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Structure and Property Relationships in  
Ethylene-Vinyl Acetate Copolymers

I. 0. SALA ER, Monsanto Research Corporation, Dayton Laboratory, 
Dayton, Ohio 45407 and A. S. KENYON, Monsanto Company, Central 

Research, St. Louis, Missouri 63166

Synopsis
The effects of vinyl acetate content on crystallinity of ethylene-vinyl acetate (E/VA) 

copolymers were investigated by x-ray diffraction and differential thermal analysis 
(DTA). The values of these parameters obtained from DTA were found to agree quan­
titatively with data calculated from x-ray, probability equations, and copolymer theory. 
The melting points of the crystalline copolymers, and the molar amounts of vinyl acetate 
to produce a completely amorphous rubber corresponds exactly to that predicted by the 
Flory theory. The random character expected in E/VA copolymers is thereby confirmed. 
The physical properties of E/VA copolymers of all ranges of compositions and crystallin­
ity were determined. Depending directly upon vinyl acetate content, the copolymers 
changed progressively from highly crystalline polyethylene to semicrystalline poly­
ethylene, a completely amorphous rubber, a soft plastic with a glass transition near room 
temperature. Properties which were correlated with copolymer composition include: 
crystallinity, melting point, density, modulus, tensile strength, glass transition, and solu­
bility. Finally, the effect on crystallinity and physical properties of replacing the ace- 
toxy group in E/VA with the smaller, highly polar hydroxyl group (ethylene-vinyl alco­
hol copolymer) was also investigated.

IN T R O D U C T IO N

Ethylene can be readily copolymerized with vinyl acetate by the high- 
pressure process to yield a range of copolymers having a wide variety 
of physical properties. The incorporation of vinyl acetate comonomer 
units into a polyethylene backbone chain has three separate effects. 
Crystallinity of the polyethylene is reduced in proportion to the molar 
concentration of comonomer. Vinyl acetate is more polar than ethylene 
and causes a corresponding change in solubility. There is a gradual 
shift in the glass transition of the copolymers to higher Tt with increasing 
vinyl acetate content.

The reactivity ratios of ethylene and vinyl acetate monomers are both 
near 1 and equal. The equal reactivity has several important conse­
quences. The chemical composition of the feed monomers and the product 
copolymer will always be equivalent (regardless of the monomer ratio, 
or the conversion). Uniformly random copolymers containing from 0 to 
100% vinyl acetate comonomer can be produced. The sequence length of
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3081 SALYER AND KENYON

each monomer unit in the copolymer chain will be determined on a proba­
bility basis, and by the concentration of the monomers in the feed. The 
most probable sequence length for each monomer, and the distribution 
of sequences, can be calculated from probability equations. The results 
predicted from such theoretical analysis can then be checked experimentally 
by various analytical determinations. From a structure and property 
relation standpoint, the most significant single phenomenon investigated 
was the variation in crystallinity with vinyl acetate content and the 
accompanying systematic changes in the physical properties of the product.

The second largest effect was the progressive change in solubility and 
glass transition that occur with incorporation of increasing amounts of 
vinyl acetate comonomer.

Even more pronounced changes in solubility and glass transition were 
observed in the replacement of vinyl acetate with vinyl alcohol by hy­
drolysis.

The wide variety of products which can be produced, and the theoreti­
cally predictable results which are obtained in ethylene-vinyl acetate 
and ethylene-vinyl alcohol copolymers makes this a near ideal system in 
which to determine the validity of various copolymer theories, and the 
relationship of chemical composition and structure to the crystallinity 
and physical properties of the products.

EXPERIMENTAL AND DISCUSSION 
Analysis of E/VA Copolymer Composition

Tire basic parameters which determine the physical and chemical proper­
ties of a polymer or copolymer are the molecular weight, and distribution 
of molecular weights, which make up the polymer chains; and the chemical 
composition and stearic disposition of the units.

The overall chemical composition of the E/VA copolymers was deter­
mined by elemental analysis (C, H, and O), saponification (alcoholic

TABLE I
Relationship between Monomer Feed and Product Composition in 

E/VA Copolymers*
E/VA copolymer 

composition
Vinyl acetate 
in feed, wt-%

Vinyl acetate 
in product, wt-%

1 96/4 4.0 4.3
2 85/15 15.0 15.4
3 69/31 31.0 29.6
4 60/40 40.0 41.8
5 56/44 44.0 43.7
6 50/50 50.0 51.7
7 40/60 60.0 62.2
8 25/75 75.0 75.9

* Product analysis hv elemental determination of C, H, and O.



J i ï i n  U ÏN E -V 1N Y L  ACETATE COPOLYMKKS 3085

KOH), and infrared absorption. Of these three; methods, the elementa 
analysis proved to be the most accurate and reliable.

The relationship of monomer feed to product composition was deter­
mined by elemental analysis for copolymers containing from 4 to 75% by 
weight vinyl acetate. The close agreement between monomer feed ratio 
and product composition (Table I) indicates that the E/'YA copolymers 
are uniform as predicted by reaction kinetics.

Using elemental analysis and saponification for determining overall 
vinyl acetate content, correlations with product density were established. 
A graph of density versus product composition is shown in Figure 1 for 
copolymers containing from 0 to 100% vinyl acetate. Because of off­
setting effects, a curved relationship of density to composition is found
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in semicrystalline copolymers containing 0-40% vinyl acetate. Product 
density is a linear function of vinyl acetate content in the amorphous 
copolymers containing 40-100% acetate.

Molecular Weight and Distribution of 
E/VA Copolymers

In concurrent research, the molecular weight and distribution of four 
E/YA copolymers were determined as part of a program of extensive 
characterization of the solution properties of these products. Detailed 
presentation and discussion of the solution properties of the E/YA copoly­
mers is reserved for later publication. However, a summary of the results 
is appropriate to establish that the molecular weight of the E/VA copoly­
mers were sufficiently high that physical properties would be relatively 
unaffected by further increases in this parameter. Molecular weight 
distributions were normal for high-pressure-polymerized ethylene polymer 
and copolymers.

The molecular weights of four E/VA copolymers were determined by 
solvent-nonsolvent fractionation of the whole copolymer in a mixed 
solution of xylene and cellosolve at 124°C. The whole polymers and the 
fractions obtained were characterized by elution fractionation, light 
scattering, osmometry, and intrinsic viscosity. Weight-average molecular 
weight Mw, number-average molecular weight M„, and the calculated 
Mw/M n ratio are shown in Table II.

TABLE II
Molecular Weight and Distribution in E/VA Copolymers

Copolymer Vinyl
composition acetate, wt-% M„ M n Mw/M n

1 91/9 9 258,800 33,500 7.72 84.6/15.4 15.4 513,700 33,500 15.5
3 55/45 45.0 285,000 26,400 10.8
4 29.4/70.6 70.6 566,000 38,800 14.6

Although the solution properties of the E/VA copolymers exhibited some 
noteworthy differences from polyethylene, the molecular weights and 
distributions are similar to polyethylene in overall character. There 
is no indication that vinyl acetate comonomer causes any increase in 
the long chain branching of the polymer chains over that which is normally 
present in polyethylene. The M n of the samples investigated ranged 
from a low of 20,400 for the E/VA (55/45) copolymer to a high of .48,800 
for the E/VA (29/71) copolymer. Thus, all of the copolymers have 
chains whose lengths are greater than 1000 vinyl monomer units.

Short-Chain Branching in E/VA Copolymers
According to Mandelkern’s definition of a copolymer,1 the ethylene- 

vinyl acetate copolymers may be considered as terpolymers made up of
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segments of linear polyethylene, a-olefins other than ethylene, and vinyl 
acetate. When the copolymer theory is assumed and the a-olefin and 
vinyl acetate considered as monomer B, the molar concentration of the 
linear polyethylene portion may be calculated. If we consider an E/YA 
copolymer having a melting point of 103°C and the AH for the HDPE as 
1600 cal, the calculated molar concentration of linear polyethylene will be 
84 mole-%. Such a polymer contains a total of 16 rnole-% of branched 
monomers (combined vinyl acetate and a-olefins). This particular polymer 
contained 4.3 mole-% vinyl acetate and therefore the remaining 
comonomer or branched olefin must be present as 11.7 mole-%.

On the basis of the E/VA containing some alkyl side branches as well 
as the acetate, the CH3/CH2 were calculated for alkyl groups ranging 
from methyl to butyl.

The results of the calculated methyl/methylene ratios are shown in 
Table III and compared with CH3/CH2 ratios measured by infrared. This 
agreement between observed and calculated values indicate that in E/YA 
copolymers the short branches have an average length of C4 which cor­
relates with previously reported data of Bryant and Voter2 on high-pressure 
polyethylene. Considerations apply only to the short-chain branching 
which directly affects crystallinity.

TABLE III
Length of Ethylene Side Chains in Ethylene-Vinyl Acetate Copolymers

Mp,
°C

\H,
cal/mole Assignment

c h 3/ io o c h 2 c h 3/ ioo
(cal) CH2 (IR)

E/VA (88/12) 103 1500 Methyl 5 —
(4.28 mole-% Ethyl 4 .7 5  —

vinyl acetate) Propyl 4 .5.5 —
Butyl 4 . 3  4 .2

Sequence Length of Ethylene and Vinyl Acetate 
Units in E/VA Copolymer Chains Calculated 

from Polymerization Kinetics
The length of uninterrupted ethylene sequences, and uninterrupted 

vinyl acetate sequences in ethylene/vinyl acetate copolymers can be 
calculated from the reactivity ratios and probabilities by assuming Monte 
Carlo type statistics apply in the copolymerization. Since the monomer 
activity for ethylene and vinyl/acetate are both nearly one and equal 
(monomer A = monomer B = 1), the most probable and the maximum 
sequence length can be calculated as a function of monomer charge compo­
sition which, in this case, is also approximately identical with the product 
composition.

Several different values of a monomer activity, ?’x for ethylene and 
?-2 for vinyl acetate, have been reported in the literature. Although 
all of these reported values are near 1 and nearly equal, some dependence
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Fig. 2. Calculated ethylene sequence length in E/VA copolymers vs. product com­
position.

on polymerization pressure and temperature has been reported. For 
example, an rx value 0.79 and an r2 vlue of 0.85 has been determined by 
us for polymerization of ethylene and vinyl acetate at a pressure of 30,000 
psi and 120°C. Using these Ri and R-2 values, the polymer product 
composition, number of breaks per 100 monomer units, the number- 
average sequence length for both monomer A (ethylene) and monomer 
B (vinyl acetate), and the probabilities for sequence composed of A-A, 
A-B, B-B, and B-A were computed by methods of Meyer and Lowry3 
and Harwood and Ritchey,4 for three different feed compositions, as shown 
in Table IV; for initial conversion (case A) and 25% conversion (case B). 
The same data were then computed for rx = 1.07 and r2 = 1.08 for polymer­
ization5 conducted at 25,000 psi at 90°C and are summarized in Table IV 
Case C.

These data collectively illustrate that the composition of the product, 
number average sequence length, etc., are not sensitive to small changes 
in activity ratios within the scope of those reported, or in the percent 
conversion of monomer to polymer. Second, the data also showed that 
the sequence length of ethylene and vinyl acetate units should be present 
in the polymer in a random manner.

The same type of data are shown in Figure 2, wherein the most probable 
ethylene sequence length is plotted as the ordinate against the mole percent 
of vinyl acetate as the abscissa. As expected from the above calculations,
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the most probable ethylene sequence length is approximately equal to 
the ratio of the monomers charged and the sequence length becomes 
very short at equal molar compositions of ethylene and vinyl acetate. 
Longer sequences of vinyl acetate units then occur in the same manner 
at high molar ratios of vinyl/acetate.

Ethylene Crystal Sequence Length in Ethylene- 
Vinyl Acetate Copolymers Calculated from DTA 

Melting Points
If it is assumed that the crystals within a polyethylene chain can be 

considered as a mixture of normal paraffin hydrocarbons, then an estima­
tion of the crystal segment lengths may be determined from the DTA 
thermogram by using the Charlesby equation :6

1 /T m = (1 /A„) +  (B/AO
where Tm is the melting point of the polymer, A n denotes the melting 
point of an infinitely long segment of crystals, N  is the number of mono­
meric units in a crystal, and B is the slope1 of t lie plot of reciprocal of 
melting point of copolymer versus reciprocal of number of monomer 
units in the hydrocarbon crystal.

If polyethylene is considered as a mixture of paraffin hydrocarbons, 
many reference materials aie available to establish a melting curve for 
paraffins of different length. The estimated lengths of crystal segments 
of ethylene for the various vinyl acetate concentrations are shown in 
Table V.

TABLE V
Ethylene Chain Sequence Length in Crystals 

of Ethylene-Vinyl Acetate Copolymers
Comonomer (VA), 

mole-%
Melting 

range, °C
Monomer 
lengths, A

4.3 83-103 21-30
7.6 72-98 18-30

16.8 61-77 14-18
27.0 41-44 10

The longest crystal sequence in the 1G.8 molc-% VA copolymer would 
have a segment corresponding in length to dotriacontane, 32 carbons (Id 
monomer units) and a melting point of 74°C. The 27% polymer would 
have sequences equivalent to eicosane (mp 38° C).

Ethylene sequences exist in the semicrystalline range; the length of 
these sequences depend upon the monomer concentrations. The above 
crystal sequences represent those segments which are not interrupted 
by a branch or by entanglement.
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The total ethylene sequences in both the crystalline and noncrystalline 
phases, as determined from melting point data, can be compared with 
that calculated from the reactivity ratios and probabilities by assuming 
Monte Carlo type statistics in the copolymerization.

Melting Points of E/VA Copolymers Determined by 
Differential Thermal Analysis and Dilatometry 

Compared with that Predicted by Copolymer Theory
Melting of crystalline polymers and copolymers has received a lot 

of attention by many workers. Flory,7 Mandelkern,1 and Nielsen,8 
have discussed the theory of melting in systems where the comonomer B 
is not capable of entering into crystallization. These theories lay the 
foundation of this work. Since the Flory and Mandelkern theories of 
melting require some measure of heat of fusion in order to be applied to 
a copolymer system, the application of this theory is limited to systems 
where data for heat of fusion are available.

Dole and Wunderlich9 have measured the enthalpies (AH) and entropies 
(AS) in polymer systems by precise calorimetric methods. These methods 
required very high precision equipment and are applicable to all types 
of polymer systems.

In the ethylene polymer and copolymer systems, it is possible to measure 
enthalpy and entropies of fusion by means of differential thermal analysis. 
Ke10 reported such a system of measuring AH and AS for several poly- 
ethylenes. The method of DTA lends itself to such measurements because 
suitable reference standards exist.

The melting points of E/YA copolymers, determined by DTA, versus 
vinyl acetate content is shown graphically in Figure 3. The linear relation­
ship between copolymer composition and melting point is clearly apparent.

Mandelkern1 has classed polymeric materials as copolymers where 
units are introduced into the chain which are either chemically, stereo- 
chemically, or structurally different from the predominant chain repeating 
element. The introduction of such groups produces certain limitations 
and restrictions on the crystallization process and also changes the fusion.

The predictions of the copolymer theory has been used for ethylene- 
vinyl acetate copolymer systems to determine the effects of the different 
monomer ratios and heterogeneity of the units within the chain. In the 
case where the and r2, (the reaction rates for the two comonomers) 
are nearly equal and close to unity, as is the case for E/YA, then the 
monomers are distributed in a purely random manner. In the case of a 
random copolymer where p is unity, then the melting is proportional to the 
molar concentration of the monomers present, as follows:

[(1/T m) -  (1 /3 V )] = -  ( R / m  InXa,
where Tm, Tm° denote Melting Points of copolymer and homopolymer, 
respectively; R is the gas constant; A d e n o t e s  the heat of fusion of
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Fig. 3. Melting of E/VA copolymers by DTA vs. chemical composition

Fig. 4. Melting point of E/VA (82/12) copolymer by dilatometry.
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homopolymer; p is a probability derived from monomer activity, and X a is 
mole fraction of crystallizing monomer.

The melting points of four E/YA copolymers were determined by DTA. 
The melting points were also calculated by the copolymer theory, based 
upon the freezing point depression by a comonomer which cannot crystal­
lize and the heat of fusion of highly branched polyethylene as 960 cal/ 
mole of repeat unit when the crystallinity is in the order of 60%. Table 
VI shows the comparison of observed and calculated melting points. The 
calculatated values agree with the observed, which is characteristic of 
a random copolymer.

TABLE VI
Comparison of DTA Melting Point of E/VA Copolymers with Values Calculated from

Copolymer Theory

Comonomer (VA), 
mole-%

Melting point, °C
Found by DTA Caled by theory

4.28 103 106.2
7.60 98 97.6

16.8 77 72.0
27.0 44 44.0

The melting point observed in the E/VA copolymers by DTA agreed 
with dilatometric data as shown in Figure 4. The melting point for a 
4.28 mole-% \ TA copolymer (12 wt-% VA) was observed at 103°C by 
DTA and 104°C by dilatometry. Such small difference is due to the 
variations of heating rate and the fact that both methods represent 
approaches to equilibrium, but to different degrees.

Correlation of Crystallinity via X-Ray with E/VA 
and E/VOH Copolymers

The crystallinity of ethylene-vinyl acetate copolymers as measured by 
x-ray (Fig. 5) show a gradual decrease until zero crystallinity is observed at 
approximately 25 mole-% vinyl acetate. The hydrolyzed E/VA polymers 
show a decrease, but on a molar basis, the rate of decrease is much lower. 
The hydrolyzed E/VA polymers pass through a minimum at approximately 
52 mole-%; however, some crystallinity exists. Crystallinity was present 
in all compositions of the hydrolyzed polymer.

Since XRD can detect crystallinity in the order of 1%, a check of the 
crystallinity was made by differential thermal analysis. The heat of fusion 
was observed as a function of composition and the heat of fusion plotted 
against the mole concentration of vinyl acetate (Fig. 6). The point where 
the heat of fusion is zero (AH) defines the point of zero crystallinity. This 
point occurs at 25 mole-%. A branch point in a polyethylene crystal inter­
rupts crystallinity four carbon atoms on each side of the branch and pre­
vents these atoms from entering the ethylene crystal. Thus, 25 mole-% of
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randomly spaced, branched comonomer units would interrupt crystallinity 
four carbons on each side of the branch and leave no carbons for possible 
crystallization. The results here would confirm the prediction of the four 
carbon interruptions on each side of the branch.

(V IN Y L  ACETATE OR V IN Y L  ALCOHOL)

Fig. 5. Crystallinity in E/VA and E/VOII copolymers by x-ray diffraction.

Fig. G. Heats of fusion for E/VA copolymers.
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When the acetate groups is hydrolyzed to replace the acetoxy group 
by a hydroxyl, very different melting points are also observed. Here the 
observed melting point is much higher than the calculated even though the 
molar concentration of the comonomers are the same as the ethylene vinyl 
acetates. It is also noticed that the spacing within the crystal gradually 
increases. The increased melting point and the spacing is evidence that the 
OH group enters into the ethylene crystal, but only causes the crystal to be 
strained. Bunn11 has also indicated that OH groups can enter into the 
ethylene crystal lattice. Table VII shows the x-ray diffraction data for the 
ethylene-vinyl acetate and ethylene-vinyl alcohol copolymers. As the 
vinyl acetate concentration increases, the ethylene crystal lattice dimen­
sions (Duo) changes very little, with a typical distance of 4.1655 A On the 
other hand, increased hydroxyl branching instead of the acetoxy group 
causes the Dn0 plane to be distorted, resulting in a change from 4.181 to 
4.2887 A.

Differential thermal analyses show the melting points of E/VA copolymer 
to agree with calculated melting points of E/VA copolymer on the basis of 
copolymer depression of the freezing point.

The calculated Tm for etliylene-vinyl alcohol copolymers do not agree 
with the experimental melting point. These data show evidence that the 
hydroxyl group enters into the ethylene crystal lattice and will not depress 
the freezing point proportional to its molar concentration. Size of the 
branch becomes very important in the crystallization process.

The importance of the size of the branch point in reducing crystallinity 
has been experimentally verified by us in other ethylene copolymers. 
Table VIII shows the atomic radius as estimated by the method of Pauling12 
for several ethylene copolymer systems including copolymers with vinyl 
fluoride, vinyl alcohol, vinyl chloride, propylene, liexane-1 , and vinyl 
acetate. Good qualitative correlation between the observed crystallinity

TABLE VII
X-Ray Diffraction Data for E/VA and E/VOH Copolymers

Melting point, °C
Comonomer,

mole-%
Crystallinity 

XRD, %
Crystal 
size A Tilo, A

Found 
by DTA

Calcd by 
theory

4.28 27.4
E/VA

190 4.1655 103 106.2
7.60 19.9 160 4.1713 98 97.6

16.8 Amorphous — — 77 72.0
27.0 Amorphous — — 44 44.0

4.28 38. 1
E/VOH
275 4.1811 112 100.2

7.60 34.9 260 4.2025 113 97.6
16.8 28.2 95 4.2583 107 72.0
27.0 23.2 40 4.2887 110 44.0



TABLE VIII. Correlation of Crystallinity Reduction in Polyethylene with Atomic
Radius of Interrupting Unit

Comonomer
type

Interrupting
group

Crystal- Comonomer Unity for zero Atomic interrupting crystallinity, radius,
distance“ mole-% Ab

Ethylene

Vinyl fluoride

Vinyl alcohol

Vinyl chloride

Propylene

Hexene-10

Vinyl acetate

-c—c -

(h)

-c—c -

( F )

-C—C-

(OHi

-c—c-

[ a )

-c—c

(CH;,)s_/

-c—c-

/  c \

'  î  J

-c—c-/I// A J \/ *i H
\  ™ .  i

1.29

<2 >50 1.35

1 .56

2.5 34 1.80

3.0 31 2.00

4.0 25 3.07

4.0 25 2.00

* Crystallinity interrupting distance is the number of carbon atoms on each side of the 
branch point that crystallinity is prevented by the interfering group. 

b Atomic radius estimated from data by Pauling.120 IIexene-1 describes the comonomer equivalent to produce re-butyl side chains which 
are generated by the “back-biting” mechanism in high-pressure, free-radical, ethylene
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Fig. 7. Clash-Berg modulus curves of E /V A  copolymers.

reduction in polyethylene with the calculated atomic radius of the interrupt­
ing unit was found for the ethylene copolymers listed.

Physical Properties of E/VA Copolymers
The physical properties of E/VA copolymers were determined by stan­

dard ASTM tests. Physical tests applied were density, melting point, 
Clash-Berg modulus, and tensile strength and elongations. The tensile 
data were obtained at a straining rate of 5 in./min on a 1-in. test length 
(500%/min).

Densities were obtained by the displacement method in silicone fluid at 
25°C.

The plot of density versus composition (Fig. 1) showed a straight-line 
relationship in the copolymers containing >50% vinyl acetate. However, 
it is not linear over the entire composition range because of combined 
crystallinity and composition. The plot departs from the straight line in 
copolymers containing less than 45 wt-% vinyl acetate.

Since the physical properties are dependent upon the crystalline state, a 
study of the crystallinity and the melting process will show clearly why the 
copolymer has the observed properties. Figure 3 showed how the1 melting- 
point of the polymer changed as the vinyl acetate is varied.

The Clash-Berg moduli were obtained over a temperature range of — 50 
to 120° C.

sW5>W»J0
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The Clash-Berg Tr, the temperature where the modulus equals 135,000 
psi, gives a measure of the low-temperature properties of the polymer and 
represents the practical low-temperature limits of application. Below this 
temperature, the polymer will tend to be brittle.

%  Vinyl Acetate in Copolymer

F ig . 9 . T e n s ile  y ie ld  streng t h v s . ch e m ica l com position  is  u n vu lc a n ize d  E / V A  co p o lym e rs .
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The glass transition T„ lies below Tf in all crystalline compositions where 
the ethylene concentration is high. T0 lies very close to Tf in amorphous 
compositions containing 50 wt-% vinyl acetate or more.

The Clash-Berg T2000 is the temperature where the modulus is 2000 psi. 
The accepted temperature of the melting point (Tm) usually lies near the 
T2ooo temperature. Complete Clash-Berg curves for high-pressure poly­
ethylene, two E/VA copolymers, and for poly(vinyl acetate) are shown in 
Figure 7.

The Clash-Berg curve (T, and 750oo) of a polymer is a combined function 
of crystallinity and the chemical composition. As the vinyl acetate content 
in the composition increases, the modulus gradually decreases due to the 
reduction in crystallinity. The decrease in modulus due to loss of crystal­
linity is greater than the additive effect of composition change. The 
modulus continues to decrease until a composition is reached where the

TABLE IX
Physical Properties of Crystalline and Semicrystalline E /V A  Copolymers 

(w ithout Vulcanization or Reinforcing Fillers)
Copolymer

9 w t-%
P roperty  VA

15.4 w t-%  
VA

26.3 w t-%  
VA

30.9 w t-%  
VA

45 w t-%  
VA

Clash-Berg T f , °C - 3 8 - 4 0 - 4 1 .0 - 4 6 .5 - 4 2 .5
Clash-Berg T ,m , °C 73.5 58.5 40 .0 13.5 - 1 7 .0
Stifflex range, °C 111.5 98.5 81 .0 60.0 25.5
25°C modulus, psi 18,000 7,000 3200 1600 100
Density, g/cc 0.926 0.934 0.940 0.954 0.976
Tensile strength, psi» 870/2700 670/2980 420/2640 290/1900 . . ,/667
Tensile elongation,»

%  27/800 28/970 46/1200 37/1390 . . ./196
* Tensile strength  and elongation of yield and break respectively.

crystallinity is zero. Beyond the point of zero crystallinity, the modulus 
increases until it reaches that of a 100% vinyl acetate composition. A plot 
of Clash-Berg T, and Thooo temperatures for E/VA copolymers containing 
from 0 to 100% vinyl acetate is shown in Figure 8. The Clash-Berg data 
provide a good method of describing the practical temperature utility 
limits for the E/VA copolymer system.

Physical properties such as tensile strength and elongation follow the 
crystallinity. Tensile yield properties (Fig. 9) also change from a typical 
polyethylene through to rul >ber.

Table IX shows a summary of the physical properties as a function of 
vinyl acetate composition up to 45 wt-%. Unvulcanized polymers having 
VA contents of greater than 45% arc; very weak thermoplastic rubbers. 
However, vulcanized 45% and 05% vinyl acetate copolymers, unfilled and 
filled, have excellent tensile strength and other physical properties, as 
summarized in Table X.13
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TABLE X
Tensile S trength of Vulcanized E /V A  Copolymers

44%  VA 65% VA
44%  VA, (Carbon (Carbon

44%  VA, silica-filled black, Ster- black, ster-
gum (Hi Sii 203, ling SRF, ling SR F 60

Property unfilled 30 parts) 50 parts) parts)
1 200% Modulus, psi 305 1720 1445 1500
2 Tensile strength break, psi 1405 3360 2395 2175
3 Tensile elongation break, % 660 590 350 290
4 Shore hardness (Shore number) 59 62 69 67

Physical Properties of E/VOH Copolymers
E/VA copolymers can be hydrolyzed by either alcoholic KOH or strong 

acids to produce the corresponding series of ethylene/vinyl alcohol deriva­
tives. As already pointed out, the OH group can fit rather well into the 
polyethylene crystal lattice so that on a mole basis about twice as many 
branch points are required (as compared to vinyl acetate) to reduce 
crystallinity to zero. Additionally, hydrogen-bonding effects enter in to 
increase intermolecular attractive forces to higher levels. The net result is

CLASH-BERG MODULUS -  ETHYLENE/VINYL ALCOHOL 
(%VA in Original Copolymer)

Fig. 10. Clash-Berg T f  and i '20oo vs. E/V O H  copolymer composition.
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WEGHT PERCENT VINYL ALCOHOL IN E/VOH COPOLYMER 
5.4 11.4 17.6 25.5 34.5 43.5 54.6 67.3 82.3 100

Fig. 11. Room tem perature (25°C) modulus of E /V O H  copolymers vs. chemical com­
position.

that in E/VOH copolymers, modulus, tensile, and other physical properties 
do not go through a pronounced minimum in the amorphous region as do the 
E/VA precursors. The E/VOH copolymers increase steadily in modulus 
properties from 0 to 100% VOH. The most rapid changes occur as the 
chemical composition of the copolymer approaches 100% VOH.

The unusual physical properties of the E/VOH copolymers are illustrated 
by plots of Clasli-Berg modulus data in Figure 10. Numerical values of the 
room temperature modulus, as summarized in Table XI, show a maximum 
in stiffness in the composition derived from product initially containing
22.5 wt-% vinyl acetate. This product has higher modulus than most high- 
pressure polyethylene and much better clarity. A minimum in the room 
temperature modulus is found in hydrolyzed compositions derived from 
E/VA (50/50). The modulus then rises rapidly to very high values in the 
E/VOH copolymers derived from starting E/VA’s containing initially ~70 
wt-% or more vinyl acetate. The room temperature modulus of hydro­
lyzed E/VA copolymer compositions is shown graphically in Figure 11.

CONCLUSIONS
The physical properties and the melting behavior of ethylene-vinyl 

acetate copolymers indicate clearly that the comonomers react to produce a 
random copolymer. The depression of the melting point has been shown to 
be directly proportional to the molar composition of the comonomer when
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the comonomer cannot enter into crystallization. The replacement of the 
acetate group by equimolar concentrations of OH does not depress the 
freezing point proportionally and the VOH comonomer enters into the 
ethylene crystal with some distortion of the lattice.

The ethylene-vinyl acetate system has been shown to follow the ideal 
copolymer theory due to the very close reactivity ratios for ethylene and 
vinyl acetate.
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Reactions of Some Organic Peroxides with 
Triphenylphosphine and Sodium Dialkyl phosphites

A. W. P. JARVIE, C. G. MOORE,* and D. SKELTON, Department of 
Chemistry, University of Aston in Birmingham, Gosta Green, 

Birmingham f, Great Britain

Synopsis
The reactions of the allylic peroxides asearidole, cyclohexadiene endoperoxide, and 

o-phellandrene peroxide with triphenylphosphine follow an ¡SLU-type mechanism. In 
contrast, the acyclic allylic compounds, allyl tert-butyl peroxide, a-cum yl cyclohexenyl 
peroxide, and ¿cri-butyl cyclohexenyl peroxide apparently react with triphenylphosphine 
by a free-radical mechanism. The saturated  cyclic peroxide dihydroascaridole, in 
which there is no possibility of an allylic rearrangement, gives with triphenylphosphine a 
m ixture of olefinic alcohols. Di-re-butyl peroxide is readily cleaved by sodium dialkyl 
phosphites, bu t sterically hindered peroxides do not react under similar conditions. 
Reaction can, however, take place a t the oxygen adjacent to a large group if a smaller 
substituent is present on the other oxygen atom.

INTRODUCTION
The reactions of triphenylphosphine and sodium dialkyl phosphites with 

allylic disulfides have been established,1,2 and these reagents have been 
used extensively as chemical probes for the elucidation of the structures 
of sulfur-vulcanized rubbers.3

We now report the results of an investigation of the reactions of tri­
phenylphosphine and sodium dialkyl phosphites with some organic per­
oxides. These studies were carried out with a view to developing chemical 
probes which could be used for deducing the structures of oxidized polymer 
networks. We examined initially the reactions of triphenylphosphine 
with some simple allylic peroxides, since the allylic peroxides may be con­
sidered as model systems for the oxidized polymer networks.

The reaction of the allylic peroxide asearidole (I) with triphenylphos­
phine has previously been investigated by Horner and Jurgeleit,4 who sug­
gested that this reaction proceeds via the intermediate ion pair (II) to 
give the products l,4-oxido-p-menth-2-ene (III) and triphenylphosphine 
oxide.

* Deceased.
3105

©  1971 by John Wiley & Sons, Inc.



3106 J A R V I E ,  M O O R E  A N D  S K E L T O N

RESULTS AND DISCUSSION

( i )

We found that triphenylphosphine reacts with ascaridole in the dark 
at 80°C to give triphenylphosphine oxide and 3,4-epoxy-p-mcnth-l-cne 
(IV) and not III as previously reported.

I IV
Since the experimental conditions were slightly different from those re­
ported by Horner and Jurgeleit, the reaction was repeated under their 
original conditions. In this case difficulty was encountered in separating 
the volatile product from the solvent (petroleum ether); however NMR 
analysis of the reaction mixture indicated that the product IV was again 
formed. In order to overcome the difficulties associated with the removal 
of the petroleum ether, the reaction was carried out again at 100°C in 
toluene, and once again the product was shown to be IV.

In the reaction of allylic disulfides with triphenylphosphine, Moore1’2 
proposed that desulfuration occurred by the Sni' mechanism [cq. (3)].

CH, CH2 CH, CH
| --- ►

q q s r  q1 I1R 1R

DH
CH2

g

IR

V CH,
+  P h 3PS (3)

Apart from establishing that ascaridole does not undergo thermal homoly­
sis or isomerization under the conditions used, we have not examined the 
mechanism of this reaction of ascaridole with triphenylphosphine, but 
the product composition suggests that the reaction follows an ionic path­
way similar to that proposed for the desulfuration reaction:
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The structure of the product (IV) was elucidated by using spectroscopic 
and chemical techniques. Oxidation of IV with perbenzoic acid indicated 
that the molecule contained only one double bond, and the oxidation prod­
uct6’6 was shown to be isoascaridole (V).

On hydrogenation, one mole of hydrogen per mole; of IV was absorbed, 
apparently confirming that this molecule1 contained only one double bond. 
Gas-liquid chromatographic (GLC) analysis of the hydrogenation prod­
ucts indicated two major components, and the infrared spectrum of the 
reaction mixture showed an intense band at 3400 cm-1 indicative of a 
hydroxyl group. The simplest interpretation of these data is that the 
a-epoxide ring has been reduced in preference to the double bond to yield 
a mixture of the two alcohols, VI and VTT.

IV VI VII
The disappearance of the infrared band at 870 cm-1, attributed to the 
a-epoxide, provides some further confirmation that this reaction follows 
eq. (6). The ease of the reduction of the epoxide ring in IV must be due 
to the effect of the allvlic double bond, because the diepoxide, iso­
ascaridole, is stable under the same conditions.

The allvlic peroxides cyclohexadiene and a-phellandrene endoperoxide 
react in the same way as ascaridole with triphenylphosphine. The prod­
ucts of the reaction of a-phellandrene endoperoxide were not completely 
characterized, but information gained from the infrared and NMR spectra 
indicated that this reaction followed eq. (7). Unlike the ascaridole reac­
tion, triphenylphosphine attack occurs at both oxygen atoms.

In contrast, the acyclic allylic peroxides, allyl-ferf-butyl peroxide, a- 
cumyl cyclohexenyl peroxide, and ¿erf-butyl cyclohexenyl peroxide ap­
parently react with triphenylphosphine by a free-radical mechanism. 
Because these peroxides are known to undergo radical decomposition7 
at relatively low temperatures, the reactions were initially carried out at 
40°C. Under these conditions, a-cumyl cyclohexenyl peroxide with tri­
phenylphosphine gave less than 10% of triphenylphosphine oxide after 
136 hr. These reactions were therefore repeated at 80°C, but even at 
this temperature, after 200 hr, less than 50% of triphenylphosphine oxide
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was formed. Surprisingly the yield of triphenylphosphine oxide decreased 
with increasing concentration of reagents.

GLC analysis of the volatile mixture of products from the reaction of 
a-cumyl cyclohexenyl peroxide indicated that cumyl alcohol was the major 
component and that the remaining components were numerous, none 
being more than 10% of the total. A large number of products were 
also formed in the reactions of the other two allylie peroxides with tri- 
phenyl phosphine and no attempt was made to identify these products. 
It seems probable from the nature and the diversity of products formed 
that these reactions of acyclic peroxides are homolytic processes, the first 
stage in the reaction being cleavage of the peroxidic. linkage and the forma­
tion of the alkoxy radical. The reactions of alkoxy radicals with various 
organophosphorus compounds have been investigated by Kochi and 
Krusic,8 who found that these reactions follow a variety of pathways, 
the particular route used depending upon the nature of the organophos­
phorus compound. Trialkylphosphines react with ieri-butoxy radicals 
to produce alkyl radicals derived from the phosphine [eq. (8)],

1KP +  (CH3)3CO- ■— R oPO C(CH3)3 +  R- (S)
whereas with trialkylphosphites only the teri-butyl radical was detected 
[eq. (9)]

(RO);,P +  ((iI:,i:,CO- — (RO)3PO +  i(iI;,'l3C- (9)
and in the reaction of triallyl phosphites only the spectrum of the ally] 
radical was observed [eq. (10)].
(CH2= C H C H 30 )3P +  (CHACO- 0II(CH2= C H C H 20 )2P0C(CHA +

It has been suggested that the reactions of phosphites and phosphines with 
alkoxy radicals proceed via four coordinate phosphorus-centered radicals 
such as VIII and IX. These
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ORI-RO—P—OR'IORVIII

R 
■ !R—P—OR'
BIX

intermediates fragment to yield the most stable radical [eq. (11)] 
R

R-f-P—O-t-R' —
R- + R,POR'

R'- + R,PO
(H)

Since triphenylphosphine oxide is a product of the reaction of triphenyl- 
phosphine with a-cumyl cyclohexenyl peroxide the fragmentation must 
proceed at least in part by pathway (11 b).

The dialkyldisulfides do not react with triphenylphosphine1’2 under the 
conditions which are used for the allylic disulfide, which suggests that 
<S'W2 displacement by RS_ at saturated carbon is an unfavorable process. 
Consequently, a study of the reaction of triphenylphosphine with dihydro- 
ascaridole was of some interest, since in this 1,4-endoperoxide there is no 
possibility of an allylic rearrangement analogous to that observed in the 
reaction of triphenylphosphine with ascaridolc.

Dihydroascaridole reacts with triphenylphosphine in the dark at S0°C 
to give a mixture of the isomeric alcohols X and XI [eq. (12)].

Since ascaridole and dihydroascaridole have similar stereochemistry, it 
is difficult to see why attack by triphenylphosphine should occur specifi­
cally at one oxygen atom in ascaridole but at both oxygen atoms in dihydro- 
ascaridole. One possible explanation is that ascaridole may react by an 
ionic mechanism and dihydroascaridole by a homolytic mechanism and 
that electronic effects are less important in this latter case. We have 
found that there is no reaction between cvclohexene and dihydroascari­
dole at 140°C. Therefore, if this is a radical reaction the initial radicals 
are not formed by thermal homolysis of the peroxidic linkage. It is pos­
sible however that homolysis of the —0—O— bond may be induced by the 
triphenylphosphine. We have also examined the reactions of some simple 
organic peroxides with sodium diethyl phosphite (XII) and sodium di-n- 
butyl phosphite (XIII) in benzene solution. Di-n-butyl peroxide is read­
ily cleaved by both XII and XIII at 15°C. These reactions are highly 
exothermic, and the products are the corresponding phosphate and so­
dium alkoxide.

BuO—OBu + (RO)aPONa — (R0)sP(0)(0Bu) + BuONa (13)
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Di-ierf-butyl peroxide and di-a-cumyl peroxide were both recovered un­
changed after heating with XT1 at 40°C for 2S days. This stability is 
almost certainly due to the bulky ¿erf-butyl and a-cumyl groups hindering 
nucleophilic attack on oxygen. Reaction can, however, take place at 
oxygen adjacent to a ¿erf-butyl group if a smaller alkyl constituent is 
present on the second oxygen atom. Reactions of XII and XIII with 
¿erf-butyl «-butyl peroxide and ¿erf-butyl ethyl peroxide yield products 
corresponding to attack at both oxygen atoms [eq. (14)].
i-BuOOEt +  (EtO )2PO N a (EtO )2P(0)(CM -Bu) +  E tO H

+  (EtO)2P  (0) (OEt) +  i-BuOIt (14)
Ascaridole reacts in a mildly exothermic manner with XIII to give

3,4-oxido-p-menth-l-ene quantitatively.
1 /O P (O kO-«-Bu)2

0 2 |  +  (n-BuO)2PONa — O
J ^ O (“ )Na<+)

NaOP(OXO-n-Bu)2 (15)

This allylic rearrangement is similar to the one observed in the reaction of 
ascaridole with triphenylphosphine. Since the reduction of ascaridole 
proceeds more rapidly with XIII than with triphenylphosphine and since 
the former is a better nucleophile, it is probable that the rate-determining 
step is cleavage of the peroxidic bond. As in the cleavage by triphenyl­
phosphine, attack occurs specifically at one oxygen atom.

Dihydroascaridole reacted with XIII to give products which could not 
be identified. The reaction mixture was hydrolyzed and ether-extracted,

X V
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and the residue obtained after removal of the ether was investigated by 
infrared and NMR spectroscopy. From these spectroscopic data and 
elemental analysis it appeared that the reaction product was XIV or XV 
or a mixture of these two isomers, but the spectra were too complex for a 
complete characterization of the product to be made.

EXPERIMENTAL
Materials

Triphenylphosphine, ascaridole and dibenzoyl peroxide were obtained 
commercially and purified before use. Di-n-butyl peroxide,9 ¿erf-butyl 
ethyl peroxide,10 ¿erf-butyl «-butyl peroxide,10 allyl ¿erf-butyl peroxide,7 
¿erf-butyl cyclohexenyl peroxide,11 cyc-lohexenyl cumyl peroxide,11 a-phel- 
landrene endoperoxide,12 dihydroascaridole,13 isoascaridole,14 ¿erf-butyl 
diethyl phosphate,16 n-butyl diethylphosphate,15 and di-n-butyl ethyl 
phosphate15 were prepared as described in the literature.

1,4-Cyclohexene Endoperoxide. 1,3-Cyclohexadiene16 (0.75 mole) was 
photolytically oxidized in isopropanol (1500 ml) containing 0.5 g of methy­
lene blue. When the reaction was complete, the solvent was removed and 
the residue distilled. The fraction boiling at 38°C/0.1 mm solidified in 
the condenser. The solid was extracted with benzene; evaporation of the 
benzene gave the peroxide in 20% yield. Recrystallization from n-pen- 
tane gave a product, mp 70°C. The infrared and NMR spectra were 
consistent with this compound having the structure assigned. Elemental 
analysis was unsuccessful due to the explosive nature of this peroxide.

Di-n-Butyl ferf-Butyl Phosphate. This compound was prepared from 
sodium ¿erf-butoxide and diethylchlorophosphate by the method outlined by 
Allen.16 The product was obtained in 50% yield; bp 95-96°C/0.05 mm.

Anal. Calcd for C y lR A P : C, 54.30%,- H, 10.24%; P, 11.60%. Found: C, 
54.26%; II, 10.06%; P, 11.79%.

Reactions
Reaction of Peroxides with Triphenylphosphine. Ascaridole (0.05 

mole) and triphenylphosphine (0.11 mole) were dissolved in benzene (190 
ml). The solution was maintained at 80°C under nitrogen in the dark 
for 160 hr. The benzene was removed and the product distilled under 
vacuum to give 3,4-epoxy-p-menth-l-ene, bp 63°C/'0.3 mm; yield 56%. 
NMR of significant absorptions showed a quartet, r 8.9 (intensity 6); 
singlet, r 8.3 (intensity 3); doublet r 7.1 (intensity 1), multiplet, r 4.3 
(intensity 1). The infrared showed a-epoxide absorption, 860 cm-1.

Anal. Calcd. fur Cu,Hi«0: O, 79.0%; R, 10.50%. Found: C, 79.08%; II,10.88%.
The residue was shaken with 150 ml diethyl ether to dissolve the tri­

phenylphosphine. The insoluble triphenylphosphine oxide was filtered 
off (yield 95%). The ether was evaporated and excess triphenylphos-
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phine was filtered off from the dark viscous oil which was shown by NMR 
to be a mixture of approximately 67% volatile product and 33% triphenyl- 
phosphine. Because of the difficulty in isolating the product, the total 
yield was determined by GLC; by this method it was found that the reac­
tion gave a quantitative yield of volatile product.

Ascaridole was reacted with triphenylphosphine in toluene and petro­
leum ether at 100°C for 63 and 60 hr, respectively.

A number of reactions were carried out under conditions identical to 
those described above for the reaction of ascaridole with triphenylphos- 
phine in benzene, the only difference being in the reaction time, which 
varied from system to system.

Reaction of Dihydroascaridole with Triphenylphosphine (260 hr). The
products were isolated as in the ascaridole reaction. The yield of tri­
phenylphosphine oxide was quantitative. The volatile fraction had bp 
60-65°C/0.5 mm. The NMR showed a multiplet, r 4.7; broad singlet, 
t 7.2 moving to r 7.6 on dilution; multiplet, r 8.0; singlet r 8.3. The 
infrared spectrum showed hydroxyl stretching, 3400 cm-1.

Anal. Calcd. for C,„H180 :  C, 77.80; H, 11.77%. Found: C, 77.26%; H, 
11.48%.

Reaction of a-Phellandrene Endoperoxide with Triphenylphosphine 
(1 hr). The yield of triphenylphosphine oxide was 100%. The volatile 
product had bp 42°C/0.5 mm; yield 90%. The NMR spectrum showed 
a multiplet, r 4.1; multiplet, r 4.6; multiplet, r 6.7-7.2; singlet, r 8.2; mul­
tiplet, r 8.9-9.2.

Anal. Calcd. for C ioI I ibO: C, 79.0%; II, 10.5%. Found: C, 78.04%; II, 
10.18%.

Reaction of Cyclohexadiene Peroxide with Triphenylphosphine (28 hr).
At the end of this time the benzene was removed under reduced pressure 
(66 mm). The remaining volatile material was removed at a tempera­
ture of 75°C and a pressure of 0.001 mm and collected in a cold trap. 
The volatile products were fractionated and the fraction boiling at 130 
134°/760 mm was collected; yield 50%. Significant NMR absorptions 
were multiplet, r 4.1 (intensity 2); multiplet, r 6.5 (intensity 1); multi­
plet, r 6.8 (intensity 1). The infrared showed absorptions attributed to 
C—C strectching at 1645 cm-1, a-cpoxide ring vibrations at 1430, 1250, 
and 920 cm-1.

Reaction of «-Cumyl Cyclohexenyl Peroxide with Triphenylphosphine.
The peroxide (0.05 mole) was added to triphenylphosphine (0.1 mole) in 
benzene (50 ml). The solution was outgassed with nitrogen, sealed in a 
Carius tube, and heated at 80°C in the dark for 120 hr. The benzene 
was removed under reduced pressure (15 mm) and the products distilled 
at 0.01 mm. There was obtained 4.6 g of a material boiling at 42-44°C 
(fraction A). The residue was molecularly distilled 0.002 mm. The 
temperature was raised slowly to 100°C and liquid-distilled throughout
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the range (fraction B). GLC analysis of fractions A and B indicated 
that both were complex mixtures. The residue contained triphenylphos- 
phine, yield 25%, and triphenylphosphine oxide, yield 75%.

Oxidation of 3,4-Oxido-p-menth-l-ene (IV). IV (1.87 g) was reacted 
with excess perbenzoic acid in chloroform at 40° C for 24 hr. The resultant 
solution was washed first with aqueous bicarbonate and then with water, 
then dried. After removal of the chloroform there was obtained 1.56 g 
of a liquid whose NMR and infrared spectra were identical to those of 
isoascaridole.

Reaction of Ascaridole with Sodium Di-n-butyl Phosphite. Ascaridole 
(0.05 mole) was added dropwise to a stirred solution of sodium di-n-butyl 
phosphite (0.1 mole) in benzene (200 ml). After addition was complete 
the solution was kept at 403 C for 90 hr. During this time the yellow 
solution separated into a clear upper layer and a yellow viscous lower lay­
er; 50 ml of water was added to dissolve the lower layer. After ether 
extraction the alcohol product was analyzed by GLC. The ether was 
then removed, giving 9.0 g of a pale yellow liquid. Distillation gave 8.4 
g of a colorless liquid, bp 68CC/12 mm.

Anal. Calcd for CioHieO: C, 79.0%; H, 10.5%. Found: C, 77.9%; II, 10.68%.
The NMR and infrared spectra of this product were identical with those 

of 3,4-oxido-p-menth-l,2-ene.
The following reactions were carried out by using t he procedures described 

above for the reaction of ascaridole with sodium di-n-butyl phosphite, 
the only difference being in the reaction time, which varied from system 
to system.

Reaction of Di-n-butyl Peroxide with Sodium Di-n-butyl Phosphite 
(0.5 hr). The product had bp 94°C/0.04 mm; yield 8.6 g.

Anal. Calcd. for Ci2H „ 0 4P: C, 54.20%; II, 10.25%; P, 12.80%. Found: C, 
55.53%; H, 10.81%; P, 13.02%.

Reaction of Di-n-butyl Peroxide with Sodium Diethyl Phosphite (0.5 hr).
The product had bp 80-82°C/1.0 mm; yield 6.8 g.

Anal. Calcd. for CsIInsCbP: C, 44.1%; II, 12.4%; P, 14.2%. Found: C, 
43.82%; II, 12.14%; P, 13.3%.

Reaction of Di-a-Cumyl Peroxide with Sodium Di-n-butyl Phosphite 
(28 days). The product had bp 80M00°C/0.01 mm; yield 11.2 g. The 
infrared spectrum of this liquid was identical to that of di-a-cumyl per­
oxide, and on standing for several days the liquid solidified. Recrys­
tallization gave 10 g of di-a-cumyl peroxide, mp 33°C.

Reactions of Di-ferf-butyl Peroxide with Sodium Diethyl Phosphite and 
Sodium Di-n-butyl Phosphite. GLC analyses showed that there was no 
reaction of the di-ieri-butyl peroxide.

Reaction of Dihydroascaridole with Sodium Di-n-butyl Phosphite (120 
hr.). The product had bp 35-50°C/0.001 mm; yield 7.5 g.
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Anal. Calcd for C18H 370 4P: C, 59.3%; H, 10.15%; P, 8.52%. Found: C, 
58.94%; H , 10.01%; P, 7.96%.

Reaction of ferf-Butyl Ethyl Peroxide and Sodium Di-n-butyl Phosphite 
(5 days). The product had bp 90-94°C/0.05 mm.

Anal. Calcd. for (ra-Bu0)2P (0 )0 4 -B u : P, 11.67%; calcd. for (ra-Bu0)2P (0 )0 E t:  
P, 13.0%. Found: P, 12.4%; i-BuOH: E tO H , 3:7.

Reaction of ferf-Butyl Ethyl Peroxide and Sodium Diethyl Phosphite.
(5 days). The product had bp 55-60°C/1.0 mm; rag 1.4070 [(EtO)2P(0)- 
OBu’, rag 1.40S5; (EtO)2P(0)OEt, rag 1.4040].

Anal. Calcd for (E t0 )2P (0 )0 -riB u : P, 14.75%; calcd for (EtO )2P (0 )O E t: P, 
17.05%. Found: P, 15.61%. BuOH: E tO H , 4 :6 .

Reactions of n-Butyl ferf-Butyl Peroxide with Sodium Diethyl Phos­
phite (5 days). The product had bp 70~72°C/1.0 mm; rag 1.4135 
[(EtO)2P(0)CM-Bu, rag 1.4085; (Et0)2P(0)0-ra-Bu, rag 1.4110]; f-Bu- 
OH: ra-BuOH, 3:7.

We thank Albright and Wilson L td. for the gift of chemicals and one of us (D.S.) 
thanks N .R .P.R .A . for a m aintenance grant.

References
1. C. G. Moore and B. R. Trego, Tetrahedron, 18, 20S (1962).
2. C. G. Moore and B. R. Trego, Tetrahedron, 19, 1251 (1963).
3. C. G. Moore and B. R. Trego, ./. A p p l. P olym . Sci., 15, 299 (1961).
4. L. H orner and W. Jurgeleit, A n n ., 591, 138 (1955).
5. A. S. Danilova, ,/. Org. Chem. ( U .S .S .R .), 1, 514 (1965).
6. A. S. Danilova and A. I. Koltsov, J .  Org. Chem. (U .S .S .R .) ,  1, 972 (1965).
7. T. W. Campbell and G. M. Coppinger, J .  A m er. Chem. Soc., 73, 1788 (1951 ).
8. J. K. Kochi and P. J . Krusic, J .  A m er. Chem. Soc., 91,3944 (1969).
9. H. R. Williams and II. S. Mosher, ./. A m er. Chem. Soc., 76, 2984 (1954).

10. F . R. Rust, F. H. Seubold, and J. E. Vaughan, J .  A m er. Chem. Soc., 72, 338 (1950).
11. M . S. Kharasch and A. Fino, ./. Org. Chem., 24, 72 (1959).
12. G. O. Schenck, K. G. Kinkel, and H. J. M ertens, A n n ., 584, 125 (1953).
13. H. Paget, J .  Chem. Soc., 1938, 829.
14. M . M atic and D. A. S u tto n ,./. Chem. Soc., 1953, 349.
15. J . F. Allen, S. K . Reed, O. H. Johnson, and N. T . Brunswald, J . A m er. Chem. Soc., 

78, 3715 (1956).
16. J. Hine, J . A. Brown, L. H. Zalkov, W. E. Gardner, and M. Hine, J .  A m er. Chem. 

Soc., 77, 594 (1955).
Received April 14, 1971



J O U R N A L  O F  P O L Y M E R  S C I E N C E :  P A R T  A - l V O L . 9 , 3 115-312 7  (1 9 7 1 )

Calionic Polymerization of 2-Vinvl-l ,3-dioxaiic

HIROSHI SUMITOMO, MASAHIKO OKADA, and HIROSHI ITO,
Faculty of Agriculture, Nagoya University, Chikusa, Nagoya, Japan

Synopsis
The cationic polymerization of 2-vinyl-l,3-dioxane initiated w ith triethyloxonium 

tetrafiuoroborate was studied with particular emphasis on elucidation of the structure 
of the polymer. The polymer was a light yellow powdery m aterial w ith a molecular 
weight of several thousands which was soluble in m ost organic solvents. The infrared 
and N M R  investigations on the polymer, together w ith chemical analyses, showed 
th a t the polymer consisted of the three structural units I, I I , and I II , the contents of 
which were estim ated to be 5-10% , 20-25% , and 65-70% , respectively.

— CH2CH2COCH2CH2CH2—  — o c h 2c h 2c h 2o c h —  — c h 2c h  —
0 CH CH

I II /  \
c h 2 0 0 1 1II Cfl2 7 c h 2

c h 2
III

The formation of the s tructural units I and I I  was discussed in detail.

INTRODUCTION
Acrolein cyclic acetals, such as 2-vinyl- 1,3-dioxolane and 2-vinyl-l,3- 

dioxane, have two functional groups which can participate in cationic poly­
merization, that is, a carbon-carbon double bond and a cyclic acetal ring. 
Therefore, it would be indispensable to clarify the structures of the polymers 
obtained from these monomers for evaluation of the reactivities of the func­
tional groups in their cationic polymerization. Recently, there have been 
published a few papers on the cationic polymerizations of these cyclic 
acetals. Tada et al.1 first confirmed the presence of ester groups in the 
polymer chain of 2-vinyl-l,3-dioxolane prepared by Lewis acids and inter­
preted the formation in terms of the hydride shift of the acetal hydrogen to 
the carbonium ion produced by vinyl addition, followed by the ring-opening 
rearrangement of the resulting 1,3-dioxolenium ion. Nordstrom2 reported 
that poly-2-vinyl-4-methyl-l,3-dioxolane prepared with boron trifluoride

T a p e r  presented a t  the 23rd Annual M eeting of the Chemical Societj' of Japan, 
Tokyo, April 1970, and the 19th Symposium on Macromolecules of the Society of Poly­
m er Science, Japan , Kyoto, October, 1970.
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etherate as an initiator consisted of three kinds of structural units resulting 
from simple vinyl addition, ring-opening reaction, and vinyl addition with 
hydride shift and subsequent rearrangement, respectively. More re­
cently, Madrid and Mateo3 observed that the cationic polymer of 2- 
vinyl-2-methyl-l,3-dioxolane, which has no acetal hydrogen available for 
hydride shift, also contained ester units, suggesting the migration of the 
methyl group. As to the cationic polymerization of 1,3-dioxane derivatives, 
Jedlinski and Solich4 described only briefly the polymerization of 2-vinyl-
1,3-dioxane and 2-isopropenyl-l,3-dioxane.

The polymerization of these cyclic acetals initiated with conventional 
Lewis acids, in general, gives rise to oily or semi-solid polymers with a 
molecular weight in the range of several hundreds, or crosslinked materials 
insoluble in common organic solvents. Our preliminary experiments, 
however, showed that completely soluble polymers with a moderately high 
molecular weight could be obtained from 2-vinyl-l,3-dioxane by use of tri- 
ethyloxonium tetrafluoroborate as an initiator. The1 purpose of the present 
study is to elucidate the structure of the polymer thus obtained.

EXPERIMENTAL
Materials

2-Vinyl- 1,3-dioxane was prepared from the condensation of acrolein and 
trimethylene glycol according to the procedure described by Fischer et al.r>, 
with a slight modification. It was purified by drying over calcium hydride, 
followed by repeated fractional distillation before use, bp 71.5-72.5°C/64 
mm Hg.

Triethyloxonium tetrafluoroborate was synthesized by the reaction of 
epichlorohydrin and boron trifluoride etherate in anhydrous ethyl ether.6 It 
was kept in anhydrous ether in a refrigerator.

Commercial methylene chloride of an analytical grade was purified by 
careful fractional distillation over phosphorus pentoxide.

2-Methyl-l,3-dioxenium tetrafluoroborate was prepared from 3-ethoxy- 
propyl acetate and triethyloxonium tetrafluoroborate by a method similar 
to that described for 2-methyl-l,3-dioxolenium tetrafluoroborate.7

Polymerization Procedure
Cationic Polymerization. A cold solution of triethyloxonium tetra­

fluoroborate dissolved in methylene chloride was added to a solution of 
2-vinyl-l,3-dioxane in the same solvent. The ampoule wras then cooled in 
a liquid nitrogen bath, evacuated, and sealed off. It was allowed to stand 
at a constant temperature. After the polymerization had been terminated 
by adding a fewr milliliters of pyridine-methanol solution, the reaction 
mixture was washed with water to remove the initator residues and sub­
sequently poured into a large volume of petroleum ether to precipitate a 
polymer. It was purified by repeated reprecipitation by using methylene
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chloride-petroleum ether as a solvent-precipitant pair and dried under 
reduced pressure to a constant weight.

The consumption of the monomer during the polymerization was followed 
by determining the unreacted monomer in the reaction mixture by gas 
chromatography with the use of tetralin as an internal standard.

Radical Polymerization. Radical polymerization of 2-vinyl-1,3-dioxane 
was carried out in benzene at 60°C for 90 hr by using azobisisobutyronitrile 
as an initiator. The reaction mixture was poured into a large volume of 
petroleum ether to isolate a polymer, which was purified in the same way 
as described above.

Characterization
Determination of Ester Units by Saponification. To a solution of 100- 

150 mg of a polymer sample dissolved in 5 ml of benzene was added 10 ml 
of O.liV alcoholic potassium hydroxide solution, and the resulting mixture 
was refluxed in a water bath for several hours. The excess alkali was then 
titrated by 0.11V hydrochloric acid solution in ethylene glycol-isopropanol 
(1:1 volume ratio) by using phenolphthalein as an indicator.

Determination of Carbon-Carbon Double Bonds by Hanus’ Method. 
To a solution of 50-100 mg of a polymer sample dissolved in 10 ml of 
chloroform was added 25 ml of freshly prepared Hanus’ iodine monobromide 
solution, and after having been made homogeneous by thorough shaking, 
the mixture was allowed to stand at 0°C for 30 min in a dark place. A 100- 
ml portion of vrater and subsequently 10 ml of 15% aqueous potassium 
iodide were added to the reaction mixture. The iodine thus liberated was 
titrated by O.liV aqueous sodium thiosulfate with a few drops of aqueous 
starch solution as an indicator.

Determination of 1,3-Dioxane Rings by Acidic Ethanolysis. Ethanol 
(5 ml) and concentrated sulfuric acid (100 mg) were added in this order to 
a solution of 300-400 mg of a polymer sample dissolved in 5 ml of dioxane, 
and the mixture was stirred mechanically at room temperature for one day. 
After the solution was neutralized by aqueous sodium hydroxide, tri­
methylene glycol thus produced was determined by gas chromatography 
with the use of o-cresol as an internal standard.

Acidic ethanolysis under more drastic reaction conditions, such as in a 
mixture of ethanol and 2N aqueous hydrochloric acid (1:1 volume ratio) at 
reflux temperature, yielded a considerable amount of by-products which 
prevented an accurate determination of the structural unit having the 1,3- 
dioxane ring.

Attempted acid-catalyzed hydrolysis of the 1,3-dioxane rings of the 
polymer in 1,4-dioxane-water (5:1 volume ratio) was unsuccessful both 
at room temperature and at elevated temperature.

Infrared and NMR Measurements. Infrared spectra were taken with a 
Hitachi grating infrared spectrophotometer, Model 215, on KBr disks. 
NMR spectra were recorded on a Japan Electronics Model .JNM-4H-100
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working at 100 MHz in ca. 10% carbon tetrachloride solution at 70°C by 
using tetramethylsilane as an internal standard.

Determination of Molecular Weight. The number-average molecular 
weight of the polymer was determined with a Hewlett Packard vapor 
pressure osmometer, Model 302, on solutions in benzene at 37°C.

RESULTS
The polymerization of 2-vinyl-1,3-dioxane was carried out in methylene 

chloride by using triethyloxonium tetrafluoroborate as an initiator. The 
course of the polymerization was followed by determining the unreaetcd 
monomer in the reaction mixture by gas chromatography on one side, and 
by isolating and weighing the petroleum ether-insoluble polymer on the 
other side. Figure 1 shows typical time-monomer consumption and time- 
polymer yield curves thus obtained. After a prolonged reaction time, the 
monomer charged was completely consumed, but there was a significant 
difference between the consumption of the monomer and the yield of the 
petroleum ether-insoluble polymer. In this connection, Nordstrom2 has 
reported that a large amount of a cyclic dimer is formed in the cationic 
polymerization of 2-vinyl-4-methyl-l,3-dioxolane. In the present case, 
however, only a trace of an unidentified compound could be detected by gas 
chromatography of a polymerization mixture. Therefore, the formation of

Fig. 1. Cationic polymerization of 2-vinyl-l,3-dioxane: ( • )  monomer consumption; 
(O) yield of petroleum  ether-insoluble fraction. Monomer, a g; methylene chloride, 
15 g; initiator (triethyloxonium  tetrafluoroborate), 4.5 mole-% ; tem perature, 0°C.

F ig . 2. D ependence of m o lecu la r w e ig h t o f p o ly m e r on p o lym e riza tio n  tem perature-
in i t ia t o r , 1 m o le % ; co n ve rs io n , 1 0 -3 7 % .



P O L Y M E R I Z A T I O N  O F  2 - V IN Y L - l ,3 - D IO X A N E 3119

4000
3000c5 2000 
I 000

0 1 2 3 4 5 6 7 8 9
I N I T I A T O R  C O N C N . ,  M O L E  %

Fig. 3. Dependence of molecular weight, of polym er on initia tor concentration. Poly­
merization tem perature, 0°C; conversion, 12-36%.

a cyclic dimer of 2-vinyl- 1,3-dioxanc in a similar manner seems to be negligi­
ble under the conditions used in the present study. This was substantiated 
by examining the petroleum ether-soluble part of the reaction products. A 
petroluem ether solution of a reaction mixture from which the precipitated 
polymer had been separated was evaporated at room temperature under 
reduced pressure. The resulting viscous residue was found to consist of 
polymeric materials with a molecular weight of several hundreds. The 
NMR and infrared spectra of this petroleum ether-soluble part were in 
accord with those of the insoluble part. In addition, the weight of the 
soluble part could account for the difference between the consumption of the 
monomer and the yield of the petroleum ether-insoluble part.

Some of the results on the polymerization of 2-vinyl-l,3-dioxane are 
summarized in Table I and Figures 2 and 3. Poly-2-vinyl-l,3-dioxane thus 
obtained was a yellow powder with a softening point of about 60°C, soluble 
in most organic solvents and somewhat hygroscopic. The number-average 
molecular weight of the polymer was found to be in the range from 2500 to 
5400, independent of the conversion, the polymerization temperature, and 
the initiator concentration. The elementary analysis on the polymer, as 
shown in Table I, seems to indicate that the polymerization of 2-vinyl-l,3- 
dioxane proceeds without destruction of the monomeric unit, namely, with­
out, liberation of an acrolein molecule from the growing chain end. Howr- 
ever, even when such a destruction of the monomeric unit occurs, the carbon 
and hydrogen contents of the resulting polymer do not differ so much (ealed 
for C3H60: C, 62.04%; H, 10.42%) from those of a 2-vinyl-1,3-dioxane 
unit. Accordingly, the excellent accordance of the analytical data with the 
theoretical values can not completely rule out the possibility of the occur­
rence of the detachment of an acrolein molecule from the active chain end. 
This matter will be discussed in the later section.

It is expected that 2-vinyl-1,3-dioxane undergoes radical polymerization 
to yield a straightforward vinyl polymer, because the ring-opening poly­
merization of cyclic acetals can not be induced with any radical initiator, 
and that, the examination of the NMR, and infrared spectra of the radical 
polymer, together with those of the cationic polymer, may provide useful 
information on the structure of the latter. Table II show’s the results on 
the radical polymerization of 2-vinyl-l,3-dioxane in benzene at 60°C with
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TABLE I
Cationic Polymerization of 2-Vinyl-1,3-dioxane*

No.
Initiator,
m ole-%

Temp,
°C

Time,
day

Conversion,
% M  b

117 1.1 0 8 18.1 3780
121 4.1 “ 12 62.0 3890
160 5 .0 “ 4 44.0 3390
161 (( “ 7 61.6 5420
124“ 5 .5 ll 4 33.2 3280
130 1 .4 10 1 9 .4 4090
126 5 .5 u 19.7 3980
122 4 .) 15 40.2 3110
135 1.3 30 Vs 11.1 2870
141 4 .7 40 (l 58.8 3420

“ Monomer, 5 g; methylene chloride, l o g ;  initiator, 02tH5)aO+B F4- .
1 By vapor-pressure osm om etry, benzene, 37°C.
c Elem entary analytical da ta  for the resulting polymer are as follows. Calcd for 

CsHioOa; C, 63.13%; 11,8.76%. Found: C, 63.24%; H, 8.94%,

azobisisobutyronitrile as an initiator. The polymerization proceeded very 
slowly to give a polymer of a low molecular weight, as expected from its 
allylic structure. The polymer thus obtained was very similar to the 
cationic polymer in its appearance and solubility.

TABLE II
Radical Polymerization of 2-Vinyl-l,3-dioxane"

No.
In itiato r,
mole-%

Conversion,
% M nh

149c 2.55 12.7 1670
150 2.45 14.0 1550
151 0.83 4 .4 2220

* Monomer, 10 g; benzene, 10 g; initiator, azobisisobutyronitrile; 60°C; 90 hr.
h Vapor pressure osmometry; benzene; 37°C.
“ Elem entary analytical d a ta  for the resulting polymer are as follows. Calcd for 

C6H,„02: Cl, 63.13%; H, 8.76%. Found: C, 62.48%; II, 8.78%.

The infrared spectra of the cationic and radical polymers are given in 
Figure 4. Both of the spectra show a C =0 stretching absorption at 1735 
cm-1 and C—0—C stretching absorptions in the region from 1000 to 1150 
cm-1. With respect to the latter absorption band, the relative intensity of 
the absorption at 1100 cm-1 for the cationic polymer is obviously stronger 
than that for the radical polymer. This is an indication for the presence of 
open-chain ether linkages in the former polymer. Furthermore, only the 
spectrum of the cationic polymer exhibits a clear C=C absorption at 1640 
cm-"1.

Figure 5 shows the N1MR spectra of the cationic and radical polymers. 
The complex signals appearing at 1.8-6.5 r are ascribable to the methylene 
protons adjacent to oxygen atoms of the 1,3-dioxane ring, and signals at
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around 8.8 r to one of the /3-methylene protons of the ring, from the com­
parison with the spectrum of 2-vmyl-1,3-dioxalic monomer. The weak 
signals at 7.5 r should be due to the methylene protons adjacent to carbonyl 
group, the presence of which is comfirmed by infrared spectroscopy. The 
spectrum of the cationic polymer differs remarkably from that of the radical 
polymer in that it exhibits signals due to vinyl protons in the region from 4 
to 5 r and those due to the methylene protons adjacent to the oxygen atoms 
of linear ether linkages at 6.5-6.9 r. Furthermore, the former spectrum is 
somewhat complex in the region from 5.3 to 5.8 t , compared with the latter 
spectrum which shows simple signals due to methine proton of the 1,3- 
dioxane ring.

On the basis of the infrared and NMR spectra, it is inferred that the 
radical polymer consists of the structural units I and III, while the cationic 
polymer consists of the structural units I, II, and III.

— CH2CH,COCH2CH2C H —  — OCH2CH2CH2OCH—  —  CH2CH—
0 CH CH

I II
c h 2

/  \0  0  | !II c h 2 p h 2
c h 2
m

The determination of these structural units in the polymer was attempted 
by NMR and chemical analyses. The content of the structural unit I can 
be estimated from the relative peak area of the signals at 7.5r due to the 
methylene protons adjacent to the carbonyl group of the ester unit. Sapon­
ification of a sample by potassium hydroxide in benzene-ethanol mixture

3 2 0 0  2 8 0 0  2 4 0 0  2 0C 0  1800 1600 1400 1 20 0  1000 8 0 0

W A V E  N U M B E R ,  C M " 1

Fig. 4. Infrared spectra of radical and cationic polymers of 2-vinyl-l,3-dioxane.
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Fig. 5. N M R  spectra of radical and cationic polymers of 2-vinyl-1,3-dioxane. Solvent, 
carbon tetrachloride; concentration, 12%; tem perature, 70°C.
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also gives the content of the structural unit I. Carbon-carbon double 
bonds in a sample, which are relevant to the structural units II, can be 
determined from the relative peak area of the total vinyl protons from 4 to 
5r in its NMR spectrum, and also chemically by Han us’ procedure. On the 
contrary, direct determination of the structural unit III by NMR and 
chemical analyses was unsuccessful, except for the radical polymer. The 
content of the structural unit III in the radical polymer was estimated from 
the relative peak area of the mcthinc proton of the acetal ring appearing at 
5.5r in its NMR spectrum, and also by determining trimethylene glycol 
liberated by the acid catalyzed ethanolysis of the polymer by means of a gas 
chromatograph. However, the NMR spectrum of the cationic polymer 
shows complex signals in this region, and it is, therefore, difficult to deter­
mine accurately the relative peak area of the acetal proton signals of the 
structural unit III. Neither the signals of the a-methylene protons nor 
those of the |8-methylene protons of the 1,3-dioxane ring can be used for the 
determination of the structural unit III because of the overlapping by the 
neighbouring signals. On the other hand, quantitative ethanolysis or 
hydrolysis of the 1,3-dioxane ring in the cationic polymer in the presence of 
mineral acids could not be achieved without being accompanied by the 
cleavage of the main chain.

The results on the NMR and chemical analyses of the structural units I 
and II are illustrated in Figure 6 and 7. The contents of the structural 
units I and II in the cationic polymers remain nearly constant, irrespective 
of the polymerization temperature, the catalyst concentration, and the 
molecular weight of the polymer.

DISCUSSION
The relatively high content of the structural unit II in the cationic 

polymer, as shown in Figures 6 and 7, strongly suggests that some of the 
monomer polymerized was incorporated into the polymer chain by ring­
opening mechanism, although a part of the carbon-carbon double bonds in 
the polymer might arise from chain transfer reaction. Five- or six- 
membered cyclic acetals, in general, do not homopolymerize,8 but under 
certain conditions, some of these cyclic acetals polymerize to give not polv- 
acetals but rather polyethers.9 The latter are supposed to form by the 
preferential elimination of the corresponding aldehyde from the growing 
chain end before the addition of the next monomer occurs.

In the present system, therefore, it seems important to reveal whether 
acrolein is liberated during the ring-opening reaction of 2-vinyl-l,3-dioxane, 
and if this is not the case, whether the structural units II form sequences in 
the polymer chain. In fact, no acrolein was detected in the polymerization 
mixture, but this does not provide confirmative evidence against the destruc­
tion of the monomer unit during the polymerization process, because 
acrolein, a very reactive compound, even if it is liberated from an active 
chain end, may not remain as such under acidic conditions. However, it is
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unlikely that acrolein, once liberated from a growing chain end, is in­
corporated again into a polymer chain through vinyl polymerization, 
because no aldehyde proton could be detected by NMR spectroscopy in 
both the petroleum ether soluble and insoluble polymers.

The presence of the structural unit II in the polymer gives rise; to meth­
ylene protons adjacent to the ether oxygen atoms as indicated in a bold face 
in structure IV, which is a composite of structures II and III, and V, 
which is a composite of I and II.

— CH2CH—  OCH.CH.CHjOCH— CILCH—
CH

o /  x oI I
c h 2 c h 2

CH,

CH CH
II 0 /  N oc h 2 |

CH, CH, \  /CH,
IV

-C H 2CH2COCH,CH2CH2—o c h 2c h 2c h 2o c h —A Ah
CH,

These protons should give NMR signals in the region of 0.4- (1.9 r, the 
relative peak area of which was found roughly 1.5 times than that of the 
total vinyl protons. As the estimation of the former peak area is accom­
panied by an appreciable error on account of the overlapping of the neigh­
bouring signals, the observed ratio of the peak areas may be taken as a 
proof for the expected structures of the polymer. From the foregoing dis­
cussion, together with the data of the elementary analysis, it can not be con­
clusive, but may be reasonable, to say that the ring-opening reaction of 
2-vinyl-l,3-dioxane is not accompanied by the elimination of an acrolein 
molecule.

If the structural units II form sequences of two or longer units in a 
polymer chain, there appears the acrolein acetal structure VI.

-0 (C H 2)3OCHO(CH,)3OCH—I ICH CHII IICH , CH,
VI

CH3CH,OCHOCH,CH3ICHIICH,
V II

It is expected, therefore, that the acetal proton of this structure should give 
NMR signals at nearly the same magnetic field as the acetal proton of 
acrolein diethyl acetal VII. However, no signals can be seen in this region 
of the NMR spectrum of the polymer. On the assumption that the distribu­



P O L Y M E R I Z A T I O N  O F  2 - Y T N Y L - 1 ,3 - D IO X  A N E 3125

tion of the structural unit II in a polymer chain is statistically random, the 
ratio of the consecutive structural units II to the total structural units II is 
calculated to be approximately 0.2. This means that the acetal protons 
resulting from such consecutive structural units II should give rise to NMR 
signals, the intensity of which is about one fifth of the methine protons of the 
total vinyl groups. As the signals of such an intensity can be detected, the 
absence of the signals in the NMR spectrum of the polymer indicates that 
there are, if any, very few consecutive structural units II in the polymer 
chain. If there are sequences of the structural units II in the polymer- 
chain, catalytic hydrogenation of the polymer followed by acidic etlianolysis 
would produce propionaldéhyde diethyl acetal. However, attempts were 
made without success to hydrogenate quantitatively all the vinyl groups in 
the polymer with the use of Adams’ platinum catalyst, presumably because 
the adsorption of the vinyl groups to the active sites on the surface of the 
catalyst was hindered sterically by the bulky 1,3-dioxane rings.

The finding that the structural units II amounting to more than 20 
mole-% are incorporated into the polymer chain in the cationic polymeriza­
tion of 2-vinyl-1,3-dioxane is noteworthy in view of the fact that 1,3- 
dioxane and its derivatives do not homopolymerize at all, possibly due to 
the great stability of the 1,3-dioxane ring. In the present system, it is very 
probable that the vinyl group attached to the 1,3-dioxane ring plays an 
important role in the ring-opening reaction; it facilitates the cleavage of the 
oxonium ion formed by the attack of a growing chain end to one of the 
oxygen atoms of the monomer by delocalizing the incipient positive charge 
on the acetal carbon atom.

As to the structural unit I, it seems reasonable to assume, as Tada et al.1 
proposed for the polymerization of 2-vinyl-1,3-dioxolane, that it is formed 
by the hydride transfer reaction of the carbonium ion produced by vinyl 
addition, followed by the ring-opening rearrangement of the resulting 
carboxonium ion by nucleophilic attack of the monomer. The direct

R—  CH,CHX

CH2 CH, \  /CH,

Rearrangement

R— CHCH,
CH '  A

o' 'o H shift 0 © 0I I " - 4 '' ICH, CH,V  /CH,

R— CH,CH,COCH,CH,CH/
II0
I

R— CH,CH,

Direct addition
c —  

o7 \ )
CH, CH,
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addition of the monomer to the electron deficient central carbon atom of the 
carboxonium ion would lead to the structural unit VIII which retains
1.3- dioxane ring. However, the positive charge on this carbon atom is, 
to a great extent, delocalized by the adjacent two oxygen atoms, and 
in view of the fact that only strong bases attack the electron-deficient 
central carbon atom of 2-methyl-l,3-dioxolenium ion,6 such a direct 
addition of 2-vinyl-1,3-dioxane, a weak nucleophile, to the central carbon 
atom of the carboxonium ion is less likely to take place. 2-Methyl-
1.3- dioxenium tetrafluoroborate, a model compound for the intermediate' 
carboxonium ion, was prepared from 3-ethoxypropyl acetate and triethyl- 
oxonium tetrafluoroborate.7 Its NMil spectrum measured in nitro- 
methane solution showed the triplet signals of the a-methylene protons 
at 4.92r, the shift being more than 1.0 ppm to the lower magnetic field 
from the signals of the corresponding methylene protons of 2-ethyl-l,3- 
dioxane. Such a marked chemical shift implies that a considerable 
positive charge lies on these methylene carbon atoms. Furthermore, it 
has been reported by Yamashita and his co-workers10 that the polymeriza­
tion of tetrahydrofuran initiated with 2-methyl-l,3-dioxolenium perchlorate 
produces a polymer, each molecule of which contains an acetoxy end 
group. Therefore, it is probable that, once the carboxonium ion is formed 
by the hydride shift, it leads to the structural unit I by the subsequent 
ring-opening rearrangement as illustrated above.

In conclusion, 2-vinyl-1,3-dioxane undergoes cationic polymerization 
in three different ways, that is, vinyl addition with hydride shift followed 
by ring-opening rearrangement, ring-opening reaction, and simple vinyl 
addition, to give the structural units I, II, and III, respectively. The 
contents of these units in the polymer were found to be 5-10, 20-25, 
and 65-70% in the order above, irrespective of the polymerization condi­
tions employed in the present study. The content of the structural 
unit II is a little lower than that of the corresponding structural unit for 
poly-2-vinyl-l,3-dioxolane.3 This difference is probably ascribed to the 
higher stability of the 1,3-dioxane ring compared with that of the 1,3- 
dioxolane ring.
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Kinetic Study of Ethylene Polymerization with 
Chromium Oxide Catalysts by a Radiotracer Technique*

V. A. ZAKHAROV and YU. I. ERMAKOV, Institute of Catalysis, 
Siberian Branch of the Academy of Sciences of the USSR, 

Novosibirsk, USSR

Synopsis
The quenching of polymerization with a chromium oxide catalyst by radioactive m eth­

anol 14CH3OH enables one to determine the concentration of propagation centers and 
then to calculate the rate constant of the propagation. The dependence of the concentra­
tion of propagation centers and the polymerization rate on reaction time, ethylene con­
centration, and tem perature was investigated. The change of the concentration of prop­
agation centers with the duration of polymerization was found to be responsible for the 
tim e dependence of the overall polymerization rate. The propagation reaction is of first 
order on ethylene concentration in the pressure range 2-25 kg /cm 2. For catalysts of dif­
ferent composition, the tem perature dependence of the overall polymerization rate and 
the propagation rate constant were determined, and the overall activation energy E ow 
and activation energy of the propagation sta te  E ,, were calculated. The difference be­
tween Eov and E p is due to the change of the num ber of propagation centers with tem ­
perature. The variation of catalyst composition and preliminary reduction of the cata­
lyst influence the shape of the tem perature dependence of the propagation center concen­
tration  and change E ay.

INTRODUCTION
The dependence of the polymerization rate and molecular weight of a 

polymer on reaction conditions is often used to draw conclusions about the 
polymerization mechanism. However, the polymerization rate and the 
molecular weight depend on various parameters of the polymerization sys­
tem. For heterogeneous catalytic polymerization, the rate of polymer 
formation F is equal to the propagation rate Vv, which is proportional to 
the propagation rate constant K.p, the surface concentration of active cen­
ters nB, and the effective surface of the catalyst Sef:

V = K pnsSei
In general Kv, na, and SPt arc variables and depend on the catalyst com­

position, the method of catalyst preparation, and conditions of the poly-
* Paper presented to the Symposium on M acromolecular Chemistry, Budapest, August 

1969.
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merization process as well. Therefore the use of methods which provide a 
separate determination of the active center concentration and the propa­
gation rate constant on the overall polymerization rate is very important 
for an understanding of the kinetic behavior of the polymerization system.

In this paper the kinetics of ethylene polymerization by means of chro­
mium oxide catalysts was followed by the determination of the propagation 
center concentration. To determine this value we used the method of 
quenching of polymerization by alcohol labeled with uO in the alkoxy 
group.1-3 The results obtained give valuable information about the 
mechanism of initiation and propagation stages in the ethylene polymer­
ization with chromium oxide catalysts.

EXPERIMENTAL
The composition of the chromium oxide catalyst used is given in Table I.
The catalyst preparation procedure and the conditions of the vacuum 

activation were described earlier.2 In some cases catalyst I I I  after vac­
uum treatment was reduced with carbon monoxide at 300°C.

The ethylene polymerization was carried out at 40-90°C and ethylene 
pressure 2-25 kg/em2 in benzine or cyclohexane in a stainless steel auto­
clave with stirring. The apparatus used, the polymerization and quench­
ing technique, the specification of reagents, the polymer treatment and re­
covery, and the measurement of polymer radioactivity were described in 
a previous paper.2

The concentration of propagation centers n, (in mole/gof catalyst) was 
calculated from the radioactivity A (in ¿uC/g) of polymers obtained. This 
concentration is related to the quantity b of polymer produced up to the 
moment of stopping, the reaction weight a of the catalyst and specific radio­
activity Q of methanol used (in yuC/mole):

n = Ab/aQ (2)
From the concentration of the active centers, the value of the polymeriza­
tion rate V (mole/g catalyst-hr) at the moment of inhibitor injection and 
the monomer concentration C (mole/1.) the propagation rate constant 
Kp (l./mole-hr) was calculated in accordance with eq. (3).

V = KpnCm (3)
TABLE I

Chromium Oxide Catalysts

C atalyst Support
Chromium 
content in 
catalyst, %

Specific 
surface 

area, m 2/g
Pore

volume,
cm3/g

I Silica 2 .5 400 1.0
II Silica +  alum ina 

(3 .5%  AhOa)
2.5 300 1.1

III Alumina 1.4 170 0.42
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RESULTS
The polymerization of ethylene with chromium oxide catalysts in gen­

eral is a nonsteady-state process: the overall rate varies with the reaction 
duration. We have found the number of propagation centers and calcu­
lated the propagation rate constants corresponding to different reaction 
moments. For this purpose the polymerization was stopped in the course 
of each run by injecting radioactive methanol. For each catalyst the 
polymerization rates thus obtained in different runs are on the same ki­
netic curve within some error (curves A, Figs. 1 and 2). These kinetic 
curves were compared with the time dependence of concentration of propa­
gation centers which was obtained in the same runs (curves B, Figs. 1 and
2). An increase of the reaction rate in time was in good agreement with

Fig. 1. Change of (A) polymerization rate and (B) num ber of propagation centers with 
reaction time (catalyst I, 75°C. 13 kg /cm 2). Various symbols are used for different 
runs. Arrows indicate the m om ent of inhibitor injection in every run.

Fig. 2. Change of (A) polymerization rate and (/»’) num ber of propagation cen­
ters with reaction time (catalyst II , 75°C, 15 kg /cm 2). Various symbols are used for 
different runs.
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TABLE II
n and K p for Different Reaction Times1

R un

Reaction
time,
min

Reaction rate 
a t  injection 
of inhibitor, 

g C d b /g  
catalyst-hr

Polymer
yield,

g
n X 106, 
m ole/g

K p X 10-«, 
l./m ole-hr

9-VI 13.0 36.0 0.46 0.55 2.32
3-11 20.0 65.5 1.60 1.05 2.20
10-V 22.5 75.0 1.80 1.15 2.34
5-V 28.0 86.0 2.73 1.27 2.42
20-11 35.0 95.0 4.05 1.37 2.48
2-II 40.0 90.0 5.00 1.40 2.27

a Conditions: 0.1 g catalyst I; 75°C; 15 kg /cm 2.

the increase of the number of propagation centers. In our experiments, 
after a period of an acceleration of the reaction of a duration dependent, on 
the catalyst composition and the reaction parameters, a constant poly­
merization rate was achieved. The propagation rate constants calculated 
on the basis of n values for different polymerization moments were inde­
pendent of the reaction time and polymer yield within experimental error 
and were characteristic of the catalyst composition (Tables II and III).

The influence of the ethylene concentration in the pressure range 2-25 
kg/cm2 on the polymerization rate, the propagation rate constant, and the 
number of active centers was studied for the chromium oxide catalyst on

TABLE I I I
n  and K p for Different Reaction Tim e“

Run
W eight of 
catalyst, 

g

Reaction
time,
min

Reaction 
ra te  a t 
the in­

jection of 
inhibitor, g 

C2H4/g  
catalyst-hr

Polymer
yield,

g
n. X 106, 
mole g

K P X 10"6, 
l./m ole-hr

3 0.109 30 17 0.95 0.81 0.75
11 0.183 45 31 2.70 0.99 1.12
6 0.103 70 39 3.05 1.45 0.96
8 0.103 80 38 3.20 1.45 0.92
4 0.113 90 56 5.91 1.63 1.23
9 0.104 130 71 10.43 1.97 1.29

14 0.10 25 24 0.29 0.73 1.19
16 0.10 35 32 1.35 1.40 0.81
13 0.10 37 33.5 1.38 1.28 0.94
17 0.10 50 46 2.86 1.80 0.91
18 0.10 70 67 4.75 2.00 1.21

“ Condition.s: catalyst I I ;  75 °C; 15 kg /cm 2; 1st series; runs 3—4; 2nd series; runs
13-18.
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silica. Figure 3 shows the kinetic curves for one of the experimental 
series. Figure 4 shows the dependence of the steady polymerization rate 
on monomer concentration. These data were obtained both for different 
experiments at various ethylene pressure and for a single experiment in 
which the pressure was decreased stepwise after the achievement of a 
steady-stage rate period. The steady-stage polymerization rate was found 
to be directly proportional to the pressure of ethylene. The number of

Fig. 3. K inetic curves for runs a t  different ethylene pressures (catalyst I, 75°C): (1) 
2 kg /em 2; (2 ) = 5 kg /em 2; (■ ?) = 10 kg cm2; (4) 1.3 kg /cm 2; (5) 25 kg/ern2.

active centers was measured, and the propagation rate constants were cal­
culated for various monomer concentrations (Table IV); Kv values calcu­
lated according to eq. (3) were constant and not dependent on ethylene 
pressure. The stationary concentrations of active centers corresponding 
to the steady-stage polymerization rate; were calculated on the basis of Kv 
values. These concentrations proved to be independent of the pressure 
in the considered range (see Fig. 5).

The influence of reaction temperature on the polymerization rate, con­
centration of active centers, and propagation rate constant was invest!-
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gated at 40-90°C. During these experiments the monomer concentration 
in benzine was maintained constant by changing pressure according to 
ethylene solubility in benzine.4 Figures 6-8 show kinetic curves for some

Fig. 4. S teady-state polymerization rate a t different monomer concentrations (catalyst 
I, 75°G): (—O—) runs carried out a t  different monomer pressures; (-A -) experiment 
with stepwise pressure decrease.

experimental series* performed at various temperatures with different chro­
mium oxide catalysts. At 40-75°C the polymerization rate increases 
with temperature, but above 75°C the polymerization rate becomes slower.

£3,0-

<*20
! 1,0

4 8 12 16

Ethylene pressure, Ky/sm2
20 24 28

Fig. 5. Stationary concentration of propagation centers a t  different ethylene pressures
(catalyst I, 75°C).

The overall activation energy of polymerization (Eov) was calculated from 
Arrhenius plots for the steady-state polymerization rate at 40-75°C (Figs. 
9-11). For various polymerization temperatures, K„ values were deter­
mined (Tables V-VII). The activation energies of propagation reaction
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Fig. 6. K inetic curves for runs a t different polymerization tem peratres (catalyst I, Cm 
= 0.95 mole/1.) (1) =  90°; (2) = 75°; (3) = 60°; U) =  50°; (5) = '4 0 ° .

(Ep) were calculated from Arrhenius plots for the propagation rate con­
stants (Figs. 9-11). Eov and E„ thus obtained are given in Table VIII.

Figure 12 shows the dependence of stationary concentration of the propa­
gation centers on the reaction temperature for the catalysts of different 
composition. One can see that at 40-90°C the steady-state number of

Fig. 7. K inetic curves for runs a t  different polymerization tem peratures (catalyst I II , 
Cm =  0.95 mole/1.): (I) 50°C; (2) 75°C; (3) 90°C.
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Fig. 8. K inetic curves for runs a t  different polymerization tem peratures (catalyst 
I II , reduced by carbon monoxide; Cm = 0.95 mole/1.): (1)40°C ; 50°C; (3) 60°C;
(4) 75°C; (#) 90°C.

active centers becomes higher with temperature. The temperature de­
pendence of the polymerization rate was also determined in a single run 
by decreasing the temperature stepwise after the achievement of a steady-

Fig. 9. Arrhenius plots for steady-state polymerization rates and propagation rate 
constant (catalyst I, Cm = 0.95 rnole/1.): (Jf) dependence of polymerization rate on 
tem perature, changed from run to run, E ov = 10 kcal/m ole; (2) K„ dependence on 
tem perature, E p =  4.2 kcal/m ole; (3) dependence of polymerization rate when tem pera­
ture change in single run, E  = 4.6 kcal/mole.
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Fig. 10. Arrhenius plots for (1) propagation rate constant and (2) steady-state poly­
merization rate (catalyst III , Cm =  0.95 mole/1.); E p =  5 .4 kcal/m ole; E.„  =  1 .6kcal/ 
mole.

state polymerization rate. The dependence thus obtained differs from 
that found for the case when the reaction temperature was changed from 
run to run (Figs. 13 and 9, curves 1 and 3). The activation energy calcu­
lated on the basis of the data obtained in a single polymerization run was 
4.6 ±  1 kcal/mole.

t> 8  2 9  3P 3 (i 0  ¿ 3  l /T IO 3

Fig. 11. Arrhenius plots for (1) propagation rate constant and (2) stationary  poly­
merization rate (catalyst I II , reduced by carbon monoxide; Cm =  0.95 mole/1.); E„ 
= 4.7 kcal/m ole E oy =  6.5 kcal/m ole.
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TABLE IV
n and K p for Various Ethylene Pressures’*

R un
Ethylene
pressure,
kg /cm 2

C atalyst
concen­
tration

g /i

Reaction 
rate a t 

injection 
of inhibitor, 

g C2H4/g  
catalyst-hr

n X 10G, 
m ole/g

K p X 10-', 
l./m ole-hr

K p X 10-«, 
l ./h r

14-VI 2 2.6 21.5 2.48 2.31 0.29
11-VI 5 1.3 50 2.04 2.63 0.88
10-VI 10 1.3 102 2.03 2.68 1.78
16-VI 15 1.3 160 2.38 2.40 2.53
13-VI 25 0.7 242 2.65 2.01 3.31

* Conditions:: catalyst I ; 75°C.

TABLE V
n and K v for Different Tem peratures of Polymerization“

Reaction rate
a t injection K p X 10"6,
of inhibitor, (average

Tem pera- g C2H 4/g n  X 106, K p X 10“6, value),
Run ture, °C catalyst-hr m ole/g l./m ole-hr l./m ole-hr

6-V 90 53.3 1.30 1-531
28-V 90 55.0 1.95 1.02/
31-V 75 121.0 1.82 2.48]

5-V 75 86.0 1.27 2.42 2.4010-V 75 75.0 1.15 2.34
9-V 75 36.0 0.54 2.39J

12-V GO 38.0 0.83 1 .63l 1.6825-V 60 22.0 0.46 1.72/
8-V 50 24.0 0.64 1-35]

14-V 50 30.0 0.65 1 .65 / 1.48
16-V 50 9.5 0.24 1.45/
13-V 40 11.3 0.30 1.381 1.20
27-V 40 8.5 0.30 1.02/

Conditions: C atalyst I; Cm = 0.95 mole/1.
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TABLE VI
n and K,, for Différent. Tem peratures of Polymerization“

R un

Tem pera­
ture of 

polymeriza­
tion, °C

Reaction rate 
a t injection 
of inhibitor, 

g C2H 4/g  
catalyst-hr

n  X 10«, 
m ole/g

K „  X 10-«, 
l./m ole-hr

K„ X 10“«, 
(average 
value), 

l./m ole-hr
3-V 90 13.0 2.42 0.21Ì

0.24]
—

29-V 90 15 .5b 2.36
1-V 75 10.0 1.88 0.19]
2-V 75 12.0 1.72 0.25? 0.22
9-V 75 12.0 1.86 0.23J
4-V 50 7 .0b 1.90 0.13] 

0.15?18-V 50 2 .0 0.46 0.12
11-V 50 1.6 0.67 O.O9J

“ Conditions: c a ta ly s t l l l ;  Cm =  0 .95m ole/l, 
b Experiments from other sériés.

TABLE VII
n and K,, for Different Tem peratures of Polymerization“

Reaction rate
Tempera- a t injection K p  X 10“«

ture of of inhibitor, (average
polymeriza- g C2H 4/g n X 10«, K p X 10-«, value),

R un tion, °C catalyst-hr m ole/g mole /'hr l./m ole-hr
20-V 90 19.0 1.59 0.44 —
22-V 75 2 7 .0b 1.76 0.54]
24-V 75 16 .0b 1.20 0.48 ► 0.50
19-V 75 22.0 1.65 0.48J
23-V 60 18.0 1.74 0.37} 0.37
25- V
26- V

50
50

11.2 
4 . 5b

1.25
0.58

0.32Ì
0.28] 0.30

21-V 40 6.9 1.18 0.21}1 0.21
“ Conditions: C a ta ly s t l l l ;  reduced monoxide; Cm 
b Experiments from other series.

= 0.95 mole/l.

TABLE V III
Activation Energies for Chromium Oxide C atalysts of Different Compositions

C atalyst I I I
(reduced by

C atalyst I C atalyst II carbon monoxide )
Eoo, kcal/m ole 10 ±  1 16 6.5
Ep, kcal/m ole 4 .2  ±  0 .5 5 .4  ±  1 4 .7  ±  1
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Fig. 12. Dependence of steady-state concentration of propagation centers on poly­
merization tem perature for different chromium-oxide catalysts (Cm = 0.95 mole/1.): 
(1) catalyst I, {2) catalyst I I I ; (3) catalyst III , reduced by carbon monoxide.

Fig. 13. K inetic curves for runs a t  different polymerization tem peratures (catalyst 
I, Cm =  0.1).") niole/1.): (1) 75°C; (2) 40°C; (3) experiment with stepwise tem pera­
ture decrease.

DISCUSSION

Possibility of Quantitative Determination of n and K„

The determination of the number of propagation centers by the quench­
ing technique with the use of a radioactive inhibitor is possible when the 
interaction between an inhibitor and propagation centers is of a quantita­
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tive character. The, occurrence of a reaction in the kinetic region provides 
a possibility of Kv calculation from the polymerization rate and the number 
of propagation centers. Dissolving ethylene was not a rate-controlling
step. In our case the .steady-stage polymerization rate per gram of cata­
lyst did not depend on the catalyst concentration in a solvent.

For the catalysts of the same chemical composition the following factors 
did not influence the propagation rate constant (within possible experimen­
tal errors): (1) quantity of inhibitor injected (provided there is complete 
stopping of the polymerization; the quantity of methanol-14C used for 
quenching varied from 1 X 10-4 to 1 X 10 3 mole/g of catalyst); (2) cata­
lyst concentration in a solvent (from 0.0 to 4.0 g/1. in our experiments);
(3) polymerization duration up to quenching (from 13 to 130 min); (4) 
polymerization rate (and the number of propagation centers) at the mo­
ment of inhibitor injection (the polymerization rate varied from 17 to 150 
g C2H,i,g catalyst-hr and the number of propagation centers for catalyst I 
varied from 0.5 to 2.5 X 10-6 mole/g); (5) pore structure of a support (as 
proved by using two types of silica with surface areas of 400 and 200 m2/g  
and two types of silica-alumina with surface areas of 300 and 400 m2/g); 
(6) initial dimensions of catalyst particles (fractions of silica-alumina less 
than 0.1 mm and 0.25-0.5 mm were studied); (7) physical state of the re­
action medium; K„ did not depend on whether polymerization took place 
in a liquid (benzine) or in a gas phase (without solvent).

At 75°C the average value of the propagation rate constant was 1 X 
106 l./mole-hr (catalyst II) and 2.5 X 10* l./mole-hr (catalyst I) when 
silica-alumina and silica were used as supports, respectively. The con­
stancy of the Kp value should be taken as a reason in favor of the quantita­
tive character of the measurement of the number of propagation centers 
for investigated catalytic systems.

Within the temperature range up to 75°C the polymerization process is 
not limited by diffusion of monomer from the volume to the propagation 
centers on ihe surface of a catalyst; it follows from the fact that the poly­
merization rate per propagation center (that is, Kp value) does not depend 
on concentration of propagation centers or catalyst particle size.

When diffusion influences the polymerization rate, the change of calcu­
lated K„ with variation of time, with the number of propagation centers, 
and with an overall polymerization rate should be expected.5-7 The con­
sideration of the role of mass and heat transfer in ethylene catalytic poly­
merization8 also illustrates that the diffusion of monomer to propagation 
centers on the catalyst surface does not control the overall polymerization 
rate while porous grains of insoluble polymer are being formed.

The data obtained at 90°C when a low molecular pari of polyethylene is 
likely to be soluble indicate the diffusional restrictions at this tempera­
ture. The polymerization rate at 90°C is less than at 75°C, while the 
number of propagation centers either increases or remains constant. As a 
consequence the calculated Kp value at 90°C is lower than at 75°C. We. 
assume this phenomenon to be caused by a decrease of the monomer con-
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coni ration below equilibrium in the environment of an active center. 
Therefore for the calculation of activation energies only the data obtained 
at 40-75 °C were used; those data were not effected by diffusion of ethylene.

Proportion of “Working” Chromium

The number of propagation centers on chromium oxide catalysts mea­
sured in our experiments under different conditions was 0.3 X 10_6-2.5 X 
ICO6 mole,g of catalyst. It is easy to calculate from these data that only a 
small part of chromium was active. In the experiments described this 
part approached 0.5% of the total content of chromium in a catalyst (a 
propagation center is assumed to involve one chromium atom).

Possible reasons of the low concentration of propagation centers of chro­
mium oxide catalysts may be the following: (a) a low content of initial 
surface compound (active component) whose interaction with reaction 
medium produces propagation centers; (b) a low yield of propagation cen­
ters in the initiation process; (c) effective surface of catalyst is only a 
small part of the total surface area of the support; (d) inhibition by the 
impurities in reaction medium.

It is difficult to evaluate the relative importance of the reasons just .men­
tioned, but it should be pointed out that the catalytic activity and there­
fore the proportion of “working” chromium depends to a great extent on 
the presence of poisons. A significant increase of polymerization rate and 
a polymer yield were observed when pure raw materials were used. Nat­
urally, a catalyst will have maximum activity when all the chromium 
atoms deposited on a catalyst are involved in propagation centers. The 
value of maximum catalytic activity can be calculated by using the values 
of propagation rate constant found. For the chromium oxide catalyst on 
silica at 75°C and monomer concentration of 1 mole/1. (15 kg/cm2 in 
cyclohexane) this value is 1.4 X 106 g of polyethylene/g of chromium per 
hour or 33.5 X 10* g of polyethylene/g catalyst per hour for catalyst with 
2.5% chromium content.

The polymerization of ethylene with chromium oxide catalyst is as usual 
a nonsteady-state process. An acceleration period of the reaction is fol­
lowed by a constant polymerization rate after which the latter decreases. 
In some cases a steady-state period was not observed: the kinetic curves 
showed a maximum.4 9 Our data on the measurements of the number of 
propagation centers at different polymerization times (Figs. 1 and 2) showed 
that an increase of polymerization rate with time is determined by an in­
crease in the number of propagation centers and the steady-state period on 
kinetic curve is due to establishing a stationary concentration of propaga­
tion centers. To explain the increase in the number of propagation centers 
with polymerization time the following reasons should be mentioned: 
(a) a low rate of the initiation process; (b) an increase of the effective 
surface area of a catalyst due to its disintegration.
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Besides, there is a possibility of a decrease in catalyst activity and in the 
proportion of “working” chromium due to the inhibiting effect of impuri­
ties.

In the case of supported oxide catalysts the polymerization rate and its 
time dependence seem to be determined by simultaneous interference of 
all the three processes. Depending on the conditions of polymerization 
process, the method of catalyst preparation, chemical composition of cata­
lyst, and structure of the support, the relative importance of these processes 
can vary so governing different forms of kinetic curves for various cases of 
polymerization.

Depencence of Propagation Rate on Monomer Concentration
Our measurements of the number of propagation centers at different 

ethylene pressures show that for the propagation stage an equation of first 
order on monomer concentration (and of overall second order) is valid. 
The Kv values calculated for different runs on the basis of eq. (3) are con­
stant (2.4 X 106 ±  15% l./mole-hr, see Table IV). As calculated from the 
equation

V = KV'CV (4)
i.e., on the assumption of a zero order equation on monomer, Kv values 
vary from 0.28 X 106 to 3.3 X 106 l./hr.

The stationary concentration of propagation centers experimentally 
determined does not depend on monomer concentration in the pressure 
range from 2 to 25 kg/cm2 (Fig. 4), and the overall polymerization rate is 
proportional to monomer concentration. The reaction is of the same order 
on monomer both when ethylene pressure is changed from one run to an­
other and when monomer pressure is changed in the course of a single run 
after approaching a steady-state polymerization rate. These results show 
that at a constant temperature an initiation process proceeds up to estab­
lishing a definite stationary state of catalyst, regardless of the monomer 
concentration. According to the data of Clark and Bailey10 at the higher 
ethylene concentration a polymerization rate does not depend on ethylene 
pressure; propagation reaction in this case is likely to be of a zero order 
on monomer concentration and is governed by eq. (4).

Influence of Polymerization Temperature on Kinetic Parameters of 
Propagation Reaction

From the temperature dependence of the overall polymerization rate the 
overall activation energy (Eov) can be calculated. As usual, this value 
differs from the activation energy of the propagation stage (Ep). The 
coincidence between Em and Ep is possible only in the case when a tem­
perature dependence of polymerization rate is determined only by varia­
tion of Kp and the concentration of propagation centers remains unchanged
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with temperature. For catalytic polymerization processes the tempera­
ture as a rule influences the number of active centers, and EP may be found 
only from a temperature dependence of the propagation rate constant.
For chromium oxide catalyst activated in vacuo EP differs from Eov (Table 
VIII). This difference is caused by the dependence of the concentration 
of propagation centers on polymerization temperature (Fig. 12, curves 1 
and 2). The character of this dependence changes with variation of 
catalyst composition. The value of effective activation energy for chro­
mium oxide catalysts changes when different supports are used (silica or 
alumina). The dependence of n on the reaction temperature may be ex­
plained on the assumption that the formation of propagation centers occurs 
as a result of reduction of chromium in an active component with ethylene. 
The difference between temperature dependencies on Si02 and Ak03 is 
caused by the difference in stability of Cr+6 compounds on the surface of 
these supports. It was shown11 that one expects an increase in the ability 
of surface chromate-type compounds to undergo reduction when electro­
negativity of the carrier cation increases. So in the case of SiO» a deeper 
reduction degree of Cr+6 is possible than in the case of A120 3. This was 
observed elsewhere.12

The role of reduction in the formation of propagation centers is proved 
by a comparison of catalyst prepared on the same support and activated 
in vacuum (system II) with one reduced with carbon monoxide (system III). 
A preliminary reduction of catalyst with carbon monoxide nearly excludes 
the influence of polymerization temperature on the number of propagation 
centers (Fig. 12, curves 2 and S); the overall activation energy becomes 
(3.5 kcal/mole instead of 1(3 kcal/mole.

The oxidation number of chromium in the catalyst reduced by CO at 
300°C is not more than 3. In the case of catalyst reduced with ethylene at 
polymerization temperatures the oxidation number is more than 3 and in­
creases when the reduction temperature decreases; for example, in catalyst 
I reduced with ethylene at 75°C for 90 min the oxidation number of chro­
mium is 3.37; for the reduction 40°C the oxidation number is 3.70. So 
the preliminary reduction of chromium oxide catalyst may result in an in­
crease in the active center concentration in comparison with the vacuum- 
treated catalyst when the polymerization temperature is not high enough 
for the deep reduction of initial chromium compounds with ethylene. For 
catalyst II, the increase of the number of the active centers as a result of the 
preliminary reduction occurs at polymerization temperatures less than 
70°C (see Fig. 12, curves 2 and 3).

If th(> formation of the propagation centers is an irreversible reaction, it 
is possible to avoid the influence of temperature on Ihe number of propa­
gation centers by determining the dependence of the steady-state poly­
merization rate on temperature in a single run. In this case, the value of 
the activation energy should correspond to the Ev value. The results of
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the determination of activation energy with variation of temperature in 
the same run show (Figs. 13 and 9) that the value thus obtained (~4 .6  kcal/ 
mole) differs considerably from the overall activation energy and coincides 
fairly well with the activation energy of the propagation stage.

It is known41013 that the chromium oxide catalyst is very active at 110— 
140°C. As is seen from our data, the overall rate decrease at 90°C is not 
due to a decrease in the number of active centers but is caused by diffu­
sion restrictions. At higher temperatures (above 110°C) polyethylene is 
soluble in a hydrocarbon solvent; in this case, diffusion seems to vanish.

CONCLUSIONS
The method of quenching the polymerization by methanol labeled in the 

alkoxyl group seems to have a successful application in the study of oxide 
catalysts. This technique gave valuable information on the reasons for 
the change of the polymerization rate with reaction conditions.

For the typical Ziegler-Natta catalysts the applicability of an alcohol 
quenching technique is restricted5'6’14,15 as the total number of metal- 
polymer bonds is determined when polymerization is stopped by alcohol 
labeled with tritium in the hydroxyl group. Some of these metal-poly­
mer bonds are inactive, so the quantitative determination of the propaga­
tion centers becomes ambiguous.

The typical Phillips polymerization catalysts are one-component sys­
tems, and all the catalyst-polymer bonds are active. The determination 
of the number of these bonds makes it possible to give important character­
istics of the propagation center—the rate constant of the propagation stage 
—and thus to obtain real kinetic parameters for one of the elementary 
stages of the catalytic polymerization.
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well defined and strictly controlled. The average molecular weight and 
the polydispersity of the segments of the block copolymer are the same as 
those of the parent oligomeric starting materials.

The following is a discussion of the synthesis, stability, morphology, 
and wide-ranging mechanical properties of polysulfone-polydimethyl- 
siloxane block copolymers.

EXPERIMENTAL
Oligomers

Polysulfone is synthesized from the disodium salt of bisphenol A and 
dichlorodiphonylsulfone in chlorobenzene-dimethyl sulfoxide solution.2-5 
The dihydroxyl-terminated oligomers used in this work were prepared by 
this procedure, by using excess bisphenol A disodium salt, followed by 
neutralization with oxalic acid. Oligomers of varying Mn, as measured 
by potentiometric end group titration, were prepared by using different 
ratios of the two monomers. A typical synthesis follows.

Bisphenol A (113 g, 0.49b mole), 450 ml of chlorobenzene, and 450 ml 
of dimethylsulfoxido were heated to 100°C. A solution of 39.6 g (0.99 
mole) of NaOH in 45.0 ml of H20  was added, and water was removed by 
azeotropic distillation. When the pot temperature reached 178°C, 73 ml 
of H20  and 458 ml of solvent had distilled out. The temperature was re­
duced to 145°C, and a solution of 129.2 g (0.45 m.) of dichlorodiphenyl- 
sulfone in 240 ml. of chlorobenzene (kept at 75°C) was added. The pot 
temperature was raised to 165°C to remove the last traces of HsO (160 ml 
of moist solvent distilled off). The temperature was then again reduced 
to 145°C and maintained at that, level for 3 hr. It was then raised to 
174°C, during which time most of the remaining chlorobenzene (57 ml) 
was removed. After cooling the reaction solution to room temperature and 
diluting with 120 ml of dimethylsulfoxide, the product was neutralized and 
coagulated with a solution of 60 g of oxalic acid in 3000 ml of H20. The 
filtered product was slurried for 8 hr with a solution of 1.5 g of oxalic acid 
in 400 ml of H20 , and then was water-washed four times. The product 
(206.8 g; 98.8% yield) was an off-white powder which had ati Mn of 4700. 
Mn was determined by the potentiometric titration of 0.5-1.0 g of sample 
in 50 ml of pyridine with a 0.025A solution of tetrabutylammonium hy­
droxide in 90/10 benzene-methanol by use of a Metrohm Potentiograph 
E336.*

The bisdimethylamine-terminated polydimethylsiloxane oligomers used 
in this work were kindly supplied by Air. T. C. Williams of the Silicones 
Department of Union Carbide Corporation.

Polysulfone Polydimethylsiloxane Block Copolymers
The block copolymers are synthesized by reacting the above oligomers 

in chlorobenzene (preferably) or in tetrahydrofuran solution at tempera-
* T h is  an a ly tic a l p rocedure was developed by  M r. 11. C. I laze l ton of th ese  labo ra ­

tories.
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tures ranging from ambient to 120°C. Both of these solvents form 
azeotropes with water, which allows the system to be dehydrated before 
addition of the siloxane oligomer. Dehydration is important, since water 
can react with the amine end groups of the siloxane oligomers. The fol­
lowing is an example of a typical block copolymer synthesis from a 4700 
Mn polysulfone oligomer and a 5100 Mn polydimethylsiloxane oligomer, as 
determined by endgroup titration.

A four-necked, 1-liter Morton flask was fitted with a mechanical stirrer, 
a reflux condenser with a Drierite drying tube, an addition funnel, a ther­
mometer, a short-path distillation take-off, and a dry nitrogen inlet. The 
apparatus was dried with a heat gun, and a blanket of dry nitrogen was 
maintained throughout the reaction. Chlorobenzene (700 ml) and 25.0 
g (0.00532 mole) of a 4700 Mn polysulfone oligomer were charged to the 
reactor. After the oligomer dissolved, 300 ml of chlorobenzene was dis­
tilled out, after which the temperature was adjusted to and maintained at 
70°C. A small excess of a 5100 M„ polydimethylsiloxane oligomer fluid 
(29.0 ml; 27.9 g; 0.00547 mole) was then added to the reaction solution in 
the following increments, at 30-min intervals: 10 ml, 5 ml, 5 ml, 3 ml,
2 ml, 2 ml, 1 ml, 1 ml. Shorter interval times may also be used. This 
incremental addition procedure allows the true stoichiometric endpoint to 
be approached gradually, thus assuring high molecular weight product.

The evolution of dimethylamine throughout the reaction was detected 
with moist litmus paper and by a change in the color of the Drierite (light 
to dark blue). There was little change in the viscosity of the reaction solu­
tion until the first 2-ml increment of siloxane was added. The viscosity 
then increased dramatically with each additional increment, the final vis­
cosity being very high. One hour after addition of the final increment of 
siloxane, the reaction solution was cooled to room temperature and coagu­
lated with 3 liters of methanol. The product (48.0 g, after drying over­
night in vacuo at 80°C) was a white, fluffy material with a reduced viscosity 
of 0.S0 (0.2 g/'dl in CH2C12 at 25°C). Films cast from the reaction solution, 
or from a 10% methylene chloride solution of the coagulated product, were 
colorless, transparent, flexible, and tough.

A slightly modified procedure was used to obtain the stoichiometry and 
reaction rate data shown in Figures 1 and 2. All of the siloxane was added 
in one portion in these runs. In the case of the rate experiments, aliquot 
samples were periodically withdrawn from the reaction solution and cast 
into films for reduced viscosity measurement.

RESULTS AND DISCUSSION 

Synthesis
The polysulfone-polydimethylsiloxane block copolymers were prepared 

by the interaction of preformed dihydroxyl-terminated polysulfone and 
bisdimethylamine-terminated polydimethylsiloxane oligomers as shown 
ineq. (1).
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The reaction was carried out in chlorobenzene or tetrahydrofuran solution 
at 25-120°C. The evolution of gaseous dimethylamine by-product leaves 
an essentially pure solution of block copolymer product. Product isolation 
was achieved either by solvent evaporation or by coagulation with meth­
anol.

This reaction scheme was developed after a model study indicated that 
bisphenol A and l,9-bis(dimethylamino)decamethylpentasiloxane reacted 
very smoothly in refluxing tetrahydrofuran to give polymers of high molecu­
lar weight. The reaction is very facile due to the high reactivity of the Si-N 
bonds12 in the siloxane oligomer toward phenolic compounds. A somewhat 
similar reaction has been reported13 to give polymers from dianilino silanes 
and bisphenols. This latter reaction, however, is carried out via a melt

Fig. 1. Effect of stoichiometry on block copolymer molecular weight based on 4700 M n 
polysulfone and 5100 M n polydimethylsiloxane oligomers.

process at ^300° C and is not amenable to the synthesis of block copolymers, 
due to oligomer incompatibility. The reaction of bisphenol A with chlo­
rine-terminated siloxanes in the presence of pyridine was also investigated. 
In comparison to our preferred procedure, t his technique was more sluggish, 
gave lower molecular weight polymer, and was not as “clean” due to the 
formation of pyridine hydrochloride by-product.

As can be seen from eq. (1), the block copolymers have an alternating 
T-A-B-h, block sequence structure. These structures are well defined and 
strictly controlled, since the two oligomers can interact with each other but 
not with themselves. As a result, the structure of the blocks in the copoly­
mers is identical to that of the oligomers. The structure shown in the 
equation is idealized. In practice, the end blocks are both polysulfone or 
both polydimethylsiloxane, depending on the actual final stoichiometry of 
the reaction.
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REACTION TIME (MINUTES)

Fig. 2. Rate of block copolymer formation.

While the molecular weight and composition of the block copolymers can 
be varied by using stoichiometric excess amounts of either of the oligomers, 
maximum molecular weight, is, of course, achieved at the equivalent stoi­
chiometric point. The effect of stoichiometry on product molecular weight 
is illustrated in Figure 1. Since there is some degree of uncertainty in 
determining the exact molecular weights of the oligomers, it is more difficult 
to predict the stoichiometric point, a priori, in this system than in tradi­
tional condensation polymerizations which use low molecular weight mono­
meric starting materials. This problem has been circumvented by adding 
the siloxane oligomer to the polysulfone oligomer reaction solution slowly, 
in progressively smaller increments, in order to approach the stoichiometric 
end point gradually and thus achieve high molecular weight. Block co­
polymers with reduced viscosities (0.2 g/dl in methylene chloride at 26°C) 
as high as 1.60 dl/g have been obtained by this technique. This corre­
sponds to a weight-average1 molecular weight of about 2RS.000, as determined 
by ultracentrifugation in tetrahydrofuran solution.14

The facile nature of the block copolymerization reaction is illustrated 
by the extremely rapid rate of reaction in chlorobenzene solution. As can 
be seen from the rate data in Figure 2, the maximum molecular weight 
level is reached almost instantaneously at a reaction temperature of 70°C. 
Even at 25°C, the maximum molecular weight level is achieved in only 46 
min. The success of the incremental addition technique, described above, 
is due to this rapid rate of reaction.

The rate of copolymerization is affected by the type of reaction solvent 
used. Figure 2 illustrates that reaction at 70°C was much slower in tetra­
hydrofuran than in chlorobenzene. The reason for this effect is not en­
tirely clear. It does not appear to be due to a difference in the degree of 
chain extension, and therefore endgroup availability, since the reduced
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viscosities of polysulfone oligomers and block copolymers are essentially the 
same in both solvents, (e.g., 0.14 and 1.24, respectively in chlorobenzene vs.
0.16 and 1.31. respectively, in tetrahydrofuran). The effect may be due to 
hydrogen bonding of the polysulfone oligomer hydroxyl with tetrahydro­
furan. This would reduce the availability of the phenolic hydrogen for 
hydrogen bonding with the nitrogen of the silylamine endgroups. This
—N-----H bonding in a solvent such as chlorobenzene would be expected to
weaken the Si — N bond and make the Si more susceptible to attack by the 0 
of the polysulfone endgroups.

Stability
As expected from the known properties of the parent homopolymers,2-6 

the thermal and thermal-oxidative stability of the polysulfone-polydi- 
methylsiloxane block copolymers were found to be very good. Thermo- 
gravimetric analysis of a block copolymer prepared from ~6000 molecular 
weight polysulfone and polydimethylsiloxane oligomers gave results inter­
mediate to those obtained with polysulfone and polydimethylsiloxane homo­
polymers (Fig. 3).

This block copolymer (10-mil cast film) was also aged in a circulating air 
oven at 170°C along with a commercial elastomeric polyurethane (Estane 
X-7) block copolymer for comparison. The polyurethane became badly 
discolored arid crosslinked after one day. After 14 days, the polysulfone- 
polydimethylsiloxane block copolymer was unchanged in appearance, solu­
ble, and had retained 90% of its initial reduced viscosity (see Fig. 4).

The polysulfone—polydimethylsiloxane block copolymers also display good 
hydrolytic stability, even though the segments are linked by Si—0 —C bonds, 
which are reportedly unstable hydrolytically.16 This is illustrated by Fig-

TEMPERATURE (°C)
Fig. 3. TGA of polysulfone-polydimethylsiloxaiie block copolymer and homopolymers

(in nitrogen a t 10°C/m in).
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Fig. 4. Polysulfone-polydimethylsiloxane air oven aging stability a t 170°C (10 mil 
film; initial reduced viscosity = 0.84).

EXPOSURE TIME (DAYS)

Fig. 5. Boiling water stability  of 10-mil films of polyurethane and polysulfone-polydi-
methylsiloxane.

tire 5, which shows the superior boiling water stability of a 10-mil film of the 
polysulfone-polydimethylsiloxane block copolymer in comparison to that 
of the polyurethane control sample. This hydrolytic stability may be due, 
in part, to the hydrophobic nature of the block copolymer film. However, 
solutions of the block copolymer also exhibited good hydrolytic stability. 
Little or no loss in reduced viscosity was observed when wet tetrahydro- 
furan or chlorobenzene solutions (containing 5% water) were refluxed for 
3 days. This suggests that the stability may be due to steric hindrance of 
the Si—0 —C linkage.
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TABLE I
Environm ental Stability  of 

Polysulfone-Polydim ethylsiloxane Block Copolymer“

Days Redui ■ ed viscosity, %  retained after exposure tob
W ater 10% NaOH 10% HC1 ASTM Oil #1exposed

30 99 100 82 98
60 96 100 46 96

* 10-mil cast films exposed a t  room tem perature.
b Reduced viscosity determ ined a t 0.2 g /d l in CILCL a t 25°C. Initial reduced vis­

cosity = 0.82.

Other environmental stability tests (see Table I) showed the block co­
polymer to be essentially unaffected by two months’ exposure, at room 
temperature, to water, 10% NaOH, and ASTM oil #1. However, signifi­
cant degradation did occur during exposure to 10% HC1 for the same period 
of time.

Properties
Block copolymers were synthesized from polysulfone oligomers of 4700 

to 9300 M„ (number-average molecular weight) and polydimethylsiloxane 
oligomers of Mn ranging from 350 to 25,000. The temperature-modulus 
curves shown in Figure 6 for the products obtained with 4700 M„ polysul­
fone oligomer and three of the polydimethylsiloxane oligomers illustrate 
the effect of siloxane block molecular weight on the morphology of the block 
copolymer. The 350 Mn siloxane oligomer gave a single-phase system, 
which had one glass transition temperature (T„) at 125°C, as determined 
from modulus and resilience measurements. A 1700 Mn siloxane oligomer 
produced a copolymer which showed a very small degree of phase separa­
tion, as indicated by the slight shoulder at — 100°C and the major transi­
tion at +140°C. The block copolymer synthesized from the 5100 Mn 
siloxane oligomer displayed a high degree of phase separation (domain for­
mation) and exhibited two very definite TJs, one at — 120°C due to the 
polydimethylsiloxane phase and another at +160°C due to the polysulfone 
phase.

The very broad, flat modulus plateau between the two transition tem­
peratures displayed by these two-phase block copolymers indicates that 
these materials have a very broad useful temperature range.

It is interesting to note that two-phase systems are obtained at such low 
block molecular weight levels in these amorphous copolymers (i.e., both 
blocks = ~5000 M„). Much higher block molecular weights are required 
for domain formation in styrene-butadiene copolymers (e.g., 5,000-10,000 
Mn for polystyrene and ^50,000 M„ for polybutadiene).16 We interpret 
this as being due to an inherently greater degree of polvsulfone-polydi- 
methyl siloxane incompatibility than is the case with polystyrene and poly­
butadiene.
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Fig. 6. Tem perature-m odulus curves for block copolymers of polysulfone (M n = 
4700) with polydimethylsiloxane: (A) polydimethylsiloxane M „ =  350; (B) polydi- 
m ethylsiloxaneM n = 1700; (C)polydim ethylsiloxaneM n = 5100.

The mechanical properties of the polysulfone-polydimethylsiloxane block 
copolymers vary widely depending upon their composition, which in turn 
depends primarily on the molecular weight of the oligomers used in their 
synthesis. The data shown in Table II demonstrate that copolymers have 
been prepared which range in properties from rigid, low elongation materials 
to very flexible, high elongation compositions. All of the solution cast 
films on which these properties were measured are transparent and colorless.

The compositions of high siloxane content display substantial recovery 
properties and behave like crosslinked silicone rubbers, even though they 
are not crosslinked. This is the result of their two-phase morphology, the 
polysulfone domains acting as “anchor” sites to produce a pseudo physically 
crosslinked system. The strength of these compositions is greater than 
that of unfilled, crosslinked silicone rubbers, and about equivalent to that of 
filled silicones. This is presumably the result of the reinforcement effect 
of the polysulfone domains, which act as “filler” particles. The excellent 
clarity of the block copolymers is due to the small size of these domains, 
about 150 A as determined by electron microscopy.17
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SUMMARY AND CONCLUSIONS
Block copolymers of polysulfone--polydimethylsiloxane have been pre­

pared. The synthesis is carried out by the interaction of oligomers bearing 
mutually reactive endgroups, i.e., dihydroxyl-terminated polysulfone and 
bis(dimethylamine)-terminated polydimethylsiloxane. The reaction is 
very rapid (minutes at 70°C), and product isolation is facile, since the only 
by-product is gaseous dimethylamine. The block copolymers are soluble, 
amorphous, and transparent, and display good thermal and hydrolytic 
stability.

The alternating -f-A-B-)-« block structure of the copolymers is strictly con­
trolled since the starting materials are pairs of preformed, well-character­
ized oligomers which can react only with their opposite kinds. Properties 
ranging from rigid to flexible arc; obtained by varying the molecular weights 
of the oligomers, and therefore the composition of the products.

The morphology of the copolymers can also be controlled by varying 
oligomer molecular weight. Very low molecular weight oligomers produce 
single-phase copolymers, while higher molecular weight oligomers ( i> 5000 
M„) give two-phase systems. The latter display dual glass transition 
temperatures, e.g., — 120°C and +160°C, indicating a broad useful tem­
perature range for these materials. Compositions of high siloxane content 
and low modulus exhibit good elastomeric properties resulting from the 
reinforcing and physical crosslinking effects of the polysulfone domains.

The authors wish to thank Mr. T. C. W illiams for supplying the polydimethylsiloxane 
oligomers used in this work. We are also indebted to Mr. W. D. Niegisch for the elec­
tron microscope results, to Dr. J. V. Koleske for the ultracentrifugation data, and to 
Mr. R. C. Hazelton for the polysulfone oligomer end-group analyses.
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Photochemical and Thermal Isomerization in Polymer 
Matrices: Azo Compounds in Polystyrene

W. J. PRIEST and AI. AL SIFAIN, Research Laboratories, Eastman 
Kodak Company Rochester, New York 11)650

Synopsis
Photochemical and therm al geometrical isomerizations of monoazo compounds have 

been studied in polystyrene-n-butylben zene compositions. Cis-trans isomer ratios 
established by light absorption were found to depend on m atrix viscosity. W here the 
compositions were above their respective glass tem peratures, all thermal isomerizations 
conformed to first-order kinetics. Where compositions were below their respective glass 
tem peratures, the initial isomerization rates were abnormally fast, decaying to normal 
first-order processes after substantial am ounts of reaction had taken place. These 
effects have been interpreted in terms of the vitreous properties of polystyrene.

INTRODUCTION
Two recent publications deal with the influence of polymer matrices 

on thermal bleaching of photoproducts obtained by illumination of in- 
dolinyl spiropyrans.1'2 These isomerizations are combinations of valence 
bond and configurational changes wherein transformations among the 
several labile (ground-state) species formed by absorption of light in the 
spiropyran may occur as sequential processes. In fluid solutions, according 
to these reports, fading of colored photoproducts follows first-order kinetics. 
In compositions in which polymers below their respective glass transition 
temperatures are “solvent,” the bleaching does not conform to first-order 
kinetics. First-order plots show maximum nonlinear portions at the start, 
gradually reverting to slower, constant values in the terminal portions. 
Garlund3 proposes that these kinetics could be resolved into two first- 
order sequential processes, which are differentiated in polymer (below 
glass transition temperature) but not in fluid solutions.

We have examined a number of thermal isomerization processes, in­
cluding cis —> trans configurational changes in monoazo compounds under 
similar conditions. The first-order plots obtained for all of these show 
the same form as those reported for the indolinvl merocyanine thermal 
bleaching. In isomerizations such as these, which involve only one labile 
form, Garlund’s mechanism is inapplicable; hence it is necessary to account 
for the observations in some other manner. The work reported here 
embodies a detailed study of isomerizations of monoazo compounds in 
polystyrene.

©  1971 by John Wiley & Sons, Inc.
3161
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EXPERIMENTAL

Materials
n-Butylbenzene (Eastman Reagent Grade) was used as received. 

A commercial grade polystyrene, Koppers 8X, was purified by precipita­
tion of the polymer from a benzene solution to acetone.

Commercial 2,2'-azonaphthalene (I) was recrystallized from benzene; 
£380 nm = 2.1G X 104, £3i5 nm = 2.54 X 104 (n-butylbenzene).

4-Ethoxyazobenzene (II) was prepared from p-phenylazophenol by the 
ethylation procedure of Jacobson and Fischer.4

Sample Preparation
Solutions of dye, polymer, and small quantities of a stabilizer, 1,4- 

diazabicyclo [2.2.2]octane (to prevent the acid catalysis), were dissolved 
in the solvent which was normally benzene. A portion of the solution 
was coated on a film of polyester support with a coating tool. The volatile 
solvents were completely removed by heat treatment of the film for about 
20 min in a vacuum oven. The film thicknesses were about 10 ju and dye 
concentrations were about 2.5 X 10-2il/. Where films containing residual 
solvent were required, evaporation of the solvent was interrupted at stages 
following coating by covering with a sheet of polyester. The laminate 
was thereafter bonded by passing through a set of warm pressure rollers. 
Samples which contained no solvent were normally cooled rapidly in air 
following heating to the vicinity of polymer glass temperature. Except 
where specified otherwise, these “quenched” samples were standard. 
Annealed samples were heated for three weeks at S0°C, a temperature 
which is about 30°C below the glass temperature.

Measurements
Film samples were placed in 1-cm, Nujol-filled spectrophotometer 

cells and held vertical by 9-mm silica spacers. For photoisomerization, 
solution of film samples were illuminated with G. E. Black Light fluo­
rescent lamps arrayed in a flat bank. Corning glass band-pass filters 
were usually used to modulate the lamp radiation. Absorbance measure­
ments were made in a Beckman DB spectrophotometer. Thermal rates 
of return following illumination were measured in thermostatted samples. 
The samples were removed at selected times for absorbance measurements 
in the spectrophotometer, whose sample compartment was maintained 
near the temperature of the thermostat by circulating water. Tempera­
tures were maintained to 0.15°C.

The rate data throughout are displayed in first-order format according 
to the relation:

— lJ,)] = Kl/2.3log [(/)„ — Du)/(I).
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where D0, Dt and D„ are observed absorbances in the peak of the long- 
wavelength bands of the respective trans isomers at subscript times. 
These absorbances are substantially proportional to concentrations of 
trans isomers in view of the low extinctions of corresponding cis forms 
at the wavelengths monitored.

Measurements of glass transition temperatures of polystyrene and n- 
butylbenzene were made by Mrs. A. S. Marshall by differential thermal 
analysis.

RESULTS

Photoisomerization
Both of the azo compounds were wholly trans after dark equilibration. 

Absorption spectra of trans and cis isomers are shown in Figure 1. Steady- 
state conversions were obtained by illumination for a few minutes by use 
of a Corning 7-39 band-pass filter. Initial absorbances of all samples were 
adjusted to give an absorbance of about 1.0 in the long-wave-band max­
imum. The amount of conversion to respective cis isomers was monitored 
in terms of decreases in absorbance of these absorption bands. Steady- 
state isomer ratios were achieved somewhat more rapidly with fluid 
solutions than with polymer samples. At the temperature of illumination, 
the respective thermal return reactions were not rapid enough to influence 
the steady-state isomer ratios appreciably. The amounts of conversion 
in the steady state under the conditions described are given in Table I.

TABLF I
Photochemical Conversion of Azo Compounds

Solvent
(butylbenzene- %  cis

polystyrene), ill
w t-% Concentration, t b, steady

Species butylbenzene mole/1. ° c state
2, 2'-Azonaphthalene 0“ 2.2 X 10_2 +  109 37

V ^ l — N = N — 0 11 +  109 45
x j  A A J  14 ll +  75 52

(i) 33 “ +  28 58
44 +  1 58
75 2.6 X 10~6 -  75 73

100 -1 3 6 78
4-Ethoxyazobenzene

r — N = N — ^  — CXJ  T, 0“ 
0

2.6 X h ) - 2 +109 
+109

93
96

a i) 100 3.0 X KD5 -1 3 6 96
• Annealed.
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(a)

(b)
Fig. 1. Absorption spectra of azo species: (a) 2,2'-azonaphthalene I, [(i)  d a ta  for

tram  isomer in n-butylbenzene a t room tem perature and (2) a construct of the cis isomer 
in isopropanol a t  —40°C;5 (6) 4-efhoxyazobenzene [(1) da ta  for the trans isomer in 
n-butylbenzene a t room tem perature and (2) cis construct in n-butylbenzene a t room 
tem perature, method of Fischer5].
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T h erm al Isom er iza tio n
Thermal cis —*■ trans isomerizations were measured following photo­

chemical population of the cis form to the greatest practicable extent. 
Exposures longer than those necessary to achieve the steady state did not 
lead to observable changes in kinetics of the thermal return reactions. 
Rate measurements made with a series of compositions of azo species 1

Fig. 2. Therm al cis -*■  Irans isomerizations of I in polystyrene-?ï-butylbenzene com­
positions a t 45DC: (A) n-butylbenzene; (B) 56% polystyrene; (C) 86%  polystyrene; (D) 100% polystyrene (quenched); (E ) 100% polystyrene (annealed).

Fig. 3. Therm al isomerizations of azo compounds I and II in polystyrene and re-butyl- 
benzene: (A) I, 35°C, polystyrene; (B) I, 35°C, n-butylbenzene; (C) II, 55°C, poly­
styrene; (D) II, 55°C, n-butylbenzene.

in polystyrene-butylbenzcne compositions gave the data summarized in 
Figure 2 and Table II.

Similar rate measurements were made for azos I and II in butylbenzene 
and in polystyrene at each of two temperatures. Curves obtained for the 
lower temperature in each case are shown in Figure 3. Temperatures 
chosen for rate measurements of polymer samples were such that there 
were well-defined linear portions in the first-order plots in Figure 3. Rate
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TABLE II
Isomerization of cis-2,2'-Azonaphthalene 

in Butylbenzene-Polystyrene M ixtures a t  45°C
n-Butylbenzene in 

composition, %
T»
°C

Isomerization rate X 102, 
m in -1

0“ +  109 0.82
0 +  109 0.80

11 +  75 1.97
33 +  28 2.26
44 -1- 1 2.60
75 — 75 2.67

100 -1 3 6 2.33
* Annealed.

Comp:
TABLE III

arative R ate Constants for Azo Compounds 
in Styrene and Butylbenzene

T, IO2 X K , E,
Species Solvent °C m in-1 kcal/m ole

2,2 '-Azonaphthalene Butylbenzene 45 
35

2.326
0.899 22.6

Polystyrene 45 0.797 21.435 0.302
+Ethoxyazobenzene Butylbenzene 65 3.570 18.7055 1 .278

Polystyrene 65 2.222 IQ <U>55 0.848

constants corresponding to these and also for the butylbenzene solutions 
at the same temperatures are summarized in Table III.

D IS C U S S IO N
With equivalent light intensities, os-isomer contents in the steady 

state diminish with increases in viscosity of the medium (Table I). These 
effects with polystyrene and mixtures of polystyrene-ra-butylbenzenc 
are similar to those reported for similar species in glasses at low tempera­
tures, and may be understood in terms of competitive reactions among 
excited species, as proposed by Malkin and Fischer.6 Photochemical con­
versions in annealed polymers were smaller than those obtained for similar 
but quenched samples. Annealed samples subsequently reheated briefly to 
the vicinity of the glass transition temperature of the matrix, then 
quenched, have the same properties as unannealed samples. These 
effects suggest that a fraction of the overall reduction in free volume 
which occurs in annealing is partitioned among the dye molecule sites.

Thermal isomerization of I in a series of ?i-butylbenzene-polystyrene 
compositions (Fig. 2) shows that curvature in the initial portions of the
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respective first-order plots is obtained only when the temperature of 
measurement is lower than the glass transition temperature.* With 
increasing amounts of n-butylbenzene “plasticizer,” the curvature dimin­
ishes and the onset of the linear terminal portion of the rate curve occurs 
earlier in the course of reaction. When sufficient n-butylbenzene is present 
to depress T, below the temperature at which the isomerization is run, 
the entire course of the reaction can be represented by a linear plot. Nu­
merical values for rates of isomerization calculated from the terminal 
linear portions of the plots for I show that the isomerizations were slowest 
in unplasticized polystyrene. An estimate of the specific solvent influence 
of hypothetical “mobile” polystyrene on the rate of reaction was obtained 
by extrapolation of the rate values obtained with compositions of poly- 
styrene-n-butylbenzene below T, to a composition representing 100% 
polymer. For I at 45°C, the extrapolated value is 2.9 X 10-2 (±0.1) 
min-1, about four times the observed value for unplasticized polystyrene 
run under the same conditions (8.0 X 10-s (±0.3) min-1).

In solvents of low to medium polarity, rates of isomerization of the simple 
azo prototype have been found to be comparatively insensitive to solvent, 
showing only a twofold rate increase in hydrocarbons relative to acetone.8 
The low rate of reaction in the terminal phase of isomerization in unplasti­
cized polystyrene may be attributed to decreases in probability for forma­
tion of configurations corresponding to activated complex within the 
free volume associated with many dye sites. An alternative possibility, 
that significant fractions of dye molecules have envelopes which exert 
larger polar solvent influences, is less attractive. In either case, little 
readjustment of polymer enveloping individual dye sites appears to occur 
under the conditions in which cis isomer is produced, since return thermal 
kinetics were not measurably affected by increasing times of illumination 
or by holding photo-isomerized samples in the dark prior to rate measure­
ment.

Values for activation energy characterizing thermal bleaching of mero- 
cyanines obtained from illumination of indolinyl spiropyrans for a series of 
xylene-polvstyrene compositions were recently reported.1 These values 
ranged from 17.3 to 31.7 kcal/mole for 100% to 5% solutions. In view of 
these findings, it was of interest to determine whether there were similar 
differences in rate parameters for isomerizations of the azo species in 
chemically similar solvents and polymers. The values for activation 
energy obtained for each of the two azo compounds studied do not show 
any systematic differences between fluid vitreous situations. If differ­
ences exist, they are within the limits of accuracy of the data (Table III).

In the data reported for l,3,3-trimethylindolinyl-6'-nitrospiropyran,1 
it is noteworthy that the largest increase in activation energy (19.7 to
25.0 kcal/mole) occurs with changes of composition from 16 to 25% 
polystyrene. Both of these compositions have glass transition tempera-

The referee has called atten tion  to a similar observation.7
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tures well below room temperature. Values for activation energy of the 
same compound have recently been measured in a number of solvents.9 
For benzene, the value' given compares favorably with the value1 for 
xylene.1 However, even in the solvent of highest polarity (ethanol), 
the activation energy is only 25 kcal/molc. From these considerations, 
it appears that the high values reported for activation energy in xylene- 
polystyrene compositions containing appreciable amounts of polystyrene1 
are questionable.
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Novel Aliphatic Polymers Containing Imide Ring- I. 
Polyspiroimide Based on Methanetetraacetic Acid

LESTER T. C. LEE, ELI M. PEARCE, and STEPHEN S. HIRSCH,*
Corporate Chemical Research Laboratory, Allied Chemical Corporation, 

Morristown, New Jersey 07960

S y n o p sis
High molecular weight polyspiroimides have been prepared by reacting diamines with 

the dianhydride of carboxym ethanetetraacetic acid in polar organic solvents. Alter­
natively, therm al condensation of the preformed salt made from equimolar am ounts of 
diamine and m ethanetetraacetic acid (M TA) can be used. These all-aliphatic poly- 
imides are soluble in certain organic solvents, and possess good thermal-oxidative 
stability.

In trod u ction
Imide-ring formation has occupied an important position in the prepara­

tion of high-temperature performance polymers. Outstanding examples 
are the aromatic polyimides derived from the pyromellitic dianhydride 
and various aromatic diamines.1“6 These rigid aromatic polyimides are 
usually nonmelting, resistant to organic solvents, and their glass transition 
temperatures are often very high.7 Therefore, the synthesis and applica­
tion of the wholly aromatic polyimides are usually processed as the poly- 
amic acid intermediate4"6'8 and then converted into the imide form.

The investigation of aliphatic polyimides is far less extensive than their 
aromatic counterparts. Some, earlier work showed that the aliphatic 
polyimides are inferior in thermal properties and low in melting point.9" 11 
However, polyimides having good high-temper at ure physical properties 
derived from 1,2,3,4-butanetetracarboxylic acid and aromatic diamines 
have recently been reported by Loncrini12 and Kudryavtsev.13 This 
paper describes the preparation and properties of novel aliphatic poly­
imides derived from methanetetraacetic acid (VITA) and various diamines.

R e s u lts  and  D isc u ss io n
High molecular weight polyspiroimides were obtained via solution 

polymerization by reacting the dianhydride of methanetetraacetic acid 
with diamines in dimethylacetamide at low temperature. The poly­
merization was completed by removing the solvent under vacuum, and

■ "Present address: Geigy Chemical Corporation, Ardsley, New York.
3169
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heating the residue at a higher temperature for a short period of time. 
The dianhydride was prepared by heating the methanetetraacctic acid 
(AITA) with acetyl chloride according to the method described by Ingold.14 
The same polyspiroimide was also obtained by a one-step process where 
the preformed equimolar salt of MTA and diamine were thermally poly­
merized in a sealed vacuum tube. The general scheme for the preparation 
of the polyspiroimide can be shown in eqs. (1).

0 0
0 II IIHOOCH,C XHCOOH 

x c
H O O C H , X CHXOOH

2CH.CC1 ^ / C —
° cv c —

-CH,. X H — C . 
CH, C H — CII II

0 0

DMF H,N— R— NH, DMAC U,N —  R— NH,

Salt A ^ [Polyamic acid] (1 )

1

The polyspiroimide structure was confirmed spectroscopically by 
observing the infrared imide bands at 1725 and 725 cm-1. When sampling 
was carried out during the polymerization period via the salt process, 
the gradual disappearance of the amide band at 1645 cm-1  was detected, 
thus suggesting the presence of the polyamic acid as the precusor. The 
conversion of the polyamic acid to the cyclic polyimide was also apparent 
in the low-temperature solution polymerization of the dianhydride of 
MTA with diamines. The complete transformation of the amide band 
to the imide bands upon heating of the initially formed high molecular 
weight polyamic acid as shown by infrared was consistent with the above 
interpretation.

A number of polyspiroimides were prepared and are listed in Table I. 
In most cases, the MTA was reacted with aliphatic diamines. These 
high molecular weight aliphatic polvimides, unlike the aromatic polyimides, 
were, soluble in organic solvents such as trifluoroethanol and hot m-cresol, 
and their glass transition temperatures were clearly detected by differential 
thermal analysis (DTA). Compression-molded films formed from these 
polymers were tough and flexible. By comparison, when 4,4'-diamino- 
diphcnyl ether was reacted with MTA, the polyimide obtained wras colored 
and only partially soluble in the hot m-cresol and trifluoroethanol.
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TABLE I
Properties of Polyimides Based on M ethanetetraacetic Acid

Inherent
viscosity, Properties

Weight loss 
a t  400 °C, %

Diamines d l/g T „  °C of film“ Air n 2
Ethylenediam ine 0.31 205 Flexible — ____

1,6-Hexanediamine 1.03 125 Flexible 2 .0 0.40
1,10-Decanediamine 0.70 78 Flexible — 3
4,4 '-Diamino- — N ot B rittle — 0

diphenyl ether definite
“The film was judged to be flexible if it would taken two full 180° bends against a 

sharp rod w ithout wrinkling and cracking.

T h erm a l-O x id a liv e  S tab ility
Excellent thermal-oxidative stability up to 400°C is shown by these 

aliphatic polyimides. Thermogravimetric analysis (TGA) data for the 
polyimide from MTA and 1,6-hexanediaminc are shown in Figure 1. 
In the absence of oxygen, a weight retention of 99.6% and 98.3% of the 
polymer was measured at 400 and 450°C, respectively. The polymer was 
comparatively less stable when heated in air, with a 2 .0% weight loss 
occurring at 400°C.

The thermal-oxidative stability of the aliphatic polyimide was also 
studied under isothermal conditions. Thin films prepared from MTA 
and 1 ,6-hexanediaminc were placed in an air circulating oven at 200 
or 230°C for 100 hr. Their weight-loss was 1.7 and 7.0%, respectively

100 ■ " X
XX-X 0*x. \

9 0 X o
x' \

8 0 X \
V?

70 - xL n .
ZO 6 0 - iHZ X -  AIR 11
ÜJ1-
L J

5 0 0 -  N 2
?
'itr 14 0 - 1X to T*

Ll) 30 - o N
s o
d5 2 0 -

10 -
0 __________ L 1 1___________ 1------------------1—

0 100 2 0 0  300 400  500 600

TEMP. °C

I
700

Fig. 1. TGA therm ogram s of polyinide from M TA and 1,6-hexanediamine in nitrogen
and air.
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(Table I I ) . The TG A  curves (Figure 2) of this polyspiroimide [poly(hexa- 
niethylene) m ethane tetraacetodiim ide] are compared with several other 
classes of polymers including poly (ethylene terephthalate), poly(m-

Fig. 2. Comparisons of TGA therm ogram s in nitrogen of (O) spiro polyimide, poly- 
[(hexamethylene)methanetetraacetodiim ide] w ith other polymers: (□ ) polyethylene
terephthalate (PE T); (9 ) poly-m -phenyleneisophthalamide (PIA ); ( • )  polv[bis(4- 
cyclohexylene)methylenedodecamide] (BC M D ).

phenylene isophthalamide) and poly [bis (4-cyclohexylene) methylene 
dodecamide] which is prepared from bis(4-aminocyclohexyl)methane in 
isomer ratio of 75% trans-trans, 20% cis-trans, and 5% cis-cis.

P h y sica l
Some typical physical properties of the polyimide from M TA and 

1,6-hexanediamine were determ ined from a 5-mil thick film (Table II).

TABLE II
Physical Properties of Polyimide from M TA and 1,6-Hexanediamine

Tensiles
U ltim ate 

Tensile 
S trength 
psi X 103

U ltim ate
Elongation,

%

1% secant W eight loss in 100 hr, %
psi X 105 At 200°C A t 230°C

7.84 3 .6 3 .4 1.76 7.00
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E xp erim en ta l 
P rep aration  o f  P o ly im id e s

M ethanetetraacetic acid and its diatihydride were prepared according to 
the m ethod described by Ingold .14 A typical procedure for preparation 
of the polyspiroimide is detailed for the reaction of M TA  and 1,6-hexanedi- 
amine.

L ow -T em p era tu re  P o ly m er iza tio n . A solution of 4.64 g (4.0 mmoles) of 
1,6-hexanediamine in 40 ml (V,iV-dimethyIacetamide was added to  a 
stirred solution of 8.48 g (4.0 mmole) of the dianhydride of carboxymeth- 
anotetraacetic acid in  80 ml of A'.A’-i 1 im ethylaeetanii(le m aintained at 
10-15°C under a nitrogen atmosphere, and stirred at room tem perature 
for 2 hr. The initial cloudy solution became clear. The tem perature 
of the reaction was raised gradually until it reached 165°C, and remained 
a t th a t tem perature for 3 hr. The solvent was then removed under high 
vacuum  and the solid residue heated at 250°C and 1.0 mm Hg for 1 hr 
and 300°C/0,3 mm for 25 min. After cooling to room tem perature, the 
solid mass was separated from the glass by cooling in liquid nitrogen. 
The polymer was ground to small particles and washed with acetone and 
water, then dried to constant weight. The yield is 10.5 g (85%). The 
reduced viscosity (0.5 concentrated m-cresol) is 0.98. The infrared 
spectrum  showed major bands at 725 and 1725 p n r 1 for an imide group. 
The glass transition tem perature, as measured by DTA, is 125°C.

Salt Polymerization. A solution of 1,6-hexanediamine (1.41 g or 1.21 
mmole) in 15 ml absolute ethanol is added quantitatively to the methane- 
tetraacetic acid (3.00 g or 1.21 mmole) in 100 ml absolute ethanol and 
crystallization occurred. After standing overnight, the salt was filtered; 
the yield was 4.38 g (99%). The salt melts a t 225°C and had a pH  of 
7.3, determ ined on a 1% solution of salt in distilled water.

The salt was charged into glass ampoules which are then sealed under 
vacuum. The ampoule was heated at 245°C for 3 y 2 hr, then heated a t 
260°C for 30 min. The reduced viscosity (0.5% concentration, m-cresol) 
was 1.03, and the glass transition tem perature was 125°C.

P h y s ica l M e a su r e m e n ts
Infrared measurements were obtained on the. Perkin-Elm er M odel 21 

infrared spectrometer. Reduced viscosities were determ ined in m-cresol 
or trifluoroethanol. Glass transition-tem perature da ta  was obtained on 
the D uPont 900 differential therm al analyzer or the Perkin-Elm er DSC 
12 differential scanning calorimeter at a heating ra te  of 20°C /m in in 
nitrogen. Therm ogravim etric analysis (TGA) data  were obtained by 
using the Ainsworth TGA balance (RZA with AU recorder), 25 mg of 
sample being heated a t a 10°C /m in rate.

We wish to acknowledge the contributions of Mrs. E. T uri for obtaining and inter­
preting the TGA and DTA data; Dr. John Sibilia and Airs. L. Komarowski for obtain­
ing the IR  spectra; M r. H. D. Fardon for determ ining the physical properties of the 
polymers; and M r. George Brunner for obtaining the viscosity data.
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Organomelallic Polymers. XIV. Copolymerization 
of Vinylcyclopentadienyl Manganese Tricarbonyl 
and Vinylferroeene with TV-Vinyl-2 -Pyrrolidone

CH ARLES U. P IT T M A N , JR .*  and PAUL L. GRUBE,
Department of Chemistry, University of Alabama,

University, Alabama 35f86

S y n o p sis
A'-Vinyl-2-pyn'olidone(I) has been copolymerized with vinylferrocene(II) and vinyl­

cyclopentadienyl manganese trica rbo ny l(lll)  in degassed benzene solutions with the 
use of azobisisobutyronitrile (AIBN) as the initiator. The polymerizations proceed 
smoothly, and the relative reactivity ratios were determ ined as r, =  0.66, r2 =  0.40 (for 
copolymerization of I w ith II, M i defined as I I)  and n  =  0.14 and r2 =  0.09 (for co­
polymerization of I  with III , Mi defined as III) . These copolymers were soluble in 
benzene, T H F, chloroform, CCL, and D M F. Molecular weights were determ ined by 
viscosity and gel-permeation chrom atography studies (universal calibration technique.) 
The copolymers exhibited values of M n between 5 X 103 and 10 X 103 and M w between 
7 X 103 and 17 X 103 with M w/M n < 2. Upon heating to 260°C under Ns, copolymers 
of I I I  underwent gas evolution and weight loss. T he weight loss was enhanced a t 
300°C, and the polymers became increasingly insoluble. Copolymers of vinylferroeene 
were oxidized to polyferricinium salts upon treatm ent with dichlorodicyanoquinone 
(DDQ) or o-chloranil (o-CA) in benzene. Each unit of qninone incorporated into the 
polysalts had been reduced to its radical anion. The ratio of ferrocene to ferricinium 
units in the polysalts was determined. The polysalts did not melt a t  360°C and were 
readily soluble only in DM F.

IN T R O D U C T IO N
IV-Vinyl-2-pyrrolidone (I) is a versatile vinyl monomer which is readily 

copolymerized with other vinyl monomers in virtually any proportions. 
Its  homopolymer is soluble in water, and it forms hard, transparen t films 
which are strongly adhesive to smooth surfaces, and it is largely inert toxi- 
eologically.

M onom er I is of special interest for paints based on poly-(vinyl acetate) 
or acrylates. For example, vinyl acetate-IV-vinyl-2-pyrrolidone copolymers 
exhibit unusually strong bonding to glass, M ylar, nylon, and cellophane, 
and in plastisols improved bonding to aluminum is exhibited.1,2 Copoly­
mers of I with acrylic acid or its esters show excellent adhesion to glass, 
form clear hard  films or films which are very tacky, flexible, and resistant

* To whom inquiries should be addressed.
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TABLE I II
Relative R eactivity Ratios in JV-Vinyl-2-pyrrolidone Copolymerizations 

w ith Vinylferrocene and Vinylcym antrene
M onomer 1 Technique“ n r2

Vinylferrocene M F 0.66 0.40
M T b 0.67 0.33

Vinylcym antrene M F 0.140 0.094
M T b 0.053 0.085

* M F =  M ontgom ery and F ry  m ethod;30 M T = M ortim er and Tidwell method.
b The 9,5% confidence lim its 1computed as previously reported30 for the values of r,

and r-i in vinylferrocene copolymerizations was r¡ =  0.72-0.59 and r2 = 0.334-0.290.
For vinylcym antrene these limits were n  =  0.0.5--0.10 a n d r2 = 0.05-0.09. Considering
other possible errors these limits are probably optimistic.

TABLE IV
Representative Viscosity and Molecular W eight Studies of X-Vinyl-2-pyrrolidone

Copolymers w ith Vinylferrocene and Vinylcym antrene a t  70°C
Polymer Comonomer M , m l/ga M n M w M J M n

2 Vinylferrocene 3.28 6,500 10,200 1.57
10 4.25 7,300 11,500 1.57
9 3.25 5,800 8,000 1.20

12 2.85 5,760 9,400 1.63
19 3.15 6,400 10,454 1.64

1 Vinylcym antrene 3.62 6,400 7,720 1.20
5 3.08 5,300 7,500 1.40
8 3.42 6,700 7,700 1.27

10 3.30 5,540 7,800 1.40
* Intrinsic viscosities were obtained in T H F  at 30°C a t the same tem perature a t which 

GPC studies were performed. Viscosity and molecular weight values cannot be directly 
compared through this series, since the M 1/M 2 ratio varies in these polymers.

The molecular weight data in Table IV is based on the assumption that 
a universal calibration is adequate for the determination of the absolute 
molecular weights of these copolymers. This assumption was checked by 
employing a normal calibration method and calculating the molecular 
weights employing Q factors of 8S for vinylferrocene, * 85 for vinylcyman­
trene, and 45 for vinylpyrrolidone. By use of the mole ratio of Mi to M2 in 
each polymer, an effective Q for each polymer was calculated and used in the 
molecular weight calculations. A close correspondence between the two 
methods suggests the universal calibration is adequate.

In addition to elemental analyses (Table I and II), infrared spectroscopy 
confirmed the presence of both monomers in the polymers. In the vinyl­
ferrocene copolymers the sp2 C—H stretching frequency of the eyclopent- 
adienyl ring was found at 3100 cm-1. In addition, absorptions at 997 and 
1100 cm-1, confirming the presence of unsubstituted cyclopentadienyl ring 
of ferrocene, (9-10 n rule) were present, as was the strong 815 cm“1 band

* Q factors were determ ined in the usual way by employing vapor pressure osmometry.
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assigned to the out-of-plane bending of the ring hydrogens. A strong 
carbonyl band at 1690 cm- 1  confirmed the presence of the pyrrolidone ring, 
but the vinyl stretch at 1620 cm-1, present in the monomer was absent. 
An intense band at 1280 cm- 1  (N-C) in A-vinyl-2-pyrrolidone was present 
in all the copolymers. The vinylcymantrene copolymers exhibited bands 
at 3100 (sp- C—H stretch), 2005, and 1905 cm-1  (C=0 stretch of metal 
bound carbonyls) characteristic of that monomer.

All the copolymers were readily soluble in THF, DMF, chloroform, car­
bon tetrachloride, and benzene. Table V summarizes the solubilities of 
these copolymers over a range of compositions for each copolymer.

The thermal decomposition of the copolymers of vinylcyelopentadienyl 
manganese tricarbonyl was studied briefly by observing several samples 
during heating in test tubes under nitrogen. At 180°C the appearance 
changed from that of a rather crystalline looking solid to that of an amor­
phous solid. At about 195°C a shiny plastic look appeared. At 210°C 
bubbles appeared in the plastic mass. It appeared that gas evolution was 
taking place, presumably CO evolution. Heating to 270°C produced no 
further visual change. Two samples were heated at 260°C for 30 min. 
During this period darkening occurred, and weight losses of 10.3 and 8.6% 
were recorded, respectively. Upon cooling, these polymers now exhibited 
a reduced solubility in benzene and acetone (only about 50% was soluble). 
Their infrared spectra were not as clear and well defined, but no new ab­
sorptions were readily apparent. A sample heated to 280°C for 30 min 
showed a weight loss of about 10%, turned a deep brown color, had a glassy 
appearance, and was only about 20% soluble in benzene. The infrared 
spectrum of the soluble material had no new easily detectable bands, but the 
insoluble portion exhibited an absorption at 1850 cm' 1 not present before 
heating. This band is at much lower frequency than the metal-bound 
carbonyl groups present before heating.

Heating at 300 °C for 30 min caused a 14% weight loss, and the resulting 
polymer was totally insoluble in benzene. The ir exhibited the 1850 cm-1  
band. After 2 hr at 300°C a 30.3% weight loss was recorded, and the 
infrared spectrum showed little detail.

The processes occurring during polymer decomposition process are still 
undefined. The x-C6H5l\In(CC))3 moiety is relatively inert, and substitu­
tion of carbonyl groups may usually only be achieved under ultraviolet ir­
radiation. However, Nesmavanov et al.34 demonstrated the thermal de­
composition of x-C6H5Mn(CO)3 at- temperatures greater than 200°C gave 
carbon monoxide, manganese metal, and cyclopentadiene polymers. This 
mode can be invoked to explain the gas evolution we observed and the de­
crease in copolymer solubility. The decrease in solubility could result from 
crosslinking between neighboring chains by cyclopent-adienyl dimerization. 
Also free manganese distributed throughout the polymer would result in 
decrease solubility and darkening. However, the decompositions are un­
doubtedly more complex, and the origin of the 1850 cm-1  infrared absorp­
tion remains unexplained.
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The polymers could be cast into rather brittle films which showed only 
weak adherence to Teflon and a tendency to undergo a transition into a 
more crystalline material.

P rep aration  o f  P o ly ferr ic in iu m  S a lts

Upon treatment with strongly oxidizing quinones, such as o-chloranil 
(o-CA) and dichlorodicyanoquinone (DDQ), ferrocene groups in polymers 
are oxidized to ferricinium units.17 Treatment of vinylferrocene-lV-vinyl- 
2-pyrrolidone copolymers with each of these quinones in benzene resulted in 
electron transfer from iron to quinone. The resulting polysalts [see eq. (1) j 
precipitated from solution. Reactions with DDQ were conducted at room 
temperature while those with o-CA wTere run for 4 min at 70°C. The salts 
were black solids which were soluble in dimethylformamide but only very 
slightly soluble in acetone. Their solubility behavior is summarized in 
Table VI. The polysalts were purified by repeated washings with benzene 
and acetone. Heating to 360°C did not cause melting or any other visible 
change in the polysalts.

o

Infrared spectroscopy demonstrated that each mole of quinone, which 
was incorporated into the polysalts, had been reduced to its radical anion. 
The powerful carbonyl stretching frequencies of DDQ (1680 cm-1) and
o-CA (1640 cm-1) were always shifted to lower frequencies. For example, 
in the DDQ polysalts the carbonyl band was shifted to 1570 cm-1. This 
shift is just what is expected for the DDQ radical anion.35’36 The original 
1680 cm-1  band was absent in the spectra of the polysalts. In addition to 
the cyclopentadienyl C—H out-of-plane bending frequency at 820 cm“1, 
normally exhibited by ferrocene derivatives,37 an additional band was found 
at 850-860 cm“ 1 in all the polysalts. This is due to the ring C—H out-of­
plane bending frequency of the ferricinium nucleus.38 The presence of both
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bands illustrates that not all the ferrocene units have been oxidized. Ap­
parently precipitation from solution occurs before complete oxidation takes 
place. Thus, the infrared spectra of these polysalts are completely con­
sistent with the detailed discussion infrared spectra of poly(ferric.inium 
quinone) salts (which was further substantiated by Môssbauer spectros­
copy) published earlier.17 The reader is referred to this study for a more 
complete discussion.

Elemental analyses confirmed the infrared results. The mole ratios of 
quinone to ferrocene calculated from these analyses in the polysalts were 
less than one (see Table VI). This result was confirmed both by iron and 
chlorine analyses.

E X P E R IM E N T A L

lV-Vinyl-2-pyrrolidone (trade name V-PYROL) was obtained from 
General Aniline and Film Corporation and vacuum-distilled before use 
(bp 46°C/0.1 mm) with center cuts used. Vinyl ferrocene18119,39 and vinyl- 
cyclopentadienyl manganese tricarbonyl39 were prepared as described pre­
viously starting from ferrocene (Arapahoe Chemical Co.) and cyclopent- 
adienyl manganese tricarbonyl (Ethyl Corporation), respectively. Vinyl- 
ferrocene was sublimed and recrystallized from hexane before use (mp 51°C, 
lit.39 mp SRC). Vinylcyelopentadienyl manganese tricarbonyl was pu­
rified by vacuum distillation (bp 60-65°C/0.05 mm Hg, lit.40 bp 29-MO0C/ 
0.005 mm Hg).

The copolymerizations were carried out in degassed (three freeze-thaw 
cycles) benzene in Fischer-Porter aerosol compatability tubes, with triply 
recrystallized (from methanol) AIBN as the initiator. This technique has 
previously been described in detail.17-29 Following the polymerization, the 
copolymers were prcipitated by dropwise addition of the benzene solutions 
to rapidly stirring 30-60° petroleum ether and collected by filtration. This 
was repeated three times to insure purity and the polymers were dried by 
rotary evaporation and overnight drying of powdered samples in a vacuum 
drying oven at 60°C. The viscosity and GPC measurements were per­
formed by standard methods which are described elsewhere.17-22

Copolymers of I and II were treated with commercial DDQ and o-CA 
(Aldrich Chemical Co.) used without further purification. Benzene solu­
tions of the copolymers were added to benzene solutions of the quinones 
(room temperature for DDQ and 70°C for 5 min for o-CA). The polysalts 
were recovered as black precipitates from the benzene solutions. They 
were purified by repeated washings of finely powdered material with ben­
zene and acetone. This removes any unreacted polymer and quinone.

Infrared spectra of the copolymers are summarized: copolymers of I
and II, 3100, 2970, 2930, 2860, 1690, 1450, 1430, 1280, 1130, 1110, 1075, 
998, 815, 500, 475 cm-1; copolymers of I and III, 3100, 2980, 2935, 2865, 
2005, 1905, 1670, 1460, 1420, 1360, 1280, 1036, 900, 834, 660, 630, 535 cm-1.
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Organometallic Polymers. XV. Synthesis and 
Characterization of Some Ferrocene-Containing 

Oxysilane Polymers from Bis (dimethylamino) silanes
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University, Alabama 35486 and SAMUEL P. McMANUS, 
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Huntsville, Alabama 35807

Synopsis
Three bis(dimethylamino)silane monomers have been poRmerized w ith 1,1'-bis- 

(hydroxymethyl)ferrocene to give ferrocene-containing polyoxysilanes I  and II. They 
were bis(dimethylamino)dimethylsilane (III), bis(dimethylamino)diphenylsilane (IV), 
and l,4-bis(iV,Ar-dimethylaminodimethylsiRl)benzene (V). Mixing of the diol and 
I I I  or IV at 0°C followed by heating resulted in polymerization to higher molecular 
weights than when the monomers were initially mixed a t higher tem peratures. At 
higher tem peratures the formation of monomeric cyclic products seriously competed 
w ith polymerization, and the five atom  bridged derivative, 3-sila-2,4-dioxa-3,3-di- 
phenyl[o]ferrocenophane (VI) was isolated in good yield. The use of silane V, where 
cyclization is not expected to compete, led to higher polymer yields and molecular 
weights. The polymers were low melting and I (R =  Cells) could be cast into films 
and weak fibers were drawn from irs melt. The polymers were sensitive to hydrolytic 
decomposition; those containing Si-CIL linkages were completely hydrolyzed in re­
fluxing T H F-H 20  (10:1) in 1 hr. The polymers were characterized by viscosity studies, 
gel-permeation chrom atography, and infrared and N M R  spectroscopy.

INTRODUCTION
Organosilicon polymers are currently of immense industrial importance. 

One class of silicon polymers, organosilicon heteropolymers, have been the 
subject of intense interest in recent years.1 One subgroup of this class 
incorporates organometallic structures into the silicon polymer. The 
availability of ferrocene, which is thermally stable, has stimulated much 
research on ferrocene-containing silicon polymers. This work has recently 
been reviewed by Neuse and Rosenberg.2 However, close examination of 
published research reveals that existing ferrocene-silicon polymers have 
relatively low molecular weights. This is true for polymers with silicon 
bonded to the cyclopentadienyl rings3-7 or isolated from the rings.8'9

* To whom inquiries should be addressed.
f  Present address: M arshall Space F light Center, Astronautics L aboratory M a­

terials Division, Huntsville, Alabama 35812.
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As part of an extensive investigation of transition metal-containing 
organic polymers,10 we decided to investigate the propensity of l,l'-bis- 
(hydroxylmethyl)ferrocenc to undergo polycondensation with a series of 
bis(dimethylamino)si lanes. The general reaction of diols with bis(di- 
methylamino)silanes [eq. (1)] was first employed by Curry and Byrd11 to

R RI I(CHAN— Si— N(CH3)2 +  HO— R'— OH — * - f R '— 0 — Si— O fy  +  2(CHANH
R R (1)

prepare high molecular weight aryloxysilane polymers. One of us has fur­
ther explored the utility of this reaction in a variety of polysiloxane prepar­
ations12’13 where dimethylamine was rapidly evolved under mild conditions. 
This reaction should be of singular advantage when using ferrocene diols 
because dimethylamine will not degrade ferrocene under the reaction condi­
tions. The use of dichlorosilanes as comonomers would result in HC1 
generation during heating, and the cleavage of ferrocene’s cyclopentadienyl 
rings from iron under such conditions is a well known reaction.14-16 Fer­
rocene-silicon polymers of structures I or II have not yet been reported, 
and this reaction appeared to offer a facile route for their preparation.

R E S U L T S
Three bis(dimethylamino)silanes were prepared and condensed with 

1,1 '-bisfhydroxymethyl)ferrocene to give a series of three new ferrocene- 
containing polysiloxanes I (R = CH3, C6HS) and II. The silanes used 
were bis(dimethylamino)dimethylsilane (III), bis(dimethylamino)diphenyl- 
silane (IV), and l,4-bis(V,V-dimethylaminodimethylsilyI)benzene (V). 
These polymers were most efficiently prepared by condensing stoichi­
ometric amounts of each monomer in a small amount of dried toluene at
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CH,

c h ;

CH„
'N —  Si—  N'  I

c h 3
III

^ c h 3

'''CR,
V

about 0°C under nitrogen (method on»1). After stirring at 0°C for 1-2 
hr, the reaction was warmed to room temperature and heated under an 
aspirator vacuum to about 100°C to drive off remaining dimethylamine 
efficiently and complete the polymerization.

The expected propensity of this reaction to form cyclic products [eq. (2) ] 
was realized in reactions which were started at room temperature. Re­
actions begun at room temperature or above gave lower molecular weight 
products, and in the case of monomer IV, reasonable yields of cyclic VI (R 
= C6H5) were isolated.

Fe
0 “

ICROH N(CH3)2

Polymer I
(2)

The rapid rate of dimethylamine displacement at low temperatures ap­
pears to be one advantage of using bis(dimethylamino)siIanes instead of 
dichlorosilanes. Since the cyclization reaction is only favored at elevated 
temperatures, successful polymerizations were carried out at 0°C where 
the polymerization rate was still conveniently rapid. Thus, reasonably 
high molecular weight polysiloxanes were obtained in spite of this cycliza­
tion reaction. The use of monomer V should reduce the rate of such a 
cyclization reaction.* The cyclic ferrocenophane derivative, VII, was 
never isolated. Thus, it was not surprising to find the highest polymer

* I t  should be noted th a t the cyclic molecule AHI could be constructed using molecular 
models, and it did not appear to be strained. However, the frequency factor for this 
cyclization should be m arkedly lower than tha t for the cyclization in eq. (2).
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yields and molecular weights were obtained when bis(dimethylamino)- 
silane V was used.When ljl'-bis(hydroxymethyl)ferrocene was condensed with monomer 
IV in refluxing toluene for 4 hr, a 80.6% yield of the cyclic product 3-sila-
2 ,4-dioxa-3,3-diphenyl [5 ]ferrocenophane(VIJ, R = C6H5, was obtained 
which after two recrystallizations from hot n-hexane gave an analytically 
pure sample; mp 134-134.5°C; mass spectrum, 426 parent ion: infrared 
and NMR spectra and elemental analysis in agreement with this structure. 
A similar reaction with monomer III gave low molecular weight polymers 
and presumably cyclic VI (R = CH3). However, this cyclic product has 
eluded all attempts at isolation to date. The polymer and cyclic product 
mixture was repeatedly precipitated from THF into 30-60°C petroleum 
ether, followed by column chromatography of these fractions on A120 3 with 
several solvents. However, analytical gel-permeation chromatography 
indicated cyclic VI remained mixed with polymeric products.

Polymer Characterization
The yields, molecular weights, approximate melting temperature, and 

intrinsic viscosities of representative polysiloxanes prepared in this work 
are presented in Table I. Polymers 1 and 3 (from Table I) were amor­
phous, waxy solids, and polymer 2 was a glossy solid. All were soluble in 
THF, benzene, and DMF but were easily precipitated from either petro­
leum ether or methanol. Polymer 2 was cast as a continuous film from 
THF and benzene, and weak fibers could be drawn from its melt.

The effect of the initial monomer mixing temperature on molecular 
weight is clearly illustrated in Table I. Equimolar mixing of monomers at 
50° C (method 3) resulted in a significantly lower product molecular weight 
compared to initial mixing at 0°C. An attempt was made to obtain high 
molecular weights by first generating VIII upon the addition of 1,1'-bis- 
(hydroxymethyl)ferrocene to a tenfold excess of silane IV at ^50° C over a 
period of 1 hr. (method 2). After heating at 60-70°C for an additional 
hour, toluene was removed at 100 mm Hg to 0.05 mm Hg. Then the ex­
cess IV was completely removed (100°C/0.05 mm Hg), and a molar equiv­
alent of 1 ,1 '-bis (hydroxymethyl) ferrocene in dry toluene was added to 
VIII at room temperature followed by heating to 50-60°C. Then toluene 
was stripped off, and the polymer further heated to 100° at 0.05 mm for 1
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VIII
hr. The molecular weight of the resulting material was significantly lower 
than that observed by using method 1 , where initial mixing at 0°C was em­
ployed.

Each of these polymers contain the —CEb—0 —Si—0 — linkage which 
normally exhibits hydrolytic instability. In these polymers carbon-oxygen 
hetcrolytic cleavage would be promoted by the exceptional stability of the 
resulting a-ferrocenyl carbonium ion.17~19 This might be a sufficient 
condition to promote an SN1 hydrolysis mechanism in polar solvents. 
Alternatively, water might preferentially attack silicon to give a penta- 
coordinated transition state21 which decomposes via Si—O cleavage. This 
hydrolytic instability was confirmed by refluxing 10:1 (by volume) THF- 
H20 solutions of each of the polymers for 1 hr at 60-65°C. The residue's 
were analyzed by GPC. Under these conditions polymer types I (R = 
CH3) and II were entirely degraded and absolutely no polymer peak could 
be detected by GPC. Conversely, the hydrolysis of polymer I (R = Ce­
lls) was markedly slower. A GPC of this residue showed the polymer was 
largely intact, but some degradation was evident from a lowering of the 
molecular weight from Mn = 8,900, Mw = 19,000 and [77] = 5.73 ml/g to 
M„ = 2100, MK = 4340 and [7?] = 3.10 ml/g. Thus, it is clear these 
polymers are not suitable for use under hydrolyzing conditions.

The far slower rate of hydrolysis of polymer I (R = C6H5) is evidence 
that hydrolysis occurs by nucleophilic attack of water on silicon. The 
phenyl rings can provide steric hinderance to nucleophilic attack at Si 
especially in a structure such as I. However, if the decomposition pro­
ceeded by a rate-determining unimolecular —CH-.—O—• bond cleavage (>SV1) 
there is no obvious reason why the diphenylsiloxane polymer should hy­
drolyze more slowly than its dimethyl analog. In fact, hydrolysis might 
be faster if the phenyl inductive effect was significantly felt or if the phenyls 
cause any measurable increase in strain (compared to methyls) which 
might be relieved during —CH2—Si bond cleavage.

E X P E R IM E N T A L
P rep aration  o f  B is(d im eth y la m in o )d im eth y ls ila n e  (III)

Dimethyldichlorosilane (Pierce Chemical Co.), which was distilled prior 
to use, was added (146.3 g, 1.0 mole) to a 5 mole excess of dimethylamino
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in anhydrous diethylether (300 ml) at —5 to 0°C under nitrogen. Particu­
lar care was taken to thoroughly dry all glassware prior to its use. Follow­
ing this addition the mixture was warmed slowly and stirred at ether re­
flux for 1 hr. The hydrochloride salts were then filtered under nitrogen 
and the salts were washed twice with excess ether. Ether was removed 
from the combined filtrates and the residue was carefully fractionated 
through a vacuum-jacketed, silvered, 15-in. Oldersaw column under a 5:1 
reflux ratio. A center cut was collected at 125°C/760 mm Hg (lit.22 bp 
124-127°C/760 mm). The infrared and N1YIR spectra agreed with the 
literature and were in accord with the structure. GLPC analysis on a 4- 
ft SE 30-Chromasorb W column at 100°C demononstrated the purity was 
greater than 99%. The yields of purified silane ranged from 55 to 60%.

P rep aration  o f  B is (d im eth y la m in o )d ip h en y ls ila n e  (IV)
Diphenyldichlorosilane (Pierce Chemical Co.) was distilled prior to use 

and then treated with dimethylamine in exactly the manner previously 
described for monomer III. The crude fraction was purified by distillation 
(as with III): bp 125-126°C/1.0 mm Hg (lit.22 bp 138~140°C/1.9 mm Hg). 
GLPC analysis at 275°C (same column as used for III) showed the purity 
exceeded 99%. The infrared and NAIR spectra agreed with the struc­
ture. Yields of purified product ranged from 50 to 60%.

P rep aration  o f  l ,4 -b is (d im eth y Ia m in o d im eth y ls ily l)b en zen e  (V)
The preparation of l,4-bis(chlorodimethylsilyl)benzene was carried out 

as described by Sveda23 and fractionated to give a material with bp 100- 
101°C/1.0 mm (lit.23 bp 108-110°C/1.5 mm). The dichloride was con­
verted to V by treatment with excess dimethylamine by the same proce­
dure used in the preparation of III and IV. Crude V was fractionated 
twice and the material obtained had bp 73-74°C/0.06 mm (lit.24 bp 100- 
101°C/0.5 mm). The NAIR spectrum exhibited three sharp singlets at, 
a, 0.31, area 12 (Si—CH3), 2.51, area 12 (N—CH3), and 7.30, area 4 (phenyl 
protons). The infrared was in accord with structures with characteristic 
bands at 3070 (sp2C—H), 2980, 2910, 2875, 2860, 2810, 1480, 1450, 1375, 
1255 (Si—CH325), 1040 (Si-C6H6),26995,815 (out-of-plane C—H deformation 
of ferrocene), 775, 690, and 620 cm“1. GLPC analysis indicated the purity 
in excess of 99%. Yields of pure monomer were about 40-60%.

1,1 '-B is  (h yd roxym eth y l) ferrocen e
This was obtained from Strem Chemical Co. and was purified by repeated 

recrystallization from hexane/methanol to a constant melting point of 
107-108°C (lit.27 mp 107-108°C).

P rep aration  o f  3 -S i la -2 ,4 -d io x a -3 ,3 -d ip h en y l[5 ]ferro cen eo p h a n e  (VI)
Both 1,1'-bis(hydroxymethyl)ferrocene, (4.0 g, 0.0162 mole), and amino- 

silane IV (4.40 g, 0.0162 mole) were combined with dried toluene (20 ml)
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under nitrogen in rigorously dried glassware. This mixture was refluxed 
for 4 hr, cooled, and added to 2500 ml of dried 30-60° petroleum ether. 
The polymeric portion of the reaction product precipitated and was Al­
tered off. The petroleum ether layer was concentrated to dryness, and a 
yellow crystalline solid which remained was washed repeatedly with meth­
anol until the washings were colorless to remove residual diol. The crude 
product was recrystallized from hot hexane twice and 5.6 g (80.6% yield) 
of VI was obtained. This compound, not previously reported in the liter­
ature, was thoroughly characterized: mp 134-134.5°C; mass spectrum, 
426 parent ion (theory 426 for Cs-jHmFeOsSi). The NMIl spectrum showed 
tr, 7.37, m, area 6 (ortho and para phenyl protons); 7.74, m, area 4 (meta 
phenyl protons); 4.65, s, area 4 (—CHL.—0); 4.16 and 4.26, t, J = 1.8 Hz, 
area of each was 4 (cyclopentadienyl ring protons). Infrared absorptions 
(IvBr) were at 3100, 3015 (sp- C—H stretch), 2945, 2870, 1430, and 1120- 
1130 (C6H6—Si),26 1000 (C6H5—Si),26 1070-1090 (Si—0 —C),28 922, 809, 
782, 740, 713, and 700 cm-1.

Anal. Csilcd for (CiJffjFeOjSi): C, 67.60%; H, 5.21%; Si, 6.59; Fe, 13.09%. 
Found: C, 67.70%; H, 5.15%; Si, 6.65%; Fe, 12.58%.

P rep aration  and A n a ly sis  o f  P o ly m ers
Polymer I  (R = CHs)

Silane III (1.2754 g, 0.0090 mole), and 1,1 '-bis(hydroxymethyl)ferro­
cene (2.215 g, 0.0090 mole were added together under nitrogen in predried 
glassware at 0°C. Dry toluene (20 ml) was injected by syringe, and the 
mixture was stirred for 1 lir at 0°C. The pressure in the flask was then re­
duced to 100 mm by using an aspirator-drying train sequence, and the 
temperature was gradually raised to room temperature and held at this 
point under vacuum for anot her hour. Toluene was added as necessary to 
keep the reaction fluid. Next, the temperature was raised to 100°C and 
the toluene stripped off. Then the pressure was lowered to ~0.1 mm and 
the temperature maintained at 100°C for 1 hr. At this point the very 
viscous polymeric residue was dissolved into the minimum amount of THF 
(under N2) and added to 2500 ml of dried 30-60° C petroleum ether. The 
polymeric fraction precipitated as a brown gum and was filtered. This 
residue was twice again reprecipitated from THF. A portion was eluted 
from an alumina column by using the solvent sequence, hexane, THF, 
methanol. Most of the polymer eluted in the THF fraction. Intrinsic 
viscosities of both the chromatographed and unchromatographed product 
were essentially the same ([77] = 7.56 ml/g). Molecular weights were 
determined by gel-permeation chromatography in THF and are sum­
marized in Table I together with yield and Tm determinations.

Spectral data were in accord with structure I. The NMR showed cr, 
0.35, s, area 6 (Si—CH3); 4.26, broad unresolved, area 8 (cyclopentadienyl 
ring protons); 4.59, s, area 4 (—CHS—O—). Infrared absorption (KBr) 
showed key bands at 3300-3400 (traces of terminating Si—OH groups),
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3100 (sp2 C--H), 2960-2830, 1240 (Si—CH,), 1070-1090 (Si—0 —C), and 
815 cm-1 (ring out-of-plane hydrogen deformations).

A n a l . Calcd for (C,(H 180 2F eSi): C, 55.63% ; H, 6.01% ; Si, 9.29% . Found: 
C, 55.20% ; 11,5.85% ; Si, 9.05% .

Polymer I  (R = CJEIs)
M eth o d  I. Silane IV (2.4344 g, 0.0090 mole), and 1,1'-bis(hydroxy­

methyl) ferrocene, (2.2148 g, 0.0090 mole), were polymerized by the pro­
cedure outlined above, and the polymer was worked up in the same man­
ner. Obtained in 62% yield, the polymer was analyzed by GPC (molecular 
weights and Tm sec Table I) and its intrinsic viscosity in THF was 5.73 
ml/g. Spectral data were in accord with structure. The NMR showed 
a, 7.59, to, area 4 (meta phenyl protons); 7.24, to, area 3 (ortho and para 
phenyl protons); 4.3-4.5. broad, area 4 (—CH20—); 4.03, broad, area 8 
(cyclopentadienyl ring protons). Infrared bands (IvBr) were at 3090 and 
3055 (sp2 C—H stretch of phenyl and ferrocene), 2935, 2870, 2860, a com­
bination 1425,1120-1130, and 1000 (Si—C6H5), 1080-1020 (Si—O—C), 740, 
and 700 cm-1 (monosubstituted phenyl).

Anal. Calcd for (CjjHiaOjFeSi): C, 67.60%,; H, 5.21% ; Si, 6.59% . Found: 
C, 67.40% ; H, 5.65% ; Si, 6.35% .

M eth o d  2 . This method utilized the prior preparation of diadduct 
VIII and has been adequately described in the text (also see Table I).

M eth o d  3. Silane IV (2.4344 g, 0.0090 mole) was added by syringe to 
a dry toluene solution of the diol (2.2148 g, 0.0090 mole) in carefully dried 
glassware under nitrogen at 50°C. The temperature was then increased 
to 100-110°C for 4 hr. The toluene-polymer solution was then added 
dropwise to 2500 ml of 30-60cC petroleum ether. The precipitated poly­
mer was reprecipitated from a minimum amount of THF in more petroleum 
ether, recovered and dried. Its properties are described in Table I.

Polymer II
Silane V (2.7827 g, 0.0099 mole) and l,l'-bis(hydroxymethyl)ferrocene 

(2.4412 g, 0.0099 mole) were added together under nitrogen in predried 
glassware at 0°C. Dry toluene (25 ml) was added by syringe, and the mix­
ture was stirred for 1 hr at 0°C. The flask pressure was then reduced to 
~ ]00 mm by using an aspirator-drying tube sequence, and the tempera­
ture was gradually raised to 30°C where it was held under vacuum for 1 hr. 
The temperature was then raised to 90-100°C and toluene was stripped 
off. The pressure was then lowered to 0.1 mm and the temperature was 
held constant at 100°C for 1 hr. Then the viscous polymeric residue was 
dissolved in the minimum amount of tetrahydrofuran and added dropwise 
to 500 ml of dried 30-60°C petroleum ether. The polymer, which precipi­
tated as a brown gum, was subsequently reprecipitated twice more from 
petroleum ether to give a 93% yield of product. Intrinsic viscosity and 
molecular weight were determined for the polymer (summarized in Table
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I) together with yield and Tm determinations. Spectral data were in 
accord with structure. NMR showed a, 7.67, s, area 4 (phenyl protons);
4.50, s, area 4 (—CH20 —); 4.12, unresolved m, area 8.3 (cydopentadienyl 
ring protons); 0.48, s, area 12 (Si—CH3). The infrared spectrum (KBr) 
had bands at 3400-3450 (trace of terminal Si—OH), 3100 (sp2 CH), 2950- 
2850 (sp3 C—H), 1255 and 1264 (Si—CH,), 1140 (Si-phenyl), 1050-1080 
(Si—O—C), 815 (C—H out-of-plane ring deformation), and 775 cm-1.

Anal. Calcd for C22H 2S0 2FeSi2: C, 60.53%; H, 6.48%; Si, 12.8%. Found: 
C, 60.30%; H, 6.60%; Si, 12.45%.

This paper is taken from work subm itted by W. J. Patterson in his Ph.D . thesis.
The N ational Aeronautics and Space Adm inistration, M arshall Space F light Center, 
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m ester residence a t the University of Alabama. T he partia l support of this work by the 
U. S. Air Force Cambridge Laboratories, C ontact No. F19628-71-C-0107, is acknowl­
edged, although the views expressed here do not necessarily reflect endorsem ent by the 
Air Force. Additional support of this work was provided in p a rt by Petroleum  Re­
search Fund G ran t No. 4479AC1,3, by a Research Corporation G ran t to purchase the 
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Characterization of the Collagen-Vinyl Graft 
Copolymers Prepared by the Ceric Ion Method. I. 

Solution Properties

K. PANDURANGA RAO, K. THOMAS JOSEPH, and 
Y. NAYUDAMMA, Department of Biopolymers, Central 

Leather Research Institute, Madras 20, India

Synopsis
G raft copolymerization of vinyl monomers on to collagen was carried out by the ceric 

ion method. The grafted vinyl polymer chains were isolated by both  acid and enzy­
m atic hydrolysis of the collagen backbone in order to characterize the graft copolymers. 
Proof of grafting was obtained through the detection of amino acid endgroups in the 
grafts isolated by both the methods. The grafts isolated gave the characteristic blue 
color normally associated with the presence of amino acids. The presence of amino acid 
endgroups was further confirmed by dinitrophenylation of the isolated grafts. The ab­
sorption spectra of the dinitrophenylated(D N P) grafts showed absorption maximum 
in the ultraviolet region of 340-360 mu, characteristic of DNP-am ino acids. Soluble 
collagen grafted with polyacrylamide (PA A) formed fibrils on heating to 37°C a t neu­
tral p ll  but, unlike the native collagen, these fibrils did not redissolve on cooling a t 2°C. 
These results show th a t the redispersion property of soluble collagen was impaired, 
probably by attachm ent of the PAA side chains to the collagen molecule. The turbidi- 
metric titra tion  behavior of the grafts, their general behavior of swelling in different sol­
vents, and the intrinsic viscosity of the copolymers in mixed solvents also provided addi­
tional proof of grafting.

INTRODUCTION
Modification of natural and synthetic polymers by graft copolymeriza­

tion has been the subject of numerous investigations. However, relatively 
little effort has been directed toward a systematic investigation of their 
structure and properties. Quite recently investigations on the structure 
and properties of the graft copolymers have been taken up by a number of 
workers.1-7

Graft copolymers of collagen and poly(methyl methacrylate) (PMMA) 
formed through ceric ammonium nitrate(CAN) initiator, have been 
studied8-10 in detail to determine what factors govern the percent grafting 
and the number of grafting sites and the molecular weight of the grafted 
PMMA. It is common that the graft copolymers are inevitably contami­
nated with at least one of the homopolymers of the species which make up 
the copolymer segments. For an unambiguous characterization of these
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copolymers, it is necessary to isolate them from the homopolymers present 
in the polymerization products. The separation poses a major problem 
when the solubility differences between the graft copolymers and the homo­
polymers are not large enough to allow adequate separation. Collagen 
graft copolymers, just as in the case of wool, cellulose, and starch graft co­
polymers, have the following two advantages from the point of view of 
composition studies: (1) the solubility difference between the collagen 
backbone and the grafted side chain polymers is usually sufficiently great 
to enable adequate separation to be made; (2) the collagen backbone can 
be hydrolyzed away, thus enabling the molecular weight and the grafting 
frequency of the grafted side chains to be measured.

This paper is concerned with the physicochemical characterization of 
collagen-vinyl graft copolymers. The grafted vinyl polymer chains were 
isolated by both acid and enzymatic hydrolysis of the collagen backbone 
to characterize the graft copolymers. Several lines of evidence were sought 
to distinguish between a true graft copolymer and a physical mixture of 
collagen and vinyl polymers.

EXPERIMENTAL
Materials

Collagen. Collagen prepared from the middle corium of buffalo hide 
was used as the source of insoluble collagen. Since a uniform stock of 
material which would be sufficient for the whole investigation was required, 
a large amount was initially prepared and all the experiments were carried 
out with the same sample.

Soluble collagen was prepared from calf dermis following a procedure 
similar to that of Hormann and Hafter.11

Monomers. Methyl methacrylate (MMA) and methyl acrylate (A 1 A) 
were obtained from Rohm & Hass, U.S.A. and acrylamide was obtained 
from American Cyanamid Co.

Chemicals. Ceric ammonium nitrate [Ce(NH4)2(N03)e] and ceric 
ammonium sulfate [Ce(NH4)4(S04)4] (Puriss, Fluka) were used without 
further purification. Pronase (B grade, Cal Biochem, U.S.A.) w as used 
without further purification. Other chemicals used were reagent grade.

Purification of Monomers
MMA and MA were purified by washing with a 6-8% sodium hydroxide 

solution to remove the inhibitor. After this treatment, the monomers 
were washed with distilled water to remove the alkali completely and dried 
over anhydrous calcium chloride overnight. The monomers were then 
distilled under vacuum and stored in a refrigerator. Acrylamide v?as re- 
crystallizecl twice with benzene-acetone.



COLLAGE\ VINYL GRAFT COPOLYMERS. I 3201

Preparation of Initiator Solution
The required quantity of CAN dissolved in LA nitric acid was used. 

Fresh solutions were prepared for each experiment.
Grafting Procedure

The graft copolymerization reactions were carried out in a round bot­
tomed three-necked flask of one liter capacity fitted with a water-sealed 
glass st.rrer, a gas outlet, and a thermometer. All the grafting experi­
ments were carried out. at a stirring speed of 100-150 rpm at room tem­
perature. In a typical experiment, 10 g of hide powder was dispersed in 
400 ml distilled water. After oxygen-free nitrogen was bubbled through 
the solution for 30 min, the required amount of monomer was added fol­
lowed by ceric ammonium nitrate solution (0.1A/) in IN nitric acid. The 
final concentration of monomer was 0.5 mole/1. and that of CAN was 2.5 
X 10-5 mole/1. The reaction was allowed to proceed for 3 hr, at the end 
of which the resulting products were separated by filtration, washed with 
distilled water, and extracted with the appropriate solvents to remove the 
loosely bound homopolymer.

Homopolymer Extraction
Preliminary studies with the use of the tumbled bottle method and the 

Soxhlet extraction method to compare the extraction efficiencies showed 
that the tumbled bottle method is more efficient for the extraction of the 
homopolymer. Hence in all subsequent studies this method was followed 
for extraction of homopolymers from the graft copolymers. The graft co­
polymers were extracted for 72 hr with two changes of fresh solvents at 
room temperature. In general, extraction of the crude collagen graft co­
polymers with solvent for the homopolymer removed only traces of the 
polymer, and hence no systematic investigations were carried out on the 
estimation of the amounts of these ungrafted homopolymers.

For grafting on skins, an emulsion polymerization technique was fol­
lowed..12 The per cent grafting in the final products were determined from 
the total nitrogen values as reported previously.10

Hydrolysis of the Collagen Backbone with Hydrochloric Acid
Acid hydrolysis was carried out by heating the graft copolymer with 6N 

HC1 for IS hr according to the procedure outlined in a previous paper.10
Digestion of the Collagen Backbone with Pronase

Samples of collagen-PMMA graft copolymer (samples GCi and GCS,
0.1-0.3 g) were heat-denatured in water and made 0.024/ in CaCl2, and the 
pH was adjusted to 8 with O.liV NaOH. A 10-mg portion of pronase dis­
solved in 0.5 ml of water was then added, together with a drop of toluene to 
prevent bacterial growth. The mixture was then incubated at 37°C for
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18 hr, while the pH was kept constant by addition of 0.01A NaOH. The 
insoluble graft was removed by centrifugation, washed, and dried. A 
physical mixture of collagen and PMMA was also digested under identical 
conditions. The physical mixture (1:1 w/w) was prepared by grinding 
the mixture well in a mortar. The residues left after enzyme digestion 
were thoroughly washed with hot water, centrifuged, and dried.

Treatment of the Isolated Grafts with Ninhydrin
Approximately 100 mg of the isolated grafts obtained by the above pro­

cedures were weighed and placed into test tubes containing 2 ml of dis­
tilled water. A 2-ml portion of the ninhydrin reagent of Moore and Stein13 
was added, and the solutions thoroughly mixed by gently shaking the tubes. 
The tubes were capped and placed in a rigorously boiling water bath for 
20 min. The solution was cooled and 5 ml of the diluent (ethanol-water, 
1:1 v/v) solution was added and the whole mixed and centrifuged. The 
absorbence of the supernatant was measured in a Beckman DU spectro­
photometer at 570 npi.

Grafting on Soluble Collagen
For grafting on soluble collagen it was desirable to use a monomer, the 

homopolymer of which will also remain in solution after grafting. Acryl- 
amide(AA) was thought to be suitable for this purpose, and hence at­
tempts were made to graft AA on soluble collagen.

A 0.1% solution of soluble collagen in 0.11V acetic acid was used for this 
purpose. The grafting conditions were exactly same as in the case of in­
soluble collagen. After grafting, the viscous solution was exhaustively dia­
lysed against 0.1 A acetic acid. The fibril-forming property of the grafted 
collagen was then studied in comparison with an ungrafted soluble collagen 
solution and also with a physical mixture of collagen and poly(AA).

Fibril Formation
Soluble collagen in cold neutral salt solutions has the interesting property 

of precipitating on warming to 37°C as a rigid gel composed of fibrils. 
If the gel is cooled immediately to 2°C, it will redissolve and will form 
again upon reheating. Conditions which enhance hydrogen bonding favor 
the formation of fibrils, while those which rupture hydrogen bonds reverse 
the equilibrium. It was, therefore, of interest to examine the fiber-forming 
and resolution properties of the grafted collagen solution. Fiber forma­
tion was carried out and measured mainly as described by Gross and 
Kirk.14

Redispersion was studied by placing the opaque gelled system in an ice- 
water bath and measuring the clearing as fall in turbidity at various times. 
Changes were measured at 0.5-hr intervals for 2.5-3.5 hr and again after 
18 hr.
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Dinitrophenylation of the Isolated Grafts
Dinitrophenylation of the amino acid endgroups of the isolated grafts 

was used by us9 as a technique for obtaining proof of grafting in the case of 
collagen-vinyl graft copolymers. This technique has been subsequently 
followed by Arai et al.16 for the endgroup analysis of isolated PMMA from 
the graft copolymers of wool. Hence in the present paper, in continuation 
of the work reported earlier.9 the absorption spectra of the dinitrophen- 
ylated grafts isolated by both acid and pronase digestion were studied.

The dinitrophenylation was carried out by two different methods. In 
the first method, the isolated polymer was suspended in aqueous sodium 
bicarbonate and treated with an alcoholic solution of 2,4-dinitrofluoro- 
benzene(DNFB) according to the procedure adopted by Sanger.16 In 
the second procedure, the isolated polymer was dissolved in benzene and 
treated with DNFB in the presence of triethylamine by the method of 
Whalley17 as followed by Arai et al.15 The dinitrophenylated polymer- 
(DNP-polymer) was precipitated by adding excess cold methanol. The 
DNP-polymers obtained by the two procedures were washed thoroughly 
with distilled water and soxhlet extracted with methanol for 12 hr. The 
purified samples, when subjected to thin-layer chromatography on silica gel 
plates as reported earlier,9 showed only one spot which remained at the 
origin. No other spots corresponding to dinitrophenol or any other arti­
facts were observed on the plate.

The purified DNP-polymers were dissolved in ethyl acetate (4 g/1.), and 
the absorption spectra were measured in a Beckman DU-model spectro­
photometer with the use of 1-cm quartz cells. The absorption spectra of 
the isolated polymers without dinitrophenylation were also measured under 
identical conditions. In the case of polymer isolated by pronase digestion 
the DNP-polymer was not readily soluble in ethyl acetate, and hence in 
this case it was dissolved in dichloroacetic acid(DCA).

Precipitation Turbidimetric Titrations
Collagen grafted with PMMA (sample GCi) was dissolved in dichloro­

acetic acid by keeping the suspension for a few days at room temperature. 
The solution was then centrifuged, and the clear solution was suitably 
diluted with DCA to give a 0.1% solution. Turbidity measurements were 
made in a Klett-Summcrson photoelectric colorimeter with a green filter. 
Different précipitants were tried, and diisopropyl ether was finally selected. 
A 5-ml portion of the polymer solution was taken, and the precipitant was 
added rapidly from a microburet with gentle hand stirring. The precipi­
tant was added in 1-ml aliquots until within 1 ml of the commencement of 
precipitation. Then 0.1 ml aliquots were added until 50% precipitation, 
and 0.5-1.0 ml aliquots were then used until precipitation was complete. 
All the titration experiments were performed in a room kept at 21°C but 
were not otherwise thcrmostated.
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The turbidity of the solution after addition of each increment of the pre­
cipitant was measured in the colorimeter and the observed readings were 
corrected for the dilution effect by the formula18

D(V +  v)/V = D(corr.)
where D is the optical density, V the original volume of solution and v the 
volume of precipitant added. The results of the experiments were plotted 
as graphs of per cent turbidity against volume (milliliters) of nonsolvent 
added. Ungrafted collagen and PMMA homopolymer and the physical 
mixture of collagen and PMMA were also dissolved in DCA and the titra­
tion performed under identical conditions.

Equilibrium Swelling Measurements in Different Solvents
Goat skins grafted with PMMA and PMA (samples GPi and GP2) 

were used in these experiments. About 0.2 g of the grafted samples were 
accurately weighed and immersed in 10-15 ml of the liquids in weighing- 
bottles and allowed to swell. The samples were then taken out at inter­
vals of 12 hours, surface cleaned with filter paper, placed in a previously 
weighed bottle, and quickly weighed in an analytical balance. The equi­
librium swellings which were reached after 48 hr were calculated as volume 
(milliliters) of liquid absorbed per gram of sample. All measurements were 
carried out in a room maintained at 23 ± 2°C. The equilibrium swelling 
values were plotted against the solubility parameters (solvent power func­
tions) of the solvents used.

Determination of Intrinsic Viscosity of Collagen 
Graft Copolymers in Mixed Solvents

The intrinsic viscosities of the graft copolymers were measured in DCA- 
benzeno by using an Ubbelohde dilution viscometer at a temperature of 
30°C. For this, the collagen graft copolymers (samples GCi and GC2) 
were dissolved in DCA as mentioned earlier, and the intrinsic viscosities 
were plotted as a function of the percentage of the nonsolvent (benzene) 
added. The composition of the mixed solvents w?ere 10, 20, 30, 40, 50, and 
60 vol.-% benzene. Higher benzene content gave turbidity, leading to 
precipitation.

RESULTS AND DISCUSSION
One of the most important problems in the characterization of collagen- 

vinyl graft copolymers in common with other graft copolymers is the funda­
mental question whether true grafting has really occurred or not. Al­
though it is relatively simple to determine that the monomer to be grafted 
has been converted to polymer and also the degree of conversion, it is much 
more difficult to establish the proof of grafting unequivocally as opposed 
to an intimate mixture where no primary chemical bonds exist between 
collagen and the vinyl polymers. The apparent per cent grafting in the
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TABLE I
Composition of Collagen-Vinyl G raft Copolymers

N ature of modified collagen
A pparent 

grafting, %
PM M A-collagen graft(GCi) 159.60
PM A-collagen graftCGCi) 121.80
G oat sk in-PM M A  graft(G Pi) 26.89
Goat skin-PM A  grafffGPa) 27.56

various products used in these studies is given in Table I. Results ob­
tained with the various methods used to characterize the collagen graft 
copolymers were as follows.

Solvent Extraction
The simplest method of obtaining evidence of formation of graft co­

polymer is based on differences in solubilities between the graft copolymer 
and nongrafted loosely bound homopolymer. Extraction experiments 
were carried out, to obtain evidence of grafting of the vinyl polymers to the 
collagen substrate. One would expect ungrafted polymer to be readily 
extracted; grafted polymer, being chemically bound, would not be ex­
tracted. Extraction of the collagen graft copolymer with the solvent for 
the homopolymer removed only traces of the polymer from the products. 
Extractions with solvents for the homopolymer yield some information, 
but still not complete proof of grafting. When collagen was grafted with 
vinyl monomers by ceric ion, the resulting products may contain some 
amount of the ungrafted homopolymer even after extraction of the product 
with the appropriate solvents for the homopolymers. Grafting could not, 
however, be proved simply by extraction, because crosslinked or inter- 
tangled (intertwined) high molecular weight homopolymer may still re­
main in the fibrillar mesh.

Treatment of the Isolated PMMA Grafts with Ninhydrin Reagent
Better proof of grafting can be obtained through the detection of amino 

acid endgroups in the grafts isolated by acid and enzymatic hydrolysis of 
the graft copolymers. The grafts isolated by both acid and enzymatic 
methods from collagen grafted with PMMA were treated with ninhydrin 
reagent which gave the characteristic blue color normally associated with 
the presence of amino acids.

In the case of physical mixture of PMMA and collagen, the residue ob­
tained after enzymatic digestion of collagen did not give any color with 
ninhydrin. These results indicated that actual grafting of the polymer to 
the amino acid residues in collagen has occurred.

Dinitrophenylation of the Isolated Grafts
The presence of amino acids could be further confirmed through the de­

tection of dinitrophenylated amino endgroups with isolated grafts. The
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Fig. 1. Absorption spectra of (A )D N P-serine; (B ) isolated polymer, (C) DNP-polym er 
in ethyl acetate (isolated by acid hydrolysis).

Fig. 2. Absorption spectra of (A ) D N P-serine; (B ) D N P-polym er in dichloroacetic acid 
(isolated by pronase digestion); (C) isolated polymer.

spectral absorption curves from 280 to 420 mp for isolated DNP-MMA 
polymers are shown in Figures 1 and 2. The dinitrophenylated grafts iso­
lated by both the acid and enzyme methods showed an absorption maxi­
mum at 343 mp in ethyl acetate and at 360 mp in dichloroacetic acid. 
DNP-serine also showed identical spectra in these two solvents. The 
isolated polymer without dinitrophenylation did not show any maximum 
in these regions. The DNP grafts isolated by the enzyme method showed 
more pronounced absorption maxima in the 340-360 mp region, which 
indicates that the number of DNP-amino acid endgroups in these polymer 
chains is greater than in the case of grafts isolated by the acid hydrolysis 
method. This is to be expected because in the enzyme digestion method
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TABLE I I
Average Molecular Weight of Isolated PM M A  and Num ber of DNP-Amino Acid 

Endgroups per Polym er Chain Determ ined by the D N P  M ethod
N um ber of DN P-am ino acid 
endgroups per polymer chain

Average mw of By sodium
isolated grafts bicarbonate By triethylam ine

Sample (by viscosity) m ethod method
Collagen-PM  MA

graft copolymer 
(GC3p 0 .82  X UP 0.41 0.4.')

Collagen-PM M A
graft copolymer
(GCi) 2 .07Ô X 106 Trace Trace

“In the preparation of this sample, the ceric ion concentration used was 1 X 10~2 
mole/1.

bigger peptide fragments will be attached to the polymer chain which may 
contain more amino groups. Table II shows the DNP-amino acid values 
obtained for the grafts isolated by the acid hydrolysis method. The num­
ber of amino acid endgroups calculated per polymer chain is less than 
unity in both the methods. The lower values obtained may be due to 
the inaccessibility of the amino groups to the bulky reagent. When the 
molecular weight of the grafted product was extremely high, the number of 
amino acid endgroups was so insignificant as barely to be detected by di- 
nitrophenylation. Only trace of DNP-amino acid could be detected in 
these isolated grafts. In the case of grafts isolated by pronase, no attempt 
was made to calculate the DNP-amino groups, since in this case the poly­
mer chains are attached to large peptide fragments.

Fig. 3. Redispersion of acrylamide-grafted soluble collagen: ( A )  grafted collagen;
( B )  physical mixture of soluble collagen and polyacrylamide; ( C)  control untreated
collagen.
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Fibril Formation
The redispersion property of soluble collagen grafted with PAA is shown 

in Figure 3. In the case of the control, the reconstituted fibrils redissolved 
to the extent of about 60% at the end of 4 hr, whereas in the case of PAA 
grafted collagen the redispersion was only about 20%. These results show 
that the redispersion property of soluble collagen was impaired probably 
by attachment of the polyacrylamids(PAA) side chain to the soluble colla­
gen molecule. Analysis of the heat-precipitated collagen after grafting 
also showed the presence of AA polymer in the precipitate. The physical 
mixture of soluble collagen and PAA, on the other hand, redissolved on 
cooling and behaved as untreated soluble collagen.

Precipitation Turbidimetric Titrations
The turbidimetric titration method is closely related to the method of 

fractional precipitation. The time-consuming operation, work-up anti 
analysis of the fractions is here, in the words of Morey and Tamblyn,19 
replaced by “optical weighing.” Even though the turbidimetric titration 
method is only a relative method for the. determination of the molecular 
weight distribution, it is a simple, rapid, and reproducible method for the 
characterization of graft copolymers.

Curve A in Figure 4 represents the turbidimetric titration of a solution 
of collagen in DCA against diisopropyl ether. Per cent turbidity, that is, 
the ratio of optical density to optical density at complete precipitation, is 
plotted against the volume of precipitant added. Curve B represents the 
titration of a solution of PMMA, curve C of a physical mixture of collagen 
and PMMA, and curve D that of collagen-PMMA graft copolymer, under 
identical conditions. It can be seen that in curve C of the physical mix­
ture, the turbidity increases rapidly on addition of 6-10 ml of diisopropyl 
ether and again on addition of 18-25 ml. These steps may be attributed to

Fig. 4. Variation in turbidity with added nonsolvent: (A) collagen; (fi) PMMA; (C)
physical mixture of collagen and PMMA; ( D)  collagen-PMMA graft copolymer.
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the: precipitation of collagen and PMMA fractions, respectively. However, 
in the case of graft copolymers, the curve D is more or less continuous, and 
no well marked inflection was observed. This indicates that actual graft­
ing has occurred. Generally, the chemical nature of the polymer has a 
much greater influence on its solubility than its molecular weight. The 
meager data available in the literature indicate that a graft copolymer will 
normally display solubility characteristics intermediate between those of 
the liomopolymers. The solubility of collagen graft copolymer is inter­
mediate between those of the corresponding polymers.

Viscosity in Mixed Solvents
Benoit and his co-workers20 -  22 have established that the solution proper­

ties of graft copolymers are very much affected by interactions between 
chemically unlike sequences. If viscosity measurements are made in 
solvent-nonsolvent medium in which one solvent is a good solvent for both 
the backbone and branches, and the nonsolvent is a solvent for the branches 
only, repulsive interactions between the backbone and nonsolvent can bo 
large enough to cause the formation of so-called molecular micellae.23-26 
The molecular micellae are maintained in solution by the surrounding sol­
vated branches even though the backbone remains unsolvated.

In Figure 5 plots of percentage of benzene against the intrinsic viscosity 
of collagen-PMMA and collagcn-PMA graft copolymers are shown. 
There is a slight increase in the intrinsic viscosity initially, followed by a 
significant decrease as the amount of benzene is increased. Protection of 
the backbone by solvated grafts often prevents precipitation. This may 
be due to the formation of the so-called polymolecular micellae. When 
the protection effect is not sufficient to keep the solution in molecular 
dispersion (as the benzene content increases) the macromolecule shrinks,

Fig. 5. Variation of intrinsic viscosities for graft copolymers of collagen as a function 
of solvent composition: (A) collagen-PM M A graft copolymer; (B) collagen-PM A 
graft copolymer.
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SOLVENT POWER FUNCTION (J’J/cal/c.c)'/a
Fig. 6. Dependence of swelling of copolymers on solvent power function: (A) eollagen- 

PM M A graft copolymer; (B ) Collagen-PM A graft copolymer.

with the result that the intrinsic viscosity decreases very rapidly. The 
slight increase in the intrinsic viscosity observed initially may be due to 
an increase of the molecular dimensions of the polymer caused by changes 
in conformation or due to the expansions of the graft polymer chains as 
benzene (which is a good solvent for the side chains) is added to the sol­
vent. Such initial expansion followed by contraction of graft copolymers 
in other solvents has already been reported. The shape of the curves ob­
tained in the present study were, however, in general agreement with those 
of other graft copolymers obtained by other investigators.26-28

Equilibrium Swelling Measurements in Different Solvents
Figure 6 illustrates the equilibrium swelling of the collagen-PMMA and 

collagen-PMA graft copolymers in a series of solvents comprising esters, 
ketones, and chlorinated hydrocarbons. The equilibrium swelling values 
were plotted against the solubility parameters (solvent power function) 
of the different solvents used; the general shape of the curves is similar 
to that of curves obtained with other types of graft copolymers.29'30

CONCLUSIONS
The different lines of evidence obtained in this study indicate that the 

copolymers obtained by ceric ion-initiated free-radical polymerization of 
vinyl monomers on collagen are not physical mixtures of collagen and the 
homopolymer. Indications that our products are true grafts are provided 
by the turbidimetrie titration behavior of the grafts, their general behavior
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with respect to swelling in different solvents, the intrinsic viscosity of the 
copolymers in mixed solvents and by the detection of the DNP-amino acid 
endgroups in the isolated grafts. The ceric ion method of grafting vinyl 
monomers onto various substrates is known to have the advantage that 
little or no homopolymer is formed. In the present study, an attempt was 
also made to remove all occluded and loosely bound homopolymers by ex­
haustive and prolonged extraction with the appropriate solvents for the 
homopolymers. Hence the apparent per cent grafting shown in Table I 
can be taken for all practical purposes as the true per cent grafting.

The infrared spectra of the isolated grafts by acid and enzymatic hy­
drolysis of the grafted products and the electron microscopic studies of 
grafted collagen fibrils and ultrathin sections of fibrils arc reported in 
another paper under publication.

This research has been financed in pa rt by a gran t m ade by the U.S. D epartm ent of 
Agriculture, Agricultural Research Service, under PL-480. Grateful acknowledge­
ments are made to Prof. Dr. M. Santappa for his valuable suggestions and encourage­
ment.

This paper is taken in p a rt from the doctoral thesis of K .P .R . subm itted to the Uni­
versity of M adras, 1970.
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Grafting of Methyl Methacrylate and 
Its Derivatives onto Blood
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Yayoi-cho, Chiba, Japan, and NIRO TARI!.Ml andEIICHI MASUHARA, 
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Synopsis
The grafting of vinyl monomers by tri-n-butylborane to blood has been investigated. 

The infrared spectra indicated th a t the monomers were grafted onto blood components. 
The grafting seems to occur onto blood proteins, m ainly onto hemoglobin. The pres­
ence of water was essential to the grafting. The hydrolysis of the graft suggests th a t 
basic amino acids in the blood proteins, such as lysine and histidine, play an im portant 
role in the grafting.

INTRODUCTION
Since the use of alkylboranes as the initiators for the polymerization of 

ordinary vinyl monomers was first reported by Furukawa et al.1 and inde­
pendently by Kolesnikov et ah,2 many publications on the alkylborane ini­
tiators have appeared.3 Fujii et al.4 indicated that oxygen accelerated the 
polymerization of vinyl acetate by triethylborane and that small amounts 
of alcohol and water were effective as cocatalysts. Furukawa et al.5 found 
that oxygen and oxygen-containing compounds promoted the action of 
organoborane compounds in the polymerization of vinyl acetate. Re­
cently, we reported that pyridine and its derivatives gave eocatalytic ef­
fects on the polymerization of methyl methacrylate (MAIA) by tri-n- 
butylborane (Bu3B).6 We also described the graft copolymerization of 
MM A by Bu3B onto natural and synthetic polymers.78

On the other hand, many authors have published their studies on the 
preservation of blood by chemical treatments. Suzuki et al.9 tried to pro­
tect blood by the reaction of aldehyde with hemoglobin. Kondo10 dis­
closed that blood can be stabilized by enclosing or “wrapping” it with 
colloidal gelatin.

We have tried to develop a new method for the preservation of blood by 
means of the grafting of vinyl monomers onto blood.11 A study of the in­
frared spectra of the acetone-insoluble product indicated that the monomers 
were grafted onto blood components. The grafting seems to occur onto 
blood proteins, mainly onto hemoglobin. It is interesting to note that the

3213
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hydrogen peroxide-decomposing and oxidation-reduction properties of 
hemoglobin remained unchanged. The present paper describes some re­
sults of our recent work.

EXPERIMENTAL
Materials

Methyl Methacrylate (MMA). One liter of commercial ALMA was 
washed with three 100-ml portions of saturated sodium hydrosulfite solu­
tion in a separatory funnel, then with three 100-ml portions of 5% NaOH 
solution, and finally with three 100-ml portions of 20% NaCl solution. 
The MMA so washed was allowed to stand over silica gel over night, 
filtered, and distilled in a nitrogen atmosphere under reduced pressure; 
bp 46°C/100 mm Hg.12

Tri -n-butylborane (Bu3B). Commercial BusB (Callery Chemical Co.,
U.S.) was purified by vacuum distillation under nitrogen atmosphere; 
bp 90-92°C/10 mm Hg. The purity was determined by gas chromatog­
raphy (column: SE 30).

Blood and its Components. Healthy and fresh rat blood (Rattus nor- 
vegicus albinus) was drawn just before use in a glass tube, the wall of which 
was kept wet with 1% heparin solution to prevent coagulation. Dried 
blood was prepared from the blood of a Holstein cow by freeze-drying. 
Commercial hemoglobin (cattle), hemin, and hematoporphyrin were used 
without further treatment.

Grafting Procedure
A mixture of 10 ml of isotonic NaCl solution and 2 ml of 1% heparin 

solution was placed in a tapered glass tube with a capacity of about 60 ml; 
to this was added 5 ml of the blood, and a mixture of MMA and Bu3B was 
poured in it. Then, the glass tube was shaken in a thermostatted shaking 
apparatus at 37°C. The reaction was stopped by pouring the mixture into 
200 ml of methanol. The precipitate was filtered, washed with methanol, 
and dried at 37°C in vacuo to constant weight. The dry precipitate was 
extracted with acetone in a Soxhlet extractor for 48 hr. The acetone- 
soluble extract was reprecipitated with methanol to yield the homopolymer. 
Both the acetone-insoluble residue (the graft) and the homopolymer were 
dried at 37°C in vacuo to constant weights.

Calculations
The total conversion, the percentage of grafting and the efficiency of 

grafting were calculated according to:
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II +  III
I

II
I

II
II +  III

where I denotes weight of MM A charged, II denotes weight of acetone-in­
soluble component minus weight of solid blood components; III denotes 
weight of acetone-soluble component (homopolymer).

Spectral Measurements
The infrared spectra were recorded on a Hitachi Model EPI-G2 spec­

trophotometer.

Total conversion =
Percentage of 

grafting
Efficiency of 

grafting

Weights of PMMA grafted 
and homopolymer 

Weight of MMA charged
Weight of PMMA grafted 
Weight of MMA charged
Weight of PMMA grafted 
Weights of PMMA grafted 

and homopolymer

RESULTS AND DISCUSSION 
Grafting of MMA onto Blood

In order to investigate whether MMA could be grafted onto blood, the 
polymerization of MMA in blood was carried out with various initiators. 
The results are given in Table I.

When the polymerization was initiated by the benzoyl peroxide-di- 
methyl-p-toluidine system (BPO/DMT), the total conversion and the ef­
ficiency of grafting were 21.4% and 0.22%, respectively, while those for the

TABLE I
G rafting of M ethyl M ethacrylate onto Blood“

Expt.

Initiator
(Bu3B),

ml

Re­
ac­

tion
time,
hr

T otal
yield,

g

Conver­
sion,

%

Weight
of

homo­
poly-
mer,

g

Weight
of

graft
poly­
mer,

g

Percent­
age
of

graft­
ing,0/70

Effi­
ciency

of
graft­
ing,orro

2 0.2 1 1 .74 10.8 0.48 1.08 0.5 4 .8
3 0 .2 2 1.99 16.9 0.74 1.11 1.2 7.0
4 0.2 4 2,50 28.2 1.22 1.15 2.1 7.5
5 0 .2 8 3.24 37.7 1.61 1.21 3.2 8 .6
7 0.1 2 1.96 15.5 0.71 1.07 0 .4 2 .8

10 0.4 2 2.16 19.4 0.82 1.15 1.9 10.1
47 B P O /D M T b 5 2.37 21.7 1.02 1.06 0.05 0 .2

“ Grafting conditions: MMA, 5 ml; blood, 5 ml; isotonic NaCl solution, 5 ml; 37°C.
b For comparison: with BPO/DMT, 0.05 g each of benzoyl peroxide and dimethyl-p-

toluidine.
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Fig. I. Infrared spectra of ( /)  PM M A ; (II) blood protein; ( III)  graft polymer.

polymerization by Bu3B were 10.8% and 4.76%, respectively. This indi­
cates that Bu3B was more effective on the grafting than BPO/DMT.

The infrared spectra of the acetone-insoluble component of the copoly­
merization product showed characteristic absorptions at 1730, 1440, and 
1240 and 1140 cm-1, which may be assignable to C =0 stretching, CH3— C 
bending, and ester-CO stretching, respectively. Since the spectra of 
PMMA showed the same bands and they were not found in those of the 
methanol-insoluble component of blood, the acetone-insoluble component 
so obtained is believed to be the graft polymer (Fig. 1).

The work-up procedure could be denaturing and it is possible that the 
blood proteins on being denatured encapsulate the PMMA homopolymer, 
so that extraction of polymer with acetone is not possible. In order to 
clarify this, the homopolymer was dissolved in MM A monomer, mixed with 
blood and worked up without Bu3B as usual. No increase in the weight of 
the acetone-insoluble component was observed within the limits of experi­
mental error. This experiment would indicate that no physical entrap­
ment of homopolymer occurred.

In the polymerization by Bu3B, the higher the total conversion, the 
greater was the percentage of grafting and efficiency of grafting, as Table 1 
also shows; i.e., an increase in the former results in an increase in the 
latter. In order to raise the total conversion, the following are assumed to 
be effective: longer reaction time, higher initiator concentration, higher
backbone-polymer concentration, higher MM A concentration, and higher 
reaction temperature. Increased reaction temperature could, however, 
exert unfavorable influences on blood, such as denaturation of protein, and
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this seems to be not suitable for the purpose. The effects of the first 
four items on the grafting of MMA by Bu3B onto blood were studied.

In order to determine if grafting could occur on heparin, control experi­
ments were carried out with and without heparin under otherwise identical 
conditions. Since there was no difference in the total yield within the 
limits of experimental error, heparin was assumed to have no effect on the 
grafting under these conditions.

Reaction Time. Figure 2 illustrates the dependence of the total conver­
sion, the percentage of grafting, and the efficiency of grafting on the reac­
tion time. These all increased gradually as the reaction time became

R e a c t i o n  T i m e  ( h r s )

Fig. 2. Effects of reaction tim e on (O) to tal conversion; (» ) percentage of grafting;
( • )  efficiency of grafting.

longer. This suggests that a considerable number of the active centers 
were formed as expected (Fig. 2).

Initiator Concentration. The effects of the initiator concentration 
on the grafting are shown in Figure 3. The concentration ranged 
from 0.1 ml of Bu3B per 20 ml of the blood solution to 0.4 ml of Bu3B per 20 
ml of the solution. The total conversion reached a maximum at a concen­
tration of 0.2 ml/20 ml or more, while the percentage of grafting and the 
efficiency of grafting increased gradually as the concentration became 
higher. This fact could be interpreted by assuming that the addition of 
more initiator yields more grafting sites, which result in the consumption of 
MMA more for the grafting and in a balance between the rate of homopoly­
merization and that of grafting, i.e., no increase in the total conversion.
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Fig. 3. Effects of in itia tor concentration on (O) to ta l conversion; ( 3 )  percentage of 
grafting; ( • )  efficiency of grafting.

—' O'Gtr> ■ HG 4->•H 4H+J (d4-J Grd oGO M-lo4-i0 >.o0 ctr> 0<d ■ H+J oG •H0 4-JO 4HG W0

Fig. 4. Effects of blood concentration on (O) to ta l conversion; (3 ) percentage of graft­
ing; ( • )  efficiency.of grafting.
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Blood Concentration. The dependences of the grafting on the blood 
concentration were studied in the range of 1-4 ml of blood per 20 ml of the 
blood solution containing heparin and isotonic NaCl solution. The results 
are illustrated in Figure 4. With an increase in the blood concentration, 
the percentage of grafting and the efficiency of grafting were observed to 
increase remarkably, although the total conversion decreased (Fig. 4). 
This would mean that the higher the blood concentration, the more grafting 
sites were formed. Thus, higher blood concentration and probably lower 
MM A are also expected to give higher efficiencies of grafting.

12
dfi

10 tn tr> 
G G •H -H +J +J UU 4-J G rd U G g O O
4-1 4-1o  o

G -Hqj a o -H U 4-1 1) MH CL «
4

2

( m l )
( m l )

Fig. 5. Effects of monomer concentration on (O) to ta l conversion; (3 ) percentage of 
grafting; ( • )  efficiency of grafting.

MMA Concentration. Figure 5 presents the effects of the monomer con­
centration on the grafting. When the MMA concentration was raised, the 
total conversion was observed rather to decrease than to increase. This 
seems to deviate from the fact that the rate of polymerization is propor­
tional to the monomer concentration in the usual polymerization of vinyl 
monomers by trialkylborane initiators, when the initiator concentration is 
constant. However, the deviation can be explained by the idea that the 
rate of grafting depends practically not on the monomer concentration but 
mainly on the initiator concentration and the blood concentration; since 
the mole concentration of the MMA charged far exceeds those of Bu3B 
and blood, an increase in the MMA concentration causes a decrease in the 
total conversion.

12. 5  10 5 h2
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It is obvious from the above assumption that the numerator becomes 
almost constant and that, when the monomer concentration is raised, the 
denominator becomes larger and the total conversion will reduce ac­
cordingly.

It is interesting to note that water exerts a marked influence on the 
polymerization. If the percentage of grafting and the efficiency of graft­
ing are extrapolated to zero water content (Fig. 5), they approach zero;
i.e. no grafting would occur in the absence of water, so that MMA does not 
graft onto dried blood. This will be discussed below.

Solvent Effects
The same procedure was repeated in the usual organic solvents, such as 

chloroform, cyclohexanone, tetrahydrofuran (THF), and toluene. The 
results are listed in Table' II. The percentage of grafting and the. ef­
ficiency of grafting were observed to decrease in the presence of cyclohexa­
none and THF (expts. 107 and 108). The addition of pyridine (Py) and

TABLE II
Grafting of M ethyl M ethacrylate onto Blood in the Presence of Various Organic Solvents

and Additives“

Expt.
Solvents or 

additives
T otal
yield,

g

Conver­
sion,

0 7Zc

Weight
of

homo­
poly-
mer,

g

Weight
of

graft
poly­
mer,

g

Per­
centage 
of graft­

ing,
0 /

Effi­
ciency of 

graft­
ing,

0 7Zc
107 T et,rahy drof uranb 1.72 15.4 0.50 1 .02 0.4 2 .8
108 Cyclohexanoneb 1.55 11.8 0.37 1.06 1.3 10.9
109 Tolueneb 1.60 12.8 0.30 1.19 4.1 31.7
110 Chloroform*1 1 .78 16.7 0.39 1.25 5.3 32.5
104 Pyridine0 5.02 85.9 2.12 2.57 33.6 39.1
105 Z-BuOOH0 4.82 81.6 2 22 2.16 24.8 30.4
103 Noned 2.52 32.5 0.89 1.29 6.2 19.1
“ Grafting conditions: MMA, 5 ml; blood, 5 ml; isotonic N a f l  solution, 10 ml;

BiiaB, 0.10 ml.
b 5 ml; solvents were mixed with MMA. 
c 0.1 ml.
rt Isotonic NaCl solution, 15 ml.

¿erf-butyl peroxide (¿-BuOOH) raised the percentage of grafting and the ef­
ficiency of grafting (expts. 104 and 105). Since Py6 and peroxides13 are 
known to promote the polymerization of vinyl compounds initiated by tri- 
alkylboranes, the cocatalytic effects of Py and i-BuOOH may be interpreted 
analogously. However, it is not clear why the percentage of grafting and 
the efficiency increased when solvents such as chloroform and cyclohex­
anone were added (expts. 109 and 110).
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Other Vinyl Monomers
The results with other vinyl monomers than MM A are summarized in 

Table III. The reactivity of the monomers were in the order: (2-hy­
droxy) ethyl methacrylate > glyeidyl methacrylate > acrylamide > acrylic 
acid))) acrylonitrile ~  vinyl acetate ~  vinylpyridinc. Neither styrene nor 
isoprene was grafted onto blood. This fact indicates that the polarity and 
solubility of the monomers play important roles in the grafting. The 
presence of a hydrophilic group in the monomers seems to be necessary for 
the reaction to occur. These would suggest that the grafting of the vinyl 
compounds could proceed via a complex involving water, solid blood com­
ponents, and monomer.

TABLE III
G rafting of Vinyl Monomers onto Blood8

Expt.
Vinyl

monomersb
Total
yield,

g

Conver­
sion,07/o

Weight
of

homo-
poly­
mer,

g

Weight
of

graft
poly-
mer,

g

Per­
centage 

of graft­
ing,
%

Effi­
ciency of 

graft­
ing,07 /0

21 HEM A 5.61 84.9 0.14 5.46 82.3 96.9
29 GMA 4.26 56.6 0.66 3.40 43.7 78.0
27 Acrylamide 3.58 43.6 0.50 2.71 33.1 76.9
28 Acrylic acid 1.60 7.5 0.15 1.29 4 .6 61.7
22 VAc 1.06 1.3 0.01 0.91 — —
24 AN 1.14 2 .4 0.01 0.12 — —
26 VP 1.09 1.9 0.02 1.01 — -

8 Grafting conditions: blood, .5 ml; isotonic NaCl solution, 5 ml; Bu3B, 0.2 ml; 
37°C; 2 hr; monomer, 0.1 mole.

b HEM A: (2-hydroxy)ethyl m ethacrylate; GMA: glyeidyl m ethacrylate; VAc:
v iny lace tate; AN: acrylonitrile; VP: 4-vinylpyridine.

Grafting of MMA onto Blood Cells and Blood Plasma
In order to investigate onto what component of blood MMA was grafted, 

the same polymerization procedure was applied to blood cells and blood 
plasma. After blood was mixed with the same volume of an isotonic solu­
tion containing 0.01% heparin, the mixture was separated into the above 
two components. As shown in Table IV, the percentage of grafting for the 
cells and the plasma were 13.5 and 1.50%, respectively (expts. 31 and 32); 
MMA was obviously grafted better onto the cells.

The grafting was continued onto dried blood, hematoporphyrin, hemin, 
and hemoglobin. Hemoglobin was found to be the best backbone polymer 
(expt. 203). Hemin, which was obtained from hemoglobin by the removal 
of proteins, showed a larger percentage of grafting but a smaller efficiency 
of grafting (expt. 204). No grafting occurred onto hematoporphyrin in 
which Fe++ and CH>=CH— group were removed from hemoglobin (expt. 
205).
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The inherent viscosities (rpnh) of the homopolymers which were obtained 
by the reaction in the presence of hemoglobin, dried blood, hemin, and 
hem atoporphyrin, a blank were 0.96, 0.64, 0.43, 0.51, and 0.51, respectively. 
P ittm an  reported th a t chain transfer to the vinyl group of vinylferrocene 
occurred in the copolymerization of vinylferrocene.14 Similarly, chain 
transfer should be taken into consideration. However, these high vis­
cosity values could be explained better by assuming that, in addition to 
chain transfer, both hemoglobin and Bu3B participated in the form ation of 
grafting sites.

Hydrolysis ol the Graft Polymer
The next problem was to determ ine onto w hat parts of the m ethanol-in­

soluble component of blood the M M  A was grafted. In  order to clarify 
this, the graft polymer was hydrolyzed to its simple amino acids. Since 
some amino acids containing the grafting sites are probably surrounded 
with grafted P1V1MA the am ounts of amino acids in the hydrolysis prod­
ucts are assumed to be quite less than  those obtained from the m ethanol- 
insoluble component of blood. Table V shows the hydrolysis products. 
For purposes of comparison, the  methanol-insoluble component of blood 
was also hydrolyzed. The am ounts of both histidine and lysine were 
found to decrease m arkedly. This fact suggests th a t these basic amino 
acids play an im portant role in the grafting of M M A by Bu3B onto blood.

TABLE V
Amino acid analysis of hydrolysis products

Amino acid

Amino acid content,
Blood

protein

inole-%“
G raft

polymer
Lysine 5 .8 3.6
Histidine 5 .8 3 .6
Arginine 9.7 8.6
Aspartic acid 8 .4 9.3
Serine 7.1 7 .8
Glutamic acid 7.1 7.8
Proline 3.2 4 .3
Glycine 7.7 7 .8
Alanine 11.0 10.7
Valine 9 .0 10.0
Isolcucine 8 .4 8 .6
Leucine 12.3 12.9
Phenylalanine 4 .5 5.0

° Recorded on a Japan E lectron Optics Laboratory Co. Model JLC-5AII amino acid 
analyser.

Oxidation-Reduction Properties
Hemoglobin is known to be capable of promoting the decomposition of 

hydrogen peroxide, ceric ammonium sulfate, benzoquinone, etc .11 The
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TABLE VI
Hydrogen Peroxide-Decomposing and Oxidation-Reduction Properties“

R eactivity1*

11 y drogei i 
peroxide

Ceric
ammonium

sulfate
Nitric
acid

Benzo-
quinoiie

Blood protein + + — +
Homopolymer - - - -
G raft polymer + + — +

“ Data of Kojim a et a l.11 
b +  denotes oxidizable or reducible.

effects of the graft on the decomposition were investigated. The graft was 
found to be effective. (Table VI). However, the graft had less in­
fluence on the decomposition than hemoglobin. This can be explained by 
a decrease in the affinity to water; it would be improved by grafting a hy­
drophilic monomer.

We are indebted to Dr. Yoshitaka OGAWA, Japan Electron Optics Laboratory Co., 
for the amino acid analyses.
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Titration Curves of /j-Aminobenzoic 
Acid-Formaldehyde Polymer in Relation to 

Its Structure

S. K. CHATTERJEE, Department of Chemistry, University of 
Delhi, and V. B. AG RAWAL, Hans Raj College, University of 

Delhi, Delhi 7, India

Synopsis
p-Aminobenzoic acid and formaldehyde were condensed in the presence of acid cata­

lyst. The linear condensation polymer thus obtained was then separated into four frac­
tions by a fractional precipitation method. Conductometric titrations were carried 
out on these four polymer fractions and the conglomerate in nonaqueous solvents with 
acid as well as base. The titra tion  curves indicated a large num ber of additional breaks 
before the complete neutralization of COOH or N H 2 groups. These observations have 
been interpreted in term s of degree of polymerization and the structure of the polymer.

Synthetic polymers, which are heterogeneous systems, can be separated 
into various fractions having a narrower distribution of chain lengths. 
It may be of interest to find out a convenient method for differentiating 
the degree of polymerization (DP) of such fractions. Some preliminary 
studies on nonaqueous titration of p-(OH) benzoic acid-formaldehyde 
polymer revealed that it may be possible to assess the DP of the various 
fractions separated from the linear polymer.1 Thus it was considered 
worthwhile to study the titrimetric behavior of a linear polymer having- 
acidic as well as basic functional groups in its repeat unit; the p-amino- 
benzoic acid-formaldehyde condensation product is a typical example of 
such a polymer. One would normally expect that non-aqueous titration of 
t his polymeric system should indicate only the total quantity of acidic or 
basic groups in a given weight of the polymer. But the conductometric 
titration curves of some fractions separated from p-aminobenzoic acid- 
formaldehyde polymer showed some very interesting features. A large 
number of additional breaks were observed in the titration curves before all 
the COOH or XIP groups were neutralized. An attempt has been made 
in this paper to correlate these features of the titration curves with the 
degree of polymerization and structure of the polymer.

3225
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Experimental
p-Aminobenzoic acid-formaldehyde condensation product (I) was 

prepared by

I

refluxing 13.7 g (0.1 mole) of p-aminobenzoic acid and S g (0.1 mole) of 
40% formaldehyde in the presence of 2 cc of ION HC1 as catalyst for 3 h 
at 120°C. The reaction mixture was then poured into ice-cold water and 
the product washed several times with distilled water. The polymer 
yield was about 70%. Since the condensate was not readily soluble in 
the usual organic solvents, therefore it was refluxed with methyl alcohol 
for about 1/% hr. The soluble portion of the condensate was then sepa­
rated from the insoluble residue. The soluble portion, which is by and 
large linear product, was then precipitated with water, filtered, and dried. 
It was then fractionated by dissolving about 2.1 g of this product in methyl 
alcohol, the higher molecular weight fraction being separated on addition of 
water as nonsolvent. Approximately, 0.68, 0.29, 0.38, and 0.73 g of 
condensate separated at four consecutive stages of precipitation.

A Pt-Ir bridge was used in conjunction with a Muirhead audio-frequency 
oscillater as the source of alternating EMF for conductometric titrations. 
The titrations were carried out at room temperature and about 2 min time 
was allowed to obtain equilibrium readings.

Results and Discussion
In Figure 1, are presented the conductometric titration curves of the 

conglomerate and of the four fractions separated from p-aminobenzoic acid- 
formaldehyde polymer. The titrations were carried out in pyridine with 
tétraméthylammonium hydroxide (TMAH) as the titrant base. This sol­
vent and base were highly recommended by the earlier workers for titrating 
carboxyl groups.2-3 The chain molecules of p-aminobenzoic acid-formal­
dehyde polymer are comparizcd of the repeating unit II,
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Fig. 1. Conductometric titra tion  curves of p-aminobenzoic acid-formaldehyde con­
densates in pyridine w ith tétram éthylam m onium  hydroxide: (I) conglomerate; (2)
fraction I ; (3) fraction 2; (4) fraction 3; (5) fraction 4.

From the molecular weight (149) of this repeat unit, 100 g of condensate 
should contain 671 meq each of COOH and NH2 groups.

A noteworthy feature of the titration curves of all the fractions is that 
each shows a final break at which the calculated amount of base is used up. 
Apart from this final break, a number of additional breaks were also ob­
served in each of the titration curves. Another important feature of the 
titration curves is the fact that they showed breaks at more or less regular 
intervals. For instance in the case of fraction I, the smallest interval be­
tween successive breaks is about 50 meq of base/100 g of polymer. All 
other intervals between successive breaks are simple multiples of this 
smallest interval. The smallest interval between successive breaks was 
found to be different for the various fractions of the polymer.

In Figure 2 are presented conductometric titration curves of the same 
four fractions and the conglomerate of p-aminobenzoic acid-formaldehyde
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Fig. 2. Conductometric titration curves of p-aminobenzoic acid-formaldehyde 
condensates in acetic acid-form ic acid m ixture with perchloric acid: (1 ) conglomerate;
(2) fraction 1; (3) fraction 2; (4) fraction 3; (5) fraction 4.

polymer in acidic medium. A mixture of glacial acetic acid and formic acid 
was used as the medium and perchloric acid as the titrant. This combina­
tion was found to be quite effective for titrating amino groups. An im­
portant feature of these titration curves is the absence of a break where the 
calculated amount of acid is added for complete neutralization of NH2 
groups. However, as already stated, t in.1 complete neutralization of COOH 
groups was indicated in the titration curves. Apart from this difference, 
the main features of the titration curves with acid are more or less identical 
to those with base. An important point which is worth consideration is 
that the amount of acid added for a particular fraction at the smallest 
interval between any two successive breaks coincides with the correspond-
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ing amount of base added at the smallest interval for the same fraction. 
This coincidence has been observed in the titration curves of all four frac­
tions of the polymer. This result is to be expected, since each repeat unit 
of the polymer contains a NH2 and a COOH group. It is evident that the 
coincidence does not refer to the amount of acid or base added at the first, 
second, or third break in the titration curve for a particular fraction. Non­
coincidence of values at the various breaks is expected, in view of the fact 
that medium of titration was different in the two cases. The resolution 
of a polybasic acid depends on a number of factors, e.g., dielectric constant 
of the solvent, its solvating power, its acidic or basic character, the chain 
conformation of the polymer molecule in the solvent, extent of ion-pair 
formation, etc. Thus it is obvious some functional groups may merge in 
one medium, whereas the same functional groups may neutralize inde­
pendent ly in another medium. This was actually observed in the titration 
curves. The point of interest is that the smallest interval for a particular 
fraction is constant irrespective of whether it is titrated with acid or with 
a base. All other breaks in the titration curve for a given fraction are 
simple multiples of this smallest interval. These observations are sum­
marized in Table I.

The fact that some of the COOH and NIL groups are neutralized earlier 
than others in the same polymer molecule indicates that they have a 
stronger acid or basic character. In the case of the o,o'-dihydroxydiphenyl- 
methane type of polynuclear compounds, the hyperacid character of some 
of the OH groups in the molecule has been attributed to intramolecular 
hydrogen bond formation between neighboring OH groups.4-6

It is likely that a similar type of intramolecular hydrogen bond forma­
tion may also take place between neighboring COOH groups as well as 
between adjacent NH2 groups. As a result of intramolecular hydrogen 
bond formation, some of the COOH and NH2 groups in the chain may aquire 
enhanced acid or basic character. The number of carboxyl (or amino) 
groups likely to be involved in a particular hydrogen bond bridge in the 
polymer molecule depends to a large extent on the orientation of that partic­
ular molecule in solution. Since in case of polynuclear phenolic com­
pounds, it was observed that enhancement of acidity of OH group is pro­
portional to the length of the hydrogen bond bridge,4 therefore, it is likely 
that acidity and basicity of COOH and NIL groups should also depend on 
the length of the intramolecular hydrogen bond bridges in the polymer 
molecules. As is result of such hydrogen bond formation, various types of 
anions or cations are expected to conjugate with the corresponding un­
dissociated acid or base and give rise to a series of acid-anion or base-cation 
complexes. Perhaps, the degrees of dissociation of such complexes are 
different, and hence they are likely to be neutralized in distinct steps. 
Kolthoff7-9 and his co-workers have shown recently that such homoconjuga- 
tion does take place in a medium of low dielectric constant.

An important aspect of these studies is that it provides an apparently 
simple method of calculating the degree of polymerization (DP) of the
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various fractions separated from a linear polymer. Assuming that the 
smallest interval in the titration curve would be one in which each chain 
contributes only one COOH group, the average degree of polymerization 
can be calculated by dividing the total quantity of base (in milliequiv- 
alents/100 g of polymer) to the final break in the titration curve by the 
amount added during the shortest interval. The average DP of fraction I, 
for instance, should be equal to 671/50 = 13.4. The product of average 
DP and the formula weight (149) of the repeat unit, should give the aver­
age molecular weight of the condensate. The average molecular weight 
referred to is likely to be a number-average value, because the number of 
polymer chains will matter in such calculations and not their weight.

Table I shows the amounts of base or acid which correspond to the vari­
ous breaks in the titration curves, smallest interval between successive 
breaks for the various fractions, and their average molecular weights.

The assumption on which DP is calculated would be invalid, firstly, if 
some of the chains did not contribute any COOH group during the shortest 
interval, and secondly if some chains were to contribute more than one 
COOH group during this interval. Since this particular polymeric system 
could be titrated with a base as well as with an acid, it provides additional 
evidence about the authenticity of the various breaks, and also of the 
amounts of acid or base added at the various steps. Apart from this, the 
validity of the titrimetric method has been checked from the study of 
polynuclear compounds of known molecular weights. Some oligomeric 
compounds of the type III

have been prepared by stepwise synthesis, which gives a homogeneous 
system of known molecular weight. These molecular weights have been 
compared by titrimetric methods and found to be in excellent agreement.6’10 

Thus nonaqueous titrations may provide a rapid and convenient method 
for determining the average degree of polymerization of condensation 
polymers having acidic or basic functional groups.
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S y n th e s is  a n d  C h a r a c te r iz a t io n  o f  S o m e  T r it h io ls

C. G. OVERBERGER* and I. SCHEINFELD.f Department of 
Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 11201

Synopsis
T h e  p re p a ra tio n  of 1 ,3 ,5 -p en tan e tr ith io l is described  to  p ro v id e  m odel system s for 

p o ly  (v in y l  m erc a p ta n ) . In  ad d itio n , th e  p re p a ra tio n  an d  id en tifica tion  of th e  th ree
stereoisom ers of 2 ,4 ,6 -h ep tan etrio l are rep o rted  as m odels fo r iso tac tic , sy n d io tae tic , and  
h e te ro ta c tic  p o ly (v in y l m erca p tan ).

The discoveries by Patt et al.1 and by Ephrat2 that cysteine and gluta­
thione, respectively, provided protection against the biologically deleterious 
effects of x-rays, have provided stimuli for the study of the synthesis and 
oxidation of mercaptans. Earlier publications3-9 described the syntheses 
of a variety of mono- and polyfunctional mercaptans prepared for the 
investigation of the effects of structural variations on the rate of mercaptan 
oxidation. As part of this work, the stereoisomers of vicinal dithiols were 
synthesized,8 and meso and racemic 2,4-pentanedithiol were also separated 
and identified9 to study the effects of configuration on oxidation rates. 
As a continuation of this study, this paper describes the preparation of
1.3.5- pentanetrithiol and the synthesis, separation, and identification of 
the three stereoisomers of 2,4,6-heptanetrithiol.

The fact that the rate of oxidation of dithiols was found to be greater 
than the rate of oxidation of monothiols has been attributed to a proximity 
effect.4 This suggested that the ease of formation of cyclic disulfide 
(stable or unstable) might be correlated with oxidation rate. It was 
further reported that poly (vinyl mercaptan) was oxidized much faster 
than its model, 2,4-pentanedithiol. The relatively fast rate for the 
polymer was attributed partly to the fact that a single thiol group of the 
polymer has two nearest neighbors, although this may not be the complete 
explanation. In part, to test this hypothesis, the synthesis of trithiols 
was undertaken. In addition, 2,4,0-tri-substituted heptanes have been 
used as model compounds for the investigation of physical and chemical 
properties of vinyl polymers.10-12 Isotactic, syndiotaetic, and heterotactic
2.4.6- heptane-trithiol can be used as models for the oxidation of isotactic, 
syndiotaetic and heterotactic poly(vinyl mercaptan), and their high

* P re se n t ad d ress: D e p a r tm e n t of C h e m is try  and  th e  M acrom olecu la r R esearch
C en ter, T h e  U n iv ers ity  of M ich igan , A nn A rbor, M ich igan  48104.

t  P re se n t ad d ress: S loan  K e tte r in g  In s t i tu te ,  R ye , N ew  Y ork, 10580.
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resolution nuclear magnetic resonance (NMR) spectra may enable a 
determination of the polymer tacticity.

RESULTS AND DISCUSSION 
Preparation of Trithiols

The scheme adopted for the preparation of the trithiols is outlined in 
eqs. (1) and (2).

OH

R "  'C r  N R
la, R= Hlb, R = CH:i

HBr. HOAc 10(1' C R—CH—CH—CH—CH—CH—RI I ' IBr Br Bi­
lla, b

Ü)

Ha, b
1 NH,—C—NHj, triethy-lene glycol, a_______2. Tetraethylenepentamine.A R—CH—CH,—CH—CH,—CH—RI I ISH SH SH

(-)

Ilia, b
The precursor of 1,3,5-pentanetrithiol, tetrahydropyranol-4 (la), was 

prepared via the Prins reaction by using 3-buten-l-ol and formaldehyde. 
It was found that less charring resulted when an ion-exchange resin was 
used as the catalyst instead of sulfuric acid, as in earlier syntheses.13'14 
Proof of the pyranol structure was established by independent synthesis.

2,6-Dimethylpyrone-4 was catalytically hydrogenated to provide the 
precursor of the heptanetrithiol, 2,6-dimethyltetrahydropyranol-4 (lb).

Separation and Characterization of the Stereoisomers of
2,4,6-Heptanetrithiol

Complete separation of 2,4,6-heptanetrithiol isomers was achieved via 
vapor-phase chromatography (VPC) of the product mixture.

Nuclear Magnetic Resonance Spectra
The GO Mc/sec NMR spectra of the thiols in Silanor-C (deuterated 

chloroform containing 1% tetramethylsilane v/v) are given in Figures
1-3.

Isomer I (Syndiotactic 2,4,6-Heptanetrithiol). The NMR spectrum 
of the first pure isomer eluted by VPC showed the central thiol proton 
as a doublet S 1.30 (one peak obscured, J = 8 cps), the methyl protons as 
a doublet 8 1.39 (./ = 6.6 cps) and a third doublet, assignable to the end 
thiol protons, at 8 1.47 (,/ = 7 cps). The methylene protons showed a 
triplet with the central peak split at 8 1.69. The methinyl protons ap­
peared as a complex multiplot at 8 3.27 (see Fig. 1).
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This isomer was identified as the syndiotactic 2,4,6-heptane-trithiol 
because it was found to have the simplest spin-spin interaction profile in 
the methylene region of the three isomers. This was to be expected for the 
most symmetrical structure. In addition, this profile (triplet with center 
peak split) is similar to that obtained by Overberger and Kurtz9 for racemic
2,4-pentanedithiol. Also, Bovey et al.16 state, “ . . . one expects that, 
in syndiotactic polymers (and in syndiotactic sequences in random poly­
mers), the methylene protons will appear as a ‘triplet’ having a split 
center peak . . .” Finally, the relative chemical shift of the methyl protons 
is consistent with the generalization proposed by Ritchey and Knoll,16 
that the relatively low field resonance lines of methyl protons (as compared 
with the isotactic isomer), are attributable to the syndiotactic isomer, 
where the functional group causes a deshielding effect. This effect was 
explained on the basis of anisotropy of a functional group in the polymer 
affecting protons on the neighboring carbons.

Isomer II (Heterotactic 2,4,6-Heptanetrithiol). The NMR spectrum 
of isomer II was the most complicated of the spectra that were obtained. 
It showed three different types of thiol protons which appeared as doublets 
5 1.33 (central, J = 7.7 cps), 1.45 (end, J = 7.0 cps), and 1.49 (end, 
J = 6.5 cps). One peak of each of these doublets was obscured. The 
methyl protons showed two doublets, one at 8 1.34 (J = 6.5 cps) and the 
other at 8 1.39 (J = 6.5 cps). The remainder of the spectrum consisted 
of two complex envelopes, one at 5 1.78, due to the methylene protons, 
and the other 8 3.18 due to the methine protons (see Fig. 2).

This isomer was identified as the heterotactic 2,4,6-heptane-trithiol. 
The heterotactic isomer may be considered to be a combination of the 
syndiotactic and the isotactic isomers. This would explain the complexity 
of the spectrum in the methylene region, the appearance of three doublets 
for the thiol protons (whereas only two doublets appear for each of the 
other isomers), and two doublets for the methyl protons (as compared to 
one doublet for the other two isomers). The chemical shift for the low 
field doublet coincides with the methyl proton doublet of the syndiotactic 
isomer, 8 1.39, and the higher field pair with that of the isotactic isomer, 
8 1.34. In addition, in all cases reported in the literature where vapor 
phase chromatography was used to separate trisubstituted heptane 
isomers, the heterotactic isomers always appeared second.17-19 Finally, 
this isomer was found to be the largest component of the isomer mixture 
as determined by vpc analysis. If the configuration of each potentially 
asymmetric center is determined in a random way, then the heterotactic 
component would be expected to predominate.18,19

Isomer III (Isotactic 2,4,6-Heptanetrithiol). The NMR spectrum of 
isomer III shows the methyl group as a doublet at 8 1.34 (J = 6.5 cps). 
The thiol protons show two doublets, one at 8 1.35 (central, one peak ob­
scured, J = 7.5 cps), and the other at 8 1.54 (end, J = 6.5 cps). The rest 
of the spectrum was composed of two complex multiplets, one at 8 1.82, 
assignable to the methylene protons, the other at S 3.11 due to the methine 
protons (see Fig. 3).
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This was based on the relatively high chemical shift of the methyl 
protons (as this isomer was assigned as the isotactic 2,4,6-heptanetrithiol). 
Also, Overberger and Kurtz,9 using the same YPC column, found that the 
meso-2,4-pentanedithiol had a longer retention time than the racemic 
isomer. The syndiotactic trimer is analogous to the racemic dimer, and 
the isotactic trimer is comparable to the meso dimer.18

EXPERIMENTAL
Telrahydropyranol-4(Ia)

3-Buten-l-ol was prepared by the Selective dehydration of 1,3-butanediol 
with p-toluenesulfonic acid according to the method of Birch and MeAllan.20

Earlier procedures13'14 were modified. 3-Buten-l-ol, 36 g (0.5 mole), 
aqueous formaldehyde (40% by volume), 37 ml (0.5 mole) and Rexvn 
AG 50 (H) resin, 40 g, were combined and heated at reflux for 15 hr. The 
resulting mixture was filtered, neutralized with saturated aqueous sodium 
carbonate, and extracted with ether. The ether extracts were dried over 
sodium sulfate. The oil obtained after removal of the drying agent and 
solvent, was distilled to yield 20 g (39%) of a liquid; bp 97°C, 25 mm; 
n§ 1.4595 (lit.13'14 bp 97°C/25 mm; n™ 1.4606).

To make certain that the structure of the condensation product was 
correct, an alternative synthesis was undertaken.

Chelidonic acid (4-pyrone-2,6-dicarboxylic acid) was decarboxylated to 
y-pyrone according to the method of Heuberger and Owen,21 by heating 
at 250-260°C in 10-g batches in the presence of copper powder and pumice. 
y-Pyrone, 2 g, dissolved in 200 ml of ethanol, was catalytically hydro­
genated in a Parr apparatus in the presence of 5 g of 5% platinum on 
carbon for 24 hr at 55°C. The mixture was then filtered and dried over 
potassium carbonate. The oil obtained after removal of the drying agent 
and solvent, was distilled, bp 9S°C/25 mm. The NMR and infrared spectra 
of the compound obtained in this manner were identical to those obtained 
from the condensation of 3-buten-l-ol and formaldehyde.

l,3,5-Pentanetribromide(IIa)
The method of Paul and Tchelitcheff22 was modified. Tetrahydro- 

pyranol-4, 51 g (0.2 mole), dissolved in 100 ml of glacial acetic acid, was 
placed in a 250-ml round-bottomed three-necked flask fitted with a gas- 
inlet tube, a thermometer, a reflux condenser, and a magnetic stirring 
bar. Hydrogen bromide gas was allowed to pass through the solution 
while the temperature was maintained at 100°C, initially with cooling, 
then with heating. After 20 hr, ice was added, the solution was neutralized 
with a saturated, aqueous solution of potassium bicarbonate and extracted 
with ether. The ether extracts were dried over calcium chloride. The 
oil obtained after filtering the solution and evaporating the solvent was 
distilled, bp 139°C/16 mm. The distillate was colored and was therefore 
eluted with cyclohexane from a column packed with acid alumina. The
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eluent was evaporated and the residual oil was distilled from hydroquinone, 
yielding 90.4 g fo9%) of a colorless liquid; bp 135-137°C/15 mm; n“
I. 5580 (lit.22 bp 134-136°C/14 mm; n̂, 1.5581). The compound showed 
only one peak upon VPC analysis performed on a Perkin-Elmer Model 
154D Vapor Fractometer.

1,3,5-Pentanetrithiol (Ilia)
The method of Cossar et al.23 for the preparation of mono- and dithiols 

was applied to the preparation of trithiols. A mixture of 100 ml of tri- 
ethylene glycol and 63 g (0.825 mole) of thiourea was stirred in a 250-ml 
three-necked round-bottomed flask equipped with a thermometer, a vented 
dropping funnel (by means of which nitrogen gas was passed through 
the system), a Vigreux distilling column having a variable take-off head 
affixed to it, and a magnetic stirring bar. The pot temperature was 
raised to 75°C, and 77.3 g (0.25 mole) of 1,3,5-pentanetribromide was 
added dropwise. The temperature was kept below 130°C. After the 
solution became homogeneous, the reaction was allowed to proceed for an 
additional 15 min. Tetraethylene-pentamine, 142 g (0.75 mole), was then 
added dropwise. The reaction was exothermic. After the addition of 
amine was completed, the product was vacuum-distilled at 1 mm Hg. 
The distillate was eluted with ether from a column of acid alumina. The 
eluent was evaporated, and the residual viscous oil was distilled to give
24.9 g (59%) of a yellow liquid; bp 101-103°C/0.6 mm.

A solution of the yellow-colored trithiol, 16.8 g (0.1 mole), dissolved in 
50 ml of ether was added dropwise to 5.7 g (0.2 mole) of lithium aluminum 
hydride suspended in 100 ml of ether. After heating at reflux for 2.5 hr, 
ice water was cautiously added. The solution was then carefully neutral­
ized with 6N hydrochloric acid and extracted with ether. The ether 
extracts were dried over sodium sulfate. The oil obtained after filtering 
the solution and evaporating the solvent was distilled to give 10.6 g (63.5% 
recovery) of a liquid; bp 110-111°C/1.8 mm; 1.5732; d25 1.1415 g/cc. 
Infrared analysis showed mercaptan absorption at 3.93 /*.

A n a l . C a lcd  fo r 0 ,3 5 .7 0 % ; IT, 7 .2 0 % ; 8 ,5 7 .10% ,. F o u n d : 0 ,  35 .85% ;
II , 7 .06% ; S, 57.08%..

A derivative was prepared by the reaction of the product with phenyl 
isocyanate in the presence of pyridine. To a solution of 0.503 g (3 mmole) 
of trithiol in 1.422 g (11.9 mmole) phenylisocyanate was added 3 drops of 
dry pyridine. The mixture was heated on a steam bath for 30 min. The 
product, 1,3,5-pentane trithiocarbanilate, was filtered, washed with 
methanol and recrystallized from ethyl acetate.

A n a l . C alcd  for C -M Ia N A S s: C, 59 .40% ; TT, 5 .18% ; N , 7 .99% ; S, 18.30% . 
F o u n d : C, 59.42, 59 .27% ; H , 5.30, 5 .26% ; N , 7.90, 7 .8 7 % ; 8 , 18.40, 18.34% .

It is to be noted that although the product was treated with lithium 
aluminum hydride to reduce any disulfide present, in this work, such
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measures may be unnecessary because of the effectiveness of the gas 
chromatographic separation.

2,6-Dimethyltetrahydropyranol-4(Ib)
2.6- Dimethylpyrone-4 was prepared according to the method of King, 

et al.24 by the acid-catalyzed hydrolysis of dehydroacetic acid.
2.6- Dimethylpyrone-4, 24.8 g (0.2 mole), dissolved in 200 ml of absolute 

ethanol, was hydrogenated in the presence of 6 g of 5% platinum on carbon 
in a Parr apparatus at 55°C for 24 hr. The work-up was similar to that 
described by Borsche and Frank,26 i.e., 60 g of ammonium sulfate was 
added and the resulting solution was filtered through Celite. The filtrate 
was extracted with ether and dried over potassium carbonate. After 
removal of the drying agent and solvent, the remaining liquid was dis­
tilled to give 23.6 g (91%) of a colorless liquid; bp 101°C/30 mm (lit.26 
bp 102°C/30 mm).

2,4,6-Heptanetribromide (lib)
2,6-Dimethyltetrahydropyranol-4, 40 g (0.3 mole), was dissolved in 

80 ml of glacial acetic acid and treated as described for 1,3,5-pentane- 
tribromide. A brown oil with a boiling point range of 103°C/14 mm 
(113°C/0.8 mm) was obtained which was eluted with cyclohexane from a 
column of acid alumina. The eluent was evaporated and distilled from 
hvdroquinonc to give 22.5 g (22%) of a colorless liquid; bp 117°C/4 mm; 
n'o 1.5272.

A n a l . C alcd  for C 7H 13B r3: C, 2 4 .95% ; I t ,  3 .8 9 % ; B r, 71 .15% . F o u n d : C, 
25 .15% ; II, 3 .9 7 % ; B r, 71 .12% .

2,4,6-Heptanetrithiol (IHb)
Tetraethylene glycol (25 ml) and 16.75 g (0.22 mole) of thiourea was 

stirred in the apparatus described in the synthesis of Ilia. The pot 
temperature was raised to 75°C and 22.5 g (0.067 mole) of 2,4,6-heptane- 
tribromidc was added dropwise. The temperature was maintained at 
75-80°C during the course of the addition. After the addition of the 
tribromide was completed, external heat was applied until the temperature 
reached 125°C, when an exotherm caused the temperature to reach 150°C. 
The resulting solution was homogeneous. The reaction was allowed to 
proceed for an additional 15 min. Tetraethylenepentamine, 18.2 g, was 
then added dropwise. The work-up was performed as described for Ha. 
The product mixture was distilled at 0.5 mm Hg. The distillate was eluted 
with ether from a column of acid alumina. The eluent was evaporated 
and distilled to give 6.1 g of a yellow-colored liquid; bp 96-98°C/0.6 mm.

A solution of the yellow-colored trithiol, 2.5 g (0.013 mole), dissolved in 
10 ml of ether was added dropwise to a 0.58 g (0.02 mole) of lithium 
aluminum hydride suspended in 15 ml of ether. The resulting mixture 
was heated at reflux for 2 hr, and then ice water was cautiously added.
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After careful neutralization with 6N hydrochloric acid, the solution was 
extracted with ether and the extracts were dried over sodium sulfate. 
After filtering the solution and evaporating the solvent, the residue was 
distilled to give 0.93 g (37% recovery) of a colorless liquid; bp 82°C/0.3 
mm; 1.5378. Infrared analysis showed mercaptan absorption at 
3.92 fi.

A n a l . C alcd  for C 7I I ,6S3: C, 4 2 .80% ; 1 1 ,8 .2 1 % ; S, 4 9 .08% . F o u n d : 0 ,  43 .05% ; 
H , 8 .2 5 % ; S, 48 .90% .

2,4,6-Hcpanctrithiol was separated into its stereoisomers by means o> 
preparative vapor-phase chromatography. The apparatus used to achieve 
the separation was an Aerograph Model A-700 (Wilkens Instrument and 
Research). The column used was a 20 ft X 3/s in. od aluminum column 
packed with 20% by weight of ethylene glycol succinate on 00-80 mesh 
Chromosorb W.

Operational details of the separation were: carrier gas (helium) inlet 
pressure, 60 psig; approximate flow rate, 60 cc/min; injection port 
temperature, 259°C; column temperature, 183°C; detector block tempera­
ture, 245°C ; and filament current, 150 mA. Portions of the mixture 
(50 ¿d) were injected directly onto the column at 52 min intervals and 
collected in receivers cooled by a Dry Ice-acetone mixture. Retention 
times for the isomers were: svndiotactic, 121 min; heterotactic, 135 min; 
and isotactic, 148 min. Five fractions were obtained, the second and the 
fourth, being mixtures, were discarded.

Each isomer was shown to be isomerically pure by analytical VPC on 
an aluminum column 2 m X  6 mm od, containing diethylene glycol suc­
cinate on Firebrick G. C. 22 , 60-80 mesh. Operational details were: 
carrier gas (helium) inlet pressure, 15 psig; flow rate, 4.4 cc/min; and 
column temperature, 154°C. Retention times for the isomers were: syn- 
diotactic, 25 min; heterotactic, 27.5 min; and isotactic, 29.5 min.

Final purification of the first two isomers was achieved on the Aero­
graph by using a 20 ft X 3/s in. od aluminum column, packed with 20% 
Carbowax 20-M on 00—80 mesh DMCS-AW Chromosorb W. Operational 
details were: carrier gas (helium) inlet pressure, 50 psig; approximate flow 
rate, 135 cc/min; injection port temperature, 225°C; and detector block 
temperature, 220°C. Column temperatures and retention times are shown 
in Table I.

T A B L E  I
S ep ara tio n  of Isom ers

Iso m er
C olum n

te m p era tu re , °C
R eten tion  
tim e, m in

S y n d io tac tic 200 71
H e te ro ta c tic 210 71
Iso  ta c tic 190 102
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Slight decomposition of the isotactic isomer was found to have occurred as a 
result of injection onto the Carbowax column. The decomposition 
products were removed by reinjection onto the ethylene glycol succinate 
column under the conditions cited above.

Nuclear Magnetic Resonance Spectra
For the measurement of the NMR spectra, ca. 15% (w/v) solutions of 

each of the stereoisomers of 2,4,6-heptanetrithiol in Silanor-C [deuterated 
chloroform containing 1% tetramethylsilanc (v/w)] were placed in 7-in. 
micro NMR tubes; tube od, 0.195/0.196 in.; bore diameter, 1.5 mm; 
cavity height, 10 mm, cavity id, 0.166 in.; and base height 10 mm (sup­
plied by Wilmad Glass Co., Buena, N. J.). The spectra were run on a 
Varian Model A-60 analytical NMR spectrometer at 40°C.

F in an c ia l s u p p o rt b y  th e  U . S. P u b lic  H e a lth  Service, N a tio n a l In s t i tu te s  of H ea lth , 
u n d e r G ra n ts  N os. D E-01769-03, D E-01769-04 a n d  D E-01769-05, is g ra te fu lly  acknow l­
edged. G ra te fu l acknow ledgem en t is also m ad e  to  M r. H . T a lts  for th e  N M R  d e te rm i­
n a tio n s  an d  to  D r. F . B ovey  for his aid  in in te rp re tin g  th e  N M R  spec tra .

T h is  p ap e r is ta k e n  from  th e  d isse rta tio n  of I. Scheinfeld  su b m itte d  to  th e  fa c u lty  of 
th e  P o ly tech n ic  In s t i tu te  of B ro o k ly n  in  p a r tia l  fu lfillm ent of th e  req u ire m en ts  fo r  th e  
degree of D o c to r  of P h ilosophy  (C h em istry ), 1967.
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C r o s s l in k in g  a n d  S t r u c t u r a l  C h a n g e s  
o f  C e l lu lo s e  F ib e r s

G. V. NIKONOVICH and KH. U. USMANOV, Research Institute for 
Cotton Cellulose Chemistry and Technology, Tashkent, U.S.S.R.

Synopsis
T h e  superm olecu lar s tru c tu re  of v ario u s cellulose fibers m odified w ith  crosslinking 

reag en ts  has been  in v estig a ted  b y  e lec tro n  m icroscopy  m ethods. T h e  d en sity , degree of 
c ry s ta llin ity  (D C ), an d  len g th  changes in a lka line  so lu tio n s w ere m easu red  for th e  m od i­
fied celluloses. T h e  sam ples tre a te d  w ith  m o n o fu n c tio n a l analogs of th e  crosslinking re­
agen ts as well as th e  fiber p re p a ra tio n s  co n ta in in g  lin ear an d  n e tw o rk  po ly m er w ere also 
in v estig a ted . T h re e  m ain  p rob lem s are suggested  for th e  discussion : ( 1 ) th e  genera l reg­
u larities  of th e  s tru c tu ra l changes in cellulose in  th e  process of crosslinking; (2 ) th e  
specific fea tu re s  of th e  s tru c tu ra l changes, as observed  in d iffe ren t cellulose sam ples; 
(3) th e  re la tio n  b etw een  th e  degree of m odification , th e  ty p e  of m odify ing  reagen t, a n d  th e  
s tru c tu re  of th e  erosslinked cellulose. T h e  ch a rac te ris tic  s tru c tu ra l changes, i.e ., th e  
increase in  th e  th ick ness  of fragm en ts, th e  specific cogged edges, th e  increase in  th e  la te ra l 
d im ensions of s tru c tu ra l e lem en ts all seem  to  be m o st re p re sen ta tiv e  in n a tiv e  cellulose 
fibers a n d  are  p erfec tly  well d istingu ished . S im ilar changes are  fou n d  in v iscose fibers 
b u t  a re  less clearly  defined. C rosslink ing  proceeds ra th e r  u n iform ly  th ro u g h  th e  w hole 
of th e  fiber cross sec tion . I t  ap p e a red  to  be m o st evident, w hen th e  cross sec tions are 
tre a te d  w ith  so lven ts, o r w hen e tch ed  in gaseous d ischarge. O nly  in  cases w hen th e  m od­
ification  is perfo rm ed  in  nonaq u eo u s so lu tions does th e  reac tio n  p roceed  m ain ly  in  the  
p erip h eria l regions of th e  fiber. In  fibers su b jec ted  to  s tro n g  sw elling, crosslink ing  resu lts  
in a  real increase in  th e  la te ra l d im ensions of th e  m icrofibrils, w ith  th e  la y e r th icknesses 
rem ain in g  th e  sam e. As a  rule, th e  m odifica tion  does n o t im p ly  sign ifican t changes in 
th e  fiber surface. T h e  c ry sta llite  size decreases in  th e  p rocess of crosslinking. T h is  ap ­
p ea rs  to  be p ecu lia r  to  v iscose fibers, especia lly  to  th o se  su b jec ted  to  c rosslink ing  in th e  
swollen s ta te . T h e  degree of c ry s ta l lin ity  an d  d en s ity  of th e  fibers decrease sh arp ly , 
w hich seem s to  be especia lly  e v id e n t in ep ich lorohydrin -m od ified  sam ples. C ellulose 
s tru c tu re  rem ains u nchanged  w hen lin ear o r n e tw o rk  p o ly m er form s in  th e  fiber o r w hen 
th e  sam ples a re  tre a te d  w ith  m o n o fu n c tio n al reag en ts. C hanges in p ro p e rtie s  a n d  s tru c ­
tu re  of cellulose caused b y  crosslink ing  are m o st a p p a re n t if elonga tion  of th e  fibers in 
alka line so lu tion  before an d  a f te r  th e  m odifica tion  is com pared .

INTRODUCTION
The supermolecular structure of cellulose modified with crosslinking re­

agents has been studied by many authors.1-7 Results achieved in our 
laboratory led us to certain conclusions on the mechanism of cellulose 
crosslinking on the supermolecular level. Experimental data and the 
results of the investigations of the erosslinked cellulose and particularly of 
a variety of viscose fibers are reported here.

3245
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Three main problems suggested for the discussion: (1) general regulari­
ties characteristic of the structural changes in cellulose fibers in the process 
of crosslinking; (2) specific peculiarities of the structural changes as de­
tected in different cellulose samples; (3) relation between the degrees of 
modification, the nature of the modifying reagent, and the structure of the 
crosslinked cellulose.

Materials and Methods
Cellulose fibers modified with formaldehyde, dimethylolurea (DMU), 

dimethylolthiourea (DMTU), dimethylolethylenurea (DMEM), acrolein, 
diepoxy resin, epichlorohydrin (ECH), cyanuric chloride, and some other 
bifunctional reagents (all of them shown8-12 to crosslink with cellulose) 
were used in the investigations. In addition, samples treated with analogs 
of these compounds but possessing only one functional group, i.e., mono- 
methylolthiourea (MMTU), monomethylolurea (MMU), propylene oxide, 
etc., and fibers containing linear and network polymers were studied.

Cotton cellulose, polynosic fibers, tire cords of different strength, viscose 
and cuprammonium rayons were used. The supermolecular structure of 
the modified samples was studied by means of various methods of electron 
microscopy.

The fiber fragments, ultrathin sections, surface replica as well as crystal­
lites isolated by hydrolysis were investigated. In all cases, additional in­
formation on the supermolecular structure of the samples was obtained by 
treatment with some solvents, both before and after sample preparation, 
or by etching in gaseous discharge. The degree of crystallinity (DC) 
was estimated by method of x-ray diffraction; the density of the modified 
fibers was measured by a gradient column method. The elongation of the 
modified and untreated fibers at a constant load in alkaline solution was 
also evaluated. More details of the methods used have been reported 
earlier.1’2

Results and Discussion
Cellulosic materials subjected to treatment with bifunctional reagents 

are characterized by a significant increase in the fragment thickness and 
by the absence of fibrillation in ultrasonic disintegration. In addition, on 
the fragments there appear certain cogged edges transverse to the long- 
axis of the structural elements which are accompanied by formation of large 
amounts of small chippy particles (Figs. 2a,b) (These features on the elec­
tron micrographs are indicated by arrows.) For comparison see Figure la, 
where a thin layer of untreated cotton cellulose with smooth and even 
edges is shown.

These changes are obviously the result of crosslinking produced by treat­
ment with bifunctional reagents. The process of crosslinking must have 
evidently begun in the most accessible regions. For native cellulose prep­
arations, which possess distinct microfibrils and lamellar structure, the 
regions of accessibility appeared to decrease in the following order: inter-
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(e) (/)
F ig . 1. F ra g m e n ta tio n  p a tte rn s  of u n tre a te d  fibers: (a) co tto n ; (6 ) tire  cord; (c)

v iscose ra y o n ; (d ) P o lyco t; (e) B X  fiber; ( / )  tire  cord su b jec ted  to  7 m in hydro lysis.

layer, interlamellar, interfibrillar, and intrafibrillar areas. Crosslinking is 
enhanced due to possible penetration of macromolecules and microfibrils 
into the space between the structural elements (a kind of fringe).

This is why the fragments are the thickest in native cellulose prepara­
tions in which the newly formed crosslinks between the layers and lamellae 
make them interlock with each other. In viscose fibers, which are not 
characterized by a so well developed fibrillar and layered structure, the 
features of the supermolecular structure seem to be less clearly distin­
guished. To a certain degree this inhibits objective interpretation of the 
obtained experimental data.

The most accessible in this case are the areas between the various types
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Ce) (/)
F ig . 2. F ra g m e n ta tio n  p a tte rn s  of th e  m odified fibers: (the m ost ch arac te ristic

fea tu re s  of th e  s tru c tu re  are  in d ic a ted  b y  arrow s): (a) co tto n  m odified w ith  C H 20 ;
(b ) co tto n  m odified w ith  acrolien; (c) tire  cord m odified w ith  D A IM  (T h is  is on  th e  
sam e scale as th e  o th e r  p a r ts  of F ig . 2 .); (cl) viscose ra y o n  m odified w ith  C H >0; 
(«) B X  fiber m odified w ith  C H 20 ;  ( / )  P o lyco t m odified  w ith  CHoO.

of molecular arrangement, i.e., the region between the tapelike bands and 
fibrils. It must be noted, that there exists a wide range of types of molecu­
lar order within this or other fiber species.

As has already been shown,13 in the disintegration of tire cords layers are 
formed which are characterized by a poorly organized inner structure and 
a considerable amount of structureless matter (Fig. 16). After the modi­
fication, the thickness of the fragments increases and the amount of the 
structureless matter becomes even less (Fig. 2c). It is evident, that in the 
modification of tire cord, in which clearly observed boundaries separating
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the structural elements and structureless matter are absent, crosslinking 
proceeds in the most loose areas as well as in the transitional zones between 
them, and the structureless matter seems to be crosslinked with the ordered 
areas and the structural elements.

Actually, microphotographs of the disintegrated preparations show al­
most no structureless matter. Even in the viscose and cuprammonium 
rayon samples, which contain the largest amounts of structurally un­
organized cellulose, one can detect some small amounts of crosslinked 
material, as compared to the initial samples (Figs, lc and 2cl). Polynosic 
fibers are characterized by a somehow better defined fibrillar and layered 
structure (Fig. Id),14 while the structure of the BX-type fibers might be 
considered as a system of layers, composed of tightly packed micro­
fibrils with numerous small pores in them (Fig. le). Since after the cross- 
linking there can be observed no distinct increase in the thickness of the 
fiber fragments, one can suggest that the modification process proceeds 
mainly on the submicroscopic pores walls and to a less degree in the inter­
layer zones (Fig. 2e). In the polynosic rayons such as Polycot, Hypolan, 
and Z-54 fibers, the interlayer crosslinking seems to be much better de­
fined. This results in a significant increase in the thickness of the frag­
ments, accompanied by the formation of a large amount of “chippy” par­
ticles (Fig. 2/) as compared to the original samples (Fig. Id). The struc­
tural changes become especially evident when CFFO, DMM, DMEM, and 
DMTM are used for the modification.

Thus, an increase in the lateral dimensions of the structural elements be­
comes one of the most characteristic features of the process of crosslinking 
in cellulose. It is evident that layers, lamellae, and microfibrils, as they are, 
retain their initial dimensions as observed in cellulose preparations prior to 
the treatment. However, the formation of crosslinks between the struc­
tural elements results in the fact, that in many processes in which cellu­
lose participates, especially in physico-mechanical processes, the largest 
structural units take part. Cellulose fibers lose those properties character­
istic of the fibrillar structure when crosslinks are too numerous and behave 
like a three-dimensional network. This brings about an abrupt increase 
in the fiber brittleness, which causes them to break into small particles.

As a rule, the increased brittleness of the crosslinked viscose fibers is 
attributable to the immobility of the accessible regions in the space between 
structural elements. In this sense, crosslinking affects the fibers structure 
and properties as partial hydrolysis does when the most accessible regions 
become depol.ymerized and destroyed. This is why identical pictures are 
observed in preparations of disintegrated crosslinked cellulose and of hy­
drolyzed fibers (Fig. 1/).

The “cogged” edges, which characterize the modified fiber fragments, 
are the result of increased brittleness and unequal force distribution in the 
disintegration of the crosslinked fibers. Generally, this is related to the 
crosslinking in the lateral directions of the microfibrils and other layer-form­
ing structural elements, which leads to the fact that the fibers show brittle 
fractures as the natural weak points.
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The enlargement of the effective dimensions of the structural elements 
is found in ultrathin cross and longitudinal sections. The “buttends” 
dimensions of the structural elements increase (they are indicated by ar­
rows), and their number per unit cross-sectional area decreases markedly 
compared to the untreated fibers (see Figs. 3 and 4). As might be expected, 
this is seen most clearly in fibers which are characterized by well-defined 
structural elements (native cellulose fibers, for example, Fig. 4a), and be­
comes less in the case of cross sections of viscose fibers (Fig. 46).

It must be noted, however, that the ultrathin longitudinal cross sections

(«)
F i g .  3 .  U l t r a t h i n  s e c t i o n s  o f  u n m o d i f i e d  f i b e r s :  (a) c o t t o n ;  ( 6 )  v i s c o s e  r a y o n ;  ( c )  B X

f i b e r  ( l o n g i t u d i n a l  s e c t i o n ) .
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(b)

(e)
F ig . 4 . U ltra th in  sec tions of m odified fibers: (a) co tton  m odified  w ith  acro le in ; (6 ) viscose 

ray o n  m odified  w ith  D M M ; (c) B X  fiber ( lo n g itu d in a l sec tion ).

reveal some clearly distinct cogged edges similar to those of the crosslinked 
fiber fragments (Fig. 4c, see for comparison also Fig. 3c). On the cross 
sections tangentially arranged cracks can be observed. These changes 
can be considered as the result of the increased brittleness of the fibers. 
There was found no polymerization products in the pores.

Up to now we discussed the apparent increase in the transverse dimen­
sions of the structural elements. Under certain conditions there appears 
a real possibility of detecting an increase in the dimensions of the structural 
elements and even of some changes in their mutual arrangement. This is 
observed when crosslinking proceeds at low temperatures and when cellu­
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lose preparations have been subjected to strong swelling. The fibers pre­
swollen in alkaline solutions and modified with ECH or eyanuric chloride 
are examples of such a process.15'16 The specific peculiarities of ECH 
modification will be discussed later.

Let us now consider the reagent distribution in the crosslinked samples. 
Examination of the cross sections of the fibers pretreated with some sol­
vents and the investigation of how the solvent affects the fiber cross sections 
indicate that crosslinking proceeds rather uniformly through the whole 
fiber volume; its structural heterogeneity is certainly taken into considera­
tion. This is expressed in equal cross-section etching on treatment with 
solvents and in homogenous reduction of the degree of swelling across the 
cross-sectional area of the fiber (Fig. 6a-e). A comparison is given in the 
microphotographs of cross sections unmodified fibers treated with solvents 
and those of preswollen fibers (Fig. 5a-d). It is clear that the unmodified 
fibers swell markedly and the cross-sections dissolve almost completely 
when treated with quaternary base. Homogenous etching of the cross 
sections in gaseous discharge also proves that the modification is uniform 
in character (Fig. 7a, b). It must be noted that the areas which remain 
undestroyed become significantly larger than those of the untreated fibers.

Localization of reagents in peripherial areas of the fiber seem to be real

(c) (d)
Fig. 5. U ltra th in  sections of unm odified  fibers, su b jec ted  to som e tre a tm e n t:  (a)

co tto n , cross section  tre a te d  w ith  a  q u a te rn a ry  am m onia  base (QA B), low m agnification ; 
(fc) co tton , cross sec tion  of th e  fiber presw ollen  in H 3P 0 4, low m agn ification ; (c) sam e as 
(6 ), high m agn ification ; (d) co tton  crosssection of th e  fiber presw ollen  in  QAB.
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(e) (/)
F ig . 6 . U ltra th in  cross-section of th e  m odified fibers su b jec ted  to  som e tre a tm e n t:

(a) co tto n  m odified w ith  acrolein, cross sec tion  tre a te d  w ith  Q A B ; (6 ) co tto n  m odified 
w ith  D M M , cross sec tion  of th e  fiber presw ollen  in H 3P O 4, low  m ag n ifica tio n ; (c) sam e as
(b ) , h igh  m agnification ; (d) co tto n  m odified w ith  D M M , cross sec tion  of fiber p resw ollen  
in  Q A B ; (e) co tto n  m odified b y  D M M , cross section  tre a te d  w ith  Q A B : ( /)  co tton  
m odified w ith  acrolein, cross sec tion  tre a te d  w ith  Q AB.

only at low degrees of substitution under special nonaqueous conditions; 
modification by acrolein in organic solvent (ethyl ether) is an example. 
Treatment of such a fiber with quaternary ammonia base leads to dis­
solution of the internal part, while there remains a narrow ring of undis­
solved crosslinked cellulose (Fig. 6/).

Structural changes of cellulose depend on the nature of the crosslinking 
reagent used and on the conditions under which crosslinking proceeds. 
Reagents possessing symmetric molecules and equal functional groups
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(a )  (b )
F ig . 7. U ltra th in  cross sec tion  of v iscose rayons su b jec ted  to  gaseous d ischarge e tch in g : 

(a) unm odified ; (b ) D M M -m odified  sam ple.

which under certain conditions do not form large amounts of polymeriza­
tion products appear to be most effective in changing cellulose structure 
and properties. Formaldehyde, in the form of monohydrate CH2(OH)2, is 
one of them. The above-mentioned structural changes are observed with 
formaldehyde crosslinking when weight gains are below 1%. On the 
other hand, acrolein, which has different functional groups and easily 
forms homopolymers appears to be less effective. A weight gain of 10% 
or more is necessary for significant changes in the structure and properties of 
the acrolein-modified-fibers.

As was already stated, ECH and cyanuric chloride modification per­
formed on strongly swollen fibers reveals some specific features. Investi­
gations of the cross sections subjected to treatment with solvents show 
that the process uniformly covers the whole of the fiber cross sections (Fig. 
8a). However, the increase in the thickness of the fragments can be com­
pared to that of the unmodified fibers. Fragments which were isolated by 
disintegration of native as well as of viscose fibers are rather thin (Fig. 8b), 
though broad and defined by certain cogged uneven edges (Fig. 8c, cl). 
It follows that generally crosslinking proceeds in the direction perpendicu­
lar to the long axis of the structural elements, while in the radial direction 
those are separated by a considerable space, ascribed to strong swelling.

Infrared spectroscopy data and the results of chemical analysis prove 
that the fact of intramolecular addition of ECH occurring bifunctionally 
cannot be excluded.15

When there is intensive modification within microfibrils, their width 
multiplies many times (up to 400-500 A); in addition, periodicity with 
intervals of about 650 A can be observed in cyanuric chloride-modified 
cellulose preparations (Fig. 8e).

The results of investigations of epoxide-treated fibers appeared to be 
quite unexpected: in the disintegrated products there are found numerous 
particles of noncellulosic origin; also the fragments differ hardly at all from 
those of the untreated cellulose (Fig. 9a). Cross sections show a dense 
and wide polymer layer clearly visible surrounding the fiber (Fig. 96). It
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(e)
F ig . 8 . S t ru c tu re  of fibers su b jec ted  to crosslinking in th e  sw ollen s ta te :  (a )  co tton  

tre a te d  w ith  E C H , cross sec tio n  tre a te d  w ith  Q A B ; (6 ) co tto n  tre a te d  w ith  E C H , frag ­
m en ta tio n  p a tte rn ;  (c) po ly co t tre a te d  w ith  E C H , frag m e n ta tio n  p a tte rn ;  (d) co tton  
tre a te d  w ith  E C H , frag m e n ta tio n  p a tte rn  at high m agnification .

is probable, that the resin does not penetrate the fiber due to its high molec­
ular weight, though, on its surface a homopolymer layer is formed.

Modification by DMM, DMEM, and CH20  virtually does not affect the 
cellulose fiber surface (Fig. 11a). The surface structure elements of ECH- 
modified samples look smooth, which appears to be the result of marked 
swelling (Fig. 116).

The surface of epoxide-treated fibers seems to be damaged. This is 
caused by peeling off of the polymer layer, revealing strong adhesion to 
the fiber in the course of replication (Fig. 11c). The changes in structural
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(a) (b)
Fig . 9. E p o x id e -tre a ted  fibers: (a) tire  cord, f rag m e n ta tio n  p a tte rn ;  (6 ) tire  cord cross

section .

(a) (b)
Fig. 10. Surface of unm odified  fibers: (a )  B X  fiber; (b) tire  cord.

elements in the fiber surface become most evident when the modified fiber 
preparations are compared to the untreated fibers (Fig. 10a).

The possibility of crosslink formation in the most densely packed regions 
of cellulose, i.e., crystallites, presents a very important problem. Investi­
gations of crystallites isolated by hydrolysis from the crosslinked cellulose 
fibers show that their average length appears to be a bit smaller than that 
of the untreated fibers, differing only by some 150-300 A in the case of 
native cellulose preparations (Figs. 11a and b, and 12c). The most obvious 
changes in crystallites are found in cellulose preparations modified with 
ECH or treated with cyanuric chloride. The length of the crystallites 
is reduced two- to threefold in the case of native cellulose and five- to six­
fold in viscose fiber preparations (Fig. 12cl, e). This proves that the modi­
fying reagents possibly penetrate into the crystallites. As a result, the 
dimensions of the viscose fiber crystallites are reduced so much, that the 
very term “crystallites” loses its meaning.

Experiments involving treatment of crystallites isolated from native 
cellulose with CFFO, followed by estimation of their swelling capacity 
prove the objectiveness of the possibility of modification.16

The degree of crystallinity of crosslinked cellulose fibers was estimated by 
x-ray diffraction methods according to Segal et al.17 It was found that in
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(b)

(c)
F ig . 11. S u rface of m odified fibers: (a )  B X  fiber m odified  w ith  D M M ; (b ) B X  fiber

m odified w ith  E C H ; (c) t ire  cord  tre a te d  w ith  epoxide resin.

all cases the degree of crystallinity (DC) is decreased after crosslinking. 
This is especially evident for samples with high weight gains (Table I). The 
DC of ECH-modified samples was the least, which agrees with an abrupt, 
decrease in their crystallite dimensions.

The x-ray patterns of crosslinked preparations and mechanical mixtures 
of cellulose with the corresponding homopolymers were investigated in 
order to estimate the ratio of the intensities of crystalline and amorphous 
scattering at 26 = 22.4 and 18°, and their reflect on the evaluated DC.18 It 
is found that in some cases the decrease in DC is mainly connected with the 
reduction of the intensity of the (002) reflection (26 = 22.4°), while in other
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(e)
F ig . 12. F ib e r c ry s ta llite s : (a) co tton , u n tre a te d ; (6 ) B X  fiber, u n tre a te d ; (c) co tton  

m odified w ith  ac ro le in ; (d) co tto n  m odified w ith  cy an u ric  chloride; (e) B X  fiber m odified 
w ith  E C H .

cases it is caused by the increase in amorphous scattering at 26 = 18°. 
The former is characteristic of the ECH-modified derivatives, while on the 
other hand amorphous scattering greatly increases in the epoxide-treated 
samples.

Electron microscopic investigations show that diepoxide generally 
precipitates on the surface of the fibers. Thus, the x-ray diffraction 
method makes it possible to differentiate between a real DC decrease, 
caused by the cellulose structure modification, and an apparent decrease 
attributable to screening of the scattering centers by polymerization 
products. Moreover, x-ray data confirm the results of electron microscopic
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T A B L E  I
D C  of th e  M odified  F ibers

C ellulose sam ple

D C , %

U nm odified
c h 2o -
tre a te d

D M M -
tre a te d

E C H -
tre a te d

C o tto n 7 8 .5 6 3 .0 7 5 .0 5 2 .0
P olynosic  fibei' A 5 3 .0 5 0 .0 4 9 .0 3 2 .5
P olynosic fiber B 6 2 .0 6 1 .0 6 1 .0 3 8 .0
T ire  cord  A 4 4 .0 — 4 3 .0 —
T ire  cord B 6 0 .0 3 9 .0 4 2 .0 —
Viscose ray o n 4 1 .0 — — 2 8 .5

T A B L E  I I
D en sity  of th e  M odified  F ibers

C ellulose
sam ple

D en sity , g /c c

U nm odified
C H 20 -
tre a te d

D M M -
tre a te d

E C H -
tre a te d

C o tto n 1 .5420 1 .5380 1.5440 1 .4195
Polynosic  fiber A 1.5120 1 .5100 1 .5230 1 .4885
P olynosic fiber B 1 .5039 1 .4995 1 .5090 1 .4620
T ire  cord A 1.5175 1 .5110 1 .5240 1 .4715
T ire  cord  B 1 .5015 1 .4955 1 .5130 1 .4655

investigations indicating the possibility of cellulose crystallite modification.
Changes in the density of fibers on modification with CH20  and DMM 

are negligible (Table II). There is a certain rise in the density of the DMM- 
treated samples ascribed to homopolymer formation in the fiber, while 
there is an abrupt decrease in density after ECH modification. This is a 
sign of a considerable loosening of the fiber structure.

Changes in the properties of the modified fibers caused by their struc­
tural transformations can be clearly seen on relaxation and elongation 
curves in alkaline solutions at constant loads (Fig. 13). The untreated 
fibers are characterized by curves with an evident elongation. In all cases 
the elongation drops sharply after crosslinking. Even viscose rayon, 
which prior to the modification elongates rapidly, almost completely loses its 
ability to elongate after crosslinking. The changes in the properties 
evidently result from the immobility of structural elements after the cross- 
linking. It is interesting, that ECH-modified fibers retain considerable 
elongation, which, though, is less than that of the untreated samples. 
The comparison of the structural changes caused when cellulose is treated 
with bifunctional reagents and their monofunctional analogs is also of 
interest. If in the first case the structural changes are most evident, it is 
difficult to detect any in the modified samples structure after cellulose has 
reacted with MAIM, MMTM, or propylene oxide. The samples swell and 
dissolve almost completely in the usual solvents for cellulose and after dis-
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Fig . 13. C hanges in  le n g th  of fibers (2%  a lk a li) : (1 ) v iscose ray o n ; {2) tire  cord  A; 
{3) tire  cord B ; (4 )  v iscose ray o n  m odified  w ith  C H 20 ;  (5) tire  cord A m odified w ith  
C H 20 ;  (6 )  tire  cord  A, m odified w ith  D A IM ; (7) t ire  cord  B m odified w ith  D M M ; (8 )  
tire  cord  B tre a te d  w ith  E C H .

(a) (6)
Fig . 14. F ra g m e n ta tio n  p a tte rn s  of fibers (a) m odified w ith  m o nofunc tional reag en t 

a n d  (6) co n ta in ing  th e  n e tw o rk  po lym er: (a) co tto n  m odified  w ith  M M T M ; (b)
co tto n  co n ta in in g  hexam ethy lened iam ine-g lycerine .

integration show fragmentation similar to that of the untreated fibers 
(Fig. 14a). Preparations containing linear and network polymers to a 
great extent more closely resemble the untreated samples rather than the 
crosslinked fibers (Fig. 146).

Thus, the structural changes produced as a result of treatment of cellulose 
with bifunctional reagents are caused mainly by the formation of crosslinks 
and not by accumulation of polymerization products or by monofunctional 
substitution.
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Transparent Ultraviolet-Barrier Coatings
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Synopsis
A number of phenyl polyesters have been synthesized to furnish molecules whose back­

bones rearrange under ultraviolet irradiation to an o-hydroxybenzophenone structure. 
This photochemical Fries rearrangement produces ultraviolet opacity in the irradiated 
film while maintaining visual transparency. Thin coatings of these polyesters completely 
protect substrates ordinarily sensitive to ultraviolet light. Spectroscopic analysis of var­
ious rearranged films and coatings clearly shows that the o-hydroxybenzophenone poly­
mer formed is concentrated at the irradiated surface of the original polyester coating as a 
“skin”. Such a skin, formed in  s itu  during the irradiation, functions to protect both the 
original polyester coating as well as the coated substrate from degradation by ultraviolet 
irradiation. Furthermore, a significant “healing” mechanism appears inherent in these 
coatings, for as the exposed skin ultimately degrades under extended ultraviolet irradia­
tion, more of the underlying polyester layer apparently rearranges to compensate for the 
loss. Thus the clear coating functions both as a protective skin and a rearrangeable 
reservoir. Modified structures of the polyesters have been prepared which possess, in 
addition to their protective film properties, a useful solubility spectrum and a good solu­
tion shelf life.

INTRODUCTION

A t p resen t, th e  m a jo r  m e th o d  of o b ta in in g  clear ex terio r coatings w hich 
are  re la tiv e ly  s ta b le  to  u ltra v io le t ra d ia tio n  an d  w hich sim u ltan eo u sly  p ro ­
te c t  su b s tra te s  ag a in s t u ltra v io le t d eg rad a tio n  consists in  in co rp o ra tin g  cer­
ta in  m onom eric u ltra v io le t screen ing  com pounds in to  clear po lym er film s.1“ 3 
T hese  ad d itiv es  u su a lly  abso rb  s tro n g ly  in  th e  u ltra v io le t reg ion  b u t  negli­
g ib ly  in  th e  v isib le  region, p roducing  th e  desired  u ltra v io le t o p ac ity  in  o th e r­
w ise tra n s p a re n t  coatings. H ow ever, th e  use of m onom eric ad d itiv es  has 
som e c ritica l lim ita tio n s : a  low level of p ro te c tio n  for ex trem ely  th in  po ly ­
m er film s; possib le n onun ifo rm  d is tr ib u tio n  in  th e  p o lym er; p o te n tia l m i­
g ra tio n ; excessive e x tra c ta b ili ty ; an d  occasional v o la t i l i ty .4

O ne possib le m eans of im p ro v in g  m an y  of th ese  flaws is b y  u sing  po ly ­
m eric u ltra v io le t screeners. T o  th is  end, som e new  po lym er sy stem s con­
ta in in g  chem ically  com bined  u ltra v io le t screeners of th e  o -hydroxvaroy l 
k e to n e  an d  e s te r ty p e s  h av e  been  re p o rte d  re c e n tly .5-7

* Present address: Freeport Kaolin Company, Gordon, Ga. 31031.
3263
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A n o th e r ap p ro ach  to  such  coatings has becom e accessible recen tly  v ia  th e  
pho tochem ica l F ries  re a rran g em en t of a ro m a tic  po lyesters to  polym eric o~ 
hydroxybenzophenones :

E ssen tia lly  th is  tech n iq u e  p erm its  fo rm ation  of th e  u ltra v io le t screening 
po lym er as needed d u rin g  ex terio r exposure to  sun ligh t. S ignificant clarifi­
ca tio n  of th e  reac tio n  lim its  an d  m echan ism  has been  ach ieved  b y  stud ies 
of th e  m onom eric re a rra n g em e n t.8-12 In  ad d itio n , som e w ork  has been 
done w ith  po lym eric  sy stem s.8'13-15 T h e  o b jec tive  of th e  p resen t w ork 
w as to  in co rp o ra te  b o th  u ltra v io le t s ta b ili ty  an d  u ltra v io le t-b a rrie r be­
h av io r v ia  th e  pho tochem ical F ries re a rran g em en t in to  clear coatings w hich 
possessed o therw ise  excellent p ro tec tiv e  p roperties.

EXPERIM EN TA L

Monomers
M o st of th e  d ih y d ric  phenol m onom ers used  w ere o b ta in ed  from  D is tilla ­

tio n  P ro d u c ts  In d u s tr ie s  or A ld rich  C hem ical Co. A n exception, how ever, 
w as N opco  1750A, w hich  w as fu rn ished  b y  N opco  C hem ical Co. A l­
th o u g h  th e  m a jo r ity  of phenolic m onom ers could be used w ith o u t fu rth e r  
purification , techn ica l g rade  4 ,4% ulfony ld ipheno l, o b ta in ed  as a  b row n 
pow der (m p 135-200°C ), req u ired  t re a tm e n t w ith  a c tiv a te d  charcoal and  
rec ry s ta lliza tio n  from  boiling  w ate r. E v e n  so, th e  resu ltin g  solid (m p 157- 
215°C .) w as believed  to  be a m ix tu re  of th e  2 ,4 '-  an d  4,4 '-isom ers.

4 ,4 -B is(4 '-hyd roxypheny l) pen tan o ic  acid  (D iphenolic  Acid, S. C. Jo h n ­
son an d  Son, In c .) an d  its  esters, i.e., th e  m eth y l (m p 132-134°C ), e th y l 
(m p 125-128°C ), b u ty l (m p 102-103°C ) an d  lau ry l (m p 53 -56°C ) w ere 
o b ta in ed  from  S. C. Jo h n so n  an d  Son, Inc . A lthough  th e  acid  (m p 170- 
173°C) w as received pure, th e  esters y ie lded  w orkable  po lym ers on ly  if 
th e ir  so lu tions w ere ex tra c te d  w ith  aqueous s a tu ra te d  sod ium  b ica rb o n a te  
to  rem ove residual acid  an d  th e  residues th e n  recrysta llized .

B o th  th e  b u ty l C ellosolve este r (U nion C arb id e  C orp .) and  th e  p iperid ide  
of D iphenolic  A cid w ere syn thesized  b y  s ta n d a rd  p rocedures. T h e  form er 
was a  ta n , ex trem ely  viscous liqu id  w hich  could n o t be  c ry sta llized  or d is­
tilled  an d  so w as used  in  th is  form  a fte r e x trac tiv e  purification . In  con­
tra s t, th e  p iperid ide  w as a ta n  solid (m p 205-208°C ).
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Iso p h th a lo y l an d  te re p h th a lo y l chlorides were o b ta in e d  from  H ooker 
C hem ical C o m p an y ; th e  o -p h th a lo y l chloride (reagen t g rade  m a te ria l), 
from  F isher C hem ical C o m p an y ; and  th e  a lip h a tic  d iacid  chlorides, from  
D is tilla tio n  P ro d u c ts  In d u s trie s . All were used w ith o u t fu r th e r  purifica­
tion.

Polyester Preparations
F o r th e  p re p a ra tio n  of these  po lyesters, b o th  in te rfac ia l an d  so lu tion  po ly ­

m eriza tio n  tech n iq u es w ere used.
M o st of th e  po lym ers were p rep a red  by  th e  general in te rfac ia l po lycon­

d en sa tio n  process described  in  th e  l i te ra tu re .16 H ow ever, depend ing  on  th e  
p a rtic u la r  m onom ers, various m odifications were requ ired . T h u s , w hen 
resorcino l o r s im ilar d ih y d ric  phenols w ere used  as m onom ers, o x ida tion  h ad  
to  be m in im ized  b y  bub b lin g  n itro g en  in  th e  s tirre d  em ulsion b o th  p rio r 
to  an d  du rin g  p o lym eriza tion . Also, w hen D iphenolic  A cid w as p resen t 
as a  m onom er, on ly  tw o eq u iv a len ts  of sod ium  hydrox ide  o u t of a th eo re tica l 
m ax im um  of th re e  were used. F u r th e r , to  p rev en t hydro lysis of th e  e th y l 
e s te r side cha ins of th a t  D iphenolic  Acid este r du rin g  po lym erizations, an- 
isole w as s u b s titu te d  in  th e  orgaidc phase  in  place of th e  o rd in a rily  used 
ch loroform  or m eth y len e  ch loride so lven t. F inally , th e  p o lym eriza tions 
w ere ru n  a t  0 -5 °C ; an d  an  an tifo am  a g en t w as added  period ically  du rin g  
po lym eriza tion .

S o lu tion  po lym eriza tions also w ere perfo rm ed  by  m odification  of th e  
p rocedu re  described  in  th e  l i te ra tu re .16 In  such  reac tions, th e  phenol and  
acid  chloride m onom ers first w ere d isso lved  in  an h y d ro u s te tra h y d ro fu ra n , 
a n d  po ly m eriza tio n  was in itia te d  b y  dropw ise a d d itio n  of a  sto ich iom etric  
am o u n t of tr ie th y la m in e . T h e  re a c tio n  th e n  w as m a in ta in ed  for 3 h r a t  
15°C , an d  th e  final po lym er w as p re c ip ita te d  in  excess w ater.

Coating Technique
P o ly m er so lu tions w ere coa ted  on to  th e  v a rio u s  su b s tra te s  w ith  a  d raw ­

dow n b lade  a n d  allow ed to  d ry  a t  room  te m p e ra tu re . As soon as th e  sol­
v e n t ev ap o ra ted , th e  coatings could  be exposed to  rad ia tio n  since no cu re  
w as involved.

Accelerated Ultraviolet Irradiation
F or acce lera ted  irra d ia tio n  stud ies, tw o u ltra v io le t in te n s ity  levels were 

used. A low er level w as p roduced  w ith  a  H a n o v ia  100-W  h igh-p ressu re  
q u a r tz  m ercu ry -v ap o r lam p  (m odel 60SA) p laced  25 cm  above  th e  ir ra d ia te d  
film sam ples. T h e  ap p ro x im a te  in te n s ity  of ra d ia tio n  betw een  200 an d  
400 m g reach ing  th e  films w as 7.1 X  10'2 ¿ tW /cm 2. F o r a  h igher in te n s ity  
level, a 450-W  H a n o v ia  u ltra v io le t lam p  (m odel G79-A) w as used, also a t  a 
heigh t of 25 cm  above th e  film sam ples. In  th is  case, th e  ap p ro x im a te  
in te n s ity  of ra d ia tio n  betw een  200 a n d  400 m p reach ing  th e  films w as 1.3 
X 104 juW /'cm2. B o th  values w ere o b ta in e d  b y  ex tra p o la tin g  from  th e  
m a n u fa c tu re r’s d a ta  a t  a d is tan ce  of 50 cm by  using  th e  re la tio n sh ip  of th e  
inverse  sq u a re  of th e  d istance .
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All acce lera ted  s tu d ies  w ere carried  o u t in  a  hood  sealed  ag a in s t th e  
escape of an y  s tra y  u ltra v io le t ra d ia tio n  and  in  w hich  a s lig h t a ir c u rren t 
w as d raw n  co n tin u o u sly  over th e  film sam ples to  rem ove those  ozone traces 
form ed b y  s im u ltaneous ir ra d ia tio n  of a tm o sp h eric  oxygen.

Spectra
In fra re d  sp e c tra  w ere o b ta in e d  b y  film tran sm issio n  w ith  a  B eckm an  

IR -5 A  sp ec tro p h o to m e te r; an d  film su rface  sp ec tra , by  a t te n u a te d  to ta l  
reflectance b y  use of M odel 9 W ilks Scientific a tta c h m e n t w ith  a  45° angle 
of en tra n c e  an d  w ith  a ir  as th e  reference s ta n d a rd . F ilm  u ltra v io le t curves 
w ere o b ta in e d  on  a  B eck m an  D K -2  sp ec tro p h o to m ete r, also w ith  a ir as th e  
reference s ta n d a rd .

Viscosity
In h e re n t v iscosities w ere m easu red  a t  30°C  on  '—■0.5% po lym er so lu tions 

(0.1250 g po lym er in  25 m l of an  an a ly tica l g rade  so lven t p rep a red  from  70 
m l phenol an d  30 m l of 1 ,1 ,2 ,2 -te trach lo roethane).

Film Weathering
P re lim in a ry  coa ted  sam ples w ere exposed in  a  W eath er-O -M ete r. S ub­

seq u en tly , ex terio r exposures were carried  o u t in  M assach u se tts , A rizona, 
an d  F lo rida .

R ESU LTS AND DISCUSSION

Polyester Structure and Solubility Properties
M o st of th e  po lyesters p rep a red  in  th is  w ork  w ere based  on m onom ers 

w hich w ere s tru c tu ra l  m odifications of th e  phenols I  an d  I I  a n d  acid  chlo­
rides I I I  an d  IV .

T a b le  I  lis ts  th e  specific phenol an d  acid m onom er s tru c tu re s .
W ith  these  m onom ers, th e  po lyesters of T ab les  I I A - I I D  were p rep a red  

for ev a lu a tio n  as ex terio r u ltra v io le t-b a rrie r coatings.
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Of th e  po lyesters p rep a red  (T ab le  I I ) ,  tw o  th a t  show ed prom ising  u ltra ­
v io le t-b a rrie r p ro p ertie s  early  were po lym ers 5 an d  17.

Polyester 17 ( x \y =  1:1)
H ow ever, b o th  of th e m  also possess g rave  so lu b ility  deficiencies w hen  
considered  as p o te n tia l su rface  coatings. T h e y  dissolve in  on ly  a  re la tiv e ly  
sm all n u m b er of so lven ts, u su a lly  of h igher price  an d  freq u en tly  som ew hat 
toxic. Also th e y  dissolve on ly  a t  u n accep tab ly  low co n cen tra tio n s; 
an d  th e  resu ltin g  so lu tions gel ra p id ly — som etim es w ith in  m in u tes  a fte r 
com plete so lu tion . B ecause c ritica l re q u irem en ts  for an y  po lym er w hich 
is to  perform, as a  com m ercially  accep tab le  coa ting  are  b o th  so lu b ility  in  
re la tiv e ly  non tox ic  so lven ts an d  fo rm a tio n  of s ta b le  so lu tions w hich  can  
be app lied  easily, these  po lym ers in  th e ir  p re sen t form  w ere u n accep tab le  
coa ting  can d id a tes  desp ite  th e ir  p rom ising  u ltra v io le t p ro te c tiv e  behav io r. 
P ra c tic a l u t i l i ty  req u ired  th a t  th e ir  s tru c tu re s  be m odified to  overcom e 
these  so lu b ility  lim ita tio n s.

Since th e  c ritica l u ltra v io le t-b a rrie r  p ro p ertie s  a re  d e riv ed  from  re ­
a rran g ed  a ro m a tic  po lyester backbone, an y  s tru c tu ra l changes in tro d u ced  
to  im prove  th e  so lu b ility  b ehav io r of th e  po lym ers h ad  to  be  chosen so as 
to  avo id  in te rfe rin g  w ith  th e  desired  su b seq u en t pho tochem ica l re a rra n g e ­
m en t. A  la rge  fac to r influencing th e  po lyester so lu b ility  p rob lem  v^as 
believed  to  be c ry s ta llin ity . I f  so, one possible v 'ay  to  im p ro v e  th e  
so lu b ility  perfo rm ance  w as to  p roduce  increased  s tru c tu ra l irreg u la rity , 
e ith e r b y  in tro d u c in g  long or b u lk y  su b s titu e n ts  or b y  copolym erizing  
w ith  a p p ro p ria te  com onom ers.

O n B isphenol-A  in  po lym er 5 (T ab le  I I ) ,  su b s titu tio n s  were m ad e  a t  th e  
cen tra l ca rb o n  a to m . T h u s, longer side chains (T ab le  I I ;  po lym ers
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34-39, 41, 43, 54, a n d  55) as well as b u lk y  g roups (T ab le  I I ;  po lym ers 44, 
46, 47, an d  53) were in tro d u ced  in to  th e  hom opolym er. I n  a  re la te d  
app roach , th e  resorcinol in  po lym er 17 (T ab le  I I )  w as su b s ti tu te d  by  
vario u s groups a t  one of th e  th re e  in d ic a te d  rin g  positions (T ab le  I  ; m ono­
m ers C 2-C5) (T ab le  I I ;  po lym ers 29, 31, and  32). F inally , copolym ers 
w ere p rep a red  w ith  a  v a r ie ty  of com onom er s tru c tu re s  (T ab le  I I ;  po lym ers 
8-15 , 19-29, an d  33). T h e  effect of su ch  m odifications was m easured  v ia  
changes in  th e  so lu b ility  p a ra m e te r  ran g e  a n d  so lu tion  s ta b ili ty  o f th e  
new  po lyesters. T hese  changes can  be observed  in  T ab les I I I  a n d  IV .

F rom  T ab le  IV , c e rta in  te n ta t iv e  re la tio n sh ip s betw een  s tru c tu re  an d  
so lu b ility  a re  ev iden t.

(1) H om opolym ers de rived  from  one b isphcnol an d  one d iacid  show  
poorer so lu b ility  charac teris tic s  th a n  co rrespond ing  copolym ers (com pare 
po lym ers C l  an d  C2 w ith  A5, C6, a n d  C 7 ; an d  C16 w ith  A17).

TABLE III
Solvents Used in Determining Polyester Solubility Parameter Range

A. Low hydrogen- 
bonding solvents

B.. Medium hydrogen­
bonding solvents

C. High hydrogen­
bonding solvents

No. Solvent 5 No. So vent 5 No. Solvent 5

1 Xylene 8 .8 9 Diethyl Carbitol 8 .1 “ 27 Methyl isobutyl 10.0
carbinol

2 Toluene 8 .9 10 Alethyl iso- 8 .4 28 Pyridine 10.7
butyl ketone

3 Benzene 9 .2 11 Cellosolve 8.7 29 Ethanol (95%) 12.7
acetate

4 Styrene 9 .3 12 Ethyl acetate 9.1
5 Chloroform 9.3 13 Tetrahydro- 9.1

furan
6 Methylene 9 .7 14 Methyl Cello- 9 .2

chloride solve acetate
7 Ethylene 9 .8 15 Diacetone 9 .2

chloride alcohol
8 2-Nitropropane 9 .9 16 Methyl ethyl 9 .3

ketone
17 Butyl Carbitol 9 .5
18 Acetone 9.9
19 Cyclohexanone 9 .9
20 Dioxane 10.0
21 Acetophenone 10.5“
22 Cellosolve 10.5
23 Dimethyl- 10.8

acetamide
24 Methyl

Cellosolve 1 1 .4
25 I )i methyl 12.0

sulfoxide
26 Dimethylform- 12.1

amide
a Value calculated from group constants of Small.18
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TABLE IVC
Solubility Parameters Range and Solution Stabilities for Polyesters Having 1 Phenolic 

Monomer and Acids Other Than (1:1) Isophthalate/Terephthalate
Poly­
ester 

run no. 
from 

Table 
II

Phenolic
monomer

Acid composition 
(mole-%)

Estimated solubility 
parameter range 

according to H-bonding type
Low Medium High

1 Bisphenol-A Isophthalic(lOO) 0 0 0
2 Bisphenol-A Terephthalie(lOO) 0 0 0
6 Bisphenol-A fo-Phthalic(33), Iso- 9 .2 -9 .8 9.1; 9 .9 - 10.7

| phthalic(33), 12.1
1 Terephthalie(33)

7 Bisphenol-A J o-Phthalic(50), 9 .3 -9 .8 9.1; 9 .9 - 10.7
\  Terephthalic(SO) 12.1

16 Resorcinol Isophthalic(lOO) 9 .3 -9 .7 9 .9 -1 0 .8 0
47 Phenolphthalein Isophthalic(lOO) 9 .3 -9 .7 9 .9 -1 2 .1 10.7

(2) P o ly m ers  w ith  re la tiv e ly  rig id  m a in  chains a re  p rac tica lly  insolub le 
in  all so lven ts  tr ie d  (n o te  p o lym ers A 50-52).

(3) In c reasin g  th e  a lip h a tic  side  cha in  len g th  a tta c h e d  to  th e  cen tra l 
ca rb o n  of b isphenol-A  ap p ears  to  w iden  s ligh tly  th e  so lu b ility  ran g e  of th e  
resu ltin g  po lym ers in  low  hydrogen -bond ing  so lven ts. Som e h in t also 
exists th a t  b ran ch in g  of th e  a lip h a tic  cha in  low ers th e  m in im um  so lu b ility  
p a ra m e te r  v a lu e  even  fu rth e r  in  th e  desired  d irec tio n  (com pare  po lym ers 
A5, A54, an d  A55; an d  A34, A38, A39, an d  A41). O n th e  o th e r  hand , 
m eth y l su b s titu e n ts  on  th e  resorcino l r in g  do n o t g re a tly  change th e  
resu ltin g  po lym er so lu b ility  p a t te rn  (com pare  po lym ers A17, A29, and  
A31). W h e th e r longer o r b u lk ie r su b s titu e n ts  w ould show  a  s ign ifican t 
effect here  w as n o t exam ined .

(4) P o lym ers  b ased  on  D ipheno lic  A cid carboxylic acid  d e riv a tiv es  as 
m onom ers d e m o n s tra te  th e  follow ing so lu b ility  re la tio n sh ip :

a lip h a tic  este r >  p iperid ide  (am ide) »  acid

(com pare  po lym ers A34, A3S, A39, an d  A41 w ith  A44 an d  w ith  BS an d  B 9).
(5) T h e  ad d itio n a l presence of an  e th e r  oxygen in  th e  D ipheno lic  A cid 

este r side cha in  produces a  second  se p a ra te  so lu b ility  p a ra m e te r  ran g e  in  
m edium  hyd rogen -bond ing  so lven ts. T h e  orig inal m ed ium  so lu b ility  
p a ra m e te r  range  a p p a re n tly  illu s tra te s  po lym er so lu tion  v ia  m ain  cha in  
so lub iliza tion . I n  c o n tra s t, th e  ad d itio n a l so lu b ility  ran g e  suggests an  
a lte rn a tiv e  ro u te  to  po lym er so lu tio n  v ia  side cha in  c o n trib u tio n s  (com pare  
po lym ers A43 an d  A41).

(6) F in a lly , in  th e  sp ec tru m  of so lv en t s tru c tu re s  exam ined, alcohol 
hyd roxy l g roups ap p ea red  to  in h ib it po lym er so lu tion . H ow ever, chlorine 
a to m s on a lip h a tic  h y d rocarbons p roduced  so lu tion  as long as a  hyd rogen  
a to m  also w as p re sen t on  th e  so lven t h a lo g en a ted  carbon . T h e  m ost use-
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fui film -form ing so lven ts w ere cyclic a lip h a tic  e thers, such  as te tra h y d ro -  
fu ra n  a n d  d ioxane; cyclic ketones, such  as cyclohexanone; a ro m a tic  
ke tones, such as ace tophenone; an d  ha lo g en a ted  h yd rocarbons, su ch  as 
m e th y len e  ch loride a n d  chloroform . In  th is  area, an tag o n is tic  so lven t 
co m b in a tio n s p rod u c in g  po lym er p re c ip ita tio n  like th a t  re p o rte d  b y  A [or­
gan  17 w ere en co u n te red  w hen ha lo g en a ted  h y d ro ca rb o n  solu tions of a given 
po ly este r w ere m ixed  w ith  cyclic a lip h a tic  e th e r so lu tions of th e  sam e 
polym er.

As a re su lt of th e  m odifications in tro d u ced , a significan t im p ro v em en t in  
po lym er so lu b ility  perfo rm ance  w as ob ta in ed . L ong or b u lk y  groups su b ­
s t i tu te d  on  th e  b isphenol-A  c e n tra l ca rb o n  a to m  w idened th e  choice of use­
ful so lven ts a n d /o r  len g th en ed  so lu tio n  n o n gela tion  life tim e to  a t  least 3 
m o n th s  (com pare  o rig inal po lym er A5 w ith  m odified po lym ers A38, A39, 
A41, A43, A46, A53, an d  A55, T ab le  IV ). A lte rn a tiv e ly , copolym ers in ­
co rp o ra tin g  a t  lea s t 25 m ole-%  of such  su b s titu te d  m onom ers also show ed 
sim ilar im proved  so lub ility  b ehav io r (com pare  orig inal po lym er A5 w ith  
copolym ers B l l ,  B12, an d  B 42; an d  orig inal po lym er A17 w ith  copolym ers 
B 19 an d  B21, T ab le  IV ). S o lu tion  perfo rm ance  no longer w as an  obstacle  
to  th e  useful ap p lica tio n  of th ese  u ltra v io le t p ro te c tiv e  coatings.

Photochemical Rearrangement of Films and 
Analysis of Rearranged Structure

T h e  pho tochem ical rea rra n g em e n t of these  a ro m atic  po lyesters to  th e ir 
co rresponding  o -hydroxybenzophenone s tru c tu re s  is d e m o n s tra te d  clearly  
b y  com paring  in fra red  sp e c tra  o f th e  to p  an d  b o tto m  surfaces, as m easured  
b y  a t te n u a te d  to ta l  reflectance, of th in  films w hich  have  been  ir ra d ia te d  on 
one side only . F igu res 1 an d  2 il lu s tra te  th e  rea rra n g em e n t b y  exam ining  
in fra red  sp e c tra  of p a re n t po lyesters 5 an d  17 (T ab le  I I ) .  F o r b o th  po ly ­
esters, 5 an d  17, th e  su rface  in fra red  sp ec tra  in itia lly  show ed no ab so rp ­
tio n  peak  a t  6.1 n, w hich  is a b o u t w here th e  o-hydroxy  benzophenone 
carbony l g roup  is found. A fter 50 h r of u ltr av io le t irra d ia tio n , how ever, 
th e  to p  (irrad ia ted ) film  surfaces in  F igures 1 an d  2 show  th e  ap p earance  
of sign ifican t new  carbony l peaks a t  6.1 ¡x. I n  c o n tra s t, th e  b o tto m  
(u n irrad ia ted ) film surfaces rem a in  u n changed  and  co n tin u e  to  show  no 
such  k e tone  ab so rp tio n .

C urves sim ilar to  those  of F ig u re  1, b u t  o b ta in e d  b y  transm ission  in stead , 
hav e  been  rep o rte d  p rev io u sly .19 T hose  earlie r curves confirm  th e  sp ec tra l 
changes of po lym er 5 as a fu n c tio n  of u ltra v io le t irra d ia tio n . F igures 1 and  
2, how ever, show  in  a d d itio n  th a t  th e  rea rran g ed  “ sk in ” is q u ite  th in  a n d  
y e t sufficiently  o p aque  to  those  w aveleng ths p roducing  th e  pho tochem ical 
reac tio n  to  p re v e n t rea rra n g em e n t b y  th e  b o tto m  film surface.

S im ilarly , u ltra v io le t ab so rp tio n  sp e c tra  of th e  sam e films, ir ra d ia te d  on 
one side only, a re  p resen ted  in  F igures 3 an d  4. B ecause of th e  in h e ren tly  
g re a te r  se n s itiv ity  of u ltra v io le t m easu rem en ts  com pared  to  in frared , how ­
ever, changes in  these  sp e c tra  as a  fun c tio n  of irra d ia tio n  tim e  also are 
p resen ted .
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Fig. 1. (ATR) Infrared spectra of polymer 5 film surfaces after 50 hr of ultraviolet ex­
posure to 450-W Hanovia lamp (film thickness, 0.5 mil): (--------- ) bottom surface
(unirradiated); (------) top surface (irradiated).

C o n sis ten t w ith  an  earlier s tu d y  of th e  pho tochem ical F ries  re a rra n g e ­
m e n t,20 th e  b roaden ing  of th e  tw o u ltra v io le t ab so rp tio n  sp e c tra  from  an  
in itia l cutoff a t  310-320  m,u to  a n  u ltim a te  355-385 m/x co rre la tes w ith  th e  
ap p earan ce  of o -hydroxybenzophenone u n its . S ignificantly , m oreover, to ta l 
ab so rp tio n  be tw een  200 an d  355-385  ni/u b y  th e  new ly re a rran g ed  po lym er 
sk ins effectively  m akes b o th  sam ple  films o p aque  to  w aveleng ths w ith in  
th a t  ran g e  w hile re ta in in g  v isu a l tra n sp a ren cy . T hus, th e  rea rra n g ed  films 
are  ab le to  fun c tio n  as u ltra v io le t b a rr ie r  coatings for an y  su b s tra te s . 
T h is  p rinc ip le  also is illu s tra te d  b y  th e  co m p ara tiv e  sp e c tra  in  F igu res 1 
an d  2. U n like  a lte rn a tiv e  films co n ta in in g  m onom eric u ltra v io le t s ta ­
bilizers, how ever, th e  rearranged skins of polym ers 5 an d  17 are concen­
trated at the exposed surfaces of the polyester films where they can protect both 
the original coatings and the substrates from ultraviolet irradiation.

O ne p e r tin e n t o b se rv a tio n  is th a t  irra d ia te d  films of po lym er 5 tu rn  
yellow', w hereas com parab le  films of po lym er 17 rem ain  a lm ost colorless. A 
com parison  of th e  rea rra n g ed  ab so rp tio n  spectra, in  F igu res 3 an d  4 ex­
plains w hy. T h e  slope of th e  final cu rve  in  F ig u re  3 is sufficient to  p roduce 
46%  ab so rp tio n  a t  410 m y .. V isually , 410 nyu is th e  ap p ro x im a te  b o rder­
line of color percep tion , a n d  a yellow  color th u s  is observed  for rea rran g ed  
po ly m er 5. In  c o n tra s t, a lth o u g h  th e  slope of th e  final cu rve in  F igu re  4
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Fig. 2. (ATR) Infrared spectra of polymer 17 film surfaces after 50 hr of ultraviolet
exposure to 450-W Hanovia lamp (film thickness, 0.5 mil): (------ ) bottom surface
(unirradiated); (---- ) top surface (irradiated).

Fig. 3. Shift of ultraviolet absorption spectrum by polymer 5 film during 50 hr of 
ultraviolet irradiation by 450-W Hanovia lamp (film thickness, 0.4 mil).
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Fig. 4. Shift of ultraviolet absorption spectrum by polymer 17 film during 50 hr of 
ultraviolet irradiation by 450-W Hanovia lamp (film thickness, 0.4 mil).

Fig. 5. Broadening of ultraviolet absorption spectrum by polymer 41 film during 50 hr of 
ultraviolet irradiation by 450-W Hanovia lamp (film thickness, 0.4 mil).
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Fig. C. Broadening of ultraviolet absorption spectrum by polymer 21 film during 50 fir 
of ultraviolet irradiation by 450-W Hanovia lamp (film thickness, 0.4 mil).

Fig. 7. Rearrangement rates of polyesters 5, 17, 21, and 41 during ultraviolet irradiation 
by 450-W Hanovia lamp (film thickness, 0.4 mil).

essen tia lly  is th e  sam e, i t  is sh ifted  a b o u t 25 nijt to w ard s th e  low er w ave 
leng ths. C o nsequen tly  on ly  15%  ab so rp tio n  occurs a t  410 m/i, a n d  a re la ­
tiv e ly  colorless ap p earan ce  th u s  is o b ta in e d  w ith  re a rran g ed  po lym er 17. 
W h e th e r a  difference in  th e  th ickness of th e  re a rran g ed  sk ins also ex ists and  
w he ther such  a  difference is a n o th e r  v a ria b le  influencing th e  degree of 
yellow ing have  n o t been determ ined .
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T o  in te g ra te  th e  pho tochem ica l rea rra n g em e n t m echan ism  w ith  a  b e tte r  
b a lan ce  of o th e r su rface  co a tin g  p roperties, m odified po lyester s tru c tu re s  
based  on  po lym ers 5 an d  17 were exam ined . F o r co rrespondingly  re la ted  
po ly este rs  41 an d  21 (T ab le  I I ) ,  th e  u ltra v io le t sp ec tra  of F igu res 5 a n d  6, 
analogous to  F igu res 3 and  4, respec tive ly , w ere ob ta ined .
T h e  s tro n g  s im ila rity  in  th e  u ltra v io le t ab so rp tio n  sp e c tra  an d  in  th e  re­
a rran g em en t ra te s  of F ig u re  3 com pared  to  5 an d  of F ig u re  4 com pared  to  6 
ind ica tes th a t  th e  s tru c tu ra lly  m odified po lyesters show  essen tia lly  th e  sam e 
pho tochem ica l re a rran g em en t pe rfo rm ance  as th e ir  p a re n t polym ers.

A  m ore d irec t com parison  of th e  four rea rra n g em e n t ra te s  of F igures 3 -6  
is show n in  F ig u re  7. T h e  curves resu lted  from  p lo ttin g  th e  increasing  
a m o u n t of ab so rp tio n  a t  each  new ly form ed Xmax in  th e  u ltra v io le t ran g e  as 
a fun c tio n  of ir ra d ia tio n  tim e.

Fig. 8. Rearrangement rate of polyester 5 during ultraviolet irradiation by 450-W 
Hanovia lamp (film thickness, 0.46 mil).

In  F ig u re  7. an y  ea rly  v a ria tio n s  in  ab so rp tio n  va lues for th e  rea rran g in g  
po lyesters (5 an d  41) a re  essen tia lly  cancelled  a fte r  th e  curves ach ieve 
100%  ab so rp tio n  in  th e ir  p la te a u  reg ion . U n fo rtu n a te ly , once m ax im um  
ab so rp tio n  has been a tta in e d , u ltra v io le t m easu rem en ts also becom e useless 
for d e tec tin g  fu rth e r  increases in  th e  th ickness of re a rran g ed  film. H ow ­
ever, th is  l im ita tio n  can  be overcom e b y  p lo ttin g  changes in  th e  ap p ro p ria te  
in fra red  abso rbance  ra tio s  as a  fun c tio n  of tim e. T h is  a lte rn a tiv e  tech ­
n ique th e n  p erm its  a n  in v es tig a tio n  of longer irra d ia tio n  tim es th a n  is in ­
d ica ted  in  F igu re  7. T h u s, in  F ig u re  8 th e  abso rbance  ra tio  of th e  o- 
hyd roxybenzophenone  carbony l b a n d  (6.1 n) to  th e  C -H  b an d  (3.3 p) is 
p lo tte d  as a fu n c tio n  of u ltra v io le t irra d ia tio n  tim e. I t  should  be n o ted  a t
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th is  p o in t th a t  C -H  ab so rbance  is assum ed  for th is  pu rpose  to  rem ain  
co n s ta n t d u ring  irrad ia tio n , even  th o u g h  a  sligh t loss in  peak  in te n s ity  
th eo re tica lly  can  be  expected  by  th e  conversion  of som e ortho C -H  h y d ro ­
gen a tom s to  phenolic  O H  groups. H ow ever, since th e  am o u n t of re­
a rra n g e m en t in  th e  to ta l film is re la tiv e ly  sm all, th is  ap p ears  to  be a useful 
a ssum ption .

In  b o th  F igu res 7 an d  8, th e  ra te  curves of po lym er 5 show  a sim ilar 
p a tte rn  of increasing  rea rra n g em e n t du rin g  th e  in itia l irra d ia tio n  stage. 
B eyond  12 h r of irra d ia tio n , how ever, th e  curve, of F igu re  8 reveals a  su r­
prising  increased  ra te  for k e tone  abso rbance  to  a  m ax im um  level, followed 
by  a sign ifican t decrease a t  35 h r to  a low er level. A t 55 hr, th e  abso rbance  
ra tio  increases aga in  to  a still h igher level th a n  orig inally . T h is  loss-and- 
ga in  p a tte rn  th u s  for has been  ty p ica l of all th e  po lyesters found  to  undergo 
th e  pho tochem ical F ries  rea rran g em en t. C o n sis ten t w ith  th e  m echanism  
proposed  in  th e  lite ra tu re  for re la te d  m onom eric system s, th e  loss of ke tone  
abso rbance  is believed  to  co rre la te  w ith  ev en tu a l u ltra v io le t d eg rad a tio n  of 
th e  u p p e rm o st layers of o -hydroxybenzophenone polym er, v ia  b o th  cha in  
cleavage an d  carbon  m onoxide ev o lu tio n .21-24 In te restin g ly , such  a 
m echanism  logically  p red ic ts  an  in itia l decrease in  th e  o -hydroxybenzo­
phenone layer th ickness. I f  th is  occurs, th e n  su b seq u en t u ltrav io le t ir ra ­
d ia tio n  should  p e n e tra te  th e  now  th in n e r sk in  to  reach  still u n rea rran g ed  
p o ly este r; an d  shou ld  p roduce  com pensa ting  rea rra n g em e n t b y  th e  new ly 
irra d ia te d  po lyester layers. S uch  a d is tin c t s tag e  of rea rran g em en t could 
exp la in  th e  new  carbony l increase observed  in  F igu re  8, a lth o u g h  i t  does no t 
acco u n t for th e  even  h igher va lues o b ta in e d  com pared  to  th o se  before deg­
ra d a tio n . N evertheless, the elements of a “healing” mechanism appear 
to be inherent in his type of polymeric system, with the original polyester 
film functioning as a reservoir to maintain an essentially constant poly{o- 
hydroxybenzophenone) skin thickness. T h e  life of such  a  coating  th e n  
should  depend  d irec tly  on  th e  ra te  of d eg rad a tio n  of th e  “ sk in ” plus th e  
reserve th ickness  of th e  po lyester availab le.

I f  d e g rad a tio n  ac tu a lly  does occur a t  th e  ir ra d ia te d  film surface, a de­
crease in  th e  m olecu lar w eigh t a t  th e  su rface  shou ld  re su lt an d  conse­
q u en tly  m ight be d e tec tab le  by  changes in  so lu tion  v iscosity . S ignificantly , 
these  po lym ers h av e  d isp layed  no inso lub iliza tion  under the; cond itions of 
ir ra d ia tio n  em ployed . A m ajo r com plication  in  th is  hypo thesis , how ever, 
was u n c e r ta in ty  a b o u t w hether th e  deg rad ed  sk in  c o n stitu te s  a sufficiently  
large  p o rtio n  of th e  to ta l  film to  influence th e  final v iscosity . T a b le  V 
com pares th e  in h e re n t v iscosities of som e rep re se n ta tiv e  po lyester films, 
u n irra d ia te d  an d  also a fte r 50 h r of irrad ia tio n .
U n fo rtu n a te ly , th e  d a ta  of T ab le  V  are  inconclusive. T h e  m in u te  decreases 
in  v iscosity  observed  a fte r  irra d ia tio n  could resu lt as well from  th e  fo rm a­
tio n  of new ly re a rran g ed  po lym er as from  d eg rad a tio n  of th e  la t te r . In ­
te resting ly , of all th e  T a b le  V polyesters, on ly  41 show s a  significan tly  
d ifferen t p a t te rn  of so lu b ility  behav io r d u ring  irrad ia tio n . U nlike th e  
o thers, i t  crosslinks. A com parison  w ith  hom ologous s tru c tu re s  34 a n d  38,
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TABLE V
Viscosity of Polyester Films after 50 Hr of Ultraviolet Irradiation“

Polyester no. 
(Table II)

Inherent viscosity (30°C), d l/g A inherent
viscosityUnirradiated Irradiated

5 0.92 0.88 - 0 .0 4
17 0.49 0.44 - 0 .0 5
21 0.46 0.44 - 0 .0 2
34 0.45 0.44 - 0 .0 1
:ss 0.48 0.47 - 0 .0 1
41 0.89 Gel —

“ With 450-W Ilauovia lamp; film thickness 0.4 mil.

w hich differ from  41 on ly  by  th e  m uch  sh o rte r leng th s of th e ir a lip h a tic  
side chains, suggests th a t  crosslink ing  in 41 p ro b ab ly  is caused  by  th e  longer 
lau ry l chains, possib ly  b y  free rad ica l m echanism s analogous to  th o se  in  
po lyethy lene.

One m ajo r question  of in te re s t in  th is  w ork  concerns th e  th ickness of th e  
re a rra n g ed  skin . W h a t is th e  m ax im um  th ickness ach ievable? F or 
d e te rm in in g  th is , such  app roaches as che la tion  of th e  h yd ro x y  k e to n e  s tru c ­
tu re  or ox id a tio n  of th e  phenolic hyd roxy l g roup  on  th e  film itse lf w ere un ­
successful. H ow ever, re flec tance  in fra red  sp e c tro p h o to m e try  p roved  to  be 
a. useful tech n iq u e  for th is  purpose. B y  du p lica tin g  th e  p rocedures used  to  
o b ta in  F igu res 1 an d  2, a series of po lym er 5 films of increasing  th ickness 
w ere ir ra d ia te d  on  one side w ith  s tro n g  u ltrav io le t lig h t for 60 hr. T h en  
A T R  sp e c tra  of th e  b o tto m  (u n irra d ia te d ) su rfaces w ere o b ta in ed . As 
expected , th ese  show ed a  m ax im um  of rea rran g em en t for th e  th in n e s t film ; 
a n d  no rea rra n g em e n t for a  sufficien tly  th ic k  film. F igu re  9 show s th e  
change in  abso rbance  ra tio  of th e  [ketone (6.15 p e a k /a ro m a tic  (6.25 n) 
p eak ] versus film  th ickness, com pared  to  the  abso rbance  ra tio  o b ta in e d  
from  a tran sm issio n  sp ec tru m  of an  essen tia lly  to ta lly  rea rra n g ed  film. T he  
la t te r  rep resen ts  th e  m ax im um  ach ievab le  by  th e  experim en ta l ap p ro ach  
used.

As in d ica ted  in  F ig u re  9, th e  e x tra p o la te d  m axim um  th ickness  of po lym er 
5 “ sk in ’’ under these  irra d ia tio n  cond itions ap p ea rs  to  be 0.46 mil. T he  
effects of a w eaker source of irrad ia tio n , even of sun ligh t, o r of an o th e r  po ly­
e ste r s tru c tu re  on  th e  sk in  th ickness have  not. been de te rm in ed . Of 
g rea te r significance, how ever, is th e  fa c t th a t  even  re a rran g ed  po lyester 
films less th a n  0.1 m il th ic k  fu rn ish  com plete p ro tec tio n  to  u ltrav io le t-  
sensitive  su b s tra te s . T h e  p ro tec tiv e  asp ec t will be p resen ted  in  m ore de­
ta il  in  th e  next section .

W ith  th e  a ro m atic  po lyesters exam ined  in  th is  w ork, th e  only s tru c tu ra l 
req u irem en t to  p roduce th e  pho tochem ical F ries re a rran g em en t u n d e r u ltra ­
v io le t ir ra d ia tio n  has boon th e  presence of a t  le a s t one u n su b s titu te d  posi­
tion  on the  phenol rings ortho to  th e  este r g roups. T h u s, of all th e  po ly­
phenyl este rs in v es tig a ted  here, on ly  tw o failed to  rea rran g e  u n d e r th e  
irra d ia tio n  cond itions used  in  th is  w ork. T hese  w ere de riv a tiv es  of poly-
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Fig. 9. Influence of film thickness on infrared absorbance ratio taken from reflectance 
spectrum of bottom (unirradiated) surface of polyester 5 after 60 hr of ultraviolet irradia­
tion by 450-W Hanovia lamp. Identical absorbance ratio taken from transmission 
infrared spectrum on rearranged 0.1-mil film represents 100%.

este r 5 com plete ly  su b s titu te d  in  th e  phenol ring  ortho positions e ith e r by  
m eth y l g roups (po lyester 57, T a b le  I I )  or b y  chloro groups (po lyester 58, 
T ab le  I I ) .  T h e  lack  of k e tone  fo rm a tio n  (6.2 ju) an d  hence of rea rran g e­
m en t b y  these  s u b s titu te d  po lyesters following ir ra d ia tio n  is illu s tra te d  
in  F igu re  10.

E v en  a fte r 70 hours of such  u ltra v io le t irra d ia tio n , th e  te tra m e th y l po ly­
este r s till p e rm itte d  97%  tran sm issio n  in  th e  300-400 m¿¿ region and  th e  
te trach lo ro  po lyester, 94 .5%  transm ission . In  co n tras t, th e  2 ,2 '-d im ethy I 
po lyester (po lyester 56, T a b le  I I ) ,  w ith  one u n su b s titu te d  ortho position  
ava ilab le  on  each  phenol ring , docs undergo  th e  re a rran g em en t read ily , as 
in d ica ted  in  F igu re  11.

P red ic tab ly , th is  po lym er a fte r com parab le  u ltra v io le t irra d ia tio n  p e rm it­
ted  on ly  a b o u t 60%  tran sm issio n  a t  350 ni/j because of th e  ab so rp tio n  b a n d  
w hich  form ed du rin g  th e  rea rran g em en t. In te restin g ly , in  co n tra s t to  th e  
un reac tiv e  b ehav io r of th e  ch lo rin a ted  po lym er show n in  F igu re  10, K o b sa 25 
has s ta te d  th a t  th e  m onom eric com pound, 2 ,6-d ich lo ro -4 -teri-bu ty lpheny l
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Fig. 10. Effect of ultraviolet irradiation by 4Ü0-W Hanovia lamp on films of polyester 5 
substituted in all phenol ring ortho positions.

Fig. 11. Effect of ultraviolet irradiation by 450-W Hanovia lamp on film of polyester 5 
substituted on one-half of available phenol ring ortho positions by methyl groups.

benzoate, does undergo  th e  pho tochem ica l F ries re a rran g em en t accom ­
pan ied  b y  th e  expulsion of one of th e  tw o chlorine a tom s.

Som e evidence also w as o b ta in e d  c larify ing  th e  s ta b ili ty  of th e  o-hydroxy- 
benzophenone po lym er s tru c tu re  u n d er u ltra v io le t irra d ia tio n . T h e  earlier 
resu lts  of F ig u re  8 were exam ined  in  g rea te r d e ta il an d  are  p re sen ted  in  F ig ­
ure 12.
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Fig. 12. Effect ot ultraviolet irradiation by 450-W Hanovia lam p on films of polyester 5 
copolymer and its paren t polymers

Polyester 5, the 50:50 isophthalate/terephthalate copolymer of bisphenol- 
A, was compared with polyester 1, the 100% isophthalate polymer, and with 
polyester 2, the 100% terephthalate polymer. While the rearranged iso­
phthalate polymer degrades relatively rapidly, the rearranged terephthalate 
polymer appears comparatively stable; and the 50:50 copolymer falls some­
where between their performances. Apparently, therefore, the ultraviolet 
stability of the o-hydroxybenzophenone group is greatly influenced by the 
positions of the carboxylic groups oit the acid ring. Undoubtedly the choice 
and location of other substituents can exert similar effects on the degradation 
mechanism, which has been discussed earlier in connection with Figure 8.

Finally, although Coppinger and Bell26 state that the monomeric phenyl 
esters studied by them did not undergo the photo Fries rearrangement when 
irradiated by wavelengths of light greater than 280 mp., our observations 
indicate that polyester 5 undergoes significant rearrangement even with
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wavelengths greater than 300 As a filter for this experiment, soft glass 
sheet with the transmission characteristics shown in Figure 13 was used.

A polyester 5 film protected by the glass filter and irradiated by a 100-W 
Hanovia lamp (from a distance of 6 in.) for 865 hr underwent rearrange­
ment, as indicated by the appearance of carbonyl absorption at 6.2 /x and of
o-hydroxybenzophenone absorption at 354 nri/u. The amount of carbonyl 
produced in the film after 865 hr behind the filter was equivalent to that 
produced after 120 hr of the same radiation exposure without protection.

Protective Coating Effectiveness

The effectiveness of such polymers for protecting ultraviolet-sensitive 
materials was screened by coating appropriate substrates with thin films 
(0.3-0.5 mils) of the polyesters and exposing the resulting samples to accel­
erated ultraviolet irradiation. As coatings, polyesters 5, 17, 21, 41 and 
other similar materials were used. The results are presented in Table VI.

Fig. 13. U ltraviolet transmission spectrum  of 96-mil thick soft glass filter. Photo­
multiplier tube =  20 X.
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As can be observed in Table VI, the degree of protection conferred by the 
coatings against ultraviolet irradiation alone is almost always very good-to- 
excellent. Similar protection performance also is demonstrated in Figure 
14 on cellulose nitrate, a material notoriously sensitive to ultraviolet degra­
dation.

However, Table V I also indicates that, in specific cases, these coatings

Fig. 14. Irradiation of protected vs. unprotected cellulose n itrate  coated w ith polyesters 
5 and 17 by 4.50-W Hanovia lam p (film thickness, 0.3-0.5 mil).

may perform less effectively when other weathering variables are intro­
duced in addition to ultraviolet irradiation. Thus exposure of some coated 
substrates, such as metals and wood, to ultraviolet irradiation in the 
Weather-O-Meter (where moisture and heat are added factors) produced 
a decrease in the protection contributed by such coatings. Overall, how­
ever, the protection afforded by these coatings remains promising. Prior
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to 1970, we know of no clear coatings which equal or surpass their perform­
ance. Patents describing these polymers have issued.27 

Exterior weathering tests are in progress.

CONCLUSIONS

Certain phenyl polyesters rearrange chemically under ultraviolet irradi­
ation to produce a thin “ skin”  which is opaque to ultraviolet light but still 
visually transparent. Thin coatings of the clear rearranged polymers 
completely protect substrates ordinarily sensitive to ultraviolet light. As 
the skin ultimately degrades under extended ultraviolet irradiation, more 
of the now exposed underlying polyester layer apparently rearranges to 
compensate for the loss. Thus the clear coating functions both as a protec­
tive skin and a rearrangeable reservoir.

The help and contributions of M. D. Kellert, Dr. I. Serlin, E. Lavin, Dr. R. N. Crozier,
T. B. O’Connor and R. V. DeShay in various phases of this work are gratefully acknowl­
edged.
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Quantitative Treatment of the Dye Partition Method 
of Analysis of Surfactants and of Ionic Groups in 

High Polymers

B. M. YIANDAL and S. R. PA LIT, D e p a rtm en t o f P h y s ic a l C h em istry , 
I n d ia n  A sso c ia tio n  fo r  the C u ltiva tion  o f Science,

J a d a v p u r , C a lcu tta -32 , In d ia

Synopsis

A quantitative treatm ent of the extraction of ionic dyes from aqueous solutions into 
organic solvents of low dielectric constant by surfactants or polymers w ith ionic groups 
having a charge opposite to th a t of the dye ion, is presented. The assumption is made 
th a t the extracted species are ion-paired in the organic phase. Based on this, a graphical 
extrapolation method is suggested for the quantitative estim ation of ionic groups in poly­
mers. Theoretically, the method should yield quantitative results irrespective of poly­
mer chain length and character. This method of analysis does not require any calibrat ion 
data.

INTRODUCTION

The dye extraction method of analysis of surfactants as well as ionic 
groups in polymers at near micronormal concentration is widely practiced.1 
The principle of this method and its physico-chemical aspects have been 
discussed qualitatively by Mukerjee2 for surfactants and by Palit3 for 
polymers. Analysis of the surfactants is usually done with the help of 
calibration data obtained with known concentrations of the surfactant 
under test. For polymers, calibration data for every polymer of every 
chain length are difficult to obtain because such tailor made polymer 
samples with known amounts of ionic groups are not easily available. 
Palit4 chose surfactants as reference for the analysis of polymer endgroups. 
In  a recent paper5 we have shown that the dye extraction depends on the 
chain length of the polymer as well as on the character of the solvent. Use 
of surfactants (chain length considerably lower than in most polymers) as 
reference for the analysis of polymer endgroups may lead to high results. 
The extent of this overestimation depends on the character of the solvent. 
A dipolar solvent reduces this overestimation greatly. I t  would be only 
fortuitous if a solvent which completely eliminates the chain length effect is 
found. In  view of these complications the calibration data method does 
not yield highly quantitative results in the estimation of polymer endgroups. 
In  the present paper a quantitative theoretical analysis of the dye partition

3301
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method is presented, and a procedure to obtain truly quantitative results is 
suggested. The present method will be referred to as the intercept method.

THEORETICAL TREATMENT 

Anionic Surfactant

Let us consider the extraction of methylene blue from aqueous solution 
into an organic solvent by sodium lauryl sulfate. Methylene blue cation 
binds with lauryl sulfate in 1:1 stoichiometric proportion.2,6 The extrac­
tion process may be represented by

k eR O S O ,-«  +  D + «  , ROSOa-D +(o) (1)
where the subscripts 0 and w refer to the organic and aqueous phases, re­
spectively. The assumption is made that in the solvent of low dielectric 
constant used in extraction, the dye and lauryl sulfate exist as an ion pair. 
The basis of this assumption is given later. The equilibrium will be repre­
sented by

K e =  (ROS03-D + )o/(ROS08- ) w(D+)w (2)

where the parentheses stand for activity.
Let C  be the concentration of the lauryl sulfate used and X  the concen­

tration of extracted dye lauryl sulfate (R0S03“ D+) in the organic phase. 
Then,

C  -  X  =  [R0S03- ] w +  [R0S03-D + ]w +  [ROS03-M + ]o

+  [ROSO,-M+]w (3)

(M + may be any metal ion or H+ ion present in the system with which 
lauryl sulfate may form an ion pair in the aqueous or in the organic phase). 
Further let K a , K ' a , and K p describe the following ion association and 
partition equilibria.

K aROSO:,- «  +  D + «  , ltOS03-D +«  (4)
ROSO,“«  +  M + «  , K~A - R 0S03-M +(w) (T

ROSOoM +«  ROSO,-M +(0) (6)
Then, using the constants K a , K ' a , and K p one obtains from eq. (3), as­
suming activity coefficients for the ion paired species to be unity,

C -  X  = [R0S03- ] w +  K a [R0S03- ] (w) [D+]w/_ /d +

+  K ’A(1 +  K p) [R0S03_]w[M +]w/ - / m+ (7)

w h e re /-, / d +, and / m  + represent the activity coefficients of ROSO:,-, D+, 
and M  +, respectively, in the aqueous phase.

Thus
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[R0S03- ] w
________________ C  -  X _________________

1 +  X a [D+W_./d+ +  K ' A( l  + K p)/_ /m+[M +]w
(8)

Inclusion of eq. (8) in eq. (2) gives

K  = +  g A[D + ] , / - / Dt +  K \ ( l  +  /vP)/_ /M,[ M + ]w}
(C  -  X ) \ [D+]w (9)

Rearrangement of eq. (9) gives

C
X

K a

K e / 2 ± < r d )
1__ f 1 i Iv ' a (1 +  / Vi, ) / 2± (R im; |.M + ]'v|

[D+]wU e A,, f

(10)
where / ± < r d ) and / ± ( r M ) represent the mean ionic activity coefficients of 
the long-chain electrolytes R0S03D and R0S03M, respectively. For 
dilute aqueous solutions, the activity coefficients should approach unity. 
Equation (10) then reduces to

C
X

K a 11 -I------- -4-----------
A'e [D + ]

1
K e +  ~  (1 +  X P)[M +], (ID

Further, X  may be represented as

Absorbance (A0) of the organic layer due to the extracted dye
fRD t (12)

where t is the thickness of the optical path and eRD is the molar absorbancy 
index of the dye surfactant salt in the organic solvent. Inclusion of eq.
(12) in eq. (11) gives

I  =  K  a ....1 f 1 K ' a ( \_ +  g „ ) [  M  + ]w)
Ao £r d C î K e î -rdC î [D + ] w V b ír d C í K E tR n C t j

(13)

Thus from eq. (13) it  is clear that at constant [M + ]w a plot of the reciprocal 
of the organic phase absorbance versus the reciprocal of the equilibrium 
aqueous phase dye concentration should be linear for a given concentration 
of the surfactant, the dye concentration being varied. The intercept of 
such a plot is given by

1 /  K A  _ 1 f (RQSOa-D+M
tunCt \  K e )  tn o C t \  +  (ROS03-7)+)o J

(14)

The quantity tn o C t corresponds to the organic phase absorbance when 
sodium lauryl sulfate is completely converted to dye lauryl sulfate and com­
pletely extracted into the organic phase.

Polymer with Anionic Endgroups (S03_, 0 S 0 3 )
When a polymer insoluble in water but soluble in low dielectric constant 

organic solvents is used, the extraction process may be represented by
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K e
POSO,-M+m +  D +(w) POSO,-D+(B +  M +(w) (15)

M+ may be H+ or any alkali metal ion. In a given solvent /vE may vary 
with the chain length of (he polymer and its polarity.5 If  C  is the concen­
tration of the polymer used and X  the concentration of the extracted dye 
polymer ion pair we have

x [m + ]w/ m +
(C -  X )[D + ]w/ d +

(10)

where/ m + and J d * represent the activity coefficients of the subscript ions. 
Assumption of unit activity coefficients for dilute solutions yields, from 
eq. (16)

C / X  = 1 +  (LM+]w/A e [D+]w) (17)

Representing A' asineq. (12) we get fromeq. (17)

1 _  1 [ M + ]w
A 0 «RD C t AEeRDCl[D + ]w

(18)

A 0 refers to the absorbance of the organic phase following extraction and 
after correction for the blank.

From eq. (18) it  is evident that at constant [M + ] a plot of the reciprocal 
of the organic phase absorbance (A0) versus reciprocal of the equilibrium 
aqueous phase [D + ] will be linear for a fixed concentration of the polymer, 
the dye concentration being varied. The reciprocal of intercept at 1/A0 
axis corresponds to the organic phase absorbance for the complete conver­
sion of the polymer sulfate to the dye polymer ion pair and its complete 
extraction into the organic solvent. The intercept for a fixed concentra­
tion of the polymer should be independent of polymer polarity and chain 
length. The intercept will, however, depend on the nature of the solvent, 
since the absorbancy index of the dye polymer ion pair varies with the 
solvent. Thus, the major source of error in the use of surfactant as refer­
ence for the analysis of polymer endgroup could be overcome by way of a 
plot of 1/Ao versus l/[D y e ] for a given concentration of the polymer as 
indicated in equation (18). Equation (13) is more complex than is eq. (18). 
The intercept for the former contains an extra term, viz. the partition coeffi­
cient. of the dye surfactant ion pair between water and the organic solvent. 
For a water-insoluble polymer this partition coefficient is obviously zero. 
This consideration reduces eq. (14) to the intercept for eq. (18).

Thus for the analysis of anionic endgroups (S03- , 0S03~, etc.) in poly­
mers i t  is necessary to perform a few extraction experiments at fixed poly­
mer and varying dye concentration. The absorbance of the organic layer 
is then measured and corrected for the blank. The concentration of the 
dye (methylene blue) in the aqueous layer is also determined spectropho- 
tometrically. The reciprocals of these data are then plotted against each 
other. The intercept of the line at 1 /A0 is determined. The desired con­
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centration of the ionic group w ill be obtained from the value of the intercept 
when crd is known [see eq. (18) ].

The problem now remains how to determine the molar absorbancy index 
( c r d )  of the dye polymer ion pair in the organic solvent. This value may 
be approximated by using that for the dye surfactant salt. For this, the 
methylene blue lauryl sulfate salt was prepared;6 its molar absorbancy 
index in chloroform at 655 nm was found to be 9.07 X 1041./mole-cm.

Cationic Surfactants (Long-Chain Ammonium 
or Quaternary Ammonium Salts)

Anionic dyes, such as bromophenol blue,2,7 orange I I ,8 or disuliine blue 
VN 150, are generally used for the estimation of cationic surfactants by the 
calibration data method. In  this laboratory disulfine blue VN 150 in 
0.01,/V HC1 is generally used. A study with the latter dye reveals that for a 
given concentration of the amine the amount of dye extracted into chloro­
form from 0.01 A  HC1 depends greatly on the chain length as well as the 
class of the amine.9 This is expected in view of the fact that the equilib­
rium constant K b  for the dye extraction equilibrium should depend on the 
above two factors.

K eR 4N +(w) +  D “ („) v —- RiN +D “(o) (19)
All but one of the R groups in eq. (19) may also be hydrogen atoms «'pre­
senting protonated amines, and D is the anionic dye.

The theoretical treatment yields eq. (20), if  the activity coefficients are 
assumed to be unity for the dilute solutions:

1  =  _ J _  +  +  _ L _  +  g i ( i  +  g p ) [ x - n  (
A q crdCt KBenvCt [D  ] (ivEeRDCi A ecrdCI /

where A 0 is the absorbance of the organic phase after extraction; C  is the 
concentration of surfactant originally used; t is the thickness of the optical 
path; and K \, K i , and K p are defined as follows:

A'i
íuin +(W) +  x  (w) --------- - iv.4N x  (w) (21)

KiluN  +(w) +  E  (»■ ) ; RiN +D (W) (22)
A'p = (R4N +X -)0/(R 4N +X -)w (23)

Further, X -  represents an inorganic anion with which the surfactant cation 
forms an ion pair either in the organic or the aqueous phase. From eq. (20) 
it  is clear that a plot of the reciprocal of the absorbance of the organic phase 
following extraction versus the reciprocal of the equilibrium aqueous phase 
dye concentration at a constant concentration of X ~  should be linear for a 
given concentration of the surfactant, the dye concentration being varied. 
The intercept of this line at 1 / A 0 axis is given by
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i  , &  = _ i _  L  , ^
£RD Ct K e £RD C t tE(X>Ct \  (R4N +D~)o j

where £rd is the molar absorbancy index of the dye surfactant salt RD. 
The intercept should depend on the amine class and chain length, since the 
partition coefficient (R4N +D _)w/(R 4N+D~)o is dependent on these two 
factors. The slope of the plot w ill however depend on the nature of the 
counteranion X -  and is determined by the degree of preference the sur­
factant ions exhibit for the counteranions X -  and for the anionic dye for 
extraction into the organic phase. Both X “  and I) compete with each 
other for extraction by R4N+. W ith the. use. of disulfine blue dye we have 
achieved the predicted results for extraction into chloroform. These will 
be published elsewhere.

Polymeric Ammonium or Quaternary Ammonium Salts

For polymers the relevant expression for dye extraction is
KePR3N +X - (0) +  D-<„) ,-------- PR3N+D-(0) +  X - („) (25)

where P represents the polymeric chain attached to nitrogen and the R 
may be alkyl groups or hydrogen atoms. All other notations have the same 
meaning as above. A treatment analogous to that above furnishes the 
equation

J _  =  _ J _  i x - ] .
An ÈRD Ct 6RdCÎKe [D~]w

(26)

Here RD stands for PR3N+D~, and A 0 is, as usual, the absorbance of the 
organic phase corrected for the blank. All other symbols have been pre­
viously defined. The intercept for the l / A 0 versus 1 /[D ~ ]„ plot is given 
by 1/£rdCt. The reciprocal of the intercept corresponds to the organic 
phase absorbance when the polymeric ammonium or quaternary ammo­
nium salt is completely converted to the dye polymer ion pair and com­
pletely extracted into the organic solvent. The intercept for a given con­
centration of the polymeric amine should be independent of the amine class 
and chain length, since no assumption prejudicial to that effect was made 
for this treatment. The intercept expression for the polymer also follows 
from that of the surfactant [eq. (24) ] when it is considered that the parti­
tion coefficient (R4N +D - )W/(R 4N+D~)0 is zero for a water insoluble poly­
mer. The slope of the plot may, however, depend on the nature of the 
amine in as much as K e depends on it.

For the estimation of polymeric ammonium or quaternary ammonium 
salts it  is necessary to perform a few dye extraction experiments at fixed 
polymer and varying dye concentration. The counteranion concentration 
should also remain constant. This is achieved by performing the experi­
ments at fixed acidity. Presence of a 0.01 or Q.QOLA mineral acid is neces­
sary to avoid hydrolysis when amine or ammonium salt is to be estimated.
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The reciprocal of the organic phase absorbance after blank correction is 
plotted against the reciprocal of the anionic dye concentration in the aque­
ous phase at equilibrium according to eq. (26). The desired amine con­
centration is then obtained from the intercept when the molar absorbancy 
index eRD of the dye polymer ion pair is known.

The required value of this absorbancy index was obtained by following 
this intercept method and using a water-insoluble amine salt as the extrac­
tant. We used trilaurylammonium hydrochloride as the extractant and 
disulfine blue VN 150 as the dye. The experimental results for this system 
are given in Figure 1. The value of eRD in chloroform at 630 nm deter­
mined from the intercept of the lines at \ / A 0 axis (Fig. 1) is 1.28 X 106 1./ 
mole-cm.

I t  should be noted here that disulfine blue is a pH indicator dye. I ) - 
stands for the base form of this due which has an absorption peak at 640 
nm in aqueous solution; the corresponding acid form does not absorb at 
this wavelength. The molar absorbancy index of the base form at 640 
nm is 96,220 1./mole-cm. Therefore, the data for the abcissa of Figure 1 
are obtained from the measurement of the absorbance of the equilibrium 
aqueous phase at 640 nm. The applicability of eq. (26) also suggests 
that one disulfine blue ion requires one ion of the cationic extractant for 
extraction into the organic phase.

Some Test of the Equations

A few tests of the equations derived in this paper are given. Figure 2 
shows that the reciprocal of the organic phase absorbance versus the re­
ciprocal of the methylene blue concentration at equilibrium in the aqueous 
phase is linear at fixed concentrations of sodium lauryl sulfate (NaLS). 
The intercepts are inversely proportional to NaLS concentration as re­
quired by eq. (14).

Figure 1 shows eq. (26) is applicable when, for example, trilaurylam­
monium hydrochloride and disulfine blue were used as the extractant and 
the dye, respectively. The effect of the nature, as well as the concentra­
tion, of the counter anion on the slope of the plot is consistent with eq. 
(26). K £ [eq. (25)] is obviously larger when the counteranion is sulfate 
than when it  is chloride. The intercept is, as expected, independent of the 
nature of the acid present in the system. The lower slope in H2S04 acidi­
fied system (Fig. 1) suggests that H2S04 should be preferred when amine is 
to be estimated by this intercept method, since a lower slope minimizes 
the error in determining the intercept .

General Comments

I t  should be noted that the equations derived in this paper are valid 
when the extractant ion binds with one dye ion. I f  a different stoichi­
ometry is operative, necessary modifications should be made.
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Fig. 1. Extraction of disulfine blue VN150 from various acid solutions into chloroform 
by trilaurylam m onium  salts (1 X 10~fi mole/1.). Ao values are for measurements in 
5 mm cell.

Again, the theoretical treatment is based on the assumption that the 
extracted species exists as an ion pair. The solvent and the concentration 
of the extracted species determine their states of existence. For example, 
Diamond et al.10'11 showed for trilaurylammonium salts that they exist 
either as ion pairs or as still-higher ion aggregates (depending on concen­
tration) in organic solvents of low dielectric constant. The highest con­
centration below which no association beyond ion pairing takes place de­
pends upon the character of the solvent. Dielectric constant as well as 
specific chemical effects control such phenomena. For solvents such as 
chloroform, chlorobenzene, o-dichlorobenzene, and anisole the concentra­
tions permitting aggregation of ion pairs are much larger than those usually 
employed (10~6 to 10 molar) in the dye partition method of estimation. 
Benzene is intermediate in this regard. The proposed method should be 
applicable to a polymer regardless of its polarity and chain length as long



D Y E  P A R T IT IO N  A N A LY S IS 3309

Fig. 2. E xtraction of m ethylene blue from O.OliV IIC l into chloroform by NaLS. 
NaLS concentrations indicated. To values are for measurem ents in 5 mm cells.

as the solvent used and the concentration of the polymer do not allow aggre­
gation of the extracted dye polymer ion pair.

I t  should be noted that eqs. (13), (18), (20), and (26) require that the 
proposed plot of the reciprocal of the organic phase absorbance versus the 
reciprocal of the aqueous dye concentration for a given concentration of the 
extractant should be made at a fixed counterion (other than the dye ion) 
concentration of the extractant. Since the concentration of the extractant 
used is of the order of 10~6-T0_6il/, a 10“ 3il /  counterion concentration 
should be sufficient. Thus, the presence of 1C)~ 2N ,  preferably 10~W acid 
would be adequate. The low acidity is preferable because in dilute solu­
tion the assumption of unit activity coefficients for the various species will 
be valid.

A  further point is noteworthy. Some ionic dyes polymerize and ex­
hibit metachromacy with increasing concentration. The proposed plots 
require that only the monomeric dye concentration be used. W ith mcta- 
ehromatic dyes, such as methylene blue, very dilute dye solutions should 
therefore be used.

The authors are grateful to M essers Rhône-Poulenc for a gift sample of trilaurylam ine 
and to Im perial Chemical Industries (London) for a gift sample of disulfine blue VN 150.
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Mechanism of Propagation and Degenerate Chain 
Branching in the Oxidation of Polypropylene 

and Polyethylene

N. V. ZOLOTOVA and E. T. DENISOV, In s t i tu te  o f  C h em ica l P h y s ic s ,
M oscow , U S S R

Synopsis

Samples of polypropylene with adjacent and isolated hydroperoxide groups have been 
prepared. The rate constants of free-radical formation from solid hydroperoxides were 
measured by the inhibitor m ethod. I t  was found th a t the free radicals yielded by adja­
cent hydroperoxide groups are formed more rapidly. The main reaction of free-radical 
formation in oxidized polypropylene is of the type: ROOH +  ROOI1 — R O ' +  H 20  +  
R (V . The average yield of free radicals from polypropylene hydroperoxide is 2-4% . 
Oxygen has no effect on the yield of free radicals. However, the pressure of oxygen P o 2 
affects the rate of degenerate chain branching in polypropylene. The num ber of ad ja­
cent hydroperoxide groups and the rate of initiation increase with P o 2. Consequently, a 
reaction of the type, R ' +  RI1 —> R H  +  I I ',  plays an im portant p a rt in transport of free 
valence through solid polymer. This reaction is very fast in polyethylene, and no ad ja­
cent hydroperoxide groups are formed. The free radicals from polyethylene hydroperox­
ide are found to form by a reaction of the type: ROOH —*- R O ' -f  H O '.

INTRODUCTION

Hydroperoxide groups formed by oxidation of polymers play an im­
portant part in the mechanism of oxidation. When decomposing to free 
radicals, these groups induce autoinitiation of chain oxidation. The de­
composition of hydroperoxide groups of polypropylene (PPH) was studied 
by several investigators.1-7 Two mechanisms of free radical formation 
were discussed.

I t  will be noted that conclusions concerning the mechanism of formation 
of free radicals from PPH in the solid phase were drawn from indirect ex­
perimental data (kinetics of oxygen consumption, disappearance of hy­
droperoxide groups). Reliable conclusions can also be made from direct 
experimental measurements of the rates of free-radical formation in solid 
polymer. The inhibitor can be used for this purpose. The present in­
vestigation is devoted to rate constants of free-radical formation from 
PPH and polyethylene hydroperoxide (PEH).

Oxygen pressure plays an important part in PP oxidation. While the 
rate of hydrocarbon oxidation does not depend upon P o v the rate of autoxi- 
dation of PP increases with P 0r 1,3,8 I t  is suggested that the oxygen mole­
cule enters the cage to react with one of the radicals and increase the yield of
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free radicals from the cage.1 No direct verification of this hypothesis has 
been made. The contribution of P o2 to the mechanism of propagation and
free-radical formation in the oxidation of solid PP and PE was investi­
gated.

EXPERIMENTAL

Commercial isotactic polypropylene (PP) with M ,  =  4.2 X 105 (mea­
sured viscometrically in decalin at 135°C) was purified by precipitation 
from its solution in xylene after adding ethanol at 120°C. Hydroperoxide 
of PP (PPH) was produced by oxidation of 2% PP solution in chloroben­
zene or cumene (not actually a solution but PP in a swollen state) for 3-6 hr 
at 110°C with methyl ethyl ketone peroxide as initiator with intensive 
oxygen sparging. The yield of hydroperoxide groups was 0.065-0.65 mole/ 
kg. Oxidation of PP in cumene yielded PP H; with isolated hydroperoxide 
groups. Oxidation of PP in chlorobenzene gave PPHa with many adjacent 
hydroperoxide groups. The samples of solid PP with dicumyl peroxide 
ROOR were prepared as follows.

A 1-g portion of PP was dissolved in chlorobenzene at 120°C, a solution 
of ROOR in chlorobenzene was added, and after agitation the solution 
was poured out on a glass. The PP film was 10-20 ¡± thick, [ROOR] was 
7 X 10“ 2-23 X 10-2 mole/1. Inhibitors were introduced in the same way.

The rate W i  of free-radical formation from PPH in a chlorobenzene solu­
tion (0.1-0.2%) has been measured by the inhibitor method. As i t  is often 
impossible to estimate k i of hydroperoxide from the induction period the 
in itia l rate of inhibitor consumption W i uh  was measured in the presence of 
PPH, and W i  was found to be W i  = f W i „ h  ( /  is the stoichiometric co­
efficient of inhibition). The inhibitor was introduced in a concentration 
ensuring termination of all chains, so that k (R 02‘ +  InH) [InH ] »  
[fc(R(V +  R < V )ir , i'X  and actually 11/ = f W i nn- The following in­
hibitors were used; a-naphthol ( / = 2), phenyl-d-naphthylamine ( /  = 4), 
A/A-di-d-naphthyl-p-phenylendiamine ( /  = 2). The latter appeared to 
react with hydroperoxide groups w ith a rate coefficient k '  = 6.0 X 107 
expj —  15000/AP} 1/mole-sec. This was taken into account in calculating 
W i'.W i = /(IPinH —  k ; [PPH][InH]). Analysis was made using the fol­
lowing methods. a-Naphthol was transformed into a colored compound 
by diazotization and coupling with p-sulfophenyldiazoniumsulfate, the 
concentration of this compound was estimated spectrophotometrically at 
X = 536 nm (e = 2.1 X 103 l./mole-cm). Phonyl-/3-naphthylamine was 
analyzed spectrophotometrically at X = 309 nm (e = 1.6 X 104 l./mole-cm). 
In  the presence of dinaphthyl-p-phenylendiamine, the rate of formation of 
dinaphthyl-p-phenylenequinonediimine was measured spectrophotometri­
cally at X = 485 nm (e = 1.1 X 104 l./mole-cm). W ith a solid polymer, 
the inhibitor was extracted with chlorobenzene and then analyzed.

The rate of free-radical formation in solid PPH was evaluated from the 
initia l rate of oxygen consumption IP. In  the absence of inhibitor IP



O X ID A T IO N  OF P O L Y P R O P Y L E N E  AND P O L Y E T H Y L E N E 3313

Fig. 1. Arrhenius plots of fc: (!) for h (P n )  and h ( P ¡a); (II)  for i) and ici(Pas); 
( III)  for kd(P\\) and kd(PiS); (O) solid state and ( • )  liquid phase.

~  \ Z W i .  The coefficient of proportionality between W  and y / W \  was 
measured when PP was oxidized in the presence of dicumvl peroxide 
ROOR. The rate of free-radical formation from ROOR in solid PP was 
measured by the inhibitor method. The rate constant of initiation by 
hydroperoxide groups of PP was calculated as

h (P8) = (Tf2PPH/[PPHs])(fci,b o o r  [ROOR ] /W ^ o o n )
where TPpph and TPeoor are the rates of 0 2 consumption in experiments 
with PPH and ROOR, respectively.

The consumption of 0 2 from air was measured manometrically. The ki 
values obtained are given in Tables I  and I I  and in Figure 1. As seen from 
Table I I  and Figure 1, the values of h ( P n )  (measured by the inhibitor 
method in a solution of chlorobenzene) and fc;(Pis) (measured by oxygen 
consumption in the solid state) are almost just fc;(Pa0 and f c i ( P a s ) .  The 
rate coefficient of PEH decomposition of free radicals was measured by 
the inhibitor method in the solid as well as in the liquid phase. The rate 
constant of hydroperoxide group decomposition k d was estimated by its 
disappearance in the absence of oxygen. Hydroperoxide groups were 
analyzed iodometrically.

RESULTS AND DISCUSSION

Formation of Free Radicals from Isolated and 
Adjacent Hydroperoxide Groups

Hydroperoxides of hydrocarbons are known to decompose to free radicals 
by unimolecular and bimolecular reactions:10
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TABLE II 
The R ate Constants

No. k Temp, °C k, sec-1
k (125°C), 

sec-1
1 fci(Pii) 119-134 2 .5  X 1012 exp 

[ — 32000/727’!
6 .6  X 10-6

2 H P , ,) 115 5 .0  X IO '6 6 .0  X IO“8
3 H P .  0 115

125
3 .5  X 10“5 
4 .2  X 10~5 4 .2  X IO“6

4 H P H 2 .4  X 106 exp 
{ -  19000/,ff7’|

5 .7  X 10-6
5 119-134 3 .8  X 1010 exp 

{-26000/727’!
2 .0  X 10“ 4

6 M P is) 135
125

2 .6  X 10~4 
1 .8  X IO“ 4 1.8 X 10-"

7 kd(P  al) 125 6 .0  X 1 0 -4 6 .0  X IO“ 4
8 H E ) 78-130 1.6  X 1014 exp 

{ —35000/727’!
1 .0  X 10“ 6

9 k d(E) 90-130 8 .5  X 1015 
{ -35000/727’J

5 .4  X 10“ 4

ROOH -v  RO ' +  HO '
ROOH +  ROOH -*  ROY +  II20  +  R O '

The second read ion is energetically more advantageous than the first. 
Isolated as well as adjacent hydroperoxide groups are produced in PP oxida­
tion. To clear up the role of isolated and adjacent OOH groups, two PPH 
samples were prepared.

PPH produced by oxidation of PP in chlorobenzene contains many ad­
jacent hydroperoxide groups linked by hydrogen bonds, PPHa, as estab­
lished by Chien.9

The PPH with isolated hydroperoxide groups PPH, was synthesized by 
co-oxidation of PP with cumene. Under these conditions peroxy radicals 
of cumene attack the C— H bonds of PP. The peroxy radical of PP attacks 
the cumene molecule more readily than the C— H bond of PP (the C— H 
bond of cumene is more reactive than that of PP); therefore the PPH 
formed contains preferentially isolated hydroperoxide groups. I t  is seen 
from Table I I  that the PPH; decay to free radicals is slower than that 
of PPHa [at 125° k i ( P as) is nearly ten times higher than h ( P i „)], i.e., the 
adjacent hydroperoxide groups decompose more readily than the isolated 
ones. Thus, decay of adjacent hydroperoxide groups is the main reaction 
of degenerate chain branching in PP oxidation.

Role of Po2 in Autoxidation of PP

Chain termination in initiated oxidation of solid polymers proceeds by 
reaction between two peroxide radicals, provided the polymer films are 
sufficiently thin. This follows from independence of the oxidation rate of 
P o , (for example, see oxidation of PE11). On the contrary, autoxidation
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of PP becomes faster with increasing P o,.1,3,8,12 This was suggested to be 
connected with participation of 0 2 in the process of free radical exit of the 
cage.1 I f  this is the case, the rate of formation of free radicals in Ihe pres­
ence of oxygen must be higher than that in its absence. However rate of 
disappearance of the inhibitor of the reaction with free radicals is the same 
both in the presence and in the absence of 0 2 in the liquid and in the solid 
state (Pig. 2). Thus, oxygen does not participate in the formation of free 
radicals from hydroperoxide and their exit from the cage.

As was shown above, when two hydroperoxide groups are adjacent, they 
decay to free radicals more rapidly than isolated groups. In  this connec­
tion, the following hypothesis about the mechanism of solid polymer 
oxidation can be proposed. Peroxy radicals formed in oxidation of PP 
attack the nearest C— H bond which may be either the /3 C— H bond of the 
same molecule or the C— H bond of another molecule. As a result the 
hydroperoxide group and alkyl radical become adjacent. The alkyl radical 
can react with oxygen or with the nearest C— H bond. In  the first case 
two adjacent hydroperoxide groups arise. The reaction of alkyl radical 
with the C— H bond yields a single hydroperoxide group. In  other words, 
the competition of two reactions plays an important part in oxidation of

Fig. 2. Kinetics of inhibitor consumption in (O) the presence and ( • )  in the absence of 
oxygen in experiments with hydroperoxides: (I) P P II in a  chlorobenzene solution, T  
=  120°C, InH  = a-naph tho l; (II)  P E H  in a chlorobenzene solution, T = 110°C, InH  
=  Af,A'-di-/3-naphthyl-p-phenylenediamine; ( I I I )  P P H  in the solid state, T  =  120°C, 
InH-a-naphthoI.

PP:

0 1 10 2 0  J O  4 0  SO 6 0  TO g O
t i m e ,  m in -
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R ’ +  RLI — R H  +  R '
R- +  0 2 — ROY •

The first reaction can be very important in co-oxidation of hydrocarbons.13 
The ratio of adjacent to isolated hydroperoxide groups must depend upon 
P o2. The probability of formation of adjacent hydroperoxide groups, the
rate of free-radical formation, and thus the rate of oxidation increase with 
P m . I f  this hypothesis is reliable, the higher P o 2, the greater must be the 
rate constant of free-radical formation from hydroperoxide groups. There­
fore a dependence between fa and Po2 at which this PPH was produced 
must be observed. To verify this hypothesis, samples of PPH were pro­
duced by oxidation of solid PP at different P o 2, and the rates of free-radical 
formation were measured by the inhibitor method in chlorobenzene solu­
tion. I t  was found that fa increased with P 0t at which PP was oxidized 
(Fig. 3). Therefore the role of P o2 in the oxidation of solid PP consists in 
formation of adjacent hydroperoxide groups. The ratio [ROOH]adjac/ 
[ROOHjisoi, is higher and the oxidation is faster with higher P 0l.

The fa  value for decomposition of PEH to free radicals is the same for 
PEH produced by oxidation of PE in chlorobenzene, by oxidation of PE in 
cumene, by oxidation of solid PE at 1 atm 0 2 and at 10 atm 0 2. Con­
sequently, the oxidation of PE yields isolated hydroperoxide groups.

Formation of Free Radicals from Isolated Hydroperoxide Groups

The isolated hydroperoxide groups can decay to radicals by the reactions:10

ROOH -»■  R O ' +  H O '
ROOII +  R H  — R O ' +  H 20  +  R '

When free radicals are formed by the first reaction, fa ( P is) and fci(Eg) can be

Fig. 3. Dependence of k\ (measured by inhibitor method in chlorobenzene solution
at 120°C) on P0~ at which PP was oxidized in solid state at 120°C. The point at P02
= 0 corresponds to PPH , produced by oxidation of PP in cumene solution.
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close. When the second reaction is predominant as suggested by Pudov 
and Neiman,2 k i ( P iS) »  k i ( E s) , the C— H bond in PP is weaker than that 
in PE. Experimental data are in favor of the first mechanism, as k i ( P is) 
~  k i ( E s) , and contradict the second.

The close ki values for the polymer OOH group and for ¿erf-butyl hydro­
peroxide ( h  =  3.6 X 1012 exp{ — 33000/ET1}, see"1 at 125°C, h  ='3  X 
10-6 as measured by the inhibitor method in chlorobenzene14) are con­
sistent with the first reaction. Activation energies for k i ( P is) and ld ( E s) 
are very close to those of the 0 — 0  bonds in hydroperoxides.

I f  is interesting to note that f a ( P ¡s) and fci(Pu) arc close; consequently 
Id does not depend on the polymer phase. This may be simply explained 
by the high activity of the hydroxyl formed. Hydroxyl reacts with C— H 
bonds of organic compounds with k  ~  109 l./mole-sec. Therefore the 
exit of free valence from the cage is very fast and does not depend on 
viscosity.

Decomposition of Hydroperoxide Groups

The decay of OOH groups in polymer in the absence of 0 2 is consider­
ably faster than the formation of free radicals coming out of the cage (Table
II) .  The rate constants k d, estimated by various authors are fairly close 
(Table I I I ) .  The ratio h / 2 k d at 125°C is 1.8 X 10~2 for PPH;, 3.5 X 
10~2 for PPHa, 9 X 10“ 3 for PEH. These values differ from those re­
ported by Chien et ah,4 however not for the solid state. Inhibitors have 
no appreciable effect on k d.4 The above facts may be explained in the fol­
lowing way.

When the hydroperoxide group decomposes to R O ' and HO ' radicals, 
the latter diffuses or reacts very readily with the C— H  bond, and the 
probability of the free valence outcome from the cage is very high. When 
two adjacent peroxide groups decompose to form RO ' and R 02 ’ which 
cannot recombine with formation of a stable molecule, the probability of 
free valence outcome from the cage w ill be expected to be higher. The 
reaction of hydroperoxide group with the C— H bond can be assumed to 
be the main reaction of decomposition of hydroperoxide groups without 
initiation of chains. The latter is accounted for by fast recombination of 
the macroradicals RO' and R \
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Low-Tempcralure Polyestérification in the Presence 
of Tertiary Amines

S. V. VINOGRADOVA, V. A. VASNYEV, T. I. M ITAISHVIL1, 
AND A. V. VASIL’YEV, In s t i tu te  o f  O rg a n o -E lem en t C o m p o u n d s, 

M oscow , U .S .S .R .

Synopsis

Several variations of catalysis (nucleophilic and general basic) responsible for the low- 
tem perature polyesterification in solution have been investigated. The type of catalysis 
which predom inates depends on the chemical structure of the initial reagents and the re­
action conditions. Increasing basicity of the tertiary  amine and increasing acidity of 
the bisphenol promote the general base catalysis.

Results and Discussion

Polycondensation of dicarboxylic acid chlorides with diols in the presence 
of tertiary amines offers a means of obtaining polyesters at low tempera­
tures. Formally it  could be suggested that tertiary amine would act as a 
hydrogen chloride acceptor in this reaction, shifting the equilibrium so as 
to form ester bonds. However, i t  was shown that even in the case when 
hydrogen chloride is under pressure in the system, the equilibrium con­
stant of the reaction of phenyl benzoate with HC1 in ditolylmethane at 
40°C is as low as 2.35 X 10-4, which can be only an indication of practical 
irreversibility of the polycondensation of dicarboxylic acid chlorides with 
bisphenols. Thus, one must assume that the behavior of tertiary amines 
in a low-temperature polycondensation would be determined by their 
capability to catalyze this reaction.

A t present, the following scheme [cqs. (1) and (2)] of nucleophilic 
catalysts is proposed for similar acylation reactions.2

I l—COC1 +  N R /
O

II—C
^ R s ;

c i - (1)

o
II—cy

\ +Nils
C l“ +  ArOH RCOOAr +  N R s'-H C l (2)

A number of factors support this scheme.

3321
(1) Substitution of the chlo-

+
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rine atom ( a i = 0.47) for a more electron-accepting groxip —  N R 3', (on =
0.92) should appreciably increase electrophilic reactivity of the carbon 
atom at the carbonyl group of the acid chloride reactant and thereby con­
siderably decrease the energy barrier for its bimolecular interaction with 
nucleophilic phenol reactant. (2) I t  is known that the interaction of 
tertiary amines with carboxylic acid chlorides yields IV-acylammonium 
compounds similar to I which act as strong acylating agents for hydroxylic 
groups.3'4 (3) Infrared spectra and NAIR data show that under low- 
temperature polycondensation conditions the ability of tertiary amines 
to form complexes with terephthaloyl chloride is related to their ability 
to catalyze polycondensation of the acid chloride with phenolphthalein.5

However, some data obtained may not be explained from the viewpoint 
of nucleophilic catalysis. Under given conditions, the molecular weight of 
polyarylate increased with bisphenol acidity (Fig. 1). For the series of 
bisphenols investigated, there is the following dependence of the coefficient 
of polymerization n w on pK ai, the first acidity constant of bisphenol de­
termined by potentiometric titration in dimethyl sulfoxide at 25°C:

Nevertheless, it  should be noted that eq. (3) was derived for a rather narrow 
pK ai range (12.5-13.2), and the validity of this equation for other cases 
remains to be solved. The common tendency found shows yet that the 
increasing acidity of bisphenol produces more favorable conditions for low 
temperature polycondensation. Some other data point to the very same 
fact. For instance, when using weakly acidic aliphatic diols under condi­
tions given in Figure 1, only fairly low molecular weight polyesters may 
be prepared {n w <  15). Copolycondensation of terephthaloyl chloride, 
phenolphthalein, and ethylene glycol in the molar ratio 1:1:1 in the 
presence of triethylamine yields practically homogeneous polyester of 
phenolphthalein. All these results may hardly be accounted for by the 
scheme of nucleophilic catalysis [eqs. (1) and (2)], when tertiary amine 
leads only to increasing electrophilic reactivity of the acid chloride com­
ponent. According to this scheme, increasing acidity of diol (and, con­
sequently, its decreasing basicity) should create less favorable conditions 
for low-temperature polyesterification, and that would be inconsistent 
with our data.

These results enable one to suggest that under low-temperature poly- 
acylation a general basic catalysis would be possible:

ArOII. . ,N R a'(ArO-. . . HNR3) +  RCOC1 — RCCOAr +  R3'N-HC1 (6)
According to the scheme of the general basic catalysis [eqs. (4)—(6) ], in­
creased acidity of the phenol component causes more favorable conditions 
for the acylation reaction, which explains well the results mentioned above

n w = 1560 —  116pA'ai (3)

ArOH +  NRj' ç± ArOII. . ,NR3' 
ArOH. . .N Rj' ArO“ . . ,HNR3'

U)
(•5)
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Fig. 1. Dependence of the coefficient of polymerization of polyarylates (nw) on pA'ai of

(3)11,11—C—C ,II5; (4) II, CllaCCelU; |5 ) CHj, CHaCCIL; (6’) II.
1 1 IThe polyarylates were obtained by method A.

(Fig. 1). Indeed, increasing acidity of the hydroxyl-containing reagent 
should promote the formation of its associates with tertiary amines, 
which is in particular confirmed by the PMR data. Thus, we found that a 
chemical shift of the proton of the phenol hydroxyl (concentration is 0.52 
mole/1.) in the presence of an equimolar amount of triethylamine in dichlo- 
roethane would adequately be correlated to the p K a of phenol:

S = (21.93 -  1.30 p K a) ± 0.40

r = 0.95 (7)

where S is (lie chemical shift in ppm at 34°0; the operating frequency 
is GO Mcps on the R-12 Perkin-Elmer spectrometer; p K a is the acidity 
constant of phenol measured in water at. 20°C. I t  should be noted that 
the results given above for low-temperature polyestérification are ob­
tained in the presence of a strong base such as triethylamine (p/v„ = 
10.87). I t  is rather probable that the use of weaker bases, for instance, 
pyridine (pK a = 5.23) would give rise to opposite tendencies. The re-
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results obtained with model reactions for competitive acylation indirectly 
confirm this assumption. It was found that, on reacting benzoyl chloride 
(0.4 mole/1.) with phenol and methanol in dichloroethane the product com­
position depends on the nature of tertiary amine. For instance, in the 
presence of equimolar amounts of triethylamine the ratio of conversion of 
benzoyl chloride to phenyl benzoate and to methyl benzoate equals 3.5, 
and in the presence of pyridine 0.1S. This indicates that in with triethyl­
amine phenol is more reactive, which agrees with the general basic catalysis, 
while with pyridine methanol is more reactive, which may better be ex­
plained by the nucleophilic catalysis. The results obtained with diethyl- 
aniline (p/ta = 6.56) indicate that nucleophilic catalysis is also mon- 
probable in the presence of weakly basic tertiary amines. Really, as 
shown by PAIR data, this tertiary amine does not form hydrogen bonds 
with phenol, but, nevertheless, diethylaniline assures the occurrence of 
the acylation reaction.7

The above data permit the suggestion that during low-temperature poly- 
esterification in the presence of tertiary amines two catalytic pathways are 
possible: nucleophilic and general basic. One or the other may predomi­
nate, depending on the chemical structure of initial reagents, tertiary 
amines and reaction conditions. From this point of view, the results of 
polycondensation of terephthaloyl chloride and bis(4-oxy-3-chlorophenyl)-
2,2-propane in dichloroethane solution in the presence of triethylamine 
may probably be of interest. The curve for reduce viscosity of this 
polyarylate proved to have two maxima depending on temperature 
(Fig. 2). It is likely that the double catalytic action of tertiary amine in 
this process would be responsible for this fact.

Fig. 2. Tem perature dependence of the reduced viscosity of polyarylate of bis(4-oxy-3-
chlorophenyl)-2,2-propane obtained by (I)  method A; (3 )  method B.
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We believe that the investigation of the kinetics of low-temperature 
polyesterification will give more detailed insight into several variations 
of catalysis initiated by tertiary amines in this process.

Experimental
Initial condensing compounds were purified by the methods described, 

and their constants corresponded to literature data.8 Triethylamine and 
pyridine were treated with benzoyl chloride.9 The competitive acylation 
reaction was carried out in a thermostatted cell (±0.1°C) by adding benzoyl 
chloride to phenol, methanol, and tertiary amine solution in dichloroethane. 
-Molar ratio of the initial reagents was 1:1:1:1, respectively. Low- 
temperature polycondensation was performed by two methods.9 In 
method A, terephthalic acid chloride was added to bisphenol and tri­
ethylamine solution in dichloroethane, molar ratio being 1 : 1 :2, respec­
tively. The initial concentration of bisphenol was 0.2 mole/1.; reaction 
time, 1 hr. In method B, triethylamine was added to the solution of bis­
phenol and terephthalic acid chloride. The reduced viscosity of a 0.5% 
solution of polyarylates was measured in tetrachloroethane at 25°C.
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R o ta tio n a l M ob ility  o f  N itro x y l R ad ica ls  in  P o ly es te rs

SUSAN C. GROSS, Research Laboratories, Eastman Kodak Company 
Rochester, New York 1J,6B0

Synopsis
Rotational mobility of nitroxyl radicals in polyester films was investigated a t  tem­

peratures from —180 lo +  240°C by E SR  spin-probe techniques. Evidence obtained 
indicated tha t mobility of radicals was related to polymer structure and reflected in­
creased volume made available to the probe molecule by the polymer matrix. A single 
correlation time, which followed the form tc =  r 0 exp [ E J R T \ ,  was calculated for the 
tem perature range of rapid reorientation ( ^ 1 0 9 Hz) of nitroxyl radicals. A'0 ranged 
from 5 to 25 kcal/m ole for various systems. Uniaxially oriented semicrystalline polymer 
m atrix restricted radical m obility to a greater extent than a  semicrystalline biaxially 
oriented sample. Effective local viscosity encountered by a nitroxyl radical in several 
polymers was calculated as 9-13 poise.

INTRODUCTION
The behavior of small additive molecules in polymers in the glassy state 

was investigated by use of ESR spin-probe techniques similar to those of 
Stryukov et al.1,2 Since detection and evaluation of polymer motions 
reflected in the ESR spectrum of the nitroxide radicals may aid in cor­
relating polymer structure with observed mechanical properties, it was of 
interest to study the rotational mobility of several nitroxyl radicals in 
amorphous polyester films typically prepared by solvent casting and one 
example of a nitroxide in biaxially and uniaxially oriented samples of semi­
crystalline polymer.

EXPERIMENTAL
Materials

For this purpose, nitroxyl radicals 4-hydroxy-2,2,6,6-tetramethylpiperi- 
dine-l-oxyl (I); 4-acetamido-2,2,6,6-tetramethylpiperidine-l-oxyl (II); and
2,2,6,6-tetramethyl-4-(p-nitrobenzoyloxy)piperidine-l-oxyl (III) were in­
corporated into the polyesters, poly [(4,4'-isopropylidene-l,l'-diphenylene) 
carbonate] (IV); poly[(4,4'-isopropylidene-2,2',6,6'-tetrachloro-l,l'-diphe­
nyl) carbonate] (V); poly [(4,4'-(l,l'-diphenyene) carbonate] (VI); poly[(4, 
4'-hexahydro-4,7-methanoindan-5-ylidene-l, l'-diphenylene) carbonate ] 
(VII); uniaxially orientated poly (ethylene terephthalate) (VIII); and 
biaxially orientated poly (ethylene terephthalate) (IX).

3327
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VIII, IX

Sample Preparation
Nitroxides I—III were incorporated into purified polyesters IV-VII by 

dissolving 100 ppm (w/w) nitroxide/polymer in dichloromethane. Films 
were cast from these solutions. Semicrystalline films of polymer VIII and 
IX were soaked in dichloromethane solutions of nitroxide at 25°C to allow 
diffusion of the nitroxide into the film. Treated films were washed with 
hexane for 24 hr prior to use to ensure' removal of adsorbed material. All 
films were dried in a vacuum oven to constant weight and checked for ab­
sence of solvent.

Glass transition temperatures (Tg) were determined at 10°G/min under 
N2 by using a DuPont 900 differential scanning calorimeter (DSC). Films 
with and without added nitroxide were measured. No change in Tg was 
detected due to the additive. At this rate of heating, additional crystalli­
zation of samples VIII and IX was noted at 107 and 128°C, respectively. 
Temperature for onset of this crystallization as detected by DSC varied 
inversely with initial crystallinity of the sample and reached a maximum of 
144°C when an initially amorphous sample was used.

The x-ray diffraction data showed that the cast films of polymers IV-VII
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remained amorphous. Samples of VIII and IX containing nitroxides were 
each 50-60% crystalline with similar-sized crystallites.

ESR Measurements
ESR spectra were recorded by using portions of tested films sealed (in air) 

in 3 mm OD quartz tubes. A Varian E-4 EPR spectrometer was used. 
Microwave power was limited to 1 mW to prevent signal saturation. A 
Varian variable temperature accessory, calibrated with an iron-constantan 
thermocouple, was used to heat or cool the samples.

DISCUSSION OF RESULTS 
ESR Theory

The line shape of the ESR spectrum of a radical is related to its rotational 
motion; therefore, effects of temperature and polymer matrix which alter 
the spectrum of the nitroxyl radical3 may be used to study its mobility 
in a polymeric environment. A single correlation time rc may be used to 
describe the probability of reorientation per unit time (seconds). This 
correlation time was calculated according to treatments in the literature4-6 
relating the observed line width to rate of nitroxide motion via the spin-spin 
relaxation parameter T2. This method is limited to “rapid” motion of the 
nitroxide radical such that rc is between 10-9 and 10-I° sec.

In the region of “rapid” motion, the relationship between measured hy- 
perfine splitting (hfs) and ¡/-tensor parameters and line width are expressed 
ineq. (1),

= 1 -  (4r./15)6 AyBnT2(0)M +  S) T*(0)M> (1)1 2{M)
where 1 /T 2 = 7T V 3 Av, A v is the peak-to-peak line width of the Lorentzian 
derivative curve of the experimental spectra, b = 47t/3(A — B) = contri­
bution of anisotropic hfs constants (A =  87Mc, B = C =  14 Me), Ay = 
(— ](8|/ h ) [ g a  — % {cjxx +  ( J n ) ]  =  1 X 104 (for values determined on 
nitroxide single crystals),7 and B0 = external magnetic field (^3400 gauss). 
Rearrangement7'8 of eq. (1) offers two ways to calculate rc from experimen­
tal ESR curves on including [cq. (2) ] and excluding [eq. (3) ] the anisotropic 
¡/-tensor parameter Ay.

tc = -0.65 X 10- W„[(fe„Ai),/! -  ( V M V1 (2)
To = 0.65 X \0~9Wo[(h0/hi)'h +  (V /i-i)1/2 -2 ]  (3)

where W0 is line width of the center (il/ = 0) line in gauss and hi, h0 and /¡_i 
are the line heights of the first derivative spectrum of the low, center, and 
high field lines, respectively.
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Experimental Results
Spectra for nitroxides in several polymers were obtained at temperatures 

from — ISO to +240°C. The temperature at which a particular line shape 
is observed will be different for the various nitroxide polymer samples 
since the line shape depends on the mobility of the nitroxide in the host 
polymer. Spectra of nitroxide II in polymer V (Fig. 1) are representative 
of those obtained for other samples. Regions of “strongly hindered” (a), 
“intermediate” (b,c), and “rapid” (d) rotational motion are illustrated.

The separation between extrema of the high and low field lines of spectra 
due to “strongly hindered” nitroxides was ^66  gauss, equivalent to the 
theoretical value of 2AZZ, where Azz is the anisotropic hfs contribution of 
the nitroxide axis parallel to the external magnetic field.

“Intermediate” spectra illustrate both the gradual decrease of the ex­
trema separation (see arrows) and appearance of a narrower spectrum which 
occurs as the temperature increases and indicates that some nitroxyl radi­
cals experience a different rate of tumbling than others in the polymeric 
environment. When a radical is mixed into a polymer to simulate noil- 
bonded additives, the number of regions with sufficient volume to permit 
rapid tumbling of the probe molecule cannot be specified. No dependence of 
nitroxyl radical mobility on molecular weight of the polymers was noted. 
However, moles of polymer chain end sites calculated from osmotic pressure 
average molecular weight exceeded moles of added nitroxyl radicals by a 
factor of 10 in the samples used.

Spectrum 1 dis characteristic of “rapid” nitroxide rotation, where condi­
tions to describe rate of nitroxide rotation in terms of rc are met. In the
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region of rapid nitroxide rotation, rc was calculated by using both eqs. (2) 
and (3). As previously reported,1-8 a somewhat shorter rotational corre­
lation time is calculated from eq. (3) than from eq. (2). Values of rc for 
nitroxide I in polymer V at 140°C were .1.(1 X 10-9 sec [eq. (3)] and 2.6 
X 10~9 sec [eq (2)]. Subsequent discussion will refer to values calculated 
fromeq. (3).

Apparent activation energy for rotational mobility of the nitroxides in 
various polymer matrices was estimated from the slope of the line obtained 
when rotational frequency, expressed as 1i i ( 1 / t c) ,  was plotted vs temperature 
(103/T°K). Values are collected in Table I.

TABLE I
Apparent R otational Activation Energy of Nitroxides in Polyester Films

Polymer ?’», °C

It kcal/m ole
Nitroxide I Nitroxide II

< T e > T , < T , >T„
IV 148 2 .4 11.0 a 26.0
V 215 2 .4 b 7 .0 20.0
VI 235 1.6 b 8 b
VII 254 1 .9 1) 8 .0 b
V III 84 a 8.75
IX 84 a 19.2

a No “ rapid” motion <T„. 
b Insufficient d a ta  points.

Experimental conditions were so chosen that the velocity condition, rc 
A 10_9 sec, was met below the Tg of the host polymer in several cases. This 
is in contrast to previously reported1,9’10 work on nitroxides in addition 
polymers where measurements were made well above the polymer’s T„. It 
was found that the temperature dependence of r0 was Arrhenius in nature 
[re = r0 exp [EJRT\] when rc was calculated from data obtained solely 
above or below the polymer T„.

When tc was obtained over a temperature range extending both above 
and below the T„ of a nitroxide-polymer combination, temperature de­
pendence was then described by two straight lines of different slopes. The 
slope change occurred over a temperature range corresponding to the glass 
transition region of the host polymer. An example of this is shown in 
Figure 2.

Calculation of tc for nitroxide II in either semicrystalline sample (VIII 
or IX) was not possible until the temperature exceeded both the T„ (S4°C, 
10°/min) and the onset of additional crystallization noted by DSC. Ni­
troxide I in polymer VIII attained “rapid” mobility by 100°C. Some in­
creased mobility of probes I and II was noted at '~85°C by appearance of an 
“intermediate” spectrum similar to that obtained in Figure lc. Hindered 
rotation of probe II may be due to its size, not crystallization of VIII or
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Fig. 2. T em perature dependence of rotational frequency of nitroxide I in polymer IV.

0 50 100 150 200
Temperature, °C

Fig. 3. Extrem a separation of nitroxides in polymer IV.

IX, as it clid not achieve rapid mobility below 140°C in samples of the 
amorphous polymers. An effect on apparent activation energy of nitrox- 
ide II was noted when uniaxially (VIII) and biaxially (IX) oriented sam­
ples of polyethylene terephthalate) were compared.



N ITR O X Y L RADICALS l \  POLYESTERS :m :s

At temperatures whore the nitroxidos were rotating at a rate less than 
109 Hz, the influence of anisotropic hyporfine structure and (/-tensors pre­
vents analysis by the equations discussed. Data from those strongly 
hindered and intermediate regions were treated by plotting the extrema 
separation (gauss) of the spectra representing 2-4« hfs versus the tempera­
ture (°C) at which the spectra were recorded. Plots of this type show 
onset of rapid nitroxide tumbling in the polymer matrix which averages the 
anisotropic components to produce a spectrum varying only in line width. 
This event is marked by a sharp decrease of extrema separation and oc­
curred below the T„ of most amorphous samples studied. When the T0 
was approached, extrema separations further decreased from ~ 1 0  to 33 
gauss, the limiting value of isotropic hfs for these nitroxides in room-tem­
perature hydrocarbon solutions. Table II lists the temperature at which the 
extrema separation was 50 gauss ( l/rc~  109 Hz) and the temperture range 
of a 00-40 gauss decrease of hfs for the samples studied. Figures 3 and 4 
illustrate plots of this type.

It has been proposed1 that values of rc determined by ESR measurements 
of radical mobility can be used to estimate the microscopic viscosity en­
countered by a nonbonded nitroxide in a host polymer.

Local viscosities of 9-13 poise were calculated for nitroxide I in polymers 
IV, V, VI, and VII by using the Stokes-Einstein formula in eq. (4)

»tío1! = (3kT/4ira3)Tc (4)
owhere a = 4 A is the radius of I, rc = values calculated for above samples by 

ESR measurements at T = 382°K and T = (Ts — 353)°Iv. Although

Fig. 4. Extrem a separation of nitroxides in polymer V.
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TABLE II
Tem perature Range and M idpoint for Onset of R apid Nitroxide M otion

Onset of rapid motion, °C
Polymer Nitroxide I Nitroxide I I Nitroxide I I I

IV 46(40-56) 140(120-148) 138(100-144)
V 80(64-100) 174(130-204) 172(140-180)
VI 50(40-56) 170(140-180)
V II 44(40-56) 170(130-200)
V II1 96(75-100) 140(110-150)
IX 140(130-156)

the absolute value of 17̂  depends on assumption of a spherical radical 
undergoing Brownian motion in the polymeric medium, the effective micro­
scopic viscosity encountered by the radical was several orders of magnitude 
less than the macroscopic viscosity of a polymer below or near the glass 
transition region.

CONCLUSION
It was concluded from these investigations that the effect of localized 

polymer motions occurring below Tg, as well as those motions at higher 
temperatures, was reflected in nitroxyl radical spectra. Onset of rapid 
rotational mobility of the nitroxyl radicals in a series of polycarbonates 
seemed to be hindered by bulky chloro-substituents ortho to the carbonate 
linkage of polymer V when compared with polymers IV, VI, or VII, al­
though VI and VII had a higher T„ than V owing to bulky substituents lo­
cated on the pivotal carbon atom.

The order of magnitude (~3 kcal/mole) of the apparent energy barrier to 
reorientation of nitroxide I in the glassy region of the polycarbonates is simi­
lar to that required for bending and stretching of polyester chain units ob­
served by infrared spectroscopy. A higher value (~ 8  kcal/mole) was cal­
culated for the larger nitroxide II.

It must be remembered that the nitroxides in this study represent non- 
bonded additives; therefore, motion of a specific polymeric moiety cannot 
be identified as solely responsible for permitting the observed increase in 
additive mobility. The observed changes in temperature dependence of 
r0 near the Tg of a host polymer is in accord with properties of the glass 
transition region.
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These polymers were then “ring-closed” by treatment with poly phosphoric 
acid to give poly(benzo [1,2,3-de : 4,5,6-r/V ] diquinoline-2, S-diyl-p-phenyl- 
ene) (III) and poly(benzo [1,2,3-cZe : 4,5,6-dV]diquinoline-2,8-diyl-2,6-pyr­
idine) (IV).

Model Reactions
The Schiff’s-base condensation product of 1,5-diaminoanthraquinone and 

acetophenone (V) has been prepared in refluxing nitrobenzene using acetic 
acid as catalyst. The product was isolated and on treatment with poly- 
phosphoric acid eliminated water to give a closed structure (VI). When 
an excess of acetophenone and anhydrous zinc chloride as the catalyst were 
used the closed structure (VI) was obtained directly.

V
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Polycondensations
Polycondensations were carried out in solution, in the melt and in 

sealed tubes. Initially 1,4-diacetylbenzene was the comonomer used with
1,5-diaminoanthraquinone. 1,3-Diacetylbenzene and 2,6-diacetylpyridine 
were later introduced in order to try to improve the solubility of the poly­
mers. The reactions are summarized in Table I.

Reactions in solution using 1,4-diacetylbenzene and 1,5-diamino an­
thraquinone yielded, at best, partially condensed structures of low molec­
ular weight. Elemental analyses and infrared spectra indicated that these 
products contained N-H groups. The inherent viscosities, measured in 
dimethylacetamide at 30°C were in the range 0.05-0.12 dl/g. Replace­
ment of zinc chloride by acetic acid or trichloroacetic acid as catalyst did 
not yield any polymeric products. Use of an acetic acid-acetic anhydride 
mixture as catalyst gave a 93% yield of 1,5-diacetamido-anthraquinone.

As the reaction was catalyzed by acids, noted in the synthesis of the 
model compounds (V and VI), a stronger acid than those previously used 
was employed. However, the use of trifluoroacetic acid as catalyst and 
dimethylacetamide as solvent gave rather ambiguous results. The in­
frared spectrum did not show the sharp doublet at 3305 and 3410 cm“1 
(N-H) which is characteristic of 1,5-diaminoanthraquinone nor the diketone 
carbonyl peak at 1650 cm“1. The inherent viscosity of the product was 
<0.02 dl/g, and the microanalysis did not assist in elucidating the structure 
of the product.

It should be noted that all reactions in solution (and in the melt) were 
carried out in a nitrogen atmosphere.

Melt polycondensations, carried out at atmospheric pressure under 
nitrogen, were complicated by the ease of sublimation of the diacetyi 
monomers. Polymers were obtained from 1,5-diaminoanthraquinone and
1,4-diacetylbenzene (Table I, expts. 15-17), even though some of the latter 
was lost by sublimation. The polymers were soluble in methane-sulfonic 
and concentrated sulfuric acids, and microanalysis and infrared data indi­
cated the formation of an open (Schiff’s base) structure (VII).

Use of either 1,3-diacetylbenzene or 2,6-diacetylpyridine did not yield 
any polymeric products presumably because, as these monomers arc more 
volatile than 1,4-diacetylbenzene, the rate of sublimation was too great. 
However, when reactions with 1,3-diacetylbenzene or 2,6-diacetylpyridine 
were done in sealed tubes (Table I, expts. 20 and 21), polycondensation 
took place, giving products which were soluble in dimethylacetamide. 
The elemental analyses indicated the formation of the Schiff’s-base 
polymer.

Ring Closing
The Schiff’s base polymers were treated with polyphosphoric acid at 

150°C in order to form ring-closed structure (VIII).
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Th<‘ experiments are summarized in Table II.
TABLE II

Treat men t of Schiffs Base P'olymers 1with Polyphosphc trie Acid

E x p t.
Polymer 

from 
(Table I)

Sol­
vent«

Tempera-
t ure,

°C
Time,

hr
Solvents

for
product Remarks

1 expt. 15 PPA 150 f) hr Cone. IUSOi Vinb = 0.56 d l/g
2 expt. 16 PPA 160 6 hr

M eSO JI 
Cone. II»SO, Product- appeared

3 expt. 21 PPA 150 5 hr
(partially)

MeSO,H
to be crosslinked 

Unsatisfactory
analysis for 
closed structure

* Solvent: polyphosphoric acid (PPA).

A successful ring-closing experiment (Table II, expt. 1) was carried out 
on the Schiff’s-base polymer formed from 1,4-diaeetylbenzene and 1,5- 
diaminoanthraquinone (Table I, expt. 15). The final product was soluble 
only in methanesulfonic and concentrated sulfuric acids. It had an in­
herent viscosity of 0.56 dl/g (0.5% in sulfuric acid at 30°C). Thermo- 
gravimetric analysis in nitrogen at a heating rate of 3°C/min (Fig. 1) 
showed the polymer to be stable up to 900°C (10% weight loss at this tem­
perature) . The initial decomposition temperature in air at the same heat­
ing rate was440°C.

Treatment of the polymer formed from 2,6-diacetylpyridine and 1,5- 
diaminoanthraquinone (Table I, expt. 21) with polyphosphoric acid gave 
a product soluble only in methanesulfonic acid (Table II, expt. 3). The 
elemental analysis and infrared spectrum of the product were unsatisfac­
tory for the ring-closed polymer.

EXPERIMENTAL
Monomers

1,5-Diaminoanthraquinone. Technical grade material was acetylated 
followed by hydrolysis and recrystallization from nitrobenzene. The ma­
terial was partially freed from solvent by pumping under vacuum and
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c,h-,o2cchoc .(•OCIICO_C.IL
NH

C O C H ; C O C H ; c2h so h

I X

c2h5o2cch2oc ,coch2co2c2h5

X

A solution of IX in 10% alcoholic ammonia (225 ml) was stirred at 00°C 
on a water bath for 1 hr. The reaction mixture was cooled, poured into 
water, acidified with 5% hydrochloric acid, and the resultant solution ex­
tracted with ether. The ether layer was washed with water, dried with 
anhydrous magnesium sulfate and, after filtering, evaporated to dryness 
to give product X as the residue. This material (15 g) was heated for 4 hr 
in 60 ml of 15% sulfuric acid on a water bath. The reaction mixture was 
cooled, extracted with ether, and the ether extract treated with sodium bi­
carbonate, washed with water, and dried with calcium chloride. After 
filtration, the ether was removed by distillation and the residue was dis­
tilled at 15 mm Hg pressure to give 1,3-diaeetylbenzone. The material 
had by 150-155°C/15 mm Hg; mp 31-32°C.

Reaction Catalyzed by Acetic Acid. 1,5-Diaminoanthraquinone (0.238 
g) was mixed with acetophenone (3 ml) and nitrobenzene (25 ml) con­
taining glacial acetic acid (2 ml) and the mixture refluxed for 16 hr. The 
product was filtered off, dried, and extracted with ethanol, giving a 95% 
yield of V which was soluble in dimethylacetamide.

A n a l . Calcd. for C3oH 22N 20 2: C, 81.5% ; 11,5.0% ; N, 6.3%. Found: C, 81.8%; 
H, 5.2% ; N, 6.5%.

The above product was treated with polyphosphoric acid (10 g) at 140°C 
for 2 hr. The cooled reaction mixture was precipitated into water, filtered 
and the product extracted with water to render it acid free. The product 
VI was insoluble in dimethylacetamide but soluble in concentrated sul­
furic acid.

A n a l . Calcd for Cj«IIi»N2: C, 88.6% ; IT, 4.4% ; N, 6.9%. Found: C ,87 .8% ; H, 
4.6% ; N, 7.0%.

Reaction Catalyzed by Zinc Chloride. A mixture of 1,5-diaminoanthra- 
quinone (0.238 g) and anhydrous zinc chloride (0.10 g) in an excess of 
acetophenone was heated at 170°C under nitrogen for 3V2 hr. The reac­
tion mixture was cooled, and the precipitated product separated, extracted 
with ethanol, and dried.

A n a l . Calcd for C30H i8N 2: C, 88.6%; H, 4.4% ; N, 6.9%. (Product VI) Found: 
C, 87.3%; II, 4.5% ; N, 7.1%.

Model Compounds (V and VI)
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Polycondensations in Solution
Polymer from 1,4-Diacetylbenzene and 1,5-Diaminoanthraquinone 

(Table I, Expt. 7). Equimolar quantities of 1,5-diaminoanthraquinone 
(0.955 g, 0.004 mole) and 1,4-diacetylbenzene (0.650 g, 0.004 mole) were 
added to a 100 ml three-necked flask fitted with a nitrogen inlet, sealed 
stirrer, and air condenser. Nitrobenzene (40 ml) and anhydrous zinc 
chloride (0.55 g, 0.004 mole) were added and the mixture heated at 160- 
170°C for 4 hr and then 140 150°C for 16 hr.

After cooling, the reaction mixture wras added to ethanol (200 ml) and 
the resultant mixture filtered. The precipitate was collected, washed with 
water, and dried under vacuum (0.35 g, 25% yield). The product was a 
red-brown powder soluble in dimethylacetamide with rj;nu = 0.12 dl/g 
(0.5% solution at 30°C). The material softened at 285°C but did not 
melt. The infrared spectrum showed a broad doublet at 3305 and 3410 
cm-1 (N-H), although the intensity was much reduced compared with the 
doublet found in the spectrum of 1,5-diaminoanthraquinone.

A n a l . Calcd for C24H i6N 202 (polymer): C, 79.1%; H, 4.4% ; N, 7.7%. Found: 
C, 74.54%; H, 4.36%; N, 8.48%.

1.4- Diacetylbenzene, Acetic Acid-Catalyzed (Table I, Expt. 10). A
mixture of 1,5-diaminoanthraquinone (2.38 g, 0.01 mole), 1,4-diacetyl- 
benzene (1.62 g, 0.01 mole), glacial acetic acid (1.0 ml), acetic anhydride 
(4.0 ml), and nitrobenzene (50 ml) were heated at 160°C for 24 hr under 
nitrogen in a 100 ml three-necked flask.

After cooling, the reaction mixture was poured into petroleum ether 
(40/60; 300 ml) to yield a brovm precipitate. The precipitate was filtered 
off and dried under vacuum (3.0 g). The analysis, melting point, and 
infrared spectrum showed the product to be 1,5-diacetamidoanthraquinone 
(93% yield). The mp vras 316°C with decomposition.

A n a l . Calcd for CI8H „N ,Q 4: C, 67.2%; IT, 4 .3% ; N, 8.7%. Found: C, 67.3%; 
H, 4.4% ; N, 8.6%,.

Self-Condensation of Monomers (Table I, Expts. 13 and 14). 1,5-Di- 
aminoanthraquinone (1.0 g, 0.0042 mole) and zinc chloride (0.75 g, 0.0055 
m) were added to a 100-ml three-necked flask fitted with a nitrogen inlet, 
sealed stirrer and air condenser. Nitrobenzene (50 ml) was added and the 
mixture heated at 170°C for 23 hr under a slow stream of nitrogen. After 
cooling, the reaction mixture was added to petroleum ether (40/60; 500 
ml). Water (100 ml) was added and the mixture stirred for 12 hr.

The insoluble material was filtered off and air-dried overnight. It had 
mp 320°C, and its infrared spectrum was identical with that of 1,5-diamino­
anthraquinone. The yield was quantitative.

A n a l . Calcd for CiJRoNiCh: C, 70.6%; IT, 4.2% ; N, 11.8%. Found: C, 69.8%; 
H, 4.2% ; N, 11.6%.

1.4- Diacetylbenzene vras treated similarly. The reaction mixture vras 
allowed to cool and then added to a large excess of petroleum ether. A



POLYMERS CONTAINING ANTHRAQUINONE UNITS 3345

white precipitate of 1,4-diacetylbenzene was formed, and the monomer
(infrared, mp 114°0) was recovered quantitatively.

Melt Polycondensations

Polymer from 1,4-Diacetylbenzene and I,S-Diaminoanthraquinone
(Table 1, Expt. IS). The Schiff's base polymer (VII) was prepared by
the melt condensation of 1,4-diacetylbenzene (0.324 g, 0.002 mole) and
1,5-diaminoanthraquinone (0.476 g. 0.002 mole). The reactants were
ground together, and the intimate mixture was placed in a polymerization
tube of the type described by Foster and MarveJ.7 The system was
purged with nitrogen and quickly placed in a metal bath at 240°C, this
temperature being maintained for 1/2 hr. Sublimation of both monomers
was observed. The product was cooled under nitrogen, crushed, and ex­
tracted with ethanol and dime"thylacetamide. The yield of polymer was
89% and it had an inherent viscosity in concentrated sulfuric acid at 30°C
of 0.46 (0.48% solution).

ANAL. Caled for C,.H16N,O,: C,79.1%; H,4.4%; N,7.7%. Found: C,78.8%;
H,4.2%; N,7.5%.

When this reaction was repeated at a lower temperature (Table 1,
expt. 16), the reaction was stopped intermittently in order to collect the
sublimate and regrind the reactants. The product from this reaction, a
black brittle material was obtained in 89% yield. The material was par­
tially soluble in methanesulfonic and concentrated sulfuric acids (72%).
The inherent viscosity of the product was 0.21 dljg. The infrared spec­
trum showed the absence of both the sharp NH2 doublet at 3305 and 3410
em -1 characteristic of 1,5-diaminoanthraquinone and the broad diacetyl­
benzene carbonyl peak at 1650 em-I. The product did not soften below
.500°C, but there was a small amount of white sublimate at 300°C.

ANAL. Caled for polymer (open): C, 79.1 %; H,4.4%; N,7.7%. Caled for polymer
(closed): C,87.8%; H,3.7%; N,8.5%. Found: C,81.4%; H,4.0%; N,8..')%.

Polycondensations in Sealed Tubes

1,3-Diacetylbenzene and 2,6-Diacetylpyridine (Table 1, Expts. 20 and
21). 1,5-diaminoanthraquinone (0.002 mole) was ground together with
1,3-diacetylbenzene (0.002 mole) and 2,6-diacetylpyridine (0.002 mole).
The intimate mixtures were introduced into medium-walled pyrex tubes
which were flushed with nitrogen. After sealing, the tubes were placed in
a metal bath and heated for 1 hr at 250°C. After cooling, the products
were removed from the tubes, crushed extracted with ethanol and dried
under vacuum at 70°C.

ANAL. Caled for C,.H16N,O,: C, 79.1 %; H, 4.4%; N, 7.7%. Found: C, 75.4%;
H, 4.11 %; N, 8.41 %.

ANAL. Caled for C23H1SO,N3 : C,75.6%; H, 4.1 %; N, 11.5%. Found: C, 76.6%;
H, 4.0%; N, 11.3%; residue, 1.2%.
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Ring Closures

Polymer from 1,4-Diacetylbenzene (Table II, Expt. 1). The SchifI's­
base polymer (VII; Table I, expt. 15) (0.50 g) was mixed with polyphos­
phoric acid (10 g) in a 100-ml three-necked flask fitted with a mechanical
stirrer and nitrogen inlet. The mixture was heated at 150°C for 5 hr with
stirring. After cooling, the reaction mixture was added to water and
the precipitated polymer filtered off, extracted with water and alcohol and
finally dried under vacuum at 60°C. The inherent viscosity of the polymer in
concentrated sulfuric acid at 30°C was 0.56 dl/g (0.50% solution). A thermo­
gravimetric analysis under nitrogen at a heating rate of 3°Cjmin showed
only 10% weight loss at 900°C. The initial decomposition temperature in
air at the same heating rate was 440°C (Fig. 1).

ANA.L. Calcd for C24H 12N 2 : C,87.8%; H,3.7%; N,8.5%. Found: C,86.4%; H,
3.6%; N,8.4%; Residue, 0.9%.

SUMMARY

Aralkyldiketones have been polymerized with 1,5-diaminoanthraquinone
by various means to form Schiff's-base polymers. These polymers have
been treated with polyphosphoric acid in attempts to produce totally ring­
closed polymers having a partial-ladder type structure. Melt polymeriza­
tions have been successful for 1,4-diacetylbenzene but when 2,6-diacetyl­
pyridine or 1,3-diacetylbenzene were used no polymers were formed due to
sublimation of these monomers. They were polymerized with 1,5-di­
aminoanthraquinone when the reactions were done in sealed tubes.

Only low molecular weight polymers (71inh ~ 0.12 dljg) were formed when
the reactions were carried out in solution. . The use of zinc chloride as
catalyst may have limited the growth of the polymer as it is known that it
can complex with ketones:8

ZlCh + o=c(~ ClznO-C( CI-

Also, it is possible that, due to the long reaction times and high tempera­
tures required to effect polycondensation, a solvent decomposition product
or the solvent itself may have caused side reactions to take place. It
should be noted that self-condensation of the comonomers did not appear
to interfere in the polycondensations (Table I, expts. 13 and 14).

We are indebted to Dr. Kurt L. Loening, Chemical Abstracts Service, for the name of
our polymers. We are indebted to Dr. G. F. L. Ehlers, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, for the thermogravimetric curves.

This work was supported by the Air Force Materials Laboratory, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio.













TABLE I
Composition, Degrees of Polymerization, H eats of Fusion, and 

M elting Points for the Copolymers

Experi­
ment

num ber

F a tty  ester in 
copolymer*

DP„

Crystallinity properties
Mole 

f raction
W eight
fraction

A H „  
cal/g x cb S-c/ ̂ cmax° T m, °C

M ON OM ER n-Octadecyl acrylate and m ethyl acrylate
1 0.050 0.166 1596 0.564 0.01 0.159 17.0
2 0.075 0.234 1660 1.17 0.03 0.234 27.0
3 0.100 0.295 1704 2.62 0.05 0.416 33.0
4 0.125 0.350 1886 7.25 0.13 0.971 42.0
5 0.150 0.399 1394 7.31 0.13 0.859 39.0
Ü 0.200 0.485 1226 8.77 0.10 0.847 42.0
7 0.300 0.61S 1113 12.50 0.22 0.948 52.0
s 0.400 0.715 950.6 15.39 0.27 1.01 47.0
9 0.500 0.790 962.9 17.42 0.31 1.03 48.0

IU 0.600 0.850 862.7 17.49 0.31 0.964 51.0
11 0.700 0.898 792.5 18.94 0.34 0.988 52.0
12 1.000 1.000 852.9 21.34 0.38 1.00 56.0

n-Octadecyl acrylate and ethyl ricrylate
13 0 0 1221 0 0 0 —
14 0.050 0.146 1321 1.96 0.03 0.629 17.0
15 0.100 0.265 1845 4.75 0.08 0.840 30.0
1« 0.125 0.317 1278 6.07 0.11 0.897 28.(1
17 0.150 0.364 1020 6.55 0.12 0.843 34.0
IS 0.200 0.448 ft 63.5 8.93 0.16 0.934 39.0
19 0.300 0.582 680.2 11.50 0.21 0.926 43.0
20 0.400 0.684 688.3 14.70 0.26 1 .01 45.0
21 0.500 0.704 628.8 16.22 0.29 0.995 46.0
22 0.600 0.829 383.9 17.42 0.31 0.985 47.0
2 3 H.750 0.907 594.2 19.11 0.34 (1.987 51.0

M ONOM ER n-Octadecyl acrylate and n-butyl acrylate
24 0 0 1938 0 0 0 —
25 0.050 0. 118 1591 1.63 0.03 0.647 - 1 2 .0
26 0.075 0.170 1452 1.28 0.02 0.353 1.0
27 0.100 0.219 1497 3.37 0.06 0.721 10.0
28 0.125 0.266 1407 4.09 0.07 0.721 16.0
29 0.150 0.309 1202 5.68 0.10 0.861 22.0
20 0.200 0.387 1425 6.97 0.12 0.844 28.0
31 0.300 0.519 1543 9.54 0.17 0.861 35.0
32 0.400 0.628 1357 12.70 0.23 (1.948 42.0
33 0.500 0.719 — 14.37 0.26 0.937 44.5
34 0.750 0.883 916.7 18.40 0.33 0.977 50.0

n-Octadecyl acrylate and n-octyl acrylate
35 0 0 826.5 0 0 0 —
36 0.050 0.085 776.3 0.73 0.01 0.402 -  13.0
37 0.075 0.125 790.0 1 .26 0.02 0.472 - 6 . 0
38 0.100 0.164 768.0 2.24 0.04 0.640 (1
39 0.125 0.201 758.2 3.09 0.06 0.720 6 .0
40 0.150 0.237 734.(1 3.17 0.06 0.627 9 .0
41 0.200 0.306 684. ft 5.32 0.09 0.815 15.0
42 0.300 0.430 631.3 8.44 0.15 0.920 26.0
43 0.400 0.540 589.1 10.80 0.19 0.937 33.0
44 0.500 0.638 57"). 5 11.61 0.21 0.853 40.0
45 0.750 0.841 457.1 15.04 0.27 0.838 47.0

(continued)
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Experi­
ment

number

F a tty  ester 
in copolymer“

D P  n

C rystallinity properties
Mole

fraction
Weight
fraction

A H „
cal/g ^c/^cmnx0 Tm, °C

n-Octadecyl acrylate and 2-ethylhexyl acrylate
46 0 0 385.8 0 0 0 —
47 0.050 0.085 380.6 0.52 0.01 0.287 - 1 3 .0
48 0.075 0. 125 382.0 1.17 0.02 0.439 - 5 . 0
49 0.100 0.164 378.2 1.72 0.03 0.492 - 9 . 0
50 0.125 0.201 393.0 2.07 0.04 0.483 -  1 .0
51 0.150 0.237 371.6 2.70 0.05 0.534 10.0
52 0.200 0.306 352.3 4.79 0.09 0.734 16.0
53 0.300 0.430 379.1 7.95 0.14 0.866 27.0
54 0.400 0.540 387.7 10.13 0.18 0.879 32.0
55 0.500 0.638 400.9 11.51 0.21 0.845 38.0
56 0.600 0.725 406.1 12.68 0.23 0.820 41.0
57 0.750 0.841 425.6 15.09 0.27 0.841 47.0

« “Octadecyl acrylate and n-dodecyl acrylate
58 0 0 930.6 8.75 0.16 1.00 12.0
59 0.050 0.067 677.1 8.40 0.15 0.376 13.0
60 0.075 0.099 614.1 8.71 0.16 0.872 20.0
61 0.100 0.131 602.9 8.90 0. 16 0.839 17.0
62 0.125 0.162 815.9 9.11 0. 17 0.845 22.0
63 0.150 0.193 762.9 9.56 0.17 0.856 21.0
64 0.200 0.253 665.6 10.30 0.19 0.863 24.0
65 0.300 0.367 553.8 11.10 0.20 0.831 27.0
66 0.400 0.474 561.2 11.54 0.21 0.785 32.0
67 0.500 0.574 520.8 12.52 0.22 0.784 36.0
6H 0.600 0.670 475.8 13.27 0.24 0.772 40.0
69 0.750 0.802 352.9 16.94 0.33 0.980 47.0

M ON OM ER w-Oetade ;yl acrylate and oleyl acrylate'1
70 0.075 0.076 — 0 0 0 - 8 . 0
71 0.100 0.101 — 0.90 0.02 0.418 - 3 . 0
72 0.125 0.126 — 1.50 0.03 0.558 - 1 . 0
73 0.150 0.151 — 1.47 0.03 0.456 3 .0
74 0.200 0.201 — 2.42 0.04 0.564 12.0
75 0.300 0.301 — 5.15 0.09 0.802 22.0
76 0.400 0.402 — 7.14 0.13 0.832 30.0
77 0.500 0.502 101.2 8.44 0.15 0.788 37.0
78 0.600 0.602 81.1 10.84 0.19 0.844 40.0
79 0.750 0.751 88.3 12.62 0.23 0.748 46.0

n- Octadecyl acrylate and m ethyl m ethacrylate
80 0 0 1452 0 0 0 —
81 0.050 0.146 1189 0 0 0 —
82 0.075 0.208 1012 0 0 0
83 0.100 0.265 1014 0.504 0.01 0.089 44.0
84 0.125 0.317 1067 0.72 1 0.01 0. 107 46.0
sr> 0.150 0.364 1053 1.43 0.03 0. 184 47.0
86 0.200 0.448 1027 2.28 0.04 0.239 19.0
87 0.300 0.582 1008 4.63 0.08 0.373 52.0
88 0.400 0.683 1148 7.15 0.13 0.491 52.0
89 0.500 0.764 1200 9.59 0. 17 0.588 53.0
90 0.600 0.829 1054 15.09 0.27 0.853 54.0
91 0.750 0.907 — 17.45 0.31 0.902 56.0
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Experi­
ment

num ber

F a tty  ester 
in copolymer»

DP„

C rystallinity properties
Mole

fraction
Weight
fraction

à H f ,
cal/g Xc/  ̂ cmftx0 T m, °C

re-Octadecyl acrylate and acrylonitrile
92 0 0 346.2» 0 0 0 —
93 0.050 0.244 342.9» 0 0 0 —
94 0.075 0.331 343.2" 0 0 0 —
95 0.100 0.405 331.6« — 0 0 35.0
96 0.125 0.466 310.9“ 1.71 0.03 0.172 37.0
97 0.150 0.519 331,6 r 2.75 0.05 0.248 39.0
98 0.200 0.604 491 .4 ' 4 .40 0.08 0.341 45.0
99 0.300 0.724 520 .41 6.40 0.11 0.414 56.0

100 0.400 0.790 593.3 9.88 0.18 0.586 56.0
101 0.500 0.860 558.8 11.73 0.21 0.639 55.5
102 0.600 0.903 554.8 15.43 0.28 0.801 57.0
103 0.750 0.941 640.1 20.11 0.36 1.00 57.0

Vinyl stearate  and methyl methacrylate®
104 0.024 0.070 1257 0 0 0 —
105 0.036 0.104 1112 0.62 0.01 0.303 56.0
106 0.046 0.129 1020 0.43 0.01 0.167 58.0
107 0.076 0.203 958.8 1.17 0.02 0.291 57.0
108 0.158 0.368 906.5 3.18 0.06 0.436 58.0
109 0.183 0.410 728.1 6.39 0.11 0.786 58.0
110 0.197 0.433 613.5 6.13 0.11 0.714 58.0
111 0.377 0.622 449.8 11.30 0.20 0.917 59.0
112 0.414 0.687 411.8 9 .34 0.16 0.686 58.0
113 0.375 0.650 275.3 9.13 0.16 0.709 57.0
114 0.744 0.900 265.6 16.56 0.29 0.928 57.0
115 0.902 0.966 254.6 17.93 0.32 0.937 56.0
116 0.950 0.983 230.0 19.95 0.35 1.02 57.0
117 1.00 1.00 157.5 19.82 0.38 1.00 58.0

Vinyl stearate and 2- ethylhexyl acrylate®
118 0.043 0.070 403.5 0 0 0 —
119 0.054 0.088 416.0 0 0 0 —
120 0.076 0.121 476.4 0 0 0 —
121 0.062 0.099 491.9 0 0 0 —
122 0.130 0.201 487.2 0 0 0 —
123 0.116 0.181 637.2 0.464 0.01 0.129 47.0
124 0.213 0.314 617.6 0.937 0.02 0.151 55.0
125 0.282 0.398 449.6 3.30 0.06 0.418 58.0
126 0.333 0.457 405.4 5.56 0.10 0.614 58.0
127 0.523 0.649 276. 1 9.24 0.16 0.718 57.0

128 0.730 0.820 245.9 13.41 0.24 0.825 56.0
» Feed composition; found compositions by elemental analysis agreed within experi-

m ental error. 
b Equation (8). 
c Equation (7).
<> Partially  crosslinked. Sol fraction was about 10% in experiments 77-79. 
« Dimethylformamide used. 
f Dim ethylform am ide-toluene (50/50) used.
® Copolymer compositions are from elemental analysis.
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other co-units will receive the designation a. All of these except n-dodccyl 
acrylate were amorphous. The degrees of polymerization DP„ were calcu­
lated from osmometric molecular weights by using a weighted average of 
the molecular weights for the two comonomers. Degrees of polymerization 
generally fell with increasing b component. This probably reflects transfer 
to monomer.24 Notable exceptions were the copolymers of n-octadecyl 
acrylate and acrylonitrile, where the trend was reversed. No ready ex­
planation is offered for this phenomenon except that it seems to occur in 
precipitation copolymerization16 incorporating acrylonitrile. Not sur­
prisingly,24 tlie decline in molecular weights with increasing oleyl acrylate 
is marked.

The first five and the seventh system in Table I provide data relevant to 
the first line of investigation called for in the introduction. These are 
the all-acrylate copolymers having amorphous side chains of various lengths 
and low glass transition temperatures. They will be referred to as series 
1 in the discussion below. The next two systems in Table I have high 
glass transition temperatures and thus satisfy the second aim of the in­
troduction. These will be called series 2. The last two are nonrandom 
copolymers, as in the third specification, and will be labeled series 3.

Melting points and the heats of fusion for all of the systems (Series 1, 
2, 3, Table I) declined in a regular fashion from the values for the respective 
crystalline homopolymers (expts. 12 and 117) as the content of b units 
decreased. The melting point depression will be treated in detail below. 
From thermodynamic data on ho mo polymers,19 the heats of fusion were

Fig. 1. H eats of fusion vs. the weight fraction w\, of n-octadecyl acrylate for several
typical copolymer systems. Designations are: OA, n-octadecyl acrylate; AN, acrylo­
nitrile; MA, methyl acrylate; BA, n-butyl acrylate; DA, ra-dodecyl acrylate.
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found to be proportional to the crystallinity present. This proportionality 
would be expected to be followed by the copolymers. The slope for the 
decline of the heat of fusion with decreasing Wb was relatively small for the 
Copolymers made using the amorphous n-alkyl acrylate homologs (series 
1, expts. 1-57 and 70-79). This is illustrated in Figure 1 for the n-octa- 
decyl acrylate-methyl acrylate system (OA +  MA) and for the n-octadecyl 
acrylate-butyl acrylate system (OA + BA). In all of these entirely 
acrylate systems the glass temperatures of the copolymers at low n-octa- 
decyl acrylate content were low (all were below — 10°C), indicating that 
chain mobility of the molten copolymers was high.25 Thus the low glass 
temperatures permitted rapid crystallization11’ at the low supercooling 
employed. In contrast, copolymers with relatively high values of T„, 
approximately 26°C, (series 2, Table I), showed larger decreases in MI r 
with decreasing w\, and equally large decreases in crystallinity. The 
slope* of the AII /-composition curves at high wb were t herefore consider­
ably greater. Examples arc copolymers of n-octadecyl acrylate with 
methyl methacrylate (expts. 80-91) and acrylonitrile (expts. 92-108), 
respectively. This is also illustrated in Figure 1 for the n-octadecyl 
acrylate-acrylonitrile system (OA +  AN). Changes in the programmed 
rate of cooling and heating had little effect on the areas under the fusion 
curves or on the melting temperature. Thus the fusion phenomena for 
these samples were comparatively insensitive to details of their thermal 
history. Consequently the development of mctastable crystallites re­
quiring rapid heating rates for their preservation26-28 and the complications 
of multiple peaks arising from different cooling rates29 were absent in this 
work.

The heats of fusion for copolymers of n-octadecyl and n-dodccyl acrylate 
(expts. 58-69), where each component is crystalline,19 fell between the 
values for the respective homopolymers. This can be seen (OA +  DA) 
in Figure 1. Their melting transitions have already been shown19 to be 
linear with composition. Consequently the crystallinity here is a good 
example of solid solution formation involving the methylene groups in the 
side chains.18'19 They resemble certain polyamide systems in retaining 
crystallinity over all composition ranges1“ and in exhibiting isomor­
phism.1“’18

As overall crystallinity declined with dilution by a units, the melting 
peaks traced by differential scanning calorimetry became increasingly 
broad for all of the copolymers in Table I. Such broadening of melting 
peaks has provided qualitative indication of broadening distribution of 
crystal sizes in representative cases.30'31 Typical curves found for all of 
the copolymer systems in Table I are shown in Figure 2. The scanning 
curves increased in breadth from the lowest number to the highest as Wb 
declined for all of the copolymers. The melting range increased from about 
22°C for curve 1 to about 45°C for curve 4, but was very wide (50-70°C) 
for curves 3 and 4 of the higher amorphous acrylate systems. In the all- 
acrylate systems (series 1), an increase in amorphous side-chain length of
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l1 V2 ==q
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Fig. 2. Typiml fu~ion enc!ot,henl1s for t,he l'opolymers by differential scanning ealori­
IlIctry. n-Oet.alleeyl uerylate-ethyl acrylate eopolymer~, selcdcd u,~ reprc~entativeand
li~ted in Tablc I, gave cndotherm trace~ n,.~ folluw~: (1) experimcnt 23; (2) expcrimcnt
20; (;1), expcrimcnt IX; (4) experimcnt 14.

the a COmpOIll'ut produced a broader cryEtallite distribution at higher values
of Wb. With copolymers having a high T u (series 2), broadening also was
found even at a high proportion of fatty comonomer. This probably oc­
curred because the segmental restraints imposed on the main chain pre­
vented much perfection of the phase in finite times.4 A similar situation
has already been encountered in the bulk annealing of the poly-N-n­
alkylacrylamide homopolymers,19 whose T q was relatively high. It can
be readily seen from these curves why the ends of the fusion curves were
designated as the melting points in Table 1.

Values of the heats of fusion A1J. I for the pertinent data in Table I, versus
the weight fraction, Wb, of the b comonomer (selectively illustrated in
Fig. 1) were curve fitted using the computer. Thc relationship was

(1)

where A1J. 10' is the intercept and k1 and k2 are the constants of the parabolic
curve. The computed constants are given in Table II. Equation (1)
was linear (k2 = 0) for the entirely n-alkyl acrylate copolymers (series 1),
containing noncrystallizing a co-units (first five and the seventh Eystem in
Table II). Values of k1 were close to the limiting value of 21.3 cal/g
(with A1J. 10' the origin) required for equilibrium crystallization4 for the
last three systems; the first three approached that value less closely. The
constants for the other systems have no obvious physical meaning other
than to permit computation of smoothed data.

The marked retention of crystallinity as the mole fraction mb or the
weight fraction Wb of n-octadecyl acrylate (or vinyl stearate) decreased in
all of the copolymers in Table I stood in striking contrast to the rapid reduc­
tion in crystallinity usually found for copolymers of polyethylene1a ,s-12
and for other copolymers. 1a With ethylene copolymers values of k1 [eq.
(1)] three to six times those in Table II are frequently encountered9.32,33

with different foreign inclusions in the chain. In fact, the extent of crys­
tallinity of the copolymers of the preEent study lies close to the equilib­
rium limit,4 especially for series 1 copolymers (Fig. 1). The data permit
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mbe m bc
F ig . 4. P lo ts  of x c max vs. th e  m ole frac tio n  of c ry sta llin e  co -u n it b : (O) ca lcu la ted  b y

using  eq. ( 10 ) (-------) th eo re tica l: x rmax a t  m bo =  1 is x Co. 19

employed. As can be seen, the conditions of eq. (3) arc generally met. 
The apparent differences found in this work for copolymers crystallizing 
through their side chains, compared with other typos of crystallizing 
copolymers, 1“ ' 4 ' 6 - 1 3  appear to have a simple coherent explanation.

SUMMARY AND CONCLUSIONS
The thermodynamics of the crystallinity present in the side chains of 

selected copolymers has been treated experimentally. Consideration was 
given to the development of crystallinity in the side chains of b co-units 
interrupted by randomly dispersed a units of varied lengths. It was con­
cluded that (1 ) reduction in crystal size was proportional to the amorphous 
side-chain length; (2 ) rates of crystallization were high so that equilibrium 
crystallization was approached at high b-unit concentrations; (3) chain 
stiffness in the melt had some broadening effect on crystal-size distribution 
but made a much larger contribution to retarding the attainment of equi­
librium ; (4) the presence of long blocks of b co-units, as in the heterogenous 
vinyl stearate copolymers, depressed melting points only slightly, following 
the accepted theoretical probability sequence function; (5) crystallinity 
development seemed dependent on stable crystal nuclei forming largely 
intramolecularly in small volume elements and growing because of the 
unrestrained cooperative movements of amorphous main-chain and side- 
chain units.

T h e  au th o rs  w ish  to  th a n k  D r. C. L. Ogg, M iss O ksana P an asiu k , M rs. M a r ta  T . 
L ukasew ycz, an d  M rs. A n n e tte  S. K ra v itz  for th e  e lem en ta ry  analysis of th e  m onom ers 
a n d  copolym ers. T h ey  a re  also g ra te fu l to  M rs. R u th  D . Z abarsky  for th e  operation  of 
th e  com puter.
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S id e -C h a in  C r y s ta l l in ity .  I I I . I n f lu e n c e  o f  
S id e -C h a in  C r y s ta l l in ity  o n  t h e  G la ss  T r a n s i t io n  

T e m p e r a t u r e s  o f  S e le c t e d  C o p o ly m e r s  I n c o r p o r a t in g  
n -O c ta d e c y l  A c r y la t e  o r  V in y l  S te a r a te

EDMUND E. JORDAN, JR., Eastern Regional Research Laboratory, 
Eastern Marketing and Nutrition Research Division, Agricultural 

Research Service, U. S. Department of Agriculture, 
Philadelphia, Pennsylvania 19118

Synopsis
T h e  influence of side-chain  c ry s ta llin ity  on th e  glass tran s itio n  te m p era tu re s  of selected  

copolym ers w as in v estig a ted . T h e  copolym ers w ere selected , in  p a r t, f ro m  those  w hose 
c ry s ta llin ity  w as tre a te d  in th e  p reced ing  p aper. T h ese  included  th e  low er am orphous 
ac ry la te  esters, such  as m eth y l, e th y l, n -b u ty l, a n d  2-e th y lh ex y l ac ry la tes , to g e th e r 
w ith  m e th y l m e th ac ry la te  a n d  ac ry lon itrile , each  copolym erized w ith  rt-oetadecyl 
ac ry la te  ov er th e  ran g e  of com position . T h e  decline in th e  glass tran s itio n  te m p e ra tu re  
w as lin ear w ith  increasing  w eigh t frac tio n  of n -o c tad ecy l ac ry la te  fo r a ll sy stem s in  th e  
com position  ran g e  w here th e  copolym ers w ere essen tia lly  am orphous. T h e  ex trap o la ted  
T g for th e  am orphous s ta te  of p o ly (n -o ctad ecy l ac ry la te ) , a n d  for am o rp h o u s poly- 
(olevl ac ry la te ) , w as close to  — 111°C . T h is  coincided w ith  a  v a lu e  p rev iously  o b ta in e d  
b y  an  ex trap o la tio n  of d a ta  on hom ologs. B eyond  a c ritica l frac tio n  of octadecy l 
ac ry la te  (0.3 to  0.5), develop ing  side-chain  c ry s ta llin ity  in  n -oc tadecy l ac ry la te  ra ised  
th e  glass te m p e ra tu re  s te ad ily  fo r all system s, u p  to  a v a lu e  of 17°C, o b ta in ed  fo r th e  
c ry sta llin e  hom opolym er. C ry s ta ll in ity  d id  n o t develop in  stiff copolym ers u n til  T „  w as 
a b o u t 30°C  below  th e  m eltin g  p o in t of th e  m o st p e rfec t crystals. In  eom positionally  
he terogeneous copolym ers in co rp o ra tin g  v in y l s te a ra te , blocks of c ry sta llin e  u n its  ap ­
p eared  to  be d ispersed  in  a g lassy  m a trix  of am orphous co-un its. A n em pirical eq u a tio n  
w as deriv ed  w h ich  f itted  th e  ex p e rim en ta l d a ta  for ran d o m  copolym ers, over all com ­
p osition  ranges, w ith  fa ir  accuracy .

INTRODUCTION
The influence of crystallinity on the glass transition temperature of poly­

mers is not readily predictable.1-* It might be reasonable to expect that 
the glass transition would always rise as crystallinity increased. In analogy 
with covalent crosslinking, 3 crystallites are thought, by tying certain chains 
together, to restrict their segmental motion, thus raising T Indeed, for 
many crystalline homopolymers the glass transition was raised. 1-2-4~s 
Some, however, showed no change, 9,10 and one system even showed a de­
crease11 ' 12 in Tg. These conflicting observations have not received a uni-
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fied explanation, although the behavior of individual systems was ration­
alized in some of the reports.

The crystallinity present in all of these polymers involved an ordering of 
main-chain units. No known studies have been made relating a shift of 
the glass transition in copolymers to crystallinity occurring in side chains. 
The disrupting influence of side-chain crystallites on the viscoelastic proper­
ties of the higher methyl methacrylates has long been known. 13,14 Some 
limited observations indicated that developing side-chain crystallinity 
induced a strongly adverse effect on the mechanical properties of copoly­
mers, 15,16 without, however, affecting the monotonic decline of their flex 
temperatures.

In this study the change of the glass temperature with composition was 
followed for most of the copolymers whose heats of fusion and melting points 
were determined in the previous paper. 17 Included in the present study 
were copolymers of n-octadecyl acrylate with the lower amorphous acrylate 
homologs, such as methyl (MA), ethyl (EA), n-butyl (BA), 2-ethyl hexyl 
(EHA) and with stiff comonomers, such as methyl methacrylate (MMA) 
and acrylonitrile (AN), over the range of composition. Also included were 
copolymers of vinyl stearate (YS) and oleyl acrylate (OLA) with methyl 
methacrylate. It was expected that a comprehensive picture of the 
influence of side-chain crystallinity on T„ would result from the large 
amount of experimental data collected here. A major consideration cen­
tered on detecting any shift in Tg with increasing side-chain crystallinity, 
conferred by increasing weight fraction of either n-octadecyl acrylate or 
vinyl stearate. Differential scanning calorimetry was used to measure the 
glass transition temperatures. The conventions and designations of the 
preceding paper17 were followed here. A subsequent paper will demon­
strate the effect on some mechanical properties of the interrelation of side- 
chain crystallinity and the glass transition.

E X P E R IM E N T A L
The preparation, purification, and analysis of the various monomers and 

copolymers were fully described in the preceding paper. 17 The operation 
of the differential scanning calorimeter was the same, except that scanning 
speeds of 40°C/minute (through three separate scans), 20 and 10°C/min 
(through one scan each) were employed for each sample. Scanning ranges 
were from — 90°C to 20°C above the melting transition. Largest sample 
weights (14 to 25 mg.) were used for maximum sensitivity. All computa­
tions were performed with an IBM 1130 computer by procedures previously 
described. 16

R E S U L T S  A N D  D IS C U S S IO N  
G la ss  T ran sition  T em p era tu res

Most of the copolymer systems investigated and their glass transition 
temperatures are listed in Table I. In addition, copolymer composition,
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T A B L E  I
G lass T ra n s itio n  T em p era tu re s  F o u n d  for th e  C opolym ers

F a t ty  
es te r in 

copolym er, 
m ole 

frac tio n “

G lass tran s itio n  te m p era tu re , °C/b

OA +  
M A OA +  E A  OA +  BA

OA +  
E H A

OA +  
M M A OA +  AN

VS +  
M M A '

0 6d -  2 3 .0 - 5 5 . 0 - 7 7 . 0 1 0 1 .6 9 2 .0 1 0 1 .6
0 .0 5 0 - 1 0 .3 - 2 9 . 7 - 6 2 . 0 - 7 8 . 7 7 7 .0 5 2 .0 109 .0
0 .0 7 5 - 2 0 . 7 — - 6 6 .0 - 8 0 . 0 5 7 .8 3 4 .3 8 9 .0
0 .1 0 0 - 3 1 . 7 - 4 3 . 0 - 6 6 . 4 — 8 0 .0 3 8 .0 11.0 8 8 . 0
0 .1 2 5 - 3 9 . 2 - 5 3 . 0 - 7 3 . 0 - 8 2 . 0 3 9 .0 4 .0 8 6 . 0
0 .1 5 0 - 4 8 . 3 -  4 8 .4 - 5 5 . 0 - 8 3 . 0 2 6 .0 - 1 3 . 0 8 2 .0
0 .2 0 0 - 4 9 . 3 - 5 5 . 0 - 4 9 . 0 - 8 3 . 0 17.0 - 2 5 . 0 7 9 .0
0 .3 0 0 - 5 4 . 0 - 3 3 . 0 - 4 8 . 0 - 4 3 . 0 2 2 . 0 - 2 3 . 0 7 7 .0
0 .4 0 0 3 .7 - 1 8 . 0 -  3 3 .0 - 3 8 . 0 2 0 .7 - 1 9 . 0 —
0 .5 0 0 10.7 1 .0 5 .0 - 1 7 . 0 2 0 .7 - 1 3 . 0 7 2 .0
0 .6 0 0 2 1 . 0 9 .0 — - 1 3 . 0 17 .0 - 2 . 0 —
0 .7 5 0 17.0» 6 . 0 14 .0 - 1 3 . 4 2 1 . 0 7 .0 7 5 .0
1 .00 17 .0 17 .0 17 .0 17 .0 1 7 .0 17 .0 —
a F eed  com position ; com positions fou n d  by  elem en ta l ana lysis agreed w ith in  experi­

m en ta l erro r. F o r  th e  co rresponding  w eigh t frac tions, see T ab le  I of th e  p rev ious pap er.
b D esig n atio n s are: OA, n -oetadecy l a c ry la te ; M A, m eth y l a c ry la te ; E A , e th y l 

ac ry la te ; BA, n -b u ty l a c ry la te ; E H A , 2 -e th y l hexyl a c ry la te ; M M A , m e th y l m eth ­
a c ry la te ; A N , ac ry lo n itrile ; VS, v in y l s te a ra te .

c M ole frac tions, of v iny l s te a ra te , ca lcu la ted  from  elem en ta l analysis, w ere 0, 0.024, 
0 .0 3 6 , 0.046, 0.076, 0.183, 0.197, 0.377, 0.414, 0.375, 0.744, 0.902. 

d D a ta  from  B ra n d ru p  an d  Im m e ig u t .26 
e M ole frac tio n  w as 0.70.

degree of polymerization and glass transition temperature are listed in 
Table II for copolymers of oleyl acrylate and methyl methacrylate, n- 
Octadecyl acrylate and vinyl stearate are the crystallizing co-units. Most 
of the glass transition data that follow are correlated with weight fraction; 
weight fractions for all of the copolymers, except those in Table II, are 
listed in Table I of the preceding paper17 and correspond to the mole frac­
tions listed in Table I of this paper. I'or convenience, the order in both 
tables is the same.

The onset temperature was taken in this work to be the glass transition 
temperature, Tg. This interpretation of Tg is shown as curve 1 in Figure 
IB. The choice is somewhat controversial, however. The generally 
accepted methods of obtaining Tg from DSC traces1 8 -2 1  involve extrapola­
tion of the inflection point, or endotherm maximum, 22 of the heat capacity 
curves for successive finite scanning speeds to zero rate. This method, 
which recognizes the rate dependency of the transition, 23 is supported on 
theoretical grounds. 19,2(1 However, the alternate method of using the onset 
temperature apparently gives values independent of scanning speed, 24 which 
are close to accepted literature values. In the present work, values of T„ 
within about 1-4°C of literature values, 8611 usually obtained by other
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F ig  I . T y p ica l scan n in g  curves for th e  copolym ers. CA) F u sio n  en d o th e rm s of n-octa- 
decvl a c ry la te -e th y l ac ry la te  copolym ers, se lected  as rep re sen ta tiv e  w ith  v arious mole 
frac tio n s of ra-octadecyl a c ry la te , as lis ted  in T a b le  I :  (1) 0 .75; (£ )  0 .40; (3 )  0 .20; cu rv e
(4 )  0 .05. (B )  G lass tra n s itio n  curves of sy stem s selected  as re p re sen ta tiv e  from  T ab le  I :
(1 )  e th y l a c ry la te  copolym er sy stem , m ole frac tio n  n -oc tadecy l ac ry la te  0.05; (2) m eth y l 
m e th ac ry la te  copolym er sy stem , m ole frac tio n  of n -o c tad ecy l ac ry la te , 0 .075; (3 )  m eth y l 
m e th ac ry la te  copolym er system , m ole frac tio n  of n -oc tadecy l ac ry la te , 0.40.

methods, were obtained by this procedure for polyacrylonitrile, polyfmethyl 
methacrylate), poly(vinyl chloride), poly(ethyl acrylate), and (n-butyl 
acrylate). Glass transitions were obtained at two and sometimes three 
different scanning speeds and averaged. It would appear that errors in­
herent in the use of the onset temperature at varied scanning speeds just

T A B L E  I I
G lass T ra n s itio n  T em p era tu re s , an d  Degree of P o lym eriza tion  

of O leyl A c ry la te -M e th y l M e th a c ry la te  C opolym ers

E x p erim en t
n um ber

O leyl ac ry la t e in  copolym er
D P ,» T „  °CM ole frac tio n W eig h t frac tion

1 0 .0 5 0 0 .1 4 5 1631 7 3 .6
2 0 .0 7 5 0 .2 0 7 1663 6 1 .3
3 0 .1 0 0 0.264 1448 5 0 .3
4 0 .1 2 5 0 .3 1 5 1016 2 1 .7
5 0 .1 5 0 0 .3 6 2 872.8 2 6 .0
G 0 .2 0 0 0 .4 4 8 7 8 7 .7 5 .0
7 0 .3 0 0 0 .5 8 0 38 3 .9 - 1 4 . 3
8 0 .4 0 0 0 .6 8 2 267.1 - 4 2 . 3
9 0 .5 0 0 0 .7 6 3 193.1 - 4 9 . 0

10 0 .6 0 0 0 .8 2 9 152 .6 - 5 7 . 0
11 0 .7 5 0 0 .9 0 6 128.9 - 4 5 . 0

“ C a lcu la ted  from  osm om etric  m olecular w eigh ts b y  using  a w eigh ted  average  of th e  
m olecu lar w eigh ts of th e  tw o com onom ers. C opolym ers w ere p a rtia lly  crossliuked. 
T h e  soluble frac tio n  decreased from  9 4%  to  6 %, from  experim en ts 1 to 11.
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manage to compensate for rate effects. In any event, in this work, the 
onset temperature was the only reproducible temperature. Some scans on 
amorphous copolymers were obtained indicating very small heat capacity 
differences between the liquid and glassy states, respectively (curve 2, 
Figure IB). In many the inflection point was completely masked by the 
presence of crystallinity (curve 3, Figure 1J3). In the latter cases, the onset 
of melting (intersection of the dashed line) and the temperature interpreted 
to be Tg nearly coincided. The trends of the data in passing from the 
completely amorphous copolymers to the crystalline systems supported the 
interpretation of Ta. This convergence seems to be a unique characteristic 
of these systems.

R ela tio n  o f  T s to  C opolym er C om p osition  in  th e  A m orph ous R eg ion
The copolymers retained their amorphous character between the limits of

0 and 0.5 maximum for the long side-chain comonomer. This is the region 
considered in the discussion that follows.

Many theoretical expressions have been derived for the glass transitions 
of amorphous copolymers26 as a function of composition. Most of these are 
extensions of treatments obtained from kinetic and thermodynamic theories 
relating to the vitreous transition in solids. 1 An expression which is em­
pirical but seems to apply to many systems measured is27

Tg =  Tgg.Wg. +  T gbW h +  KW ,,Wh ( l )

Here T„a and Tsb are the glass transitions of the respective homopolymers, 
wa and wb are their weight fractions, and K is an empirical constant. In the 
special case where K = 0, eq. (1) becomes

Tg = TgaWz +  TghWh (2)
Because is linear here with respect to composition

Tg — T ffa — kw b (3)
where k is the slope [Tgb < T k  = (Tg& — Tgb) ] and Tea the intercept of 
plots of experimental T0 against weight fraction of the b comonomer. The 
glass transition-composition data for all of the copolymer systems in Table
1 and II, through the composition region where the copolymers are amor­
phous, followed eq. (3). The parameters for the various copolymer systems 
are listed in Table III. The magnitude of k steadily decreased as Tga de­
creased. These data illustrate the monotonic decline in Tg expected with 
composition1 ,15 ' 16 with no attending complications of curve maxima or 
minima. 28,29

Typical data are shown in Figure 2 for copolymers of n-octadecyl acrylate 
or oleyl acrylate with methyl methacrylate. The data for the n-octadecyl 
system, shown as the solid line, at the left side of the plot, up to a weight 
fraction of 0.365, represent the decline in Tg in the absence of appreciable 
crystallinity. Above this weight fraction the Ta -composition curve is
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T A B L E  I I I
C u rv e  F i t t in g  P a ra m e te rs  for V arious E q u a tio n s

S ystem
E q u atio n (3)* E q u a tio n s  (9) an d  (10)

TJ g a k (Xc/Xc max)o a i3
OA +  M A 280 .1 126.0
OA +  EA 25 0 .9 77 .5 9
OA +  RA 2 1 8 .3 6 3 .1 0
OA +  E R A 195.9 2 1 .6 6
OA +  M M A 3 7 5 .8 2 1 2 .4
OLA +  M M A 37 4 .5 2 1 0 .0
OA +  AN 3 6 8 .8 2 0 0 .6
VS +  M M A 36 9 .9 3 0 .8 6
S e t 1 0 .3250 1 .639 - 1 .0 2 3
S et 2 0 .1030 - 0 .3 5 6 7 1.290

» F ro m  T a b le  I th e  glass tran s itio n  te m p e ra tu re s  co rre la ted  corresponded  to  these 
m ole frac tio n s of th e  Cis co m p o n en t: M A , 0.050 to  0.20; E A , 0 to  0.20; BA, 0 to  0.125; 
E H  A, 0 to  0 .20 ; M M  A, 0 to  0 .150; AN, 0 to  0.20; VS +  M M A , all m ole frac tions.

affected by developing crystallinity. In contrast, Tg for the entirely 
amorphous oleyl acrylate-methyl methacrylate copolymers, shown as the 
line, declined linearly to a weight fraction of about 0.73. Appreciable 
crosslinking through the oleyl side chain is thought to distort the curve 
beyond this point. 3 Poly (oleyl acrylate), like poly-AT-oleylacrylamide, 16 is 
entirely amorphous, as revealed by differential scanning calorimetry. 
Both amorphous curves extrapolate to values for the respective homo­
polymers near 1 G2 °K (— 111°C). This is the value marked with a star in 
the figure. A Ts of 162°Iv was the value assigned as the glass transition of a 
variety of structurally varied homopolymers having 18 carbon linear side 
chains when in their amorphous state. 15 It had been obtained by ex­
trapolating the glass transition temperature of several systems of amorphous

Fig. 2. Plot of glass transition temperature vs. weight fraction of fatty ester for copoly­
mers of, respectively, re-octadecyl acrylate or oleyl acrylate with methyl methacrylate.
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lower homologs to a side-chain length of 18 carbon atoms by using the rela­
tion15

Tg — Tg0 — (i(In a) (4)
where a is the number of flexible bonds in the unit, 0  is the rate of change of 
Tg with In a, and Tg0 is a constant characteristic of a homologous series. 
Thus these data on copolymers, in particular the data on the amorphous 
oleyl system, confirm the reported T„ for the amorphous state of poly(n- 
octadecyl acrylate) and for poly (oleyl acrylate). Further confirmation is 
found in the amorphous regions of the '/’„-composition curves for several 
other systems. These are shown as the linear portions of the curves in 
Figure 3. Again all of the data follow eq. (3), and extrapolation leads to 
Tgh near 162°Iv (— 111°C).

In this connection the glass temperature of polymethylene deserves con­
sideration. It now appears that the true glass transition for linear poly­
ethylene is — 130°C (143°K).9'30 This coincides with the y transition2 for 
the hydrocarbon. This value is very close to a temperature of — 135°C 
found31 by extrapolation of the Tg of a series of poly(alkylene oxide)s, of 
varying methylene length, — (CH2)„0,— to the limit of polymethylene by 
using the method of Grieveson. 32 The value of Tg at n = 18 is about 
— 125°C by this method. Thus the glass transition temperatures for poly- 
(oleyl acrylate), and for the amorphous state of poly(n-octadccyl acrylate) 
and probably of other flexible linear 18-carbon homopolymers such as 
poly(vinyl stearate), poly(n-octadecyl vinyl ether), and poly(n-octadecyl 
methacrylate) , 33 lie close to — 111°C. At very long extensions of the 
side chains the glass transition for amorphous polymethylene (— 130°C) 
would be approached for all systems.

R ela tion  o f  Tg to  C om p osition  in  the C rysta llin e  R eg ion
The solid or dashed lines extending to the right on the curves in Figures 2  

and 3 continues the experimental values of the glass transition-composition 
curve (Tables I and II). It is obvious that the regular decline of Tg beyond 
a weight fraction of »-octadeeyl acrylate of about 0.4 is reversed by develop­
ing crystallinity. In Figure 3, as the temperature rises for such a composi­
tion, the lower part of the dotted line marks the onset of crystallite melting; 
the upper part of the line is where the last trace of crystallinity disappears. 
The latter was taken as Tm in the preceding paper. In the numbered re­
gions, scanning curves had the appearance of the corresponding curves of 
insert A, Figure 1. The spread of the curves is taken as an indication of the 
distribution of crystallite sizes34 found as composition changed. Tempera­
ture intervals were from 2 2  to about 45°C. The position of each number in 
Figure 3 marks the approximate beginning of the melting range indicated. 
Of course, the regions to the left of the dotted area are the completely 
amorphous regions discussed above.

The curves show (Fig. 3) that main-chain stiffness has an appreciable 
effect on the development of crystallinity in the copolymers. In the
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Fig. 3. E ffect of side-chain  c ry s ta llin ity  on th e  glass tra n s itio n  te m p era tu re s  of copoly­
m ers of n -oc tadecy l ac ry la te  w ith  vario u s com onom ers: (-------) ex p erim en ta l d a ta  for
T t ; (------ ) T g ca lcu la ted  b y  using  eq. (8 ); (• ■ ■ ) c ry s ta llin ity  range. Abscissa, w eigh t
frac tion  re-octadeeyl a c ry la te .

n-octadecyl acrylate-acrylonitrile (OA +  AN) system, measurable crystal­
linity, as indicated by the dotted line, was not present till the glass transi­
tion temperatures had been reduced to about 290°K (17°C). This oc­
curred at a weight fraction of about 0.4 n-octadecyl acrylate. Somewhat
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similar results were found for the n-octadecyl acrylate-methyl methacrylate 
copolymers (Table I). In contrast, as Tg progressively decreased with 
change to more flexible comonomers (MA, BA, EHA), crystallinity first 
appeared at smaller weight fractions of the long-chain ester. In the latter 
systems equilibrium crystallinity was approached over a much wider compo­
sition range than was found in the former. This phenomenon has been dis­
cussed in the preceding paper. 17 It may be concluded that before appreciable 
crystal formation began in these copolymers, glass transitions were reduced 
some 20 to 30°C below the equilibrium melting point. The composition 
range at which this occurs will be determined by the difference between 
Tgb and T„a for the respective homopolymers, that is, by the magnitude of k 
in Table III. At a composition somewhat higher in component b, char­
acteristic of each system, T g begins to rise. It is possible that this rise 
corresponds to the region where crystal impingement becomes important. 2

While the amorphous region has been adequately described by eq. (3), it 
might be helpful to develop a relation governing the extent of change of T„  
with composition that will include the region where side-chain crystallinity 
developed. The simplest expression to be considered is an additive one, 
such that

In this expression Tsa is the glass transition temperature of amorphous 
homopolymer a, T „b is that of the hypothetical amorphous state of crystal­
line homopolymer b, and T gc its observed glass transition (Fig. 3). For 
poly(w-octadecyl acrylate) T gc was 290°K (17°C). In eq. (5) wa is the 
weight fraction of homopolvmer a and w\, = Wb +  w/. The weight frac­
tion of crystallizable comonomer is Wb, and Wb and wc' are the portions of Wb 
that are amorphous and crystalline, respectively. These quantities may be 
computed as

The ratio xc/xc ma* relates experimental crystallinity for the copolymer, xc, to 
the maximum crystallinity possible at equilibrium. These ratios were dis­
cussed in the preceding paper17 and are found there in Table I.

Equation (5), however, did not fit the experimental data. Apparently 
at low Wb the contribution of crystallinity to rendering the main chain rigid 
is reduced, and the amorphous contributions predominate, so that the 
proposed partition is not adequate. Similarly, at high Wb the effect of 
crystalline impingements would intensify. Consequently eq. (5) can be 
modified by introducing a parameter as an exponent which will be sensitive 
to the initially small and later intense influence of developing crystallinity 
with increasing n-octadecyl acrylate. If the exponent is assumed to be 
linear with composition of n-octadecyl acrylate, eq. (5) becomes

T g  — W&T  gd +  Wb'Tgb +  Wg T g c

Wb (1 Xc/xc max) a’(j
W c ( x c/ x c ma.x)W[>■c max

c max, (6 )
(7)
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with
wj = [{xc/xc max)o +  aWi, +  @wh-]wb (9)

and
wh' = 1 —  wc' (10)

By an iterative procedure, C and ks were assigned the values of 4.0 and 
— 4.0. To obtain w/ and to/ through eqs. (9) and (10), values of xc/xc max 
were correlated against wb (Table I in the preceding paper), the curve fitting 
being carried through a fifth degree polynomial and analyzed for significance 
by an F test in the computer. The significant constants are shown in 
Table III. Two sets of constants were required. Parameters for systems 
of high main-chain mobility (the entirely n-alkyl acrylate copolymers) are 
listed in set 1 . When main chains were stiff (methyl methacrylate, acrylo­
nitrile), the constants of set 2  applied.

Glass transition temperatures calculated by using eq. (8 ) are shown in 
Figure 3 as the dashed lines. The empirical equation appears to describe 
the main features of the experimental data fairly well. It is versatile 
enough (providing the correct constants of Table III are employed) to apply 
to the usual range of T„ (100 to — 80°C) encountered in copolymers. Con­
sequently the changing glass-transition temperature, introduced by side- 
chain crystallinity, appears to be adequately described by this simple rela­
tionship.

When copolymer compositions are highly heterogeneous, both the crystal­
line and amorphous co-units polymerize in blocks and usually aggregate 
into separate domains. Consequently, developing side-chain crystallinity 
should little influence the apparent glass transition. This was found for

Fig. 4. E ffec t of side-chain  c ry s ta llin ity  on th e  glass tra n s itio n  te m p e ra tu re  of copoly­
m ers of v iny l s te a ra te  an d  m eth y l m e th ac ry la te : (-------) glass tra n s itio n  te m p e ra tu re ;
( ------ ) m elting  tran s itio n  te m p e ra tu re . A bscissa, w eight frac tio n  v iny l s te a ra te .
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copolymers of vinyl stearate and methyl methacrylate (Table I), in which 
compositional heterogeneity is marked.25b Data are shown in Figure 4. 
Apparently, domains rich in methyl methacrylate suffered little decrease in 
Tg with increase in the overall weight fraction of vinyl stearate. Conse­
quently the value of k in Table III was low. The value of Tgb for amor­
phous poly (vinyl stearate), shown as the star in the figure, was never ap­
proached. This contrasts with the curves in Figure 2  for random copoly­
mers. On the other hand, chains rich in vinyl stearate, crystallizing in the 
region marked by the dotted line, showed little melting point depression. 
This behavior is different from that found for random copolymers in Figure
3. The plots in Figure 4, consequently, reflect the aggregation of the crys­
talline and amorphous domains. The limit of this behavior would be in­
compatible mixtures of the two homopolymers.

SUMMARY AND CONCLUSIONS
The effect of crystallinity developing in side chains on the glass transition 

temperature of selected copolymers was investigated. The decline in the 
glass transition for all of these copolymer systems was linear with respect to 
n-octadecyl acrylate in the composition range where the copolymers were 
essentially amorphous. The extrapolated T„ of poly(n-octadecyl acrylate) 
in the amorphous state, as well as for amorphous poly(oleyl acrylate), was 
close to — 111°C. This coincided with the value previously obtained by an 
extrapolation of data on series of homologs. Beyond a critical composition, 
developing side-chain crystallinity raised the glass temperature steadily, 
up to a value of 17°C, obtained for the crystalline homopolymer. Crystal­
linity did not develop in any random system until the glass transition tem­
perature had been reduced to about 30°C below the melting point of the 
most perfect crystals. Compositionally heterogeneous copolymers acted as 
if chains containing blocks of crystalline units were dispersed in a glassy 
matrix of largely amorphous co-units. An empirical equation was derived 
which fitted the experimental data for random copolymers over the com­
position range with fair accuracy.

T h e  a u th o r  th a n k s  M rs. R u th  D . Z ab arsk y  for th e  o p era tio n  of th e  co m p u te r.
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A n a ly s is  o f  P o ly m e r iz a t io n  R a te s  in  R a d ic a l  
P o ly m e r iz a t io n  w ith  P r im a r y  R a d ic a l  
T e r m in a t io n  o f  S o m e  M e th a c r y la te s

KATSUKIYO, ITO, Government Industrial Research Institute, Nagoya, 
Kita-Ku, Nagoya, Japan

S y n o p s is
P o lym eriza tio n  ra te s  in  po ly m eriza tio n s w ith  p rim a ry  rad ica l te rm in a tio n  of e thy l 

m e th acry la te , /3-phenylethyl m e th ac ry la te , /3-m ethoxyethyl m eth acry la te , an d  p heny l 
m e th ac ry la te  in itia te d  b y  2 ,2 '-azo b is-(2 ,4 -d im eth y lv ale ro n itrile ) a t  60°C  w ere an a ly zed  
b y  using  a  sim ple linear eq u a tio n . T h e  values o b ta in e d  of k u / k i k p  (w here k n  is th e  p ri­
m ary  rad ica l te rm in a tio n  ra te  c o n sta n t, k i  is th e  ra te  co n s ta n t of ad d itio n  on to  m onom er 
of p rim ary  rad ica l, an d  k p is th e  p ro p ag a tio n  ra te  co n s ta n t)  on  these analyses are  dis­
cussed on th e  th eo re tica l base.

INTRODUCTION
In the previous paper, 1 in order to analyze polymerization rate Rv in the 

polymerization with primary radical termination, the following inequality 
was derived.

_B[ C],/s 25*[C]
[Ml [M]* >

>  A 1

R*
[M]IC] I/2

R[C]V

A = (2fkd)kt)l/%
B = (2■ßi/kt)1/%i/kt

2R2 [C]
[M ] 2 (1 )

Here, [C] and [M] are, respectively, the concentrations of initiator and 
monomer, /  is the initiator efficiency, and kd, kv, kit Jct, and kti are the rate 
constants of the decomposition of initiator, propagation, addition onto mo­
nomer of primary radical, chain termination, and primary radical termina­
tion, respectively.

When Yi[C]‘ V[AI] «  1, inequality (1) becomes a simple linear equa­
tion : 2

Rv = . (. Akti [C]’A\  
[M][C]’/j V ktkP[M] )

3379

(2)

©  1971 b y  Jo h n  W iley & Sons, Tnc.
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By using this equation, the values of kti/ktkj, in various polymerization sys­
tems have been calculated. 2 ’3

In this paper, polymerization rates in polymerizations of ethyl methacryl­
ate (EMA), /3-phenyl methacrylate (PEMA), /3-methoxyethyl methacrylate 
(MEMA), and phenyl methacrylate (PMA) initiated by 2,2'-azobis(2,4- 
dimethyl valeronitrile) (ABVN) are analyzed by using eq. (2).

E X P E R IM E N T A L
M a ter ia l

PEMA and MEMA were prepared by ester exchange between appropri­
ate alcohols and a 4M excess of methyl methacrylate (MMA) in the pres­
ence of small amount of p-toluenesulfonic acid as a catalyst. PMA was 
prepared by the reaction methacryl chloride and sodium phenoxide.

The above monomers and commercial EMA were washed three times 
with 5% sodium hydroxide and twice with water, respectively. Each 
monomer was dried over with sodium sulfate and fractionally distilled 
under reduced pressure. The middle cut of monomer (EMA, bp 55°C/55 
mm Hg; PEMA, 109°C/4 mm; MEMA, 60°C/9 mm; PMA, 82°C/5 mm) 
was retained and stored in the dark at — 25°C until used.

Pure ABVN was supplied by Wako Pure Chemical Industries. ABVN 
was also stored at — 25°C until used.

All solvents used were reagent grade.
P ro ced u re

Measurement of polymerization rate was carried out by using the same 
dilatometer as used in the preceding work. 3 The initiator ([C] <0.025 
mole/1.), monomer, and dimethyl carbitol (DC) as solvent (monomer:DC 
= 1 :3 by volume) in the dilatometer was degassed by successive freeze- 
thaw cycles and then sealed under a vacuum of about 10_ 4  mm Hg. The 
dilatometer was maintained at 60 ±  0.02°C. The value of kd at 60.0°C is 
calculated to be 5.45 X 10~4 1/sec . 6

Total shrinkage for each polymerization was calculated by using the den­
sities for monomer and polymer shown in Table I.

R E S U L T S  A N D  D IS C U S S IO N
Relationship between f?p/[M ][C ] 1/2 and [C]1/ 2/[M ] in the polymeriza­

tion of EMA, PEMA, MEMA, or PMA is given in Figure 1. The range of 
[C]'a/[M ] of eq. (2) available [EMA, <0.06 (l./mole)'A; PEMA, <0.09

T A B L E  I
D ensities for M onom er a n d  P o lym er a t  60°C

E M A M E M A P E M A P M A
^monomer, § / CC 0.8751 0 .9 5 6 0 0 .9902 1.0240
Ĉ polymerj § / CC 1.1080 1 .1448 1.1697 1 .1933
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Fig. 1. R ela tio n sh ip s  b etw een  Rp/[M] [C]P2 a n d  [C]l/,,/[M] in  th e  po lym eriza tions of 
( • )  E M A , (©) M E M  A, (©) P E M A , an d  (O) P M A  in itia te d  b y  A B V N  a t  60.0°C .

(l./mole)'/!; PMA, <0.10 (l./molc)'/!] increases with increasing A [for 
EMA, A = 7.73 X KM4; for PEMA, A = 12.8 X KM4; for PMA, A = 13.90 
X 10~ 4 sec(mole/l.)1/2]. However, in the polymerization of MEMA, in 
spite of the large, value of A = 16.1 X 10- 4  sec(mole/l.)'/s the range of 
[C]l/,/[M ] of eq. (2) is quite small, [C]‘/V [M] <  0.05 (l./mole) 1/2 because 
AB is very large. These results show that eq. (2) may be available in the 
range of 0  <  S[C ]V!/[M ] <  ‘/*.

The values of kH/htkv are calculated from the above linear relations on 
the basis of eq. (2 ) and collected in Table II. If the value of / in this case is 
identical with the value of f for 2 ,2 '-azobis(2 ,4-dimethvl butyronitrile), /  
may be 0.51.4 Thus, we obtain (2fkg) = 5.57 X 10~8/sec . 8 On the basis 
of this value, the values of k,/kp2 were calculated from the1 value of A and 
are collected in Table II.

T A B L E  I I
V alues of ki/k,,2 a n d  kn/kikp a t  60°C

M M A E M A M E M A P E M A P M A
kt/kp2, m ole-I./sec 144s 9 3 .0 2 1 .4 3 3 .7 5 4 .0
i()~3kti/kikp, m ole-1. /sec 7 .3 3 s 1 1 .5 4 .8 2 2 .3 8 1 .9 6
(kti/k t)(kp/ki) 5 0 .9 124 225 7 0 .6 27 .1

a V alues o b ta in e d  in th e  p rev ious p a p e r .3
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If the value of kt may be approximated to the value of kp, the primary 
radical termination rate constant may be one hundred times the chain 
termination rate constant (Table II). Unfortunately, the values of 
and k p are unknown, and this approximation may be only qualitative.

T h e  a u th o r  w ishes to  th a n k  W ako P u re  C hem ical In d u s tr ie s  fo r su p p ly in g  A B V N .
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T e m p e r a t u r e  E f fe c t s  in  7 - I n i t ia le d  
P o ly m e r iz a t io n  o f  S t y r e n e .  II .

S. P. SOOD, Department, of Chemistry, University of Hawaii, Hilo Campus, 
Hawaii and .T. W. HODGINS, Department of Chemical Engineering, 

McMaster University, Hamilton, Ontario, Canada

S y n o p sis
E x p erim en ta l d a ta  are p re sen ted  for th e  y -in ilia ted  p o ly m eriza tio n  of com m ercial s ty ­

rene a t  a series of te m p era tu re s  above am b ien t. E x am in a tio n  of th e  ea rly  stages of p o ly ­
m eriza tion  (up  to  10%  conversion) has led to  th e  follow ing conclusions. F o r  th is  system , 
th e re  ex ists a critical te m p e ra tu re  (109°C ) above w hich th e  ra te  of p o ly m eriza tio n  is in ­
d ep e n d e n t of dose ra te , over a  wide range of y -in tensities. T h is dose ra te  independence 
is ascribed  to  a  “ lim itin g  ra te  of in it ia tio n ,” ch a ra c te ris tic  of th e  in te n s ity  range. A con­
sequence of th is  is th a t  a t  a  given te m p e ra tu re  above th e  critical te m p e ra tu re  th e  degree 
of p o ly m eriza tio n  is also dose ra te -in d ep e n d en t. T h e  above p h en o m ena  can be ex­
p ec ted  in  an y  v in y l m onom er w here th e  m onom er is fa irly  ac tiv e  an d  p roduces re la tiv e ly  
s ta b le  rad ica ls. E x p e rim en ta l p rocedure is described , and  k in e tic  analysis p re sen ted  to  
s u b s ta n tia te  th e  conclusions.

In trod u ction
Radiation-induced polymerization of vinyl monomers has been exten­

sively investigated during the past several decades. At low conversions 
and at normal temperatures the polymerization reaction is initiated by free 
radicals and the kinetic data can be well explained in terms of conventional 
free radical mechanisms. Chapiro1 has reviewed the developments in this 
field covering the period up to 1962.

Recent developments reported by Chen and Stamm, 2 Okamura et ah, 3 
and Johnson et ah4 have stimulated renewed interest in this field. Chen 
and Stamm reported evidence for the existence of ionic and free-radical 
mechanisms in the polymerization of styrene at low temperatures, while 
other workers3 ’4 reported that the radiation-induced polymerization of 
extremely “dry” liquid styrene proceeds via an ionic mechanism. Con­
siderably faster rates of polymerization and high GGyrene values were 
obtained in the ionic polymerization as compared to free radical reaction.*

In the present investigation a comprehensive study of the polymerization 
of liquid styrene was carried out at relatively higher temperatures and 
several dose rates. In all cases the reactions were studied up to 100% 
conversion with the objective of developing kinetic models for the polymer­
ization of styrene at high conversions. These results will be reported later.

* Crstyreno is th e  n u m b er of m ouom ei' u n its  reac ted  p er 100 eV abso rbed .
3383
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In this study, by using 7  initiation, unusual and unexpected temperature
effects on the rates and the degrees of polymerization of styrene have been 
observed and reported in part earlier. 6 A tentative explanation for the 
temperature phenomenon is presented on the basis of kinetic analysis of 
data for conversions up to about 1 0 %.

E xp erim en ta l P ro ced u res
Commercial styrene (supplied by Polymer Corporation of Canada) was 

chosen as the reactant, since the applicability of this work to industrial 
practice was considered of importance. The monomer analysis was as 
follows: styrene, 99.630 wt-%; ethylbenzene 0.032%; isopropylbenzene,
0.123%; n-propylbenzenc, 0.090%; sec-butylbenzone, 0.039%; a-methyl- 
styrene, 0.037%; sulfur, 0.0004%; chlorides, 0.0001%; benzaldohyde,
0.0033%; peroxide (H20 2), 0.0012%; polymer, 0.0016%; water, saturated 
(500 ppm).

The reaction vials were made from IS-mm diameter Pyrex tubing and 
cleaned with an oxidizing mixture (50:50) of boiling concentrated sulfuric 
and nitric acids. The vials were then rinsed five times with tap water; 
three times with distilled water; three times with reagent grade acetone and 
dried overnight at 1 10- 1 20°C.

The samples for irradiation were prepared by delivering 10 cc of styrene 
into the reaction vials and the dissolved air removed from the monomer in a 
cycle of freezing, pumping, and thawing, repeated twice before sealing under 
vacuum at about 10~ 5 mm Hg pressure.

Conversions were determined by standard gravimetric procedure using 
about tenfold volume of methanol for precipitation of dioxane solutions of 
polymer-monomer mixtures. For very high conversions, the residual 
monomer was determined by ultraviolet spectrophotometry. 6

Irradiation of samples was carried out in an air oven by use of a 60Co 
source (nominally 5000 Ci) described elsewhere. 7 The samples were posi­
tioned in a uniform field of radiation intensity and dosimetric calibration at 
sample positions was accomplished by Fricke dosimetry8 by using vials of 
approximately the same dimensions and geometry as the reaction vials.

The design of our irradiator has some useful and versatile features. The 
air oven is shown in Figure 1 with a concentric arrangement of aluminum 
cylinders fabricated to uniform diameters and fixed in position on a stand. 
The sample vials were attached to these cylinders by a ring-and-clip ar­
rangement so that all the samples fixed to any one cylindrical sample holder 
were at a uniform distance from the axis of the source and in a field of uni­
form radiation intensity. It was necessary to use two additional stainless 
steel cylinders (inner two cylinders) in proximity to the 60Co source to pre­
vent breakage of the sample vials while removing or positioning the source 
for irradiation. With this arrangement it was possible to investigate three 
different dose rates at one time. Four or five different dose rates may be 
investigated simultaneously by adding additional cylindrical sample
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Fig. 1. I rra d ia t io n  a p p a ra tu s .

holders. Up to 6 6  samples may be irradiated simultaneously. The irradi­
ation chamber was heated by blowing air over a series of heaters.

R e s u lts  and  D isc u ss io n
At the outset, in this study polymerization of styrene was investigated up 

to 100% conversions at 50, 74, and 89°C at dose rates of 178, 58, and 24 rad/ 
sec for each temperature. In addition, conversions to about 10% were also 
investigated at 99 and 109°C for the same dose rates. For this monomer all 
conversion curves are sigmoid in character and complete conversion of 
monomer to polymer was achieved over the entire range of the experimental 
conditions investigated. Typical conversion curves are shown in Figures 
2-4.

This paper offers a kinetic analysis of the linear portion of these sigmoid 
curves (to 10% conversion); relevant data are listed in Table I. Further 
study is in progress on the kinetic processes represented in the upper 
portion of the curve.

In Figure 5 are presented the plots of rates of polymerization against dose 
rate for the various temperatures investigated in this study. The tem­
perature dependence of the rate and the degree of polymerization on the 
dose rate is rather unexpected. Chapiro1 has developed a simple kinetic 
expression for low conversion, as follows:

R „  =  ( k p/  k  / /a) (<£m [M  ] / ) n [1VI ] (1)
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TIME (HOURS)

F ig . 2. 7 -R.ay-iiulviced p o ly m eriza tio n  of b u lk  s ty ren e . P lo t of p e rc e n t conversion 
ag a in s t reac tio n  tim e  a t  v arious dose ra tes . T em p e ra tu re  50°C .

TIME (HOURS)

Fig. 3. 7-B .ay-induced po lym eriza tion  of b u lk  s ty ren e . P lo t of p e r ce n t conversion 
ag a in st reaction  tim e  a t  vario u s dose ra tes . T em p e ra tu re  74°C.

where Bv is the rate of polymerization, kp and kt are the propagation and 
termination rate constants, respectively, <£,„[M ] is the rate of production of 
free radicals per unit radiation dose, /  is the dose rate, and [M] the monomer 
concentration.

Many workers have found that n, the exponent of the dose rate, is 0.5 for 
low conversions; our experiments at 50°C and 74°C confirm this observa­
tion.

However, above 74°C, the value of n decreases linearly with rising tern-
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TIME (HOURS)

Fig. 4. 7 -R ay -in d u ced  p o lym eriza tion  of b u lk  s ty ren e . P lo t of p er ce n t conversion 
a g a in s t reac tio n  tim e  a t  v a rio u s dose ra tes . T e m p e ra tu re  S9 °C.

perature, until above about 109°C under the radiation conditions specified, 
the rate of conversion becomes independent of dose rate.

A similar trend of the temperature dependence is also observed for the 
average degree of polymerization Pn. In Figure 6  are given the plots of Pn 
against dose rate; the results are tabulated in Table II.

From the steady-state free-radical polymerization kinetics the following 
relationship can be derived, 12 assuming chain-transfer to the monomer and 
termination by recombination:

1  /Pn = (k,R/2kp2[M]2) +  (ktrm/kP) (2 )
where Pn is the average degree of polymerization and ktrm is the rate con­
stant for the chain transfer to the monomer. Other constants are defined 
earlier.

In Figures 7 and 8 , the reciprocal of the number-average degree of poly­
merization Pn is plotted against the overall rate of polymerization for the 
various temperatures investigated in this study. The number-average 
molecular weight (M„) was determined by membrane osmometry.

The intercept of each of these plots is zero indicating that chain transfer 
to the monomer is negligible, which is in agreement with literature. From 
the slope, k,/kp2 ratios were obtained, where slope = fc,/2fc„2 [M]2; the 
values are listed in Table I.

The values of kp2/k, are plotted against 1/7’ in Figure 9 to obtain the 
temperature dependence of kp2/k, ratios. For comparison purposes, data of 
Huang et ah, 13 Tobolsky and Offenbach, 14 and Matheson et al. 15 are also 
plotted along with the present data which are in excellent agreement with
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T A B L E  I I
D ose R a te  E x p o n e n t as a  F u n c tio n  of P o lym eriza tio n  R a te  a n d  D egree of P o lym eriza tio n

T ,  °C n  (for R p oc 7») n  (for P n cc /» )
50 0 .5 0 - 0 . 6 2
74 0 .4 8 - 0 . 4 3
89 0 .2 7 - 0 . 3 3
99 0 .1 3 - 0 .2 0

109 0 .0 0 5 —

those of other workers. The resulting Arrhenius type relationship is ex­
pressed as:

t//kl = 2.85 X 104 e_12'027/iir
Energies of activation ea for the polymerization reactions were calculated 
for the three dose rates employed, and the values are listed in Table III. 
It will be noted that in the temperature range 19-74°C our data agree well 
with those in the literature.

From the data plotted in Figure 10, however, activation energies are 
higher in the range 74-109°C. This could be the result of a parallel 
initiation reaction which becomes significant above 74°C. The data points 
labeled I, II, and III are considered experimentally valid. Further data 
are now being assembled for the temperature range 74-100°C.

In order to understand the nature of parallel initiation and to elucidate 
the meaning of the data points labeled I, II, and III in Figure 10, the rates

Fig. 5. In flu en ce  of te m p e ra tu re  on th e  ra te  of 7- in itia te d  po ly m eriza tio n  of s ty ren e .
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DOSE-RATE (MRADS/HOUR)

F ig . 6 . In fluence  of te m p e ra tu re  on th e  average degree of p o ly m eriza tio n  in th e  y -  
in it ia te d  p o ly m eriza tio n  of s ty ren e .

of initiation Rt are plotted against 1/T in Figure 11. The rates of initiation 
were calculated by using the following expression:

^¿(7 )  ̂i(total) -Ri(thermal) (3)
where

ffi(total) — R"pi/{kp‘l /kt) (4)
and L-HII5G? (5)
In these expressions Rv is the observed rate of polymerization hr mole/l.-scc; 
k, and kv are the termination and propagation rate constants, respectively; 
ki is the intiation rate constant, and [M ] is the molar concentration of mon­
omer. The values for k{ were obtained from the Roche and Price11 expres­
sion:

kt = 1.885 X 106 e-i3.9oo/r (6 )

T A B L E  I I I
A ctiv a tio n  E n e rg y  ea of P o ly m eriza tio n  R eactio n

D ose ra te , 
M rad  /h r

e„, k ea l/m o le

T h is  w ork
H u an g  
e t  a l . 13

0 .6 4 6 . 2 6 .1
0 .2 1 9 .7 (7 4 -1 0 9 °C )  6 .0 (1 9 -7 4 °C ) 6 .1
0 .0 9 1 2 .7 (7 4 -1 0 9 °C ) 6 .2 (1 9 -7 4 °C ) 6 .1
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F ig . 7. P lo t of th e  rec ip ro ca l of th e  n u m b er-av erag e  degree of p o lym eriza tion  v s . th e  
ra te  of th e  v -ray -in itia ted  p o ly m eriza tio n  of s ty ren e . T e m p e ra tu re  50°C .

This expression for f2i(7) takes account of the thermal contribution to the 
overall rate of polymerization which becomes increasingly significant above 
74°C.

This plot reveals some interesting features related to the observed phe­
nomena and the following tentative conclusions may be drawn.

(1) For the temperature range 50- 74°C, the slopes labeled A, pertain 
to the region where R„ 7'/!, and the observed increase in the rate of initia­
tion (Rt) is due to an increased ability of the primary free radicals to initiate 
growing chains. This is the normal temperature effect and is observed for 
all dose rates investigated in this study. Furthermore the regularity of the 
data justifies confidence that the data points labeled I, II, and III in Figure 
1 0  are valid.

(2) In the case of 0.64 Mrad/hr dose rate, the rate of initiation Rt 
exhibits a maximum at 74°C and the R{decreases between that temperature 
and about 92°C (region labeled C), possibly due to the recombination of
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Fig. 8. P lot of the reciprocal of the num ber-average degree of polymerization vs. the 
rate of the 7-ray-initiated polymerization of styrene.

°K X I 0 3
Fig. 9. Radiation-induced polymerization of styrene. P lo t kp2/ k t vs. 1/T .
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K  °K x to3
Fig. 10. Overall activation energy for radiation-induced polymerization of styrene. 

P lo t of polymerization ra te  vs. ] /T .

primary free radicals; again /?, increases slightly over the temperature range 
of 90-109°C.

If the observed maximum Rt at 74°C for this dose rate is caused by the 
primary free radical recombination reaction assuming greater importance at 
higher temperatures, then for this range of radiation intensity, the total rate 
of initiation

R ¿(total) =  R„2kt/kp2[~S[]-
should not exceed the Rt(y) observed at 74°C for the 0.64 Mrad/hr dose 
rate. In order to validate this assumption, Rt(t0tai) for the dose rates of 
0.64 and 0.09 Mrad/hr is also plotted in this figure. Indeed the /¿¡(total) 
does not exceed the value at 74°C indicating that within the polymeriz­
ing system there is a certain “critical primary free radical population.” Up 
to this population the radicals initiate growing chains, but any subsequent 
increase in the free radical population (caused thermally or by a second 
7-ray initiation) has no additional initiation effect. In order to check the 
nature of the slopes labeled A, B, and C for the 0.64 Mrad/hr dose rate plot, 
interpolated data for the dose rates of 0.5, 0.35, and 0.30 il/rad/hr are also 
plotted for comparison purposes. In all cases, similar breaks in the Ar­
rhenius plot are also observed. However, as we approach lower dose rates 
the C portion of the plot for 0.64 Mrad/hr dose rate disappears, indicating
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that a primary free-radical recombination reaction is not occurring to any 
appreciable extent at these intensities of radiation.

(3) For the dose rates of 0.21 and 0.09 Mrad/hr, breaks in the Arrhenius 
plots are observed at temperatures of about 85 and 92°C, respectively, 
indicating the probable existence of a parallel initiation. However, from 
the shape of the slopes in the region labeled B, it appears that such breaks 
exist in all those plots although these slopes are continually decreasing with 
increasing dose rate. The fact that slopes B converge for all the dose rates 
investigated, leads to the conclusion that there are two competing reactions:

R ' +  R ' R—R (7a)
R - + M  — RM- (7b)

Reaction (7a) would predominate at high temperatures, under the radia­
tion conditions of the experiments described.

Olaj16 and Pryor et al.17 have observed that primary free radicals from one 
source (e.g., thermal) interfere with radicals generated from another source
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(e.g., initiator). However, in the present work, a more complicated system 
is being considered. In addition to the Y-ray and thermal initiations 
accompanied by primary free-radical recombination reactions, the possi­
bility of the existence of parallel 7-initiations and an uncorrected thermal 
component is being considered.

In order to establish the nature of parallel initiation, the initiation rate 
constants fc, and the energies of initiation Et were determined on assuming 
Ef(y) = 0, while for thermal polymerization Et ^  0.

Assuming that the rates of initiation 77, due to the parallel initiation 
react ions are additive, then the total 7-initiation rate becomes:

77/(total7) 77,(total) i(therma 1) = 711/(1) d- 711,(2)
where 77/(1) = ]7 and 77,(2) is due to the unknown parallel initia­
tion; 0wii[M] is the rate of production of free radicals (Wain the monomer, 
expressed in moles per litre per unit radiation dose. For the purpose of 
uniformity <f>mi is redefined as kt( 1), the initiation rate constant. Consider­
ing various possibilities for the parallel initiation, 77/(2) may be expressed as 
follows:

77,(2) = I (8)
77,(2) = *,(2)[M]/ 

or
77,(2) = 4>m?\X\ }/I (9)

77,(2) = fc,(2)'[M]/J 
or

77/(2) = 2fc/(2)'[M]* (10)
where eqs. (8) and (9) describe parallel initiations due to y-rays and eq. (10)
is possibly uncorrected thermal component as the rates of thermal poly­
merization in the temperature range 74-109°C become significant. 77,(2)
was evaluated by extrapolation of the 40-70°C portion of the curves in 
Figure 11, on the basis that 77,(2) = 7?/(experimental) — 77( (by extrapola­
tion). This extrapolation is justifiable by the assumption that the rate of 
7-initiation is independent of temperature. The initiation rate constants 
were evaluated and are listed in Table IV.

The Arrhenius plots of fc,(2), 7c,(2)', and fc,(2)" are linear and the 7?, 
values obtained from the slopes of these plots are of the same order of 
magnitude as the thermal polymerization of styrene (7?, ~  14,000 cal). 
The temperature dependence of fc,(2)" for the 7?, data uncorrected for thermal 
component is:

L(2)" =  6.92 X 107 (ID
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TABLE IV
Initiation R ates as a Function of Tem perature and Dose Rate

Temp,
°C

Dose 
rale, 

M rad /h r

R ;  X 
108,

m ole/1.-
seca

M U  X 
10“ , 

1. / mole-
see

Rid) X 
10s,

m ole/1.-
see“

kid) X 
10“ ,

1./mole-
sec

kid)' X 
10s,

1./mole-
sec

kid)" X 
11110,

1./mole-
sec*

50 0.64 12.5 8.3
0 .21 4 .2 8.6 — — — —
0.09 1 .8 8.8

74 0.64 14.4 1 1 .0
0.21 5 .2 10.8 — — — —
0.09 2.4 12 .1

SO 0.09 3.64 — 1.08 5.5 3 .2 0.82
(4.17) (1.44) ( 1 . 1 )

09 0.09 5.81 — 3.13 10.3 9 .3 2.41
(7.27) (4.5) (3.48)

109 0.09 10.15 — 7.25 38.1 21 .9 5.74
(13.08) (10.99) (8.7)

a Values in parentheses are for R, uncorrected for the therm al component.

which compares with the Roche and Price11 expression for thermal polymer­
ization of styrene.

kt = 1.885 X 106 e~13'900,r (6)
A reasonable conclusion is that the parallel initiation reaction is not due to 
7 initiation but corresponds to the thermal process. However, it may bo 
remarked that the initiation rate constants fc,(2)" obtained in this study are 
higher than those of Roche and Price.

Thus, in the absence of primary free radical recombination, Rv in this 
study may be accounted for by the expression:
ffp(total) ^p(y) "P (thermal)

= K / k ^ i H D m i Y 'W ]  +  K / k ^ X i k ^ W  (12)
RP can be calculated using the values of the rate constants derived in this 
study, i.e., kt( 1), fc4(2), and kv/ k , .  In all cases the calculated value is 
higher than the experimentally determined value. Using the initiation rate 
constant (k{) obtained for the thermal component from the Roche and Price 
data, the calculated overall rates of polymerization are lower than those 
observed. Thus, the thermal component is not fully accounted for.

In this discussion, it has been shown that there are two parallel initiation 
reactions taking place (one y-ray and the other thermal) and at these high 
radiation intensities and elevated temperatures the situation is complicated 
due to the primary free-radical recombination reaction assuming relatively 
greater importance.

For the kinetic analysis of these results, we employ the kinetic scheme of 
Chapiro1 (Table V).
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TABLE V
Reaction Rate

(a) Initiation (formation of prim ary free 
radicals)

A -----* 2R- Ri =  0aI[M ]
(b) Recom bination of prim ary radicals 

R ' +  R / R 2 M R 'P
(c) Addition onto the monomer 

R ' +  M — RAF k„ o[R '][M ]
(d) Propagation

r m ;  +  M RM „+, A'p(RM„' 1 [M]
(e) M utual term ination

RM »' +  R M „,' — P „+m (or P n +  P m) b [ R M '] !
(f) Term ination by prim ary free radicals 

RMn "T I t  — Pn I d R M 'l l R 'l

In Table V, A is any molecule present in the reacting mixture (monomer, 
solvent etc.); R' is a primary radical; M the monomer; RM„' a growing 
polymer chain, and Pm a “dead” polymer.

In this kinetic scheme, the rate constants k00, kt, and kt0 pertain to the 
mutual interaction of two free radicals. Such reactions proceed very 
rapidly and require only low energy of activation, if any. The absolute 
values of such rate constants are of the order of 106 to 109 1./mole-sec. 
Owing to the relative size of the various free radicals involved, it can be 
assumed that the rate constants will lie in the following order:

km > kt o > kt
The addition reactions of a free radical to a vinyl monomer double bond 
(with rate constants fc„0 and kp) require energies of activation of the order of
5-8 kcal/mole, with absolute values for these constants of the order of 10- 
1031./mole-sec at room temperature.

In the present investigation, the experimental data indicate that for 
temperatures of 50 and 74°C, the stationary concentrations of the primary 
free radicals (R ') and of the growing chains (RAT) are fairly low and thus 
R t«  kv02[M]2/4 kno and fc(0[RM' ] «  A-.„0[M]. The overall rate is given by 
the expression:

Rp = K /k ^ X R ^ l  M] (13)
At these temperatures, reactions (b) and (f) do not occur to any appreciable 
extent and the exponent of the dose rate in this expression was found experi­
mentally to be one-half'.



3398 SOOD AND HODG1NS

For temperatures of 89, 99, and 109°C, the dose rate exponent gradually 
decreases from its value of 0.5 to zero indicating that the rate expression
(13) does not apply at these temperatures. It has been reported in the 
literature1 that at high intensities of radiation, where Rf is sufficiently great, 
the rate of polymerization becomes independent of the rate of initiation. 
Under these conditions, reaction (b) in the kinetic scheme is no longer 
negligible compared to reaction (c) and the rate of polymerization is not 
proportional to the square root of the rate of initiation (Rt).

In the present investigation a situation analogous to the high intensities 
of radiation arises as more and more primary free radicals are being gen­
erated thermally in addition to the free radicals formed by gamma rays. 
Thus, due to the predominance of reaction (b) both the. observed rates of 
initiation Rt and the rate of polymerization R„ decrease. This effect is 
dramatically noticeable in Figure 11 in the case of 0.64 Mrad/hr dose rate.

The foregoing kinetic scheme yields the following rate expression:

As the absolute values of the rate constants kv0 and k,M are not known, 
and no experimental determination of Rt has been made in this study, it is 
not possible to apply rate expression (14) above to the present study without 
making certain assumptions. It is assumed that the overall rate of poly­
merization is given by the expression:

and the observed deviations from the rate expressed in eq. (15) above arise 
due to the competing reactions (b) and (c) in the kinetic scheme. On the 
basis of expression (15), theoretical rates of polymerization and the rates of 
initiation, where

are calculated for the dose rates of 0.64, 0.21, and 0.09 Mrad/hr and the 
calculated values listed in Table VI.

Thus, by employing the calculated rates of initiation Rt listed in Table 
VI, kj,o/koo ratios can be evaluated.

The expression (14) can be further simplified if:

(14)

RP = K /k ^ iU V iM  ]/}v,[M] +  fcp/fc/A(2fci),A[M]2 (15)

R i = /f,2/(fc,2[M]2/fc«) (16)

(17)
(18)
(19)

a
b = 4 /  [M ]2

then
Rp = aa (20)
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TABLE VI
Theoretical Values of R ates of Polymerization and Initiation

Tem p­
erature

°C
Dose rate, 
M rad /h r

R P X 106, 
mole/l.-see ■ Kp(total) X 

105
Ri X 108, 

mole/l.-sec7-Rays Therm al
50 0.64 4.22 — 4.22 12.5

0.21 2.45 — 2.45 4 .2
0.09 1.59 — 1.59 1.8

74 0.64 8.05 1.22 9.27 16.4
0.21 4 .6 1.22 5.82 6.46
0.09 2.96 1.22 4.18 3.33

89 0.64 11.4 3.9 15.3 22.1
0.21 6.51 3 .9 10.41 10.3
0.09 4 .2 3 .9 8.1 6.18

99 0.64 13.85 8 .6 22.45 32.0
0.21 7.91 8 .6 16.51 17.3
0.09 5.1 8 .6 13.7 11.9

109 0.64 16.8 15.9 32.7 45.7
0.21 9 .6 15.9 25.5 27.8
0.09 6 .2 15.9 22.1 20.9

and
«2 = /<V/(«46 Ri -  2aHi*) (21)

lit = (Rp'/aW b)  +  (2 R p*/a*b) (22)
Using calculated Rt values from Table VI and expression (21), A>2/ km, ratios 
are calculated and the rates of initiation Rt are calculated with the help of 
expression (22) using experimental values of the rates of polymerization. 
These values are listed in Table VII.

From Table VII it is noticeable that there is excellent agreement between 
the rates of initiation Rt calculated from two different expressions, indicat-

TABLE V II
In itiation  R ates Calculated from Experim ental Polymerization R ates

Tem perature,
°C

Dose rate, 
M rad /h r (iV A oo) X 107

Ri X 108, mole/l.-sec
From  eq. (21) From  eq. (16)

109 0.64 9.53 14.63 14.7
0.21 5.54 13.97 14.0
0.09 3.7;» 13.82 13.85

99 0.64 5.01 11.70 11.74
0.21 3.14 8.67 8.69
0.09 2.19 7.26 7.27

89 0.64 16.6 11.61 11.06
0.21 1.76 6.25 6.22
0.09 — — —
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ing that the contribution from the first term ( R / /a2a4b) in expression (22) 
is negligible.

From the data obtained in the present study, it is not possible to deter­
mine the individual rate constants kpa and k0o but the kp02/k0o ratios listed in 
Table VII indicate that km »  kp0, and recombination of the primary free 
radicals is the route by which the surplus free radicals are used up in the 
temperature range 74-109°C. The kp02/koo ratios (1.76 X 10~7 to 16.6 X 
10-7) are consistent with reasonable values for kp0 and k00 individually.

Degree of Polymerization
In order to rationalize the observed rates of polymerization we have em­

ployed a simplified kinetic scheme for the temperature range 50-74°C, while 
the addition of reactions (b), (c), and (f) to the simplified kinetic scheme was 
necessary to treat the experimental data for the temperature range 74 
109°C.

Thus, for the higher temperature range 74-109°C, if termination occurs 
by disproportionation, the number-average degree of polymerization P„ is 
given by the expression:

Pn = Rp/kp0[ R'][M] (23)
and substitution for [R' ] gives:

Pn (2 km) '%  U  4 URi Y
Mc<1/! t v  +  f c p o 2 [ M ] 2 /

(24)
In cases where termination is by combination, P„ is twice as great.

By using the calculated values of kpo/km '̂ and the Rt listed in Table VII, 
the number-average degree of polymerization P„ was calculated; the values 
are listed in Table VIIIA. Table VIIIB gives values calculated on the 
basis of the simplified kinetics scheme.

TABLE V IIIA
Degree of Polymerization as a Function of Tem perature and Dose Rale

Temp,
°C

Dose rate, 
A frads/hr

R t X 10s, 
mole/l.-sec

(kpo2/koo)
X 107

P„ (cal­
culated)

P n (experi­
m ental)

109 0.64 14.70 9.53 1263 —
0.21 14.01 5.54 1292 —
0.09 13.85 3.73 1298 —

99 0.64 11.74 5.01 1163 1960
0.21 8.69 3.14 1351 2830
0.09 7.27 2.19 1477 2900

89 0.64 11.06 16.60 953 2025
0.21 6.22 1.76 1292 3460*
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TABLE V IIIB
Temp,

°C
Dose rate, 
M rad /h r

R-: X 10s, 
mole/l.-sec

R P X 106, 
mole/l.-sec Pn = R p /R i

Pn (experi­
m ental)

89 0.09 4.17 6.63 1590 3830*
74 0.64 14.48 8.70 600 1375

0.21 5.30 5.26 995 2120
0.09 2.50 3.61 1445 3300*

50 0.64 12.50 4.22 338 580
0.21 4.20 2 .45 584 1140
0.09 1.80 1.59 984 2060

* The values of P n in Table V III identified by an asterisk are suspect, due to 
questionable osmometric data.

Our conclusion is that termination occurs probably exclusively by com­
bination, since in all cases the experimental values of Pn would be twice as 
large as those calculated, if one were to assume termination by dispropor­
tionation. This same fact eliminates the possibility of termination of the 
growing chains by primary radicals (e.g., RM„ ' +  R ' —►  dead polymer). 
This latter reaction is, therefore, of little significance compared with reac­
tion (b) in the kinetic scheme, Table V (mutual recombination).

Summary and Conclusions
In the range 50-74°C, the rate of polymerization and degree of poly­

merization Dv bear a square root relationship to the intensity of radiation, 
namely Rp cc/I/! and Dv < x A b o v e  74°C, the dose rate exponent de­
creases as a linear function of temperature, becoming zero at about 109°C. 
This deviation from the classic square root relationship occurs because of a 
change in the relative significance of reaction (b) and (c) in the kinetic 
scheme (Table Y). At higher dose rates, mutual recombination of primary 
free radicals assumes major significance. For this reason, at lower dose rates 
the thermal component of the polymerization reaction is quite apparent and 
becomes less obvious when Arrhenius plots are made for the higher dose rate 
experiments.

In the dose rate range of 0.09-0.64 Mrad/hr, the competition between 
reactions (b) and (c) is such that Rv and Dp remain constant for the whole 
range of dose rate. It is probable that the dose-rate independence of Rv 
and Dv observed above 109°C will hold for a range of radiation intensity as 
high as twentyfold. The temperature at which this situation obtains is a 
function of the range of intensity.

This dose-rate independence has been ascribed to a “limiting” rate of 
initiation Rit which is characteristic of the intensity range. Assuming 
stationäry state kinetics for low conversions, the rate of reaction is:

Rv = — dM/dt = kp [M][RM‘] (25)
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On the basis of the limiting rate of initiation, over the intensity range 
described, [RM'j will be a constant. At 109°C, the rate expression (25) 
will be

Epithermal + 7) k p  [Af j X  COIlStant (2b)
k, was evaluated in the relationship of Matheson et ah,15 and substituted in 
the expression

[RM-] = (Ri/K)'^ (27)
to give a value of 5.1 X 10-s mole/1. as the limiting concentration [Ii AI' ]. 
Therefore, the total rate of polymerization (for y initiation and thermal 
initiation) above 109° C is

R ,(total) = MM] (5.1 X 10~8) +  (hp/k,l/t)(2kt)l/t[.M]* (28)
A consequence of eq. (28) is that the dose rate exponent of Rr and Dv can be 
expected to be zero.

This dose rate independence can be expected in polymerizations where 
the vinyl monomer is fairly reactive, but its radical is relatively stable. 
In other cases, this dose rate independence may be achieved by a combina­
tion of chemical catalysis and a specific range of gamma intensity.

Work currently in progress suggests that the temperatures quoted in this 
paper are capable of refinement by the use of smaller reaction vials. There­
fore, while the temperatures quoted bear valid relative relationships, the 
absolute values may be slightly low.

The authors are pleased to have the opportunity to acknowledge the generous financial 
support of the N ational Research Council of Canada. M uch of the viseom etry and os­
mometry was performed by M r. J. Cheesman and M r. IT. Cheng, whose assistance is 
gratefully acknowledged.
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NOTES

P repa ru tion  a n d  R in g -O p en in g  P o ly m e r iza tio n  o f
2 ,5 -U in ie lh y lliy d ro q iiin o n e -b is -ô - la c to n e

Iwakura et a l.1 first reported the polyaddition of bislactone with diamine to form linear 
polyamide. Nakabayashi and Cassidy2 prepared redox polymers from bislactone of 
hydroquinone-biscarboxylic acid and diamine. We have tried to synthesize 2,5- 
dimethylhydroquinone-bis-5-lactone (I) and its related polymers (II) by the ring­
opening reaction of I with diamine. This paper reports some results with our experi­
ments.

The monomer (I), 5,10-dim ethyl-3H,4iI,8H,9H-benzo[l,2-b: 4,5-b']dipyran-2,7-
dione, the bislactone of 2,5-dimethylhydroquinone-3,6-bis(ethyl-2'-carboxylie acid) 
(III), was prepared in one step from the malonic ester (IV), l,4-dimethoxy-2,6-dimethyl-
3,6-bis(2',2'-dicarbethoxyethyl)benzene, by heating IV in hydrobromic acid a t 140- 
160°C for several hours.

CHXH.COOH

OH

The infrared spectrum  (KBr disk) of the purified product showed a characteristic lactone 
carboxyl band a t  1755 cm -1 and no hydroxyl and carboxylic acid bands. The N M R  
spectrum  in CDCL gave signals a t 5 = 2.23 (s. Oil, C H 3) and 2.85 (qu, 8H, CH>). The 
mass spectrum  (calcd MW  = 246.25) showed peaks a t  m /e  = 246 (relative intensity : 
23), 218 (9), 204 (18), 190 (70), 176 (28), 162 (100) and 134 (42). These spectral da ta  
and elem entary analysis support the formation of the bislactone ( I ).

As a model reaction, the bislactone (I) -was treated  w ith w-but.ylamine in dimethyl- 
acetamide (DMAc) a t  room tem perature. The infrared spectrum  of the product (V) 
showed bands a t  3300 c n r 1 assignable to N H  and OH, a t  1555 cm -1 to NH, and 1635 
cm -1 to amide carbonyl.

3105
©  1971 by John Wiley & Sons, Inc.
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CH2CH2CONHC4H9

OH

The bislactone (I) was polymerized under nitrogen atm osphere a t 50-70°C in DMAe 
with diamines including hexamethylenediamine, m-xylylenediamine, and piperazine. 
Polymers (II) were obtained in the  form of white to  light brown flakes in good yield. 
The polymers were soluble in DM  Ac, dim ethyl sulfoxide (DMSO), formic acid (FA), 
or hexamethylphosphoramide (HM PA), bu t insoluble in the usual organic solvents. 
Viscosities of the polymers were ?js„/c =  0.08-0.19 d l/g  a t 25°C.

Although the ring-opening reaction of bislactone with diamine should yield the re­
duced forms (II) according to eq. (1) the ultraviolet-spectral study revealed th a t the 
polymers so obtained were of the oxidized forms (VI). This can be explained by as­
suming th a t the reduced forms (II) had been oxidized to VI on contact with air during 
working-up of (II). The assumption would be supported by the fact th a t alkyl-,sub-

CH,
C[OX],II bed] ------ COCH.CH.

stitu ted  hydroquinones have lower redox potentials than  hydroquinone itself and th a t 
they are, therefore, inclined to be oxidized more easily. The reduction of VI could be 
carried out by shaking it  with a saturated aqueous solution of sodium hydrosulfite. 
The reduced forms (II) were oxidized by adding stoichiometric amts, of ceric ammonium 
nitrate  in DMAc. The infrared spectra of the oxidized polymers showed quinone 
carbonyl band a t 1650 cm -1. Characteristic da ta  of the polymers are summarized in 
Table L

Since no suitable solvent could be found, our attem pts to determ ine redox potentials 
by titra tio n 3 were unfortunately in vain. The replacem ent of hydrogens of hydro­
quinone ring with m ethyl seems to have been ineffective toward the im provem ent of 
solubility of the polymers.

EXPERIMENTAL
Bislactone (I), 5,10-D im ethyI-3H,4H ,8H ,9H-benzo[l,2-b: 4,5-b']dipyran-2,7-dione
A mixture of 15.3 g (0.030 mole) of the malonic ester (IV) and 200 ml of 48%  hydro- 

bromic acid was placed in a 1-liter round-bottom ed flask and heated with stirring. Up 
to a bath  tem perature of 120°C, ethyl bromide distilled. Then, the tem perature was 
raised to 140°C until foaming ceased. A fter the tem perature had been raised to  160°C, 
the reaction m ixture was refluxed for 3 hr. The raw product crystallized from the 
solution upon cooling. I t  was filtered, washed with water, and dried. Recrystallization 
from acetonitrile gave white needles, mp 259-261 °C, in a yield of 5.4 g (73%).

Anal. Calcd for C,4H ,40 4: C, 68.28%; H, 5.73%. Found: C, 68.22%; 11,5.78%.
Malonic ester (IV), l,4-Dimethoxy-2,5-dimethyI-3,6- 

bis (2',2 '-dicarbethoxyethyl )benzene
In  a sodium alcoliolate solution, prepared from 3.2 g (0.14 g-atom) metallic sodium 

and 300 ml absolute ethyl alcohol were added 22.4 g (0.14 mole) of ethyl malonate
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within 30-43 min w ith stirring. After 15 min, 15 g (0.057 mole) of 1,4-bis(ehloro- 
methyl)-2,5-dimethoxy-3,6-dimethylbenzene4 was added in one portion. The mixture 
was refluxed for 3 hr. After the solvent was removed in  vacuo, the residue was poured 
into 1 liter ice water. The crude product was filtered, washed with water, dried, and 
recrystallized from ethyl alcohol. W hite needles, mp 58-59°C, were obtained in a yield 
of 22.7 g (78%).

Anal. Calcd for C26H 38Oio: C, 68.54%; H, 8.63%. Found: C, 68.35%; H, 8.62%.
The N M R  spectrum  in CDC13 showed signals at 5: 1.19 (tr), 2.22 (s), 3.23 (d), 3.64 (s), 
3.78 (tr), and 4.14 (qu).

Model Compound (V), 2,5-Dim ethylhydroquinone-3,6-bis(ethyl-2'-n-butyIam ide)
In  10 ml of DMAc were dissolved 0.49 g (0.2 mmole) of the bislactone (I) and 0.29 g 

(0.4 mmole) of n-butylam ine. The m ixture was stirred for 2 hr a t  room tem perature 
under a  slight stream  of nitrogen. After evaporation of the solvent in vacuo a t 60-70°C, 
the residue was recrystallized from acetonitrile. Light yellow needles melted a t 172°C 
and weighed 0.63 g (81%).

Anal. Calcd for CaHs.NjCV. C, 67.66%; IT, 9.29%; N, 7.18%. Found: C, 
67.77%,; H, 9.34%,; N, 7.09%.

General Polymerization Procedure

Exactly 0.426 g (0.173 mmole) of the bislactone (I) and 0.201 g (0.173 mmole) of 
hexamethylenediamine were mixed with 20 ml DMAc. Under a slight stream  of 
nitrogen, the m ixture was heated to 70-80°C with stirring for 4 hr. After DMAc was 
removed in  vacuo, the viscous solution was poured into 20 ml of water, whereupon the 
polyamide precipitated as white to slightly brown flakes. The polymer was twice 
reprecipitated from DMAc-met-hanol to  give 0.44 g (70%).

M easurem ent

Viscosities were measured w ith an Ostwald-type viscometer. Infrared data were 
obtained with a Perkin-Elm er Model 421 spectrom eter; N M R  da ta  were obtained with 
a Varian Associates Model A-60 spectrom eter (the letters within the parentheses having 
the meanings: s, singlet; d, doublet; tr, trip let; qu, quadruplet; and m, m ultiplet). 
The mass spectrum  was obtained w ith a H itachi Perkin-Elm er Model RM U-6 spectro­
graph (tem perature, 200°C; ion current, 7 X 10-12 A; m ultiplier voltage, 1.5).

We thank Dr. Akira Terahara, Yale University, for the measurem ent and interpre­
tation  of the spectral data. One of us (S.I.) is indebted to The United S tates Public 
H ealth Service for postdoctoral support a t  Yale University. We would like to express 
our appreciation to Professor H. G. Cassidy for initially suggesting work in this area and 
for his encouragement throughout the work.
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P oly  -a -a ce to x y -  4 -v in y lp y r id in e
Haas e t al.1 synthesized a-acetoxy-4-vinylpyridine from 4-vinylpyridine via several 

steps and polymerized it  by use of azobisisobutyronitrile (AIBN). In their report, 1 
the main discussion focused on the synthesis of the monomer; the physical properties of 
the polymer were no t described in detail except for the  disappearance of the - C = C -  
stretching vibration (1650 cm -1) in the infrared spectrum  in the polymer.

The present authors polymerized a-acetoxy-4-vinylpyridine w ith 7 -rays and obtained 
additional physical data, including d a ta  on pyrolysis. The monomer, a-acetoxy-4- 
vinylpyridine, was synthesized by a modification of the  method of Aaron et al.2 and Haas 
et a l.1 from (4-pyridyl)-l,2-ethanediol and acetic anhydride. Regarding the synthesis 
of (4-pyridyl)-l,2-ethanediol from 4-vinylpyridine, the  present authors found a more 
favorable way avoiding the form ation of the by-product isonicotinic acid. a-Acetoxy-4- 
vinylpyridine was also obtained by a more preferable m ethod avoiding the formation of 
the by-product 4-acetylpyridine. Details of the monomer synthesis will be presented 
elsewhere.

Poly-a-acetoxy-4-vinylpyridine which was obtained by 7-ray  polymerization has a 
slightly paler brown color than  the polymer obtained by the AIBN method. The poly­
mer is soluble in m ethanol and chloroform, partly  soluble in benzene, insoluble in diethyl 
ether and petroleum  ether, and favorably reprecipitated with chloroform and either di­
ethyl ether or petroleum  ether.

Differential scanning calorimetry (DSC) showed th a t the onset of decomposition of the 
polymer was a t 214°C. The infrared absorption spectrum  was not significantly different 
from th a t of the polymer obtained by the A IBN m ethod .1

The x-ray diffraction pa ttern  is given in Figure 1 , which seems to indicate relatively 
lower crystallinity. Although the N M R  spectrum  was not sharp (60 Mops, CDCI3 as a 
solvent), we observed C H 3- in the acetyl group a t  2.28 S, —CH 2—- in the backbone chain 
a t  1.21 5, and the protons in the pyridyl ring approxim ately a t  7.00 & and 8.50 S.

We performed a pyrolysis of the polymer using a  therm ogravim etric analyser (TGA). 
D eacetylation is thought to proceed according to  the molecular reaction via the scheme 0).

From  the TGA curve, we calculated the activation energy of the deacetylation using a 
van Krevelen p lot3 (Fig. 2). The activation energy was 17.5 kcal/m ole and a first-order 
reaction was obtained. This relatively lower activation energy may result from the gain 
of the conjugation energy by the form ation of repeating double bonds. The formed 
polyene derivative was a lustrous black powder, and no carbonyl absorption was ob­
served in its infrared absorption spectrum .

EXPERIM ENTAL
a-Acetoxy-4-vinyIpyridine

©  1971 by John Wiley & Sons, Inc.

Haas et al.1 obtained (4-pyridyl)-l,2-ethanediol from 4-vinylpyridine, potassium
permanganate, and water at 0-5°C. We added magnesium sulfate to the above reagent
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Fig. 1. T he x-ray diffraction pa ttern  of poly-a -acetoxy-4-vinylpyridine.

Fig. 2. van Krevelen plot for the TCiA curve of poly-a-acetoxy-4-vinylpyridine.

combination to avoid the formation of isonicotinic acid. M agnesium sulfate takes an 
im portant role by consuming pol assium hydroxide formed from potassium  perm anganate 
in the  H aas’s process. The molar ratio of the reagents, 4-vinylpyridine: KM nO^M gSOi 
: H20 , is 3 :2 :1 :4  (usually excess water is used). The reaction tem perature was 2 -5 °C 
and the reaction tim e was about 30 min. The yield of (4-pyridyl)-l,2-ethanediol was 
84% or quantitative. In  the process of acetylation of (4-pyridyl)-l,2-ethanediol with 
acetic anhydride,1 the  main by-product is 4-acetylpyridine which seemed to be produced 
by the reaction with the contam inated water in the (4-pyridyl)-l,2-et.hanediol. A de­
hydration procedure is required to obtain a higher yield of a-acetoxy-4-vinylpyridine. 
The present authors dissolved (4-pyridyl)-l,2-ethanediol in ethanol, and added benzene
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to the ethanolic solution to  remove water azeotropically. Repeating the azeotropic 
removal of water increased the yield. The yield of the polymerization grade product 
was approxim ately 50%  from (4-pyridyl)-l,2-ethanediol; bp 80°C/0.5Sm m  Hg.

Anal. Calcd for C 9H 90 2N : C, 66.2% ; H, 5.6% ; N, 8.6%. Found: C, 66.3%; 
H, 5.6% ; N, S.4%.

The infrared spectrum  was exactly the same as the one reported by Haas et a l.,1 show­
ing —C = C — at 1650 cm -1. N M R  (60 Mops, TM S reference, in CDCL at room tem­
perature): H (a), 2.25 6; H (b), 5.28 8; I l (c), 5.80 5; H (d) = H (d'), 7.42 5; H (e) =  H (e'), 
8.70 8. |/(b)(c)| is 2.5 cps which indicates th a t there are geminai protons, and th a t the
acetoxy group is on the «-carbon.

O

Polym erization
«-Acetoxy-4-vinylpyridine was degassed four times with the aid of liquid nitrogen 

under vacuum  and was sealed off under vacuum  in a tube. The polymerization was 
carried out a t  room tem perature w ith y-rays of the dose ra te  of 2.1 X 106 R /h r  for 62.5 
hr. Then tube was opened, and the contents were poured into diethyl ether. The pre­
cipitated polymer was separated by centrifugation (3500 rpm). The crude polymer was 
reprecipitated several times from chloroform /diethyl ether; yield, approximately 3% ; 
mp 214°C (dec); y j c  =  0.093 (c =  1, 35°C in CHC13).

M easurem ents
The DSC was carried ou t using a  Perkin-Elm er Model IB  and the tem perature was 

raised a t the rate of 16°C/m in. The therm ogravim etric analysis (TGA) was carried 
out w ith a Rigakudenki thermoflux analyser, type 8021. The tem perature was raised 
a t  the rate of 5°C /m in. The x-ray measurem ent was done with a Rigakudenki diffrac­
tom eter (CuK«, 30 kV, 15 mA).
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