipitate that formed was re
crystallized from acetone-water, yielding 0.768 g. (52%) of white needles;
m. p.197-198°C.

2,2'-Spirobis-[3,5-diphenyl-2,3-dihydro-l,3,4-thiadiazole]. The synthe
sis of this compound was carried out according to the known proce
dure,24 yielding product; m.p. 147-149°C. (lit.24 148.5-149.5°C.).

Polymers

The polvpyrazoles (IVa,b), (Va,b), and (VI) were prepared by the same 
general procedure. A typical polymerization yielding poly [1,1 '-diphenyl- 
3, 3'-7)-phenylene-5,5'-m-phenylenedipyrazole], (Va), follows. To a mix
ture of 1.5331 g. (0.004 mole) of terephthaloylphenylhydrazide chloride 
(lb) and 0.5046 g. (0.004 mole) of m-diethynylbenzene (Ha) in 15 ml. of 
anhydrous tetrahydrofuran at the reflux temperature was slowly added 4 
ml. of triethylamine. After the addition was complete, the mixture was 
heated under reflux for 24 hr. The solution was then filtered, to remove 
triethylamine hydrochloride, evaporated to low volume, and slowly added 
to methanol. The dark-yellow precipitate that formed was filtered and re
precipitated from tetrahydrofuran, yielding 1.436 g. (82.2%) of yellow 
polymer, which did not melt at 400°C.

Poly[l,r-diphenyl-3,3'-p-phenylene-5,5'-m-phenylenedi-2-pyrazoline]
(VII). To a mixture of 0.651 g. (0.005 mole) of m-divinylbenzene and 
1.916 g. (0.005 mole) of terephthaloylphenylhydrazide chloride (lb) in 
15 ml. of anhydrous tetrahydrofuran at the reflux temperature was added 
4 ml. of triethylamine. After the addition was complete, the mixture 
was heated under reflux for 12 hr. The solution was then filtered, evap
orated to low volume, and slowly added to 50 ml. of methanol. The 
dark-yellow precipitate that formed was filtered and reprecipitated from 
pyridine, yielding 2.02 g. (91.3%) of light-yellow polymer.

Poly[l, 1 '-diphenyl-3,3'-p-phenylene-5,5'-perfluoropropyldi-l,2,4-tria- 
zolej (VIII). A .mixture of 0.3.775 g. (0.0018 mole) of perfluoroglutaro-
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nitrile (III), 0.7160 g. (0.0018 mole) of terephthaloylphenylhydrazide 
chloride (la), and 3 ml. of triethylamine in 15 ml. of anhydrous tetrahydro- 
furan was sealed in a glass tube. The tube was placed in a Parr bomb and 
heated to 65°C. for 24 hr. The reaction mixture was filtered, to remove 
triethylamine hydrochloride, and the filtrate was slowly added to 
methanol. The brown precipitate that formed was filtered and repre
cipitated from tetrahydrofuran, yielding 0.719 g. (75.4%) of dark-brown 
polymer, which did not melt at 300°C.

Poly[5,5 -p-phenylene)-2,2'-spirobis-(3-phenyI-2,3-dihydro-l,3,4-thia-
diazole)] (IX). A mixture of 1.1498 g. (0.003 mole) of terephthaloyl
phenylhydrazide chloride (lb ), 0.2284 g. (0.003 mole) of carbon disulfide, 
and 3 ml. of triethylamine in 20 ml. of anhydrous tetrahydrofuran was 
sealed in a glass tube and allowed to stand overnight at room temperature. 
The tube was then placed in a Parr bomb and heated to 80° C. for 12 hr. 
The reaction mixture was filtered, to remove triethylamine hydrochloride, 
evaporated to low volume, and slowly added to methanol. The dark- 
yellow precipitate that formed was filtered and reprecipitated from tetra
hydrofuran, yielding 0.896 g. (77.3%) of yellow polymer.

Poly[l,4-diphenyl-3,6-m-phenylene-I,4-dihydro-l,2,4,5-tetrazine] (Xa). 
To a solution of 0.7664 g. (0.002 mole) of isophthaloylphenylhy- 
drazide chloride (la) in 10 ml. of anhydrous tetrahydrofuran at the reflux 
temperature was added 3 ml. of triethylamine. After the addition was 
complete, the mixture was heated under reflux for 24 hr. The solution 
was then evaporated to low volume and slowly added to 50 ml. of meth
anol. The dark-brown precipitate that formed was filtered and repre
cipitated from pyridine, yielding 0.567 g. (91.3%) of light-brown poly
mer.

Poly[l,4-diphenyl-3,6-p-phenylene-l ,4-dihydro-l ,2,4,5-tetrazine] (Xb).
The polymerization of terephthaloylphenylhydrazide chloride (lb) was 
carried out as described for the m isomer to afford 0.586 g. (94.4%) of 
dark-brown polymer.

This research was supported by the United States Army under Contract DA-11-070- 
AMC-832(W) and monitored by U.S. Army Weapons Command’s Rock Island Arsenal, 
Rock Island, Illinois. The DuPont 950 TGA on which the thermogravimetric analyses 
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Park, Ontario, Canada.
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Polymers from 1,3-Dipole Addition Reactions:

The Sydnone Dipole*

J. K. STILLE and :\f. A. BEDFORD, J)epartment of Chemistry,
Unit'ersity of IOlea. Joll'a City, Imea 52240

Synopsis

An investigation of the snit.ability of certain 1,:J dipole addition reaction,,; as polymeri
zation reactions was carried O\lt. Reaetion of p-phenylene-3,a'-disydnone and -Y,N'
hexamethylenedisydnone with the dipolarophiles 111- and p-diethynylbenzene, m-divinyl
benzene, and p-benzoq\linone gave moderate molecular weight polymers containing pyr
azole or pyrazoline units along the polymer backbone. The polymers are crystalline and
have inherent viscosities of 0.4-0.6. The thermogravimetric analyses of the finely
powdered polypyrazoles showed breaks neal' 420°C. in air and ,'OO°C. in nitrogen at
mospheres.

INTRODUCTION

In a preceding paper l the suitability of cyclo-addition reactiolls, partic
ularly the 1,3-dipolar cyclo-addition, as a mode of polymerization was
discussed, and the results of the investigation of the nitrilimine dipole
addition polymerization was reported. ~\:IaIlY of the dipole additions gave
high yields,2,3 and the necessary difunctional monomers can be prepared.

The object of this investigation was to study the dipole addition poly
merization of sydnone monomers and obtain thermally stable polymer~

eontaining pyrazole units as a result of the addition of the sydnone dipole~

to acetylene dipolarophiles.

DISCUSSION

Sydnones are generally prepared by the dehydration of N -nitroso-a
amino acids. 4,5 The addition of acetylenes to sydnones produces pyr
azoles, and the reaction is facilitated by the presence of polar groups
attached to the acetylene.6,7 The reaction presumably goes through an
intermediate Diels-Alder type of adduct with a subsequent loss of carbon
dioxide. The cycloadditions afford predominantly one isomer when the
posRibility of several isomers exist, and the direction of addition usually can
he predir·t,pd from a ('onHir!Pration of Hit.PH in hol.h 1Ilf' dipole and dipolar

ophilc.

• Presented as a part of a talk "1,3-dipole Addition Polymers" at the IUPAC Sym
posium on Macromolecular Chemistry at Brussels-Louvain, 12-16 June, 1967.
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Monomers and Model Compounds

Several bissydnones have been synthesized. Both monomers (la)8 and
(lb)9 have been synthesized from hexamethylenediamine and p-phenyl
enediamine as starting materials, respectively, by conventional amino arid
syntheses followed by the sydnone-forming reactions.

Cp ~ ~-(CH,)fi-r ~ Cf
OC'O/N N,O/CO

(Ia)

The bromination of 3-phenylsydnone to 4-bromo-3-phenylsydnone and
the treatment of this intermediate with several reagents, giving bissydnone
products, have been reported. to The reaction of the brominated sydnone
with thiourea afforded the di-4-(3-phenylsydnone)sulfide (2a) ;10 while reac
tion with butyllithium to give the 4-lithio derivative (3) or the direct forma
tion of (3) by reaction of butyllithium with phenylsydnone,11 followed by a
reaction with phosgene, yielded the di-4-(3-phenylsydnone)ketone (2b).12
The disydnone 4,4'-bis(3-phenylsydnonyl)sulfoxide (2c) was also prepared
from the lithium salt. The preparation of the disydnone 4,4'-mercuri-bis
3-phenylsydnone (2d) was carried out according to the described method. 13

Since it was possible that electron-withdrawing groups, such as the
carbonyl groups on the sydnone ring, might affect the 1,3-dipolar addition,
an attempt was made to prepare a similar bissydnone without these groups.
Unfortunately, the reaction of the lithium salt of 3-phenylsydnone with
1,4-dibromobutane did not give the expeeted product (4).

The synthesis of 3-phenylsydnone-4-('arboxylie acid (5) was effected by the
direct lithiation of 3-phenylsydnone and the subsequent carbonation of this
intermediate according to the known procedure. 11 This acid was converted
to 3--phenylsydnone-4-carbonyl chloride (6) as described. l4 From this
derivative a series of bissydnones was prepared through the reactions of
the acid chloride with diamines and diols. Reaction of the acid chloride
(6) with 1,6-hexanediamine, m-phenylenediamine, p,p'-methylenediani
line, and hydroquinone gave the following respective bissydnones: N,N'
hexamethylene-his(3-phenybydnone-4-<'arhoxd,mide) (2e), N,N'-m-phenyl
cnc-bis(3-phcnyIHyunonc-4-eal'boxamiue) (2f), N,N'-p-uiphenylcnemet.h
ane-bis(3-phenylsydnone-4-carboxamide) (2g), and p-phenylene-bis
(3-phenylsydnone-4-carboxalate) (2h).
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(3)

Two bisdipolarophiles, m- and p-diethynylbenzene, were synthesized by 
bromination of to- and p-divinylbenzene followed by the elimination re
actions of the respective tetrabromides.16 The monomer p-diethynyl- 
benzene (7b) was prepared from a commercial mixture of in- and p-divinyl- 
benzene, and TO-diethynylbenzene (7a) was prepared from pure m-divinyl- 
benzene.

IIC=C—C6H4~ f e C H  a. m-CfJU 
b. p-Cellt

(7)

The reactions of (lb) and 3-phenylsydnone16 with phenylacetylene and 
m- or p-diethynylbenzene, respectively, giving the phenyl-substituted 
pyrazoles, were studied to determine the optimum reaction conditions and 
have been reported elsewhere.17 In addition, the analogous reaction of 
(la) with phenylacetylene was carried out to afford another pyrazole 
model compound in a low yield (37%).
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( 8)

The reaction of m-divinylbenzene with 3-phenylsydnone in refluxing 
xylene afforded a 95% yield of l,l'-diphenyl-3,3'-m-phenylene-A2-pyrazo- 
line (9).

(9)
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The compound 2,4,6,8-tetrahydro-4,S-dioxo-2,6-diphenylpyrazolo-[3,4- 
fjindazole TO) was prepared by the reaction of 3-phenylsydnone with 
p-benzoquinone. A much higher yield than that reported18 was obtained 
by the use of nitrobenzene as the reaction solvent. An oxidation takes 
place; the loss of four atoms of hydrogen is required, and nitroben
zene or quinone may serve as the oxidizing agent. If nitrobenzene is 
used, then the stoichiometry of the reaction is a simple 2:1 molar balance, 
as illustrated:

H
/ C" C O

2/C,;H-— N ± I
v °

( 10)

However, when nitrobenzene is not present, then the stoichiometry of the 
reaction is a 2:3 ratio as shown:

H
/ c " C O

i/t' . l l  - N  ± 1  + 3

If the reaction is run in air, then air oxidation could take place, reoxidizing 
the hydroquinone back to quinone, and the statements above might not be 
entirely valid. Nevertheless, since most polymerizations are run in an 
inert atmosphere such as nitrogen, a polymerization of this type could not 
take place unless the monomer balance illustrated above followed.

Reactions of the sydnones (2a) to (2h) with phenylacctylene were 
investigated. Although the same conditions were employed as those used 
in the reactions of 3-phenylsydnone and p-phenylcne-3,3'-disydnone with 
phenylacctylene [with an exception of (2d), which produced free mercury], 
only starting compound was recovered, and no evolution of carbon dioxide 
was noticed. It appears that the electronic effect of the different groups 
such as carbonyl, sulfur, or amido might have hindered the 1,3-dipolar 
addition. With the mercury compound it is quite probable that decom
position of the bissydnono took place before the reaction.

Polymers

The polymerization reactions of the sydnones with the diacetylenes 
afforded polypyrazoles in variable conversions. The reactions with 
p-phenylene-3,3'-disydnone (lb) and the diacetylenes gave nearly quan
titative yields of polypyrazoles. However, the reactions with N,N'~ 
hexamethylene-disydnone and the diacetylenes afforded the polymers in 
low yields. This is not unexpected, considering the low yield of (8) ob
tained from the reaction of (la) with phenylacetylcne. Polymers (11a) and
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(l ib ) , whose spectra were nearly supcrimposable on those of the cor
responding model compounds, were obtained when the reactions were 
carried out in nitrobenzene at l!)0oC. Polymers (12a) and (12b), whose 
spectra were also very similar to those of the corresponding model com
pound, were prepared in tetralin at 175°C.

( 12)

a. m-C„H,
b. p-C(1H.,

These polymers were only slightly soluble in such polar solvents as dimeth- 
ylformamide, dimethylacetamide, and hexamethylphosphoramide. In
herent viscosities only as high as 0.6 could be obtained (Table I ) . The low 
molecular weights could be a consequence of the precipitation of the poly
mer before it reached a higher molecular weight, but when the reaction was
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TABLE I
Polymerization of Bissydnones

Polymer
No. Convsn., % W*

TGA temp.,b °C.

Air n 2

( 1  la) 90 0.35 430 520
(lib ) 90 0.40 400 510
( 1 2 a) 30 0 . 1 0 350 420
( 1 2 b) 45 0.40 390 410
(13) 50 0 . 1 1 410 485
(14) 63 0.60 410 500
(15) 50 0 . 1 2 300 400

“ Inherent viscosities were determined in hexamethylphosphoramide at concentrations 
of 0.2 g. per 100 ml. at 25°C.

b The temperature at which the polymer began to decompose rapidly (break in curve). 
Thermogravimetric analyses were carried out at a heating rate of 5°/min. on a du Pont 
950 TGA.

carried out in a sealed tube at 250°C. under such conditions that the poly
mer did not precipitate, no increase in molecular weight was noticed.

The polymerization of (lb) with m-divinylbenzene in nitrobenzene gave 
polymer (13), containing the pyrazoline unit. The spectra of the model 
compound (9) and the polymer were nearly superimposable.

The polymerization of (lb) with p-benzoquinone in nitrobenzene at 
190°C. gave a 63% yield of poly [2,4,6,S-tetrahydro-4,8-dioxo-2,6-p- 
phenylpyrazolo(3,4-f) indazole] (14). Unlike the polymers (11a) and 
(lib ), polymer (14) remained in solution. An inherent viscosity of 0.6 
was obtained for this polymer (Table I). The polymerization of N,N'~

A  Rate = 5°/ min.

Fig. 1. Thermal gravimetric analyses of polypyrazoles.
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hexamethylene-bii:isyndonc and p-henzoquinonc \Va:; carried out to yield
poly [2,4,G,S-tetrahydro - .:l.8 - dioxo - 2,n - hexamethylenepyrazolo(3,4-f)ind
azole] (1:"» in a 40% yield. An inherent viscosit.y of 0.12 WlLS obtained
(Table I). The infrared spectra of polymers (14) and (1.'») showed the
chara<:teri;;tic maxima displayed by the ('orrcsponding model compound
(10).

Thermogravimetric analYi:ies Cfable I, Fig. 1) of polymers (11a), (lIb),
(13), and (14) ::;howed breaks near 420°C. in air and :>OO°C. in nitrogen.
Polymers (12a), (12b) and (Iii) showed breaks near 400°C. in air and
420°C. in nitrogen.

X-ray powder pattel'lls i:ihoweu the polypyrazoles (l1a), (lIb), and (12b)
to be highly crystalline; however, polymer (12a) showed very little cryst al
linltY. Differential thermal allaly::;es of the polymers shows (12b) as heW
ing a erystallinc tranRition temperature at 1;,);,)°C. Polymers (l1a), (lIb),
and (12a) show no crystalline t ransil ion; presnmably i hese lie above the
decomposi1".ion tempemhlre. Se('()nd-ordel' t·rallsit ion 1emperat ures were
found for (l1a) at 7;') lUld i-\OoC. (II h) at 7.') :wd lOOoe., (12a) at 70°C.,
and (12b) at ."i."i and 80°C. Polymers containing the CH2 l.ink show slightly
lower second-Ol'del' transit iOIl tempcratmcs; polymers ('ontaining the p
phcnylcne link display two Hecond-ordcr I-nUlfo:iitionH.

EXPERIMENTAL

Monomers

N,N'-Hexamethylenebissydnone (la). This compound wa,'" prepared
according to the known procedures yielding product; m.p. 115°C. (liP
114-116°C.

p-Phenylene-3,3'-disydnone (lb). This monomer was prepared by the
dehydration of N,N'-dinitroso-p-phenylenediglycine9 and was recrystal
lizedfrom water; m.p.255-256°C.

4,4'-Bis(3-phenylsydnonyl)sulfide (2a). The reaction of thiourea with
either 3-phenyl-4-bromosyduolle or 3-phenyl-4-iodosydnone gave (2a), 10

which was recrystallized from acetone and ethanol; m.p. 164-It)5°C. (Iit. lO

165°).
4,4'-Bis(3-phenylsydnonyl)ketone (2b). This reaction was carried out as

describedL! for yielding product; m.p. 229-230°C. (lit. 12 230°).
4,4'-Bis{3-phenylsydnonyl)sulfoxide (2c). A solution of 22.7 m1. of

n-butyllithium (22.2% in hexane) was added dropwise to a suspension
of 3-phenylsydnone (6.72 g., 0.0415 mole) in 150 mI. of ether at - 20°C.
in ·a nitrogen atmosphere. After a 1 hr. stirring, 2.52 g. (0.02 mole) of
thionyl chloride in 15 mI. of benzene was added dropwise to the solution at
O°C.

Finally the mixture was poured into cold water, and the product was
filtered and recrystallized from t€trahydrofuran to give light-yellow erys
tals.; m.p.155-156°C.

ANAL. Calcd. for C'6HlON40aS (%): C 51.89, H 2.72, N 15.12. Found (%): C 52.16,
II 2.77, N L'i.;-)().
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4,4'-Mercuribis-3-phenylsydnoue (2d). This compound was prepared
as described for giving a product; m.p. 279 2S0°C. (lil. :u 280°C.)

iV,(V'-Hexaniethylenebis(3-phenylsydnone-4-carboxamide) (2e). To a 
solution of 1.12 g. (0.005 mole) of 3-phenylsydnonc-4-carbonyl chloride in 20 
ml. of benzene at the reflux temperature was added 0.290 g. (0.0025 mole) of
I ,6-hexanediamine and 1 ml. of triethylamine dissolved in 20 ml. of benzene. 
After the addition was complete, the mixture was heated under reflux for 1 
hr. The white precipitate was filtered, washed well with water, and their 
recrystallized from alcohol to afford 0.861 g. (70%) of white product ; m.p. 
209-210°C.

Anal. Gated, for CMH24N60 6 (% ): C 58.53, H 4.91, N 17.06. Found (% ): C 58.77, 
H 4.91, N 17.14.

A(,iV'-ni-Phenylenebis(3-phenylsydnone-4-carboxamide) (2f). The re
action was carried out exactly as described for (2e), except that m-phenyl- 
enediamine was substituted for 1,6-hexanediamine. The yellow precipi
tate was recrystallized from 2-methoxyethanol to give 0.79 g. (65%) of 
yellow product ; m.p. 295-296°C.

A n a l . Gated, for ( t2.|IfioN’e<>o (%)'■ C 59.51, II 3.33, N 17.34. Found ( % ) :  C
59.85, II 3.45, N 17.07.

iV,Ar'-p-Diphenylenemethanebis(3-phenyIsydnone-4-carboxamide) (2g). 
The reaction was carried out exactly as described for (2e), except that p,p'- 
methylenedianiline was substituted for 1,6-hexanediamine. The yellow 
product was filtered and recrystallized from 2-methoxyethanol to give 1.05 
g. (73%) of light-yellow product; m.p. 256-257°C.

Anal. Gated, for C3iH»2N60 6 (%): C 64.S1, H 3.86, N 14.62. Found (% ): C 64.87, 
H 3.98, N 14.69.

p-Phenylenebis(3-phenylsydnone-4-carboxa!ate) (2h). To a solution of 
0.44 g. (0.004 mole) of hydroquinone in 15 ml. of pyridine at 0°C. was added 
2.24 g. (0.010 mole) of 3-phenylsydnone-4-carbonyl chloride in small por
tions over a period of 1 hr. After the addition was complete, the mixture 
was heated to the reflux temperature for 1 hr. The white precipitate was 
filtered and recrystallized from ethanol to yield 1.24 g. (64%) of white 
product; m.p. 119-120°C.

A n a l . Cal-d. for C2iH,4N ,08 (% ): C 59.27, II 2.90, N 11.51. Found (% ): C 59.16,
II 2.84, N 11.46.

3-Phenyl-4-!ithiosydnone (3). 3-Phenylsydnone was directly converted 
into 3-phenyl-4-lithiosydnone according to the described procedure,11 and
was assayed as the carboxylic acid.

Reaction of Lithium Salt of 3-Phenylsydnone with 1,4-Dibromobu-
tane. A solution of 22.7 ml. of n-butyllithium (22.2% in hexane) was added 
dropwise to a suspension of 3-phenylsydnone 6.72 g. (0.0415 mole) in 150 ml. 
of ether at — 20°C. in a nitrogen atmosphere. After a 1 hr. stirring 4.57 g. 
(0.0207 mole) of 1,4-dibromobutane was added dropwise to the solution at 
0°C. The mixture was then poured into cold water; the only product iso
lated was 3-phenylsydnone.



.1. K . S T ILU S  A N D  M. A. B ED FO R D

3-Phenylsydnone-4-carboxylic acid (5). The synthesis of this compound 
was effected via the direct lifiliation of 3-phenylsydnone and the subse
quent carbonation of this intermediate;11 m.p. 192°C. (lit.:11190-191°C.).

3-Phenylsydnone-4-carbonyl chloride (6). This compound was pre
pared as described;14 m.p. 133°C. (lit.:14 133-134°C.).

m-Diethynlbenzene (7a). This compound was prepared by the bromina- 
tion of pure m-divinylbenzene and the subsequent dehydrobromination of 
this intermediate according to the known procedure15 (pure m-divinylben
zene was obtained from Labofina, Bruxelles 12, Belgium). The monomer 
was freshly distilled prior to use.

p-Diethynylbenzene (7b). This compound was prepared15 from a di- 
vinylbenzene mixture.

2340

Model Compounds

3,3'-Diphenyl-l,l'-hexamethylenedipyrazole (8). To a solution of 0.508 
g. (0.002 mole) of 7V,2V'-hexamethylene-bissydnone (la) in 25 ml. of xylene 
was added 5 ml. of phenylacetylene. The mixture was heated at 130°C. for 
20 hr. and allowed to cool. The yellow crystals that formed were removed 
and recrystallized from acetone, giving 0.244 g. (33%) of yellow product; 
m.p. 148 to 149°C.

Anal. Calcd. for CMH26N 4 (% ): C 76.23, H 7.08, N 15.12. Found (% ): C 76.01, H 
6.82, N 15.36.

l,l'-Diphenyl-3,3'-m-phenylene-A2-pyrazoline (9). To a solution of 1.62 
g. (0.010 mole) of 3-phenylsydnone in 10 ml. of o-xylene was added 0.65 g. 
(0.005 mole) of m-divinylbenzene. The mixture was heated at the reflux 
temperature for 12 hr. After it was cooled, yellow crystals formed, which 
were removed and recrystallized from pyridine. There was obtained 1.75 g. 
(95%) of bright-yellow product; m.p. 208-209°C.

Anal. Calcd. for C24H22N4 (% ): C 78.66, H 6.05, N 15.29. Found (% ): C 78.69, 
II 5.89, N 15.56.

2,4,6,8-Tetrahydro-4,8-dioxo-2,6-diphenylpyrazolo[3,4-f] indazole18 (10)- 
To a solution of 0.81 g. (0.005 mole) of 3-phenylsydnone in 25 ml. of nitro
benzene was added 0.270 g. (0.0025 mole) of p-benzoquinone. The mix
ture was heated at 150°C. for 24 hr. The solvent was evaporated to a low 
volume and the mixture allowed to cool. The light-brown precipitate that 
formed was filtered and recrystallized from pyridine, giving 0.230g. (27%) 
of pure product; m.p. 335°C.

Anal. Calcd. for C2oHi2N.t02 (% ): C 70.58, H 3.55, N 16.46. Found (% ): C 70.60, 
II 3.81, N 16.28.

Polymers

Poly[l,l'-p-pheny!ene-3,3'-m-phenylenedipyrazole] (11a). To a solu
tion of 1.95 g. (0.0079 mole) of p-phenylene-3,3'-disydnone (16) in 50 ml. of 
nitrobenzene was added 1.0 g. (0.0079 mole) of m-diethynylbenzene (7a). 
The mixture was heated at 190°C. for 24 hr. The solvent was evaporated to 
a low volume, and the mixture rvas poured into 200 ml. of methanol. The
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yellow precipitate was filtered, extracted with benzene for 20 hr., and dried, 
giving 0.94 g. (90%) of product.

Anal. Calcd. for (C18H,,N4)B (% ): C 76.04, II 4.25, N 19.71. Found (% ): C 74.12, 
H 4.34, N 19.14.

Poly[l,l'-p-phenylene-3,3'-p-phenylenedipyrazole] (lib ). The poly
merization was carried out exactly as described for (11a), except that p-di- 
ethynylbenzene (7b) was substituted for the m isomer. The product poly
mer was extracted with benzene for 10 hr., and dried, giving 0.94 g. (90%) 
of yellow product.

Anal. Calcd. for (C i8IIi;N4)k (% ): C 76.04, H 4.25, N 19.71. Found (% ): C 75.97, 
II 4.33, N 17.99.

Poly[l,r-hexamethylene-3,3'-m-phenylenedipyrazole] (12a). A solu
tion of 1.016 g. (0.004 mole) of A7,Ar'-hexamethylene-bissydrione and 0.504 g. 
(0.004 mole) of m-diethynylbenzene in 5 ml. of tetralin was sealed in a glass 
polymerizat ion tube under reduced pressure in the absence of oxygen by 
subjecting the monomers and solvent to several freeze-thaw-evacuate 
cycles at liquid-nitrogen temperatures. The tube was placed in a Pan- 
bomb, which also contained tetralin, to equalize external and internal pres
sures, and heated to 175°C. for 24 hr. The tube was opened, and the solid 
polymer was removed by filtration anti extracted with benzene. The fil
trate, which was evaporated to a low volume and poured into methanol, 
did not give any more product. The light-brown polymer weighed 0.35 g. 
(30%).

Anal. Calcd. for (C iSH2oN4)„. (% ): C 73.95, II 6.90, N 19.16. Found (% ): C 74.05, 
II 6.60, N 18.96.

Poly[l,l'-hexamethylene-3,3'-p-phenylenedipyrazole] (12b). A solution 
of 1.016 g. (0.004 mole) of A^A'-hexamethylene-bissydnone and 0.504 g. 
(0.004 mole) of p-diethynylbenzene in 5 ml. of tetralin was sealed in a 
polymerization tube and polymerized as described for the preparation of 
(12a). The light-brown precipitate was filtered, extracted with benzene for 
20 hr., and dried, giving 0.53 g. (45%) of product.

Anal. Calcd. for (C 1SH.,„N4)„ (% ): C 73.95, H 6.90, N 19.16. Found (% ): C 73.50, 
II 6.42, N 18.82.

Poly[l,r-p-pfaenylene-3,3'-)n-phenylenedi-A2-pyrazoline] (13). To a 
solution of 0.492 g. (0.002 mole) of p-phenylene-3,3'-disydnone in 25 ml. 
nitrobenzene was added 0.260 g. (0.002 mole) of m-divinylbenzene. The 
mixture was heated at 180°C. for 24 hr. The solvent was evaporated to a 
low volume, and the mixture was poured into 200 ml. of methanol. The 
light-brown solid was filtered, extracted with benzene for 10 hr., and dried, 
giving 0.28 g. (50%) of light-brown product.

Anal. Calcd. for (C I8H „N 4)» (% ): C 74.97, H 5.59, N 19.43. Found (% ): C 75.21, 
II 4.96, N 18.60.

Poly [2,4,6,8-tetrahydro-4,8- dioxo-2,6-p - phenylene - pyrazolo [3,4-f]inda- 
zole] (14). To a solution of 0.47 g. (0.0019 mole) of p-pheny}ene-3,3'-di;syd-
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none in 2.1 ml. of nitrobenzene was added 0.20::> g. (0.0019 mole) of p
benzoquinone. The mixture was heat.ed at 190°C. for 24 hr. The
solvent was evaporated to a low volume, and the mixt.ure was poured into
200 ml. of methanol. The dark-brown prel'ipitate was filtered, extracted
with benzene for 20 hr. and dried to afford 0.29 g. ((i3.2%) of produd.

ANAL. Calcd. for (C14H fiN40')n (%): C 64.12, H 2.:W. Found ('.;,): C 62.;j4, H l.S:l.

Poly[2,4,6,8-tetrahydro-4,8-dioxo-2,6-hexamethylenepyrazolo. [3,4·f) in 
dazole] (15). A solution of 0.508 g. (0.002 mole) of N.N'-hexamethylene
bissydnone and 0.216 g. (0.002 mole) of p-benzoquinone in };") m!. of
nitrobenzene was sealed in a polymerization tube and polymerized at;

described for the preparation of (12a). The tube was opened, the solvent
was evaporated to a low volume, and the mixture was poured into 100 m!.
of methanol. The dark-brown precipitate was filtered, extracted with
benzene for Iii hr., and dried, giving 0.246 g. (50%) of produl't.

ANAL. Calcd. for (C14H 1,N,0,)" ('!o): C 62.22, H ;').22. Found ('i): C 63.6:3, H
4.93.

This research was supported by the United States Army under Contract DA-ll-A:\lC
832(W) and monitored by U.S. Army Weapons Command, Hock Island Arsenal, Rock
Island, Illinois. We wish to thank Thomas A. Simpson for the x-ray powder patterns.
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on different, small molecules. For example, Peebles and Wagner3 in their 
interpretation of this process as two consecutive second-order reactions 
assumed equal hydroxyl group reactivity for the hydroxyl group on ethyl
ene glycol and on half-esterified glycol and were thereby led to the rather 
implausible deduction that the methoxy group on half-transesterified DMT 
is about three times as reactive as a methoxy group on DMT. Challa14 
has shown by equilibrium measurements that the two methoxy groups in 
question are equally reactive, as one would expect. Since the relative 
reactivity of a hydroxyl group on free glycol and half-esterified glycol is 
related to the general polycondensation constant of the system, the present 
work included an investigation of the polycondensation equilibrium besides 
the kinetic investigation of the transesterification reactions.

When one examines the literature on the value of the polycondensation 
constant for the PET system there is found again a considerable amount of 
confusion. Griehl and Forster5 first reported a fairly constant average value 
of 4.9 at 280°C. in systems with average degrees of polymerization of 28- 
107. Koepp and Werner6 gave the average value 0.75 at 223°C. and 
found it to be fairly constant over the P n range of 1.8-15.6. Challa7 
gave the average value 0.49 as insensitive to temperature in the tempera
ture range 195-282°C. and at low degrees of polymerization but claimed 
a marked increase to about 1.2 with increasing degree of polymerization. 
On the basis of these data Challa challenged the applicability of the Flory 
principle of equal reactivity in the PET system. By strict application of 
the principle of equal reactivity (extended to monomer and condensate) 
the equilibrium constant should, of course, be unity, as has been reported 
for the polycondensation equilibrium in the related system polyethylene 
isophthalate.8

The present experimental work was carried out as part of a program of 
studied for obtaining basic information on the equilibrium and kinetics of 
the reactions involved in the formation of PET and to elucidate the manner 
in which various catalysts operate. The present results explain many of 
the discrepancies in the literature. It is believed, further, that signifi
cant new concepts have been derived concerning the mechanism of these 
reactions.

THE POLYCONDENSATION EQUILIBRIUM

The equilibrium studies were made during the earlier kinetic runs after 
completion of the first stage but are here considered first because of the 
need of the relative reactivities for the interpretation of the kinetic data. 
The results of these studies are presented in Table I.

Early in the experimental work it was found that PET systems catalyzed 
by zinc salts did not, reach a, stable glycol equilibrium at the end of the first, 
stage but continued to condense slowly with the evolution of water and 
acetaldehyde. When lead oxide was used as a catalyst (runs 11, 14, 15, 
and 16), a stable glycol equilibrium was attained, and it was found that the
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TABLE I
Glycol Equilibrium Data

Run
No. l, °C. p, mm.

Glycol 
removed,“ 

at, 0°C. 9 V/Vg X»

9 230.9 760 2.2 0.391 0.50
10 222.4 602 2.4 0.387 0.50
11 179.2 162 1.9 0.383 0.373 0.46 0.43

0 11.9
14 199.2 308 4.0 0.374 0.383 0.52 0.56

0 12.7
15 199.2 315 2.9 0.407 0.392 0.61 0.54

300 4.7 0.359 0.373
180 8.5 0.229 0.224

0 12.8 0.000
16 228.2 764 1.5 0.419 0.59

249.0 764 11.8 0.254 0.47
278.5 764 18.7 0.136 0.42

a Volume corrected as described under “ Experimental.”
b K  determined from measured glycol in experiments in which the lead oxide catalyst 

was poisoned.
c K  determined by applying Raoult’s law.

equilibrium could be frozen by deactivating the catalyst by reaction with 
hydrogen sulfide. Subsequently the free glycol could be quantitatively 
removed and determined, as was done in runs 11, 14, and 15. The removal 
in run 15 was carried out in stages so as to make feasible a determination of 
the conformity to Raoult’s law. The equilibrium glycol pressure could also 
be determined in the zinc-catalyzed systems, if carried out soon after termi
nation of the first stage (runs 9 and 10).

The first-column K  values in Table I were determined, from the amount 
of glycol removed after poisoning the catalyst, by making use of the equa
tion

K  =  ff[l -  r (l -  g)]/r{ 1 -  gY (1)

where g is the mole fraction of glycol in the melt, and r is related to the 
overall composition of the system by r — G/T — 1, G being the total moles 
of glycol or glycol residue, and T being the moles of terephthalic acid residue 
Equation (1) is based on the principle of equal reactivity and can be readily 
identified with similar equations previously defined by Challa7 (eq. 12, 
p. 113) and Koepp and WernerG (first eq., p. 86).

A comparison of values of g and p/ps in Table I shows that glycol follows 
Raoult’s law to within the experimental error of the results. The last 
column of K  values were then calculated from mole fractions of glycol 
based on Raoult’s law. Vapor pressures of pure glycol, pg, were taken 
from the older literature, and the more recent values of Griehl and Forster5 
at higher and lower temperature all fitted approximately by an equation of 
the Juliusberger type:

logio (mm.) =  21.610 — 3729/T — 4.042 logi0 T (2)
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The average value of K  was very nearly O.oO, and this was interpreted to 
mean that the hydroxyl group reactivity for each of the hydroxyl groups on 
free glycol is 2 times the hydroxyl group reactivity of the half-esterified 
glycol. This ratio of relative reactivities of hydroxyl group was used in 
the subsequent kinetic correlations.

All previous investigators agree that the ester interchange reaction has 
an order of unity with respect to ester group and that, in addition, the rate 
of reaction is proportional to catalyst concentration, as was confirmed 
roughly in preliminary experiments in the present work. Because of the 
relatively large volume changes in the PET system it was not only appro
priate but also necessary to take into account the changing catalyst con
centration, i.e., to treat the catalyst component as an ordinary reagent. 
The principal remaining question was then concerned with whether or not 
there existed an additional order with respect to hydroxyl group, i.e., 
whether the overall reaction was second-order or third-order. As will be 
seen in sequel, the reaction proved to be third-order, and the main treat
ment is that appropriate for a third-order reaction in a system of changing 
volume.

In the original kinetic interpretation of the results of this work it was 
assumed that the reactivity of all methyl ester groups was the same. This 
assumption was subsequently validated by the work of Challa. Thus, the 
ester interchange process of the first step was treated as two consecutive 
third-order reactions, as follows (where the order with respect to catalyst 
is absorbed in the fc’s ):

where g is moles of glycol, in is moles of methanol, and the quantities R„„ 
Rg and RgR are equivalents of methyl ester, half-esterified glycol, and fully 
esterified glycol, respectively. The rate of formation of Rg is given by

THE TREATM ENT FOR THE FIRST-STAGE KINETICS

Rm +  Q —■*• Rg +  ill (3)

Rg +  Rm —*■ RgR +  III (4)

dRg/dt = k,Rmg -  k2RmR, 

and the rate of disappearance of g is given by

-  dg/dt = h R mg

Dividing eq. (.">) by eq. (<>) gives the differential equal ion

-  dRg/dg +  (kt/ki)(Rg/g) = 1

(«)

(ó )

whose solution is

(X)
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where g0 is the moles of glycol initially present. Another relationship deriv
able from stoichiometry is

int =  2((/0 -  g) -  R„ (9)

where mt =  total moles of methanol formed. From the equilibrium 
measurements it was deduced that glycol — OH was twice as reactive as 
polymer — OH. This means that k,/k\ = 0.25, since 2 equivalents of glycol 
— OH are involved in reaction (3). Equation (8) then becomes

Rg =  (ffo°-V-25 -  <¡0/0.75 (10)

The general hydroxyl group reactivity for the system was defined by

[ROH] = 2g +  1/2 R, (11)

Thus, for the three experimental values of g0, (0.75, 1.00, and 1.50) the 
three equations (9), (10), and (11) were used for calculating [ROH] as a 
function of mt.

To obtain the total quantity mt of methanol formed from the experimen
tally observed quantity m, two corrections were applied, one for the amount 
of methanol remaining in solution and another for the small amount of 
glycol taken overhead with the methanol. The first correction was based 
on the assumption that both methanol and glycol formed perfect solutions 
in the melt. The result of the first correction gave ms, where

ms =  mr +  NP/pm -  g(PJVm) (12)

N  being the total moles in the melt, P  being the total pressure, and pm being 
the vapor pressure of pure methanol (in millimeters) derived from data in 
the International Critical Tables.9 Approximate values of N  and g were 
used in the correction terms. The approximate value of N  was defined by

N  =  g0 +  [DMT ]„ -  mr (13)

and the approximate g was defined by eqs. (9) and (10), where m, was sub
stituted for in i in eq. (9).

The second correction was usually quite small and was based on the 
assumption of uniform composition in the overhead methanol stream. 
The stoichiometric endpoint of the reaction was determined by plotting the 
experimental rate near the end of the reaction against m, and extrapolat
ing to zero ra1 e to determine me; then m, was determined by

mi — 2[DMT]o/wl/wi< (14)

The quantity mt as a function of time being obtained, plots were made of 
rn, versus time, and rates were determined by the slopes at suitable inter
vals. The third-order rate constants were obtained from

km  = (dm,/dt)V2/Rm[ ROH]C (15)

where dm,/dt is the rate of methanol generation in moles per second, 1 is 
the volume of the melt in liters, and C is the catalyst amount in moles.
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The units for k are thus the standard units [g equivalents per square liter]-2 
[sec.]-1, based on unit reactivity for the single glycol hydroxyl group and 
the catalyst considered monofunctional.

Second-order rate constants were calculated from

fcn = (dmt/dt)V/RnC (16)

where the units are [g equivalents per liter]-1 per second.

THE EXPERIMENTAL DETERMINATION OF THE 
ORDER OF REACTION

The order of the transestérification reaction was first determined in runs 
in which a constant temperature was maintained over as long a portion of 
the run as practicable and the methanol was driven out. by a progressive 
reduction in pressure. Both second-order and third-order rate constants 
were calculated, and the results of a typical run are shown in Table II. 
As may be seen from this table, the second-order rate constants show much 
more drift than the third-order ones. Similar drifts were shown in the 
second-order constants in two additional runs with the same composition 
but at different temperatures, and the third-order constants were 0.091 ±  
0.004 for run S at 177.7°C. and 0.0339 ±  0.0013 for run 9 at 172.7°C.

TABLE II
Sample Kinetic Run with a Constant-Temperature Portion,

Run 10:97.1 g. of DM T, 62.1 g. of Glycol, and 0.0199 g. of Zn((.)Ac)2-2H>0

Time,
min. t, °C. P, mm.

CHsOH, 
ml. at 0°C . nii, moles

Rate
(X 102)

moles/min. h  i km

0 158.2 738 0 0.035 --- — —

5 180.2 738 5.7 0.172 2.70 0.95 0.086
10 179.2 700 11.0 0.296 2.36 0.94 0.091
15 182.1 620 16.5 0.426 1.90 0.89 0.093
20 179.2 504 20.0 0.504 1 .55 0.81 0.090
28 181.2 379 25.0 0.620 1.06 0.70 0.084
35 180.2 310 27.5 0.677 0.82 0.69 0.078
43 174.2 240 29.5 0.721 0.66 0.57 0.074
50 179.2 240 31 .0 0.762 0.55 0.55 0.074
60 187.1 240 33.0 0.813 0.48 0.60 0.085
90 218.6 602 39.0 0.955 0.36 Av.: .084

.100 220.5 605 39.9 0.978 0.16
115 222.4 603 40.6 0.994 0.04

The third-order nature of the reaction was demonstrated more convinc
ingly in a series of runs with constant amounts of DM T and lead oxide 
catalyst and a varying amount of glycol. The results of a typical run are 
presented in Table III, and the second-order and third-order rate constants 
are shown in Figures J and 2, respectively. In these runs both rate con
stants were found to drop appreciably toward the end of the run, and this
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drop was associated with the appearance of cloudiness in the melt (due to 
partial reduction of lead salts to metallic lead at high temperature). 
For this reason only those rate constants from data obtained before the 
appearance of cloudiness were considered. The results in Figure 1 clearly 
show a wide divergence in the second-order rate constants with changing 
glycol/DM T ratio, while the third-order rate constants for all the runs

TABLE III
Kinetics of a Typical Run with Lead Oxide Catalyst at Varying Temperatures: Run 16,

97.1 g. of DMT, 62.1 g. of glycol, and 0.0518 g. of PbO; P  = 764 mm.

Time,
min.

Temp.,
°C.

CH3OH, 
ml. at 
0°C.

Tilt (corr.), 
moles

Rate,
moles/min.

fcn,
[eq./liter] -  

sec.-1

km,
1 [eq./liter] -2 

sec.-1

0 152.2 0 0.058 — — —

5 167.2 6.7 0.197 3.2 0.44 0.040
10 173.2 13.0 0.365 3.2 0.54 0.055
15 180.1 20.0 0.515 2.8 0.59 0.065
20 184.1 25.0 0.636 2.4 0.65 0.080
25 193.0 29.8 0.755 2.0 0.78 0.108
30 204 34.0 0.857 1.40 0.91 0.140
35 207.9 36.0 0.906 0.90 0.88 0.143
65 228.2 39.9 0.999 — --- —
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superimpose to within experimental error, as seen in Figure 2. These data, 
clearly show the reaction to be third-order. The third-order rate con
stants for lead oxide are given by the equation

logio A'm = —2740/7 T  4.4N2 (17)

and the act ivation energy was about 12.5 kcal./mole.

CATALYSIS BY ZINC, CALCIUM AND ANTIM ONY SALTS

When the order of the tranesterification reaction and tire techniques for 
determining rate constants were established, it was possible to examine the 
behavior of various catalyst systems. Although lead oxide as a catalyst 
was found to behave in a normal way and to yield consistent results with 
a reasonable activation energy (except at higher temperatures), it was an
ticipated that other catalyst systems might not be so well behaved. As 
will be seen in the sequel, they were not.

The experiments with zinc catalysts gave third-order rate constants that 
were not always consistent between different runs or even within the same 
run. In some runs a considerable drop in catalyst activity was noted near 
the end of ester interchange, even though no cloudiness developed. In
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most runs there was evidence of an induction period. In one run only about 
half of the expected catalyst activity ever developed, and in another run at 
low catalyst concentration the catalyst became essentially inactive after 
about 67% conversion. Runs with zinc chloride showed activity only at 
high temperatures, the activity rising sharply and not very reproducibly 
and tending to approach that of zinc acetate catalysts toward the end of 
ester interchange. In one run with excess zinc acetate, methyl acetate was 
identified in the condensation product. Five runs, however, did yield a 
fairly consistent set of third-order constants over most of the range of 
reaction, as seen in Figure 3, and these were at top levels of activity. 
The rate constants are given by the equation

logio km  =  — 3290/T +  6.15 (18)

and the activation energy was ló.O kcal./mole. The results were inter
preted on the basis that the active form of the catalyst was the alcohólate 
(polymer glycolate) rather than the acid salt and that the fully active form 
was the dialcoholate, Zn(OR)2. On this basis the catalyst could become 
inactive with development of acid groups due to side reaction, especially



2352 C. M. FONTANA

near the end of ester interchange. The relatively high concentration of 
points near the half-activity level, the half-activity of the constant tem
perature portion of one run, and the hesitation near the half-activity level 
in another (conversion range of about 20-60%) was taken as evidence of 
the presence and activity of the half-alcoholate Zn(OR) (OAc).

The runs with calcium-containing catalysts were much more difficult to 
activate fully, as might have been expected from the less amphoteric char
acter of calcium salts than of zinc and lead. By means of a relatively high 
concentration of calcium acetate [0.100 g. of Ca(OAc)2-H>0] in combina
tion with antimony trioxide (0.030 g. Sb20 3) consistently high activities 
were developed after a brief induction period. The significant data, also 
shown in Figure 3, yielded third-order constants given by

logwfcm = —3170/T +  5.19 (19)

and an activation energy of 14.5 kcal./mole.
The key role of antimony compounds as catalyst component for obtain

ing high molecular weight PET is well recognized in the patent literature.10 
Antimony compounds are said to function mainly as polymerization cata
lysts with little or no effect on ester interchange (cf. U.S. Pat. 2,739,957). 
In the present work antimony trioxide alone was shown to have negligible 
ester interchange activity, and later experiments, starting with pure bis[/3- 
hydroxycthvl) terephthalate, likewise showed antimony trioxide alone to 
have negligible polycondensation activity. The enhancement of catalytic 
activity of other compounds by antimony compounds is believed to be due 
to its effectiveness in scavenging acid ends, so that the catalyst (other than 
the antimony compound) is maintained in the active alcohólate form. 
The antimony compounds may thus have catalytic activity toward the 
direct esterification reaction.

DISCUSSION

The Polycondensation Equilibrium

The high value, 4.9, for the equilibrium constant obtained by Griehl and 
Forster was apparently due to an error in the interpretation and application 
of the polycondensation equation [eq. (18), p. 133] previously derived by 
Schulz.11 The error appeared to be the substitution of mole fraction of 
glycol in the melt for moles of condensate per “ Grundmol,” as required 
in the Schulz equation. When the experimental results of Griehl and 
Forster are substituted in eq. (1) above, expressed in the equivalent form,

K  =  g(DP -  1), (20)

the K  values are found to vary from 0.19 to 0.04 as the degree of poly
merization increases from 28 to 107, as seen in Table IV. These low and 
decreasing values of K  suggest that under the experimental conditions used 
Griehl and Forster not all ends were glycol ends but that some were acid or 
other kinds of ends.
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TABLE IV
Reinterpretation of Polycondensation Data of Griehl and Forster6

DP
9 (X 104), 

mole fraction K a 1/a -  1 glli (X 1 0 2)

107 3.81 0.041 0.714 0.401 1.95
107 3.81 0.041 0.714 0.401 1.95
104 4.16 0.043 0.706 0.416 2.04
94 5.37 0.050 0.684 0.462 2.32
91 6.23 0.056 0.664 0.506 2.49
84 7.27 0.060 0.653 0.531 2.69
83 9.70 0.080 0.602 0.661 3.11
75 9.52 0.069 0.628 0.592 3.08
59 17.3 0.100 0.552 0.812 4.16
57 21.1 0.118 0.514 0.946 4.59
40 43.3 0.169 0.418 1.392 6.58
29 69.3 0.194 0.377 1.653 8.32
28 69.3 0.187 0.387 1.584 8.32

In the presence of acid ends of mole fraction a the expression for the 
glycol equilibrium becomes

K  =  p(DP -  1)/(1 -  a )2 (21)

By assuming K  to be constant and to have a value 0.50, as found in this 
work, values of a can be calculated, as shown in Table IV. These results 
can be explained on the basis of a relatively rapid and reversible dissocia
tion of PET to form acid ends and vinyl ester ends, both ends then reacting 
irreversibly with hydroxyl ends to yield water and acetaldehyde, respec
tively. These reactions may be represented by:

ko
2E Z +  g (22)

ki
ki

Z A +  V (23)
ki

Y - f  E -*  Z +  CH3CHO (24)

A +  E —► Z +  ILO (25)

where E is glycol end, Z is internal ethylene ester, G is glycol, A is acid end, 
and V is vinyl ester end. The steady-state solution is

( 1 / a  — 1 ) "  =  4 : k \ k i k \ ( j +  A'4/Ts) ~

where a  = (a +  Y ) /(E +  A +  V) (26)

As may be seen in Figure 4, a plot of (1 /a  -  1) versus g 'h  gives a good 
straight line through the origin.

The assumption of the occurrence of the reversible reaction (23) is not a 
novel postulate. In the thermal decomposition of ester oils the analogous 
reaction has been previously proposed to explain the relative instability of 
ester oils containing hydrogen on the beta carbon of the alcohol portion.12
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Pig. 4. Correlation of data of Criehl and Forster.5

The present determination of the polycondensation equilibrium constant 
is in excellent agreement with the values of Chalk at low degree of poly
condensation and in fair agreement with those of Koepp and Werner. The 
increase in K with degree of polymerization, claimed by Chalk,7 however, 
was not confirmed; nor does the evidence of such increase appear to be con-

TABLE V
lieinterpretation of Data of Challa7

pr, equilibrium extent of reaction

From
Sample

no.
From 

K  =  0.50
From

(7, i/o dala
From 

Ee/ 2 Uo
monomer

data

i 0.429 (0.42) — o n : ;
2 1). 053 0.07 — 0.050
.*■> 0.709 (1.74 0.722 0.070
4 0,823 0.S4 0.S54 0.810
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elusive or even convincing. If can be noted t hat the determination of K  
from Chalk’s equation 12 becomes very sensitive to pc, the equilibrium 
extent of reaction, especially at higher DP levels.7 By assuming a normal 
Flory-Schulz distribution various values of pc can be calculated for the 
four samples of Chalk, as seen in Table V, where the different values were 
calculated; (1) from the assumption K  =  0.50, (/) from the glycol equi
librium data, (.3 ) from endgroup data, and (4) from monomer concentration 
data. Of the three independent experimental determinations only the 
last was relatively independent of acid endgroups, since the distilled mono
mer would have normally contained also the mono glycol ester. Thus, it is 
indicated that pe, determined either from endgroup analysis or glycol deter
mination, was too high because of the presence of appreciable amounts of 
acid ends in the equilibrium product. It had already been previously es
tablished that acid ends develop in PET with thermal treatment,13 and the 
same effect was apparently present, as already seen in the results of Griehl 
and Forster.

The conclusion to be drawn from this discussion of the present results and 
the previous literature results is that the value of the polycondensation 
constant is close to 0.50 and sensibly independent of temperature or degree 
of polycondensation and that the normal Flory-Schultz distribution does 
hold iii the PET system.

Kinetics of Ester Interchange

Although detailed comparisons of kinetic data are difficult, the present 
results substantiate in a general way the conclusions first reached by Skwar- 
ski, that the reaction is third-order, and they disagree with the conclusion 
of Griehl and Schnock, that the reaction is second-order (including cata
lyst), both conclusions having been drawn from polycondensation rates. 
The present, results of the ester interchange reaction (first stage) are more 
directly comparable to those of Peebles and Wagner.3

The kinetic analysis of Peebles and Wagner3 may be criticized for the 
simplifying assumption that the reactions of all higher species can be 
neglected, for this is untenable except very near the beginning of the process, 
as can be verified by simple calculation. This objection can be removed if 
one includes (in their equation 35) all reactions of DM T with hydroxyl- 
bearing species and includes (in their reaction 36) all reactions of hydroxyl- 
bearing species with half-transest.erified DMT, whether in the monomer or 
polymer form. However, this is tantamount to assuming the equivalence 
of all hydroxyl groups, an assumption inconsistent with the value 0.50 for 
the polycondensation constant. Furthermore, a best fit of the experi
mental data then requires a definite value of about 3 for the one adjust
able parameter, K  = hflii, a value inconsistent with the equilibrium 
measurements of Chalk. In the present treatment both inconsistencies 
were removed, as described, by using the appropriate classification of all the 
reactions.
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The averaged rate data of Peebles and Wagner (as read graphically) were 
recalculated according to the present method, and the results are given in 
Table VI. The third-order rate costants show no drift and are in good 
agreement with those of other zinc salts at the half-activity level.

T A B L E  V I
A veraged  D a ta  of P eebles an d  W ag n er3 R eca lcu la ted

T im e,
m in . m t So S R a O R [H ] Rm V ,  liters

R ate ,
m ./m in . k m

0 0 3 .5 8 3 .5 8 0 .0 0 7 .1 6 1.91 0 .4 1 9 — —

20 0 .7 6 3 .5 2 2 .7 9 0 .7 0 5 .9 3 1 .1 5 0 .3 8 0 0 .0 3 3 0 .0 3 4
40 1 .2 6 3 .4 8 2 .2 9 1 .1 2 5 .1 4 0 .6 5 0 .3 5 5 0 .0 1 9 0 .0 3 5
60 1 .5 5 3 .4 5 2 .0 0 1 .3 5 4 .6 8 0 .3 6 0 .3 4 0 0 .0 10 0 .0 3 4
80 1 .67 3 .4 4 1 .8 9 1 .4 3 4 .4 9 0 .2 3 0 .3 3 3 0 .0 06 0 .031

100 1 .73 3 .4 3 1 .8 3 1 .47 4 .3 9 0 .1 7 0 .3 3 0 — —

Reaction Mechanism

As seen from present kinetic evidence, the reactions involved in the for
mation of PET definitely appear to be third-order and are characterized 
by a relatively low energy of activation and a relatively high entropy of 
activation. These characteristics are indicative of a true termolecular 
reaction in homogeneous liquid phase. Furthermore, in these systems the 
ester and hydroxyl groups involved are almost certainly not ionic to any 
appreciable extent, and if, as indicated, the catalytic reagent is the metal 
alcohólate, this probably is essentially non-ionic too. In addition, it appears 
difficult to explain these reactions in terms of ionic intermediates by any 
reasonable mechanism. A mechanism of the general ester interchange 
reaction that accounts for the kinetics and also satisfies the theory of aro
matic transition states14 may be depicted as follows:

R ' R ' I t '
/ / /

O 0 O O O 0
11/ II 1! \R — G I l  R — C II  : R-- c1

II

OJ .
O I t "— 0 O R "- 1

- 0 0
\ \ • • \ /  ■]\A  R '" M  R " ' M

R e a c ta n ts  T ran s itio n  s ta te  P ro d u c ts
where the R ’s represent portions of long or short polymer chains, including 
simple organic radicals, and M represents the catalytic metal atom. The 
thermal decomposition reaction [eq. (21)] may be represented by a first- 
order reaction also involving an aromatic transition state as follows:

0 0
/  \  /■R — C G IL  O I t— C
il I il T-O C — O '— C — R ' O

/ \

o
/G II, O t *  R — C C IL  O

C — O '— C — R ' O C — O '— c l - R '
• \  \  \Ii I I II II  H
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The theory of aromatic transition states is believed to be applicable not 
only to the above reactions but also to many other types, including ionic 
and non-ionic, homogeneous and heterogeneous, and liquid and gas phase 
reactions of first, second, or third order. As examples of the diversity of 
application may be mentioned cationic14 and anionic15 polymerization of 
olefins, pyrolytic cis elimination reactions,16 and the Diels-Alder reaction. 
However, further discussion of this interesting theory of reaction mech
anisms is beyond the scope of this paper.

EXPERIMENTAL

The apparatus used for both the equilibrium and rate studies consisted 
of a stirred reactor and a standard 1-liter three-necked flask equipped with 
a thermowell, stirrer, and takeoff column. The reactor was immersed to 
the bottom of the ground-glass joints in a silicone (D.C. 550) oil bath 
equipped with heaters, a thermostat, stirrer, and thermometer. The column 
(about 20 theoretical plates) was a concentric tube about 15 in. long with a 
thermowell down the center and was equipped with a heating coil and air 
cooler. Reflux was controlled by the countercurrent air stream in the 
surrounding jacket. The liquid takeoff system was designed to mini
mize holdup, with a miniature water-cooled condenser and direct delivery 
to the calibrated receiver. A liquid-nitrogen trap followed the liquid re
ceiver. The system was also provided with a small McCleod gage, a full- 
range pressure manometer, and means of evacuating or supplying nitrogen. 
The stirrer was of the standard lubricated ground-glass type with air
cooled sleeve and grease cup at the top. It was driven by a 0.25 h.p. 
electric drill motor. Silicone stopcock grease was used as the stirrer lubri
cant.

Considerable difficulty was experienced initially with leaks and product 
contamination when silicone grease was used on the reactor ground-glass 
joints. This difficulty was eliminated by using Lexan (a G.E. polycar
bonate polymer). A dope of Lexan in methjdene chloride was painted on 
the male part of the joint, and closure was affected by uniform heat-sealing 
under vacuum.

Internal reactor temperatures and bath temperatures were read on 
thermometers carefully calibrated by comparison with a standard ther
mometer previously calibrated at the Bureau of Standards. The column 
temperatures were read on an Alnorco direct-reading (voltmeter) ther
mometer with an iron-constantan thermocouple, which could be moved to 
explore column temperatures.

The receivers were carefully calibrated and read at 0°C. These included 
a 50 ml. receiver for the methanol and a special glycol receiver consisting 
of a standard 20 ml. bottom part, superimposed by a slender 10 ml. top 
portion, to increase accuracy in volume measurements in the later stages of 
condensation.

For the glycol equilibrium measurements it was necessary to apply cor
rections for the amount of glycol taken over with the methanol, the amount
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in the reactor vapor, the column holdup, and the amount held up in the
collection system. The column holdup \\"as found to vary linearly \yith
boilup rate as measured by temperature difference between reactor and
bath. The correction for column holdup \ntS ~ ml. = 0.5 + 0.15~tOC.
The correction for delivery system holdup \\"as ~ ml. = 0.1 + O.lR, where
R was the delivery rate ill milliliters per 10 min. It was not necessary to
apply corrections for holdup in the rate measurements.

The standard charge of material was 0.;) mole of D:\IT, Hercules poly
mer grade, and 1 mole of glycol (except in those runs in which t,he amount of
~lycol was varied).

The raw data for the kinetic study consisted of a set of determinations
t.aken at frequent intervals during the first stage. These included time,
reaction temperature, bath temperature, volume of methanol collected at
O°C., pressure, alld a column temperature reading usually about half-way
up the column. The reaction was carried out under conditions designed
for rapid removal of methanol in order to minimize the effect of the re
verse reaction. This was accomplished by maintaining a constant and
fairly rapid boilup and reflux rate, controlled by means of the bath tem
perature and the cooling air flow. Generally, the reactor temperature was
raised rapidly enough to maintain a temperature of 100-120°C. at the
middle of the column, and the reflux cooling was controlled to give about a
10°C. differential between bath and reactor. When a run at constant
temperature was wanted, the prel:>sure wal:> reduced to maintain approxi
mately the same column conditions.

The molar volumes of the melt components were assumed to be additive,
and the total melt volume was calculated from the following molal' volumes
for the components at reaction temperature tOe.: Vt(DMT) = 191, !ill +
0.0014(t - 140)), Vt (CH30H) = 43.9l1 + 0.0014(t - 140)), and V t

(glycol) = 60.6[1 + 0.0014(t - 140)).
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Polymerisation ~~Basse Pression" de I'Ethylene

en Presence de Noir de Carbone

J. B. D01\1\ET, J. P. WETZEL, et G. RIESS, Ecole Superieure de Chimie
de JJlulhouse, ilfulhouse, France

Synopsis

The polymerization of ethylene with Ziegler-Natta catalysts in the presence of carbon
black has shown three chan.cteristic features both with a heterogeneous cataly8t,
AlEua-TiCI., and with a soluble catalyst, CI,Ti(C5H,)2-AlEt2CI. They are, in order of
increasing importance: reactivity of the organoaluminum derivatives with surface
chemical groups of t.he carbon black, adsorption of a certain amount of organoaluminum
compounds on the carbon black surface, and influence of the specific surface of carbon
black, which controls the dispersion degree of the catalytic system. Furthermore, it
was possible to obtain polyethylene by this procedure, containing different amounts and
different types of carbon black.

Un certain nombre de brevets recents l mentionnent la possibilite de
polymeriseI' I'ethylfme par des catalyseurs du type Ziegler-Natta en pre
sence de charges actives et notamment de divers types de noirs de carbone.
En effet, si la resistance du polymere au vieillissement par oxydation ther
mique ou photochimique peut etre sen~blement amelioree par I'incorpora
tion d'une charge, elle depend beaucoup d'une repartition uniforme de
celle-ci, difficilement realisable par incorporation directe du noir de carbone
au polymere preforme; la dispersion est excellente, par contre, meme pour
des teneurs elevees en noir de carbone, si la charge est presente dans Ie
milieu reactionnel des Ie debut de la polymerisation.

II est ainsi possible de prepareI' deux categories du substances: si la
charge est predominante, on obtient des solides qui sont en fait des charges
possedant des proprietes nouvelles; si Ie polymere est preponderant, on
obtient des matieres plastiques renforcees et it proprietes differentes du
simple melange charge-polymere.

La presente etude concerne la polymerisation de I'ethylene en presence
de noirs de carbone.

POLYMERISATION PAR UN CATALYSEUR DU TYPE
HETEROGENE

Partie Experimentale

I.e systeme catalytique choisi resulte d'une reaction d'oxydo-reduction
entre I'aluminium triisobutyle et Ie tetrachlomre de titane en solution
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Fig. 1. Courbes type, evolution de la vitesse de reaction en cours de polymerisation pour
divers rapports AI/Ti.

dans l'heptl111e. Cette reaction peut s'ecrire schematiquement:

AI(Buh + TiCl, -+- Al(Bu)2Cl + TiCbBu

TiCIaBu -+- TiCIa ~ + Bu*

Bu etant un reste butyle. La mise ell oeuvre de ce systeme catalytique exige
des conditions operatoires extrt3mement strictes en ce qui concerne l'elimi
nation des traces d'humidite, d'oxygene, de gaz carbonique et celle des
derives soufres des reactifs. La purification soignee des reactifs est in
dispensable pour obtenir une bonne reproductibilite des essais.

L'heptane utilise a ete purifie par distillation sur sodium en atmosphere
inerte et par passage sur du tamis moleculaire 13X. L'ethylene et l'azote R
Bont debarrasses des dernieres traces d'oxygene, d'humidite et de CO2 par
passage sur du catalyseur BTS (BASF) et sur du tamis moleculaire .) A.2

Les polymerisations sont effectuees dans Ull autoclave muni d'unc agita
tion magnetique efIicacc (2,000 touns/min,) et dont Ie reactem thermostate
en verre Pyrex pCl'met une observation directe en cours de reaction.

L'ordre d'introduetion des ~Iements du systeme catalytique est Ie suivant:
heptane, AI(Bu)a puis TiCI4•. Dans Ie ca.s OU fiQUS operons en presence de
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Fig. 4. Variation de l'activite du systeme catalytique heterogene pour une composition
donnee en fouction de la quantite de charge introduite.

Sur la Figure 4, ou nous avons porte Ie paids de polymere recueilli apres
30 min. de reaction en fonction de la quantite de noir engage, on constate un
maximum d'activite, comparable a celui trouve precedemment en absence
de noir, mais avec des rapports Al/Ti variables (Fig. 2).

A premiere vue, tout se passe comma si une partie de l'organoaluminique
etait desactivee par Ie noir de carbolle, soit par adsorption, soit par reaction
chimique. Comme par ailleurs la quantite de TiCI4 reste constante, Ie
rapport Al/Ti subirait une diminution et entrainerait ainsi une augmenta
tion de la vitesse reactionnelle (Fig. 2).

Par comparison des combes donnees par les Figures 2 et 4, il est possible
de determiner la quantite de Al(Bu)a tMoriquement desactivee par Ie nair de
carbone. La Figure fi represente cette quantite de AI(Bu)3 en fanction de
la conoentration en noir.

Deux ~1Utres hypotheses peuvcnt egalement etrc avancees pour ex
pliquer ce fait: d'une part, une adsorption prMerentielie du polymere
forme sur Ie noir, liberant ainRi les sites acbfs du catalyseur, d'autre part,
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C .,41
aM••
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5. 8.51 101 15. Vulcan

Jig. 6. Etude de la reaction noir-organoaluminique.
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On preleve la solution surnageante, dont on determine la concentration en
aluminium et par difference, il est donc possible de connaitre la quantite de
A] (Bu)g retenue par]e noir.

Sur la Figure 6, qui reprend la courbe donnee par ]a Figure 5, nous aVOIlS
porte la quantite de Al(Bu)g consommee en fonction de ]a quantite de noir
engagee (courbe OA).

II est donc possible de constater que ]a diminution de l'activite du sys
teme catalytique, donnee par ]a courbe D, n'est pas due uniquement aune
consommation de Al(Bu)g ou d'un autre derive organoaluminique par Ie
noir, essentiellement aux concentrations elevees de ce dernier.

II etait ega]ement necessaire d'etudier Ie comportement de A](Bu)2CI
forme par interaction entre TiCl4 et A](Bu)3 et dont on sait qu'il s'adsorbe
prMerentiellement sur Ie cata]yseur Ziegler precipite. La courbe OB (Fig. 6)
montre que AI(BuhCI se comporte de fa~on analogue a A](Buh

Determination de la Quantite de AI(Bu)3 Bloque par Voie Chimique.
Dans une seconde serie d'essais, les noirs ayant subi les traitements pre-
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('cdent,; sont preleves, pui,; liltres <'I. laves it I'hept.ane jusqu' a ce que Ie
liltrat IIC c01l1icIlIIe plus d'a.lumillium di,;cernable. Le noir residuel est
ensuit.e t.ruite par Hel N dans Ie but d'hy<.lrolyser l'aluminium chimique
ment fixe en surf:we ct. de Ie uoser uans Ie fitt.rat. acidl'.

Et.ant. donne que Ie noir Vulcan cont.ient en surface: 0,011:> mmoles de
groupes quinoniques par gramme <.Ie noir, 0,012;'i-O,020 mmoles de groupes
hydroxyles et. 0,020 mmoles de groupcs carboxyles, les reactiolls avec Al
(BU)3 peuvpnt s'ecrirc:

R-OII + AI(13\1). -+ lW-Al(Bu)2 + BuH

R-COOH + Al(Buh -+ R-C-0-Al(Bu)2 + BuH
II
()

+ 2 Al(13u)3 -+ R-C-AI(Bu)2 + Bul!
/"-.

13u O-Al(13u),

H. 13\1'" /11-C=O + Al(Bu).-+ C
/ / "-.

R' R' 0-Al(13u)2

Par traitement du noir par AI(Buh on observe une fixation chimique de
0,08 mmoles d'aluminium par gramme de noir (courbe OC, Fig. G), ce qui
correspond bien aIa somme des groupements fonctionnels et en admettant
ce schema reactionnel.

Il faut IH~anmoins sigmder que, par dosage Zeisel apres hydrolyse du noir
ainsi traite, il est possible de mettre en evidence 0,016 mmoles de groupe
ether par gramme de noir, soit une valeur qui correspond au taux de groupes
hydroxyles initialement presents sur Ie noir. A l'heure actuelle, il n'est
pas possible de preciseI' si cette alcoylation se fait par reaction directe entre
Ie groupe OH et AI(Bu)3 au uniquement lars de la reaction d'hydrolyse.

Polymerisation sur Systeme Catalytique Preforme.

Comme l'adsorption de AI(Bu)a sur Ie noir n'explique pas completement
Ie comportement de la polymerisation Ziegler en presence de noir, nous
avons egalement effectue quelques essais en vue de preciseI' l'interaction
entre la charge et un catalyseur Ziegler preforme.

Dans Ie reacteur porte a30°C. et contenant f)00 em. 3 d'heptane, on injecte
Hi moles AI(Buh Apres;30 mi.n., on ajoute 4,0 mmoles de TiCI; et ou
porte progressivement la temperature a;jO°C.

Apres 60 min., Ie noir est ajoute quelques instants avant Ie debut de la
polymerisation. A part Ie mode d'introducti.on du noir, ]a catalyse est
donc operee selon la methode decrite precedemment.

Sur la Figure i OU nous avons porte Ie poids de polymere recueilli apres :30
min. en fonct,ion de la concentration en noir, on constate une diminution
nette du rendement en polymere lorsqu'on opere avec des taux de charge
croissants.
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comparison avec le Vulcan 3 (Fig. 4), montre que dans le cas du Graphon et 
aux concentrations utilisées, on n’arrive pas à franchir le maximum d’acti
vité du système.

Par comparaison des courbes données par les Figures 2 et 8, il est possible 
de déterminer la quantité de Al(Bu)3 théoriquement désactivé par le noir 
Graphon. La Figure 9 représente cette quantité de Al(Bu)3 en fonction 
de la concentration en noir (courbe (OA). Sur le même graphique, nous

F ig . S. V a r ia tio n  d e  l ’ a c t iv ité  d u  s y s tè m e  ca ta ly t iq u e  h é té ro g è n e  p o u r  u n e  c o m p o s it io n  
d o n n é e  fo n c t io n  de la  q u a n tité  de ch a rge  in tro d u ite  (n o ir  G r a p h o n ).

avons également porté la quantité de Al(Bu)3 bloqué par adsorption sur ce 
noir (courbe OB).

Il est à noter que la consommation en organoaluminique, due à la présence 
de Graphon, est nettement inférieure à celle que l’on observait dans le cas 
du Vulcan 3.

Qualitativement les deux noirs interviennent par conséquent de la même 
manière sur la système catalytique. Quantitativement, la différence de 
comportement est considérable, mais elle ne saurait être expliquée par le 
seul défaut de groupements superficiels en surface du noir Graphon.

On peut alors envisager l’hypothèse d’un blocage du complexe coordonné 
de Ziegler-Nat-ta par adsorption sur le noir, adsorption mettant éventuelle-
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F ig . 9 . Q u a n tité  d ’ a lu m in iu m  d é sa c t iv é  en fo n c t io n  d e  la  q u a n tité  d e  ch a rge  in tro d u ite  
(n o ir  G r a p h o n ) ; A l / T i  in itia l, 4.

ment en jeu un échange électronique, susceptible de saturer l’élément de 
transition à l’état réduit.

POLYMERISATION PAR UN CATALYSEUR 
DU TYPE HOMOGENE

Etant donnée la complexité que nous venons de constater pour l’ inter
action entre le noir de carbone et un catalyseur Ziegler précipité, nous nous 
sommes demandés si la variation d’activité était liée à la présence de ces 
deux phases hétérogènes dans le milieu.

La mise en oeuvre d’un système catalytique soluble permettra éventuelle
ment de préciser ce point de vue. Dans ce but, nous avons choisi un sys
tème catalytique soluble en milieu toluène, formé par le biscyclopenta- 
diényletitane dichloré comme catalyseur et un aluminium diéthyle mono
chloré comme cocatalyseur.4'5 Pour ce système le mode d’interaction serait 
le suivant.4'5
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Formation d’un complexe:
( T-G 5H 5> ,T iC ], +  A lR jC l  - *  ( ir -C 5H 5)2T iR C l , A1RC1, 

Dissociation du complexe:
( i r -C 5H 6)2T iR C l , AIRCI2 ^  ( Ir -C 5H 5)! T iR < + ) +  A lR C I 3<-> 

Polymérisation :
(7r-C 6H 5)2T i R (+ > +  é th y lè n e  -*• p o ly m è re

Résultats de l’Étude Cinétique

Polymérisation en Absence de Noir de Carbone. Les conditions opéra
toires sont pratiquement identiques à celles de la polymérisation hétéro
gène, mais pour des raisons de solubilité du dérivé organotitanique, il est 
nécessaire d’opérer dans le toluène comme solvant. En plus, il est in-

9 de p o ly m è re  re c u e i l l i s  
o p r è ï  60 m in u te *  de r é a c t io n

F ig . 10. A c t iv ité  d u  sy s tè m e  c a ta ly t iq u e  en fo n c t io n  d e  sa  co m p o s it io n , cas  d e  la  ca ta ly se
h o m o g è n e .
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Fig. 11. V aria tio n  de l’ac tiv ité  d u  systèm e ca ta ly tiq u e  hom ogène p o u r une com position  
donnée en fonction  de la q u a n tité  de charge in tro d u ite .

dispensable de limiter la formation du système catalytique à quelques 
minutes, en effet audelà de 80 min. d’âge, le catalyseur a perdu la plus grande 
partie de son activité. La polymérisation proprement dite doit également 
démarrer au plus tard 5-10 min. après le mélange des constituants.

Dans ces conditions, la Figure 10 représente la variation d’activité du 
système catalytique homogène en fonction du rapport molaire des com
posants A l/Ti et pour une température de polymérisation de 88 ±  2°. 
L’activité est déterminée par le poids de polymère formé après 1 heure de 
réaction pour 4 mmoles de catalyseur: (îr-CsHdaTiCL. De façon sur
prenante on obtient encore ici une courbe à maximum d’activité pour un 
rapport molaire d’environ 2.

Polymérisation en Présence de Noir de Carbone. Le noir engagé dans 
ces polymérisations est comme précédemment le Vulcan 8. Pour le sys
tème catalytique, nous avons choisi un rapport A l/Ti = 15/4, espérant 
ainsi pouvoir franchir le maximum d’activité au-delà d’une certaine con
centration en noir. La Figure 11 montre que l’effet d’activation en pré-
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sence de noir est à nouveau très marqué. Toutefois, au-delà d’une concen
tration en noir égale à 12,5 g., correspondant probablement au maximum 
d’activité, les essais effectués sont très mal reproductibles. Nous attribuons 
ceci à une distribution irrégulierè de la charge dans le mileu réactionnel, 
malgré la violence de l’agitation.

Encore ici, il est possible que l’augmentation d’activité provienne, 
comme pour un système catalytique hétérogène, de la superposition de deux 
effets: d’une part adsorption d’organoaluminique, d’autre part adsorption 
du complexe catalytique sur la charge.

Fig. 12. C o n c en tra tio n  en B 2A1C1 d ésactivé e t  R 2A1C1 adsorbé en fonction  de lu q u a n tité
de no ir in tro d u ite .

Par comparaison de courbes données par les Figures 10 et 11, il est possible 
de déterminer la quantité de A1R2C1 théoriquement désactivée par le noir de 
carbone. La Figure 12 représente cette quantité de A1R2C1 en fonction de 
la concentration en noir.

Sur la même figure, nous avons également porté la quantité réelle de 
A1R2C1 adsorbé par la charge. On constate encore dans ce cas que la seule 
adsorption de A1R2C1 ne peut pas expliquer l’augmentation de l’activité 
catalytique.

Système catalytique préformé. Contrairement au système catalytique 
hétérogène étudié précédemment, on ne constate aucune différence dans le 
cas de catalyseurs solubles entre un mélange préformé et un catalyseur 
formé en présence de noir (Fig. 11, effet de surface).
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C’est donc ici qu’apparaît nettement le rôle de la dispersion, et l’impor- 
1 ance de facteur surface pour un système catalytique soluble. Cet effet peut 
éventuellement jouer concurremment aux pertes d’organoaluminique actif.

Effet de Surface

Afin de mieux définir cet effet de surface, nous avons engagé avec un 
système catalytique soluble des quantités identiques de noir, mais présen
tant des surfaces spécifiques très différentes.

Pour ces polymérisations, nous avons engagé les noirs suivants après 
purification par extraction.6'7

T A B L E A U  I

D én o m ina tion
com m erciale T y p e

Surface B E T  
ra p p o rté e  à 

10 g. de noir, 
m . 2

P oids de 
po lym ère  

recueilli, g.
S te rling  F T th erm iq u e 157 4 1 ,2
S te rling  R n o ir au  four 220 3 6 ,5
V ulcan 3 n o ir a u  four 

(h y d ro carb u re  
liqu ide)

770 4 0 ,6

P h ilb lack  0 n o ir au  fo u r 
(h y d ro carb u re  
liqu ide)

770 4 9 ,8

S phéron  6 tu n ne l 1 .200 5 0 ,5
G raph on Sphéron  G g ra 

p h ité  , 2 .700°C .
« 1.200 5 5 ,8

Dans le Tableau I, nous avons également porté le poitls de polymère 
recueilli après 1 heure de polymérisation pour un rapport Al/Ti = 15/4.

Sur la Figure 13, où nous avons porté le poids de polymère en fonction 
de la surface B ET des noirs, on observe que la rendement est directement 
proportionnel à la surface présentée par la charge.

La consommation en A1R2C1, propre à chaque noir, est comprise dans 
cet effet d’activation; pratiquement nulle pour un Sterling, elle devient 
appréciable pour 10 g. de Vulcan 3, néanmoins cet effet reste faible par rap
port à l’activité catalytique de surface.

Il semble donc que la mécanisme de la catalyse homogène, en présence 
de noir, soit fonction de deux phénomènes parallèles, régis tous deux par une 
loi linéaire: l’influence de la surface de la charge active, et l’adsorption 
d’organoaluminique en surface du noir.

Une remarque complémentaire s’impose quant au comportement du 
Sphéron (i et du Graphon: comme la quantité de polymère obtenue est 
pratiquement la même dans les deux cas, il semble à priori que la conducti
vité des noirs et la présence de groupes chimiques superficiels n’influence 
pas de façon sensible l’activité du système catalytique.
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Il est possible par ailleurs de transcrire la Figure 13 directement sur la 
Figure 11, en portant cm abscisse la surface correspondant aux quantités 
de noir Vulcan engagé. C’est ainsi qu’a 10 g. de Vulcan correspond une sur
face de 770 m.'-

CONCLUSION

Nos résultats expérimentaux établissent l’existence simultanée de trois 
phénomènes perturbant, en présence de noir de carbone, la cinétique clas
sique de la polymérisation Ziegler-Natta, aussi bien pour de« systèmes 
catalytiques hétérogènes que solubles. Ce sont par order d’importance 
croissante: (a) la réactivité des groupements superficiels de la charge avec 
les dérivés organoaluminiques; (b) l’adsorption d’une fraction élevée 
d’organoaluminique en surface du noir (les forces qui en sont responsables 
sont relativement faibles, puisqu’un simple lavage au solvant entraîne la 
plus grande partie du cocatalyseur fixé); (c) l’influence de la surface spéci
fique de la charge par la dispersion qu’elle impose au système catalytique. 
En plus de ces résultats d’intérêt plutôt théorique, il a été possible de 
mettre au point des polyéthylènes chargés de façon homogène par des con
centrations et des qualités différentes de noirs de carbone
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Reactions of Trifluoroacetic Acid with Poly (vinyl 
Alcohol) and Its Model Compounds. Effect of 
Neighboring Hydroxyl Groups on the Reaction

K. FUJI I,* S. BROWNSTEIN, and A. M. EASTHAM,
Division of Applied Chemistry, National Research Council, Ottawa, Canada

Synopsis

R eaction s of trifluo roacetic  ac id  w ith  p o ly (v in y l a lcohol) an d  variou s m odel alcohols 
w ere in v es tig a ted  b y  observ ing  th e  fluorine an d  th e  p ro to n  m ag n etic  resonance sp e c tra  of 
th e  reac tio n  m ix tu res. A t equ ilib rium  th e  degree of conversion to  es te r u n d er given 
conditions decreased  in th e  o rd er isopropanol, pen tane-2 ,4 -d io l, h ep tan e -2 ,4 ,6-trio l an d  
p o ly (v in y l alcohol). T here fo re  th e  equ ilib riu m  c o n stan t for es terification  of a  h yd ro xy l 
g roup  is depressed  b y  th e  p resence of neighboring  h yd ro xy l groups. I t  w as o bserved  th a t  
th e  s te ric  s tru c tu re s  of th e  m odels an d  p o lym ers  also affect th e  eq u ilib riu m  p o sition  of th e  
reac tio n  an d  th is  is m ain ly  ascrib ab le  to  th e  fa c t th a t  m e so  ( iso tac tic ) m olecules re ac t 
m ore slow ly w ith  th e  acid th a n  do racem ic (sy n d io tac tic ) m olecules. In  ac id -cata ly zed  
ac e ty la tio n  of th e  m odel alcohols w ith  acetic acid  no sim ilar dependence on  th e  s te ric  
co n figu ration  w as found . T here fore  tr iflu o ro ace ty la tio n  seem s to  be specific in  th is  
respect.

INTRODUCTION

Poly (vinyl alcohol) dissolves in trifluoroacetic acid with esterification of 
the polymer. Reactions of this type are often used in the preparation of 
poly(vinyl esters) of relatively strong carboxylic acids (e.g., formic or 
haloacetic) and seem to be simple acid-catalyzed esterifications in which the 
carboxylic acid itself acts as catalyst. However, because of the difficulty 
in following the progress of the reactions they have not been carefully 
investigated and are not well understood. One especially interesting 
question concerns the effect of neighboring hydroxyl groups on the esteri
fication, a question which is difficul t to examine by isolation and analysis of 
reaction intermediates because of the instability of the esters. In the 
present investigation the progress of the reaction was followed in situ by 
the growth of the various ester peaks in the fluorine resonance spectra of 
the reaction mixtures. The following alcohols were used as model com
pounds of poly(vinyl alcohol): isopropanol, isomers of butane-2,3-diol,
pentane-2,4-diol, and heptane-2,4,G-triol.

* N .R .C . P o s t-D o c to ra l Fellow  1965-67. P e rm a n e n t ad d ress: K u rash ik i R a y o n
C o., S ak azu  Ju ra sh ik i O kay am a, Ja p a n .
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T A B L E  I
A ccuracy  of th e  In te g ra tio n  S ystem  for M ix tu re s  of C F 3C O O H  an d  (C F 3C 0 ) 20

A cid in  sam ple, % Acid found, %
8 1 .5 8 2 .2
5 1 .6 5 0 .8
2 2 .6 2 1 .7

this design is a larger dynamic range than is normally available. The 
accuracy of the system is shown in Table I.

Rate of Esterification by Acetic Acid

The acetylations of the model alcohols were carried out under two differ
ent sets of reaction conditions and were followed by titration. When 
hydrochloric acid was used as catalyst, the reaction was performed in 
dioxane at 22°C, and the amount of acetic acid remaining in the reaction 
mixture was determined by titrating with O.OoAf aqueous sodium hydroxide 
solution with the use of phenolphthalein as an indicator. Previous titra
tion of mixtures of acetic acid and ethyl acetate showed that the presence of 
acetate does not interfere with the titration. In other experiments, 
trifluoroacetic acid (3 wt-%) was used as catalyst, and the reaction was 
conducted at 00°C. In this titration, the color of the indicator faded 
within 10 sec, and addition of a further small amount of the alkaline solu
tion was needed to obtain a real endpoint. Presumably, a small amount of 
trifluoroacetate was formed in the reaction and hydrolyzed much faster 
than acetate.

Trifluoroacetylation

The model alcohols and poly(vinyl alcohol) samples were reacted with 
trifluoroacetic acid under two different sets of reaction conditions and the 
fluorine resonance spectra of the equilibrium reaction mixtures were ob
served. In all spectra the signals of trifluoroacetate groups appeared at 
lower field than the trifluoroacetic acid signal and their chemical shifts 
varied depending on their neighboring groups.

The initial conditions for esterification, followed bv fluorine resonance 
spectroscopy as in Figure 3, are the same as those of Table IIIB below. 
The initial conditions for the hydrolysis, whose course is shown in Figure 4, 
were diester 0.68 mmole, H>0 11.1 mmole, CF3COOH 2.7 mmole, and an 
equal total volume of acetone to obtain a homogeneous solution.

RESULTS AND DISCUSSION

Each of the fluorine resonance signals can easily be assigned to the corre
sponding structure in the case of the mono- and dialcohols. Chemical 
shifts of various trifluoroacetate groups are summarized in Table II. In 
contrast to the proton resonance of 2,4-diacetoxvpentane,8 the fluorine 
resonance of the dZ-di trifluoroacetate appeared at lower field than that of the
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T A B L E  II
C hem ical S hifts nf V arious T rif lu o ro ace ta te  G ro up s in 

T rif lu o roace ty la tio n  of M odel Alcohols

S ta r tin g  alcohol Species

C hem ical shift 
from  C F 3CO O H, 

ppm
Isop ro p an ol 
P en tane-2 ,4 -d io l

(C lW d lC O C O C ld
O C O C F , OH
L . J

- 0 .2 2
- 0 . 3 0

O C O C F 3
1

OCX >c f 3 
1

- 0 . 3 6

O C O C F 3
1

- 0 . 4 0

O C O C F ,
O H

- 0 . 4 6

B utane-2 ,3-dio l O C O C F ,
L

OCOCF:,
OH
1

- 0 . 6 2

OCOCF3
1

O C O C F 3
1

- 0 . 4 8

O C O C F 3
1

- 0 .6 6

O C O C F 3
1

“1
O H

- 0 . 4 8

O C O C F ,

ineso diester. When the neighboring group was hydroxyl, the trifluoro- 
acetate signal in both isomers shifted to higher field than for the correspond
ing diester.

With the triols the number of trifluoroacetate groups in different envi
ronments is large. One can expect seven different trifluoroacetate groups in 
the reaction of either isotactic or syndiotactic triols and eleven in the case of 
the heterotactic triol. It is difficult to assign all the trifluoroacetate signals 
in the reaction mixtures of isotactic and heterotactic trimers because of the 
overlapping of some peaks. In the syndiotactic trimer however, the 
chemical shift differences among the seven peaks were relatively large and 
all the peaks were clearly observed. They were assigned as illustrated in 
Figure 2 from a consideration of the peak positions of triester, which were 
already known,6 and the change of the peak intensities with time during the 
esterification reaction. Given the assignment shown in Figure 2, it is 
found that the signals of trifluoroacetate groups adjacent to other trifluoro
acetate groups are somewhat broader than the signals for trifluoroacetate 
groups neighboring hydroxyl groups.

From the spectrum of Figure 2 we can estimate the relative amounts of 
various esters. Apparently the amount of 4-substituted monoester is 
much less than that of 2-substituted monoester at equilibrium. It was also 
observed that the early rate of growth of the peak for 4-trifluoroacetatc was
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Ho
Fig. 2. F lu o rin e  resonance sp e c tru m  of th e  eq u ilib riu m  reac tio n  m ix tu re  w ith  d l,d l-2 ,4 ,Q -

h ep tan e trio l.

much smaller than that for 2-trifluoroacetate. Therefore the hydroxyl 
group in the center of the triol is much less reactive than those in 2 or 6- 
positions. This result is consistent with the following observations on 
models of different chain lengths.

The overall conversion of hydroxyl groups to esters at equilibrium was 
estimated for the various model compounds and polymers from relative 
peak areas of the acid and esters obtained by integration of the spectra. 
For convenience in comparing the model compounds with the polymers, all 
hydroxyl groups were assumed to be independent, and an apparent equilib
rium constant, K =  [ester] [water]/ [acid] [alcohol ] was calculated as shown 
in Tables III. The presence of neighboring hydroxyl groups depressed the 
equilibrium conversion and the equilibrium constant decreased in the order 
isopropanol, pentane-2,4-diol, heptane, 2,4,6-triol, and poly (vinyl alcohol).

The equilibrium is shifted to the alcohol side by the presence of neighbor
ing hydroxyl groups as in 1,3-glycols. To see if a similar effect is observed 
for a 1,2-glycol structure, /- and meso-butane-2,3-diols were subjected to 
equilibrium trifluoroacetylation under the same conditions as for the other 
alcohols. Chemical shifts of mono- and di-trifluoroacetates and the equilib
rium constants obtained in these experiments are summarized in Tables 
II and IV. In 1,2-substituted compounds the relative position of mono- 
and diester signals is opposite to that in 1,3-substituted compounds. From
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Jvv JVL J  u %
C . 6 0  mins.

WL J v L
U . 20  mins. 1). 4 0  mins. (1 .4 2 0 0  mins.

Fig. 4. H yd ro ly sis  of eq u im o lar m ix tures of m e so -  an d  <W-2,4-(.rifluoroacetoxypent-anes.

equilibrium (right in Figure 4) a considerable difference is observed between 
the two isomers. The two diester signals become very weak, and the 
intensity of the signal of the dl monoester is 60-70% greater than that of the 
meso monoester.

We have no clear explanation of the difference between acetylation and 
trifluoroacetylation, but trifiuoroacetylation seems to be specific in its 
sensitivity to steric configuration.

The chemical shifts of various trifluoroacetate groups in the model 
compounds showed that a similar magnitude of chemical shift is expected 
from the steric configuration of the molecule as from the neighboring 
hydroxyl groups. Therefore it seems rather difficult to discuss the distri
bution of trifluoroacetate groups along the chain of a partially esterified 
polymer apart from the influence of stereoregularity. When a starting 
polymer is stereoregular one may hope to find the distribution of trifluoro
acetate groups in the partially esterified polymer. The fluorine resonance 
spectrum shown in Figure 5a is obtained from a reaction mixture by using a 
poly(vinvl alcohol) with a relatively high isotactic content. The three 
signals may arise from trifluoroacetate groups centered in three different 
sequences of monomer units. The degree of esterification of this polymer 
was estimated as 69% and the ratio of the three peak areas is approximately 
0.10:0.45:0.45. This is consistent with the trifluoroacetate groups being 
randomly located along the polymer chain. Needless to say, this is a rather 
rough estimate because the original polymer is not perfectly stereoregular.

The proton resonance spectrum may also provide information on this 
problem. The methylene signals of poly(vinyl alcohol) and of poly(vinyl 
trifluoroacetate) are known to appear at r = 8.60 (in dimethyl sulfoxide) 
and t = 7.60 (in acetone), respectively.12 Since the chemical shift between 
these two signals is relatively large, there may be a chance that the methy-

Fluorine and Proton Resonance Spectra of Partially 
Trifluoroacetylated Poly (Vinyl Alcohol)
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Fig. 5. F lu o rin e  an d  p ro to n  resonance sp e c tra  of a  triflu o ro ace ty la tio n  reac tio n  m ix tu re  
w ith  an  iso tac tic  po ly (v in y l alcohol).

lene group which is between hydroxyl and trifluoroacetate groups can be 
separately observed. Three methylene peaks were observed in the proton 
resonance spectrum of the copolymer as shown in Figure o6. The ratio of 
the three peaks is very similar to that of the three trifluoroacetate signals, 
which also suggests the random distribution of trifluoroacetate groups. 
This method may be applied even for atactic samples. Since copolymer 
samples which have different distributions were not available no further 
measurements were made on this problem. A study of the copolymers 
obtained by various hydrolyses of poly (vinyl trifluoroacetate) may be 
interesting in this respect.
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Fluorine Magnetic Resonance Spectra and 
Tactieities of Poly (vinyl Trifluoroacetate)

K. FUJI I,* S. BROWXSTEIN, and A. .VI. EASTHAM, Division of 
A pplied Chemistry, National Research Council of Canada, Ottawa, Canada

Synopsis

F luorine m agnetic  resonance s p e d  ra  of p o ly (v in y l triflu o ro ace ta te ) sam ples of d ifferen t 
tac tie itie s  were in v es tig a ted , along  w ith  those of m odel com pounds. T hese po lym ers rep 
re sen t th e  first case w here th e  line o rd er in respect to  s te reo s tru c tu re  does not ag ree w ith  
th a t  expected  from  th e  sp ec tra  of m odel com pounds. M ore th a n  fo u r p eaks w ere o b 
served fo r signals from  th e  trifluo ro m ethy l g roups of th e  polym ers an d  th e  re la tiv e  peak  
positions differed from  th o se p rev iously  repo rted . T h e  in ten s ity  ra tio s  of th e  peaks 
were affected  b y  th e  so lven t em ployed . T herefore  th e  sp ec tra  can n o t be in te rp re ted  in 
te rm s of tr ia d  stereosequences. Seem ingly  longer stereosequences o r o th e r influences 
hav e  to  be considered to in te rp re t th e  spectra .

INTRODUCTION

Three signals in the methyl regions of the proton resonance spectra of 
various poly(vinyl acetate) samples have been reported and attributed to 
triad stereosequences in the polymer.1 The peaks were assigned to isotac
tic, heterotactic, and syndiotactic triad sequences in order of increasing 
magnetic field strength.2'3 The stereostructure of poly (vinyl acetate) as 
estimated from the methyl proton signal, lias been reported to be consistent 
with that of the derived poly (vinyl alcohol), as estimated from the latter’s 
methine proton signal.4 A similar but more detailed comparison has been 
made by using deuterated polymers, and good agreement obtained between 
the results for poly(vinyl acetate) and poly(vinyl alcohol).5

Separate signals in the fluorine magnetic resonance spectra of poly(vinyl 
trifluoroacetate) have been observed and attributed to the stereostructure 
of the polymer.6 The three peaks were interpreted in terms of triad 
stereosequences and were assigned in the same order as the assignment for 
the methyl peaks in poly (vinyl acetate). However, the stereostructure of 
polymer samples calculated from the fluorine resonance spectra did not 
agree with those obtained from analysis of the proton resonance spectra of 
structurally similar poly(vinyl alcohol) samples, and thus remained in 
doubt.7 After equilibrium trifluoroacetylation of model diols and triols, 
the observed chemical shifts for the trifluoromethyl signals suggested

* N .R .C . P ost-d o c to ra l Fellow 1965-67. P e rm a n e n t ad d ress: R esearch  L ab o ra
to ries, K urash ik i R ayon C om p an y , K akazu, K u rash ik i, O kay am a, Ja p a n .
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a different line order for the triad stereosequences.8 These results led us 
to an examination of the proton and fluorine resonance spectra of poly
vinyl trifluoroacetate) and some model compounds.

EXPERIMENTAL

The preparative methods for the polymer samples used in this experiment 
have been reported on many occasions. Nevertheless an outline of the 
preparation of the polymers used in this study is described in view of the 
difference in spectra reported in previous work,6 and our results.

Polymer A

Vinyl feri-butyl ether (5 vol.-%) was polymerized in toluene (95vol.-%) 
at —78°C. with boron trifluoride etherate as initiator. The resultant poly- 
(vinyl ieri-butyl ether) was acetylated with acetic anhydride and zinc 
chloride in methylene chloride at 30°C. The reaction was complete within 
48 hr., and a homogeneous solution of poly (vinyl acetate) was obtained. 
The reaction mixture was poured into water and the polymer was precipi
tated and then purified by repeated precipitation using methanol and water. 
Hydrolysis to poly(vinyl alcohol) was carried out by the usual method with 
a methanolic solution of sodium hydroxide.

Polymer B

A conventional polymer which was obtained from vinyl acetate (50 vol.- 
% ) in methanol polymerized at 60°C. with azobisisobutyronitrile as an 
initiator. The polymer was purified and hydrolyzed in the same manner as 
for polymer A.

Polymer C

Vinyl formate was polymerized in methyl formate (50vol.-%) at —78°C. 
with triethylboron as an initiator. The resultant poly(vinyl formate) was 
purified by solution in acetonitrile and precipitation with methanol. It 
was then dissolved in dioxane and hydrolyzed with a methanolic solution of 
sodium hydroxide.

Trifluoroacetylation of Heptane-2,4,6-triol

To 1 g. of each (meso-meso, meso-dl, and dl-dl) heptane-2,4,6-triol9 was 
added 20 ml. of trifluoroacetic acid. After standing for 24 hr. the acid was 
distilled off along with a small amount of water formed by the esterification, 
then 2,4,6-tri(trifluoroacetoxyheptane) was distilled under reduced pressure 
at temperatures below 200°C. Only the dWl(syndiotactic) triester was 
obtained as crystals. After redistillation, each triester was examined by 
infrared and proton resonance spectroscopy. There was no evidence for 
any unreacted hydroxyl group and hence the triesters were used without 
repeated esterifications.
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Trifluoroacetylation of Poly (vinyl Alcohol)

Three different poly(vinyl alcohol) samples used in the equilibrium 
esterification8 and described above were also used in this experiment. 
Since trifluoroacetic anhydride tends to give insoluble products, and because 
it also has a fluorine resonance signal very close to those of the various tri- 
fluoroacetates, no anhydride was used in the esterification. Poly(vinyl 
alcohol) was treated with a thirtyfold excess of trifluoroacetic acid. Re
action mixtures were heated to 70°C. for 4 hr. and then poured into petro
leum ether to precipitate the polymer. The product was purified by repre
cipitation from acetone to petroleum ether and dried under vacuum. 
The esterification procedure was repeated three times.

NMR Measurement

Proton resonance spectra were obtained at 100 MHz and the chemical 
shifts reported in ppm from internal tetramethylsilane. Fluorine reso
nance spectra were obtained at 94.1 MHz and the chemical shifts reported in 
ppm from internal trifluoroacetic acid.

RESULTS

Fluorine resonance spectra of the three types of 2,4,6-tri(trifluoroace- 
toxyheptane) were obtained in trifluoroacetic acid and in acetone. Chemical 
shifts of the trifluoroacetate groups of the trimers and dimers* relative to 
that of the acid are summarized in Figure 1. Trifluoroacetic acid was used 
as an external reference for the acetone solutions, and a correction was made 
for the difference in diamagnetic susceptibility. Unfortunately, differences 
in solvent polarizability also affect fluorine chemical shifts,10 so only the 
relative difference in chemical shifts can be compared. The proton chemi
cal shifts of the CH3 groups for the trimers and dimers are shown in Figure
2. The spectra of the methylene and methine protons were similar to those 
reported for the corresponding acetates11 and were not analyzed.

In both acetone and trifluoroacetic acid the fluorines of the central ester 
group of the syndiotactic trimer came into resonance at about 0.16 ppm 
lower field than in the meso-dl (heterotactic) trimer. The corresponding 
fluorine signal of the meso-meso (isotactic) trimer appeared at about 0.11 
ppm higher held than did that of the heterotactic trimer. Thus the line 
order is syndiotactic, heterotactic, and isotactic with increasing held 
strength. This order is consistent with the results for the dimer models 
which showed the fluorine signal of the di-diester at lower held than in the 
meso-diester. It is noted that the line order of the 4-CF3 signal of 2,4,6- 
tri(trifluoroacetoxyheptane) with respect to steric conhguration is contrary 
to that of the 4-CH3 signal of the 2,4,0-triacetoxyheptane isomers.2 The 
shielding effect of an anisotropic functional group is similar for both proton 
and fluorine resonance, but the fluorine resonance position is much more

* Chemical shifts for the dimers were obtained in the equilibrium acetylation studies,8 
where some water was present in the solvent.
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-0.361 -0.361 -0.457

meso
—0.457

dl

—0386 -0.583 -0.386

isotactic

Dimer in C F 3 C O O H

-0.355 -0.672

-0.406
hetero tactic

-0,875

- 0.456 - 0 .4.56
syndic) tactic

-1.51 -167 -1.51
Trimer in  C F 3 C O O H

-1.50 -1.78

-1.53
Trimer in acetone

Fig. 1. Chemical shifts of fluoromethyl groups of model dimers and trimers (in ppm from 
trifluoroacetic acid as reference).

sensitive to inductive effects along bonds, and through space, than the pro
ton resonance position. Therefore the different order of chemical shifts 
with stereostructure does not necessarily indicate a change in the preferred 
conformation of the trifluoroacetoxy compound relative to the corresponding
acet.oxy compound. I11 fact a similarity of the methylene and methine 
spectra between the two compounds and the similar order of chemical 
shifts for the terminal methyl groups of the isomers in the two series suggest 
that the conformations may be similar for the corresponding isomers. If 
this is true, then the differences of the relative chemical shifts for the acetyl 
and trifluoroacetyl groups can be attributed to the differing importance of 
anisotropic and inductive effects upon proton and fluorine chemical shifts.

The fluorine resonance spectra of equilibrium esterification mixtures of 
poly(vinyl alcohol) with trifluoroacetic acid showed that the remaining

1______ 1 1.4-1 U 8

1.42 1_____
— 1

1.17

1.50 1 1 1 1.50 1.17

1,56 1----------- 1----------- , 1.48 1.20

1.46 |— -----1----------- ! 116 1.16

T rifluoroaceta te

J.18

Acetate

1.17

LIT

1.16

1.16

Fig. 2. Chemical shifts of terminal methyl protons of model dimers and trimers (in ppm
from tetramethylsilane).
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hydroxyl groups in the polymer luid a large effect upon the chemical shifts of 
neighboring trifiuoroacetate groups. Therefore much attention was paid 
to insure a complete transformation of poly (vinyl alcohol) to poly(vinyl 
trifiuoroacetate) in order to observe the effect of the stereostructure upon 
the spectra as distinct from the effect of the remaining hydroxyl groups. 
Although the esterification was repeated three times, infrared and proton 
magnetic resonance spectra showed that the reaction was essentially com
plete after the first repetition. Infrared spectra of three poly (vinyl tri
fiuoroacetate) samples prepared by esterification are shown in Figure 3. 
These spectra are similar to each other except for a small difference at 1010 
cm.-1 and agree with that previously reported for poly (vinyl trifiuoroace
tate).12 No hydroxyl absorption is seen at about 3300 cm.-1 in the spectra. 
Therefore the concentration of hydroxyl groups should be very low, if any, 
and would not affect the fluorine resonance spectra of the polymers. Only 
the intensity of an absorption band at 1010 cm.” 1 seems to be dependent 
upon the stereostructure of the polymer. The shape and position of this 
band resembles a crystallization sensitive band at 1020 cm.” 1 of poly (vinyl 
formate) which relates to the syndiotactic structure of the polymer.13 
Details of this 1010 cm.” 1 band will be discussed elsewhere along with struc
ture-property relationship for poly(vinyl trifiuoroacetate).

In Figure 4 are shown the fluorine resonance spectra of 10% solutions of 
three polymer samples in acetone at room temperature. Splitting into 
separate peaks is observed, as reported previously at 56.4 MHz for polymer 
samples analogous to ours.6 However, at least five peaks are observed in 
the present spectra. A striking difference lies in the fact that the principal 
peak of the polymer of highest isotacticity does not correspond to the peak 
at lowest field in an atactic polymer, but rather, corresponds to one of the 
two principal peaks of the atactic polymer. Of these two peaks, the one at 
lower field increases in relative intensity with increasing isotactic content of
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Fig. 4. Fluoromelhyl resonance signals of various poly(vinyl trifluoroacetate) samples in 
acetone at room temperature.

the polymer and that at higher field does so with increasing syndiotactic 
content of the polymer. If these lines are assigned to isotactic and syn
diotactic triad sequences, respectively, the line order is contrary to that 
expected from the spectra of the dimer and trimer models. In the proton 
spectra of the various vinyl polymers, no such reversion of the line order has 
been observed between model compounds and polymers.

Another difference between the present and previous results is that the 
line intervals (in Hz) observed in the present study were of approximately 
the same magnitude as those previously reported despite the difference in 
frequency employed. The only apparent difference between the two sets 
of measurements was the use of 5% trifluoroacetic acid as internal reference 
in our samples. Although it seemed rather unlikely that the presence of a 
small amount of the acid in the solution could affect the line spacings, the 
spectrum of the atactic polymer in pure acetone was observed using the 
acid as an external reference. No difference was observed in the spacing 
between lines with internal or external referencing.

In the top half of Table I are shown the tacticities of the poly(vinyl 
acetate) samples from which the poly (vinyl t rifluoroacetate) polymers were
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TABLE I
Tacficilies of Polymer Samples Estimated from 

Their Proton Resonance Spectra

Sam]ole /

Tacticity

H S

A 0.59 0.30 0.11
B 0.24 0.46 0.30
C 0.16 0.46 0.38

I-A3 (A p 0.58 0.35 0.07
H-B (B p 0.29 0.41 0.30
S-A (D p 0.11 0.46 0.43

* Data of Harris et al.14

prepared for this study. These tacticities were determined from the rela
tive areas of the acetoxy proton signals of polv(vinyl acetate).2,3 In the 
lower half of Table I are shown tacticities for samples prepared in the same 
way as those of Pritchard et ah, by another group of workers from the 
same laboratories.14 Tacticities of these samples were determined from 
analysis of the methylene and methine proton signals of the derived poly
vinyl alcohol).16 The two sets of polymers are essentially of identical 
tacticity. Xo differences in the stereochemistry of the polymer chain are 
expected to result from the preparation of the trifluoroacetate via the ace
tate and alcohol. Therefore the differences in peak positions observed 
for the two sets of polymer samples cannot be ascribed to a structural 
difference between them.

Fig. 5. Effect of solvent on the spectrum of polymer sample B. All spectra were run 
at room temperature except that with trifluoroacetic acid as solvent, where a temperature 
of 60°C. was required to obtain a homogeneous solution.
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In the ~pectrum previously reported for the polymer of highe~t isotacti
city the presence of a weak shoulder at lowest field is clearly noticeable, and
the peak profile is very similar to that obtained by us.6 Therefore we may
safely conclude that the principal peak of the mOi5t isotactic polymer corre
sponds to that assigned by them to the atactic polymer. The previous
measurements may have been handicapped by the lower magnetic field
available and by use of an external referenee, which makes it more difficult
to achieve good resolution.

TILe effect of a variety of solvents upon the polymer spectra was examined
and is illustrated in Figure 5. It was found that not only the peak separa
tions but also the ratio of peak areas were affected by the solvent. The
relative intensity of one of the principal peaks at high field to that at low
field increased by changing solvent in the order; aeetone, dimethyl form
amide, acetonitrile. Since all solvents u~ed in this experiment were carefully
purified and dried, and ;'5% trifluoroacetie aeid was added as an internal
reference, partial hydrolysii5 of the trifluoroacetate groups was unlikely to
occur. As a confirmation of this view the fluorine resonance spectrum was
obtained for a part.ially h~rdrolyzed atac,tic polymer and was found to be
quite compli('ated.

DISCUSSION

It appears that the trifluoromethyl resonance signals of poly(vinyl
trifluoroacetate) cannot be adequately explained in terms of triad stereo
sequences since more than three peaks are observed. It is also unlikely
that an adequate fit, of the observed ~pedm ('tLll be obtained by con~idering

pentad sequenee~. The effel't, of longer range ordering is most likel~r to be
fiue struet.ure within the isotadi(', syndiotaet,i(., alltl heterotacti(: peaks
rather than additional peaks beyolltl them. 11. would abo be difficult to
devise a plausible s('heme ill terms of loml stereo~elfllell('es which gives rise
to the change in relative intell~it)· of the ftuoromethylresonallce signals with
change in solvent. Seemingly, a long-range effect, perhaps related to the
secondary stru(·ture of the polymer in solution, is impol'tant in affecting the
chemical shift of the trifluoromethyl g;I'OUps.

One possible reason for the ('Olnplexity of the i'ipedra is the interaction
between the side chains of a polymer molecule. Such an interadion seems
to play an important role in a few characteri8tic properties of vinyl trifluoro
ueetute such as some ~tereoregulation in polymerization of the monomer,12
the strong lateral order in the polymer,16 and the thermal reversible gelation
of the polymer solution in trifluoroaeetic acidY It is noteworthy that
solution polymerization of the monomer gave less water resistant poly(vinyl
alcohol) while highly water resistant poly(vinyl al{'ohol) was obtained from
the bulk polymerizatioIl. 12

,18 This evidenee suggests that ~ome type of
interaction or association of the monomer was disturbed by introduction of
the solvent, as has been observed previously in the polymerization of vinyl
formate. 19
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To see if a change in the average conformation of the polymer molecule 
can affect the spectrum, the atactic polymer was observed in the mixed 
solvent system acetonitrile (solvent)-dichloromethane (nonsolvent). The 
polymer solution became less viscous and the resonance signal became 
sharper with increasing content of dichloromethane in the mixed solvent but 
the ratio of peak intensities was not affected.

Another factor to be considered in interpretation of the spectra is the 
structural irregularities in the polymer. The presence of head-to-head 
structure was clearly established in poly(vinylidene fluoride) from its 
fluorine resonance spectrum.20 In the present case, the atactic polymer 
derived from vinyl acetate polymerized at 60°C. is known to have approxi
mately one and a half 1,2-glvcol units per hundred monomer units.21 
This might cause a discernible effect on the spectrum. However, poly
vinyl alcohol) derived from vinyl formate polymerized at —78°C. has only 
0.2 mole-% of 1,2-glycol units.22 No 1,2-glycol units were detected in the 
poly(vinyl alcohol) sample derived from vinyl ieri-but.vl ether.23 Never
theless all peaks present in the spectrum of the atactic polymer were also 
present in the spectrum of the isotactic polymer. Therefore, none of the 
peaks in the spectra can be ascribed to deviation from the regular head-to- 
tail structure. Branching in poly(vinyl alcohol) has also been assumed as 
another irregularity7'24'25 but is rejected as a significant factor for a variety 
of reasons. At the present time, therefore, it is not possible to interpret the 
details of the fluorine resonance spectra of various poly(vinyl trifluoroace- 
tate) polymers.
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Polymerization of Cyclobutene Rings. VI. 
Influence of the Organometallic Compound 

of the Ziegler-Natla Catalysts on the 
Mechanism of Polymerization of Cyclobutene 

and 3-Methylcyclobutene

G. DALL’ASTA, Società Montecatini Edison, Istituto di. Ricerche
G. Donegani, Milano, Ilaly

Synopsis

The polymerization of cyclobutene and 3-methylcyclobutene in the presence of Ziegler- 
Natta catalysts was studied especially in view of the influence of the metal alkyls on the 
course of polymerization. Several metal alkyls of the main groups I -IV  of the periodic 
table of elements were investigated, vanadium halides being used as transition metal 
compounds. The influence of the metal alkyl was found not to be limited to the activity 
of the catalyst system, which is maximum for aluminum alkyl, but also to extend to the 
polymerization mechanism. Depending on the metal alkyl, the two cyclobutene 
monomers can in fact be polymerized by two different mechanisms, i.e., by opening of 
the double bond or by ring opening with retention of the double bond. No migration 
of the double bond is involved in these polymerizations. An interpretation of the 
different experimental observations is tentatively proposed, and the relationship with 
the stereospecific polymerization of the a-olefins is stressed.

INTRODUCTION

In preceding studies in this laboratory1'2 the polymerization of cyclobu
tene was found to be a suitable tool for the investigation of the mechanism 
of the stereospecific polymerization of olefins in general. The polymeriza
tion of cyclobutene monomers is in fact very sensitive to modifications of 
the catalyst systems. Even small variations of the composition of the 
Ziegler-Natta type catalysts, which are the most effective in these polymer
izations, can determine significant changes in the polymerization mecha
nism, leading to polymers that differ in their chemical as well as steric struc
tures. Four main types of polymers derived from cyclobutene could be 
recognized, and the four following structures (see next page) were attributed 
to them (the steric structures of the saturated polycyclobutene types I 
and II were tentatively assigned). (I) erythro diisotactic polycyclobu- 
tene; (II) erythro disyndiotactic polycyclobutene; (III) cis polybutenamer 
(m-l,4-polybutadiene); (IV) irons polybutenamer (trans-l, 4-poly buta
diene).
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chemical structure of the polymer, but can induce significant variations of 
its steric structure.

The influence exerted by the metal of the organometallic compound used 
in the preparation of the Ziegler-Natta type catalyst systems on the poly
merization of cyclobutene has been unknown until now. The present paper 
describes investigations of this factor. In addition to cyclobutene, 3- 
methylcyclobutene was also studied.

RESULTS AND DISCUSSION
The transition metal compounds used for these investigations are va

nadium halides in a high valence state, i.e., VC14 and VOCl3. The organo
metallic compounds are fully alkylated metals of groups I, II, III, and IV of 
the periodic table of elements. The molar ratios between the organometal
lic compound and the transition metal of the catalyst system exert some 
influence on the cyclobutene polymerization, especially in the low ratio 
region (<2). This factor was not thoroughly investigated, and relatively 
high molar ratios (2.5 -5- 5) were chosen. The main results are listed in 
Table II. They show that also the metal of the organometallic compound 
has a decisive influence on the polymerization mechanism of cyclobutene 
and 3-methylcyclobutene.

Organometallic compounds, like AlEt3, AlEt2Cl, or n-BuLi, are com
pletely inactive in the cycloolefin polymerization, provided that they are 
employed in the absence of a transition metal compound.3-7

The polymerization of cyclobutene monomers with typical Ziegler-Natta 
catalysts never involves migration of the double bond, e.g., the ring-opening 
polymerization of cyclobutene always leads to polymers having 1,4-poly
butadiene structure, whereas the analogous polymerization of 3-methyl- 
cyclobutene always yields polymers having 1,4-polypentadiene structure. 
Moreover, according to a recent publication from this laboratory,5 the 
ring-opening polymerization of 1-methylcyclobutene in the presence of a 
catalyst prepared from tungsten halides and organoaluminum compounds 
provides a polymer built up by (partially cyclized) 1,4-isoprene units. On 
the other hand, polymers obtained by opening of the double bond of 3- 
methylcyclobutene have their methyl group still in the 3 position.

Unlike the polymers obtained from cyclobutene, all those prepared from
3-methylcyclobutene are amorphous. This holds for those having satu
rated poly-3-methylcyclobutene as well as those having 1,4-polypentadiene 
structures. It is the author’s opinion, mainly based on analogies found in 
the infrared spectrum of crystalline polymers of cyclobutene and of the 
corresponding amorphous polymers of 3-methylcyclobutene, that the lack 
of crystallizability of the polymers obtained from 3-methylcyclobutene is 
due to the failing stereo regularity of the tertiary carbon atom in the 3 
position, to which the methyl group is bound. The configuration of this 
tertiary carbon atom exists prior to the polymerization and is not induced 
during the polymerization itself. Starting from a racemic monomer, in 
order to produce a completely stereoregular and hence crystallizable poly-
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mer, (lie catalytic centers should he able to exert stereoselectivity with 
regard to this carbon atom, in addition to the stereospecificity they exert 
with respect to the carbon atoms of the double bond. Such a stereoselec
tivity seems to be lacking, indicating that the tertiary carbon atom in the 
3 position is not, involved in the stereo regulating coordination of the double 
bond of the monomer to the metal of the catalytic centers. However, it 
cannot be excluded a priori that the lack of crystallizability of 3-methyl- 
cyclobutene polymers is due to lack of stereoregularity in the succession of 
tertiary carbon atoms of the main chains, or to some extent of head-to-head 
enchainment along with the usual head-to-tail enchainment, or finally to 
difficulty in crystallization due to the bulkiness of the monomer units.

The mechanism of the polymerization of cyclobutene monomers certainly 
depends in a complex manner on the metal forming the organometallic 
compound used for the preparation of the Ziegler-Natta catalysts. Two 
important experimental facts likely reveal the existence of at least two 
catalytic factors influencing the course of polymerization. The first fact is 
that the polymer yield obtained from cyclobutene or 3-methyl cyclobutene 
in the presence of catalysts prepared from VC14 or VOCl3 depends on the 
metal of the organometallic compound used in the catalyst preparation in 
the following characteristic manner. AlEt3 >  GaEt3 >  BeEt2 >  MgEt2 
»  LiBu >  ZnEt2 >  SnBm and Si.\ie4.

The second is that some of these catalysts generally yield polymers having 
essentially a saturated polycycloolefin structure, i.e., one derived by the 
opening of the double bond of the cyclobutene monomer, whereas some 
others preferentially induce the ring-opening polymerization to yield 
unsaturated polyalkenamers. In the above runs the highly active catalysts 
preferably induce polymerization via opening of the double bond and those 
having low activity generally promote ring-opening polymerization.

Extensive experimental work carried out over a period of many years in 
our laboratories on Ziegler-Natta catalysts* allows one to distinguish three 
classes of metal alkyls with respect to their reactivity in alkylating transi
tion metal compounds: (a) metal alkyls having no or very low alkylating
power (metal alkyls of tin and silicon belong to this class); (b) metal 
alkyls exerting a very high alkylating power, e.g., those of lithium and of 
zinc,8 but in the presence of which the reductive decomposition of the 
transition metal-alkyls occurs very rapidly; (c) Metal alkyls, like those 
of aluminum, gallium, beryllium, and magnesium, having intermediate 
alkylating power, in the presence of which the reduction of the transi
tion metal halides proceeds slowly.

The catalytic activity in the polymerization of unsaturated monomers is 
related in a complex manner to the alkylating power of the metal alkys used 
in the catalyst preparations. Actually, the metal alkyl compounds of the

* An analogous pattern of metal alkyl dependence of polymerization activity is 
known also for the stereospecific polymerization of propylene. A quantitative relation
ship of this type was recently reported,8 e.g., for the case of catalysts prepared from 
YC13 and metal alkyls.
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iirsl of the above three classes form catalysts that are practically inactive, 
due to their inability to form transition metal-alkyl bonds necessary for 
the anionic coordinate polymerization. The metal alkyls of the second 
class yield very unstable transition metal alkyls and hence poorly active 
catalysts. The metal alkyls of the third class form transition metal-alkyl 
bonds that are much more stable, probably due to the formation of bimetallic 
complexes between transition metal compound and metal alkyl9-11 which 
prevent the decomposition of such bonds.

The stability of these bonds not only confers long lifetimes to the 
catalytic centers, thus allowing high monomer conversion to polymer, but 
also allows stereospecific vinyl-type polymerization of the cyclobutene 
monomers, thus relating the above-stressed experimental facts. Actually, 
in the present case also, the most active catalysts are those prepared 
with the use of metal alkyls of aluminum, gallium, beryllium, and mag
nesium, characterized by fairly good alkylating power as well as by strong 
complexing capacity. These catalysts, which are supposed to contain the 
most stable bimetallic complexes, are also those which polymerize the 
present cyclobutene monomers via opening of the double bond. Scarcely 
active catalysts are obtained by using n-BuLi* or ZnEt2, whereas from Sn- 
But4 or SiAIe4 catalytically inactive products are obtained.

It may therefore be concluded that the polymerization of the present 
cvclobutene monomers via opening of the double bond follows a pathway 
which is very similar to that of the stereospecific polymerization of the a- 
olefins and is likely to proceed through a mechanism of the same type. The 
mechanism of the ring-opening polymerization, on the contrary, which is 
certainly quite different, is not well understood so far.

EXPERIMENTAL

Materials

The solvents (toluene and /¡-heptane) were pure grade products, refluxed 
over metallic Na, distilled, and stored under dry N2. The V halides (VC14 
and VOCb) are freshly distilled pure grade products. The metal alkyls 
(except for n-BuLi which was used in n-pentane solution) were undiluted

* In the case of Li alkyls another aspect should be taken into account. Li alkyls are 
per se good complexing agents, but they cannot display this property in the presence of 
V halides owing to their high tendency to form Li halides. As long as V-Cl bonds are 
available (especially on the surface of the V compound) the formation reaction of LiCl 
hinders the formation of the complex. Only when all the accessible halogen has been 
consumed does formation of a (halogen-free) complex between V and Li become pos
sible. According to a previous paper from this laboratory,2 however, halogen-free 
catalysts, e.g., those prepared from VO(OBu)i and AlEt» or from VAC3 and AlEt3, ex
hibit only low catalytic activity in the cyclobutene polymerization and yield polymers 
having exclusively polybutadiene structure. This analogy may suggest that the 
polymerization mechanism of cyclobutene monomers, with V as transition metal, is 
also regulated by the presence or absence of halogen in the catalytic centers.
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products of at least 90% purity, the impurities being mainly monoalkoxides 
and, in lower concentration, the corresponding monohydrides.

Cyclobutene was prepared from 1,3-propylene glycol over 1,3-dibromo- 
propane, 1,1-dicarboxyethylcyclobutane,12 cyclobutanecarboxylic acid,12 
aminocyclobutane,13 AT-dimethylaminocyclobutane,14 ¿V-trimet hyl ammo- 
niumcyclobutane iodide,15 and Hofmann elimination of this last.15 The 
overall yield, considering the recovered amino cyclobutane, was 9%. The 
raw product was purified by washing with aqueous hydrochloric acid, drying 
over NaOH, and twofold distillation at low temperature. The cyclobutene 
proved butadiene-free.

3-Methylcyclobutene was prepared by photoisomerization of pentadiene 
(cis-trans mixture) according to Srinivasan.16 After a 28-day irradiation 
of a 2% cyclohexane solution with a convenient UV lamp, pentadiene was 
converted for 25% to 3-methylcyclobutene. The purification to a 98-99% 
pure product was accomplished by fourfold rectification in a Todd column.

Polymerization Procedure

The runs were carried out in a three-necked glass vessel, provided with 
mechanical stirrer, nitrogen inlet, and dropping funnel with cooling j acket. 
About 80% of the solvent and the V halide were introduced into the vessel 
swept with N2 and cooled led to — 20°C. The metal alkyl was added to the 
stirred solution. Immediately afterwards the cooled solution of the mono
mer in the remaining solvent was dropped over a period of 5 min from the 
funnel to the stirred catalyst mixture. After 20 hr the polymer was precipi
tated with an excess of methanol acidified with HC1. The polymer was 
washed first with aqueous NH4G1-NH3 solution, then with acidified 
methanol, finally with pure methanol. It was dried under vacuum.

Analysis of the Polymer

The composition of the 3-methylcyclobutene polymers was determined on 
films from benzene, the infrared absorptions of the bands at 10.35 and 7.15 
M, characteristic respectively of trans and cis unsaturations (corresponding 
respectively, to trans- and cis-1,4 pentadiene units) being measured. 
Values of 15.2 X 104 cmVmole (trans) and 0.82 X 104 cm2,/moles (cis) were 
used for the coefficients. As 1,2- or 3,4-pentadiene and other units were 
virtually absent, the difference to 100% was attributed to 3-methylcvclo- 
butene units.

The absorption coefficients used in the case of the cyclobutene polymers 
are 10 X 104 cm2 mole (trans-1,4 butadiene units) and 0.82 X 104 (cws-1,4 
butadiene units), and the technique was the same.

The author is grateful to Prof. P. Pino, University of Pisa, for useful discussions.
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ways of cycloolefin polymerizations in the case of sterically hindered, bulky 
monomers. Another problem investigated concerns the bond which is 
cleaved in t he monomer during the ring-opening polymerization. Bicyclic 
monomers containing a cyclobutene ring actually appear particularly 
suitable for clarifying this problem, because one of the single bonds of the 
cyclobutene ring may be easily recognized since it participates in both ring 
moieties.

EXPERIMENTAL

Materials

The transition metal compounds were pure grade commercial products, 
except for 7r-allvl Ni bromide prepared from biscyclooctadiene Ni(O) and 
allyl bromide according to Wilke.7 VC14 was freshly distilled before its 
use. The organo aluminum compounds were undiluted, and were at least 
90% pure (the impurities being mainly the respective monoalkoxides and, 
in smaller amounts, the monohydrides). Toluene was a pure grade product, 
refluxed over Na metal, distilled, and stored under dry N2.

Bicyclo [4,2,0]octa-7-ene was prepared by photoisomerization of cyclo- 
octadiene-1,3 according to Dauben and Cargill.8 Bicyclo [3,2,0]hepta-2,6- 
diene was analogously prepared by photoisomerization of cycloheptatriene- 
1,3,5.9'10 The monomers were purified by preparative gas chromatog
raphy; their purity was 99%.

Polymerization Procedure

The polymerizations in the presence of Ziegler-Natta catalysts were run 
in glass vessels under nitrogen at — 20°C. The catalysts were prepared 
in the polymerization vessel by adding the organo aluminum compound to 
the stirred solution (or suspension) of the transition metal compound in 
toluene. Immediately afterwards, the monomer dissolved in a small 
amount of toluene was dropped within a few minutes from a cooled dropping 
funnel into the catalyst mixture. During preparation of the catalyst, 
addition of the monomer, and the polymerization, the reactants were main
tained in good agitation. The polymerizations in the presence of group 
VIII metal halides as catalysts were run in vials, sealed under N2 and kept 
in agitation in an oil bath. The polymerization temperature was initially 
20°C; after some hours it was raised to 50°C (Further details in Tables 1 
and II).

The polymers were recovered by precipitating the reaction mixture with 
an excess of methanol acidified with HC1. The polymers were washed with 
methanol and dried under vacuum.

Analysis of the Polymer

The determination of the relative amounts of the different monomer units 
in the polymers was carried out by infrared spectroscopy. The absorption
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bands at 10.35 and 7.1 g, characteristic, respectively, of internal trans and 
cis unsaturations, were used for the determination of the monomer units 
derived from the ring-opening polymerization of the four-membered ring of 
both bicyclic monomers. Values of 1.0 X 105 (trans) and 0.82 X 104 (cis) 
cm2/mole were used as absorption coefficients. The difference to 100% was 
attributed to monomer units derived from the opening of the double bond 
of the four-membered ring, since other monomer units were not found pre
sent.

Properties of the Polymers

The polymers obtained by ring opening as well as by opening of the 
double bond of both bicyclic monomers are white, powdery products. 
They have a linear chain structure, as can be deduced also from their solu
bility in solvents like benzene or carbon tetrachloride. Only the bicyclo- 
heptadiene polymers obtained with the ruthenium catalysts are insoluble 
and hence presumably crosslinked. All polymers are insoluble in n-heptane, 
methyl ethyl ketone, or isopropyl ether.

The molecular weights (determined with the Mechrolab vapor osmom
eter) are generally quite low (about 1000), mainly due to the relatively 
high catalyst concentrations. Only in the case of the polymer obtained 
with the (NHdalrCle catalyst was a molecular weight as high as about 
9000 found. All polymers were found to be amorphous b\r x-ray analysis. 
The softening temperatures ranged between 60 and 130°C.

No appreciable amounts of polyethylene, which might derive from a 
decomposition of the aluminum alkyl component of the catalyst, were 
present in the polymers.

Elementary quantitative analysis indicated for the polymer of bicyclo- 
[4,2,0]octa-7-ene obtained with the VAc3 +  AlEt->Cl catalyst: C = 88.6%,
Id = 11.4%; for the polymer of the same monomer obtained with the 
WCId +  AlEtaCl catalyst : C = 88.2%, H = 11.8%. Calculated values 
for (CgHu), were: C =  88.82%, H = 11.18%.

RESULTS AND DISCUSSION

The two bicyclic monomers containing a cyclobutene ring used for the 
present investigations are bicyclo [4,2,0]octa-7-ene (I) and bicyclo [3,2,0 ] 
hepta-2,6-diene (II).

H C = C H  H C = C HIS 71 I 7 elIs 7I | 7  61
HC-—CH H C --C H
/  1 6 \ /  1 5 \

h , 6 ’■CH, H C2 ‘ CH;
v

H ,C-
* /

—CH, V /Y 'H
I TI

Both monomers were homopolymerized by using two different classes of 
catalysts: (1) Ziegler-Xatta catalysts prepared from chlorides or ace-
tylacetonates of titanium, vanadium, chromium, or tungsten and organo-
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aluminum compounds; (2) salts of the group VIII metals nickel, rhodium,
ruthenium, iridium, and palladium in \\'ater, ethanol, or dimethyl sulfoxide.

The results of these polymerizations are summarized in Tables I and II.
The polymer ~'ields were not investigated systematically in dependence

of the catalyst concentmtions; in order to overcome a f;\lpposed low mono
mer reactivit~" attributed to the considerable bulkiness of the ring systems,
high catalyst cOllcentratiollS were used, especially in the case of the Ziegler
Xatta catalysts. Hence, the polymer yields given in Tables I and II
should only be read as generally indicative.

In spite of their considerable bulkiness, both bicyclic monomers could
be polymerized to linear polymers. Significant results were obtained
with both classes of catalysts. With regard to the structure of the
polymers obtained, the employed catalysts may be divided into two groups:
those preferably or exclusively promoting polymerization by opening of the
double bond, and those predominantly inducing ring-opening polymeriza
tion. Catalysts containing vanadium, chromium, nickel, rhodium, or
palladium as transition metal belong to the first group, \,...hereas those
containing titanium, ruthenium, or iridium as transition metal pertain to
the second group. The catalysts containing tungsten as transition metal
exhibit an intermediate character.

The polymers show a quite simple pattern of chemical structures. All
monomer units are derived from reactions at the four-membered rings
(except for the polymer of (II) prepared with the RuCh·nH20 catalyst,
which is crosslinked and in which also the double bonds of the five-mem
bered ring may have reacted). The polymerizations by opening of the
double bond involve only the double bond of the cyclobutene rings. In
the ring-opening polymerizations only the cyclobutene rings are opened.
In this case the internal double bonds of the linear chain segments are pre
dominantly trans, and only small amounts of the cis type are found. In
conclusion, in the case of I the observed monomer units are la, Ib, and Ie,

H\ /H
\ c=c

Hc-6H \
I \

HlC CH.,
\ 1-

HlC-CHz

Ie

and in the case of II, the units found were IIa, lIb, and IIc.

H\ II{
\ C=C

HC-c'H \
I \

HC CI-J.,
~/-

CH
lIe
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In the case of I, the unreactivity of the cyclohexane ring was not surpris
ing if one considers its saturated nature and the very low strain of a fused 
six-membered ring. In the case of II, however, the five-membered ring, 
which is also unreactive, not only has considerable ring strain, but it is also 
unsaturated and could therefore reasonably be supposed to polymerize, at 
least to a low extent. Unlike cyclohexene, which could not be polymerized 
to polyalkenamers,11 cyclopentene, with the above catalysts, has actually 
been homopolymerized by ring opening1- as well as copolymerized by open
ing of the double bond.13 Evidently, the ring strain of the cyclobutene 
rings is so much higher than that of the higher-membered rings as to monop
olize the polymerization reaction.

The chemical structure of the monomer units in the obtained polymers 
was deduced primarily by infrared analysis. In the case of I, that all cyclo
butene rings had been polymerized (by ring opening or opening of the double 
bond) was verified by the disappearance of the absorption band at 6.43 p, 
characteristic of the double bond in a highly strained cyclobutene ring. 
Moreover, a theoretically possible opening of the fused cyclohexane ring 
could be excluded on the basis of the absence of an infrared absorption in 
the 13.3-13.9 p region, attributable to a linear chain sequence of four 
methylene groups.

The monomer units lb  and Ic were determined on the basis of the infrared 
absorptions at 10.35 (tra.ns) and 7.1 p (cis internal double bonds). A 
polymer built up only by (la) monomer units is characterized by the absence 
of any type of double bonds.

In the case of (II), the unreactivity in these polymerizations of the 
cyclopentene ring (except for the polymers prepared with RuCh/rlUO 
catalyst) was deduced from the fact that the cis double bond of the five- 
membered ring of the monomer (infrared absorption at 6.22 p) was retained 
in the polymer, whereas the cis double bond of the four-membered ring of 
the monomer (infrared absorption at 6.43 p) completely disappeared in the 
polymer.

According to indications given by Weissberger14 and confirmed in our 
laboratories, the infrared absorption bands due to the stretching vibration 
of the cis double bonds of hydrocarbons shift to higher wavelengths with 
increasing strain, being found at 6.0 p for a linear chain, 6.06 p for a six- 
membered ring, 6.22 p for a five-membered ring, and 6.43 p for a four- 
membered ring.

The presence of the monomer units Ila, lib , and lie  was deduced on the 
basis of the absorption bands characteristic of the trans and cis internal 
double bonds in the linear chain segments, by a method analogous to the 
method described for the polymers derived from I.

All polymers obtained with the above catalysts are amorphous by x-ray 
examinations, despite the high degree of regularity of the chemical structure 
of most of them. It has not been possible so far to decide whether this is 
due, in the case of the chemically regular polymers, to an irregularity of the 
sterical structure (optical isomerism) or to the steric hindrance caused by
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the bulkiness of the monomer units, which could prevent the crystallization 
of the polymers. In the above given six monomer units, optical isomerism, 
which would greatly increase the number of possible monomer units, is not 
considered.

Two types of optical isomerism must be distinguished. The first one 
arises during polymerization by opening of the double bonds, in that the 
carbon atoms of the monomer double bond become tertiary carbon atoms of 
the polymer chains.

The second type involves the two bridgehead carbon atoms (in positions 
1 and 6 of I and 1 and 5 of II, which are tertiary carbon atoms. Their 
steric configuration is determined prior to the polymer formation. In the 
bicyclic monomers I and II. the two ring moieties are certainly fused to
gether in a cis fashion. It is in fact known for bicyclic systems that the 
seven-membered ring is the smallest cycle that may span a four-membered 
unsaturated ring in a trans fashion.15'16 Hence the bridgehead carbon 
atoms of both monomers should always become tertiary carbon atoms with 
an erythro relationship in the polymer.

A third type of possible irregularity concerns only the polymers of II 
and derives from the intrinsic asymmetry of this monomer. The type of 
double bonds being the same, e.g., the ring-opening polymerization may in 
fact yield the two isomeric monomer units:

Analogous considerations are valid for the two corresponding monomer 
units derived from the opening of the double bond.

All above considerations are made supposing that the ring-opening poly
merizations cleave the cyclobutene ring at the single bond adjacent to the 
double bond. Evidence had been accumulated previously141217 support
ing this hypothesis. The present results should allow us to exclude the 
possibility of ring opening at the single bond far from the double bond 
(allylic position). In fact, in this case one should obtain ring-opening 
polymers free of linear chain segments containing internal double bonds and 
built up only by cyclic monomer units linked together by the two bridgehead 
carbon atoms.

The ring opening at the single bond adjacent to the double bond is in 
contrast with many ring-opening reactions of classical organic chemistry. 
It is known, for example, that in cyclobutene and its derivatives the single 
bond far from the double bond is weakened by allylic activation, from both 
sides, induced bv the double bond.18 However, in these cases the reactions 
are thermal and proceed through a radical mechanism, in contrast with 
the ionic character of the present polymerizations and with their coordina-

\
HC-----CH
/  \

HC CH2

,̂CH=CH—•

'CH
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lion mechanism, which implies a coordination bond between the transition 
metal and the double bond of the monomer.

The above evidence, however, is not conclusive in deciding whether the 
ring opens at the single bond adjacent to the double bond or at the double 
bond itself. Further experiments are in progress in order to clarify this 
question.

The authors are greatly indebted to Prof. P. Pino, University of Pisa, for useful 
discussions.
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NOTES

Method Jor Computing the Specific Hate of Hydrolysis 
of Glucosidic Bonds in Some Trisaccharides

It was shown recently1 that the kinetics of the acid-catalyzed hydrolysis of some tri- 
saccharides can be described by rate equations derived on the basis of a reaction scheme 
consisting of a combination of two interdependent parallel and consecutive reactions. 
The computation of the rate constants of hydrolysis of the two glucosidic links in the tri- 
saccharide, isomaltotriitol, by means of the derived rate equations required the experi
mental values of the concentrations of isomaltotriitol, isomaltitol, isomaltose, glucose, 
and sorbitol for various periods of time of hydrolysis.

In studying the rate of hydrolysis of some trisaccharides it may occur that the concen
tration of only one of the hydrolysis products is measured and that of the unhydrolyzed 
trisaccharide is not measured. The present paper offers a method by which the specific 
rate of hydrolysis of each of the two glucosidic bonds in some trisaccharides (e.g., isomal
totriitol) can be computed when the following are known: (a) the concentration of one 
of the hydrolysis products (isomaltose or isomaltitol) and (b) the rate constants of hy
drolysis of these products.

The course of the hydrolysis of this trisaccharide and the kinetic scheme for the reac
tions are illustrated in Figure 1.

In Figure 1 -4 denotes the concentration of isomaltotriitol at any instant, (B),  B, and 
B* are concentration of glucose at any instant, C is the concentration of isomaltitol at 
any instant; (D ) and D are concentration of sorbitol at any instant, E  denotes concentra
tion of isomaltose at any instant; k3 and kt are the known specific rates of hydrolysis of 
isomaltitol and isomaltose, respectively; k\ and k3 are the specific rates of hydrolysis of 
the two glucosidic bonds in isomaltotriitol; A<j is the initial concentration of isomalto- 
t riitol.

The pertinent rate equations are as follows:

A  =  zl0e_(fa +k,)t (1)

C =  ____ Aok±_____  e- ( * i  +  *Ot _ e - W  (2)
k'i — (A'i -f- A’.-j)

. jo

:U15
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From eq. (2)

C

Aok3
Ä'4 — (ki T kn)

ki o — ( k l  +  k l  — k i ) t ■1
Aoe — kit k-i — (fa T  A3 j 

and it can easily be shown that

In Increm (C/Aae = —(A’i +  fa — ki)t +  const.

and

faAntiln £const. — ln ( 1 — e + />' 3 — k i ) A t \

ki +  fa — fa

Similarly, from eq. (3) 

E - (/>'! H“ ¿3 — /04)Î _ ̂
A06 /l4Î ki — (A’i 3̂) 

ln Increm (E /A ae~kil) = —(fa +  fa — fa)f +  const.'

(3)

(4)

('>)

(ß)

(7)

( 8 )

Antiln const.' — ln (1 e  —  ( k i  +  h  -  k i ) A i) fa
Ai -b A3 — A4 (9)

In eqs. (6) and (9), Ai refers to the time interval chosen for the increments.
Thus, knowing the initial concentration of the trisaccharide, the hydrolysis rate con

stants of the disaccharides formed through hydrolysis of the trisaccharide, and the experi
mental values for the concentration of one of the hydrolysis products corresponding to 
equal time intervals of hydrolysis, the rate constant of hydrolysis of each of the two gluco- 
sidic bonds of the trisaccharide can be computed. If experimental values of C and E  for 
equal time intervals are not available, they can be obtained by interpolation. The com
putation can be performed by either (a) substituting values of C/Aoe~kH or E/At,e~kH 
into eqs. (5) and (6) or (8) and (9), respectively, and solving them by the customary alge
braic procedure, or (6) plotting values of either In Increm (C/A<,e~kn), or In Increm 
(E /Toe- *4') against t and evaluating the gradient of the straight line so obtained and of its 
intercept with the ordinate [cf. eqs. (5) and (8)]. One such plot is shown in Figure 2, 
the experimental rate data of Jones et al.2 being used.

The values for the hydrolysis rate constant of each of the two glucosidie bonds in iso- 
maltotriitol so computed are: Ai = 9.84 X 10-3 hr" 1 and A3 = 4.86 X 10_3hr“ 1. They 
agree quite well with the values arrived at previously,1 viz., Ai =  9.8 X  10“3 hr-1 and 
A3 =  5.0 X IO-3 h r '1.

While the method described above is an exact method, its accuracy depends, among 
other things, on the number of increments available, which, in turn, depends on the num
ber of measured values of the concentration of one of the hydrolysis products.
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C opolyn ierization  o f  I'liein in llirene and M aleic Inhydride

The alternative (‘(¡polymerization of maleic anhydride (MAH.) with the common vinyl 
monomers has been widely studied.1.2 Recently these investigations tended towards 
radical copolymerization with monomers which are not capable of radical homopolymeri
zation, for example, dioxene3 and dimethoxyethylene.4 The argument that these co
polymerizations are promoted by the formation of a complex between two monomers or 
on the propagating radical has been accept ed.

TABLE I
Copolymerization of Phenanthrene and .Maleic 

Anhydride in Various Solvents“

Tem-
pera-

Solvents
lure,
°C Yield, g 111

Molecular
weigh tb

Polymerization
system

1)MF 00 — — — Homogeneous
Dioxane U 0.682 0.06 3600 11
CC1„ “ 1 .016 0.13 3800 Partly heterogeneous
CCLH 1.100 0.13 6100 Oily precipitant
Acetic anhydride 1 .008 0.09 4600 Homogeneous at 60°C
Acetone 30 — — — Homogeneous
Dichloroethane 60 1.076 0.11 — Oily precipitant
THF Trace — — Homogeneous
Benzene “ 1 .000 0.13 — Heterogeneous
Toluene It 1.011 0,07 — “
Xylene 11 0.822 0.06 - “

“ AIBN = .30 mg; phenanthrene = 0.90 g, maleic anhydride = 0.30 g (1: J in molar 
ratio); solvents = 5 ml; polymerization time, 48 hr; in N->, precipitated in MeOH. 

b Molecular weights were determined by ebulliometric method in acetone.

On the other hand, the MAH electron-acceptor character has been well known for the 
formation of complexes with aromatic compounds. We have succeeded in copolymeriz
ing aromatic compounds such as phenanthrene with MAH in the form of a new copolymer. 
The rate of copolymerization and molecular weight were influenced by the nature of sol-

PolymerizatiDn time (hr)
Fig. 1. Copolymerization of phenanthrene and maleic anhydride: (1) 1.8 g phen

anthrene, 1.0 g maleic anhydride; (3) 0.9 g phenanthrene, 0.30 g maleic anhydride; 
(d) 0.45 g phenanthrene, 0.25 g maleic anhydride. AIBN 100 mg, in dioxane solution, 
total volume 5.00 ml.
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vent (Table 1) and was enhanced by the increase of concentration of the complex between 
the two monomers (Fig. 1). With decreasing concentration of monomers, the ultraviolet 
absorption spectra of this polymerization solution shows a remarkable diminution of ab
sorption intensity at 390 m/a attributed to the complex.

Phenarrthrene mole fraction in polymerization system

Fig. 2. Phenanthrene mole fraction in copolymer obtained in benzene solution at 
60°C: (•) precipitated in methanol; (A)  precipitated in benzene. Polymerization
time: 20 hr.

Phenanthrene mole fraction in polymerization system

Fig. 3. Phenanthrene mole fraction in copolymer obtained in dioxane solution at 
60°C: (•) precipitated in methanol; (A)  precipitated in benzene. Polymerization
time: 20 hr.

Figures 2 and 3 show that these copolymers have a composition in the range 1:1.2— 
1:2 phenanthrene: MAH (mole ratio).

The details of the copolymerization based on the complex formation will be published 
elsewhere.
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Effect of Agitation on the Heterogeneous Polymerization 
of Trioxane in Solution

In solution cationic polymerization of trioxane, a certain time after the introduction of 
the catalyst, a weak opalescence appears which increases as the reaction proceeds; this 
instant, corresponding to the initial precipitation of the polymer, is considered to mark 
the end of the induction period.1'2 At this moment., the reaction ceases to be homoge
neous. In effect, the polymerization appears to take place at. the solution-polymer crys
tal interface with a rate proportional to the surface area of the separated phase.2

Nevertheless, after the induction period, transfer reactions, especially with water, can 
give rise to reaction in solution; however, it has been shown that the water concentra
tion assumes a stationary value.3

Other authors have pointed out the heterogeneous nature of the cationic polymeriza
tion of trioxane.4“ 8 In the present note this polymerization is analyzed, the influence of 
agitation being especially studied. In effect, as the polymerization proceeds through 
growth of polymer crystals, diffusion of the monomer from the body of the solution to the 
polymerization surface is required; this diffusion, if the reaction is fast enough, may be a 
controlling factor.

Moreover, the process rate is influenced by the agglomeration of the polymer particles 
which reduces the active surface of polymerization. Agglomeration also involves chemi
cal linking, through chain-transfer reactions.5 This fact may explain the results of 
Kucera and et al.,3'9“ 11 who noted a decrease in the amount of catalyst during the poly
merization.

EXPERIMENTAL

Materials

Trioxane (Schuchardt) was employed without purification (amount of water deter
mined by the Karl-Fisher method: 0.03-0.04% bjr weight). Cyclohexane RP (Carlo 
Erba) was purified by the usual methods. Nitrobenzene RP (Carlo Erba) was distilled 
under vacuum; BF3 etherate (Eastman) was doubly distilled under vacuum, and the 
intermediate fraction of the second distillation was employed.

POLYMERIZATION METHOD

Polymerization experiments without agitation were carried out in the same equipment 
and under the same conditions as previously described.12 Experiments with agitation 
were performed in a cylindrical (6 cm diameter) reactor equipped with baffles and a 3 cm 
blade agitator. The stirring rate was followed by stroboscopy.

The beginning of the opalescence was taken as zero time.
The reaction was stopped by addition of acetone.
Inherent viscosity (In it,Q\/c) measurements were taken at 60°C in p-chlorophenol 

(containing 2%  a-pinene) solutions and at 0.5 g/dl polymer concentration.

RESULTS AND DISCUSSION

In Figure 1 polymerization yields are plotted against reaction time for two different 
initial concentrations of monomer and catalyst solutions in cyclohexane. Agitation has 
no effect on the induction period but becomes effective when the reaction becomes heter
ogeneous ; stirring shortens the time between the end of the induction period and the time 
of the highest polymerization rate and gives higher rates at. the same conversions.

The behavior of the polymerization in the first stages might be interpreted on the basis 
of a dilfusional resistance which adds to the reaction step; agitation, lowering the diffu
sion time of the monomer from the main body of the solution to the polymerization aç-
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Fig. 1. Polymerization yield vs. reaction time with cyclohexane as solvent 
(O , • ): [trioxane]0 = 2.88 mole/1, [LLO]0 =  10.4 X 10-s mole/1, [BF3-OEt2]o =  2 X 
10-3 mole/1; (A , A) [trioxane]0 = 5.2 mole/1, [H20]o = 16 X 10-3 mole/1, [BF3- 
OEt2]o =  2 X 10-3 mole/1; (V , ▼) [trioxane]» =  5.2 mole/1, [FLO]» =  16 X 10-3 
mole/1, [BF3-OEt2]o =  1 X 10-3 mole/1; (O , V , A )  no agitation; (• , ▼, A )  300 vpm.

TIME (min.)
Fig. 2. Polymerization yield vs. reaction time with nitrobenzene as solvent (56°C): 

(O ) no agitation; (V )  300 rpm; (A )  900 rpm. [Trioxane]o = 2.88 mole/1, [H20]o = 
23 X 10-3 mole/1, [BF3-OEt2]0 = 0.5 X 10"8 mole/1.

tive surface, increases the process rate. Part of this increase may be, however, attributed 
to the lower tendency to agglomeration of growing crystals in presence of stirring.

Agglomeration, which is rather marked when apolar solvents such as cyclohexane are 
used, can be noticeably reduced by employing highly polar media. With nitrobenzene, 
in fact (Fig. 2), the decrease of the diffusion time brought about by the agitation has a 
strong effect in increasing the process rate, with respect to the hindrance to the agglom
eration of the polymeric particles.

In both solvents, wfith increasing reaction time, the polymerization yield tends to as
sume an asymptotical value which depends on the agitation rate.

Figures 3 and 4 show the variation of the inherent viscosity as a function of polymeriza
tion yield in cyclohexane and nitrobenzene solutions with or without stirring. With cy
clohexane, at least for not so high yields, agitation causes a remarkable lowering of the 
inherent viscosity. Without stirring or with low rates of stirring the inherent viscosity, 
as result of degradative reactions due to the catalyst,12-14 at first increases and then de-
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big. 3. Inherent viscosity vs. polymerization yield with cyclohexane as solvent (56°C): 
(O) no agitation; (V )  300 rpm; (A )  900rpm. [Trioxane]0 = 5.2 mole/1, [H2O]0 = 16 
X 10 mole/1, [BF3-OET2]o = 2 X 10- * mole/1.

0 20 40 60 so 100
YIELD °/„

Fig. 4. Inherent viscosity vs. polymerization yield with nitrobenzene as solvent (56°C): 
(O ) no agitation; (V )  300 rpm; (A )  900 rpm. [Trioxane]» =  2.88 mole/1, [H2O]0 =  23 
X 10“ 3 mole/1, [BFa'OEtaJo = 0.5 X 10-3 moled.

creases with increasing polymerization yield; on the contrary, with high agitation rates it 
is practically independent of yield. Inherent viscosity plotted against polymerization, 
when nitrobenzene is used as solvent and with no agitation gives, as already found by Oka- 
mura et al.,15,16 S-shaped curves, while with agitation it exhibits linear behavior.

CONCLUSION

The heterogeneous nature of the cationic polymerization of trioxane has been analyzed 
in relation to the conditions of agitation in the polymerizing system. Agitation rate in
fluences the process kinetics and the dependence of the molecular weight on polymeriza
tion yield. The observed increase of the reaction rate with stirring has been attributed 
to the lowering of the diffusion time of the monomer from the main body of the solution 
to the polymerization active surface and to the hindrance to agglomeration of the poly
meric particles.

The possibility of coexistence of chemical and diffusional regimes must be considered in 
any investigation of the kinetics of a process.
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Identification of Diene Comonomer by Time-Averaged 
1\MK Spectroscopy

Identification of the noneonjugated diene introduced into ethylene-propylene co
polymers to permit sulfur vulcanization is difficult owing to the small amounts which 
are normally present and to the fact that several different types of termonomer can be 
employed. Usually it is possible to detect this residual unsaturation by infrared 
spectroscopy1 and measure it by a chemical method (such as with iodine monochloride),2 
but such methods can present some difficulties. Identification of the incorporated third 
monomer is not always practical in infrared spectroscopy at the low concentrations in
volved, and in the high-resolution N M R spectra of these terpolymers the presence of 
unsaturation is not usually detected, since the signals from the olefinic protons are of 
such low intensity that they become lost in the background noise. We have found that 
it is possible to detect the NM R signals from the olefinic protons of a number of ethylene- 
propylene terpolymers by means of a time-averaging technique, similar to that described 
for butyl rubber.3 The spectra so obtained are usually sufficiently characteristic to allow 
identification of the particular third monomer incorporated in the terpolymer. More
over, as the third monomer initially contains two double bonds, differing in structure and 
reactivity, the one used up in copolymerization may be distinguished from the one re
maining for subsequent use in vulcanization. Therefore information concerning the 
structure of the remaining unsaturated entity may be obtained. The table shows the 
chemical shifts of olefinic protons of a number of different third monomers in the co
polymers. The spectra are shown in the diagram.

TABLE I

Third monomer Chemical shift, r

Cyclooctadiene 1,5 4.55
Dicyclopentadiene 4.55
1:4 Hexadiene 4.7
Methylene norbornene 5.25 and 5.5
Ethylidene norbornene 4 .8  and 4.9

The cyclooctadiene and dicyclopentadiene terpolymers have olefinic protons with the 
same chemical shift, 4.55 r, and so these cannot be differentiated by this technique but 
may be distinguished by the use of iodine monochloride.2 The hexadiene type of ter
polymer may be identified by its olefinic resonance at 4.7 r. These three monomers 
have what appears as a single olefinic resonance in the terpolymer. On the other hand, 
the two norbornadiene types of monomer each show two characteristic resonances. 
In the methylene norbornene terpolymer the olefinic resonances arise from two protons, 
each giving a separate signal, whereas in the ethylidene norbornene terpolymer there is 
only one proton, the signal of -which appears as a doublet. In view of these consider
ations it is more difficult to detect the olefinic resonance in the latter instance.

In the terpolymers it appears that the chemical shifts of the olefinic resonances are 
very similar to those given by the corresponding protons in the (starting) monomers, 
and it follows that the other olefinic resonances in the monomer must belong to the double 
bond used up in the polymerization. The norbornene types of monomer and dicyclo
pentadiene evidently copolymerize through the more react ive double bond in the bridged 
ring.

Butyl rubber is similar lo ethylene-propylene terpolymers in that a time-averaging 
technique is necessary for the detection of the olefinic proton resonance, and vee have 
detected a resonance at about 5 r, in agreement with the result of Chen and Field.3
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DICYC LOPENTA DIENE

CYCLOOCTADIENE

1,1c KE5CADIENE

METHYLENE NORBORNENE

Polymers were dissolved in carbon tetrachloride at about .4% concentration. A 
Perkin-Elmer RIO instrument was used, working at 60 .Me./sec. Measurements were 
made at 33°C. The equipment for time-averaging has been described4 and is pre
sumably similar to other equipment3.6 applied to the examination of polymers. Only 
the regions of 4-6 r were examined, 2-3 hr. being taken per spectrum. In view of the 
possibility of magnetic field drift over this time, very accurate chemical shifts cannot be 
determined.
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BOOK REVIEWS

Coupling Research and Production. George Martin and R. H. Widens, 
Eds., Wiley, New York, 283 pp., $12.00.

This handy volume reports the proceedings of a symposium dealing with how to ac
celerate the finding of practical applications for the discoveries of basic research and 
getting them into production. The symposium was organized by the American Institute 
of Mining and Metallurgical Engineers and sponsored by Federal Agencies having an 
interest in materials development. It was held in Los Angeles, October 5-7, 1966. 
The twenty papers presented were mostly authored by administrators of applied re
search, materials development in agencies of the Armed Forces and Space, or under
graduate and graduate education.

Those interested in research management will find this a convenient reference by which 
to check their methods against those of the competition. They will also be interested in 
the attempt to train “entrepreneural engineers”  at Dartmouth and in three “ coupling” 
programs now being supported by the Advanced Research Projects Agency, which pair 
basic research carried on in a specific university with applied research and engineering 
development carried on in specific firms to accelerate progress in a field of technology 
of interest to the Government. Educators and students can obtain a glimpse of in
dustrial research from the inside by reading the papers presented by J. J. Harwood 
(Ford Motor), L. P. Jahnke (General Electric), E. R. Morgan (Jones & Laughlin), 
M. J. Pryor (Olin Mathieson), and R. P. Olsen and H. Reiss (North American Aviation). 
Papers by H. M. Burte (Chief, Materials and Ceramics, Air Force Materials Labora
tory), G. C. Deutsch (Chief, Materials NASA), L. J. Klinker (Chief, Materials Science 
and Technology, Army Research Office), and N. Promise!, H. Liebowitz, and T. F. 
Kearns (Navy) will introduce the reader to the operations of these governmental agen
cies.

Definition of a technological need was repeatedly cited as an important catalyst 
for technological advance. See particularly M. Tanenbaum’s account of ten case his
tories. Effective “ coupling”  requires good communications to encourage interaction 
between the basic researchers, those identifying needs, those making applications, and 
those engaged in production, but it also requires effective motivation to get these groups 
to work together for the payoff in production. Motivation for accomplishment and 
ideas for interdisciplinary solutions can be fostered by focussing the attention of all on 
desirable payoffs. Flexibility for major changes in goals and in the directions of applied 
research is often necessary to achieve a successful innovation.

A key individual in successful projects was variously identified as the “ coupler,” 
and “ idea champion,” the “vertical interdisciplinary man,”  the “ generalist,”  the “ tech
nological entrepreneur,”  etc. In this connection the paper by R. C. Dean describing 
Dartmouths’ efforts to revise their engineering curriculum to foster the training of tech
nological entrepreneurs was particularly encouraging to me.

There were implications that it was very difficult to convert scientists to technological 
entrepreneurs while they are working on the job. This is contrary to my experience. 
If one selects the right candidate there should not be great difficulty. It has seemed 
to me that basic or fundamental researchers cleave into two groups; ( f)  descriptive 
scientists, who excell in characterizing and diagnosing the factors at work in natural 
phenomena, but who find difficulty in extending their observations to originate new con
cepts, and (2)  innovators, who investigate more broadly, and are primarily interested in

2429
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synthesis ami originating new concepts. Although they can do descriptive work they 
prefer to range more broadly and soon develop into generalists. It has been my ex
perience that, t he scientists in this second group convert readily to technological entre
preneurs. They need only exposure to economic studies, application work, and case 
histories and to be given responsibility for choosing and defending lines of research which 
will maximize the payoff of the research for which they are responsible. As J. J. Har
wood stated in his paper, the coupling of research to technology is indeed a people 
problem.

Winfield W. Heckert

16 Ravine Rd. 
Wilmington, Del. 19803
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Modern Organic Chemistry, by .John I). Roberts and Marjorie C. Caserio, 
W. A. Benjamin, Inc., Now York, X.Y., 1967. X X II +  844 pp. Price 
$10.75

This new introductory textbook is a condensation of Basic Principles of Organic 
Chemistry by the same authors, published in 1964. The new work is about two-thirds 
the size of its parent.

The organization and emphasis are essentially unchanged, and the condensation 
appears to have been accomplished to a considerable extent by excision of paragraphs 
and sections. This is a dangerous practice, for it may result in the loss of subjects, the 
acquaintance with which is assumed in later sections. Nevertheless, the text flows well.

The introduction of spectroscopy, particularly 111 and NMR, at the very beginning, 
and the continued emphasis on thermodynamics and mechanism are the features that 
differentiate this book from most, if not all, of its competitors. Such features, together 
with the intellectually provocative problems scattered throughout the book, exert a 
strong attraction to established chemists, whom the book may impress as the wave of 
the future hi the presentation of organic chemistry.

The test of actually teaching from a book is apt to be more enlightening than that of 
simply reading through it, and under this test, a number of flaws in “ Roberts and 
Caserio”  come to light. Except for the most highly motivated, students do not react 
as favorably as their professors are apt to; they find that their background (or that part 
of it that they have retained) is less than optimum for some of the more sophisticated 
material, and the exercises become especially frustrating. In fact, the exercises are a 
major source of irritation to the instructor as well, for too many of them assume knowl
edge which cannot be found in the text (presumably excised in the condensation), and 
the Supplement, which provides the answers to the exercises, is a mass of errors. The 
result is that an instructor must spend an inordinate amount of time explaining why a 
given exercise cannot be answered with information given in the text, and in correcting 
the errors. As an example, Exercise 1-2 states that there are three isomers of C3H9N 
(there are actually four); the heat of combustion given as a datum in Exercise 3-4 is 
quite different from the answer given for Exercise 3-6b, in which this quantity is cal
culated from bond energies; for Exercise 6—If, the name for 3,3-dimethylcyclopropene 
is incorrectly given as 1,1-dimethylcyclopropene.

Although this book is commendably free from purely typographical errors, there are 
errors or inconsistencies of other kinds, which upset students considerably when the 
reckoning comes. On page 65, for example, the C— H bond energy for methane is 
taken as 98.7 kcal/mole, but on page 71, a new value, 102 kcal, is given without remark. 
On page 65, the ground state of molecular oxygen is represented as a singlet electronic 
structure.

The coverage of descriptive chemistry is weaker than usual in organic textbooks; 
this is of course a necessity if other subjects are expanded while the size is kept constant. 
The area of reactions has been curtailed, and with it the preparation of the student to 
handle problems in synthesis. The presentation of industrial processes is very skimpy, 
which may dismay many chemists. 'Phis is nevertheless true to the authors’ intention 
of giving primary emphasis to principles.

Among unfortunate omissions is any information on the stereochemistry of catalytic 
hydrogenation, although much is made of the stereochemistry of all manner of other 
additions to multiple bonds. Neither the Hofmann nor the Curtins rearrangement is 
listed in the index, nor appears to be mentioned anywhere in the text. Isocyanates as 
a class have entirely been overlooked, whereas such exotic structures as diazirines are 
discussed. No book, obviously, can include every item of information that each and 
every instructor might want, but in the present case, the omissions are more numerous 
t han in other works of equivalent size.

A 23 page chapter on polymers is a welcome feature of this book ; there are in addition a 
three page section in another chapter on polymerization of conjugated dienes, and four
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pages on polymerization of alkenes. The coverage of any particular chemical type of 
polymer is necessarily light, but principles and important terms are explained and the 
relation between physical properties and structure is given proper attention.

The up-to-date insights into mechanism and structure are such a strong feature that, 
they may well redeem the shortcomings mentioned. It is not everybody’s book, but 
the adventurous should at least enjoy the experiment of presenting organic chemistry 
in a new way. Any chemist is likely to benefit from as well as be entertained by tackling 
the numerous thought-provoking exercises, even if he doesn’ t always agree with the 
answers the authors provide.

Peter A. S. Smith

Department of Chemistry 
Unversity of Michigan 
Ann Arbor, Michigan 48104
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