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Untersuchungen zur Molekulargewichtsverteilung 
von Polyätliylentereplithalat*

KLAUS GEHRKEf und GERHARD REINISCH, Deutsche Akademie der 
Wissenschaften zu Berlin, Institut für Faserstoff-Forschung, Teltow-Seehof, 

Deutsche Demokratische Republik

Synopsis
The molecular weight distribution of carefully prepared thermostabilized poly (ethyl

ene terephthalate) was determined immediately after polycondensation in vacuo (Pn = 
121) and after the melt was stirred at 280°C for 5.5 hr under nitrogen (Pn =  123). The 
fractionation was carried out by successive precipitation in liquid phases. The samples 
were separated into 25 fractions including refractionation. The Florj' distribution 
was observed in all samples.

Einleitung

Zur genaueren Charakterisierung von Polymeren dient neben der 
Bestimmung des mittleren Polymerisationsgrades die Festlegung der 
Molekulargewichtsverteilungskurve. Bisher bekannte Untersuchungen 
zur Molekulargewichtsverteilung von Polyäthylenterephthalat behandeln 
Veränderungen in uristabilisierten Proben verschieden langer Schmel
zeverweilzeiten bzw. während des Abbaus. So fand Ciampa,3 dass bei 
verhältnismässig gleicher Viskosität im Laufe eines Spinnvorganges eine 
Verbreiterung der Molekulargewichtsverteilung eintritt, während 'furska 
und Skwarski4 mitteilten, dass mit fortlaufendem Abbau eine Verschmäle
rung gegenüber der von Flory6 und Schulz6 für Polykondensate berechneten 
Molekulargewichtsverteilung eintritt. Als Ursache für diese gegensätz
lichen Effekte wurden in beiden Arbeiten Reaktionen zwischen Endgruppen 
und binnenständigen Estergruppen der Polymerketten angenommen. 
Solche Kettenaustauschreaktionen sind aber nach Flory bereits bei der 
Aufstellung der theoretischen Molekulargewichtsverteilung berücksichtigt 
worden.

In unstabilisierten Polyäthylenterephthalatschmelzen verlaufen Zwi
schenkettenaustausch- und Abbaureaktionen nebeneinander, so dass sich 
beide Einflüsse auf die Molekulargewichtsverteilung überlagern. Sta-

* Yorgefragen auf dem Internat- Symposium über Makromolekulare Chemie, Prag
1965.1 auszugsweise vorgetragen auf dem 2. Internat.. Chemiefasersymposium, Berlin
1965.2

t Neue Anschrift: Institut für Hochpolymere, Technische Hochschule für Chemie 
“Carl Schorlemmer,” Merseburg
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bilisierte Polyäthylenterephthalatschmelzen, in denen nach Zimmermann7 
erst nach 8-10 Stdn ein Viskositätsabfall eintritt, gestatten es nun, die 
Zusammenhänge zwischen den rasch und reversibel verlaufenden Zwischen
kettenaustauschreaktionen und der Molekulargewichtsverteilung getrennt 
vom Einfluss des irreversiblen Kettenabbaus festzustellen. Auch in 
diesen Schmelzen werden zwar Polymerketten in gewissem Umfang stati
stisch gespalten. Das Polymere enthält aber infolge schonender Herstellung 
noch genügend Hydroxylgruppen, die mit den Vinylesterendgruppen des 
einen Spaltstückes sogleich wieder unter Kettenverlängerung reagieren 
können.8 Die Reaktion ähnelt also insgesamt einem Zwischenkettenaus
tausch. Nach Kenntnis des Zusammenhanges von Zwischenkettenaus
tausch und Molekulargewichtsverteilung gestatten dann abgebaute Proben, 
in denen beide Reaktionen parallel laufen, eine Aussage über den Einfluss 
des irreversiblen Kettenabbaus.

Die Ergebnisse unserer Untersuchungen über die Polymerisations
gradverteilung während des Auf- und Abbaustadiums der Schmelzepoly
kondensation von Polyäthylenterephthalat haben wir bereits veröffentlicht.9 
Die Publikation der vorangegangenen Versuche an thermostabilisierten 
Schmelzen1 hat sich leider wegen technischer Schwierigkeiten stark ver
zögert. Wir meinen aber, dass diese Ergebnisse für das Gesamtbild und 
für die Praxis der Polyäthylenterephthalatherstellung auch jetzt noch von 
Interesse sind und haben das Angebot des Herausgebers der Symposiums
bände gern angenommen, die Arbeit doch noch zu publizieren. Zur 
Unterschung der Molekulargewichtsverteilung von schmelzestabilisiertem 
Polyäthylenterephthalat benutzten wir zwei Proben aus einem 22 Mol- 
Ansatz (V4A-Rührautoklav), wobei die erste Probe nach Beendigung der 
Polykondensation entnommen worden war und den Polymerisationsgrad 
121 besass. Für die zweite Probe nach einer Schmelzeverweilzeit von 0 V2 

Stdn wurde der Polymerisationsgrad 123 gemessen.

Fraktioniermethode
Erfolgreich sind bis jetzt zur Ermitt lung der Molekulargewichtsverteilung 

von Polyäthylenterephthalat die Methode der Lösefraktionierung10 und 
die fraktionierte Fällung angewandt worden. Die fraktionierte Fällung 
kann entweder in Form von Niederschlägen oder als Verteilung zwischen 
zwei flüssigen Phasen ausgeführt werden. Von G. V. Schulz11 wurde 
gezeigt, dass letztere Variante für kristallisierende Polymere eine bessere 
Selektivität zeigt. Wir benutzten deshalb das Sukzessivverfahren.12'13 
Als Lösungsmittel diente Phenol/Tetrachloräthan (1:1, m:m) und als 
Fällmittel w-Heptan.

Zu einer 1% Lösung des Polymeren wurde n-Heptan bis zur Trübung 
zugegeben und anschliessend durch 7 Stdn. Rühren garantiert, dass das 
Gleichgewicht der Verteilung des Polymeren zwischen beiden flüssigen 
Phasen erreicht wird. Dann wurde 10 Stdn absitzen lassen und die untere 
flüssige Schicht, die die höhermolekularen Anteile enthält, abgetrennt. 
Entsprechend wurden so sieben bis acht Originalfraktionen erhalten.
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Diese Originalfraktionen wurden auf dieselbe Weise in drei bis vier Unter
fraktionen aufgeteilt. Die Bestimmung del' Polymerenmenge in den
Fraktionen erfolgte gravimetrisch, die reI. Losungsviskositat wurde in
Phenol/Tetrachlorathan (1: 1) bei 20°C vermessen. Flir die Umrechnung
zum Polymerisationsgrad wurden die Gleichungen von Frind 14 und Koepp
und Werner 15 benutzt. Aus den so erhaltenen Werten und dem l\1engen
prozentanteil del' einzelnen Fmktionen wmde nach G. V. Schulz l6 die
I ntegralkurve konstruiert, die durch graphische Differentiation in die
Differentialkurve liberflihrt wurde.

Ergebnisse und Diskussion

Die integrale ~\lulekulargewichtsverteilullg de:-i :-it ahi lii'iierten I'oly
iithylellterephthalati'i ii'it in Bild 1 und :z darge:-itellt. Die h:urve in Bild 1
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Abb.1. Illtegraiverieilungsklll've VOII st.abilisiertem Polyiit.hylenterephthalat, PH = l~l,

im Vergleich zlir theuretischell Klirve nach Flory (gestrichelte KlIrve).

charakterisiert stabilisiertei'i Polyathylenterephthalat nach del' Beendigung
del' Polykondensation (Probe E: 1), die Kurve in Bild 2 das gleiche Polymere
nach 51/2 Stdn. Schmelzeverweilzeit bei 280°C (Probe K 2). Die gestri
chelten Kurven wmden aus dem mittleren Polymerisationsgrad del' AUi:l
gangsprobe nach Flory" berechnet. Die Fraktionierungen wurden je
einmal wiederholt. Dabei wurde festgestellt, dass die Verteilungi:lkurven
reproduzierbar waren. Es ist von Grichp7 bewiesen worden, dass mit
weiterer Aufteilung del' Fraktionen eine Annaherung an die theoretische
Kurve moglich ii'it. Ca. 1:') Fraktionen steBen nach unserer lvleinung fiir
unser Problem eillell l\"ompromiss zwisr.lH'1l GCIl:\.l1igkcit IIlld Arheit.s- und
Zeitaufw:tnd dar.

Unter Beriicksicht.igullg dies!'r nesir!Jtspunkt,c kann man ails ullseren
Euroen den Schluss zieJ1E'Il, dass thcrmostabilisicrtes Polyiithylentcre
phthalat nach Beendigllllg del' hondensation sowie auch in del' Schmelze bei
2~O°C libel' die Zeit, in del' Vii:lkui:litatskunstanz vurliegt, cine Flory-Vertei
lung aufweisL









JOURNAL OF POLYMF.il SCIENCE: I’AHT A-l VOL. 7, 17)77 I.">}!!! (1060)

Alternating Copolymerization of Polar Vinyl Monomers 
in the Presence of Zinc Chloride. I. Propagation and 

Initiation of the Copolymerization of Acrylonitrile
with Styrene

SHIGERU YABU1VIOTO, KIYOSHI ISHTI, and KOICHIRO ARITA,
Central Research Laboratory, Dated Limited, Immayun, Saitama, Japan

Synopsis
Copolymerization of acrylonitrile with styrene spontaneously occurred on addition of 

zinc chloride without addition of any other radical initiator. The composition of the 
copolymer approached that of strictly alternating copolymer as zinc chloride added to 
the copolymerization system increased. The significance of the apparent monomer 
reactivity ratios of this copolymerization system was studied from a kinetic point of 
view, and it was shown that the monomer sequence distribution is indicated by the 
apparent monomer reactivity ratios. Further, equations which represent the relation 
between the apparent monomer reactivity ratios and Q,e values at a given salt concen
tration were derived. These equations reasonably accounted for the decrease of the 
apparent monomer reactivity ratios of the copolymerization of acrylonitrile with styrene 
in the presence of zinc chloride and the behavior of the other acrylonitrile copolymeriza
tion systems in the presence of zinc chloride. The initiation step of the spontaneous 
radical copolymerization of acrylonitrile with styrene in the presence of zinc chloride 
was explained by a cross-initiation mechanism.

INTRODUCTION

In recent years, it has been found by several groups of workers,1-8 that 
the copolymerization reactivity of polar vinyl monomers having nitrogen 
or oxygen atoms in their side chains is altered by complexing with Lewis 
acids. In view of the results of the spectroscopic study9 and the LCAO 
calculation10 of complexed monomers, it seems to be reasonable to explain 
the change of the copolymerization reactivity in terms of Q,e values of the 
complexed monomers.

The change of monomer reactivity ratios for acrylonitrile (AN) has 
been reported by Imoto et al.1 for the case of copolymerization with vinyli- 
dene chloride in the presence of ZnCR The AX-ZnCL complex is so 
poorly soluble in vinylidene chloride that the copolymerization can not be 
carried if all of AN in the copolymerization system forms complex with 
ZnCl2. There are thus three kinds of monomers in the copolymerization 
system: AN-ZnCL complex, free AN, and vinylidene chloride, and there
are corresponding three kinds of polymer radicals. Therefore this copoly-
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merization system can not be dealt with as an ordinary two-component 
copolvmerization system, and it is not quite obvious that the Lewis-Mayo 
equation can be applied to such a copolymerization system.

AN-styrene(St) copolymer (AS copolymer) is an industrially produced 
plastic which has however the shortcoming of thermal coloration. Several 
reactions may be involved in the coloration, but, as is the case with the 
thermal coloration of AN homopolymer,11-16 the contribution of the cycli- 
zation reaction of evano groups in a long AN sequence in the copolymer 
may be predominant.

From the results of the AN-vinylidene chloride copolymerization in the 
presence of Z11CI2 ,1 it was expected that alternating AN-St copolymer of 
high thermostability might be obtained by copolymerization in the pres
ence of ZnCl2. In the course of the experiments following facts were 
found: (7) the apparent monomer reactivity ratios of the AN-St copolv-
merization in the presence of ZnCl2 decrease as Z11CI2 added to the copoly
merization system increases; (H) the radical copolymerization occurs 
spontaneously with addition of ZnCl2 without addition of any other radical 
initiator.

In the present report, it is discussed from the kinetic point of view 
whether the Lewis-Mayo equation can be applied to this copolymerization 
system. The relation of the apparent monomer reactivity ratios to the 
monomer sequence distribution in the copolymer and to the Q,e scheme is 
elucidated. The spontaneous initiation of the copolymerization of AN 
with St in the presence of ZnCl2 is explained by a cross-initiation mechanism.

Subsequent reports in this series will discuss some properties of the AS 
copolymer obtained by copolymerization in the presence of ZnCl2 and will 
deal with the copolvmerization of methyl methacrylate with St in the 
presence of ZnCl2.

EXPERIMENTAL

Materials

Monomers as commercially obtained were dried over anhydrous sodium 
sulfate and distilled in a stream of dry nitrogen.

ZnCI2 was the Guaranteed Reagent grade and was used without further 
purification.

Copolymerization Procedure

ZnCl2 was dissolved in AN at a given concentration, and this solution 
and St were introduced into a glass tube in a dry nitrogen stream. The 
glass tube was sealed off and kept in a thermostat maintained at a constant 
temperature to allow polymerization to take place. The resulting copoly
mer was purified repeatedly by dissolution in acetone and precipitation 
into methanol, and the elimination of ZnCl2 from the copolymer was 
confirmed by an acetone solution of dithizone.
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Analysis of Copolymer Composition and Reactivity Ratios

Copolymer composit,io!l ,ras det.ermined at less t.han 5% conversio!l by
nitrogen analysis by the micro-Dumas method (Coleman nitrogen ana
lyzer). l\Ionomer reactivity ratios ,vere determined by the line inter
section method. The copolymer contained no cyclohexane-soluble mate
rial, indicating that cationic polymerization of St did not take place.

RESULTS AND DISCUSSION

Copolymerization of AN with St in the Presence of ZnCI 2

The composition of the AN copolymer obtained by the copolymerization
ill t.he presence of ZnCI 2 approaches equimolar composition, as the quant.it.y
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AN mole % in fhe monomer feed

Fig. 1. Composition of the AN-St copolymer obtained in the presence of ZnCh at
QOaC: (e) ZnCh/AN = 0.10 (mole ratio), (0) ZnCI,jAN = 0.03; (-) copolymer
composition of ordinary radical copolymerization; r, = 0.04, r2 = 0.4.
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Fig. 2. Apparent monomer reactivity ratios vs. ZnCL concentration.
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of ZnCl2 added to the copolymerization syst.em increase:,;. Some example:>
are shown itl Figure 1.

The change of the apparent monomcr rcact ivity ratios ,rit.h incrca"ill,i2;
com',cllt.ration of ZIICl 2 is shown ill Figlll'l':2. In the ease ()f ordinal'.'·
copolymerization, such a copolynwr coIII po"i tion eliI've indicates strongly
an altel'llating copolymerization, bllt, as ment.ioned above, this copolymeri
zation is subst.antially a three-component copolymerization :,;ystem, ami
therefore the meaning of the apparent monomer reactivity ratios should be
elucidated from a kinetic point of view, before the monomer f'f'quence
distribution in the copolymer is discussed.

Copolymer Equation in the Presence of a Salt

In the case of that monomer A is capable of forming complex with a salt
and monomer B is not capable of forming complex, the copolymer equation
for the copolymerization of these monomers at a given salt concentrat,ion
is derived as follows.

We let ;'\1[1, ~[2, and IV1:3 represent free monomer A, monomer A complexed
with a salt, and monomer B, respectively, and MI', i\I2', and I\Ll' represent
the growing polymer radicals having monomers :\-[1, ~r2 and ~/I3 as theil'
terminal, free-radical-bearing units, respectively. There are nine possible
chain-propagating reactions, i.e.

the reaction is:

Mi' + :VC ~ ~IJ' 1 = 1,2,3 j = 1,2,3

t.he rate being k'J[ilfdfMiJ.
The probability of the addition of monomer B to the polymer mdical,

the terminal group of which is free or complexed monomer A, is given h~'

p k13[M1-][lVI3]+k23[M,·j[M31
ab=kll[Ml·j[::\Id+kdMdlM,J+kdlVI,.j[M,]+k21[M2·][M]J+kI3[M].][M3J+k23[JV[2'IlM3J(1)

If the ratio of the concentrations of IVL and lVI2 and the ratio of the con
centrations of ~\Il' and ::\.12 , are represented as shown in eqs. (2) and (~),

the pr()hahilit~· of P ab is as given in eq. (1)

I[M,] +[:\I,] }I(l-t)k ll +(l-t)slc21 +t(l-,~)kl·!+t8k,d +[iVL,JI (l -.~)k'3+8k23 1

[iVI31

P a ,.

where

[:M2l/[MJ1 = t/(1 - t)

[i\fd/[lVL·] = s/(1 - s)

[:\1,,1+1','([:\1,] +[M,J)

(1 - t)(1 - s)k 11 + (1 - t)sk 21 + to - S)k 12 + Isk 22

(1 - S)k 13 + Sk23

(:2)

(3)

(4)

(;j)
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Apparently, in this case s is constant at a given t which is determined by 
the ratio of the concentration of complexed A monomer to the concentra
tion of free A monomer.

In the case of the copolymerization of AN with St in the presence of 
Z11CI2 , considering the rather poor stability18 of the AN-ZnCl2 complex in 
polar solvents, the equilibrium described above can be reasonably assumed. 
Thus the monomer sequence distribution of the AS copolymer obtained by 
the copolymerization in the presence of Z11CI2 can be described by apparent 
reactivity ratios, and small values of those indicate the alternating tendency 
of the copolymer.

Relation between the Apparent Monomer Reactivity Ratios 
and Q,e Values

Following the Alfrey-Price treatment, the nine rate constants of the 
copolymerization in the presence of a salt are written as follows:

kn = i = 1,2,3 j  = 1,2,3 (14)

Substituting eqs. (13) and (14) in eqs. (5) and (7) yields

, (1 — ty-Qt exp { — e,2} +  ¿(1 — t ) ( Q - >  +  PQi) exp 1 —«,«*) 4- PPQiexp 1
(1 — t)Q<, exp I —eie3} 4- tPQ3exp | — e->ftd

___________Qs exp { — e-ri___________
(1 -  t)Qi expj — eie3} -f tQ2 exp{ — e2es¡ (16)

where

P = KP 2/P 1 (17)

P is an inherent constant in the combination of monomer A and the salt.
In the case of the copolymerization of AN with St in the presence of 

ZnCl2, Mi is AN, M2 is AN • ZnCl2 complex, and M3 is St. Q,e values of 
AN and St are known from the literature,19 but P,Qi, and e2 are unknown. 
These values were estimated by a curve fitting method in the experimental 
results of Figure 2. Thus P = 5.39, Q2 = 24, e2 = 2.53 are obtained.

The curve resulting from this calculation is shown in Figure 2. The 
decrease of the apparent reactivity ratios of the copolymerization of AN 
with St with increase of the quantity of ZnCl2 added was successfully 
explained. To calculate t in eqs. (15) and (16), the composition of the 
AN-ZnCl2 complex was assumed to be in a molar ratio of 2:1, on the basis 
of the results reported by Sumitomo et al.20

To ascertain the validity of eqs. (15) and (16) other copolymerization 
systems of AN in the presence of ZnCl2 were investigated. The results 
of the copolymerization of AN with a-methylstyrene in the presence of 
ZnCl2 are shown by the points in Figure 3. The copolymerization curve, 
plotted in Figure 3 was calculated from the apparent reactivity ratios, 
which were predicted by means of eqs. (15) and (16), Q,e values of
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(16) and Q,e values (Q,e values of vinylidene chloride;19 Q3 = 0.22, e3 = 
0.36).

The calculated r /  values are in better agreement with the observed values 
than the r2' values are. Since the observed values of r2' were estimated 
from copolymerization experiments at rather low vinylidene chloride con
tents in the feed monomer, and the absolute values of r2' were very small, 
the agreement between the observed and calculated r2's seems to be satis
factory.

In Figure 4 the results of the copolymerization of AN-ZnCl2 complex 
with allyl chloride by Imoto et al.8 are compared with the copolymerization 
curve calculated from monomer reactivity ratios which are estimated from 
Q,e values (Q,e values of allyl chloride,19 Q = 0.056, e = 0.11). Consider
ing the latitude of the uncertainty of Q,e values, the agreement between 
observation and calculation shown in Figure 4 seems to be satisfactory.

Thus it has been shown that P,Q,e values of AN • ZnCl2 complex obtained 
from the copolymerization of AN with St in the presence of ZnCl2 and 
eqs. (15) and (16) can be applied to other copolymerization systems of AN 
in the presence of ZnCl2.

In view of these facts it seems to be reasonable to assume that the con
cept described above about the propagation step of the copolymerization 
in the presence of a salt is valid, at least in the case of the copolymerization 
of AN in the presence of ZnCl2.

Initiation of Copolymerization of AN with St in 
the Presence of ZnCl2

The copolymerization of AN with St occurred spontaneously on addition 
of ZnCl2 alone, without addition of any other radical initiator. Similar 
phenomena were observed also in the copolymerization of AN with styrene 
derivatives and that of methacrylonitrile with styrene derivatives. These 
acceleration effects of ZnCl2 for the copolymerizations are shown in Table

TABLE II
Acceleration Effect of ZnCL on the Copolymerizat ions

Overall rate of copoly- 
merization, wt-%/'hr

Copolymerization 
system (Mi-M 2)“

In the 
absence of 
ZnCl (/¡Lit)

In the 
presence of 
ZnCI, (A,,) ■Zb p/Lb pi,)

ZnCL/Mi 
(mole ratio)

A N -St 0.29 3.28 11.6 0.10
AN-a-mel hylstyrene 0.12 1 .87 15.5 0. 10
Methacrylonitrile1-«* ~() 2 . 59 0. 10

methylstyrene
AN-vinyltoluene 0.28 0.30 22.5 0.10
Met hacry loni t rile-S t ~ 0 2.38 0.21

• All the copolymerizations were carried out at 60CC, and the monomer composition 
in the feed was 1:1 mole ratio.
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TABLE III
Effect of Hydroquinone on the AN-ZnCL-St Copolymerization

Hydroquinone/AN 
(mole ratio)

Polymerization
conditions

Time,
Temp, °C lir

Monomer
composition
in the feed, ZnCL/AN 
AN mole-% (mole ratio) Yield, %

2 .3  X 10~2 20-25 4S 60 0.10 0
0 20-25 4S 60 0.10 è  98

11. The copolymerizations were inhibited by addition of hydroquinone, 
as shown in Table III. The 520 mp absorption band of diphenyl picryl 
hydrazyl (DPPH) in the AN-ZnCl2-DPPH solution (1:0.13:1.5 X 10-5 
mole ratio) disappeared on addition of an equivalent volume of St, and a 
similar phenomenon was observed with iodine. The rates of the copoly
merizations were accelerated by addition of lauroyl peroxide or 2,2'-azobis- 
isobutyronitrile, but the copolymer composition was identical with that of 
the copolymerization on addition of ZnCl2 only, as shown in Table IV.

Recently it was reported that the formation of a charge-transfer complex 
of monomers was involved in the propagation and initiation steps of alter
nating copolymerizations.22-29 In these copolymerization systems gen
erally the absorption band of the charge-transfer complex was observed, 
but in the present copolymerization systems neither coloration (which 
indicated the formation of charge-transfer complex) nor a particular absorp
tion band in the ultraviolet spectra of the copolymerization systems was 
observed.

In view of the above facts, the initiation step of the copolymerizations 
might be thermal initiation.

Walling30 observed a large rate of thermal initiation for the copolymeriza
tions of alternating pairs of monomers, and he named this phenomenon

TABLE IV
Effect of Lauroyl Peroxide (Ll’O) on the A N -St Copolymerization 

in the Presence of ZnCLa

Monomer 
composition 
in the feed, 
AN mole-%

LPO,
wt-%

ZnCL./AN 
(mole ratio)

A'«
wt-%/hr

Copolymer 
composition, 
AN mole-%

10.0 0.20 0.10 47.1
25.0 0.20 0.10 20.4 49.1
40.2 0.22 0.10 27.8 49.8
SO.O 0.20 0.10 19.8 52.3
10.2 0 0.10 0.3 47.3
25.2 0 0.10 2.7 48. G
40.0 0 0.10 4.0 50.4
79.5 0 0.10 2.3 52.2

a All the copolymerizutions were carried out at 0U°C.
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cross initiation. The initiation step of the copolymerizations described 
here seems to belong to this category.

Tire formation of radicals by thermal initiation is assumed to be caused 
by hydrogen transfer between monomers.31 In the reaction (IS),

if AN is complexed with ZnCl2, the polarity of AN may increase, the 
transition state of the reaction may be stabilized, and the reaction may 
take place more easily.

The alternating copolymerization of vinylidenc cyanide with styrene 
occurs spontaneously without addition of radical initiator, and the initia
tion step of this copolymerization is a typical cross-initiation.32 The Q,e 
values of vinylidene cyanide are Q = 20.13 and e — 2.58.19 These values 
are close to the Q,e values of AN-ZnCh complex as estimated in this report , 
and this fact, too, seems to suggest the cross-initiation mechanism of the 
copolymerization of AN with St in the presence of Z11CI2 .

AN mole %  in the monomer feed

log. 5. lip  vs. monomer composition in the feed: (O) ZuCh/AN =  0.10 (mole ratio) 
at 60°C., (€) ZiiCh/AN =  0.07 at 60°C, ( • )  RnCk/AN = 0.07 at 40°C.
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The overall rate of the copolymerization of AN with St in the presence 
of ZnCl2 is shown in Figure 5 as a function of the composition of monomers 
in the feed.

The overall rate of the copolymerizations in the presence of a salt can 
be written as in eq. (19) in an identical form with the overall rate equation 
for an ordinary copolymerization, which was derived by Melville et al.,33

dUM.] +  [M2] +  [M ;] j =
cIt

_____ / 1;2{»T([M1] +  [.M2])^+2([M,] +  [M2])[M;i]+ r2[M3pi
{ri'2Ji,2([M1] +  [M2])2+2^rV2'8i/S2([M1]+[M 2])[l\I3]+ r2'2J22[M3p}i/2 1 j

where notations are the same as in the copolymer equation in the presence 
of a salt ; I  is the rate of the initiation, r /  and r2' are defined by eqs. (5) 
and (7). If ktij is defined as a late constant of the teimmation reaction,

then
Mi- +  Mj- —*■ inactive polymer

{/w„(l -  a)2 +  2a(l -  s)kln +
(1 — i)(l — s)/c u +  1(1 — s)/h2 +  8(1 — t)kìi +  isbà

(20)

2̂ = ktn'» /k» (21)

V  = ___________ s k , M  +  (1 ~  ___________ (29)
¡*0 , ( 1  -  S)2 +  2s(l -  s)/c(12 +  s‘kl„V»ktn™

where is a propagation rate constant and t and s are defined by eqs. (2) 
and (3).

It is shown in Figure .5 that the overall rate of the copolymerization of 
AN with St in the presence of ZnCl2 has a maximum. In the case of the 
copolymerization of two monomers which possess substituents inducing 
dissimilar polarity, the overall rate of copolymerization frequently has a 
minimum at a constant initiation rate,34 since <p is generally greater than 
unity. Therefore the fact that the overall rate of the copolymerization in 
Figure 5 has a maximum suggests that the initiation rate has a maximum 
with the change of monomer composition; this is consistent with the 
assumption of the cross-initiation mechanism.

To discuss this problem more quantitatively, kinetic investigations to 
calculate 8i and (p values will be needed.

The authors wish to thank Daioel Limited for permission to publish this work.
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RESULTS AND DISCUSSION

The six new polyimidc-co-amides synthesized in this study had the 
general structure:

where R = 4,4'-diphenylmethane (I), m-phenylene (II), 4,4'-diphenyl 
ether (III), p-phenylene (IV), 4,4'-diphenylsulfone (V), or 4,4'-bipheiiylene
(VI). Some thermal and solution properties of these polymers are given 
in Table II. From TGA data obtained in vacuum the relative order of 
thermal stability is I < II < III < IV < V < AT.

Polymer I containing the diphenylmethane linkage was the least stable, 
and VI containing the biphenylene linkage was the most stable, the dif
ference being S0°C.

The glass transition temperatures of all six polymers were high. Poly
mers I, II, and V, containing flexibilizing groups such as the methylene, 
ether, or sulfone linkage, or polymer II containing the m-phenylene moiety

Fig. 2. Isothermal weight loss of films at 400°C in static air.
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Fig. 3. Effect of impurities on isothermal weight loss of A S02i-PhS02Ph film at 400°C 
in stalic air: (------) purified; (--) unpurified.

which introduces chain irregularity showed glass transition temperatures 
between 307 and 324°C. This is 50-60°C lower than for polymers IV and 
VI containing the chain-stiffening p-phenylene and biphenylene linkages. 
The latter two polymers had Tg’s of 368°C and 370°C, respectively.

All polymers synthesized in this study were of high molecular weight, as 
indicated by intrinsic viscosities ranging from 0.7 to 1.8 dl/g. With the 
exception of VI all polymers could readily be dissolved in concentrations 
up to about 20 wt-% in solvents such as DMAc, ra-cresol, A-methyl- 
pyrrolidone or hexamethyl phosphoramide (HMPA). Polymer VI was 
however soluble in DMAc containing 5% lithium chloride.

The thermal stability in air of polymers shown in Table II as measured 
by retention of film creasability varied considerably depending upon 
polymer structure. At 300°C, I retained its flexibility for about three 
days, III for about three weeks, and II, IV and V were still creasable after 
one month, at the end of the test period. A film of Polymer VI embrittled 
after 24 hr. However, this result cannot be compared with those of the 
other polymers since it was made from a solution containing lithium 
chloride. Lithium chloride strongly accelerates the decomposition of 
these polymers in air, as was shown in several cases. Isothermal aging at
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Fig. 4. Effect of solvents on isothermal weight loss of ASOji-Ph-SOaPh films at 400°C 
in static air: (------ ) DMAc; (— ) m-cresol; (--) A-methylpyrrolidone; ( . . . )  HAIFA.

400°C in air decreased the flex life of films considerably, varying from a 
few hours to a few days (Table II, column 7). Simultaneously measured 
were the weight losses of separate films at this temperature (Fig. 2). As 
expected, no correlation between retention of creasability and retention of 
sample weight could be drawn. This became especially apparent by 
comparing polymer III with I. After exposure to air at 400°C for 3 days 
both polymer films retained about 85% of their original weight but polymer 
III was still creasable, while Polymer I became extremely brittle after 10 hr 
of exposure.

The effect of impurities on the thermal stability of polymer films was 
demonstrated by isothermal weight loss measurements of polymer V in air 
at 400°C (Fig. 3). After 10 days a film made from the original neutralized 
polymer solution retained 10% of its weight, while a film made from a 
solution of isolated and purified polymer retained 70% of its original weight.

Films of polymer V made from solutions of different solvents were heated 
at 400°C in air (Fig. 4). Of the four solvents chosen, DMAc, m-cresol and 
A’-methylpyrrolidone had only minor effects on the isothermal weight loss 
of films, while the use of hexamethyl phosphoramide degraded the polymer 
much more rapidly.



159!! Wl!ASIDLO AND AUGL

Of the six polymers studied, II and V had tlie best balance of thermal 
and solution properties.

Reference
1. W. Wrasidlo and J. M. Augl, J. Polym. Sci., in press. 
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AREA OF PEAKS TAKING 
2,4-DIMETHYL-l-HEPTENE AS 100

no -p* od o
o  o  o  o  o  o

AREA OF PEAKS 
IN ARBITRARY UNITS

Tig. I. Area of peaks vs. retention index.

whereas that of 4,6-dimcthylnonane found in the literature8 was 179.8°C. 
None of the other saturated hydrocarbons having boiling points of 179.S ± 
2.0°C had the carbon skeleton corresponding to fragments from poly
propylene.8 A similar method to support the identification b-3 was not 
conducted because of lack of sufficient data on compounds having boiling 
points in the range of that of b-3.

The results of (lie quantitative analysis are presented in Table T.

Mechanism of Decomposition

The mechanism of decomposition of polypropylene is given in Scheme 1; 
the decomposition of secondary radical 11 only is shown. The initiation re-
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action (A) occurs by random scission of the main chain, yielding two types 
of radicals: primary (I) and secondary (II). The production of radical II 
is more favorable than the production of radical I during the decomposi
tion because the former is also produced by intermolecular and intramo
lecular radical transfer to tertiary carbon followed by /1-scission (B, C, 
U, and E).

Intramolecular radical transfer and propagation (G) reactions can 
account for the production of most volatiles. The quantitative results of 
the products formed at 400°C are presented in Table II by assuming the 
occurrence of intramolecular radical transfer. The experimental results 
indicate that the radical transfer was mainly to the tertiary carbons. The 
amounts of the products formed following radical transfer to the primary 
and secondary carbons were small; these reactions were therefore neglected 
in preparing Table II. The ease of radical transfer to the tertiary carbons 
increases the amount of radical II as compared with radical I. Thus, the 
amounts of products formed from radical II were much greater than those 
from radical I.

Stereoisomers were found in the decomposition products of isotactic 
polypropylene. The presence of some stereoisomers in the products can 
be explained by stepwise radical transfer, as shown in Scheme 2, for the

formation of 4,6-dimethylnonane, where the asterisks denote asymmetric 
carbons. The occurrence of stepwise radical transfer during the thermal 
decomposition of polymethylene has been reported earlier.9

Equal amounts of the threo and erythro structures should be expected 
from stepwise radical transfer. The experimental results showed that the 
latter peak of this doublet was always greater than the former. This sug
gests that direct radical transfer to the ninth carbon of the chain has also
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taken place, and that the former peak is due to the threo and the latter to 
the erythro structure.

The analytical data of the hydrogenated decomposition products ob
tained by van Schooten and Evenhuis6 agreed well with the experimental 
results of the present investigation. By separating the individual olefins 
from the paraffins, the present authors were able to obtain a better under
standing of the mechanism of decomposition of polypropylene.

van Schooten and Evenhuis suggested three different routes for the 
formation of 2-methylpentane in the hydrogenated products: two for 
2-methylpentane prior to hydrogenation and one for 4-methyl-l-pentene. 
In the present experiments both of these products were found to be minor 
ones. The main product with the carbon skeleton of 2-methylpentane was 
2-methyl-l-pentene, which could be formed by intramolecular radical 
transfer from a secondary macroradical (II) to the third carbon (which is 
tertiary) followed by ¡3 scission.

van Schooten and Evenhuis believed that 2,4-dimethylpentane is an 
important product formed by a radical transfer from a primary macro
radical (I) to a secondary carbon, followed by /3 scission. In the present 
experiments the amount of 2,4-dimethyl-l-pentene was found to be much 
greater than the paraffin having the same carbon skeleton. This olefin 
could be produced by a radical transfer from a primary macroradical (I) 
to the fourth carbon of the chain (which is tertiary), followed by /3 
scission.

van Schooten and Evenhuis suggested five different routes for the forma
tion of 2,4-dimethylheptane. They believed that two of these routes lead
ing to the formation of 2,4-dimethyl-l-heptene and 4,6-dime thy 1-2-heptene 
were the important ones. The present experiments showud that only the 
former olefin is a major product; the latter was less than 1 per cent of the 
former.

The above examples illustrate the advantage of separating individual 
products in order to explain the mechanism of thermal decomposition of 
polymers, van Schooten and Evenhuis neglected radical transfer to the 
third and fourth carbons of the polypropylene chain, which is important, as 
shown in Table II. Also, they were not aware of the greater yield of 
products from the secondary macroradical (II), as compared with that from 
the primary (I), as this was not apparent from their experimental data.

Khloplyankina et al.3 found large amounts of 1-pentene and 2-pentene 
in the decomposition products of polypropylene. They attributed the 
formation of these two products to intramolecular radical transfer from 
secondary macro radical (II) to primary carbon and to secondary carbon, 
respectively, followed by scission. In the present experiments, only 
small amounts of pentenes were found. This result is consistent with over
all data obtained in that the products that were formed after radical trans
fer to tire primary and secondary carbons were found in small amounts.

Bailey et al.4'5 found large amounts of propane, especially at low pyrolysis 
temperatures. They explained this result by suggesting the presence of
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Mechanism of Decoloration by Solvent of Thermally 
Degraded Poly(vinyl Chloride)*

TSUNETAKA MATSUMOTQ, ISAO MUNE, and SEIJI WATATANI, 
Department nj Industrial Chemistry, Kobe University, Kobe, Japan

Synopsis
The mechanism of decoloration of thermally degraded poly(vinyl chloride) (PVC) by 

solvents has been investigated systematically. The main results obtained are as follows. 
Good solvents for PVC, especially tetrahydrofuran, methyl ethyl ketone, and dioxane 
are effective for decoloration. The solvent peroxide which is formed by autoxidation 
of solvent contributes to decoloration. The number of double bonds in degraded PVC 
decreases as the decoloration proceeds and at the same time the solvent peroxide existing 
in solvent is consumed. Moreover, the existence of solvent fragments in decolored 
PVC is recognized. From these results, it is most reasonable to conclude that the 
decoloration mechanism is as follows: the solvent partially is changed to a solvent 
peroxide by autoxidation, and the solvent peroxide reacts with polyene double bonds of 
degraded PVC and breaks down conjugated double bonds, and consequently degraded 
PVC is decolored.

INTRODUCTION

The thermal degradation of poly(vinyl chloride) (PVC) has been 
studied by a number of workers.1-3 It is known that the decomposition 
reaction involves mainly loss of hydrogen chloride, and the degraded 
PVC has a reddish-brown color. This discoloration seems to be caused 
by the formation of long sequences of conjugated double bonds. Mean
while, a few investigators4-7 have found that the degraded PVC is decolored 
easily by several organic solvents at room temperature.

Imoto and co-workers4 pointed out that the color of degraded PVC 
became faint during repeated precipitation from tetrahydrofuran (THE) 
solution with methyl alcohol. They attributed this phenomenon to 
oxidation of the double bonds oxidized by oxygen and formation of com
paratively short-chain polyenes. Konishi5 found that degraded PVC was 
decolored by dissolving in solvents such as methyl ethyl ketone (MEK) 
and THE. From this fact, he suggested that this phenomenon occurred as 
result of reaction between solvents and the polymer radicals which are 
considered to be the colored materials in degraded PVC. As Atchison® 
indicated, in case of dissolution of irradiated PVC in THE, the THE

* Presented in part at the 15th annual meeting of the Society of Polymer Science, 
Japan, May 1966.
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The number of carbonyl groups in PVC was determined by the method of 
Morikawa.14 The method is as follows. Carbonyl groups in PVC were 
converted to Schiff’s bases by condensation with p-nitrophenylhydrazine; 
the content of Schiff bases was calculated by an experimental expression 
from the ultraviolet maximum absorbance of the reaction products. The 
existence of carbonyl groups was observed by infrared absorption spectra. 
Nitrogen contents in the PVC decolored by dimethylformamide (DMF) 
were determined by the Kjeldahl method. Furthermore, the intrinsic 
viscosity was measured at 30°C in THF.

The model compound, DPOT, was synthesized15 from cinnamic aldehyde 
and succinic acid. DPOT was decolored by solvents in a 25-ml flame- 
sealed test tube in a nitrogen atmosphere. In this case, dioxane, THF, 
and carbon tetrachloride were mainly used as solvents. Chlorine contents 
of the model compound decolored by carbon tetrachloride were determined 
by the flask combustion method.16

RESULTS AND DISCUSSION 

Decoloration of Degraded PVC by Solvents

In the previous section, it was pointed out that a few organic solvents 
were capable of decoloring degraded colored PVC. Therefore, we first 
examined the decoloring ability of several solvents and other reagents.

Figure 1 shows the ultraviolet and visible spectra of PVC decolored 
under different conditions. The degraded PVC has many fine absorption 
spectral bands in the range from ultraviolet to the visible region. This fine 
structure is the characteristic of the absorption spectra of long-chain 
polyenes.17-19 The fine structure peaks show maxima at 475, 450, 4.32, 
410, 387, 365, 339, 332, 309, 288, 275, and 240 mM. Especially, strong

Fig. 1. Visible and ultraviolet spectra of degraded PVC and PVC decolored under 
different conditions: Decoloration conditions: THF, MEK, 70°C, 5 hr in acetone; 
methylene chloride at room temperature in diffused daylight for 72 hr; chlorine, bubble 
in dichloroethane solution of PVC for 30 min.
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mole-eq/100 base mole of PVC. Degraded PVC has also carbonyl groups 
(0.020 mole-eq/100 base mole). In case of the decoloration by chlorine or 
methylene chloride, there is no change in the amount of carbonyl groups. 
In case of TUP or MEK, the number of carbonyl groups in decolored PVC 
increases as the decoloration proceeds. This phenomenon seems to be due 
to partial oxidation of polyene or the addition of solvents to polyene. As 
the autoxidized THF and MEK have carbonyl groups in themselves, it 
may be reasonable to consider that these solvents (an intermediate in 
process of autoxidation) add to polyene and then the number of carbonyl 
groups in decolored PVC increases.

As shown in Table II, a remarkably large number of double bonds seem to 
remain, except for the PVC decolored by chlorine. Especially, the PVC 
decolored by THF has as many double bonds as degraded PVC has, in 
spite of the decoloration caused by breaking of conjugated polyene struc
ture, there are still many double bonds remaining. I t is hard to under
stand why PVC decolored by THF has many double bonds. Therefore, 
it is most reasonable to consider that it simply appears as if many double 
bonds were remaining in the PVC decolored by THF while actually 
bromine is consumed by another active species in the determination of the 
number of double bonds by the pyridine-sulfuric acid-bromine method.

TABLE III
Bromine Consumption by THFa

No.
Peroxide in TIIF, 

inole/1. X 104
Consumed Br2, 

mole X 104

i 0 .0 0.945
2 0.83 1.245
3 3.40 1.040
4 4.92 1.335

“ THF, 1.23 X 10“4 mole; 15°C; 20 hr.

The fact that the number of double bonds remained unchanged with 
decoloration is a characteristic of the PVC decolored by THF; this char
acteristic may be related to the reactivity of THF or THF fragments. 
It may be due to the addition or substitution reaction of bromine to THF 
or its intermediates in process of the autoxidation. The reaction between 
THF and bromine is not yet known. So, the amount of bromine con
sumed with THF was measured in the same way as in the analysis for 
double bonds. In this experiment, we used amounts of THF equivalent 
to the amounts which were supposed to be consumed by double bonds. 
The results are shown in Table III.

As seen from Table III, THF consumes about the same amount of bro
mine, and this value is independent of the amount of peroxide in THF. 
This result is explained as follows. In analysis for the number of double 
bonds in the PVC decolored by THF, bromine is consumed by both the 
residual double bonds and the added T ilF  in the decolored PVC. Accord
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ingly, many double bonds seem to remain in decolored PVC. Thus, it 
may be considered that solvent fragments exist in decolored PVC.

Table IV shows the results of the decoloration by DMF. As nitrogen 
atoms are observed in decolored PVC, it is evident that DA I F fragments 
exist in decolored PVC. At the same time, the number of double bonds in 
decolored PVC decreases. From these results, the mechanism of de
coloration by solvent seems to be the addition of solvent or solvent frag
ments to polyene double bonds in degraded PVC. However, it is very 
difficult to discuss the decoloration mechanism, since the number of double 
bonds of degraded PVC is very small (about 8 per molecule on the average).

TABLE IV

Analyses of Nitrogen and Double Bond in PVC Decolored by DMF*

Nitrogen, Double bond,
mole/100 base mole/100 base

mole PVC mole PVC

Original 0.00 0.16
Degraded 0.01 1.09
Decolored 0.45 0.35

“ Decoloration conditions; PVC concentration 1 g/40 ml DMF; 20 
days, 30°C.

Decoloration of Model Compound by Solvent

Figure 10 shows the changes of ultraviolet and visible absorption spectra 
of DPOT, the model compound, decolored by dioxane. The peak of the 
maximum absorption wavelength (379 m/t) of DPOT decreases with the

Fig. 10. Change in ultraviolet and visible spectra of DPOT decolored by dioxane at 
a concentration of 1.7 X 10"5 mole 1. ai 70°C; (1) original; (2) after I hr; (3) after 2 hr; 
(4) after 5 hr.

decoloring time; at the same time, the yellow color of the solution changes 
to colorless. In this case, a new absorption peak that appears near 327 mp 
increases at first and later decreases gradually as the decoloration pro-
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coeds. The number of conjugated double bonds in DPOT is 4, but there 
exist benzene rings at each end related to these conjugated double bonds. 
Accordingly, the polyene chain length of DPOT is assumed to be 7. At 
the early stage of decoloration by dioxane, a new absorption appears near 
327 mix, and the absorption of 379 m/u disappears. From the Lewis-Calvin 
relationship, the absorption at 327 m/i corresponds to a polyene chain 
length of 4-5. From this result, it may be considered that the double bond 
next to the benzene ring is broken by dioxane at first.

According to more detailed results, the rate of decoloration of DPOT by 
solvents is fast on exposure to air and light but very slow under a nitrogen 
atmosphere in a dark room. Even in the dark some solvents, such as 
dioxane, cyclohexanone, THF, and MEK, have the ability to produce 
decoloration under the air atmosphere. Thus, the decoloration of DPOT 
seems to be caused by the peroxide in solvents. On calculating the 
apparent energy of activation for decoloration of DPOT by solvents, the 
values of 14 kcal/mole for THF, 27 kcal/mole for MEK, and 28 kcal/mole 
for A1BN in benzene were obtained. These values of activation energy 
agreed well with those for decoloration of degraded PVC by THF or 
AIBN.

TABLE V
Decoloration of DPOT by CC14 at 20°C in 

Diffused Daylight for 120 hr

Weight, Cl content, Number of double 
Compound mg wt % bonds, mole/mole

DPOT 100 — 3.95
Decolored DPOT 171 39 1.53

In order to study the structure of decolored DPOT, carbon tetrachloride 
was used instead of THF, because the separation of the decolored product 
of DPOT by THF from the autoxidized products of THF was difficult. 
Table V shows the changes in the number of double bonds, chlorine con
tents, and weight of the DPOT decolored by carbon tetrachloride. The 
double bonds decrease as the decoloration proceeds, but some still remain in 
the decolored DPOT. Meanwhile, the analysis shows that chlorine con
tent of decolored DPOT is 39 wt-%. The weight increased by decoloration 
of DPOT agrees with the weight of chlorine added to DPOT. Carbon 
tetrachloride does not produce peroxy radical with oxygen, but easily 
produces the radical by the reaction (5) on exposure to daylight.

CCL — Cl- +  CCL- (5)

Accordingly, it is assumed that decoloration by carbon tetrachloride is 
caused by addition of Cl- or CC13- radicals in the solvent to conjugated 
double bonds in 13POT.
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Mechanism of Decoloration

If it is considered that the decoloration of degraded PVC is due to the 
addition reaction of solvent radical to a polyene structure, the decoloration 
phenomena can be well explained. From the above results, it is possible 
to propose the following condition and mechanisms for decoloration.

A necessary condition for the decoloration is that the solvents must be 
good solvents for PVC. The decoloration may proceed with two types of 
solvents.

(1) Decoloration by solvents which are easily autoxidized proceeds 
by autoxidation of solvents (where SH denotes a solvent molecule) :

S H  H- S C O -  — ü >  S O O H ----------------> S O -  +  - O H

and subsequent addition of solvent radicals to polyene double bonds:

-  C l l  C l l  - - - ' V  - - C I 1 ------------- C H —  — C H ------------ C H --------------h  - O S

! \  /  
oos o

I II

■ s o ~' H ( > ' ' 1 1  — C H — C H —  — C H — C H — , —  C H — C H —

! 1 1 1
O S  O S  H  O S  O U

III IV V

(2) Decoloration by solvents which are easily excited by exposure to light 
(e.g., CC14) proceeds by a different set of reactions, yielding VI and VII.

C C b  — C C 1 3 - +  f l -  

O H  C l l  - r ! ' »  - C l l  C H  •-

C l

Ah

-  C H ------------- Ç H —

C C 1 3

VII

It is a necessary condition that solvent must be a good one for dissolving 
PVC. For example, the model compound was decolored by carbon tetra
chloride, but degraded PVC was not decolored by it as CC14 is a poor 
solvent for degraded PVC.

In case of decoloration by autoxidized solvents for the structure of 
decolored PVC, none of the postulate types (products I-V) could be ob
served by the analyses of infrared spectra. However, the existence of 
peroxide groups in decolored PVC is indicated by iodometric titration, so 
the existence of structure 1 is possible. Since structure I can easily change 
into the structure II, the latter structure may exist. Nitrogen atoms are 
observed in PVC decolored by DMF, which indicates the existence of 
solvent fragments in decolored PVC. Therefore, the decoloration reaction 
may proceed by the addition of peroxy radicals of solvents to polyene 
double bonds. In this case, the hydroperoxide is considered to be solvent
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peroxide, but other types of peroxides also may have to be considered. 
Moreover, although we have neglected it in this paper, it may have to be 
considered that the decoloration occurs partially by scission of the main 
chain in degraded PVC by solvent peroxide. We are currently studying 
these points.

On the other hand, in case of decoloration by solvents excited by light, 
as chlorine atoms were found in the model compound decolored by carbon 
tetrachloride, decoloration must be caused by the addition of Cl- or CC13- 
radicals to polyene double bonds. Therefore, in this case, the structure 
VI or V II is possible.

Thus, it is concluded from the results of this investigation that the 
decoloration of degraded PVC by solvents such as THF is due to peroxides 
of solvents, and the mechanism is considered to be the addition of peroxy 
radicals of solvents to conjugated double bonds in degraded PVC.

The authors would like to express their grateful acknowledgements to Professor
I. Sakurada for a great deal of helpful advice on this work.
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Oxidative Polymerization of Diethynyl Compounds

ALLAN" S. HAY, General Electric Research and 
Development Center Schenectady, New York 12801

Synopsis
Diethynyl compounds are readily polymerized to high molecular weight, linear poly

mers by oxidative coupling with oxygen in the presence of an amine complex of a copper 
salt as catalyst. Organometallic moieties can also be introduced into these polymers. 
Thus polymers in which silicon, arsenic, and mercury are part of the polymer backbone 
have been synthesized.

INTRODUCTION

It was shown previously1 that the oxidative coupling reaction
VaCh +  2RC iOIl * RC C:.?.'-C1! +  H20  (1)

could be performed in a variety of solvents at. room temperature in the 
presence of a small amount of an amine complex of a copper (I) salt as 
catalyst. Since in most cases the yields obtained were practically quanti
tative, the oxidation of diethynyl compounds would then be expected to 
yield high molecular weight linear polymers, i.e.,

" //A  +  n  U C =C —R™ €=eCII | (V ■■{'■■■ R- -() : „ +  ,¡11,0 (2)

The preparation and properties of some polymers of this type is the subject 
of the present paper. Polymers of this class have also been synthesized 
recently by Kotlyarevskii and co-workers.2 Almost any diethynyl com
pound can be polymerized by this method; hence the scope of the reaction 
is very large, and even organometallic moieties can readily be incorporated 
into this class of polymers.

EXPERIMENTAL

Polymerization of Acetylene

To a 250-ml Erlenmeyer flask was added 1 g CuCl, 2.4 g of N,N,N',N'- 
tetramethvlethylenediamine, and 135 ml of pyridine. The reaction was 
vigorously stirred and oxygen was passed into the reaction. Acetylene 
was then bubbled into the reaction mixture slowly for 3 min. The temper
ature rose from 30 to 38°C during this time. After the acetylene was stopped, 
the reaction continued. In 7 min the temperature rose to 55°C, then 
began to subside. After 3 min the reaction mixture was filtered and washed

1625
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with methanol containing some HC1. The solid on the filter which looked 
like carbon black was dried for 4 hr at 100°C under high vacuum to give 
2 g of a finely divided solid which has no melting point. The material is 
insoluble in all solvents and is very finely divided; analysis showed C, 
62.3%; H, 4.0%. Some of the material was heated to about 600°C in a 
test tube; the analysis was then C, 82.8%; Ii, 2.2%.

In the oxidation, if a diamine is not used, only a very slow reaction occurs. 
The reaction can be run in many solvents other than pyridine.

Polymerization of m-Diethynylbenzene

To a 250-ml Erlenmeyer flask, was added 0.59 g CuCl and 125 ml of 
pyridine. Oxygen was passed through the vigorously stirred solution; 
then there was added 2.37 g of ?n-diethynylbenzene. A vigorous reaction 
ensued. In 14 min the temperature rose to 40°C and a precipitate began 
to settle from solution. The reaction was continued for 2 min longer, then 
precipitated in methanol and filtered, then washed with methanol contain
ing a little HC1, and dried in vacuo. There was obtained 2.25 g of an al
most colorless powder that begins to decompose at about 1S0°C and gradu
ally darkens as the temperature is raised.

A n a l . Calcd for (C10H4)„: C, 96.75%; H, 3.25%. Found: C, 96.4%; H, 3.5%.

The material is soluble in most organic aromatic solvents, such as chloro
benzene and nitrobenzene, and in chlorinated hydrocarbons, such as s- 
tetrachloroethane, above 100°C. If a nitrobenzene solution is evaporated 
at 170°C, a tough, transparent film remains that has a tensile strength of 
5000-8000 psi. When ignited in air a vigorous reaction ensues, the net re
sult of which is removal of most of the hydrogen. Thus a piece of film 
weighing 0.068 g was ignited, and the residue after ignition weighed 0.0648 
g, i.e., the loss was 0.0032 g or 4.7%. This material now contained 96.2% 
carbon and 0.8% hydrogen. When heated in vacuo rapidly to ca. 200°C a 
violent reaction occurred, and gases were evolved that analyzed for approxi
mately 90% hydrogen and 10% methane. During the decomposition the 
residue became red hot.

If the oxidation is run with the use of A,A,A',A'-tetramethylethylenc- 
diamine as ligand the reaction is much faster, e.g., the maximum temper
ature is reached in 2-3 min; however, the product is the same but is of 
higher molecular weight.

Reaction of Mercury (II) Chloride and 
1,4-Phenylenediethynylenedilithium

To a solution of 16 g (0.10 mole) of bromobenzene in 150 ml of anhydrous 
ether was added 1.4 g (0.20 g atoms) of lithium wire. After 2.5 hr at reflux 
the lithium had reacted and there was added 12.7 g (0.10 mole) of p-di- 
ethynylbenzenc. An immediate reaction occurred, and there was deposited 
a colorless solid. After 1 hr at reflux there was added 13.7 g (0.05 mole) of 
mercury (II) chloride and the reaction mixture refluxed for 1 hr further.
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The reaction mixture was filtered and the precipitate boiled in ethanol to 
remove lithium chloride and filtered hot. There was obtained 15.2 g of a 
colorless solid (VI) that is insoluble in hot pyridine, o-dichlorobenzene, 
nitrobenzene, iV^V-dimethylformamide, tetrahydrofuran, V,V-dimethyl- 
acetamide, and dioxane. The solid begins to decompose at about 200°C.

A n a l . Calcd for C 2„ H 10I T g :  C, 52.7%; H ,  2.2%. C a l c d  f o r C , „ H 4H g :  C ,  36.9%; 
H ,  1.24%. Found: C, 40.3%; H ,  1.9%.

When the material is ignited the residue is a highly expanded (ca. 20 times) 
carbonaceous material that conducts electricity.

Reaction of Mercury (II) Chloride and 1,6-Heptadiynylenedilithium

The reaction was run as the preceding one with the use of 1.5 g (0.22 g- 
atom) of lithium wire, 17 g (0.11 mole) of bromobenzene, 9.9 g (0.11 mole) 
of 1.6-heptadiyne, and 14.5 g (0.053 mole) of mercury (II) chloride. There 
was obtained 19.1 g of an insoluble, colorless solid (VII) that softens at 
about 190°C, then resolidifies above 200°C, and gradually darkens up to 
300°C.

A n a l . Calcd for C14H 12Hg: C, 44.0%; H, 3.7%. Calcd for C,HJTg: C, 28.9%;
H, 2.1%. Found: C, 31.2%; 11,2.6%.

1,7,13,19-Eicosatetrayne and Mercury (II) Chloride

To a solution containing 11 g of mercury (II) chloride, 27 g of potassium 
iodide, 27 ml of water, and 21 ml of 10% sodium hydroxide solution in an 
ice bath was added a solution of 10.7 g of 1,7,13,19-eicosatetrayne in 100 ml 
of ethanol. After stirring for 10 min, the colorless solid was removed by 
filtration and washed with cold ethanol. There was obtained 18.5 g of a 
colorless powder (VIII) that begins to soften at 65°C and is all melted at 
100°C.

A n a l . Found: C, 52.9%; H, 5.7%; Ilg, 18.1%.

Oxidative Coupling of (VIII)

To a solution of 1 g of copper (I) chloride in 135 ml of pyridine was added 
5 g of VIII. Oxygen was passed through the vigorously stirred solution for 
70 min, and then the reaction mixture was precipitated in methanol and 
filtered. There was obtained 3 g of a colorless solid, IX, softening at 
105-115°C.

A n a l . Found: C, 59.5%; H, 6 .6 %; Ilg, 33.3%. This corresponds to the em
pirical formula C29.sH39.sHg or approximately 1.5 eicosatetraynes per mercury.

A solution of this polymer is s-tetrachloroethane was evaporated at 
140°C. On cooling there remained a tough, flexible film.

Reaction of Diphenyldichlorosilane and Phenylethynyllithium

To a solution of phenyllithium from 7.7 g (1.1 g-atom) of lithium and 87.5 
g (0.56 mole) of bromobenzene prepared in 500 ml ether was added 56.5 g
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(0.55 mole) of phenylacetylene. To this solution, at reflux, there was 
added, dropwise, 70.5 g (0.29 mole) of diphenyldichlorosilane. After 1 
hi', the ether layer was washed with water, dried, and evaporated on the 
steam bath. To the residue was added a small amount of ethanol and a 
solid separated out, 82 g (0.214 mole; 74%); mp 79-S0°C. Recrystal
lization from ethanol raised the melting point to <S2°C.

A n a l . Calcd for C ^ L L o S i: C, 86.7%; II, 5.6%; Si, 7.3%. Found: C, 87.3% ; 
11,5.5%; Si, 7.5%.

Methylphenylbis(phenylethynyl)silane

Dichloromethylphenylsilane (42 g; 0.22 mole) was added dropwise to an 
ethereal solution of phenylethynyllithium prepared in the usual manner 
from 6.9 g (1 g-atom) of lithium wire and 78 g (0.5 mole) of phenylacetylene. 
There was obtained 41 g (0.126 mole, 57%) of methylphenylbis(phenyl- 
ethynyl)silane, mp 69-71°C.

A n a l . Calcd for C2.,H,8Si: C, 85.5%; H, 5.6%. Found: C, 85.2%; H, 5.4%.

Diethyldichlorosilane and 1,4-Phenylenediethynylenedilithium

The reaction was run in the usual fashion with 1.0 g (0.144 g-atom) of 
lithium, 11.3 g (0.072 mole) of bromobenzene, 4.55 g (0.036 mole) of p-di- 
ethynylbenzene, and 4.5 g (0.028 mole) of dichlorodiethylsilane in 250 ml 
of ether. There was isolated a semisolid which was added to 135 ml of 
pyridine containing 1.0 g of copper (I) chloride. Oxygen was bubbled 
through the vigorously stirred solution, and in 5 min the temperature rose 
to 46°C and the reaction mixture became viscous. After precipitation in 
methanol there was isolated 3.3 g of a bright yellow solid (XII) that was 
soluble in hot s-tetrachloroethane and could be cast into a transparent, 
flexible film.

A n a l . Found: C, 82.5%; H, 6.1%,; Si, 9.4%. This corresponds to the ap
proximate formula:

Diiodophenylarsine and 1,4-Phenylenediethynylenedilithium

To a suspension of 1,4-phenylenediethynylenedilithium in 500 ml of 
anhydrous ether prepared from 23.4 g (0.15 mole) of bromobenzene, 2.05 g 
(0.3 mole) of lithium wire, and 9.3 g (0.074 mole) of p-diethynylbenzene was 
added 25 g (0.062 mole) of diiodophenylarsine. The mixture was refluxed
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ture, the polymerization must be performed rapidly. This restriction does 
not, of course, apply to reactions with yield soluble polymers. The highest 
molecular weights are obtained by using the most effective catalysts and 
increasing the temperature as would be expected. When the polymeriza
tion was performed at 30°C in pyridine solvent, a polymer with intrinsic 
viscosity 0.19 dl/g (nitrobenzene at 140°C) was obtained. This polymer 
had a molecular weight (infrared determination of endgroups) of 8 700. 
Increasing the reaction temperature to 40°C gave a polymer with an in
trinsic viscosity of 0.35 dl/g and molecular weight of 12400. When the 
polymerization was performed at 40°C in a mixed nitrobenzene-pyridine 
(80/20) solvent with the use of a A/A/.W,W-tetramethylethylenediamine- 
CuCl catalyst which is exceptionally effective for the oxidative coupling of 
acetylenes,1 a polymer with an intrinsic viscosity of 0.41 dl/g and molecular

TABLE I

c 6h 5c = c h ,
mole-% fob dl/g

Molecular weight 
(caled)

25 0.12 1200
11 0.16 2480
5 0.22 5080
2 .5 0.27 10200
1.25 0.29 20000

TABLE II

Compound Increase in weight, %

Diphenyl ether 5.2
n-Decane 6.6, 7 .8
Cumene 13.5
Aniline 12.8, 15.0
Phenol 16.5
o-Cresol 18.2, 20.0

weight of 30000 was obtained. The first polymer, when cast into a film 
from nitrobenzene at 160°C, was brittle. The last polymer gave a very 
tough and flexible film. The properties of the polymer have been described 
elsewhere.4

The polymerization can also be chain-stopped by the addition of a mono- 
ethynyl compound. A solution of m-diethynylbenzene and phenylacetylene 
was added to the reaction mixture dropwise over a 4-5 min period. In
trinsic viscosities of the resulting polymers were determined in nitrobenzene 
at 140°C. Results are given in Table I.

The calculated molecular weights are only very roughly in agreement with 
molecular weights determined on non-chain-stopped polymers of the same 
intrinsic viscosity by end group analysis (infrared).

The polymer when heated above 180°C rapidly becomes insoluble.4 
It was of interest to determine how the polymer would behave when heated
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in the presence of organic compounds. The procedure was as follows. A 
0.2000-g portion of polymer (molecular weight 20000) was heated in a 
sealed tube at 200°C with 5 ml of the organic compound for 15 min. After 
cooling the solid was removed by filtration and dried for 0.5 hr at 210°C in 
vacuo (0.5 mm). The residue was then weighed, the increase in weight 
indicating the amount of the organic carbon incorporated in the residual 
carbonaceous polymer (Table II).

It is apparent that there is considerable reaction with organic compounds 
containing active hydrogens and much less with compounds containing no 
functional groups.

The polymer obtained by oxidative coupling of p-diethynylbenzene is 
bright yellow and highly crystalline.3 It begins rapidly to decompose 
about 100°C, and since it is completely insoluble no further work was done 
on it. The oxidative coupling of p-diethynylbenzene has also been de
scribed elsewhere.6'6 However, unsubstituted polyynes are highly un
stable.7 Oxidative coupling of acetylene yielded an insoluble material that 
looked like finely divided carbon; however, it contained only about 60% 
carbon, the remainder being hydrogen and oxygen. The infrared spectrum 
of the material indicated the presence of triple bonds as well as quite intense 
but diffuse absorption in the carbonyl region. Apparently, coupling occure, 
but the conjugated triple bond system then rearranges and picks up oxj’gen 
giving a complex material.

In recent years, one of the areas of acetylene chemistry that has been 
looked at intensively in a number of laboratories is the preparation and 
chemistry of metallo-organic acetylenes.

Bis(phenylethynyl) mercury has been known for a number of years and is 
comparable in stability to diphenylmercury.8

Hartmann9 has prepared phenylethynyl compounds of tin, phosphorus, 
arsenic, and antimony, i.e., Sii(C=CC6H5)4, P(C=CC6H5)3, As(C=CC6H5)3, 
and Sb(C=CC6H6)3. He has also prepared various other alkynyl and 
ethynylene derivatives of arsenic, antimony, tin, lead, zinc, boron, ger
manium, and silicon.2 All of these compounds are prepared by conven
tional methods involving generally the reaction of the acetylenic Grignard 
reagent or lithium derivative with the organometallic halide. The phenyl
ethynyl derivatives are particularly noteworthy because of their stability, 
tetrakis(phenylethynyl) tin has a melting point without decomposition of 
174°C, and they are all easily purified and prepared in high yield.

Nast10 has prepared phenylethynyl derivatives of transition metals in 
which the phenylethynyl anion acts in the same way as cyanide as a ligand
(II):

K.;Te(C:
II

Cliatt11 has prepared relatively stable covalent acetylenic derivatives of 
platinum and palladium and nickel. The complexes (III) are stabilized by 
coordination with trialkyl phosphines.
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(lit),
I
P

( '#I 1;,C'=C---P t---( '= (  X ’„] I,
I
P
|(Et),

III

In a series of papers Arens12 has explored extensively the chemistry of 
acetylenic ethers and thioethers, and Montanori13 has also recently studied 
acetylenic thioethers.

The preceding work indicated that phenylethynyl derivatives of varying 
stability could be readily prepared from derivatives of most elements of the 
periodic table. We proposed to incorporate structures of this type in high 
molecular weight polymers by preparing similar derivatives of diethynyl 
compounds and then converting them to high molecular weight polymers by 
oxidative coupling:
H C = C liC = C - M- ( = ( :i!C =C H  —

+ C = C -  H —C = C —M—C = C —R—C = C + n (3)

where R denotes a hydrocarbon and M a metal or organometallic residue. 
Polymers of this type should be unique, in that many of the heteroatoms we 
propose to incorporate in the polymers have never before been introduced 
into the backbone of a polymer chain.

To evaluate the feasibility of preparing polymers of the type described 
containing various heteroatoms in the backbone we attempted the synthesis 
of three types: (1) polymers containing a divalent atom, i.e., mercury
(II); (2) polymers containing a trivalent atom, i.e., arsenic (III); and (3) 
polymers containing a tetravalent atom, silicon. These three types will be 
considered in the order given and were chosen because of the availability of 
the starting materials.

Polymers Containing Mercury

Ideally, we would like to react a diethynyl compound such as in- or p- 
diethynylbenzene or an alkadiyne with a Grignard reagent or an alkyl or 
aryl lithium compound to produce the corresponding acetylene organo
metallic (IV).

UJ.i H gX *
H C = C —B — C=CI-I — >  H O =C  I! C =C L i — (H C =C R —C = C )2Hg (4)

IV V

This could then be reacted with a mercury (II) halide, for example, to give 
the monomer (V) required for oxidative coupling to a high polymer. By 
using m- or p-diethynylbenzene it was found that the dilithium derivatives, 
which are insoluble in ether, were formed preferentially. Reaction with 
mercury (II) chloride gave insoluble, infusible solids. The analysis would 
indicate that a low polymer (VI) was formed.
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VI

Similar results were obtained with aliphatic diynes. From 1,6-hep- 
tadiyne an insoluble polymer was obtained which softened at 190°C. The 
analysis indicates that the product has approximately the structure VII.

+ C = C —(CH2)3—C = C —H g+„
VII

Since the former polymers were insoluble, we attempted a synthesis using 
a long-chain diyne, 1,7,13,19-eicosatetrayne. The low polymer VIII ob
tained, which was soluble in organic solvents, was oxidatively coupled to 
give a high polymer (IX) that could be cast into a tough, flexible film. The 
analysis corresponded approximately to 1.5 eicosatetraynes per mercury. 
This is the first example of a high polymer containing mercury as part of the 
polymer backbone.

Polymers Containing Arsenic

Diiodophenylarsene was used to prepare polymers containing arsenic. 
Since the monolithium compound (II) from m- or p-diethynylbenzene could 
not be prepared because of t he insolubility of the dilithium compound, an 
excess of the latter was react (id with diiodophenylarsene to give a low poly
mer (X), which was then

XI

oxidatively coupled to a high polymer (XI). Polymers containing up to 
25% As by weight were readily obtained in this manner. The low poly
mer, X, could also be copolymerized with m-diethynylbenzene to give 
polymers containing lesser amounts of arsenic.

Polymers Containing Silicon

Initially some simple tetrasubstituted silanes were prepared. Tetrakis- 
(phenylethynyl)silane was found to melt at 193°C, diphenvlbis(phenyl- 
ethynyl)silane at 79°C, and methylphenylbis(phenylethynyl)-silane at 
69°C.

As in the previous cases with mercury and arsenic, the simple monomers, 
such as XII

XII
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could not be prepared by using p-diethynylbenzene. Low polymers (XIII) 
were then prepared by reacting the dilithium derivative of the diacetylene 
in excess with the diehlorosilane.

Hi
I

H -fC = C —11—G =C—Si-)-„C=C—R—C=C  11

k
X I I I

This low polymer was then oxidatively coupled to a high polymer.
By using p-diethynylbenzene or m-diethynylbenzene with dichloro- 

diphenylsilane or dichlorodimethylsilane, insoluble and infusible polymers 
were obtained. However, with dichlorodiethylsilane, p-diethynylbenzene 
gave a soluble polymer. Presumably, m-diethynylbenzene would also give 
a soluble polymer.
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Gel-Permeation Chromatography of Cellulose Esters. 
Effect of Average DP, DS, Substituent Size, and 

Primary Hydroxyl Content

R. J. BREWER* and L. J. TANCHE, Polymer Technology Division, 
and S. BAILEY, Industrial Laboratory, Kastman Kodak Company, 

Rochester, New York 14650

Synopsis
Hydrolyzed cellulose acetates and cellulose tripropionates prepared over wide ranges 

of intrinsic viscosity (DP) were fractionated by gel-permeation chromatography (GPC). 
An increase was observed in the polystyrene equivalent length (PSEL) at 50% cumula
tive height with increasing DP of the ester. Cellulose acetates and propionates over 
wide range of acyl content (DS), and a homologous series of triesters (propionate through 
heptanoate) of the same D P were fractionated by GPC. Increased amount and size of 
acyl gave relatively small increases in PSEL. The molecular size of cellulose acetates 
was not affected by the amount of primary hydroxyl present in the esters. The breadth 
of molecular weight distribution of the cellulose esters, as measured by the weight- 
average to number-average molecular size ratio, M  W/ M ,„  was not affected by any 
variation in the composition of the esters. A blend of cellulose tripropionates of widely 
differing DP gave a broadened GPC curve in agreement with that calculated from the 
components of the blend.

INTRODUCTION
Gel-permeation chromatography (GPC) has recently become a widely 

used, effective analytical tool for the characterization of molecular weight 
distributions. Although most of the literature concerns synthetic poly
mers, some work has been reported on cellulose esters. Segal1-3 and 
Meyerhoff4 fractionated cellulose nitrates by GPC and found this ester 
suitable for determining molecular weight distribution. Maley5 and 
Cazcs6'7 reported some work on GPC fractionation of cellulose esters, but 
gave no data. We recently employed8 the tricarbanilate derivative, 
obtained by way of regenerated cellulose, to fractionate two cellulose 
acetates prepared by different methods of acetylation.

Although GPC has proved useful for fractionating cellulose esters, 
little is known about the effects of variation in degree of polymerization 
(DP), size and amount (DS) of acyl substituent, and primary hydroxyl on 
apparent molecular size. All of these are common variables associated

* Presents Address: Research Laboratories, Tennessee Eastman Company, Division
of Eastman Kodak, Kingsport, Tennessee 376G2.
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with the preparation of cellulose esters and they can greatly influence the 
physical properties of the ester.

This paper, therefore, summarizes some of our work on the effects of 
these variables on the behavior of cellulose esters during GPC fractionation.

EX PER IM EN TA L

Preparation of Hydrolyzed Cellulose Acetate Viscosity Series
Cotton linters were acetylated at a 9:1 (liquid: cellulose) ratio with 

acetic acid, acetic anhydride, and sulfuric acid catalyst according to 
general procedures previously described.9 The reaction solution was free 
from fiber and grain after an esterification time of 30 min, and samples 
were removed at intervals during the following IV 2 hr as the temperature 
was raised from 100 to 140°F. The samples were diluted with aqueous 
acetic acid containing enough AlgC-Ch to neutralize half of the sulfuric acid 
catalyst. The ester in solution was hydrolyzed at 110°F to approximately 
39.5% acetyl, and the solution was poured into distilled water to pre
cipitate the ester.

Preparation of Cellulose Tripropionate Viscosity Series
Dewatered cotton linters were esterified in a stainless steel mixer using 

0.7 part of propionic acid, 4.2 parts of propionic anhydride, and sulfuric 
acid catalyst. The esterification solution was free from fiber and grain 
after 6 hr, and samples were removed at intervals during the following 3 hr 
as the temperature was raised from 100 to 140°F. The samples were 
diluted with aqueous propionic acid, held at room temperature for 2 hr, 
and poured into distilled water to recover the esters.

Preparation of Cellulose Acetate Hydrolysis Series
Cotton linters were acetylated with acetic anhydride and sulfuric acid as 

previously described9 and after 65 min total reaction time the esterification 
solution was diluted with aqueous acetic acid containing enough AlgCCb to 
neutralize half of the sulfuric acid catalyst. Samples of the solution were 
removed and held at 110°F to hydrolyze the ester for specified times. 
After the desired hydrolysis time, the solution was poured into distilled 
water to precipitate the ester.

Preparation of Cellulose Propionate Hydrolysis Series
A cellulose tripropionate prepared from cotton linters was hydrolyzed 

according to procedures previously described10 with the use of 0.054/ 
sulfuric acid in aqueous propionic acid. The hydrolysis was started in 
90% aqueous propionic acid at 15:1 solvent: ester ratio. After a hydroly
sis time of 96 hr, the water content was increased to 15% at 20:1 solvent: 
ester ratio to minimize the viscosity reduction.10 Samples of the hydrolysis
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solution were removed at intervals and poured into distilled water to
precipitate the ester.

Preparation of Homologous Cellulose Triesters

The propionate, butyrate, and propionnte--pentanoate triestel'S \yere
prepared by esterifying cotton linters with the appropriate anhydride
using sulfuric acid catalyst according to procedures previously described. 9 , II

The pentanoate, hexanoate, and heptanoate triesters were prepared from
regenerated cellulose using the appropriate acid chloride in pyridine solvent
according to ~1alm et al. 12

Preparation of Cellulose Acetates With Progressively Lower Amounts
of Primary Hydroxyl

Starting with a sample of cellulose acetate whose hydroxyl was 46%
primary, samples of lower primary hydroxyl content \yere prepared by
equilibrationl3 and by preferential reesterification. 14

Fractionation of Cellulose Esters by Gel-Permeation Chromatography

The molecular size distribution of the cellulose esters was obtained on a
:Uodel 100 Waters gel-permeation chromatograph. The basic character
istics and operation of the instrument have been described by ~laley5 and
Cazes.6,7 The chromatograph was operated at ambient temperatures by
using 1 ml of 0.5% solution of the ester in Eastman White Label tetra
hydrofuran injected into columns with upper permeability ranges of
100000,8000, and 3000 A.

::'I10lecular size values for the esters \yere obtained from the GPC frac
tionation data according to the method described by Cazes. 7 The method
\yas translated into Fortran language for computer calculations. The
calculated molecular size values are equivalent to those of the polystyrene
standards used to calibrate the instrument.

RESULTS AND DISCUSSION

Table I gives the results of GPC fractionation of the hydrolyzed cellulosE:'
acetate viscosity series. All the samples contained approximately 30.5%
acetyl (60.5% cellulose). The intrinsic viscosities \yere corrected by a
factor of 50.4/60.5,15 so that the equation of Tamblyn et al.,16 DP =
140[7/]1.20, which is based on samples containing 50.4% cellulose, could be
used to calculate molecular weight.

For instrument calibration, narrow DP fractions of cellulose esters
would be desirable. However, the preparation and characterization of such
fractions \yere beyond the scope of this \york. Our instrument \ms cali
brated using polystyrene standard::; and the results herein are reported as
polystyrene equivalent lengths (PSEL).

There is a very good correlation bet\\'een the poly:otyrene equivalent
lengths (PSEL) at 50S!c cumulative height of the esters and their intrinsic
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TABLE I
Hydrolyzed Cellulose Acetate Viscosity Series'*

Intrinsic viscosity GPC analysis®

Sample Esterb
Regenerated

cellulose0
Molecular

weight*1 P8EL' M w/ M ne

1 2.19 2.60 75400 4700 2.4
2 2.01 2.38 67600 4000 3.1
3 1.87 2.22 61100 3900, 3500 2.3, 2 .8
4 1.79 2.13 58500 3500 2.5
5 1.54 1.70 48900 3000, 2900 2.8, 2 .6
6 1.36 1.63 42100 2600 2.8
7 1 .05 1.30 30700 1 900 2 .5
8 0.72 0.89 19800 1200 2.4
9 0.56 0.64 14800 660 2.3

“ Prepared from cotton linters.
b In acetone.
c In iron-sodium tartrate (FeTNa)j cellulose regenerated from esters with 0.54/ 

NaOCH, in CH 3O II.
d Calculated from ester intrinsic viscosity according to the method of Tamblyn 

et al.16 with modifications by Genung.15
0 In tetrahydrofuran, 0.5% solution (w/w).
f Polystyrene equivalent length (Â) at 50% cumulative height from GPC chromato

grams.
« Weight-average to number-average molecular size (A) ratio calculated by computer 

from GPC fractionation data.

viscosities. This relationship is shown graphically in Figure 1, where a 
straight line is observed over the intrinsic viscosity range studied.

The weight-average to number-average molecular size ratios (.1/ - .1/,), 
a measure of molecular heterogeneity, for the hydrolyzed cellulose acetates

Polystyrene equivalent length at 50%  cumulative height (A)

Fig. 1. Relation of average intrinsic viscosity of cellulose esters to their molecular size
as determined by GPC.
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Fig. 2. GPC chromatograms of hydrolyzed lint cellulose acetate viscosity series.

Fig. 3. Relation of cellulose ester molecular size as determined by GPC to regenerated
cellulose intrinsic viscosity.

do not vary to any extent with intrinsic viscosity but the elution curves 
become broader as the ester intrinsic viscosity is reduced (Fig. 2). How
ever, this is not reflected by an increase in the M m/M n ratio. Similar 
variations in the shape of the distribution curves were observed in the 
tripropionate viscosity series.

The results for the GPC fractionation of the cellulose tripropionate 
viscosity series are presented in Table II. Again the ester intrinsic 
viscosities correlate quite well with the PSEL values. Figure 1 shows the
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viscosity of 1.32, the DP is 196 corresponding to molecular weights of 
51000 and 64300.

The M w/M n ratios of the esters in both cases were not affected by varia
tion in the degree of substitution.

TABLE III
Cellulose Acetate Hydrolysis Series“

GPC analysis'1

Sample Acetyl, %b viscosity0 PSEL° M J M J

1 42.7 1.24 Insoluble in THF
2 42. 1 1.22 2900 2.7
3 41.6 1.26 2500 3.2
4 40.9 1.24 2700 2.6
5 40.5 1.24 2400 2.3
6 40.1 1.23 2700 2.4
7 39.6 1.20 2600 2.4
8 39.3 1.22 2500 3.0
9 38.7 1.22 2300 2.5

10 38.0 1.26 2600 2.3
11 36.1 1 .27 Insoluble in THF

° Prepared from cotton linters.
b Calculated from per cent hydroxyl as determined by the carbanilation method (17).
« In CH2Ch: CIROH (9:1 by weight).
d In tetrahydrofuran, 0.5% solution (w/w).
e Polystyrene equivalent length (A) at 50% cumulative height from GPC chromato-

grams.
f Weight-average to number-average molecular size (A) ratio calculated by computer

from GPC fractionation data.

TABLE IV
Cellulose Propionate Ilydroly:sis Series“

GPC analysis'1

Sample Propionyl %b viscosity0 PSEL0 M J  M J

1 51.5 1.28 2900 3.1
2 51.1 1.32 2900 2 .8
3 49.5 1.30 3100 2.3
4 44.8 1.38 2900 2.3
5 43.7 1.38 2800 2.7
6 42.3 1.39 2800 2.3
7 40.9 1.43 2 700 2 .7
8 40.3 1.37 2700 2.6
9 38.7 1.40 2 700 2 .7

“ Prepared from cotton linters,
b Calculated from per cent hydroxyl as determined by the carbanilation method.17 
0 In acetone.
d In tetrahydrofuran, 0.5% solution (w/w).
e Polystyrene equivalent length (A) at 50% cumulative height from GPC chromato

grams.
f Weight-average to number-average molecular size (A) ratio calculated by computer 

from GPC fractionation data.
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Effect of Substituent Size on GPC Molecular Size of Cellulose Esters
Table V shows the effect of varying the size of acyl substituents in 

cellulose esters on their apparent molecular size. These esters were 
prepared at the same DP level as evidenced by their regenerated cellulose 
intrinsic viscosities. The ester intrinsic viscosity decreased with increasing 
acyl size except for the tripropionate. This tripropionate behavior has 
been observed previously12 and probably is due to its solubility character
istics in acetone.

TABLE \T

Homologous Cellulose Triester Series

Cellulose triester

Unit
molecular

weight

Intrinsic viscosity GPC analysis0

Ester“
Regenerated

cellulose11 PSEL'1 M J M , '

Propionate 330 1 .11 1.62 2400 2.8
Butyrate 372 1.30 1.65 2600 2.8
Isobutyrate 372 1.25 1.67 2700 2.6
Propionate-pent anoate 400 1.20 1.62 2600 2.7
Pentanoate 414 1.14 1.65 3 100 2.9
Hexanoate 456 0.96 1.64 3300 2.8
Ileptanoate 498 0.81 1.57 3200 2.9

a In acetone.
b In iron-sodium tartrate.
0 In tetrahydrofuran, 0.5% solution (w/w).
d Polystyrene equivalent length (A) at. 50 '"< cumulative height from GPC chromato

grams.
° Weight-average to number-average molecular size (A) ratio calculated by computer 

from GPC fractionation data.

The PSEL values for the homologous triesters (Table V) increased from °
2 400 to 3 200 A in going from the tripropionate (unit molecular weight 330) 
to the triheptanoate (unit molecular weight 498). Based on these unit 
molecular weights and a constant DP of 158, this represents an increase in 
molecular weight from 52200 to 79000.

The M w/l\fr. ratio was not affected by variations in the acyl size 
(Table V).

Effect of Primary Hydroxyl Content on GPC Molecular Size of 
Cellulose Acetates

Variations in the primary hydroxyl content of cellulose acetates of the 
same D P level had no effect on their apparent molecular size or molecular 
size distribution (Aiw/M n) as is shown in Table VI. The samples, whose 
primary hydroxyl content decreased from 4(i to 19%, gave the same PSEL
value (3000 A). Sample 5 (23% primary hydroxyl) gave a lower PSEL

°

value (2200 A), but this sample had a lower intrinsic viscosity.
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TABLE VI
Primary Hydroxyl Series'
._--

Intrinsic viscosity GPC analysise

Primary Regenerated
Sample hydroxyl, %b Estero cellulosed PSEV M w/Mng

1 46 1.46 1.68 3100 2.8
2 38 3000 2.5
:{ :n 1.44 1.64 3000 2.7
4 :30 1.40 1.62 2900 2.4
5 23 1.14 1.34 2200 2.3
6 19 1.55 1.65 3100 2.4

• Cellulose acetates prepared from lint.ers.
b By the tritylation method;" all sample" contained 3.90 ± 0.15% t.ot·al hydroxyl as

determined by the carbanilation method. J7

o In CH2Ch:CHaOH (9: 1).
d In iron-sodiuill tartrate.
e In tetrahydrofuran, 0.5% solution (w/w).
f Polystyrene equivalent lengt.h (A) at, 50% cumulative height from GPC chromato

grams.
g Weight-average to number-!werage molecular size (A) ratio calculated by computer

from GPC fractionation data.

Comparison of Changes in the GPC Molecular Size of Cellulose Esters
Caused by Changes in Average DP, DS, and Size of Acyl

Table VII summarizes and compares the effects of varying the composi
tion of cellulose esters on their OPC molecular size.

The solubility of cellulose acetates in tetrahydrofuran limited the range
of acetyl which could be investigated by OPC (42.1-38.0% acetyl). Thus
the change in molecular weight of the acetates was too small to be detected
by a change in PSEL. There is good agreement in the change of PSEL per
thousand increase in molecular "'eight between the propionate hydrolysis
series (Table VII, 24 Aincrease) and the homologous triesters (Table VII,
30 Aincrease). This change in PSEL represents an increase in the (l1:ameter
of the cellulose ester molecules.

For the hydrolyzed cellulose acetate viscosity series and the tripropionate
viscosity series, the increases in PSEL per thousand increase in molecular
weight (Table VII, 52 and 50 A, respectively) are in good agreement and
represent an increase in the length of the cellulose ester molecules.

It is evident from these results that the PSEL of cellulose esters is
affected to [1 much greater degree by changes in average intrinsic viscosity
(DP) than by changes in the size and/or amount (DS) of acyl substituent.

GPC Fractionation of a Blend of High and Low Intrinsic Viscosity Cellulose
Tripropionates

Figure 4 shows ope chromatograms of high and low intrinsic viscosity
cellulose tripropionn.tes (Table II; samples 1 and 7, 2.05 and 0.42 intrinsic
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TABLE VII
Change in GPC Molecular Size of Cellulose Esters Due to Changes in DP and 

in Size and Amount of Acyl Substituent

Change in

Increase in 
PSEL, Ä, per 

thousand 
increase in

Series Composition Molecular weight PSEL" weight

Acetate
hydrolysis

42.1 to 38.0% acetyl 38,500 to .36,200b Nil" Nil

Propionate
hydrolysis

51.5 to 38.7% 
propionyl

64,300 to 51,000d 3000 to 2700 24

Homologous
triester

lleptanoate to 
propionate

79,000 to 52,200" 3200 to 2400 30

Acetate
viscosity

2.19 to 0.56 intrinsic 
viscosi ty

94,500 to 18,500 4700 to 660 52

Propionate
viscosity

2.05 to 0.34 intrinsic
viscosity

102,000 to 14,500 4850 to 500 50

“ Polystyrene equivalent length (A) at 50'I cumulative height from GPC chromato
grams.

b Based on intrinsic viscosity 1.20 of acetate at 39.6% acetyl; calculated by method of 
Tamblyn et al.1* and Genung.15

c Change too small for accurate measurement.
d Based on intrinsic viscosity 1.32 of tripropionate; calculated by method of Tamblyn 

et al.16 and Genung.16
• Based on the same intrinsic viscosity of regenerated cellulose throughout the series 

and on an intrinsic viscosity of 1.11 for cellulose tripropionate, corresponding to a DP 
of 158.

viscosity, respectively) along with a 50: 50 blend of these esters. The 
curve for the blend is much broader than for either of the components and 
shows bimodal characteristics. This is reflected in the high M w/Al„ ratio 
(4.3) for the blend as compared to the component esters (Table I I ; .1/ ,,./il/„ 
2.9 and 2.4 for samples 1 and 7, respectively).

Fig. 4. GPC fractionation of a blend of cellulose tripropionates of high and low intrinsic
viscosity.
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There is excellent agreement between the observed and calculated GPC 
chromatograms (Fig. 4) for the blend of cellulose tripropionates. Similar 
results were obtained on a blend of hydrolyzed cellulose acetates having- 
comparable intrinsic viscosities of 2.19 and 0.56.

We wish to acknowledge the work of Mr. Larry I >. Hagemeier of the Polymer Tech
nology Division in preparing the cellulose acetates with varying amounts of primary 
hydroxyl.

We also wish to thank Miss Geraldine Zachary of the Industrial Laboratory for 
running the GPC fractionations of the cellulose esters.
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Grafting of Maleic Anhydride on Polyethylene.
III. Influence of Polyethylene Concentration on the 
Course of the Reaction in a Homogeneous Medium

STANISUAW POREJKO, WEODZIMIERZ GABARA, 
TERESA BEAZEJEWICZ, and MARIA EECKA, Department of 

the Technology of Polymers, Polytechnic Institute of War saw, War saw, Poland

Synopsis
The effect of the polymer concentration on the grafting of maleic anhydride on poly

ethylene was studied at different temperatures and at different monomer and initiator 
concentrations. The character of the curves obtained suggests the importance of the 
termination reactions and the appearance of the gel effect at higher polymer concen
trations.

INTRODUCTION
Our previous papers1-4 dealt with different methods of grafting maleic 

anhydride on polyethylene. I t was found that during grafting, reactions 
between macroradicals play an important role. Investigations of grafting 
in a solution2 showed that polyethylene and maleic anhydride constitute 
an interesting model system for further study of the phenomena which 
occur during grafting. If the reaction is carried out in aromatic hydro
carbons, poly(maleic anhydride) precipitates from the solution during the 
grafting. Under such conditions it would seem that the effect of polyfma- 
leic anhydride) should be negligible. This also suggested that detailed 
studies of the influence of polyethylene concentration on the course of 
grafting may give interesting information on the reactions of macroradicals 
in the solution, especially since some of the results of previous investiga
tions2 suggested that the gel effect may occur.

(Moreover, these problems have, so far, not been extensively investigated 
and the published results are often contradictory.5-7

EX P ER IM EN TA L
The method of grafting was similar to that already described.2 Poly

ethylene and xylene were placed in a three-necked flask equipped with a 
stirrer, condenser, and thermometer. The temperature in the flask, which 
was heated in an oil bath, was maintained with an accuracy of +0.5°C. 
When the polymer was dissolved and the determined reaction temperature

1647
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reached, maleic anhydride and benzoyl peroxide were added. Oxygen was 
removed from the reaction medium by passing oxygen-free, dry nitrogen 
through the reaction mixture during the whole time of reaction. After a 
determined time, the solution was poured into acetone; the precipitated 
product was centrifuged and washed in acetone until the solution over the 
precipitate was colorless. [Poly(maleic anhydride) is easily soluble in 
acetone and gives red solutions.] The product was subsequently dried at 
50°C in vacuo to constant weight.

The degree of grafting was determined on the basis of change in the 
polymer weight during reaction. The accuracy of this method for the 
determination of the percentage of grafting was checked in our previous 
work.2

Grafting was carried out on low-density polyethylene (molecular weight 
15,600) and on linear polyethylene» of the Rigidex type (British Hydro
carbon Chemicals Ltd.) : Rigidex 50, Rigidex 25, and Rigidex X4RR, 
having intrinsic viscosities in xylene at 105°C of 0.875, 1.107, and 1.195, 
respectively. Before reaction all polymers were purified by dissolving in 
xylene and precipitation in acetone.

Maleic anhydride, benzoyl peroxide, xylene, and acetone were chemically 
pure and were not additionally purified.

The polyethylene and benzoyl peroxide concentrations are, throughout 
the article, given in grams per 100 g of the mixture of xylene and maleic 
anhydride.

RESULTS AND DISCUSSION
Out of the very complex system, the scheme shown in eqs. (l)-(9) presents 

only some of the reactions taking place. In these equations PE denotes 
polyethylene; MA, maleic anhydride ; BP, benzoyl peroxide. Only those 
reactions which may bear upon the discussed problems were chosen.

( 1 )
(2)
(3)
(4 )
(5)

The formation of polyethylene macroradicals might also be due (espe
cially in the case of high-density polyethylene) to the addition of radicals 
to double bonds.

PE’ +  nMA -> I’E(MA),; (6)
PE(MA)„- +  PE(MA)„,‘ - » combination and disproportionation

products (7)
PE(MA)„' +  PE' —> combination and disproportionation products (8)

PE(MA),,' +  < ,\ 1A) —> combination and disproportionation
products (9)

BP -» 2R-
R- +  MA ••> R.(MA)' 

R(MA)' +  MA —* R(MA)2- 
IP +  PE -*■ PE' +  RH 

(MAX,- +  PE —» PE' +  (MA)re
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Grafting on Low-Density Polyethylene

Influence of Temperature

Figure 1 shows the interdependence of the percentage of grafting and 
polyethylene concentration at different temperatures.

Unlike the dependencies described in literature, the curves have two 
maxima. In the following discussion the maximum which appears at a 
low polyethylene concentration will be termed maximum I, and that at 
high polyethylene concentration, maximum II.

[9/f00gJ

Fig. 1. Percentage of grafting vs. concentration of low-density polyethylene at various 
temperatures: (X ) !)0°C, (O ) 110°C, (A ) 130°C. Benzoyl peroxide concentration,
1.5 g/100 g; maleic anhydride concentration, 10 wt-%; time of reaction, 5 hr.

Maximum I. It seems that maximum I is the result of two opposing 
tendencies. The generally accepted view that an increase in the polymer 
concentration increases the probability of reaction between radicals and the 
polymer [reaction (4)], explains the initial increase of the percentage of 
grafting. However, the increase in the concentration of macroradicals 
also increases the rate of termination reactions [reactions (7) and (8)], 
which is proportional to it in the second power. The end result is a decrease 
in the percentage of grafting. This important influence of polyethylene 
concentration is most probably due to the negligible direct role which 
poly(maleic anhydride) macroradicals play in grafting [reactions (5) and 
(9)], which in turn may be caused by the insolubility of poly (maleic 
anhydride) in the reaction mixture. In such a situation mainly poly
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grafting of maleic anhydride on polyethylene in a heterogeneous medium 
showed an important influence of polyethylene oxidation on the course of 
grafting. Moreover, when the quantity of oxygen in the reaction medium 
is small and limited, the percentage of grafting decreases with an increase 
in the quantity of polyethylene.

Fig. 2. Percentage of grafting vs. concenl ration of low-density polyethylene at various 
maleic anhydride concentrations: (O ) 10 wt-%; (A ) 5 vvt-%. Benzoyl peroxide
concentration, 1.5 g/100 g; temperature, 110°C; time of reaction, 5 hr.

Figure 2 shows the effect of polyethylene concentration on the percentage 
of grafting in the range of very low polymer concentrations. The char
acter of the curves is similar to that for heterogeneous grafting.3'4 Since 
oxygen was removed from the reaction medium only by passing oxygen- 
free nitrogen through it, part of the dissolved oxygen may still be present, 
and the situation is similar to that described for heterogeneous grafting. 
To establish the influence of oxygen, the solution was degassed under vacu
um before the reaction. All reactants were divided into two parts, and each 
of them was degassed in room temperature. The first one consisted of 
xylene and polyethylene, and the second one of xylene, benzoyl peroxide, 
and maleic anhydride. The first part was heated to 130°C, then the second 
part was quickly added. The temperature went down to 110°C and was
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TABLE II
Influence of Oxygen on the Percentage of Grafting”

No.
Reaction
mixture

Poly
ethylene,

g

Benzoyl
peroxide,

g

Maleic
anhydride,

g
Xylene,

g
Temp,

°C

Graft
ing,
cr
/c

1 Degassed 0.0500 1.5007 10 0010 90.0010 no 15.4
2 Not degassed 0.0514 1.4984 10 0027 90.1750 no 73.0
3 Degassed 0.4005 1.4995 10 0010 90.1050 no 27.0
4 Not degassed 0.4001 1.5000 10.0002 90.1192 110 25. G

“ Time of reaction, 5 hr.

subsequently stabilized at this level. During the whole time of reaction, 
oxygen-free nitrogen was passed through the solution.

The results in Table II show that the role of oxygen at very low poly
ethylene concentrations is important. At higher polymer concentrations 
no such influence was observed. Since oxygen takes part in the reaction 
in both cases, these results indicate that, it a higher polymer concentra
tion, the quantity of polyethylene macroradicals formed in effect of oxida
tion is negligible in comparison to that of the macroradicals formed as the 
result of the transfer reaction. This proves that the higher the poly
ethylene concentration, the greater the probability of a transfer reaction 
to the polymer.

Maximum II. The above discussion showed that the decrease of the 
percentage of grafting beyond maximum I is due to the important role of 
termination reactions. Figure 1 shows that further increase in poly
ethylene concentration causes an increase in the percentage of grafting. 
This is most probably related to the appearance of the gel effect. The 
increase in the viscosity of the reaction mixture results in a decrease of the 
termination reaction constant and, in effect, in the increase of the rate of 
grafting. A complete and definitive explanation of the decrease of the 
percentage of grafting beyond maximum II is made very difficult by the 
complexity of the system. Most probably this too is related to increasing 
viscosity. The increase in viscosity may, for example, result in: (1) a
decrease of the constant of propagation reaction [reaction (6)], (2) a de
crease of the initiation effectiveness,8 (3) a decrease of the constant of the 
transfer reaction to the polymer [reaction (4)].

This raises a new problem—the nature of chief element determining t he 
position of maximum II. Is it the primary viscosity (related to the poly
mer concentration) or the changes in viscosity during grafting? If primary 
viscosity plays a decisive role, then, with the increase of temperature 
maximum II should shift in the direction of higher polymer concentrations. 
This hypothesis would not justify the position of maximum II for 110°C 
(maximum II appears at polyethylene concentration of 1.30 g/100 g at 
90°C, 1.05 g/100 g at 110°C, and '1.80 g, 100 g at 130°C). These results 
suggest that the occurrence of the gel effect is connected also with viscosity 
changes during reaction.
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Influence of Monomer Concentration

Results presented in Figure 3 show that the occurrence of two maxima 
is the effect of special reaction conditions. For maleic anhydride concen
tration of 20 wt-%, the curve has only one maximum, while for a concentra
tion of 5 wt-%, the percentage of grafting practically does not change with 
the increase in polyethylene concentration. The maximum for the mono
mer concentration of 20 wt-% is high and broad (when compared with the 
curve for 10 wt-%) which suggests that it is maximum II rather than 
maximum I. The increase in maleic anhydride concentration creates 
more favorable conditions for homopolymerization (at the same polymer 
concentration, the ratio monomer/ polymer increases) and the concentra
tion of polyethylene macroradicals should decrease. Thus, maximum I 
shifts in the direction of higher polymer concentrations. At the same time, 
a higher percentage of grafting increases the viscosity of the solution and 
maximum II shifts in the direction of lower polymer concentrations. As a 
result, both maxima coincide.

Fig. 3. Percentage of grafting vs. concentration of low-density polyethylene at various 
maleic anhydride concentrations : ( A ) 5 wt-% ; ( 0 ) 1 0  wt-% ; ( X ) 20 wt-%. Benzoyl
peroxide concentration, 1.5 g/lQO g; temperature, 110°C; time of reaction, 5 hr.

At the monomer concentration of 5 wt-%, the percentage of grafting is 
relatively low, and the observed changes are of the same magnitude as the 
accuracy of the method of percentage of grafting determination. Maxi
mum I is very small, but its position in comparison with that for 10 wt-% 
further supports the proposed hypothesis. The almost straight line beyond 
maximum I suggests that the main role in the appearance of maximum II 
should be attributed to viscosity changes during the reaction. But the 
fact that the percentage of grafting does not diminish suggests that the gel 
effect occurs in this case also.
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Grafting on Linear Polyethylene

To find whether analogous effects occur in the case of linear polyethylene, 
the influence of polymer concentration on the percentage of grafting was 
studied on three types of polyethylene: Rigidex 50, Rigidex 25 and 
Rigidex X4RR. The results are presented in Figure 4. The curves, 
similar to those for low-density polyethylene, have two maxima.

For all types of polyethylene maximum I appears at practically the same 
polymer concentration (0.50-0.55 g/100 g). The only difference is in the 
percentage of grafting. For the polymer with the lowest molecular weight 
(Rigidex 50), the percentage of grafting at maximum I is about 60%, for

0,2 0,4 0,6 0.8 1.0 1,2 1,4 1,6 1,8 2,0 PE concetrtroiior
[9/100gJ

Fig. 4. Percentage of grafting vs. concentration of linear polyethylene at various 
molecular weights: (X l Rigidex X4RR (intrinsic viscosity, 1.195); (O ) Rigidex 25
(intrinsic viscosity, 1.107); (A ) Rigidex 50 (intrinsic viscosity, 0.875). Benzoyl perox
ide concentration, 1.5 g/100 g; temperature, 110°C; maleic anhydride concentration, 
10 wt-%; time of reaction, 5 hr.

Rigidex 25 (medium molecular weight) it is about 47%, and for that with 
the highest molecular weight (Rigidex X4RR), about 33%. This is, most 
probably, the result of the important role played by the unsaturated 
bonds, already observed during grafting on poly (methyl methacrylate).10'11 
The infrared spectra of those three polyethylenes showed that intensities 
of bands of unsaturated bonds at 912 cm-1 (—CH =CH 2), 992 cm '1 
( ■ CI F-CIR), and 1642 cm 1 (C=C) are highest for Rigidex 50 and lowest 
for Rigidex X4RR.

If primary viscosity were the decisive factor in the occurrence of the gel 
effect, then, with the increase of molecular weight, maximum II would 
shift in the direction of lower polyethylene concentrations. The positions 
of maximum II for Rigidex X4RR (1.8 g/100 g) and Rigidex 25 (2.1 g/  
100 g) fit this hypothesis. The appearance of maximum II for Rigidex 50 
at a relatively low polymer concentration (1.8 g/100 g) indicates that the 
decrease of the percentage of grafting beyond maximum II is caused not
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only by primary viscosity. Moreover, the fact that the percentages of 
grafting for Rigidex 25 and Rigidex 50 in the rising part of the curve are 
close suggests that the changes of viscosity during the reaction are influ
enced not only by the percentage of grafting but also by the structure of 
the copolymer. The same percentage of grafting can be reached when a 
small number of long side chains, or a greater number of shorter ones, is 
grafted onto the polymer.

The regulation of the reaction rate is achieved most readily by controlling 
initiator concentration. The curves for different initiator concentrations 
are presented in Figure 5. The higher the initiator concentration, the 
higher the concentration of polyethylene macroradicals. Thus, with the

Fig. 5. Percentage of grafting vs. concentration of linear polyethylene (Rigidex X4RR ) 
at various benzoyl peroxide concentrations: (O ) 0.5 g/100 g; (X ) 1.5 g/100 g; (A )
3.0 g/100 g. Temperature, 110°C; maleic anhydride concentration, 10 wt-%; time 
of reaction, 5 hr.

increase of benzoyl peroxide concentration, maximum I shifts in the direc
tion of lower polymer concentrations. For a benzoyl peroxide concentra
tion of 3.0 g/100 g, maximum I appears at polymer concentration of about 
0.2 g/100 g, and for 1.5 g/100 g at 0.55 g/100 g. For the initiator con
centration of 0.5 g/100 g maximum I does not appear at all. This is most 
probably related to the fact that the concentration of polyethylene macro
radicals reaches the appropriate level (at which, as a result of termination 
reactions, the percentage of grafting diminishes) at higher polymer con
centrations at which the gel effect plays already an important role.

The shifting of maximum II in the direction of lower polyethylene con
centrations with the increase of initiator concentration supports the hypothe
sis that not only primary viscosity but also the viscosity changes during 
reaction influence the gel effect.
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CONCLUSIONS

The curves of dependence between the percentage of grafting and poly
mer concentration, both in the case of low-density and high-density 
polyethylene, have two maxima.

Maximum I is the result of the important role of termination reactions 
between the macroradicals of polyethylene and those of the graft copolymer. 
Maximum II is, most probably, connected with the occurrence of the gel 
effect.

The course of the interdependence of the percentage of grafting and 
polyethylene concentration for different temperatures, molecular weights, 
and initiator concentrations shows that the occurrence of the gel effect 
(maximum II and its shiftings) is influenced not only by primary viscosity 
but also by viscosity changes during reaction.

We should like to express our gratitude to British Hydrocarbon Chemicals Limited 
for offering us simples of the Rigidex polymers.
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Radiation-Induced Solid-Stale Polymerization of 
Derivatives of Methacrylic Acid. II. Postirradiation 

Polymerization of Octadecyl Methacrylate

M. J. BOWDEN and J. H. O’DONNELL, Chemistry Department, 
University of Queensland, Brisbane, A ustralia

Synopsis
Octadecyl methacrylate (mpc =12°C .) polymerized readily in the solid state in the 

temperature range —30 to +12°C . after gamma irradiation at —196°C. The initial 
rate of polymerization and the “limiting” conversion increased with radiation dose and 
temperature. The temperature dependence of the rate corresponded to an “apparent” 
activation energy of 2 0  keal./mole. Difficulties were experienced with polymerization 
during separation of the polymer from residual monomer, but these were minimized by 
using low radiation doses and a hot, selective solvent. The maximum conversion 
achieved was 70'7- The polymer was crosslinked, even at low conversions.

INTRODUCTION

This work is part of an investigation of the effect of the size and shape 
of the ester group on the polymerizability of acrylate and methacrylate 
esters in the solid state. Apparently the hydrocarbon chains decrease the 
rigidity of the lattice and increase the polymerizability. Hydrocarbon 
chains would be expected also to crystallize in a parallel arrangement, 
which would align the double bonds in layers, and this should favor poly
merization. The radiation-induced polymerization of vinyl stearate in 
the orthorhombic form apparently is due to this effect, and the retention 
of paraffin crystallinity is strong evidence of topochemical influence.1 It 
has been demonstrated that although methyl methacrylate does not 
polymerize2 in the crystalline solid, or does so only with difficulty,3’4 it 
polymerizes in a mixture with paraffin oil, but not pure octadecane.2

The polymerization of octadecyl methacrylate (0 DMA) in the solid 
state has been reported by Eee and his co-workers.'1 They achieved 79% 
yield of polymer after 1 AI rad of gamma irradiation at — 10°C. and mea
sured K  and a values for the Mark-Houwink relationship between viscosity 
and molecular weight. They did not investigate the solid-state poly
merization in detail, and their separation procedure, which was to melt the 
irradiated sample, is unsatisfactory. Hardy and his co-workers6’7 have 
investigated the radiation-induced solid-state polymerization of cetyl 
methacrylate and reported that the polymerization rate in the solid
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increased as the temperature decreased down to — 196°C. but did not give 
any kinetic curves. Our electron spin resonance studies of methacrylate 
systems have shown that relatively small quantities of the methacrylate 
propagating radical are present at — 196°C. and that the reaction of the 
initial radical species occurs in the region of — 100°C. Therefore a careful 
investigation of the solid-state polymerization of octadecyl methacrylate 
was undertaken.

EXPERIMENTAL

Octadecyl methacrylate (Borden Chemical Co., pure grade) was purified 
from inhibitor by shaking three times with an equal volume of 10% w/v 
aqueous NaOII, followed by three washes with distilled water. It was 
then dried over anhydrous magnesium sulfate and calcium hydride, filtered,

TABLE I
Postirradiation Polymerization of Octadecyl Methacrylate

Dose,
Mrad

Time,
hr.

Temp.,
°C.

Polymer 
yield, %

0.1 168 - 8 0 0 . 0

0 . 1 168 - 3 7 2 .5
0.1 168 - 2 8 0 .3
0.1 4 - 2 0 8.5
0.1 2 - 1 0 18.5
0.1 i 0 30.7
0 . 2 i 0 45.3
1.0 i 0 56.3
0.1 i 1 0 56.9

and stored at 0°C. The monomer had a refractive index of 1.4406 at 60°C. 
and melting point of approximately 12°C. The melting point is rather 
indefinite, apparently due to the existence of at least one, and probably 
two, liquid crystal phases. The absolute purity of the octadecyl methac
rylate (ODAIA) is difficult to assess. The melting point suggests that 
there arc some impurities, but differential thermal analysis did not show 
any large abnormalities. Further purification was not undertaken, be
cause of the difficulties involved and the quantities required. Similar prob
lems have been experienced in purification of octadecanol for synthesis.

Samples of monomer (4 g.) were degassed in glass tubes by alternate 
freezing at —78°C. and melting and then were sealed under vacuum 
(10-r> mm. Hg). They were shock-frozen from the melt by immersion 
in liquid nitrogen and stored at this temperature.

Irradiations were carried out at — 196°C. with r,(lCo gamma-rays, and 
the irradiated samples were stored at — 196°C. Kinetic runs were carried 
out by placing the samples in a thermostatted bath ( — 20 to 10°C.), 
removing them after successive time intervals, and freezing immediately 
in liquid nitrogen, to prevent further polymerization. Slush baths of



diethyl sulfate and anisóle were used for obtaining temperatures of —28 
and — 37°C., respectively.

Determinations of the yield of polymer were made by selectively dissolv
ing the residual monomer. This was done by transferring the sample to a 
large volume of hot solvent, containing a small quantity of hydroquinone, 
to inhibit polymerization in solution. The procedure for separating poly
mer from monomer was investigated thoroughly, because difficulty was 
experienced with polymerization during the solution or melting stage, and 
the best results were obtained by crushing the sample and stirring it 
vigorously into isopropanol at 75°C.

RESULTS AND DISCUSSION 

Polymerization during Separation

Serious difficulties were experienced with polymerization during separa
tion of the polymer from residual monomer. Any solution process involves 
a phase change similar to melting, and there is ample evidence that high 
polymerization rates and even explosive polymerization can occur during 
melting,8-10 sometimes even without previous irradiation.11-13 Therefore 
the possibility of polymerization during dissolution is to be generally 
expected, although it is normally neglected.

At first high yields (up to 75%) were obtained from irradiated ODMA 
on separating immediately after warming from — 196°C. Therefore, 
polymerization was actually occurring during irradiation at — 196°C., or 
during warming at a solid-solid phase change, or during warming because 
of the time taken in warming, or during the solution process.

A number of techniques were used for investigating this problem.
First, the temperature of the solvent was increased, so as to increase 

the solution rate. This caused a marked decrease in polymer yield: from 
75 to 10%, as the solvent temperature was raised from 20 to 120°C.
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Fig. 1. Effect of temperature of solvent used for separating polymer and monomer on the
zero-time polymer yield after 1 Mrad of gamma irradiation at — 196°C.
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(Fig. 1). Difficulties arise in that (i) the solvent boiling point may be 
exceeded (therefore methanol, isopropanol, and n-butanol were used pro
gressively), (3) the solubility of the polymer, particularly one of low molec
ular weight, may increase, and (3) high temperatures may increase the 
rate of polymerization at the interface between the solid and the solvent. 
Second, the particle size of the sample was reduced so as to increase the 
rate of solution and to decrease the time at which the solid monomer was 
near the melting point. The samples of monomer were originally solidified 
by shock-freezing in liquid nitrogen and, consequently, were in one piece. 
Fragmentation was achieved best by breaking open the glass tubes, trans
ferring the cylindrical plug of sample to a stainless-steel cup containing 
liquid nitrogen, and then using a stainless-steel hammer, which fitted 
closely into the cup. Initiation of polymerization in irradiated formalde
hyde at — 196°C. by mechanical shock has been reported14 but did not 
occur in ODMA. Third, the total radiation dose was reduced. This 
decreased the polymer yield under all separation conditions.

Careful attention to these three factors resulted in zero yields of polymer 
at zero time, i.e., from samples dissolved immediately on removal from 
storage at — 196°C.

Therefore we consider that no polymerization occurs at —196° C. during 
or after irradiation. Furthermore, we suggest that polymerization appar
ently occurring at such low temperatures, and which is determined by 
solution separation, should be viewed with caution. Measurements that 
are made by melting the irradiated monomer are especially prone to error. 
For instance, we have found that methyl methacrylate irradiated to 1 
Mrad with gamma-rays, will partly polymerize on melting, the polymer 
yield depending on the rapidity of melting. Although we have shown that 
polymerization does not occur at — 196°C. in ODMA, there are reports 
of polymerization in other monomers at this temperature, e.g., acryloni
trile,15,16 and even at 4.2°Iv.17

Elimination of the zero-time polymer yield does not ensure that the 
measured polymer yields after various polymerization times are correct. 
The rate of solution of residual monomer definitely depends on the propor
tion of insoluble polymer in the sample; consequently, the yields may be 
progressively inflated at higher conversions. This problem is minimized 
by rapid solution but cannot be checked.

Effect of Dose

The yields of polymer after various intervals at 0°C. after radiation 
doses of 0.05 to 1.0 Mrad are shown in Figure 2. The general shape of the 
conversion curves are typical of postirradiation polymerization, i.e., a 
rapid initial rate which decreases to very low rate, approximating to a 
“limiting” conversion. There is no induction period, and the initial rates 
are very high. Both the initial rates and the “limiting” conversions 
increase with dose.
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Fig. 2. Effect of radiation dose on polymerization of ODMA at 0°C. Dose (Mrad): 
(0 )1 ;  ( • )  0.2; (A) 0.1; (A) 0.05.

Effect of Temperature

Conversion curves for polymerization at different temperatures after 
0.1 Mrad of gamma irradiation are shown in Figure 3. There is a marked 
increase in both initial rate and “limiting” conversion with increase in 
temperature in the range —20 to 10°C. The initial rates give a linear 
Arrhenius plot (Fig. 4), from which an apparent activation energy of 20 
keal./mole may be derived. This differs markedly from the value of
— 0.7 kcah/mole reported for cetyl methacrylate,6 although one would 
expect these monomers to show similar polymerizability.

The Arrhenius plot suggests that the rate of polymerization should be 
negligible below about —35°CL, and it was found that a sample kept at
— 37°C. for 7 days yielded only 2% polymer.

The reason for the existence of a “limiting” conversion is unknown. It 
is a function of both radiation dose and temperature and is well below 
complete conversion. Most probably it is associated with a process of

Fig. 3. Effect of temperature on polymerization of ODMA after 0.1 Mrad of gamma
irradiation at — 196°C. Temperature (°C.): (O) 10; ( • )  0; (A) —10; ( A )  —20.
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Fig. 4. Arrhenius plot of initial polymerization rates (RP) for ODMA after 0.1 Mrad of 
gamma irradiation at — J96°C.

physical trapping of the growing chains, which is supported by observations 
that the total concentration of free radicals is constant in some monomers 
during postirradiation polymerization.11 The way in which the radicals 
are trapped is still open to speculation. It is possible that propagation 
occurs within the crystallites and stops at intercrystalline boundaries, 
requiring an activation energy to cross them. Adler has obtained micro
graphs of polymer chains bridging intercrystalline boundaries in trioxane.18 
There is also evidence that polymerization proceeds at the boundary be
tween an amorphous polymer phase and a crystalline monomer phase.19

Effect of Oxygen

When the samples were sealed under air instead of in vacuum, the 
polymerization rate was decreased, as shown in Figure 5. This suggests that 
the polymerization occurs by a free-radical mechanism, of which oxygen 
is a well-known inhibitor in the liquid phase. The wax-like structure of

Fig. 5. Effect of oxygen on polymerization of ODMA at 0°C. after 0.2 Mrad of gamma
irradiation at — 196°C.: (O) sample in vacuum; ( • )  sample in atmosphere of air.
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OD1YIA would be expected to retain oxygen during solidification and to be 
reasonably permeable to gaseous diffusion.

CONCLUSIONS

The rapid polymerization of ODMA in the solid state from about — 30QC. 
to the melting point indicates that the monomer molecules or the growing- 
chains have considerable mobility in the solid in this temperature range or 
that local melting of monomer occurs around the growing ends of the 
chains, resulting in pseudoliquid polymerization, or that the spatial ar
rangement of the double bonds in the lattice is favorable for polymerization.

Diffusion of ODMA molecules in the solid would not be expected to be 
significant. Meakins20 suggests that only rotation about the long axis of 
the hydrocarbon chain occurs below the melting point in similar compounds, 
such as alcohols and acids, according to dielectric-loss measurements. 
Although the role of defects is unknown, they must increase molecular 
motion. It is difficult to exclude the second possibility cited above, but 
if this is the mechanism, then the rate of polymerization would be expected 
to fall off more rapidly at lower dose rates and to proceed during irradiation 
at low temperatures. Solid-solid phase transitions in paraffin-type solids 
are well known, and the existence of a transition in ODMA at —30°C. 
has been shown. Similarly, a phase change in cetyl methacrylate has been 
observed at — 16°C.° Therefore it seems likely that above —30°C. the 
spatial arrangement of the monomer molecules places the double bonds in 
a suitable relationship for polymerization. Further, the mobility now 
available, even if it is restricted to segmental rotation, enables the reaction 
to proceed.

The separated polymer was insoluble, apparently because of crosslinking 
and suggesting either that some of the initiating radicals were produced 
on the hydrocarbon chain or that chain transfer to monomer occurred readily.

We are pleased to acknowledge the support for this work from the Australian Institute 
of Nuclear Science and Engineering and are indebted to the Australian Atomic Commis
sion for use of their irradiation facilities. One of us (M. J. B.) is grateful to C.S.I.R.O. 
for a studentship.
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Radiation-Induced Solid-State Polymerization of 
Derivatives of Methacrylic Acid. III. An Electron 

Spin Resonance Study of Radical Reactions in 
Irradiated Octadecyl Methacrylate

M. J. BOWDEN and J. H. O’DONNELL, Chemistry Department, 
University of Queensland, Brisbane, Australia

Synopsis
T h e  e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r u m  o f  g a m m a - i r r a d i a t e d  o c t a d e c y l  m e t h a c r y l a t e  

( m . p .  ~  1 2 ° C . )  w a s  d u e  t o  a  m i x t u r e  o f  t h r e e  r a d i c a l s  f o r m e d  b y  ( 1 )  l o s s  o f  a  h y d r o g e n  

a t o m  f r o m  t h e  p a r a f f i n  c h a i n ,  ( 2 )  a d d i t i o n  o f  a  h y d r o g e n  a t o m  t o  t h e  d o u b l e  b o n d ,  a n d  

( 3 )  a d d i t i o n  o f  a  m o n o m e r  m o l e c u l e  t o  r a d i c a l s  f o r m e d  b y  ( 1 )  o r  ( 2 ) .  O n  w a r m i n g  

m o n o m e r  a d d e d  t o  r a d i c a l s  ( 1 )  a n d  ( 2 )  b e t w e e n  — 1 7 0  a n d  — 5 0 ° C . ,  a n d  a b o v e  — 5 0 ° C .  

t h e  s p e c t r u m  w a s  s o l e l y  d u e  t o  p r o p a g a t i n g  m e t h a c r y l a t e  r a d i c a l s .  T h e  t o t a l  r a d i c a l  

c o n c e n t r a t i o n  d e c r e a s e d  s l i g h t l y  a t  —  1 5 0 ° C .  a n d  w a s  t h e n  c o n s t a n t  u p  t o  — 3 0 ° C .  A  

m a r k e d  d e c r e a s e  i n  r a d i c a l  c o n c e n t r a t i o n  o c c u r r e d  f r o m  — 3 0  t o  + 1 2 ° C . ,  i t  t o o k  p l a c e  

r a p i d l y  a n d  r e a c h e d  a n  e q u i l i b r i u m  v a l u e  a f t e r  e a c h  s u c c e s s i v e  i n c r e a s e  i n  t e m p e r a t u r e .  

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  i n d i c a t e d  a  s o l i d - s o l i d  p h a s e  c h a n g e  a t  — 3 0 ° C .  W h e n  t h e  

s a m p l e  w a s  k e p t  a t  0 ° C .  t h e r e  w a s  n o  f u r t h e r  d e c r e a s e  i n  r a d i c a l  c o n c e n t r a t i o n  e v e n  w i t h  

5 0 %  c o n v e r s i o n  t o  p o l y m e r .  W i t h  2 % ,  a d d e d  c h l o r a n i l  t h e  ( c h l o r a n i l ) - w a s  o b s e r v e d  t o  

b e  o f  a b o u t  t h e  s a m e  c o n c e n t r a t i o n  a s  m e t h a c r y l a t e  r a d i c a l s .  T h e  i n i t i a l  t o t a l  r a d i c a l  

c o n c e n t r a t i o n  w a s  l o w e r  a n d  d e c r e a s e d  t o  z e r o  b y  0 ° C .  o n  w a r m i n g .  N o  p o l y m e r  w a s  

o b t a i n e d .

INTRODUCTION

A major difficulty in studying chemical reactions in the solid state is 
the lack of nondestructive methods of observing the reactions in situ. 
Further, the techniques used for the liquid phase are usually unsatis
factory. Additives either are expelled into isolated pockets during solidi
fication or disrupt the crystalline lattice, altering the physical properties 
of the system. Consequently, ideas about the mechanism of a reaction 
are usually derived by analogy with the liquid phase. Electron spin 
resonance (ESR) should be a powerful tool for observing reactions of 
radicals with molecules in the solid state, but so far most studies have 
been confined to observing stationary concentrations of radicals or the 
disappearance of radicals.1-3

The polymerization of methacrylate esters in the liquid phase, which 
can be initiated by free-radical4 or anionic species,5 has been extensively 
studied. High-energy irradiation can produce cationic, free-radical and

1 6 6 5
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anionic centers in organic solids,6 and all three of these species are believed 
to initiate polymerization in suitable monomers. However, it seems most 
probable that irradiated methacrylates polymerize by a free-radical 
mechanism in the solid state. Bamford et al.7 have observed that crystals 
of methacrylic acid polymerize inward from the surface during and after 
illumination with ultraviolet light, which must almost certainly produce a 
free-radical reaction. O’Donnell et ah8 found the ESR spectrum of the 
propagating methacrylate radical in partly polymerized barium methacry
late dihydrate.

B

F i g .  1 .  A r r a n g e m e n t  f o r  o b t a i n i n g  s a m p l e  o f  d e g a s s e d  O D M A  i n  E S l t  t u b e .

The present investigation was undertaken to show that the propagating 
methacrylate radical was present in octadecyl methacrylate (ODMA) 
during solid-state postirradiation polymerization; such would support the 
postulate of a free-radical mechanism. It was also hoped that a trans
formation from initial radicals to propagating radicals at about -30°C., 
where polymerization commences on warming, would be observed. Fur
ther, it was planned that the relative radical concentrations at different 
stages in warm-up and polymerization be measured.

EXPERIMENTAL

Samples of ODMA (Borden Chemical Co. pure grade), purified free of 
inhibitor and water, were degassed by freeze-thaw cycles in a Pyrex glass 
tube connected to the ESR sample tube and a vacuum line at 10~5 mm. Hg 
(Fig. 1). After thorough degassing, which required about six cycles with 
such a viscous monomer, the two-tube system was sealed at A in Fig. 1. 
The ODMA was melted and a suitable amount (0.2 ml.) transferred to 
the ESR tube by tilting the combination. The ESR tube was then 
sealed at B. This tube was made from 3 cm. of Spectrosil ultrahigh-purity 
silica tubing (Thermal Syndicate Ltd.) of 4 mm. o.d. and 0.5 mm. wall 
thickness, joined to 3 cm. of 4 mm. o.d. quartz tubing and then through 
a graded seal to Pyrex glass tubing. The Spectrosil tubing did not show 
any measurable radical concentration after gamma irradiation at the doses 
used for the monomer. The prepared samples were frozen, irradiated 
with 60Co gamma-rays, and stored in liquid nitrogen.
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F i g .  2 .  E f f e c t  o f  m i c r o w a v e  p o w e r  o n  i n t e n s i t y  o f  E S l t  s p e c t r u m  o f  g a m m a - i r r a d i a t e d  

O D M A :  (O ) —  1 7 0 ° C . ; ( • )  - 1 2 0 ° C .

The ESIl spectra were obtained with a Varian V-4502 instrument, 
with a 9 in. magnet. A liquid-nitrogen Dewar was inserted in the cavity 
for measurements at -196°C., and a Varian variable-temperature cavity 
utilizing a flow of nitrogen gas was used for measurements between -ISO 
and +  12°C. The spectra saturated very easily; therefore, the effect of 
microwave power was examined (Fig. 2) and a value of 0.52 mwatt (25 db.) 
chosen for all quantitative work.

A Perkin-Elmer differential scanning calorimeter, model IB, was used 
for investigating phase changes in the solid monomer. This instrument 
measures the heat input required to maintain the sample and a standard 
at the same temperature during warming, and small samples (10 mg.) 
ensure that thermal conductivity differences do not give misleading 
results. Unfortunately, measurements could not be carried out at very 
low temperatures or with irradiated samples.

RESULTS AND DISCUSSION 

ESR Spectrum at —196° C.

The ESlt spectrum of gamma-irradiated ODMA at — 19G°C. is shown 
in Fig. 3A. It consists of five broad lines (peak width between positions 
of maximum slope in absorption curve, 7 gauss) with a hyperfine splitting 
of 23 gauss. On closer examination (Fig. 3B) two further lines are seen 
with the same splitting, indicating that at least part of the five-line spectrum 
is due to a seven-line spectrum arising from radical (II), formed by addition 
of a hydrogen atom to the double bond. The predominant trapped 
radical in gamma-irradiated vinyl monomers at low temperatures is usually 
formed in this way.9 In gamma-irradiated barium methacrylate dihydrate 
at — 19G°C. the spectrum is mainly a seven-line one, owing to this species.8 
A comparison of the spectrum of ODMA with gamma-irradiated docosane 
and octadecane (Fig. 3C) suggests that the spectrum is also due partly to



1668 BOWDEN AND O'DONNELL

F i g .  3 .  E l e c t r o n  s p i n  r e s o n a n c e  s p e c t r a :  ( A )  g a m m a - i r r a d i a t e d  O D M A  a t  —  196°C.; 
( B )  m a g n i f i c a t i o n  o f  o u t e r  p e a k s  o f  A ;  ( C ) g a m m a - i r r a d i a t e d  o c t a d e c a n e  a t  —  196°C.; 
( D )  g a m m a - i r r a d i a t e d  O D M A  w a r m e d  t o  — 80°C., E S R  s p e c t r u m  a t  —  170°C.; ( E )  g a m 

m a  i r r a d i a t e d  O D M A  w a r m e d  t o  —  20°C., E S R  s p e c t r u m  a t  —  170°C.; ( F )  g a m m a - i r r a d i 

a t e d  O D M A  c o n t a i n i n g  2 %  w / v  c h l o r a n i l  a t  —  196°C. D o s e ,  0.2 M r a d  i n  a l l  c a s e s .
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the alkyl radical (I), formed by loss of a hydrogen atom from the hydro
carbon chain. The very broad lines of the spectrum are normal for solid 
paraffin hydrocarbons10 and prevent satisfactory analysis giving the pro
portions of the three types of radical present in ODMA. A small proportion 
of the spectrum also is due to the propagating radical (III), as in barium 
methacrylate.

Warming

The ODMA was warmed by progressive stages to the melting point 
(12°C.) and the spectrum measured at the temperature of each stage and
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on cooling back to — 170°C. on each occasion. The spectrum underwent 
a transition between —120 and —50°C., with the loss of the outer two lines 
and the appearance of intermediate peaks (Fig. 3D). Above —50°C. 
the spectrum (Fig. 3E) showed no further change in shape (Fig. 3F is 
discussed in another section). This nine-line spectrum of alternating 
intensity, with splittings of 11.5 gauss, is attributed to the methacrylate 
propagating radical (III). This is the spectrum observed in barium 
methacrylate dihydrate8 and methacrylic acid11 polymerizing in the solid 
state. There has been a long controversy over whether this spectrum 
results from one radical or two, but it is now clear that it results from 
one radical.8'11-13

Therefore reaction (3), in which R- refers to both (I) and (II), must 
have gone to completion at below —50°C., although no polymer can be 
separated. Of course, the ESR spectrum gives no indication of the number 
of monomer units which have added.

Radical Concentration

The effect of warming on the total radical concentration was determined 
by integrating the first-derivative spectrum obtained at — 170°C. after 
each progressive stage of warming up and then measuring the area of 
this absorption spectrum. This double integration was performed on a 
computer by feeding in values of the first-derivative spectrum for incre
mental increases in magnetic field and integrating by Simpson’s rule. 
A problem with any integration of a differential spectrum is drift in the 
baseline of the integrated spectrum or drift in the baseline of the first- 
derivative spectrum. This can be overcome by measuring the area of 
the integrated spectrum above the sloping baseline or, when an electronic 
integrator is being used, by reversing the leads to the integrator and taking- 
half of the total area obtained.14 However, the problem was found to be, 
not the integration or the original baseline, but asymmetry in the first- 
derivative spectrum produced by the ESR spectrometer. The center 
peak showed the main asymmetry and, being the largest peak, it had a 
significant effect. The asymmetry was not inherent in the spectra but 
was an instrumental effect due to the automatic frequency control. This 
is a key feature of the spectrometer, since it locks the magnetic field and

Fig. 4. Variation in total radical concentration [li-] in gamma-irradiated ODMA during
warming from — 17U°C. to the melting point. Dose, 0.2 Mrad.
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the microwave frequency, but unless the automatic frequency-control 
current was zero (i.e., there was perfect natural balance of the instrument, 
a very difficult condition to maintain for any period), asymmetry developed 
in the central peak. With careful operation symmetrical spectra were 
obtained, and the deviation of the baseline in the integrated absorption 
spectrum was negligible; hence, errors in the area were insignificant.

The resultant total radical concentration is shown as a function of tem
perature in Fig. 4. There is a slight decrease in radical concentration 
between —170 and — 150°C. but then there is little change up to — 30°C., 
above which it drops rapidly. The area of the differential spectrum 
(measured at — 170°C.) increased twofold between —170 and — 30°C., 
suggesting that there was an increase in the total radical concentration 
on warming. This is quite misleading and illustrates that first-derivative 
spectra should not be used for measuring relative radical concentrations 
when temperature changes have occurred.

There was no change in the shape of the spectrum on cooling back from 
+  10 to — 170°C.; the intermediate peaks of the alternating spectrum did 
not alter relative to the major peaks.

When the sample that had been warmed progressively to 10°C. and 
cooled back to — 170°C. was warmed up again, no further changes in the 
shape of the spectrum were observed. Therefore the changes observed 
during the first warm-up can be attributed to chemical reaction.

Time Dependence
The transformation in the spectrum between —1.10 and —50°C. was 

examined in detail. The reaction at — 120°C. was followed as a function 
of time, with the height of the first intermediate peak (B in Fig. 3D) as a 
measure of the extent of the reaction. A first-order dependence on the 
concentration of initial radicals was observed, as shown in Fig. 5. The 
interpretation of kinetic curves for solid-state reactions is difficult, but 
these results indicate that the reaction is controlled by the physical or 
chemical properties of the initial radicals.

When the irradiated monomer was warmed to above — 30°C., the 
radical concentration was strongly temperature-dependent but did not 
change with time; that is, the reaction causing loss of radicals occurred in 
the interval during which the instrument was reaching temperature 
equilibrium, less than 5 min. The disappearance of radicals in ODMA 
by mutual reaction would necessitate a diffusion of propagating radicals, 
which must be at least dimers, requiring considerable molecular mobility. 
The disappearance of radicals could result from a hydrogen-transfer 
reaction occurring over long distances. This would eliminate the require
ment for diffusion of the dimeric or larger propagating radicals, but then 
all the radicals should disappear.

The rapid decrease in radical concentration with each rise in tem
perature shows that there must be either an equilibrium or a temperature- 
controlled limitation on the reaction. It seems likely that the distribution
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of radicals through the medium is not uniform and that those which are 
closest together combine first. There must be increasing disorder and 
molecular mobility in ODMA from —30 to +12°C., and the disappearance 
of radicals progressively on warming may reflect the distribution of dis
tances separating them. It is well known that molecules can show un
usually high mobilities in some organic solids.

A detailed crystallographic study of ODMA over a range of temperature 
is required, as is the case for all monomers that polymerize in the solid 
state. This is particularly difficult for ODMA, since it must be done 
from -100 to +12°C.

ODMA polymerizes rapidly at 0°C., reaching a “limiting” conversion to 
polymer of 50% after 3 hr. The ESR spectrum of a sample kept at 0°C. 
for 3 hr. in the spectrometer cavity and examined periodically showed no 
change in shape or intensity, indicating that no termination took place 
during polymerization. Hence, the marked decrease in the rate of poly
merization must result from trapping of the propagating radicals. When

Fig. 5. First-order kinetic plot for conversion of initial radicals to propagating radicals 
at — 120°C. in gamma-irradiated ODMA.

the sample, partly polymerized at 0°C., was warmed to +10°C., there 
was no decrease in radical concentration. Therefore the radicals which 
disappear during the initial warming up must be relatively small and 
mobile, i.e. dimers. This indicates that the disappearance of radicals on 
warming is not due to proton-transfer between immobile radicals, since 
this mechanism should be equally effective for small and large radicals. 
In fact, the polymer radicals are so immobile that no decrease in their 
concentration is observed, even when the melting point of the monomer is 
exceeded. This also provides evidence that all of the radicals are poly
meric, that is, all of the radicals are involved in long-chain polymerization. 
It is interesting to note that the trapped radicals disappeared rapidly when 
the sample was warmed to above 20°C., which was the glass-transition 
temperature of the polymer, as indicated by visual observation of a change 
from a waxy to a tacky form and a peak in the differential thermal analysis 
curve. This observation confirms that the propagating radicals are ter
minated by mutual reaction, which can take place onljr between trapped 
long-chain radicals when movement is possible.
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Effect of Chloranil

The spectrum at — 196°C. obtained from gamma-irradiated ODMA 
containing 2% w/v chloranil (Fig. 3F) shows a reduction in the total 
radical concentration and the presence of the radical formed by addition 
of an electron to the chloranil,15 in approximately the same concentrations 
as the ODMA radicals. This suggests that the electron is a precursor of 
some of the ODMA radicals, probably as a precursor of H atoms, as 
observed in other systems.16 The importance of electrons in the radiolysis 
of organic solids has only recently been recognized17 and the decrease in 
Ho yield by addition of electron scavengers demonstrated.18

When the sample was warmed, the transformation to the propagating 
radical occurred at — 120°C. There was a marked decrease in the radical 
concentration at — 40°C., and by 0°C. it was reduced to zero. Further
more, when the sample was melted, no polymer was obtained. This is 
more evidence that transformation to the propagating radical in methacry
lates, observed by ESR, corresponds to the formation, not of long chains 
but, probably, only of dimer. It is also evidence that a small concentra
tion of an impurity may completely change the characteristics of a solid- 
state reaction. In this case it is probably radical-scavenging by the 
chloranil which prevents polymerization. Although additives are fre
quently ineffectual in solid monomers, the fairly flexible structure of ODMA 
probably accommodates the chloranil with a reasonably uniform distribu
tion. Moreover, the greatly increased number of defects in the structure 
should increase the mobility of the radicals and hence increase the rate of 
their combination.

Differential Thermal Analysis

A typical differential thermal analysis curve obtained for ODMA with 
the Perkin-Elmer differential scanning calorimeter is shown in Fig. 6. 
The strongly endothermic peak A corresponds to the melting point. There 
is a definite endothermic peak commencing at —.'!0°O. (peak B), which

Fig. (j. Differentia] thermal analysis of ODMA.
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apparently results from a solid-solid phase change. The small peak at 
0°C. (peak C) may be due to a futher phase change, but no correlation with 
changes in the ESR spectra or polymerization rates has been observed.

CONCLUSIONS

The polymerization of ODMA in the solid state between —30 and 
+  12°C. has been shown to proceed by a free-radical mechanism.

It is most important to distinguish between addition of the first monomer 
to the initial radical and long-chain polymerization. The first-monomer 
addition occurred at as much as 100°C. below the onset of long-chain 
polymerization. When chloranil was present, the addition of one monomer 
molecule occurred, although there was no long-chain polymerization on 
further warming.

There must be considerable molecular mobility in ODAIA at tempera
tures above — 30°C. for radicals to disappear, and this apparently results 
from a phase transition at — 30°C. to a relatively “loose” structure. Poly
merization proceeded in the “high-temperature” phase, but there was no 
rapid polymerization at the phase-transition temperature, as has been 
observed in other monomers.19

The total radical concentration varied with temperature. Consequently, 
the apparent activation energy for postirradiation polymerization includes 
a contribution from an “initiation” step.
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Synopsis
A study was made of the ceric ammonium nitrate-initiated graft polymerization of 

acrylonitrile (AN) onto a number of modified starches that had been reduced in molecu
lar weight by either acid, hypochlorite, or enzyme treatment. With highly soluble 
starches, much of the starting material was recovered as ungrafted carbohydrate, and 
the reaction product was largely dimethylformamide-soluble polymer with a high 
polyacrylonitrile (PAN) content. The molecular weight of grafted PAN was lower 
when the modified starches existed as granules in water dispersion; however, heating 
(60°C) an aqueous slurry of an acid-modified corn starch (with intact granules) before 
the reaction had relatively little effect on the composition of the copolymer. Decreasing 
the concentrations in water of modified starch and AN resulted in more frequent and 
lower molecular weight grafts of PAN. Aqueous methanol as a reaction medium for an 
acid-modified starch with intact granules led to more frequent grafting of lower molecular 
weight PAN than when water alone was used. The number of grafted chains, however, 
was fewer than found with unmodified wheat starch under comparable conditions. A 
modified starch with the granule structure completely broken down gave no detectable 
reaction in aqueous methanol.

INTRODUCTION

Graft copolymers of unmodified starch and polyacrylonitrile (PAN), 
formed through ceric ammonium nitrate initiation, have been studied in 
this laboratory to determine what factors govern the frequency of grafting 
and the molecular weight of grafted PAN. We found three reaction vari
ables that influence these two properties: the extent of swelling and
disruption of the starch granule,1 the medium in which the reaction is run,2 
and the reactant concentration.3 To extend our study, we examined the 
grafting of PAN onto a series of modified starches, which are produced 
commercially by reacting starch with acid, enzyme, or hypochlorite. In a 
program aimed at starch utilization, it is important to know how such 
starches behave under the conditions of the grafting reaction. Our latest 
work shows that modified starches give results significantly different from 
any of our previously reported work.1-3
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EXPERIMENTAL

Materials

Acrylonitrile (Eastman Kodak, practical grade) was fractionated at 
atmospheric pressure through a 15-in. Vigreux column. A center cut was 
collected and stored in amber glass at 5°C.

The initiator solution was prepared by dissolving 13.9 g of ceric am
monium nitrate in 250 ml of IN  nitric acid.

The modified starches are listed in Table I along with their intrinsic

TABLE I 
Modified Starches

Starcli“ Type Mb
Solubility,

0 7  c 
7 0

Flojel 75 Acid modified 0.52 3
Claro 5591 Hypochlorite-oxidized 0.50 6
Flojel 90 Acid-modified 0.22 23
Stadex 60 Dextrin 0.094 62
Modified wheat starch Enzyme-modified 0.18 76
Amidex B518 Thin boiling pregel itinized 0.12 86
Stadex 120 Dextrin 0.090 97

a Except for enzyme-modified wheat starch, all commercial starches were derived 
from corn starch. List of manufacturers: Stadex 60 and Stadex 120, A. E. Staley
Manufacturing Co.; Flojel 90 and Flojel 7.5, National Starch and Chemical Corp.; 
Amidex B51S and Claro 5591, Corn Products Co.

b Intrinsic viscosity in 90:10 (by volume) dimethyl sulfoxide-water dl/g.
0 A mixture of 21.9 g (dry basis) starch and 500 ml water was stirred for 2 hr at 25°C 

and centrifuged at 1600 g for 35 min. From the weight of solid found in an aliquot of 
the supernatant, the weight percentage dissolved was calculated.

viscosities in 90:10 (by volume) dimethyl sulfoxide-water and also their 
per cent solubilities in water at the concentrations most often used for 
graft polymerization (4.4% slurry). All but the enzyme-modified starch 
were commercial products. The enzyme-modified starch was prepared by 
slurrying 89.6 g (dry basis) of wheat starch in 300 ml of water. A 0.3-g 
portion of calcium chloride was added, the pH adjusted to 6.8, and 0.016 g 
of a-amylase dissolved in the slurry. The stirred mixture was heated to 
S9°C for 1 hr and held at this temperature for 20 min. The mixture was 
cooled and the starch precipitated by addition to 11. of 95% ethanol. The 
solid was washed with ethanol, vacuum-dried at 60°C, and ground to pass 
a 120-mesh sieve. Final traces of ethanol were removed by air-equilibrat
ing, drying again under vacuum, and air-equilibrating a second time. Final 
moisture content was 10.1%.

Aqueous slurries of Flojel 75, Claro 5591, Flojel 90, and Stadex 60 at 
room temperature were similar in appearance when viewed by light micros
copy, and each sample showed intact starch granules. The slurry of 
enzyme-modified starch contained some highly swollen, irregularly shaped
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particles but no intact granules. No discrete particles could be seen on 
microscopic examination of slurries of Amidex B518 and Stadex 120.

Graft Polymerization

For reactions at normal dilution, modified starch (21.9 g, dry basis) was 
slurried in 500 ml of water and the stirred mixture purged with a slow 
stream of nitrogen for 1 hr. Acrylonitrile (AN) (31.S g) was added and 
after 5 min, 7.5 ml of initiator solution was added. The mixture was 
stirred for 3 hr at 25°C (temperature controlled with an ice bath), hydro- 
quinone added, and the mixture filtered. The solid was washed first with 
water and then with ethanol and finally vacuum-dried. In some prepara
tions, an appreciable amount of carbohydrate was recovered from the 
aqueous filtrate; however, this material contained little or no PAN (by 
infrared).

In the reactions run at high dilution, 3.0 g of modified starch (dry basis), 
800 ml of water, 10.0 g of AN, and 12.0 ml of initiator solution were used.

For the reaction of Flojel 75 in aqueous methanol, a stream of nitrogen 
was bubbled for 1 hr through a thick slurry of 21.9 g (dry basis) of starch 
in 25 ml of water. Initiator solution (7.5 ml) was added to the stirred 
starch slurry followed after 5 min by a solution of 31.8 g of AN in 115 ml 
of nitrogen-purged methanol. In the reaction with Amidex B518, 30 ml 
of water was used because of increased swelling of the starch.

The crude product from each reaction was extracted with dimethylform- 
amide (DMF) to remove ungrafted PAN;4’5 however, some carbohydrate- 
containing polymer also was extracted. The copolymer insoluble in DMF 
was then analyzed for nitrogen. To determine the molecular weight of 
grafted PAN chains, the starch moiety was removed by refluxing in dilute 
hydrochloric acid followed by treatment with periodate and base.6 The 
molecular weight of grafted PAN was determined by intrinsic viscosity 
measurements,4 and the grafting frequency was then calculated.

RESULTS AND DISCUSSION

Six commercial modified starches and one enzyme-modified starch pre
pared in this laboratory were grafted with AN (ceric ammonium nitrate 
initiator). The type of modification, the intrinsic viscosity, and the per 
cent solubility in water at the concentration most often used for grafting 
are given in Table I for each starch. Those starches were chosen because 
they represent ones most commonly used industrially and encompass a 
broad range of water solubilities and degree of granule disruption.

The first series of reactions (Table II) was conducted at concentrations 
used in our earlier work1 (21.9 g of starch, dry basis, 500 ml of water,
31.8 g of AN, 7.5 ml of initiator solution). These concentrations will be 
subsequently referred to as normal dilution as opposed to the more dilute 
reactions to be described later. The DMF solubles, except for the fraction 
from Flojel 75, contained more than trace amounts of carbohydrate, as
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evidenced by both infrared and nitrogen analyses; and the carbohydrate 
content tended to increase with increased solubility in water of the modified 
starch.

Since the amount of DMF solubles was larger than observed in previous 
work with unmodified wheat starch,1 we suspected grafting to small carbo
hydrate fragments in the modified starches. If such grafting occurred, the 
resulting polymer would contain mainly PAN and would, therefore, be 
readily dissolved by DMF. To test this hypothesis, Claro 5591 was ex
tracted with water at room temperature to remove soluble, low molecular 
weight material. The extracted and air-dried product was grafted with 
AN and then separated into fractions in the usual manner to give G.S g of 
DMF-soluble polymer containing 88.2% PAN. The DMF-insoluble frac
tion (41.9 g) contained 48.0% PAN of molecular weight 171,000 and had 
a calculated grafting frequency of 1110 anhydroglucose units (AGU)/graft.

TABLE II
Products of Reaction of Acrylonitrile with Modified Starches“

DMF-soluble DMF-insoluble

Starchh

Water-
soluble,

g
Weight,

g

PAN
con
tent,

%
W eight, 

g

PAN
con
tent,

%

Molecular 
weight of 
grafted 
PAN

Grafting
frequency,
AGU/graft

Flojel 75 0.5 10.5 99.8 30.8 31.0 214000 2850
Claro 5591 0.8 15.1 96.0 31. G 30.4 185000 1990
Flojel 90 3.9 11.8 93.3 32.4 51.1 183000 1080
Stadex 00 14.4 21.4 90.3 11.S 61.3 319000 1240
Enzyme-

modified
17.0 25.7 87.7 8.0 09.8 716000 1910

Amidex B518 15.2 24.8 93.9 2.5 55.1 522000 2620
Stadex 120 23.5 Weight of water-insolubles: 0.1 g (not further examined)

“ Polymerization recipe: 21.9 g (dry basis) starch, 31 .S g AN, 500 ml water, 7.5 ml 
initiator solution. Reaction time: 3 hr. 

b See Table I.

When these results are compared with those in Table II for Claro 5591, 
it is apparent that water extraction before graft polymerization reduced 
both the weight of DMF solubles and the amount of PAN in this fraction. 
These two results lend support to the proposed hypothesis. Although the 
molecular weights for grafted PAN did not greatly differ between the two 
DMF-insoluble fractions, the fraction from water-extracted Claro 5591 
had a larger number of grafted chains.

Other than the run with Stadex 120, in which little or no reaction oc
curred, the tendency was an increase in both the amount of DMF and 
water solubles, a reduction in the amount of DMF insolubles, and an increase 
in the PAN content of the DMF-insoluble fraction with increasing water 
solubility of the modified starch used. With highly soluble starches, 
therefore, much of the starting material was recovered as ungrafted carbo
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hydrate (water-soluble fraction) and the reaction product was largely 
DMF-soluble polymer with a high PAN content.

Since Flojel 75 (acid-modified) and Claro 5591 (hypochlorite-oxidized) 
in water were similar in microscopic appearance, solubility, and intrinsic 
viscosity, the effect of modification method on copolymer composition was 
estimated by comparing the amounts and composition of the two sets of 
fractions. The DMF-insoluble starch-PAN copolymer from hypochlorite- 
oxidized starch had slightly shorter PAN chains and was more frequently 
grafted than the product derived from acid-modified starch.

In Flojel 75, Claro 5591, and Flojel 90, where the granules of starch are 
largely intact, molecular weights for grafted PAN were lower than for 
enzyme-modified starch and Amidex B518, where the structure of the 
granule is completely disrupted. Stadex (30 was 62% soluble at the con
centration used for grafting but still contained some intact starch granules. 
In this case, the molecular weight of grafted PAN was intermediate be
tween the granular and the disrupted starches. The dependence of molec
ular weight on the physical state of the starch was not surprising in view 
of results we reported earlier for unmodified wheat starch.1 Table II, 
however, shows no correlation between granule disruption and grafting 
frequency.

Although the molecular weight of grafted PAN seemed to depend on 
whether the modified starches existed as granules in water dispersion, 
Flojel 75, a modified starch in which the granules were intact, was relatively 
insensitive to the changes in pretreatment conditions that caused large 
variations in copolymer structure with unmodified wheat starch. The 
polymer produced when Flojel 75 was slurried in water at 60°C before 
grafting was similar to that formed after room temperature pretreatment 
(Table III). This result is in sharp contrast to unmodified wheat starch, 
where a pretreatment temperature of 60°C caused about a fivefold increase

TABLE III
Effect of Pretreatment on Composition of Flojel 75-Polyacrylonitrile Copolymers’*

Starch
pretreatmentb

Water-
soluble,

g

DMF-soluble DMF-insoluble

Weight,
g

PAN
con
tent,

%
Weight,

g

PAN
con
tent,

%

Molecular 
weight of 
grafted 
PAN

Grafting
frequency,
AGU/graft

Added dry 1.6 6.6 — 27.2 22.1 235000 5110
1 hr, 25°C 0.5 10.5 99.8 30.8 31.6 214000 2850
1 hr, 60°C 2.5 10.6 96.7 31.2 35.8 236000 2610

“ Polymerization recipe: 21.9 g (dry basis) Flojel 75, 31.8 g AN, 500 ml water, 
7.5 ml initiator solution. Reaction time: 3 hr.

b In the first reaction, water and initiator were sparged with nitrogen for 1 hr. Mon
omer was then added followed immediately by Flojel 75 (powder). In the other reac
tions, starch-water slurries were sparged with nitrogen at 25 or 60°C. Monomer was 
then added to the starch slurries at 25°C, followed after 5 min by the initiator solution.
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in the molecular weight of grafted PAN and about a fourfold decrease in 
the number of grafted chains as compared with 25°C.1 When Flojel 75 was 
added as a dry powder to an aqueous solution of monomer and initiator 
(Table III), the molecular weight of grafted PAN was not appreciably 
different from that resulting when Flojel 75 was slurried in water before 
the reaction, although the number of chains grafted was significantly lower.

We had previously found for unmodified wheat starch that a reduction 
in the molecular weight of grafted PAN and an increase in the number of 
grafted chains could be achieved by decreasing the concentrations of 
reactants3 (3.0 g starch, dry basis, S00 ml water, 10.0 g AN, and 12 ml 
initiator solution). When the modified starches were grafted under these 
conditions, which will subsequently be referred to as high dilution, the 
DMF-insoluble fractions (Table IV) also had shorter and more frequent

TABLE IV
Products of Reaction of Acrylonitrile with Modified Starches (High Dilution)11

Starchh

DMF-soluble DMF-insoluble

Weight,
g

PAN
content,

%
Weight,

g

PAN
content,

%

Molecular 
weight of 

grafted PAN

Grafting
frequency,
AGU/graft

Flojel 75 0 .4 94.4 4 .6 38.3 41400 411
Claro 5591 1.6 93.5 4 .4 38.6 77300 757
Flojel 90 4 .9 90.2 3.8 44.5 69700 536
Stadex 60 4.1 77.3 1.6 59.2 150000 637
Enzyme-modified 4 .0 72.7 0.8 33.4 92000 1130
Amidex B518 8.0 81.5 0 .2 — — —

»Polymerization recipe: 3.0 g (dry basis) starch, 10.0 g AN, S00 ml water, 12.0 ml 
initiator solution. Reaction tim e: 3 hr. 

b See Table I.

branches than their counterparts in Table II. The weight of water solubles 
was not determined, but increased water solubility of the modified starch 
tended to increase the amount of DMF-solublc polymer and to lower the 
conversion to DMF-insoluble graft copolymer, similar to the series of 
reactions made at normal dilution. Also, the PAN content of the DMF- 
soluble fraction followed the same general trend observed in Table II. The 
molecular weights of grafted PAN, however, did not show the dependence 
on granule disruption seen in Table II. Claro 5591 (hypochlorite- 
oxidized) again gave more DMF-soluble polymer than Flojel 75 (acid- 
modified); however, contrary to Table II, the DMF-insoluble product 
from Claro 5591 was less frequently grafted with PAN of higher molecular 
weight than the product from Flojel 75.

With unmodified wheat starch, the use of aqueous methanol as a reaction 
medium also gave a more frequently grafted product with lower molecular 
weight PAN.2 In this procedure, starch was slurried in a minimum 
amount of water, ceric ammonium nitrate solution added, and a solution
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of AN in methanol added to the starch-ceric complex. When this method 
was used with Flojel 75, the product, after DMF extraction, contained 8.5% 
PAN of molecular weight 21300; and a grafting frequency of 1420 AGU/ 
graft was calculated. Although a greater number of chains was grafted to 
Flojel 75 in the presence of methanol than in its absence (Table II), the 
number of grafted chains was not so large as expected. For unmodified 
wheat starch, either aqueous methanol or high dilution conditions in water 
gave a copolymer with about the same grafting frequency. With Flojel 75, 
however, fewer chains were grafted in aqueous methanol than under high 
dilution (1420 compared to 411 AGU/graft). This difference might result 
from a more facile migration of methanol to the free-radical sites within 
the Flojel 75 granule (as opposed to an unmodified wheat starch granule). 
Free radicals might then be destroyed by chain transfer before they can 
react with AN to form grafted PAN. If this explanation is correct, even 
fewer chains should be grafted to a modified starch where the granule 
structure has been completely disrupted. When Amidex B518 was grafted 
with AN in aqueous methanol under conditions comparable to those used 
for Flojel 75, no graft polymerization occurred, as evidenced by the lack of 
nitrile absorption in the infrared spectrum of the isolated product.

We thank M is. B. It. Heaton and Mrs. K. A. Jones for the elemental analyses.
The mention of firm names or trade products does not imply that they are endorsed 

or recommended by the U.S. Department of Agriculture over other firms or similar 
products not mentioned.
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Alternating Copolymerization of Polar Vinyl 
Monomers in the Presence of Zinc Chloride. II. 
Properties of Acrylonitrile-Styrene Copolymer*

SIIIGERU YABUMOTO, KIYOSHI ISHII, MASAKIYO 
KAWAMORI, KOICHIRO ARITA, and HIROSHI YANO, 

Central Research Laboratory, Daicel Ltd., Iruma-gun, Saitama, Japan

Synopsis
The properties of the acrylonitrile-styrene copolymer prepared in the presence of 

zinc chloride were investigated in comparison with those of a copolymer having the same 
overall composition and prepared by the ordinary radical procedure. The character
istics of the polymer prepared with ZnCl2 were as follows: (1) less coloration by alkali 
treatment, (2) less coloration by thermal treatment and (3) higher glass transition 
temperature. These features may be attributed principally to the structure of the 
copolymer, which has more unlike bonds and less long sequences as described in the 
first article of this series. The effects of residual salt in the copolymer on the properties 
were also investigated.

INTRODUCTION

In recent years, the properties of copolymers have been studied in rela
tion not only to their overall composition but also to the fine structure 
such as sequence length distribution or the distribution of the like and the 
unlike bonds.

Several papers have reported on the sequence length or bond distribu
tions of acrylonitrile-styrene copolymers (AS copolymers), the properties 
of which are the object of this article. Shibasaki1 studied the mechanism 
of instantaneous thermal decomposition of AS copolymers at temperatures 
higher than 400°C by pyrolysis gas chromatography and interpreted the 
distribution of the decomposition products by introducing the penultimate 
effect on the monomer releasing rate at the radical end of the decomposing 
polymer chain. Igarashi and Kambe2 reported that the decomposition 
residue increases more than proportional to the acrylonitrile component 
over the temperature range from 250 to 450°C, and proposed that the se
quence length distribution be considered to explain the phenomenon. 
Uematsu,3 assuming the stiffness energies of the like and the unlike bonds 
in the copolymer, tried to explain the shift of the glass transition tempera
ture on the basis of variation in the copolymer composition.

* This work was reported on the 16th Annual Congress of the Kobunshi-Gakkai, 
Tokyo University, May 26-28, 1967.
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In the preceding article of this series,-1 it was shown that the apparent 
reactivity ratios in the copolymerization in the presence of zinc chloride 
(ZAS copolymer) were smaller than those of ordinary radical copolymeri
zation (AS copolymer), and this fact led us to expect that ZAS copolymer 
may have some special properties due to its highly alternative character. 
In this article, an attempt to elucidate the features of ZAS copolymer in 
relation to the sequence length distribution was carried out.

EXPERIMENTAL 

Preparation of Copolymers

The monomers purified as described in the preceding report were poly
merized in nitrogen atmosphere at 50-70°C. The polymer yield was in the 
range 5-15 wt-% except for copolymer ZAS 2223, the conversion of which 
was ca. 40 wt-%. The polymers purified by repeated precipitations into 
methanol from acetone solution contained the less than 0.01 wt-% residual 
zinc chloride.

Copolymer ZAS 2223 alone contained ca. 0.3 wt-% residual salt because 
it was precipitated only once to obtain a large amount of the sample to 
permit various examinations. The content of residual salt was measured 
quantitatively by spectrophotometry as described in the preceding article. 
The polymer samples are listed in Table I.

Reagents

Commercial guaranteed grade reagents were used except for the mono
mers.

Coloration by Alkali Treatment

A 100-mg portion of well dried sample was dissolved in 100 ml of di- 
methylformamide (DMT) in an Erlenmeyer flask. After 24 hr, 2 ml of 
aqueous IN  sodium hydroxide was added to the solution with stirring at 
30°C. After 10 min, the absorption spectrum in the visible region was 
measured by using a Beckman DK 2 spectrophotometer. The sampling and 
the measurement were repeated at 20-min intervals.

Coloration by Thermal Treatment

A 100-mg portion of well dried sample weighed in an aluminum foil ves
sel was placed in a pretreating chamber of the furnace, then the chamber 
was repeatedly evacuated and charged with nitrogen gas. After the treat
ment, the vessel was moved into the heating chamber maintained at 240 
or 280°C. After 1 hr, the vessel was cooled and the sample was dissolved 
in 10 ml of DMF. The coloration was measured by using Beckman Dlv2 
spectrophotometer.
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Glass Transition Temperature

Dynamic mechanical moduli were observed at 110 Hz with a Vibron 
DDV-II, a nonresonance forced-vibration type viscoelastometer, over the 
temperature range 20-140oC. The specimens (0.3 X 3.0 X 50 mm) were 
cut out of the sheets made by hot pressing at 180°C for 10 min at 130 
kg/cm2 pressure. To confirm the results obtained, the softening tempera
ture by the Clash-Berg method (ASTM D1043-61T) was determined on 
specimens (1.0 X 6.3 X 60 mm) cut out of the sheets made by the same 
procedure. Little residual monomer was detected in the specimens.

Tensile Strength
Specimens were cut out of the sheets (1 mm thick) by stamping according 

to ASTM D638-61T. The specimens were examined by using a Tensilon, 
an Instron-type testing machine, with a grip span of 60 mm and a drawing 
speed of 5 mm/min at 20°C.

Impact Strength

Specimens (1.0 X 10 X 50 mm) cut out of the sheets were examined 
by using a modified Izod-type testing machine with the impact-support 
span of 2.5 mm.

Melt Viscosity

A l 1 / 2 g portion of well dried sample was pressed into a vertical cylinder 
of 1 cm2 cross section equipped with a nozzle (1 mm diameter, 10 mm 
length) at the bottom and a plunger at the top; all were maintained at 
230°C. The degassed sample was held in the cylinder for 5 or 65 min. 
Then a pressure of 40 or 100 kg/cm2 was applied through the plunger to 
force the sample out through the nozzle.

Effects of Residual Zinc Chloride

To elucidate the effects of residual salt on the properties of the copoly
mers, AS copolymer with zinc chloride added was examined in comparison 
with pure AS copolymer. The salt was added to an acetone solution of 
the copolymer and the polymer was precipitated into methanol. The con
tent of the salt was determined by the method presented above.

RESULTS AND DISCUSSION 

Coloration by Alkali Treatment

Typical spectra are shown in Figure 1. The AS copolymers treated with 
alkali under the conditions described above develop yellow to brown color 
with absorption peaks at 290, 362, and 400 (shoulder) m/x. The color de
veloped by ZAS copolymer was about one fourth as intense as that devel
oped by the AS copolymer of the same composition.
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Fig. 1. Absorption spectra of alkali-treated AR copolymers: (ZAS 39) polymerized in 
the presence of zinc chloride, (AS 50) polymerized by ordinary methods. Both con
taining 50 mole-% AN component.

I t  is well known that alkali coloration of polyacrylonitrile (PAN) 
in dilute solution is due to the formation of conjugated polyimines, 
( — C =N  — )„, along the polymer chain.8-7 Polystyrene (PSt), on the 
other hand, develops no color at all under the same conditions. I t is sup
posed, therefore, that the coloration of AS copolymer is due to the formation 
of conjugated polyimines in the acrylonitrile (AN) sequences long enough 
to yield the structure. In addition to the length, the tacticity of the 
sequence must restrict the formation of the structure between the pendant 
cyano groups within an AN sequence. In the case of iso tactic sequences, 
the increase in the number of conjugated imines brings about little or no 
distortion of the skeleton. In the case of syndiotactic sequences, on the 
contrary, the third imine structure adding to the diimine formed already 
cannot be formed without a great deal of distortion, which might destroy 
the ring structure. Recently the effect of tacticity on the alkali coloration 
of PAN was reported.8 The PAN obtained in urea adducts by x-ray 
irradiation (the meso-racemic ratio was G:l) developed four to five times 
the color developed by the radically polymerized PAN (meso-racemic 
ratio, 1:1). So, it may be assumed that in the alkali coloration of AS 
copolymers, isotactic AN sequences longer than n monomer units alone 
can yield the ( — C =N  — )„ structure.

To examine this assumption, a series of AS copolymers of various com
positions and hence various sequence length distributions which could be 
calculated from the reactivity ratios and the compositions of the copoly
mers were treated with alkali. Instead of IN sodium hydroxide aqueous 
solution, 0.02N ethanol solution was used with this series to avoid too deep 
coloration of the samples rich in AN component. As shown in Figure 2, 
the absorption at 362 m/u of the polymer treated with alkali increases 
more than proportional to the AN component. This absorption, pre
sumably due to the tetraimines, was plotted in Figure 3 against the amount 
of isotactic AN sequences longer than four monomer units. The linear 
correlation obtained may be considered to support the assumption. To
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Fig. 2. Absorption at 362m^i of alkali-treated AS copolymers polymerized by ordinary 
methods, as a function of the composition.

Isotactic AN Sequences longer than 
A Monomer-Units ( m o l e  %)

Fig. 3. Absorbance at 3G2m,u of alkali-treated AS copolymers polymerized by ordinary 
methods, as a function of the amount of the isotactic AN sequences longer than 4 
monomer units.

confirm this correlation for the samples treated with IN  sodium hydroxide 
aqueous solution, a pair of samples, copolymer AS 50 and a blend of copoly
mers AS 4G and AS 55 prepared by coprecipitation, was examined. A 
linear correlation was obtained between the coloration and the amount of 
the isotactic AN sequences longer than four monomer units as shown in 
Table II.

The results shown in Figure 1 may be interpreted as indicating that the 
amount of isotactic AN sequences longer than four monomer units in ZAS 
39 copolymer is one fourth that of AS 50 copolymer having the same overall 
composition. However, the ratio calculated from the reactivity ratios is 
1/150 instead of 1/4 as shown in Table I.

There is some question whether the presence of zinc chloride at the 
copolymerization stage does affect the tacticity of AN sequences in ZAS 
copolymer. For poly (methyl methacrylate) (PMMA), Otsu et al.9 re
ported that the presence of the salt did not affect the tacticity of PMMA. 
On the contrary, Makishima et al.10 reported that an influence was ob-
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served, since the tacticity of the polymer was insensitive to the polymeriza
tion temperature in the presence of the salt. The difference in the tacticity, 
however, was not marked. It would thus seem rather unlikely that varia
tion in the tacticity is the cause of the discrepancy. For more elaborate

TABLE II
Alkali Coloration of Homogeneous and Blended AS Copolymers

Copolymer
sample

AN
component,

mole-%

Isotactic 
AN sequence, 

mole-%

Absorbance 
at 362 

m/x

Absorption 
per isotactic 

sequence 
longer than 4 

monomer units

AS 50 
Blend of

50 3.1 x Rr3 0.4S 1.6 X 102

AS 46 
and 
AS 55

50 10.4 X 10“3 1.55 1.6 X 102

discussions, it would be necessary for the tacticity of PAN obtained in the 
presence of ZnCb to differ from that of ordinary PAN, since the determina
tion of the tacticity of PAN by means of NMR spectroscopy seems to be 
established.11

As another factor which may affect the alkali coloration, the effect of 
the residual zinc chloride was examined, though less than 0.01 wt-% of

R e s i d u a l  ZnCI2 ( wt  % )

Fig. 4. Absorption at 362 m/x of alkali-treated AS copolymers as a function of residual
zinc chloride.

salt remains in ZAS copolymer, because the salt may activate the cyano 
groups by coordination and act as a catalyst for coloration. The residual 
salt, however, reduced the alkali coloration, as shown in Figure 4. It is 
also shown in Figure 4 that a sample containing less than 0.1 wt-% salt 
is hardly influenced by the salt in the alkali coloration.

The cause of the discrepancy is still unknown.
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Thermal Coloration

Typical absorption spectra of the thermally colored AS copolymers in 
the visible region are shown in Figure 5. Unlike the case of alkali colora
tion, ZAS copolymers differ only a little from AS copolymers in the thermal 
coloration.

In thermally treated PAN, the conjugated polyimine structure was also 
assumed as one of the principal sources of the color which readily develops 
even below 200°C.12 As shown in Figure 6, the coloration takes place 
principally in the long AN sequences. In thermal treatment at above 
200°C, however, double bonds formed in the polymer main chain may 
release the steric distortion of racemic links to form the conjugated poly
imine ring structure. In addition, the thermal treatment in bulk, in con
trast with the alkali treatment in dilute solutions, may cause formation of 
a conjugate polyimine structure between the cyano groups belonging to 
different AN sequences. PAN, when heated in bulk, yields not only 
polyimines, but also hydrogen cyanide, ammonia, hydrogen, monomer, 
and low molecular weight cyano compounds, of which the latter two are

Fig. 5. Absorption spectra of thermally treated AS copolymers: (ZAS 39) polymerized 
in the presence of zinc chloride; (AS 50) polymerized by ordinary methods. Both con
tain 50/mole-% AN component.

Isotactic AN Sequences longer than 
4  Monomer-Units ( m o l e % )

Fig. 6. Absorption at 400 him of thermally treated AS copolymers prepared by or
dinary methods, as a function of the isotactic AN sequences longer than 4 monomer 
units. Heating temperature was 240°C,
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Fig. 7. Absorbance at 400 of thermally treated AS copolymers as a function of 
residual zinc chloride. Heating temperature was 240°O.

evidently the products of main chain scission.13-17 Moreover, PSt devel
ops color, though pale, on the thermal treatment. These factors may 
yield strong color sources (other than polyimines formed from the isotactic 
AN sequences longer than four monomer units) and hence weaken the 
dependence of the thermal coloration on the sequences, as shown in 
Figure 6.

I t may be also supposed that some weak links such as carbon-carbon 
double bonds, styryl or keteneimine structures, were produced in the 
main chain of ZAS copolymer, and that the result was acceleration of 
coloration so much as to mask the effect of fewer long AN sequences.

As shown in Figure 7, the residual zinc chloride promotes thermal colora
tion of AS copolymer. Residual salt in amounts more than 0.1 wt-%, 
accelerates the coloration markedly, and this is accompanied with some 
gelation. The effect decreases rapidly, however, with decreasing the salt 
content, becoming so small for concentrations less than 0.01 wt-%, that 
it is not necessary to take the effect into consideration on the results shown 
in Figure 5.

Glass Transition Temperature

The temperature of the maximum loss modulus, T(E") is plotted in 
Figure 8 against composition. The T(E") of copolymer ZAS 2223 is above 
the curve, being higher by ca. 7°C than that of copolymer AS of the same 
composition. The glass transition temperatures Tg observed by Beevers 
et al.18 are also shown in Figure 8. Although the absolute values are differ
ent, Beevers’ values obtained by the measurement of refractive indices 
also form another curve similar to ours. The difference between the T(E") 
of AS copolymer and the composition-weighted mean calculated from the 
T(E") of PSt and PAN, which is equal to the vertical distance between the 
curve and the dotted line, is plotted in Figure 9 against the amount of the 
unlike bonds (AN-St links) in the copolymer. The T(E") of PAN as
sumed to be 100°C by the extrapolation of the curve is in good accordance 
with values of 105°C at 5 Hz observed by Schmieder and Wolf19 and 99°C
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Fig. 8. Loss peak temperature T ( E " ) ,  and the glass transition temperature T „  

observed by Beevers et al. of AS copolymers prepared by ordinary methods, as a func
tion of the composition. T(E") of AS copolymers are represented by (O), T(E") of 
ZAS 2223, by (♦ ) and Tg observed by Beevers et al. by ( • )  and (A).

Fig. 9. The increase of T ( E ”) or T „  of AS copolymer from the composition-weighted 
mean of those of the homopolymers, as a function of mole fraction of unlike bonds.

at 200-300 Hz reported by Cotten and Schneider.20 In Figure 9, the Ta 
observed by Beevers et al. are also shown in the same way. As shown in 
Figure 9, a linear correlation was obtained, although some data are scat
tered. The correlation may be interpreted as indicating that the increase 
in the T(E") or T„ of AS copolymer from the composition weighted mean 
of those of homopolymers is due to and proportional to the amount of the 
unlike bonds in the copolymer.

TABLE III
Transition Temperatures

Copolymer
AN

component, M ,  d l/g T { E " ) , T f ,

sample mole-% °C °C

ZAS 2223 49 1.29 120 110
AS 50 50 1.22 113 105



ALTERNATING COPOLYM KRIZATIOY II 1613

The observed increase in the T(E") of copolymer ZAS 2223 compared 
to that of copolymer AS 50 is ca. 7°C, and the increase in the softening 
temperatures T { observed by the Clash-Berg method is ca. 5°C, as shown 
in Table III, while the temperature increase due to the increase in the 
unlike bonds is calculated to be ca. 2°C.

The effect of the residual salt on the Tf is shown in Figure 10, where the 
addition of 0.24 wt-% salt raises the T{ of copolymer AS by ca. 2°C. 
Therefore, the discrepancy of ca. 3°C must be due to the 0.3 wt-% residual 
salt contained in the sample used (copolymer ZAS 2223).

Fig. 10. Apparent moduli of rigidity of copolymer AS 50 with 0.24 wt-% zinc chloride 
added and pure copolymer AS 50; observed as a function of temperature by Clash- 
Berg method.

Other Properties
No significant difference in tensile and impact strengths of ZAS and 

AS copolymers was observed, as shown in Table IV.
The melt viscosity depression which took place during storage of the 

samples for 65 min in a cylinder kept at 230 or 2S0°C was less for ZAS co
polymer than for AS copolymer. However, the addition of zinc chloride to 
AS copolymer decreased the depression of the melt viscosity, as shown in 
Table IV, presumably by promoting the intermoleculur reactions. So, 
this phenomenon cannot be regarded as one of the essential characteristics 
of ZAS copolymer.

APPENDIX

The amount of the isotactic AN sequences longer than four monomer 
units was calculated as follows.

The number of AN sequences as long as n monomer units may be ex
pressed as;

SA(n) = mA qA2 pA"_1

where mA is the mole fraction of the AN component, qA = S/(rAA +  S), 
pA = 1 — qA, rA and rs are reactivity ratios defined by rA = kAA/k AS and
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t s = & s s / & s a , respectively, A is the mole fraction of AN in the monomer 
feed in the copolymerization, and S = (1-A) is mole fraction of St in the 
monomer feed in the copolymerization.

The number of isotactic sequences in the AN sequences as long as n 
monomer units, ¡i{n\r), may be described as;

M (n |r)  =  m- 1 +  E  {2p +  (n  -  1 -  Op V ~ ‘
t= r+1

= / { I  +  p(n -  1 -  r) j

where g is the probability of meso linkage, (no penultimate effect was as
sumed) ; p = (1-p) is the probability of racemic linkage, n (>r); r, and t are 
integers.

The meso-racemic ratio of AS copolymers being nearly unity, the proba
bility may be described as:

n(n\r) = (n +  1 -  r)/2r+'

Then, the amount of the sequences, S(r = 4) which is able to yield the 
conjugated tetraimines may be presented as;

<S(4) = ¿¿a(n |r = 4)»SA(n)
n =  5

= mA( 1 -  <Za2)paV26.

Strictly, the contributions of the isotactic sequences in the calculation 
of pin | r) should have been weighted by factors of 2 for the sequences 
longer than 2r, 3 for those longer than 3r, and so on. This correction, 
however, is trivial for the sequences not longer than 2r or 3r. In addition, 
the abundance of AN sequences longer than 10 monomer units is very small 
for the copolymers dealt with in this article, and hence the actual correction 
in <S(4) is not necessary.
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Thermogravitational Effect in 
Macromolecular Solutions

F. S. GAETA and N. M. CURSIO, International Laboratory of Genetics 
and Biophysics (C.N.R.), Napoli, Italy

Synopsis

We have investigated in a thermogravitational apparatus the behavior of solutions 
containing macromolecular solutes and of suspensions of ultramicroscopic particles 
such as viruses and ribosomes. We have obtained very high separation ratios with all 
the solutes studied, the value of the separation being characteristic of each solution. 
The reproducibility of the results is good, and the dependence on the geometrical and 
physical parameters involved fits the predictions of the phenomenological theory. Our 
results prove that fractionation of very high molecular weight particles is feasible by this 
method, and also that the characterization of the macromolecular species and the de
termination of the mass and shape of the particles of the solute seem to be within the 
possibilities of the thermogravitational method when this is applied to very high molecu
lar weight materials.

INTRODUCTION

Since the pioneer works of Ludwig1 and Soret2-5 in the last century, the 
diffusion of solutes in a liquid medium in presence of a thermal gradient 
has been extensively studied.

If one has two horizontal plane and parallel surfaces, constituting, 
respectively, the bottom and top of a container filled with a liquid solution, 
and the upper surface is maintained at a higher temperature than the lower 
one, heat flows in the interposed liquid in conditions of gravitational 
equilibrium—that is, in absence of convective motions. (A few exceptions 
to the latter behavior do exist, water between 0 and 4°C being an important 
one.) The flow of heat is combined with a flow of matter, the solute 
migrating towards the cold wall, except in a few cases, so that after a while 
the solution becomes concentrated near the cold wall and diluted near the 
hot wall.

Over the past 80 years, continuous attention has been paid by many 
workers to both the experimental and theoretical aspects of thermal 
diffusion. There has lately been a revival of interest in the problem since 
it has started to be treated with the methods of the recently developed 
nonequilibrium thermodynamics,6 in which thermal diffusion has become 
one of the favorite topics.7-12 Much attention has also been paid to a 
derived13 effect—-the thermogravitational effect—brilliantly exploited by
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Clusius ;uh1 Uickel14-16 in gases, and applied to the liquid state first by 
Korshing and Wirtz17-21 and immediately afterwards by Clusius and 
Dickel themselves.22

In an apparatus of the thermogravitational kind, the hot and cold walls 
are so inclined that a convection current develops which constantly brings 
fresh solution between the plates. These can be placed very close to each 
other so that strong temperature gradients are produced in the gap and 
the separation process is therefore much quicker and the unmixing more 
pronounced.

During the last thirty years more than a hundred papers have been pub
lished on this last line of research alone, but no practical application of the 
effect to systems in the liquid state has yet been found, and the only avail
able theories arc empirical, inasmuch as they describe the time dependence 
of the flow of matter, as well as its dependence from the geometry of the 
apparatus and from some physical parameters of the solution in terms of a 
parameter D' (called the coefficient of thermal diffusion) that can be 
obtained only experimentally. No indication on the way in which D' 
should be expected to vary, for instance, with the molecular mass of the 
particles of the solute is given by such theories.

Of the many workers who have studied thermodiffusion in liquid solu
tions, Debye and Buechc,23 Emery and Drickamer,24 Ham,25 and Whit
more,26 and later Langhammer27-30 are among the very few who have 
worked with relatively high molecular weight materials, indicating the 
possibility of obtaining fractionation of components having different 
molecular mass by means of the thermogravitational process.

It would be interesting if the results could be extended to materials of 
much higher molecular weight, especially those of biological importance 
like proteins and nucleic acids as well as to ultramicroscopic structures 
like viruses and ribosomes. Moreover, it would be useful to exploit the 
observed behavior of the macromolecules themselves in a thermogravita- 
tional experiment, to derive from it information on inherently important 
molecular parameters as the mass and shape of the dissolved particles. 
This would give us another analytical tool in the field of biochemistry and of 
the physical chemistry of high polymers. With these aims we undertook 
the experiments described in the present paper.

THERMAL DIFFUSION METHODS AND PHENOMENOLOGICAL
THEORY

Choice of Method
As mentioned above, there are basically two types of apparatus with 

which one can study diffusion of solutes in the presence of a thermal 
gradient. One of these consists essentially of two horizontal plates at 
different temperatures, and in this device every convective motion of the 
interposed liquid is accurately avoided. The other, instead, uses tilted 
(or vertical) hot and cold surfaces and the convective motions which arise
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are exploited to bring continuously fresh solution to the region of the 
thermal gradient.

The few references that we could find in the literature to other workers 
who have investigated the behavior of rather big molecules in thermal 
diffusion experiments practically all referred to experiments performed with 
apparatus of the thermogravitational kind,23-27-30 the only exceptions to 
this being the studies by Emery and Drickamer,24 and Whitmore,26 who 
employed an apparatus of the Soret type in a study on solutions of poly
styrene in toluene and in other nonaqueous solvents. Furthermore, the 
thermogravitational kind of apparatus gives comparatively greater separa
tions in a shorter time. In view of these considerations we decided to con
struct an apparatus of the thermogravitational type for our first investi
gation, notwithstanding the relatively low degree of precision obtainable 
with such an apparatus.

Phenomenological Theory of the Thermogravitational Method
A satisfactory phenomenological theory of the thermogravitational 

apparatus was established by de Groot31’32 following the line of thought 
already developed by Hiby and Wirtz33 and extending to the liquids the 
ideas of W. H. Furry et al.34 Here we can only briefly state the basic 
assumptions of de Groot’s theory and the conclusions arrived at, in the 
form of working equations.

The result of a thermogravitational run is basically the production of a 
certain degree of unmixing between solute and solvent, in general the 
solute being pushed towards the cold plate and brought into the lower 
reservoir, while the solvent, remaining near the hot wall, is conveyed to the 
upper reservoir. The fresh solution arriving between the plates from the 
reservoirs undergoes tire same process and the concentration of the solute 
is therefore gradually increased in the lower reservoir and decreased in 
the upper one.

This process goes on until the concentration difference in the reservoirs 
becomes equal to the maximum separation that can be produced by thermal 
diffusion in the solution during the time of flow between the plates. The 
degree of unmixing of solute and solvent can be conveniently expressed in 
terms of the ratios C J C o  and C s/ C 0, where Co is the initial concentration 
(in grams per cubic centimeter) and C, and Cs are the concentrations in the 
upper and lower reservoirs, respectively. Other convenient expressions are 
the “separation ratio” C i / C s and the “reduced separation ratio” 
[ ( C i /C s) -  1],

Two groups of parameters influence the separations obtained, and one, 
which we could call of the group of “external” parameters, is constituted 
by the dimensions of the apparatus, the angle of inclination given to the 
plates, the average temperature, and the temperature difference applied, 
while the other comprises such intrinsic properties of the system under 
study as the viscosity and thermal expansion coefficient of the solution 
and the concentration of solute, as well as the molecular characteristics of
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solvent and solute. The effects of the interaction of the thermal gradient 
with the dissolved particles are then described in terms of a coefficient D' 
(in square centimeters per second per degree) which is called the coefficient 
of thermal diffusion, alternatively described in terms of the Soret co
efficient s, which is defined as the ratio of the coefficient of thermal diffusion 
D' to the coefficient of isothermal diffusion D (in square centimeters per 
second). The dimensions of s are therefore equal to the inverse of a 
temperature.

If one supposes that D and D' (and hence s) are independent of the con
centration (which, particularly in the case of macromolecular solutes, will 
be true only in the range of very small concentrations), if the temperature 
gradient is assumed to be uniform between the plates and the hydrody
namic flow of the liquid is laminar, and if the whole process is approximately 
stationary, then the ratios C JCS and Cs/Cu vary in the course of time as:32a

Ci/Co = 1 +  tanha(l -  er* cot ha)
C„/C0 = 1 -  tan ha (1 -  en  cotha) (1)

with
a =  252TfD'h/fipga* (2)

and
7 = (ppgba3D't/72QV D) (AT)2 (3)

where h is the height of the plates; b is the width of the plates; a is the 
distance between the hot and cold plate; V is the volume of the reservoirs; 
AT is the temperature difference; p, /3, and 77 are, respectively, the density, 
the coefficient of thermal expansion, and the viscosity of the solution; t is 
the time of duration of the run (expressed in seconds) and g is the gravita
tional constant. The calculations quoted above, leading to the expressions 
(1), (2), and (3) as well as to the expressions (4)—(8), are simplified not 
taking into account the temperature dependence of the density p, of the 
thermal expansion coefficient /3 and of the coefficient of diffusion D, so 
that the values of these parameters which are to be introduced into the 
expressions are the respective values at a temperature ecpial to the average 
of the temperatures of the two plates. The same applies in practice also 
to the coefficient of viscosity 77 since the effect of the temperature variation 
of 77 involves only small variations of a and y.321) Therefore also the 
value of 77 to be used is the one at the average temperature

Tav = (T ! +  Tt) /2

T 1 and T2 being the temperatures of the hot and cold plate, respectively.
For runs long enough to attain the steady state, one gets32c

Ci/Cs = e2“ = exp ¡50477/J7i//3p(/cr4j (4)

while for short runs the “reduced separation ratio” is given by32d Ci = 1 +  
y; Cs = 1 — 7 ; consequently:

(CyC),) -  1 ~ 27 = (pPgba3D 't /m vVD)(AT)2 (5)
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and hence

s = (D'/D) = m ) vV: 3pUlm>yn)l(('rC,) -  m m .  (6)

in such a way that the Soret coefficients can be calculated, in the course of 
short runs, by measuring reduced separation ratios in function of time and 
temperature difference between the plates. The thermal diffusion co
efficient D' can be obtained from runs of long duration and then, through 
the value of the ordinary diffusion coefficient D, the Soret coefficients can 
be independently calculated again.

EXPERIMENTAL 

Design of Apparatus

We used two apparatuses, henceforth referred to as numbers 1 and 2, 
both following substantially the design of the separation column described 
by de Groot in his thesis.32 The theory outlined above is therefore di
rectly applicable to our results.

Apparatus 1 (Figs. 1 and 2) was made of two thick brass plates, each one 
having a plane surface coated with a thick silver layer and then highly 
polished to 1 a or more. The two polished surfaces were placed one in

Fig. 1. Thermogravitatioual apparatus 1, assembled.
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Fig. 2. Thermogravitational apparatus 1, disassembled.

front of the other and held parallel at a small distance adjustable by means 
of a gasket (hard rubber, Teflon, or polyethylene) and positioning screws; 
by varying the thickness of the gasket the distance between the surfaces 
could be adjusted to different values. Before each run the distance a 
between the two surfaces facing each other was measured by means of a 
micrometer with a precision of ± 0.002 cm. One plate was heated by an 
electric 1-kw resistance and, since the power in it could be regulated, the 
temperature of the hot surface could be fixed at any desired value within a 
wide range.

At the back of the cold plate 45 channels were machined, through which 
cold water is circulated. (The cooling water was circulated in a closed 
circuit comprising a cooling unit so that the temperature of the cold wall 
could also be varied within a certain range, if required.) Into this same 
plate, which is 2.4 cm thick, two semicylindrical reservoirs were machined; 
the volume of each was (15.2 +  2.2 a.b) cm3.

Three holes fitted with sealing nuts were also provided, one leading into 
the upper reservoir and two into the lower, for filling and sampling of the 
solutions.
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The whole apparatus was mounted on a tilt-plane resting on micro
metric screws, with which a small inclination can be given to the whole 
apparatus (4° in most runs) so that the hot surface is higher than the cold 
one. A series of automatic control and measuring devices was also built, to 
check the temperatures and the flow of the cooling fluid and to allow the 
necessary securities during the overnight runs. At the end of each run, 
specially built syringes could be fitted to each of the three holes so that 
samples of the liquid could be drawn for analysis; the tip of each needle 
was able to reach fixed positions within the reservoirs..

Apparatus 2 was essentially identical to apparatus 1, apart from some 
modifications to be discussed later.

Making a Run

Each part of the apparatus was well washed in a mildly alkaline bath, 
followed by rinsing with water, then alcohol, and finally distilled, deionized 
water. The apparatus was then assembled and filled with the solution 
under study. Whenever possible the solvent was boiled just before pre
paring the solution and the run be started immediately after, because in

Mmn)

Fig. 3. Absorption spectra: ( • )  original DNA solution, before being run; (a ) en
riched DNA solution, derived at the end of the run from the lower reservoir; (o ) im
poverished DNA solution, derived at the end of the run from the upper reservoir.
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this way the formation of bubbles on the working surfaces was avoided or 
strongly reduced and one of the major sources of error in this way elimi
nated.

After filling of the apparatus, the cooling and heating systems were 
connected, the apparatus was tilted the desired amount, the thermo
couples and the resistance thermometer inserted, and after 4-5 min a 
stationary state in the flow of heat was reached, as evidenced by the 
constancy of the temperatures attained at all points of the apparatus. 
The automatic control devices were switched on at this point to control the 
temperature for the rest of the run. This combined control of heating and 
cooling allowed us to achieve a stability of 0.5°C over periods of time 
exceeding 48 hr in some cases. At the end of the run a sample of approxi
mately 1 ml was withdrawn from the apparatus by means of a syringe 
inserted in the upper filling hole, and an equal amount of liquid was then 
withdrawn from the lower reservoir through the middle filling hole.

The adsorption spectrum of each of the two samples was then determined 
by means of a spectrophotometer and compared with the spectrum of the 
original untreated solution. In this way not only was the separation of 
the solvent from the solution measured, but also contamination or altera
tion of the materials produced during the run was detected. Figure 3 
shows a typical absorption spectrum of each of the three samples analyzed 
in a run with DNA. When necessary, other kinds of measurement were 
also carried out, as reported later.

Materials and Methods
The deoxyribonucleic acid (DNA) used in our experiments was derived 

from two sources: the sperm of the sea urchin Arbacia lixula and coliphage 
T4. The extraction of DNA from these was carried out with a method 
employing SDS and cold phenol35 and yielded high molecular weight DNA. 
For each of our preparations, the determination of the molecular weight 
was made by determining the coefficient of sedimentation in a Spinco 
Model E analytical ultracentrifuge and by successive applications of the 
equation of Mendelkern and Flory36’37 in the simplified form elaborated for 
DNA by Rice and Doty.38 The T4 coliphages were produced in a single 
preparation at a final titer of 5 X 1012 phage particles/ml, by the standard 
procedure, and then stored in the cold. All experiments with phage were 
made with particles derived from this original preparation.

Ribosomes were derived from E. coli, Cambridge strain MRE600, which 
are RNAase- . The E. coli were grown in Medium L during the logarithmic 
phase. The bacteria were mechanically disrupted by grinding with 
alumina (Alcoa) in 10”2 N  Tris buffer of pH 7.4 plus MgCl2, 2.5 X 10_W. 
After repeated centrifugation, treatment with DNAase, resuspension and 
recentrifugation, a pellet of separated 30 S and 50 S ribosomes was obtained. 
The runs in our thermogravitational apparatus were made by resuspending 
the ribosomes in the Tris buffer used for the preparation.

To understand better the results to be presented here, one should re-
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member that, according to current views, the two ribosomal subunits (the 
30 S and 50 S) are extremely similar in composition (both being super- 
molecular aggregates of protein and RNA, of not too different a shape, and 
both being assimilable to a prolate ellipsoid) and that the 50 S material has 
about twice the molecular mass of the 30 S particles. In our case the 
weights proved to be ~1.8 X 106 and ~0.9 X 106, respectively. Other 
materials, such as hemoglobin and high molecular weight dextrans, were 
obtained from current commercial sources.

RESULTS

Solutes of Small Molecular Weight

A thermogravitational device of the kind built by us contains many 
adjustable parameters, the optimal value of which must be found em
pirically. Most important among these are the distance a between the 
plates and the inclination 0 given to the apparatus. Both these affect 
strongly the flow of the solution in the gap between the plates; we therefore 
investigated these points carefully.

We used a CuS04 solution and made a series of runs of fixed duration at a 
fixed value of 9, varying the parameter a by using gaskets of different 
thickness, and measuring a in the way described above in the section deal
ing with design of the apparatus. We found that maximal separations of 
the solute from the solution were obtained by using a value of a = 0.045 cm. 
Above or below this value the separation was found to decrease very 
quickly.

As for the influence of the angle of inclination 9, we found that a 4° 
inclination gave satisfactory results and varying 9 between 3° and 5° left 
the results practically unchanged. Angles smaller than 2° often (but not 
always) upset the hydrodynamic flow of the solution in the gap, resulting 
in the mixing of the ascending and descending currents, with consequent 
failure of the run, while at inclinations greater than 5° the time taken to 
achieve equilibrium increased. We therefore decided, in the following 
experiments, to adopt a fixed inclination of 4° in all our runs with only very 
few exceptions. We also checked that the optimal values of a and 6 
remained the same for all durations of the runs.

Two other geometrical parameters which influence31'32 the results are the 
length h of the gap between the two flat plates and the volume V of the 
reservoirs [see eqs. (2)-(6)[. In our apparatus 2 both these parameters 
were varied with respect to those in apparatus 1 and, in addition, we 
investigated separately the effect of altering the volume V alone, in each 
of our two models, by adding material on the walls of the existing reservoirs. 
This decrease of V has the effect mainly of decreasing the time needed to 
reach the stationary state, although too much reduction of the volume of 
the reservoirs or altering their shape occasionally leads to irregularities of 
function appearing in the form of reduced separations and inequality of 
percentage decrease of concentration in the upper reservoir with respect to
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increase of concentration in the lower one. The reason for this must be the 
formation of zones of incomplete mixing of the solution flowing from the gap 
into the reservoirs with the material already contained in them.

The decrease of h from 9 to 5.5 cm in model 2 with respect to model 1 had 
the effect of slightly decreasing the time needed to achieve the equilibrium 
separation, without noticeably altering the value of the final separation 
itself.

Quantitatively, all the separations obtained in the runs with C11SO4 com
pared well with the results found, for instance, by de Groot32 with the 
same substance.

Macromolecular Solutes
Having obtained results similar to the ones found in the literature for 

solutes of small molecular weight, we proceeded to experiment with macro- 
molecular substances.

F i g .  4 .  C o n c e n t r a t i o n s  o f  D N A  s o l u t i o n s  c o n t a i n e d  i n  t h e  u p p e r  a n d  l o w e r  r e s e r v o i r s ,  

a f t e r  r u n s  o f  v a r i o u s  d u r a t i o n :  ( • )  s o l u t i o n s  f r o m  t h e  l o w e r  r e s e r v o i r ;  ( o )  s o l u t i o n s  

f r o m  t h e  u p p e r  r e s e r v o i r .  T h e  c o n c e n t r a t i o n s  w e r e  o b t a i n e d  t h r o u g h  s p e e t r o p h o t o -  

m e t r i c  a n a l y s i s  o f  t h e  k i n d  d e s c r i b e d  i n  F i g .  3 .
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Fig. 5. Separation ratios C i/ C s and reduced separation ratios (Ci/Cs) — 1 as a function 
of the distance a  between hot and cold plate, for various durations of the runs: ( • )  2 hr; 
( O )  3 hr; ( a ) 4 hr; ( a )  C hr; (■) 10 hr; (□ ) 16 hr.

We used DNA having a molecular weight of 107 and extracted from sea 
urchin sperm as described in the materials and methods section, which was 
then denatured by heating for 15 min at !)0°C before being introduced into 
our thermogravitational apparatus for a run. The denatured material is a 
skein of a single-strand DNA tightly wound on itself in a nearly spherical 
coil of molecular weight ~ 5  X 106; when run in our apparatus it gave the 
results summarized in Figures 5-9. Subsequently, DNA extracted from 
coliphage T4 treated in a similar way gave analogous results, not included 
among these data. In each case the denatured DNA was suspended in a
0.157V sodium chloride-0.0157V sodium citrate (SSC) buffer solution.
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Fig. 6. Separation ratios C  J C , and reduced separation ratios (CVC,) — 1, in function 
of the duration of the runs: (o ) AT  =  30°C; ( • )  AT  =  20°C. The values at AT = 
30°C are the ones of Figure 5 corresponding to the value of a  = 0.04 cm.

From an examination of these results and by comparison with the data 
found in the literature, one notices at once that our separation ratios 
C i / C a are bigger than any found with materials of smaller molecular weight.

In Figure 4 are plotted the concentrations of DNA reached in the upper 
and lower reservoirs after runs of increasing duration. In each of these 
runs the initial concentration of DNA in the solution was 15 pg/cm3, and all 
runs were made under the same experimental conditions.

In Figure 5 the ratios C i / C s and ( C \ / C s) — 1 [see eq. (5)] are plotted 
against the values of a for different durations of the runs. While the 
values of the separation ratios are higher than those obtained with ma
terials of smaller size, the dependence on a is qualitatively the same as for 
the latter. In particular, the highest separations are found at a value of
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Fig. 7. Concentration dependence of the separation ratios for DNA solutions: (o ) at
t =  3 hr; (®) at t =  10 hr.

a = 0.04 cm, and above or below this value the separation ratios decrease 
as predicted by the phenomenological theory. Indeed this theory32 predicts 
an increase of the separation ratio with a3 for small a, and a decrease with a 
higher power of a for values of this parameter greater than optimal.

Now, a characteristic time 6 can be defined for each given set of values of 
the “external” and “intrinsic” parameters. The theory gives the following 
expression for 6:

0 = (V/H ) tanh « (7)

where V is the volume of the reservoirs, a is given by eq. (2) and H is 
given by:

H = (l/362880)(/3pi/A)2(l/D)6a7(AT)2 (8)

A run can be considered short if its duration is t «  8 and long when
t » e.
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In Figure 6 the separation ratios and reduced separation ratios obtained 
with denatured DNA and corresponding to a = 0.04 cm are plotted against 
the duration of the run for the temperature differences AT = 30°C and 
AT = 20°C. Equation (5), which is valid for runs of short duration, pre
dicts a linear dependence on time, and one can see that the curve cor
responding to AT = 30°C is indeed linear up to 5-6 hr of run, while the 
one corresponding to AT = 20°C is linear up to 11 hr, in very good accord 
with eqs. (7) and (8); this fact incidentally provides us with an operative 
definition of the term short referred to the duration of a particular run.

This means that the approximations introduced by de Groot into phe
nomenological theory to solve the empirical equations can be still con
sidered legitimate in the case of our macromolecular suspensions, since our 
results check quite well the dependence of the separation ratios on the 
parameters a, (AT)2, and t, to which they are most sensitive.

A more subtle point arises now: namely, up to which point can we con
sider our molecular suspensions to be infinitely diluted? Since in our case 
there is a strong dependence of such important parameters as q  on the 
concentration of the macromolecular component, one has to find an answer 
to this question by experiment. We therefore conducted a series of runs 
with varying concentrations of denatured DNA, from 9 gg/cm3 up to 
80 jug/crn3; the results are represented in graphical form in Figure 7. One 
can see that already at relatively small concentrations (about 40 gg/cm3) 
the solutions show a concentration dependence on the separation ratios, 
probably entirely due to the increase of q  [see eq. (5)] and to its influence 
on the hydrodynamical flow of the liquid between the plates.

Effect of Difference of Temperature of the Plates
Another point that had to be checked with great care was the de

pendence of the separation ratios C-JCS on the difference of temperature T 
between the plates. The phenomenological theory [eq. (5)] predicts an 
increase of the separation ratios proportional to (AT)2. On the other hand, 
the variation of temperature also affect, various parameters included in the 
expression given above, especially the viscosity q  of the fluid and the 
diffusion coefficient D. One is therefore compelled to consider whether the 
proportionality of the separation ratios to (AT)2 predicted by phenomeno
logical theory continues to hold for the case of macromolecular solutions 
notwithstanding the great influence of the temperature on both viscosity q  

and diffusion constant D of these solutions.
An analysis of the phenomenological theory as developed by de Groot 

shows that, in the case of solutions of denatured DNA, and within the 
limits of the temperature differences used by us, the assumptions under
lying the phenomenological theory are still valid and one can use for q  and 
D the values corresponding to the average temperature (T i +  T2)/2. To 
check this point we made a series of runs with denatured DNA of mo
lecular weight 5 X 10G at temperature differences of 8 , 14, 18, 20, 22, 28, 
and 30°C, having taken care to assign the temperatures of the hot and cold
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M T ) 2 CC2I

Fig. 8. Separation ratios as a function of the temperature difference A T ,  between hoi
and cold plate, at constant average temperature: (---- ) linear dependence in ( A T ) 2

(upper scale abscissae); (------ ) refers to lower scale abscissae, linear in A T .

plates in such a way that the average temperature would always be 21°C. 
In this way the separation ratios of Figure 8 have been obtained, and one 
can see that the law of proportionality to (AT)2 is rather well satisfied. 
On the contrary, when the temperature difference is increased while the 
temperature of the cold plate is kept constant, the separation ratios follow 
less well the proportionality to (AT)2, as we shall see in the next section.

Dependence of Separation Ratios on the Nature of the Solutes

To investigate the dependence of the separation ratios on the nature of 
the suspended particles, we made many runs with proteins, polymeric 
dextrans of high molecular weight, and some supermolecular particles, 
namely ribosomes and viruses. These experiments were all made with our 
apparatus 2. It must be remembered, in comparing them with the pre
ceding ones, that at all the different values of T employed, the temperature 
of the cold plate was always kept constant (at + 8°C), while the tempera-
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Fig. 9. Separation ratios as a function of the temperature difference A T  between hot 
and cold plate. The temperature of the cold plate is held constant. For description 
of the characteristics of the various materials see text ( 0 : <t>Ti, □: denatured DNA; 
A: 4>T4 debris; • :  dextran 2000; O: hemoglobin; ■: 5 0 a ribosomes; T: 3 0 s ribo
somes).

ture of the hot plate was varied, so that the average temperature also varied 
from one run to another. The results are summarized in graphical form 
in Figure 9.

One observes the following facts from these results: in the first place, the 
dependence on the temperature difference no longer follows closely the law 
of proportionality to (AT)2. This is readily explainable in terms of the 
variation of the physical properties of the liquid between the plates with in
creasing temperature and the consequent variation of both the thermal 
sedimentation of the particles and the hydrodynamical regime of flow of the 
liquid as a whole.

Much more interesting is the fact that different materials give different 
separations at all AT’s employed. As one can see the general tendency is 
for an increase of the separation ratios with increasing dimensions and 
increasing density of the suspended particles. Compare, for instance, the 
results obtained with dextran 2000 and denatured DXA, both having been
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run in the same solvent, the DNA being denser than dextran and having a 
molecular weight about 2.5 times higher.

Particles of T4 virus, which are assemblies of a structurally complex 
protein coat and a nucleus of high molecular weight, double-stranded DNA, 
having a total molecular weight of 2.4 X 10s, gave by far the highest 
separation ratios observed. Even if for such massive particles some 
separation due to their redistribution in the gravitational field is to be 
expected, this separation would be much smaller than the ones observed in 
our thermogravitational experiments, furthermore would require much 
longer time to establish itself, and finally would require a completely

Fig. 10. Ribosomes derived from (a ) the enriched solution of the lower reservoir 
and from (o )  the impoverished solution of the upper reservoir are fractionated in a 
preformed sucrose gradient in a centrifuge tube, and then the fractions are collected in 
various tubes in order of decreasing sedimentation coefficient.

immobile liquid to form, while the convective movement existing in our 
apparatus would be sufficient to destroy completely the gravitational 
separation if one would start the circulation of the liquid by itself after the 
particles have sedimented. This proves that the separation ratios ob
served in the case of the T4 viruses must be ascribed to the effect of thermo
gravitation. Unfortunately we could not employ temperature differences 
higher than 15°C because the phage particles became disrupted. On the 
other hand, by predisrupting the phages by osmotic shock prior to intro
duction into our apparatus, we could study the behavior of these debris 
to much higher temperatures. This material consists of loose complexes 
of relatively low-density proteins and DNA having various shapes and 
masses, these being of the order of 106.
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The case of E. coli ribosomes is also very interesting, even if no direct 
quantitative comparison with the other materials can be made because, 
owing to their nature, we had to run the ribosomes in a solvent different 
from the usual saline solution normally employed. The nature and the 
mass of these particles, as well as the kind of solvent in which they were 
run, were described in the section on materials and methods. The results 
of the thermogravitational runs arc represented by the six points in Figure 
9, and the detailed analysis of the materials derived from the upper and 
lower reservoirs of our apparatus after the run is given in Figure 10.

A few drops of the solutions derived from each reservoir were layered on 
sucrose solution in a centrifuge tube and then spun down for about 2 hr. 
The tube was then extracted from the centrifuge, punctured on the bottom, 
and the contents, flowing down drop by drop, collected in successive tubes. 
The contents of these tubes were then analyzed spectrophotometrically. 
Hence the optical densities on the ordinates of Figure 10 are proportional to 
the number of ribosomes of the corresponding layer in the ultracentrifuge 
tube. As will be seen, heavier particles come down first (tubes 7, 8, and 9) 
and lighter particles follow later (tubes 11, 12, and 13).

It is important to observe that the separation ratios obtained for the 
two types of particles, namely the 50 S and the 30 S (run simultaneously 
in each case), have different values, the value of the separation being 1.7 for 
the 50 S and 1.18 for the 30 S material These two values are almost 
precisely in the same ratio as the sedimentation coefficients of the two 
types of particles in a centrifugal field: 50 and 30. Now the 50 S and 30 S 
ribosomes are approximately round particles, both being aggregates of 
proteins and ribonucleic acid in the same ratio; furthermore, in our runs 
both kinds of particles were contained in the same solution. The fact that 
one gets different separation ratios for the two shows that C \ / C s is de
pendent on the mass of the suspended particles.

Since the molecular mass does not figure in the phenomenological 
equations, it must be contained in the coefficient D ' . The fact that the 
ratio of the thermogravitational separations in this case—in which all 
other factors are the same—turns out to be equal to the ratio of the 
respective centrifugal coefficients, is obviously an important point that 
sheds some light on the nature of D ' .

DISCUSSION

First we would stress that all the above results agree well with the 
phenomenological equations worked out for this type of apparatus by 
de Groot.31'32 Indeed the dependence of the separation ratios C i / C s on a, 
(AT)2 and t, which are considered crucial tests for the applicability of the 
phenomenological theory,30'33 all conform well to the equations worked out.

We can therefore say that the thermogravitational method can be 
employed to study solutions (or suspensions) of materials having very 
high molecular weight and a high degree of structural complexity. The
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fact that our separation ratios turn out to be higher than any obtained 
with materials of small molecular weight makes the method particularly 
appropriate for the study of macromolecules or submicroscopic particles.

Especially interesting is the finding that the separation ratios obtained 
are dependent on such parameters as the molecular mass and the nature 
of the suspended particles. Even if these parameters do not figure as 
such in the phenomenological theory, this finding does not contradict our 
previous statement that the phenomenological theory applies to our case, 
since molecular mass and shape are indeed included in the coefficient of 
thermal diffusion D'. The fact that molecular parameters are determinant 
of the value of D '—or of the separation ratios, which is the same—not only 
confirms that fractionation of different molecular species is feasible by the 
thermogravitational method also in the field of high polymers, as already 
proposed by some other workers,24'27 but also that this method can be 
applied to another, completely new, and subtle purpose, namely the char
acterization of macro molecular species in terms of the observed C\/Cs and 
also perhaps the determination of specific molecular parameters and their 
dependence on the nature of the solvent.

The development of such a new tool in high polymer science and in bio
logical and biochemical research seems to be very attractive, and we 
intend to devote more effort in this field. The different materials must be 
studied systematically with respect to each of the structural parameters 
playing a role in the phenomenon of thermal diffusion.

More advanced apparatus must be developed, from which more accurate 
and complete data can be obtained. Furthermore, for the fulfilment of our 
program a good phenomenological theory is not sufficient—what one needs 
is an understanding of the nature of the physical forces responsible for the 
sedimentation of particles in a thermal gradient. In other words one must 
be able to explain in physical terms the dependence of D' on molecular 
properties. The preliminary results presented in this paper have already 
given us useful indications of the physical nature of the forces responsible 
for thermodiffusion. These indications will doubtlessly contribute to the 
development of a more satisfactory theoretical approach.

Of the many people to whom we are indebted for assistance and help, we want here to 
thank particularly Prof. F. Graziosi who took an active interest in every stage of our 
work.

Our gratitude goes also to Prof. Iiabel of the Laboratori Nazionali del Sincrotrone, 
Frascati, Rome, who made in his workshop the finishing work and the metallic coating 
of our first apparatus; and to Dr. I. Lefkovitz for the preparation of the ribosomes and 
analysis of the results obtained in the relative runs.
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Synopsis
The kinetics of dehydration and decarboxylation as well as the glass transition 

temperature as a function of anhydride content were measured for poly(acrylic acid). 
It was found that the glass transition of PAA is of the order of 103°C and increases with 
increasing anhydride content, reaching an extrapolated value of 140°C for the pure 
linear anhydride. Anhydride formation is a first-order reaction, as is also decarboxyla
tion, the latter being much slower than the former. The rate constants are for dehydra
tion, ka. =  2.5 X 109 exp { —26000/I f 7’}; for decarboxylation, kd = 2.9 X 108 exp 
j — 27000/i?7’)' Anhydride formation occurs primarily by an intramolecular process.

INTRODUCTION
Acrylic and methacrylic acid are two of the most important constit

uents of ionic polymers. In recent years, interest in the bulk properties 
of these polymers has increased sharply, as evidenced in several publica
tions1-6 and a symposium.6 Since the authors hope, as part of systematic 
study of ionic forces in polymers,5’7 to investigate some viscoelastic and 
thermal properties of ionized acrylic acid and some of its copolymers, it 
was thought advisable first to study the un-ionized homopolymer itself.

This article will report our work on the glass transition of the polymer 
and partial anhydride as well as on the rate of anhydride formation in the 
material, and also give some speculations on the mechanism of anhydride 
formation. The problem of the glass transition interested us because 
literature values as divergent as NS and 166°C have been reported.8 9 
The study of the kinetics of anhydride formation was important because 
ionization of the material increases the glass transition temperature drasti
cally, and, for partially ionized polymers, drying of the resultant material 
leads to some dehydration. It is therefore important to know the kinetic 
factors of the anhydride formation to insure a minimum of structural 
change consistent with maximum of dryness.

The results of the work indicate that (/) the glass transition of PAA is of 
the order of 103°C and increases with increasing anhydride concentration;
(2) that the anhydride formation occurs by a first-order process and thus

* Present address: Kyushu University, Fukuoka, Japan.
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seems to be quite different from the process in poly(methacrylic acid) ;10
(3) that it occurs primarily by intramolecular reactions; and finally
(4) that decarboxylation also occurs simultaneously with water elimina
tion, but at a very much slower rate. While many of these facts may have 
been known qualitatively,11 we could find no description of quantitative 
work on the kinetics of anhydride formation or the glass transition as a 
function of anhydride content.

EXPERIMENTAL PROCEDURES 

Polymerization

The acrylic acid (Matheson, Coleman and Bell) was distilled, and the 
fraction boiling at 54°C under pressure < f 22 mm Hg was collected and 
stored in the dark, at low temperature, until used.

The polymerization was carried out by dropwise addition of a solution 
of benzoyl peroxide to an agitated refluxing solution of acrylic acid in 
benzene. The polymer precipitated during polymerization; it was col
lected, washed three times with benzene, dried in vacuum at 97°C for two 
days, and stored over P2O5. The polymer as well as the filtrate proved to 
be free from unsaturation by use of bromine as well as by infrared spec 
troscopy. The molecular weight, as determined by intrinsic viscosity from 
the equation,12 [jj] = 8.5 X 10_4il/1/2, ranged from 1 .SO X 104 to 3.13 X 105, 
depending on the concentration of initiator.

Dehydrations

The dehydrations were carried out by passing nitrogen through a sample 
of powdery polymer until the desired weight loss was achieved. The 
dehydration temperatures depended on the experiment. For glass transi
tion samples they were 170°C, for stress relaxation 125°C, and for the 
kinetic runs 140, 155, and 170°C.

Glass Transition Measurements

The partially dehydrated powders obtained by the above procedure were 
molded in a cylindrical sample mold at 132°C under a calculated pressure of 
ca. 10000 kg/cm2 (the actual pressure on the sample was undoubtedly 
lower). The resultant cylinders were brownish and translucent. The 
glass transitions were determined on an instrument and by a technique 
described before,13 which is based on the determination of the linear ex
pansion coefficient of the material.

Stress Relaxation

The samples for stress relaxation were prepared by molding of undehy
drated PAA (at 153-171°C and ca. 700 kg/cm2) and subsequent dehydra
tion. The runs themselves were performed in a vacuum instrument which
was described briefly before.14
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Spectroscopic Studies

Infrared spectra of PAA and dehydrated PAA were measured by using a 
KBr pellet technique and the Perkin-Elmer Model 21 spectrophotometer. 
In the preparation of the specimens care was taken to prevent absorbtion 
of water from the atmosphere.

Kinetic Studies

The precise kinetic runs were performed on a sample of PAA in powder 
form. The polymer was embedded in glass wool, maintained at a con
stant temperature, and preheated N2 was passed slowly through the 
material. The N2 flowing out of the polymer tube was passed through 
Anhydrone (anhydrous magnesium perchlorate) and through Ascarite 
(NaOH-coated asbestos) to determine the amount of H20  and C02 evolved. 
The Anhydrone and the Ascarite were weighed periodically, as was also 
the tube containing the polymer, so that plots of total weight loss, loss 
of H20, and loss of C02 could be obtained separately. Runs were per
formed at three temperatures, 140, 155, and 170°C.

RESULTS

Glass Transition Temperature

Figure 1 reproduces the results of the glass transition temperature as a 
function of percentage weight loss. The value of 103°C obtained for the 
zero weight loss sample agrees well with that of 106°C obtained by Hughes

m o l e  "Vo a c i d  r e m a i n i n g

1 0 0  9 0  3 0  7 0  6 0  5 0  4 0  3 0  2 0

Fig. 1. T „  vs. per cent weight loss or mole-% acid remaining in partially dehydrated
poly (acrylic acid).
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and Fordyce.16 The relation between anhydride concentration and Tg 
seems to be linear, extrapolating to a value of 140°C for the pure anhydride.

One drying run for a prolonged period under less well controlled condi
tions yielded values of the order of 180°C for the glass transition. This 
will be discussed once our view of the dehydration mechanism has been 
presented.

Stress Relaxation

The results of the stress relaxation runs at 125°C for a sample stored for 
successively longer periods are shown in Figure 2. Curves 1-9 were

Fig. 2. Stress relaxation curves as a function of storage time at 125°C for PAA, log 
E r(t) vs. log t: (1) 1.5 hr; (2) 4.0 hr; (3) 6.5 hr; (4) 14.0 hr; (.5) 24.0 hr; (6) 35.0 hr; (7) 
46.0 hr; (S) 55.0 hr; (9) 720 hr.

obtained for storage times after insertion into the oven ranging from 1.5 to 
720 hr. It is perhaps useful to present the change in the isochronal (here 
10-sec) modulus with storage time, and this is done in Figure 3. Because 
of the relatively rapid change of the modulus with storage time even at 
125°C, a temperature relatively close to T g, it seems useless to attempt the 
construction of a master curve for the material.

Spectroscopy and Elemental Analysis

The weight loss of the samples upon heating, the change in T„, and the 
change in the relaxation modulus suggest that we are most probably ob
serving the formation of the anhydride. This is confirmed by elemental
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Fig. 3. Isochronal (10-sec) modulus vs. storage time for PAA log Er (10) vs. log t.

analysis and spectroscopic studies. The results of the elemental analysis 
for a dry PAA sample and for one heated at 155°C for 43 hr are shown in 
Table I and compared with those calculated for the complete anhydride. 
I t is clear that the heated sample corresponds much more to the anhydride 
than to the pure PAA. The discrepancy, particularly in the C content, 
will be discussed later in terms of partial anhydride formation.

The change in the infrared spectra upon heating is shown in Figure 4a 
and 46. Figure 4a shows the results for dry PAA, while spectrum 46 
has been obtained from a material heated at 155°C for 43 hr. It is seen 
that the relatively sharp carbonyl band of the original PAA (at 1700 cm-1)16 
becomes weak, and new bands appear at 1750 and 1800 cm“ 1. These 
bands can safely be assigned to the carboxylic anhydride group.16 The 
new band at 1020 cm“ 1 is also assigned to C—O—C bending vibration of 
the acid anhydride.10 Finally, in the 3/1 region, the —COOH band of PAA 
has nearly completely disappeared in the heated material.

TABLE I

c, % H, %

Found Calcd Found Calcd

PAA 49.71, 50.00 6.06, 5.60
49.73 6 . 0 1

PAA heated at
155°C for 43 hr 56.02 57.14“ 56.06° 5.18 4.80“ 4.92°

a Assuming complete dehydration. 
b Assuming 86.5% dehydration.
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Fig. 4. Infrared spectra of (a) poly(acrylic acid) and (b) the product obtained by 
dehydration after 43 hr at 155°C.

Kinetic Studies
A plot of total weight loss, loss of H20, and loss of C02 versus time at 

170°C is shown in Figure 5. I t is evident that the sum of the loss of H20  
and C02 is smaller than the total weight loss. However, a plot (not shown) 
of the difference between total weight loss and the sum of H20  and C02

Fig. 5. Weight, loss as a function of time at 170CC: (top) total weight, loss, %; (middle) 
percent loss of H=0 : (bottom) per cent loss of C 0 2.
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lost indicates that most of the difference results from a rapid evaporation, 
mostly of benzene. After the initial evaporation the difference between 
H20  and C02 and total weight loss remains practically constant, showing a 
very slight decline after 900 min. The benzene which is responsible for the 
initial weight loss was identified by mass spectrometry, which, incidentally, 
also revealed small traces of propionic acid, which is probably an impurity 
of the acrylic acid. In samples heated for long periods of time, benzoic 
acid was also detected. It is due most probably to the use of benzyol 
peroxide as initiator and some resulting decomposition. The benzene it
self, it should be recalled, was used as a solvent in the polymerization. No 
monomeric acrylic acid was found, in contrast to the situation with poly 
(methacrylic acid).

Fig. 6 . First-order rate plots for weight loss vs. time plotted as In [a/(a — x )] vs. t, 
where a is initial concentration of carboxyl groups and a — x is the residual concentration 
at time t.

I t was shown before that poly (methacrylic acid) forms the anhydride 
by a second-order process.10 A plot of our data for the reciprocal of 
residual COOH(moles) versus time did not yield a straight line, indicating 
that second-order kinetics are not obeyed. However, a plot (reproduced 
in Fig. 6) of In [a/(a-x)] versus time, where a is moles of initial COOH and 
x is moles of reacted COOH (a and x were obtained from the weight of 
PAA, H20, and C 02) yielded a set of straight lines indicating first-order 
kinetics for the decrease in concentration of COOH groups due to both 
anhydride formation and decarboxylation. The initial nonlinearity is 
most probably due to incomplete drying of the PAA used; the absorbed 
water would presumably evaporate first, yielding an apparently rapid 
initial reaction. The value of the rate constant will be given below. To 
ensure that the first order kinetics were not an experimental artifact, due
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Fig. 7. Evaporation of water from concentrated solution of PAA. Plotted as residual 
H 20  weight/dry PAA weight vs. time; 0.01 on ordinate corresponds to 1.0 mg. The 
terminal portion of the curve lies below zero since the material taken as “dry” PAA 
actually contained a small amount of adsorbed water.

perhaps to the slow rate of diffusion of water through the acid, a 19.5% 
solution of PAA was heated at 110°C (considerably below the tempera
tures of the kinetic runs) and its weight monitored as a function of time. 
The terminal portion of that curve is shown in Figure 7 indicating that the 
drying process is over after approximately 45 min, and that its kinetics 
thus do not interfere with the dehydration kinetics. The fact that meth- 
acrylic acid forms the anhydride by a second-order reaction could con
ceivably be explained by the increased chain stiffness of the methacrylic 
acid relative to acrylic acid. The increase in chain stiffness might make 
intermolecular anhydride formation kinetically more favorable than 
intramolecular anhydride formation.

Solubility Studies
In order to determine whether the anhydride was formed inter- or 

intramolecularly, the solubility of the anhydride (prepared by heating 
at 155°C for 43 hr) was determined. Since the anhydride dissolves almost 
completely in dimethylformamide and in dimethyl sulfoxide, intramolec
ular anhydride formation seems to occur almost exclusively.
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DISCUSSION

Mechanism of Anhydride Formation

It might seem strange that anhydride formation, which involves the 
elimination of water from two COOH residues, should proceed by a 
mechanism which yields first-order kinetics. There may be two possible 
reasons for this phenomenon.

(!) Spectroscopic evidence, i.e., the width of the carboxyl band at ca. 
3000 cm-1 and the position of the carbonyl band at 1700 cm-1, indicates 
that most of the COOH residues are hydrogen-bonded in the form of 
dimers.16 Water elimination might thus proceed from the dimer, leading 
to an intermolecular anhydride. This would be consistent with first-order 
kinetics, but would yield a crosslinked insoluble material. However, the 
solubility studies discussed above indicate that practically no inter
molecular anhydride formation occurs’ This possibility must therefore 
be ruled out.

(2) Since the anhydride formation is intramolecular and the reaction 
is first-order, it seems reasonable to assume that the mechanisms would 
be predominantly water elimination from neighboring carboxyl groups 
along the chain. This process might require that at least one of the two 
carboxyl residues not be hydrogen-bonded, but this is quite feasible: the 
equilibrium constant for dimerization in liquid propionic acid is known,17 
and an extrapolation to 155°C gives the value of 8.7 (in reciprocal mole 
fraction), indicating that approximately 20% of the acid residues are 
present as the monomer. Even if this value is one or two orders of magni
tude too high, the presumably short lifetime of a hydrogen bonded pair 
above glass transition would ensure that a steady supply of unbonded 
residues is available. Additional supporting evidence comes from the 
high entropy of activation for the anhydride formation process, which 
will be discussed in the next section.

Kinetic Parameters for Anhydride Formation and Decarboxylation

Now that we have a reasonable mechanism to work with, an attempt 
can be made to determine the individual rate constants. The assumption 
is made that anhydride formation occurs by water elimination from neigh
boring COOH groups along the same chain, while decarboxylation can 
occur both from paired groups or from single COOH groups. The con
centration of pairs along the same chain will be called [A2], while that of 
isolated —COOH groups [Ai]; the total concentration of carboxyl groups, 
[A], is equal to 2[A2] +  [Ai]; the rate constant for anhydride formation 
will be called ka, while that for decarboxylation will be called kd. The 
total rate of disappearance of COOH groups, due to both anhydride for
mation and decarboxylation, can now be given as

— d[ —COOH]/df = -d[A]/dt = fcd[A] +  2/cJA,] = %([ AJ +  2[AJ)
+  2/c„[A2J
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Experimentally, it is known (Fig. 5) that decarboxylation occurs very 
much more slowly than anhydride formation. Furthermore, if we confine 
our attention to the initial stages of the reaction, were [Ai] «  2[A2], then 
the above equation can be written in a somewhat simplified form, i.e.,

— d[A\/dt — 2fcd[A2] T  2fc„[A2]

— (2kd +  2fca) [A,]

~  k'[A2] ~  fc[A]

or first-order overall, as was observed experimentally. [A] and [A2] are 
related by the dimerization equilibrium constant.

Both kd and ka can now be calculated. By taking the total number of 
—COOH groups from the weight of material present (simple stoichiom
etry) and setting the loss of one water molecule equivalent to two COOH 
groups and one C02 molecule to one COOH group, we obtain:

ka = 2.5 X 109 exp j-26000/.RT)

and
Ai?°f = 25 kcal

A>S0t = — IS cal/deg-mole

kd = 2.9 X 108 exp {-27000/RT}

AH°f = 26 kcal

A/S°f = — 23 cal/degmole

Due to the very small amount of C02 given off at the temperatures of the 
experiment, the accuracy of kd is much smaller than that of ka. I t should 
also be pointed out that the high entropy of activation for the process of 
anhydride formation suggests a very high degree of ordering for the transi
tion state, which might very well be due to the partial immobilization of 
neighboring COOH groups. At this time, we can offer no explanation 
for the identity of the enthalpies of activation for the anhydride formation 
and decarboxylation reactions, but these values are very normal for 
reactions of this type.

Additional Comments

Two additional factors should be brought out; one of these deals with 
glass transition determinations while the other deals with the discrepancy 
between the calculated and experimental elemental composition for the 
most strongly dehydrated sample. Both of these are connected, so they 
will be discussed together.

By our usual dehydration procedure we were unable to obtain samples 
with a T g higher than approximately 130°C. However, the value for Tg 
of the pure anhydride, obtained by extrapolation of the linear portion of 
the curve to 12.5% weight loss, yields a value of approximately 140°C. 
I t is clear that if anhydride formation occurs by water elimination from
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among neighboring pairs, occasionally isolated COOH groups will be left 
which cannot dehydrate by that mechanism, but must do so through 
intermolecular anhydride formation. Presumably temperatures in excess 
of 170°C would be required for that reaction to proceed at an appreciable 
rate; also, crosslinking would result from that reaction, which would pos
sibly lead to drastic increases in T g. As a matter of fact, one experiment 
involving a dehydration temperature of over 200°C yielded a value for 
T g of about 180°C. This was presumably due to a very high crosslinking 
density, although no further experiments were performed due to the 
complete intractability of the sample.

The partial dehydration mentioned above is also confirmed by the dis
crepancy between the experimental C and H content of the sample and 
the value calculated for complete dehydration (see Table I). Flory18 and 
Wall19 calculated the percent dehydrohalogenation of PVC for reaction 
involving neighboring groups, and obtained a value of 86.5% for maximum 
extent of reaction. A recalculation of the expected C and H content for 
that degree of reaction is also shown in Table I, and a much better agree
ment is found.

The financial assistance of the Office of Naval Research and the Petroleum Research 
Fund is gratefully acknowledged. The comment concerning the reason for the difference 
in the order reaction between acrylic and methacrylic acid was suggested by one of the 
referees.
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Synopsis

The kinetics of 7 -radiation-induced free-radical polymerization of styrene were 
studied over the temperature range 0-50°C at radiation intensities of 9.5 X 104, 3.1 X 
105, 4.0 X 105, and 1.0 X 106 rad/hr. The overall rate of polymerization was found to 
be proportional to the 0.44-0.49 power of radiation intensity, and the overall activation 
energy for the radiation-induced free-radical polymerization of styrene was 6 .0 - 6 .3 
kcal/mole. Values of the kinetic constants, kp1/kl and ktrm/kp, were calculated from 
the overall polymerization rates and the number-average molecular weights. Gel- 
permeation chromatography was used to determine the number-average molecular 
weight M n, the weight-average molecular weight M w, and the polydispersity ratio 
M w/ M n, of the product polystyrene. The polydispersity ratios of the radiation- 
polymerized polystyrene were found to lie between 1.80 and 2.00. Significant dif
ferences were observed in the polydispersity ratios of chemically initiated and radiation- 
induced polystyrenes. The radiation chemical yield, G(styrene), was calculated to 
be 0 .5-0.8.

INTRODUCTION

Radiation-induced polymerization of vinyl monomers has been the 
subject of extensive studies during the past two decades. Starting with 
the work of Chapiro in 1950, early kinetic studies have shown that the 
polymerization proceeds via a free-radical mechanism. Kinetic data 
obtained in these studies could be well explained in terms of conventional 
free-radical polymerization mechanisms. An excellent review of radiation- 
induced polymerization covering the period up to 1962 is contained in the 
book by Chapiro.1

Recently, however, two new developments in radiation-induced polymeri
zation have stimulated interest in this field. Chen and Stamm2 reported 
evidence for the simultaneous existence of ionic and free-radical mechanisms 
in the radiation-induced polymerization of styrene at low temperatures. 
Okamura et al.3 and Johnson et al.4 independently reported that the 
radiation-induced polymerization of liquid styrene in extremely “dry” 
systems proceeds via an ionic mechanism. Okamura et al.5 found that the

1729
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presence of water or ammonia in excess of 10~3 mole/1. completely sup
presses the ionic mechanism, and thus only free-radical polymerization 
was observed in earlier studies where no special precautions had been taken 
to remove the last traces of water from the styrene monomer. Consid
erably faster polymerization rates and high G(styrcne) values were ob
tained in the ionic polymerization when compared to the free radical 
polymerization.

In the field of polymer analytical techniques, gel-permeation chroma
tography has emerged in recent years as a major new tool for characterizing 
the molecular weight distribution of polymers. Gel-permeation chroma
tography represents an important experimental technique in studying 
polymerization kinetics, since the molecular weight disrtibution of a 
polymer is a function of its polymerization mechanism. The present 
investigations are concerned with experimental studies of the kinetics of 
selected vinyl monomers in both the “wet” and the “dry” systems over a 
wide temperature range and by using gel-permeation chromatography for 
characterization of molecular weight distribution. This paper deals with 
the y-ray-induced free-radical (“wet” system) polymerization of liquid 
styrene over the temperature range 0-50°C.

EXPERIMENTAL

Materials

Monomer. Styrene (Eastman Organic Chemicals, highest purity) was 
washed with 10% sodium hydroxide and distilled water to remove the 
inhibitor. I t was dried overnight over anhydrous calcium chloride. The 
styrene was then distilled at 40-45°C/lG-20 mm Hg absolute pressure in a 
distillation flask fitted with an air-cooled reflux condenser, and stored in a 
refrigerator.

Methanol. Methanol (ACS Grade, Fisher Scientific Company) was used 
as obtained for the precipitation of polystyrene from the reaction mixture.

Tetrahydrofuran. THF (Fisher Certified ACS Grade) was used as 
obtained as the eluting solvent for the gel-permeation chromatograph and 
for the determination of molecular weight and molecular weight distribu
tion of the product polystyrene.

Polystyrene Standards. Eleven standard monodisperse (Mm/M n =
1.06-1.20) polystyrene samples with molecular weights of 900, 2100, 4800, 
10300, 19800, 51000, 97200, 160000, 411000, 860000, and 1800000, respec
tively were obtained from the Pressure Chemical Company of Pittsburgh, 
Pennsylvania, and used for the calibration of the gel-permeation chromato
graph.

Radiation Facility

The irradiations were carried out in a Gamma-Cell 220 60Co -y-ray 
irradiation facility, located in the Department of Chemical Engineering,
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University of Waterloo. This unit contains 13000 Ci of 60Co and had a 
central field radiation intensity of 1 X 106 rad/hr in the sample chamber. 
It was designed and built by the Commercial Products Division, Atomic 
Energy of Canada Ltd., Ottawa, Ontario. A series of lead attenuators 
was used in the sample chamber in order to vary the radiation intensities. 
Three lead attenuators of different thickness were used to attenuate the 
radiation dose rate to 4 X 105, 3 X 105, and 9.5 X 104 rad/hr, respectively. 
Radiation intensities were measured by using ferrous-ferric (Fricke) 
dosimetry.

Polymerization Reaction Vessel

A line sketch of the polymerization reaction vessel is shown in Figure 1. 
It consists of a jacketed glass vessel 12 cm in height and about 3.0 cm in 
diameter (ID). The outside diameter of the jacket is 5.2 cm. The tem
perature of the reactants can be maintained at the desired level by circu
lating a heating/cooling fluid through the jacket. The capacity of the 
reaction vessel is about 80 ml. Size requirements were restricted by the 
maximum possible space available in the sample chamber when using the 
thickest lead attenuator (to obtain the lowest dose rate).

The gas dispersion tube extending down to about 1.0 cm from the bottom 
is used to maintain a nitrogen atmosphere inside the reaction vessel. It

Fig. 1. Polymerization reaction vessel.
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also provides the necessary stirring action needed to have uniform condi
tions inside the reaction vessel. A 1.5-cm II) neck fitted with a ground- 
glass stopper permits withdrawal of the desired amount of reaction sample 
at various time intervals.

Temperature Control
Haake Constant-Temperature Circulating Bath. Tempérâtures bet ween 

20 and 50°C were obtained and maintained in the polymerization reaction 
vessel by circulating water through the jacket. A constant-temperature 
Haake circulation bath was employed for this purpose. It controlled the 
reaction temperature to ±0.5°C.

Lauda Kryomat Constant Temperature Circulating Bath. Temperatures 
below 20°C were obtained by using a Lauda Table Model Kryomat, 
Model TK 30, supplied by Lauda Instruments Incorporated, Westbury, 
N. Y. Temperatures between — 38°C and +38°C could be maintained by 
using this bath with circulating methanol.

The temperature of the circulating fluid at the outlet of the jacket was 
taken to be the reaction temperature. A check on the reaction tempera
ture was made by measuring the temperature while withdrawing the 
sample.

Polymerization Rates

Approximately 80 ml of distilled styrene was poured into the reaction 
vessel, and nitrogen was bubbled continuously through the system. 
The desired reaction temperature was maintained by circulating water or 
methanol (depending upon the temperature desired) through the outer 
jacket of the polymerization vessel from a constant temperature circulation 
bath. I t took about 5-6 min for the temperature of styrene to reach the 
desired level, and in the meantime a nitrogen atmosphere was established 
inside the vessel. The nitrogen used had a purity of 99.7%.

Irradiations were conducted for desired time intervals after the required 
temperature was reached inside the polymerization vessel. Following the 
irradiation, 20-40 ml of the sample was withdrawn, depending on the 
irradiation time or the conversion, and poured into a 10-20-fold excess of 
chilled methanol with continuous vigorous stirring. The precipitated 
polystyrene was filtered on sintered glass Gooch crucibles and then dried 
to constant weight at 55-65°C in a vacuum oven. The per cent conversion 
was determined gravimetrically.

Polymerization runs were carried out at six different temperatures of 
— 0.3, 9.5, 19.3, 29.5, 40.0, and 49.5°C. Experiments at each temperature 
were performed at four average radiation dose rates of 1 X 106, 4 X 10s,
3.1 X 105, and 9.5 X 104 rad/hr for a total of 24 runs. In most cases the 
maximum per cent conversion was kept below 8%, in order to minimize 
the viscosity effects. The maximum reaction time for the polymerization 
runs varied from 6 to 40 hr, depending upon the dose rate and the 
temperature.
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Gel-Permeation Chromatography

The molecular weight and the molecular weight distribution of the 
product polystyrene was determined by using gel-permeation chroma
tography.

A Waters GPC unit, Model 200, fitted with four columns of cross-linked 
polystyrene gel of pore sizes 106, 105, 104, and 103 A, was used. Eleven 
standard monodisperse = 1.06-1.20) polystyrene samples, having-
average molecular weights of 900, 2100, 4800, 10300, 19800, 51000, 
97000, 160000, 411000, 860000, and 1800000, were obtained from the 
Pressure Chemical Company, Pittsburgh, Pennsylvania, and used for the 
calibration of the gel-permeation chromatograph. Tetrahydrofuran (THE)

Fig. 2. Polystyrene calibration curve for gel-permeation chromatograph plot of log 
molecular weight vs. elution volume (counts). Eluting solvent, tetrahydrofuran; 
temperature, 25°C.

was used as the eluting solvent. Samples with concentrations of 0.5%,
0.25%, 0.125%, and 0.0625% by weight of these standards in tetrahydro
furan were prepared. A 2-ml portion of each of these samples was injected 
and a solvent flow rate of 1.0 ml/min was maintained. The oven tem
perature was kept at 25 ±  0.5°C. The elution volume or the count at the 
peak of each sample was determined. Extrapolation to zero concentration 
was made to correct for possible concentration effects. The extrapolated 
value of each count at the corresponding molecular weight was plotted 
against the log of molecular weight. Figure 2 shows the calibration plot 
for the gel-permeation chromatograph.
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Molecular Weights and Molecular Weight Distributions

Two polystyrene samples were selected from each run. A 0.25% by 
weight solution of each was made in tetrahydrofuran (THF) in a 25-ml 
volumetric flask. These were allowed to stand overnight and then filtered 
under nitrogen pressure to remove any foreign materials which might clog 
the pores of the polystyrene gel in the gel permeation chromatograph.

The injection inlet of the gel-permeation chromatograph was washed 
twice with pure tetrahydrofuran and then rinsed with the filtered polymer 
solution. The polymer solution was then injected, an injection time of 
60 sec. being used. A flow rate of 1 ml/min of the solvent was main
tained, and the oven temperature was kept at 25 ±  0.5°C.

The number-average (M„) and the weight-average (Mm) molecular 
weights were calculated from the gel permeation chromatograph elution 
curve and the calibration curve (Fig. 2) according to the standard method 
recommended by Waters Associates. Tung’s method16 was used to correct 
for imperfect resolution resulting from axial dispersion. A computer 
program was written in Fortran IV to facilitate calculations required for 
this correction. All computations were carried out on the University of 
Waterloo IBM 7040 and 360/75 digital computers.

RESULTS

Experimental data for the per cent polymerization versus reaction time 
for styrene polymerization at various dose rates and temperatures are 
plotted in Figures 3-8. In most cases the per cent conversion was kept

REACTION TIME, hours

Fig. 3. 7 -Ray-induced polymerization of bulk styrene. Plot of per cent conversion 
vs. reaction time at various dose rates. Temperature, 49.5°C; Dose Rate, M. Rads/ 
Hour; • :  1.000; A:  0.400: ■: 0.310; ▼ : 0.095.
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Fig. 4. 7 -Ray-induced polymerization of bulk styrene. Plot of per cent conversion 
vs. reaction time at various dose rates. Temperature, 40°C; Dose Rate, M. Rads/ 
Hour; • :  1.000; A: 0.400; ■: 0.310; ▼: 0.095.

Fig. 5. 7 -Ray-induced polymerization of bulk styrene. Plot of per cent conversion 
vs. reaction time at various dose rates. Temperature, 29.5°C; Dose Rate, M. Rads/ 
Hour; A: 1.000; ■: 0.400; • :  0.310; ▼: 0.095.

R E A C TIO N  TIM E , hours

Fig. 6 . 7 -Ray-induced polymerization of bulk styrene. Plot of per cent conversion 
vs. reaction time at various dose rates. Temperature, 19.3°C; Dose Hate, M .R ads/ 
Hour; • :  1.000; A: 0.400; ■: 0.310; T: 0.095.
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R EA C TIO N  TIM E  , hours

Fig. 7. 7 -Ray-induced polymerization of bulk styrene. Plot of per cent conversion 
vs. reaction time at various dose rates. Temperature, 9.5°C; Dose Rate, M .Rads/ 
H our«: 1.000; A: 0.400; ■: 0.310; ▼: 0.095.

Fig. 8 . y-Ray-induced polymerization of bulk styrene. Plot of per cent conversion 
vs. reaction time at various dose rates. Temperature, — 0.3°C; Dose Rate, M .R ads/ 
Hour; • :  1.000; A: 0.400; ■:0.310; ▼: 0.095.

below 8 % to avoid the Trommsdorf effect. The slope of each line gives the 
polymerization rate (per cent conversion/hour) at the corresponding dose 
rate and temperature. Figure 9 shows the dependence of polymerization 
rate on dose rate at a given temperature. Each of the six lines refers to 
a particular temperature employed. The exponents of radiation intensity 
(dose-rate) calculated from Figure 9 are found to lie between 0.44 and 0.49 
(Table I). The overall activation energy for the y-ray-induced polymeri
zation of styrene was determined from an Arrhenius plot of polymerization
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DOSE RATE, M.RADS/hour

Fig. 9. Dose rate dependence of polymerization rate. Plot of polymerization rate vs.
radiation intensity.

rate vs. 1 /T . Such a plot is shown in Figure 10 for each of the four dose- 
rates used. The overall activation energies calculated from the slope of 
each of these lines were found to be 6.3, 6.1, 6.0, and 6.1 kcal/mole, respec
tively (Table II).

TABLE I
Dose Rate Dependence of Polymerization Rate“

Temperature, °C Slope

49.5 0.44
40.0 0.44
29.5 0.46
19.3 0.45
9 .5 0.49

- 0 . 3 0.44

“ See Figure 9.

TABLE II
Overall Activation Energy for Radiation-Induced

Polymerization of Styrene“

Dose rate, Activation energy,
Mrad/hr kcal/mole

1.0 6.3
0.40 6 . 1

0.31 6 . 0

0.095 6 . 1

See Figure 10.
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Fig. 10. Overall activation energy for radiation-induced polymerization vs. \ / T .  
Dose Rate, M.Rads/Hour; • :  1.000; A:  0.400; ■: 0.310; ▼: 0.09.5.

Fig. 11. Plot of 1/P„ vs. polymerization rate.

From steady-state free radical polymerization kinetics, th.e following 
relationship can be derived, 6 assuming chain transfer to monomer and 
termination by combination;

1 kt /  R p \  , ktrm .....

In Figures 11 and 1 2 , the reciprocal of the number-average degree of poly
merization, Pn, is plotted against the overall rate of polymerization for 
each of the six temperatures. The number-average degree of polymeriza
tion was determined by using gel-permeation chromatography. As 
expected from eq. (1 ), straight line relationships were obtained for each 
temperature. Values of kp2/k t were calculated from the slopes of these 
lines while the intercept gave the values of klrm/k p at the corresponding
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Fig. 13. Radiation-induced polymerization of styrene. Plot of kp2/kt vs. l /T .

temperature (Table III). The values of kp2/k t and ktrm/kp (calculated 
from Figs. 1 1  and 12) are plotted against l / T  in Figures 13 and 14, respec
tively. The resulting Arrhenius type relationships for the temperature 
dependence of kp2/k t and ktrm/k v were calculated and expressed as:

V A i = 1.985 X 104 exp { —11830/727"} (2)

ktrm/kp = 4.57 X 10~u exp {9490/TUT) (3)

The G values for styrene polymerization were calculated from the 
kp2/k, values and the overall polymerization rates, by using eq. (4) : 1

(/(styrene) = G.02 X 1022
k±
kp2

1
Ie (styrene)

(4)

where (/(styrene) is the G value for radical initiation of styrene polymeri
zation, I  is the radiation intensity (in rads/second), and c.-atvr..,u.) is the
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TABLE III
Data from Plots of 1/P„ vs. Polymerization Rate“

Temperature, °C A: /2 k p*
oX

49 .5 3 000 9.5
40.0 4 600 24.0
29.5 9 000 34.0
19.3 18 800 60
9.5 32 000 100

- 0 . 3 74 600 200

“ See Figures 11 and 12.

amount of energy absorbed per rad in styrene, expressed in electron-volts 
per gram.

Table IV shows the G(styrene) values calculated from the data obtained 
in this work. As can be seen, the G(styrene) values range from 0.50 to

TABLE IV
Polydispersity Ratios M w/ M n and G(styrene) Values in Radiation-Induced Styrene

Polymerization

Temperature,
°C

Dose rate
I,

rad/sec
RP X 10̂ , 

mole/l.-sec
M w X 

10-3
M n X 

10“3 M w/ M n G (styrene) “

278.0 4.880 94.0 46.5 1.81 0.50
111.0 3.270 142.0 78.0 1.82 0.61

49.5 86.2 2.930 158.0 83.0 1.90 0.68
26.4 1.785 288.0 145.0 1.99 0.78

278.0 3.580 73.5 40.5 1.81 0.53
111.0 2.612 1 1 2 . 0 59.0 1.90 0.70

40.0 86.2 2.195 1 1 1 . 0 55.5 2.00 0.64
26.4 1.302 223.0 93.0 2.40 0.74

278.0 2.682 54.0 28.5 1.90 0.60
111.0 1.764 87.0 47.0 1.85 0.65

29.5 86.2 1.620 78.0 41.5 1.88 0.71
26.4 0.914 155.0 73.5 2.11 0.73

278.0 1.933 43.5 2 1 . 0 2.06 0.61
111.0 1.170 49.0 26.5 1.84 0.56

19.3 86.2 1.116 56.0 29.5 1.90 0.66
26.4 0.677 97.0 49.5 1.. 96 0.79

278.0 1.268 36.0 19.0 1.88 0.51
111.0 0.865 37.0 22.0 1.69 0.60

9.5 86.2 0.800 45.5 24.5 1.86 0.65
26.4 0.425 77.5 43.0 1.81 0.60

278.0 0.785 2 1 . 5 11.5 1.85 0.46
111.0 0.582 27.0 14.0 1.92 0.64

- 0 . 3 86.2 0.529 25.0 14.5 1.76 0.70
26.4 0.318 49.5 24.5 2.03 0.80

G(styrene) = G  value for radical initiation of styrene polymerization.
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Fig. 14. Chain transfer to monomer in the radiation-induced polymerization of styrene.
Plot of ktrm/kp V S .  1 /T .

ELU TIO N  VOLUM E , counts

Fig. 15. Typical gel-permeation chromatogram of radiation-induced polystyrene.

0.80. Gel-permeation chromatography was used to determine the number- 
average molecular weight M n, the weight-average molecular weight M w, 
and the polydispersity ratios M W/M„. The results are listed in Table IV 
for all the 24 polymerization runs. It is seen that the experimental values 
of the polydispersity ratio lie, for the most part, between 1.80 and 2 .0 0 . 
A typical GPC chromatogram of radiation polymerized polystyrene is 
shown in Figure 15.

DISCUSSION

The dependence of the polymerization rate on radiation dose-rate at a 
given temperature is shown in Figure 9. The exponents of the radiation 
intensity are found to lie between 0.44 and 0.49. Based on steady-state
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polymerization kinetics, the theoretical value for the exponents of the 
radiation intensity should be 0.50. Values reported in the literature for 
this quantity are close to 0.50 at low dose rates1 but tend to decrease 
slightly below 0.50 at high dose rates. The values obtained in this work 
agree fairly well with those reported in the literature.

The overall activation energy for the 7 -ray-induced polymerization of 
styrene as calculated from Figure 1 0 , was found to lie between 6 . 0  and 6.3 
kcal/mole. Table V compares values from the literature for the overall 
activation energy of styrene polymerization with those obtained in the 
present work. The present experimental values for the overall activation 
energy are in good agreement with previously reported values using 
photochemical methods of initiation. However, they are somewhat lower 
than the activation energy reported by Ballantine et al. 7 (recalculated by 
Chápiro1) for the 7 -ray-induced polymerization of styrene. It should be 
noted that the original value of Ballantine et al. was derived from experi
mental data at three temperatures (72°C, 25°C, and — 18°C) and a different 
dose rate was used at each temperature. The polymerization rate data 
from two of these dose rates were apparently normalized to the third dose 
rate, assuming a square-root intensity dependence for the polymerization 
rate.

In Figure 13 the values of kp2/lct are plotted against l /T .  The data of 
Tobolsky and Offenbach8 and of Matheson et al. 9 are also included for 
comparison with the data obtained in this work. The present results show 
closer agreement with the data of Matheson et al. as compared with those 
of Tobolsky and Offenbach over the entire temperature range studied.

The ktrm/kp values obtained in this work are compared with the cor
responding data of Tobolsky and Offenbach8 in Figure 14. The present 
values are not only considerably higher than the values of Tobolsky and 
Offenbach but also show an opposite trend with temperature. The reason 
for this discrepancy is not understood at present, and is under further in
vestigation. As can be seen from Table IV, the G(styrene) values obtained 
in this work range from 0.50 to 0.80. Chápiro1 has calculated Cf(styrene) 
values from various polymerization rate data in the literature. They range 
from 0.30 to 0.80 depending upon the dose rate. For the range of dose 
rates used in the present experiments, Chapiro’s collected data indicate 
C(styrene) values between 0.30 and 0.50. However, it is important to 
note that in his calculations for the G(styrene) values, Chápiro has used the

TABLE V
Overall Activation Energy (Ep — ' / 2 Et) of Styrene Polymerization

Initiation Ep -  V,E t Reference

UV light and thermal 6.3 Tobolsky and Offenbach8

UV light 6 . 6 Matheson et al. 9

Y -rays 7.15 Ballantine et al. 7 

(Corrected value by Chapiro1)
Y-rays 0 .0 - 6 .3 Present work
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kt/kp2 values of Tobolsky and Offenbach, 8 which are only 60-70% of the 
values obtained in the present work. This results in the lower values 
obtained by Chapiro. If this difference is taken into account, the Cr(sty
rene) values obtained in this work are in reasonably good agreement with 
those of Chapiro.

The number-average molecular weights M n, the weight-average molecu
lar weights M w, and the polydispersity ratios M w/M n were determined by 
gel-permeation chromatography. The results are listed in Table IV for the 
polystyrene sample obtained in all the 24 polymerization runs. The poly
dispersity ratio is a measure of the molecular weight heterogeneity of the 
polymer and also provides valuable information concerning the polymeriza
tion kinetics, especially the termination step. I t can be seen from Table IV 
that the experimental values for the polydispersity ratio lie, for the most 
part, between 1.80 and 2 .0 0 .

For styrene polymerization, it is generally accepted that the termination 
occurs predominantly by combination1 0 - 1 2  and chain transfer to monomer is 
negligible. If this is the case, the polydispersity ratio should be 1.50.6 
Experimental results obtained in this work show, however, that the values 
of polydispersity ratio lie between 1.80 and 2.00. In this connection, it is 
important to note that only a few experimental studies have been reported 
on this important problem of characterizing the molecular weight distribu
tion of polymers and to relate them to the polymerization kinetics. In the 
past, this has been mainly due to the lack of a convenient and reliable 
technique for the determination of molecular weight distributions of 
polymers. Prior to the advent of gel-permeation chromatography, Baker 
and Williams13 used their chromatographic technique to study the mo
lecular weight distribution of polystyrene prepared by chemical means of 
initiation. They reported that the experimental molecular weight distri
bution is in good agreement with polymerization theory, assuming termina
tion by combination. Recently, Hamielec et al. 1 4 ' 15 polymerized styrene 
in batch and continuous stirred tank reactors using benzoyl peroxide 
initiator and determined the molecular weight distribution using gel- 
permeation chromatography. Their results support the view that in 
styrene polymerization, the radical chains terminate predominantly by 
combination.

The results of the present work suggest, therefore, that there are certain 
differences in the polymerization mechanism when radiation and chemical 
means of initiation are used. To further test this view and also to check the 
present experimental procedure, a series of polystyrenes were prepared 
with the use of azobisisobutyronitrile as the initiator and then char
acterized by gel-permeation chromatography. The I'esults obtained are 
shown in Table VI. It can be seen from Table VI that the polydispersity 
ratios for this series of polystyrenes are close to 1.50. This is in good agree
ment with polymerization kinetics involving termination by combination.

A satisfactory quantitative explanation for the high polydispersity ratio 
obtained for radiation-induced polymerization of styrene cannot be made at
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TABLE VI
Polydisper:sity Ratios for Polystyrenes Prepared with 

Azobisisobutyronitrile Initiator

Run no. M X 10 3 .1/,, X io - 3 M W/M

31 34.0 22.0 1.54
32 70.0 50.0 1.58
33 52.5 34.0 1.54
34 60.5 39.0 1.55

present. However, it is possible that chain transfer to monomer and chain 
branching may cause the discrepancies observed in the molecular weight 
distributions. If the initiation is monoradical and the termination is 
exclusively by combination, the polydispersity ratio should be 1.50. For 
this case, any abnormal chain transfer to monomer will tend to pull the 
polydispersity ratio from 1.50 towards 2 .0 0 . The values of ktrm/k p ob
tained in the present work are considerably higher than the corresponding 
values of Tobolsky and Offenbach. 8

A theoretical kinetic analysis and computation of polydispersity ratios 
taking into account the chain transfer data obtained in the present work 
was carried out. Details of the kinetic equations and the computational 
procedures are described in the Appendix. The results of these computa
tions are shown in Table VII. Predicted polydispersity ratios range from
1.55 at 49.5°C to a maximum of 1.67 at 9.5°C. These calculations show 
that chain transfer to monomer is one of the contributing factors which 
tends to push the polydispersity ratio from 1.50 towards 2.00. However, 
this factor alone cannot account for the high polydispersity ratios obtained 
in the present work.

Polystyrene is reported to be more sensitive towards radiolysis than 
styrene monomer. 1 Chapiro1 has suggested a G(polystyrene) value of

TABLE VII
Comparison of Experimental and Theoretical Number-Average and Weight-Average 

Molecular Weights Assuming Chain Transfer to Monomer and Termination
by Combination

Dose
Tempera- rate, 
ture, °C rads/sec

Experimental Theoretical

M w X 
UR3

M„ X 
10"3 M J M a

M  X 
HR3

M n X 
UR3 ili ,„/M„

40.5 278.0 84.0 46.5 1.81 88.0 57.0 1.53
111.0 142.0 78.0 1.82 130.0 84.0 1.55
86.2 158.0 83.0 1.90 133.0 86.0 1.55
26.4 28S.0 145.0 1.09 226.0 143.0 1.58

9 .5  278.0 36.0 19.0 1.88 24.5 15.5 1.56
111.0 37.0 22.0 1.69 34.0 21.5 1.59
86.2 45.5 24.5 1.86 36.0 22.5 1.60
26.4 77.5 43.0 1.81 50.5 35.5 1.67
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about 1.5. Since polystyrene is produced in the reaction mixture, free- 
radical sites can be initiated on a polystyrene molecule as a result of 
irradiation. This could result in chain branching or graft copolymerization, 
resulting in higher apparent polydispersity ratios being monitored by gel- 
permeation chromatography. The high polydispersity ratios obtained in 
the present work could also result from contributing factors arising from the 
many assumptions made in the simplified free radical polymerization 
kinetic scheme. Possible side reactions, such as diradical initiation, 
termination by disproportionation, chain transfer to polymer, etc. have 
been neglected or assumed not to make any significant contribution to the 
overall kinetics. Further work on molecular weight distributions in 
radiation-induced polymerization is currently in progress at this laboratory, 
which may provide a better quantitative explanation for the observed 
discrepancy in polydispersity ratios.

APPENDIX

Method for Calculating the Theoretical Molecular Weight Distribution 
Assuming Chain Transfer to Monomer and Termination by Combination

Equation (5) has been derived by Bamford et al.6 for molecular weight 
distribution in free-radical vinyl polymerization. It includes the effect of 
chain transfer to monomer and to solvent and termination both by combi
nation and by disproportionation.

r a 1/1 /  /  R \  i/2
[Wn] = 0 ”  x)x"~' (* ‘” [S] +  fc,r"'[vl/] +  (feT T *?)

((x — l)fc<(/Cirs[<S] +  ktrm[M] +  Ri(ki +  fc/)1/2) H  /rN
x t âÿüTj 0  (5)

where

________________ ______________________
kp[M] +  /c/rs[»S] +  ktrm[M] +  Ri(kt +  A'/)1/2

and where fc„, kt, fc/, ktrm, and ktr, are the reaction rate constants for propa
gation, termination by combination, termination by disproportionation, 
chain transfer to monomer, and chain transfer to solvent, respectively; 
[,1/] is concentration of monomer; [Ad/] is the change in the concentration 
of monomer; n is the degree of polymerization; [Wn] is the concentration 
of polymer with degree of polymerization »; R, is the rate of initiation; 
and [<S] is the concentration of solvent.

For bulk polymerization, [S] = 0. If termination by combination alone 
is considered,

k /  = 0
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Therefore, eq. (5) reduces to

[AM]
[Wn\ = (! -  x)*'1- 1 ( fe*r«[Af]

R i \ 11* ((X -  \)kt{klrm[m  +  (R,k,)m)

k p [ M ]

kt 2kp[M] (6)

and
kp\M]

kp[M] +  klrm[M] +  (.Rile,)'

Re112 = Rr,

Id/]
k, kirn

Therefore,

(RiUyi* = -

V k t  V k t  

Rpkt
.1 IKK  +  kmn)

(7)

(8)

where R p is the overall rate of polymerization. 
From eqs. (G) and (8),

lWn\ = [Ad/J(l -  X)X-1 

where,

and

x =

ktrm X 1 /  Rp kin
“2?r Vfd/P

R p ]
¿/[d/pJ

V +
2

kpkt

1 +  (ktrm/kp) +  (Rp/y[M\-)

(9)

(10)

(11)

The values of kp2/k t and ktrm/k p are known at each of the six temperatures 
(data from Figs. 13 and 14). R v is known for each iun and pi/] is also 
known.

[Adi] which is the change in the concentration of monomer is equal to the 
per cent conversion X [d/]/100. Per cent conversion is known for every 
sample used for the experimental molecular weight distribution. Thus 
[IFn] can be calculated for different values of n. This gives the theoretical 
molecular weight distribution. From the theoretical molecular weight 
distribution, the number-average molecular weight il/„, the weight-average 
molecular weight M w, and the polydispersity ratio AI W/M n were calcu
lated by using the relationships (12) and (13):

Z  n[W n]
M n = Z [ W n ]

X molecular weight of styrene monomer (1 2 )
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iiud

£  nWn]
M w = — —— X molecular weight of styrene monomer (13)

n

A computer program was written in Fortran IV to facilitate these 
calculations. All the computations were carried out on the University of 
Waterloo 113 AI 7040 and 360/75 computers.

The authors wish to thank the Commercial Products Division, Atomic Energy of 
Canada Ltd., Ottawa, for financial support of this research program.
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in a 13-line spectrum. Furthermore, this 13-line spectrum changed to the 
ordinary 9-line spectrum when the sample was annealed at 0°C. They 
suggested that by assuming the existence of the propagating radical I,

CH3
I

—QsHs—C-„
Ic o o n

i

the ordinary 9-line spectrum is attributable to a symmetrical conformation 
of the half-filled /»-orbital relative to the Cp—11 bond, that is 0i = 02 = (»0° 
in Figure 1, while the 13-line spectrum is attributable to a radical species 
with slightly deformed conformations from the symmetrical position. 
They also suggested that the variation of the ESR spectrum due to the 
crystallization temperature is attributable to the change of the mixing 
ratio of the deformed and symmetrical conformations. The change of the

Fig. 1. Conformation of the half-filled /»-orbital of methacrylic acid radicals, 
— QjH2—C„(CH3)COOH.

mixing ratio was attributed to the formation of crystal imperfections and 
the crystalline transitions at about —12° and +3°, which were observed 
with broad-line NMR measurements.8

On the other hand, Fisher and Giacometti6'7-9 observed the ESR spectra 
of the propagating radicals of methacrylic acid in an aqueous solution by 
using a flow system. In the flow system the spectrum consists of 16 
lines in place of the ordinary 9 lines. This spectrum was assigned to a 
single conformation of the propagating radical whose two ¡3 protons have 
different coupling constants, corresponding to the deformed conformation. 
The alternation of the line width of the hyperfine components due to 
XX = 0 was well explained by assuming the hindered oscillation around 
the Ca—C0 bond. According to Fisher, the ordinary 9-line spectrum for 
the solid polymers is thought to be an unresolved 16-line spectrum.
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The 13-line spectrum found in solid methacrylic acid is essentially the 
same spectrum as the 16-line spectrum. The difference comes from the 
occasional overlapping of some lines. Consequently it would be expected 
that if the hindered oscillation around the C„—C<3 bond has some role in 
the solid state, then the spectral line shape should exhibit a temperature 
dependence. If the hyperfine components corresponding to = 0
coagulate due to the oscillational effect, the 9-line spectrum may be ob
served at higher temperature and the 13-line spectrum at lower temperature.

From this point of view, methacrylic acid radicals were produced by
7 -irradiation of the solid monomer and the change of the ESR spectrum 
of the trapped radicals with observation temperature was studied. How
ever, it was found unexpectedly that the propagating radical in methacrylic 
acid shows a 9-line spectrum at lower temperature, while with rising tem
perature the spectrum gradually changes into a 13-line structure, and this 
change with temperature takes place reversibly. In order to elucidate the 
cause of this temperature change of the spectrum which is contrary to 
expected behavior, the crystalline transition of the monomer was studied by 
broad-line NMR measurements, and an unusual transition was found at 
— 30°C. The temperature change of the ESR spectrum found is seemingly 
explained with reference to this unusual crystalline transition.

EXPERIMENTAL

Methacrylic acid was purified as described previously by Banfford et ah,10 
and then the occluded air was degassed by repeated freezing and melting 
in vacuo. Methacrylic acid was then distilled into Spectrosil ESR sample 
tubes and was sealed off under a pressure of 10~6 mm Hg. The poly
crystalline samples formed by freezing at — 196°C were irradiated with 
7 -rays from a 60Co source at — 196°C. The total dose was 2 X 105R at a 
dose rate of 3.1 X 104R/hr. A Japan Electron Optics Model 3BSX spec
trometer was used for recording the ESR spectra in the range of — 196°C 
to +10°C at 9.4 Gcps with 100 Kcps modulation. For the broad-line 
NMR measurements, purified methacrylic acid was sealed in a thin glass tube. 
Polycrystalline samples were prepared at two different temperatures: one
was crystallized at — 196°C and the other at 4-10°C. Broad-line NMR 
spectra were recorded with Japan Electron Optics broad-line NMR spectro
meter in the range of —150 to -t-16°C at 30 Mcps.

RESULTS

Change with Temperature of ESR Spectrum

The change with observation temperature of the ESR spectrum of 
methacrylic acid irradiated at — 196°C is shown in Figure 2. The 7-line 
spectrum at — 196°C shown in Figure 2a corresponds to the monomer 
radical II which was formed by addition of a hydrogen atom to the double 
bond.11
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CH;

c h 3—c  •

II

The spectrum is consistent with a coupling value of 21.4 G for the equiva
lent 6 protons involved in the two freely rotating methyl groups.

Fig. 2. Change with observation temperatures of the ESR spectra of methacrylic 
acid y-irradiated at — 196°C. Temperatures indicated in the figure are the observation 
temperatures of the spectra. The change between curves (e) and ( /)  is reversible.

With increasing temperature from —196 to — 17S°C, the spectrum 
changed gradually into a 9-line spectrum. This indicates that the mono
mer radical begins to react with neighboring monomers to form the propa
gating radical I
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although it is the assignment of the 9-line spectrum to this radical which is 
presently under consideration. As the temperature increased further to
— 101°C, the monomer radicals almost disappeared, leaving the 9-line 
spectrum as shown in Figure 2c. When the temperature increased further 
to — 82°C, each line of the 4-line component of the 9-line spectrum began 
to split into a doublet as shown in Figure 2d, and as a result the overall 
number of lines became 13 (5 +  8), as shown in Figure 2e. This 13-line 
spectrum at — 24°C is essentially the same as the one that was obtained 
with methacrylic acid irradiated with ultraviolet light below — 5°C.5’8

On recooling the sample very slowly (20-30°C/hr) from — 24°C to
— 196°C, a 9-line spectrum was again obtained, as is shown in Figure 2/. 
It should be noted here that although this 9-line spectrum is similar to 
that of methacrylic acid irradiated by ultraviolet light above — 5°C or 
that of irradiated poly (methacrylic acid), the intensity of the so-called

Fig. 3. ESR spectra of methacrylic acid radicals produced by 7 -irradiation at 0°C: 
(a) methacrylic acid monomers; (b) poly (methacrylic acid); (c) simulated spectrum by 
the method described in the text.
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four-line component is very much stronger when measured at — 196°C. 
It is further to be noted that this change with temperature between 13-line 
and 9-line spectra took place reversibly many times. The intermediate 
spectra of this reversible change, for several temperatures, are given in 
Figure la  (p. 1759). On the other hand, if the sample was cooled to — 196°C 
very rapidly, the 13-line spectrum did not change the 9-line spectrum.

If the sample was irradiated at 0°C, for a low dose, for which no appreci
able polymerization was observed, then a 13-line spectrum which is 
essentially the same as that indicated in Figure 2e was obtained, but after 
prolonged irradiation with appreciable polymerization, the ordinary 9-line 
spectrum having a very weak 4-line component was obtained, as shown 
in Figure 3a. This spectrum is quite similar to the 9-line spectrum ob
tained by the irradiation of poly(methacrylic acid) shown in Figure 36. 
In addition, the ordinary 9-line spectrum having a very weak 4-line com
ponent did not show the temperature dependence of the line shape of the 
4-line component which is described above.

Unusual Transition of Methacrylic Acid Crystals

In connection with the temperature dependence of the ESR spectrum, 
the broad-line NMR spectra of the monomer were measured at various 
temperatures. Figure 4 shows the temperature change of the maximum

P h a s e  II P h a s e  1

1°—

c!
o __

---- - o._____ |
------ —  ° c o i

150 -1 0 0  - 5 0 0°C
T e m p e r a t u r e

(a)

10 -

vsÉ
X

( b )

-1 50  -1 0 0  - 5 0  0"C

T e m p e r a t  u r e

Fig. 4. Change of the maximum slope distance with temperature of the
broad-line NM R spectra of methacrylic acid: (a) sample rapidly cooled to — 196°C
directly from the liquid phase; (6) sample crystallized by keeping 1.5 hr at +10°C and 
then cooled to — 196°C.
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slope distance AHmal of the NMR spectrum of methacrylic acid. When 
the monomer sample was rapidly cooled to — 196°C from +  20°C, at which 
temperature the monomer is in a liquid phase, AHmai gradually decreased 
with increasing temperature from — 19G°C, but when the temperature 
reached around — 30°C, AHms\ suddenly increased by about 5 gauss as is 
indicated in Figure 4a. Moreover, this sudden change of AHmal was found 
to occur reversibly. It should be noted that, in contrast to the ordinary 
case, in the lower-temperature phase (phase II) the AHmai is narrower than 
that at higher temperature (phase I). If phase II is the supercooled 
liquid phase which is supposed to have a narrower AHma\ and the broaden
ing at — 30°C corresponds to crystallization, one can not expect to find the 
sudden change at — 30°C when the temperature is lowered from phase I. 
Therefore, the fact that the change of AlImA is reversible strongly suggests 
that phase II is not a supercooled liquid phase, but a different crystalline 
phase from phase I, stable at higher temperature.

On the other hand, another liquid monomer sample for the NMR meas
urement was crystallized rather slowly by keeping the sample at +  1 0 °C 
(phase I) for V /2 hr and then cooling the sample down to — 196°C, rapidly 
passing through the transition point at — 30°C. The results are shown in 
Figure 4b. In this case, the change of AHmA due to the crystalline transition 
started at a lower temperature (— S0°C) than in the case shown in Figure 
4a, although both changes ended at the same temperature ( — 30°C). The 
reason for this is that in the latter case the crystal of phase I grown at 
T  10°C was rapidly cooled to the temperature of phase II, passing through 
the transition point at — 30°C, so that a small amount of crystals of phase 
I may be mixed as an impurity in the crystalline lattice of phase II, result
ing in the lowering of the starting temperature of the transition.

This crystalline transition was also confirmed by differential thermal 
calorimetry. Details of the crystalline transition and the behavior of the 
trapped radicals, such as the radical build-up and decay related to this 
transition, will be reported elsewhere in connection with the solid-state 
polymerization of this monomer. All these experiments were quite con
sistent with this unusual crystalline transition.

In our experiments we could not find the transitions at —1 2 ° and +3°C 
found by Bamford et al. These transitions are accompanied by an ordi
nary decrease of Af/msi due to the motional freedom of the molecules near 
the melting point.

ANALYSIS AND DISCUSSION

Qualitative Interpretation of the Spectral 
Change with Temperature

Fisher et al. 6 ’7 observed a 16-line spectrum of methacrylic acid radicals 
produced in redox system in an aqueous solution and showed that the two 
protons of the methylene group give different coupling constants, that is, 
â Hi is 13.75 G and apu2 is 1104 G. In our case, the 13-line spectrum
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observed at — 24°C is interpreted by assuming that aCH:i for the freely ro
tating CH.i group is 22.2 G, «sm is 14.7 G, and a$h2 is 7.5 G. Accidentally 
0 c h 3 is nearly equal to a ^ n ,  +  «/3h 2, so  that the 4th, 7th, and 10th line ot 
the 13 lines are actually composed of two lines, because of an occasional 
overlapping in our case in comparison with the 16-line spectrum obtained 
by Fisher et al. 6 ,7 (see Fig. 5). The coupling value of 14.7 G for the FI^ 
gives the conformational angle of the half-filled p-orbital to the Cp—H 
bond to be 55°, while the value of 7.5 G for the I [ 3 2  gives 65°, if we assume 
B = 46 G in the so-called B cos20 rule. Therefore, the direction of the 
p-orbital is slightly tilted from the symmetrical position, that is, from 60°. 
If the system is rigid enough and no oscillation around the Ca—Cp bond 
occurred, the intensity ratio of each line would be 1:1:1:4:3:3:6:3:3:4: 
1:1:1 as is shown in Fig. 5. The observed spectrum at — 24°C has an 
intensity ratio fairly close to this predicted spectrum.

1 3  3 1

c h 3 I 1 1 I

Hpi j j |  1 |  J j

H92 i l l  II II i l l
11 1 4 3 3 6 3 3 4 1  11
+ +  -  -  +  +  1- 4 -  + + - — —
+  -  4- + -4—  4 - - 4 - — 4- —

Fig. 5. Decomposition of the 13-line spectrum and the relative intensities of the lines. 
Signs on the lowest line indicate those of nuclear spins of the two /3-protons in the 
methylene group of the radical.

a=  2 2 . 2  G 

a =  1 4 . 7  G

a= 7.5 G

In the 9-line spectrum, however, each of four groups of the two lines 
corresponding to = 0, for the two ^-protons in the 13-line spectrum,
i.e., the 2nd and 3rd, the 5th and 6 th, the 8 th and 9th, and the 11th and 
12th lines in Figure 5, becomes a single line resulting in formation of the 
so-called 4-line component and as a result the overall number of lines be
comes 9. In our experiments, while the 5-line component corresponding 
to = +1 did not change with temperature, the so-called 4-line com
ponent corresponding to Y\M  1 = 0 showed variation between 4 and 8  lines 
with temperature as shown in Figure la. Besides this, in referring to the 
reversibility of the change of the lines corresponding to 1 = 0 , it seems 
possible to interpret this change of the spectrum in terms of the exchange 
of the two /3-protons due to the hindered oscillation around the C„—C# 
bond, because the Y.M i = 0  lines are affected by the exchange of the two 
d-protons, while the = ±1 lines are not. In this proton-exchange
model, when the average lifetime of the proton exchange r is long enough 
compared with 1/ 2irAvsl,\ (r »  1/ 27rArspi), where Arspi is the difference of the
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resonance frequencies for the two protons, each of the yiil1T = 0 lines, that 
is, the so-called 4-line component, should clearly split to form a spectrum 
as illustrated in Figure 5. As r becomes shorter (r ~  1/ 27rÂ spi), the 
/.M i  = 0 lines become broader and weaker, and the separation of the 
two lines becomes smaller. Eventually the two lines appear as a single 
line at the averaged position of the two lines when r becomes much smaller 
than 1/ 27rA!'spi (r <5C 1/iT rM svi).

In ordinary cases, the mean lifetime of the proton exchange r becomes 
longer as the temperature decreases. Therefore, in the case of the metha- 
crylic acid radical the 9-line spectrum should appear in the higher-tempera
ture region, while the 13-line spectrum should be observed in the lower- 
temperature region in which r is longer. The results of the observation

c c (to

Fig. 6. (a) Schematic potential energy curve of the methacrylic acid radical for 
hindered oscillation around the Ca—Cp bond; (b) two stable conformations which are 
the mirror images of each other. Rapid exchange of the two sites takes place in phase 
II, and the potential barrier E  varies during the crystalline transition.

are, however, completely opposed to this expectation. These unexpected 
experimental results, nevertheless, can be reasonably interpreted if the 
unusual crystalline transition observed in the broad-line NMR measure
ments is taken into consideration. According to our NMR measurements, 
Ai/msi is unusually narrow in the lower temperature region (phase II). 
This may mean that the intermolecular interactions are weaker in phase II 
than those in phase I. In the crystalline solids, the potential barrier to 
internal rotation of the trapped radical may be much affected by the inter- 
molecular interaction with surroundings, so that the potential barrier E 
between the two conformations corresponding to the mirror images as 
illustrated in Figure 6 may be higher in phase I than in phase II, that is, 
longer r in phase I and shorter r in phase II.

If this is the case, one can expect an opposite temperature change of the
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4-line component due to the change of the potential barrier between the 
two different phases.*

Quantitative Analysis of the Spectral 
Change by Bloch Equations

On assuming the change of the hindering potential barrier caused by the 
crystalline transition and the lower barrier in phase II, the ESR simulation 
was carried out by solving the modified Bloch equations. The problem 
of the ESR spectrum of a system which presents variation in the /3-proton 
hyperfine coupling values and the intensities with temperature have been 
treated by several authors'3-18 as a problem of hindered oscillation of a 
certain group of the radical. The same procedure can be applied to the 
present case.13,14

The modified Bloch equations for the oscillating methylene group are 
simply expressed by the treatment for the two-site exchange A and B.

dGA/dt +  [1/T2 +  1/r — igfldl A — H)/Ti] = ig/311\M Az/h  +  Gb/ t (1)

d G v , / d t  +  [1/T2 +  1/r —  i g ! 3 ( H v ,  —  T I ) / h ]  =  +  G a / t  (2)

The solution of eqs. (1) and (2) is

G = Ga + Gb = iT(gP/h)HiM,(fA +  / b)/2(1 -  / a -  / b )  (3)

dG/dH = rHgp/hy-HJfdfd +  / B2)/2(l -  / a -  / b)2 (4)

where

Mo = M Az +  Mb, (5)

/ A = [2 +  r/T , -  iT(gf}/h)(IIA -  (G)

/ b = [2 +  t/T 2 -  iT(gp/R)(HB -  II)]-1 (7)

Therefore the normalized derivative curve of the ESR. absorption is

9(H) = Imag. (8 /3 \/3 )(r/T 2)2(/A2 +  / B2)/(l -  f A -  / B)2 (8)

For the very large r, the line shape approaches the Lorentzian. Equation
(S) is normalized so as g(H) = 1 at the maximum slope point II = IIA ± 
T i/\ /‘.ig(lT2 for r = 0 0 . T2 was obtained from the AMmsi of th e ^ M i = + 
1 line, the width of which is independent of temperature, by using the 
relation, AHmsi = 2S /v /3 /̂3T2.

In the present case, the shapes of the ; ,M  1 = 0 lines must be expressed 
by eq. (8). The ESR spectra of our radical are simulated in the following 
way. As the 5-line component does not change with temperature, these 
lines are assumed to be independent of the r value. As for the 4-line com-

* After finishing this work, we found Bowden and O’Donnell’s paper12 on ESR spectra 
of barium methacrylate dihydrate. They found just the expected normal temperature 
change of the spectrum. This is evidently due to the absence of an anomalous phase 
transition in barium methacrylate dihydrate. Our assumption is strongly confirmed by 
their results.
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( a ) ( b )

Fig. 7. Comparison of the observed ESR spectra of (a) methacrylic acid radicals at 
various temperatures with (b) simulated spectra for the various r values.

ponent, the line shape of each line was calculated with eq. (S) for the several 
t values by using a digital computer. The simulated spectra thus ob
tained are given in Figure 7b. It is clearly shown that the spectrum 
changes between the 13- and 9-line spectra according to the r value. The 
simulated spectra are in good agreement with the observed ones shown in 
Figure 7a. From this beautiful agreement it seems that proton exchange
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due to hindered oscillation may well be the cause of the temperature de
pendence of the spectrum. By comparing both spectra, the r values at 
several temperatures were obtained.

Estimation of the Potential Barriers

In the usual case, a potential barrier is independent of temperature, and
correlation time of the exchange r is given as

r = roexp {E/RT} (0)

or

E = RT  In ( r /r0) (10)

where t0 is the reciprocal of the frequency factor.
In the present case, however, the potential barrier of the proton exchange 

was assumed to change with temperature due to the rearrangement of the 
surrounding matrix of the trapped radical. Therefore, the potential bar
rier E  should be considered as a function of temperature T. Therefore

E(T) = RT  In (t/ t0) (11)

If one assumes the value of r0, the potential barriers at various temperatures 
can be estimated from the r  values determined in the foregoing section. 
The frequency factor is given by the equation/0 = t(i_1 = IcT/h from the 
absolute rate theory.19 Therefore the r 0 values are calculated for the vari
ous temperatures at which our observations were made. By using these 
values, the potential barriers at various temperature were obtained by eq. 
(11). The results are plotted in Figure S. The fact that the potential 
barrier does not change suddenly at the crystalline transition point but 
increases gradually may be due to the impedance by the long propagating 
radical of the rapid rearrangement of the surrounding molecules and due 
to the impurity effect already mentioned in the section on NMR measure
ments. The fact that the rapid cooling did not produce a spectral change 
from a 13-line to a 9-line spectrum may be also due to the same cause.

Fig. 8. Temperature change of the potential barrier for the hindered oscillation around 
the Ca—Cg bond of methacrylic acid radicals during the crystalline transition.
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The values of E  vary from 1.5 kcal/mole at — 19G°C (phase II) to 7.2 
kcal/mole at — 24°C (phase I). The value of E  is not so sensitive to the 
assumed value of the frequency factor, that the order of magnitude ob
tained is considered to be fairly reliable. Moreover, the order of magni
tude of the potential barrier thus obtained seems quite reasonable for the 
hindering potential of the internal rotation. These values may be com
pared with the value of 410 cal/mole in the caseof allyl radical—CH2—CH— 
CH=CHCH2— in polyethylene15 and the value of 2.4 kcal/mole in the 
case of the fumaric acid radical HOOC—CH2—CH—COOH formed in a 
single crystal of a urea-fumaric acid addition compound.16 A recent ob
servation by Ohigashi and Kurita for • CH2COO_ in a single crystal of zinc 
acetate dihydrate gave a value of 5.8 kcal/mole.18 The fact that the po
tential barriers in our case have reasonable values compared with other 
cases also tends to support our interpretation.

Another Possible Interpretation
There may be another possibility of the interpretation of the spectral 

change with temperature such as Bamford et al.s suggested. In their postu
late, the two conformations with 0i = 02 = 60° and 8i = 60° — a, 02 = 
602 +  a are considered to make up the difference of the spectra by varying 
the mixing ratio of the two conformations. Therefore, another possibility 
is that phase II is favored for the former conformation and phase I for the 
latter conformation. Consequently during the crystalline transition the 
two conformations might be mixed.

We have carried out ESR simulations with several mixing ratios of the 
conformation of 8i = d2 = 60° and that of a = 5°. The results are shown 
in Figure 9. Some of them resemble the observed spectra while others do 
not. From these computations, the hindered-oscillation model seems 
more probable than the two-conformation postulate. However, if the tilt 
angle a from the symmetrical position varies gradually from 0° to 5° during 
the molecular rearrangement, we should take into consideration the various 
conformations between 0° and 5° for the intermediate range of the transi
tion. Although it is not feasible to make such a computation, if this were 
the case, a closer resemblance of the simulated curves with the observed 
ones might be obtained. Therefore, this sort of explanation may not be 
definitely excluded at the present stage, although the hindered-oscillation 
model seems more reasonable.

Difference between the 9-Line Spectrum 
and the Usual Spectrum

As already mentioned, the 9-line spectrum we obtained on the low- 
temperature irradiation lias a much stronger intensity due to the 4-line 
component than that of the ordinary 9-line spectrum obtained by the irra
diation at 0°C or by ultraviolet irradiation above — 5°C.* It should be

* There is no indication of the 9-line spectrum in the paper of Bamford et al.8 We 
tried the same experiment and got the ordinary 9-line spectrum.
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noted that the latter spectrum is very similar to that obtained by the irra
diation of poly(methacrylie acid) as shown in Figure 3b. It should be 
also mentioned that if we assume the symmetrical structure 6 1 = 0 2  = 60° 
for the ordinary 9-line spectrum, we should expect much stronger intensity 
for the 4-line component. The intensity ratio of the 9 lines should be 
1:2:4:6:G:6:4:2:1. However, the ordinary 9-line spectrum has a very

Fig. 9. Simulated spectra for the mixtures of the radicals having two conformations, 
S (0i =  02 =  60°) and A (0i =  55°, 0a =  65°). S:A denotes the mixing ratio of the 
two conformations.

much weaker intensity for the 4-line component. According to our com
putation, it is also impossible to reveal such a weak intensity even if we 
introduce the exchange of the two /3-protons with r ~  Vsin'spi for which 
we would have the weakest 4-line component.

There is another important experimental fact that should be empha
sized. The ordinary 9-line spectrum does not give an appreciable change 
with temperature of the intensity of the 4-line component in the range from
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— 196°C to room temperature. In our opinion, therefore, we should dis
tinguish the ordinary 9-line spectrum from ours having the fairly strong 
4-line component which can be interpreted by proton exchange.

Now, if this is the case, one should consider why the 13-line spectrum 
was obtained by the irradiation at 0°C after low dose, while the ordinary 
9-line spectrum was obtained by the prolonged irradiation at 0°C in our 
experiments. In the case of ultraviolet irradiation, Bamford et al.5'8 also 
reported that the ordinary 9-line spectrum was obtained above — 5°C and 
that annealing of the sample gave the 13-line spectrum.* As already men
tioned, this 9-line spectrum is essentially the same as that obtained in the 
irradiated poly(mcthacrylic acid). Therefore, in the case of y-irradiation 
at 0°C or ultraviolet irradiation above — 5°C, it is considered that the poly
merization of the monomers took place during the irradiation and the 
trapped radicals are surrounded by polymer molecules which are formed 
during irradiation.

If the tilt angle of the half-filled p-orbital is affected by the surrounding 
matrix, the conformational angle of the p-orbital may not have the fixed 
angle 6 in the case of irregular surroundings of the noncrystalline poly- 
(methacrylic acid). If this is the case, the width of the 4-line component 
is broadened and its intensity is lowered. We have tried ESR simulation 
for such a model. If we assume'the most probable tilt angle of 5°, that is, 
di = 55° and 02 = 65°, and the Gaussian distribution around this position 
with the half-height width of 5°, we could successfully simulate the ESIt 
spectrum which quite resembles the observed ordinary 9-line spectrum as 
shown in Figure 3c. Therefore, it is probable that the propagating radical 
giving the ordinary 9-line spectrum is surrounded by irregular matrices of 
polymer molecules, resulting in the situation that the spectrum is not af
fected by the crystalline transition of the monomer molecules. If the 
potential barrier to hindered oscillation in a polymeric matrix is around 
10 kcal/mole, one may not observe the temperature variation of the 4-line 
component between —196° and room temperature.18 The details of the 
computations of the ESR simulation of the ordinary 9-line spectrum will 
be given in a subsequent paper.

CONCLUSIONS

Based on the considerations mentioned in the last section and the ab
normally small AHmai of the broad line NMR spectra in phase II, the 
temperature change of the ESR spectrum is well interpreted by proton 
exchange due to the oscillation around the C„—Cp bond of the single radical 
species —C/jH2—C«(CH3)COOH trapped in the monomer lattice, if one as
sume that the potential barrier gradually changes due to the crystalline 
transition accompanied by the rearrangement of the surrounding mole
cules of the trapped radicals and that the potential barrier is lower in phase II

* The reason that the 13-line spectrum was observed at — 196°C is simply that the 
samples were cooled rapidly down to — 1!)6°C.
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than that in phase I. The conformational angles of the half-filled p-orbital 
to the two Cp—H bonds of this radical are 55° and 65°, respectively.

The authors wish to express their thanks to Dr. Yukio Kurita of Basic Research 
Laboratories, Toyo Rayon Co., Ltd., for the computer programings of the modified 
Bloch treatment.
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Properties of Swollen Block Copolymer Elastomers

STUART L. COOPER, Department of Chemical Engineering, V niversity 
of Wisconsin, Madison, Wisconsin 53706

Synopsis

The linear polyester-urethane block copolymer Extane is soluble in solutions having a 
solubility parameter of about 10.5. In benzene-methanol mixtures having solubility 
parameters sufficiently above and below 10.5, it is possible to swell this polymer to a 
quasi-equilibrium state. For samples swollen to the same swelling ratio, those in the 
more polar swelling medium display lower tensile properties. This indicates that, 
although swelling involves solvation of both the associated rubbery polyester and 
aromatic urethane segments, the aromatic segments function primarily as quasi-cross- 
links which lead to enhanced physical properties. This is in agreement with previous 
observations on the mechanical properties of the unswollen elastomer.

INTRODUCTION

The polymeric solid state has been variously described as a supercooled 
glass, a bowl of tangled spaghetti, and a van der Waals bonded solid. 
Only recently have some new concepts been brought forward regarding 
glassy polymers as having reasonably heterogeneous bonding capabilities 
in the solid form.1'2 As one example, Andrews1 proposed that pure 
polyacrylonitrile contains both van der Waals bonding and dipole-dipole 
association. Another form of heterogeneous bonding is observed in block 
copolymer elastomers which may be found in a noncrosslinked, amorphous 
state. Examples of two commercially available systems are the styrene- 
butadiene-styrene block copolymers and certain polyether and polyester 
urethanes. It appears that interaction between the harder segments of 
the copolymer leads to a reinforcement of the system with aggregations of 
the hard segments acting as quasi-crosslinks.3'4 The nature of the bonding 
within the reinforcing segments is not completely understood, and it 
appears that several possibilities may exist, depending on the system.6'6 
Two possibilities are that either the reinforcement is due to an aggregation 
of glassy amorphous segments or small semicrystalline regions.6 Although 
it is unlikely that microcrystallites exist in the styrene-butadiene system, 
the rubbery state enhancement in the urethane systems may be more com
plicated with varying contributions arising both from crystallites and 
glassy segments.

In the particular case of the polyester-urethane7 Estane (B. F. Goodrich), 
it is reasonably certain that primary covalent crosslinking is absent as was
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demonstrated by Estane’s solubility in nonreactive solvents such as 
tetrahydrofuran (THE) and dioxane, at room temperature. It appears 
that the solubility parameter S, defined as the molar energy of vaporiza
tion per molar volume (a measure or solvent polarity), for this polymer 
lies near 10.5 in moderate hydrogen-bonding solvents.8'9

At values of solvent solubility parameter somewhat above and below 
10.5, it was possible to swell Estane 5740-100 to a quasi-equilibrium 
condition. Some exploratory viscoelastic measurements were performed 
on the polymer in this swollen state.

EXPERIMENTAL

Swelling Measurements

In order to vary the solubility parameter of the swelling system easily 
and reproducibly, a mixture of polar and nonpolar solvents was 
chosen. The swelling measurements were made with mixtures of methanol 
(S = 14.5) and benzene (5 = 9.2). The solubility parameter of the mix
tures used was determined by using an equation proposed by Small,10

Smix =  (ahMi +  X2V2&2)/(xiVi +  x2r2) (1)

where X\ is the mole fraction, vh the molar volume, and (fi, the solubility 
parameter of species 1.

In the methanol-benzene system, calculation of §roix from eq. (1) reveals 
almost a linear relation between the solubility parameter of the mixture 
and the weight percent benzene in the mixture. Samples of compression- 
molded Estane 5740-100 were added to solutions of methanol and benzene 
(MeOH-C6H6). It was found that at concentrations of 15-35% MeOH 
(S = 10.1-11.2) the polymer dissolved. On the other hand, when samples 
were immersed either in more or less polar solutions on either side of the 
solubility range, the samples did not dissolve.

Weighed samples were immersed in solvent mixtures with concentra
tions ranging from 0 to 5% MeOH and from 60 to 100% MeOH for periods 
from 30 to 60 hr. At 30-min intervals the samples were removed from the 
swelling medium, blotted quickly, and weighed. After 5 hr a quasi
equilibrium was reached, with very little change in weight with time. 
Subsequent weighings were made at longer intervals. The samples were 
finally dried and reweighed to determine the extent of solubility. These 
results are presented in Table I. In all of the samples used in stress- 
relaxation experiments, the extent of solubility was less than 5%.

The volume ratio of the swollen material q was computed from eq. (2),

q = Ff/Fo (TFm/ pm) T~ (IFb/ pb) d~ (1/pp) 
(1/pp)

(2)

where pM is the density of methanol, pB, the density of benzene, IF„ the 
weight fractions of each component absorbed, and pP, the density of the
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Fig. 1. Swelling ratio vs. solubility parameter for Estane 5740-100.

polymer. This calculation assumes that the concentration of the swelling 
species is the same as that of the swelling medium and that there is volume 
additivity. The results of the calculation of eq. (2) also appear in Table I 
and are displayed in Figure 1. Figure 1 illustrates the range of polymer 
solubility, and designates the regions in which the swelling was substantially

TABLE I

Swelling Ratios of Estane 5740-100 in Methanol-Benzene Solutions

Concentration, wt-%
. Swelling, 

wt-%

"m
 %

ii 
of 

^
 ,2 q =  V t / V aMeOII Benzene

100 16 1.7 1.26
95 5 25 1.9 1.38
90 10 32 2.1 1.48
80 20 47 2.3 1.68
70 30 74 2.3 2.08
60 40 113 4.2 2.64

5 95 170 3.2 3.34
3 97 120 2.1 2.64
2 98 100 1.7 2.36
1 99 85 1.3 2.16

100 64 1.0 1.87
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reversible. In the latter regions stress relaxation experiments were carried 
out.

Measurements of Relaxation Modulus in Swollen Polymers

Modulus decay of swollen, strained samples was observed. For this 
purpose a suitably designed brass cell with a glass window was used in a 
standard stress relaxation experiment. The samples were swollen in situ 
for 5 hr, after which stress relaxation experiments were carried out in 
the solvent medium. The unstrained length of the sample was measured 
in the swollen state after which the sample was strained 8.5%. The 
decay of modulus as a function of time in different swelling solutions 
was followed. The modulus relaxation runs were made in duplicate 
which verified their reproducibility. Data were obtained in the range of
0-5% and 60-100% AleOH solutions, and all runs were made at room 
temperature, 25°C. The equation appearing in Figure 4 was used for 
computing all relaxation moduli.11

Fig. 2. Stress relaxation of swollen Estane 5740-100 (methanol-rich);. Modulus vs. time.
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RESULTS AND DISCUSSION

Figure 2 presents relaxation modulus data for 60-100% MeOH swelling 
solutions, and Figure 3 presents similar data in the concentration range 
0-5% MeOH. In both cases as the solubility parameter approaches that 
of the polymer, the swelling ratio increases and the modulus decreases. 
It appears that the stress and modulus level are determined by the degree 
of solvation of the urethane reinforcing segments, while solvation of the 
associated rubbery segments also occurs and governs the overall degree 
of swelling.

1.0 2 0  3 0  4 0

LOG t ( s e c )  ------ »-

Fig. 3. Stress relaxation of swollen Estane 5740-100 (benzene-rich). Modulus vs. time.

It also appears that the aromatic urethane regions are held together by 
relatively strong forces. Stress relaxations were made at strain levels of 
from 8 to 85% in an 80% MeOH solution without affecting the modulus 
level. Also as a check, several runs were carried out for as long as 100 hr 
without a drastic reduction in the sample’s retractive forces. The series 
of runs at different strains is presented in Figure 4.
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L OG t ( s e c )

Fig. 4. Modulus vs. time for 80/20 methanol-benzene solutions at different strains: 
—,8.5%  strain; O, 15.1% strain; # ,  26.6% strain; 0 ,  40.2% strain; X , 85.6% strain.

Some interesting features are revealed by a log-log plot of modulus 
versus swelling ratio for the swollen Estane system. This appears as 
Figure 5 where data are presented for both the MeOH-rich and the ben
zene-rich swelling solutions. Since the modulus was time-dependent, as 
can be seen from the modulus decay experiments, it was arbitrarily decided 
to choose the modulus at 100 sec after deformation for presentation in 
Figure 5.

The data in Figure 5 follow a linear curve with a slope of approximately 
— 3.1 for the benzene-rich system and a slope of —2.8 for the MeOH-rich 
system.

It is noteworthy that at the same swelling ratio the modulus values in 
the benzene-rich samples were almost three times those of the methanol- 
rich samples. This supplies evidence that swelling in these systems 
involves not only solvation of the aromatic quasi-crosslinks but also a 
partial solvation of the intermolecular bonds between the associated 
rubbery segments. Thus, in the benzene-rich systems the nonpolar ben
zene easily swells the hydrocarbon backbone of the polyester segments
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Fig. 5. Modulus vs. swelling ratio in swollen Estane 5740-100.

which are the rubbery segments at room temperature. In contrast to this, 
in the MeOH system, because of its greater polarity, more of the solvent 
can associate with the aromatic urethane linkages causing a greater 
solvation of the reinforcing tie points at the same swelling ratio.

CONCLUSIONS

The following conclusions may be drawn from these experiments: First, 
the aromatic urethane portions of polyester-urethanes are responsible for 
the enhanced modulus in these segmented elastomers and act as quasi
crosslinks. These juncture points appear to be intermolecularly asso
ciated and subject to solvation by appropriate solvents.

Secondly, in sufficiently poor solvents, these elastomers can be swollen 
and viscoelastic measurements made. Increased swelling produced by 
variation of the swelling medium solvates greater amounts of intermolecu- 
lar tie points and results in lower tensile properties.

Finally, the chemical nature of the solvating agent markedly affects the 
level of modulus. Different modulus values at the same swelling ratio for
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two swelling systems indicate that solvation of both the associated aro
matic urethane and rubbery segments occurs.

Further research on the characterization of secondary bonding in block 
copolymer elastomers is underway in our laboratory.

This work was initiated in the laboratory of Professor A. Y. Tobolsky at Princeton 
University and was included as a portion of the author’s Ph.D. thesis.
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ESR Study of Radical Sites in Crystalline Texture of 
Irradiated Polypropylene by Means of 

Nitric Acid Etching

NAOSHI KUSUMOTO, KAZUKI MATSUMOTO, and MOTOWO 
TAKAYANAGI, Department of Applied Chemistry,

Faculty of Engineering, Kyushu University, Fukuoka, Japan

Synopsis
Bulk-crystallized isotactic polypropylene samples with different crystalline textures 

were etched by fuming nitric acid to remove the disordered region. The radicals 
produced by irradiation of 7 -rays or ultraviolet light on these etched samples in vacuum 
at liquid nitrogen temperature were investigated by the ESR method. A triplet spec
trum in addition to the original spectrum of polypropylene radicals was separated for 
the etched samples. It was concluded that this triplet was caused by radical species 
associated with nitro groups introduced on the surface of the crystalline residues by 
etching. The difference in the intensity of this triplet among the samples was ascribed 
to differences in crystalline textures and interpreted in a quantitative way. The con
centration of polypropylene radicals corrected for the triplet differed among the 
quenched, annealed, and cold-drawn samples and the sample annealed one after drawing. 
This fact was interpreted on the basis of the hypothesis that radical sites were almost 
concentrated in the defects of crystal domain. The well known nonet spectrum, which 
can be observed at liquid nitrogen temperature after annealing the irradiated samples 
at room temperature, was also confirmed to be attributable to the defects of crystals. 
The behavior of free methyl radicals induced by ultraviolet irradiation was also found 
to be strongly dependent on the state of aggregation of the polymer molecules.

INTRODUCTION

In recent years, ESR techniques have been used extensively as a method 
of studying the effect of ionizing radiation of crystalline polymers. Studies 
of radical species induced by high-energy radiation and of their behavior 
have been quite detailed.

A large number of reports, however, do not discuss in detail the influence 
of the higher-order structure of crystalline polymers on formation and 
behavior of radicals. The state of the amorphous phase, lamellar crystals, 
and defects in the crystal are important factors which determine the 
physical and chemical properties of crystalline polymers. They are also 
considered to affect the formation and the behavior of radicals.

One of the difficulties involved in the investigation of this problem was 
the fact that we could hardly distinguish the spectral components of the 
radicals trapped in different regions of the crystalline texture of the original
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sample. Therefore, in the current study, attempts were made to obtain 
information about the sites of trapped radicals in the individual phase of 
the isotactic polypropylene samples by treating them with nitric acid and 
removing the disordered regions in stepwise.

The purpose of this paper is to confirm which phase within the sample is 
responsible for the nonet1 ’2 * * * * spectrum of polypropylene, which was observed 
at — 196°C for a sample irradiated at room temperature. Ivusumoto8 * * 

previously suggested the possibility that the radical responsible for the 
nonet exists preferentially in some loosened structure, such as chain-folded 
lamellar surface and/or defects in the crystalline phase. In this paper we 
intended to confirm this prediction.

EXPERIMENTAL

Pellets of isotactic polypropylene (Avisun 1 0 2 1 ) were extracted with 
n-heptane for 48 hr and with n-hexane and benzene for 24 hr and were 
compressively into 1 mm X 20 mm X SO mm sheets. These sheets were 
heat-treated or drawn to give different crystalline textures as listed in Table

TABLE I
Polypropylene Samples

Sample Preparation *c, %

A Annealed at 130°C for 24 hr 0 0

Q Quenched into ice water from melted state 51
D Drawn 8  X at 72°C 70
D a Drawn 8  X at 72°C and annealed at 130°C for 24 hr 76

I. The degree of crystallinity X c, as determined by the x-ray method, is
also listed in Table I.

Next, the sheets were treated with fuming nitric acid at 75°C for 0.5-12
hr. This oxidation method was used by a number of investigators to study
the crystalline texture of polyethylene4 -1 0  and polypropylene. 11 The oxi
dized samples were taken out of the reaction vessel at various times during
the progress of etching, extracted with acetone for 24 hr to remove the low
molecular weight materials produced by etching, and dried under reduced 
pressure.

The weight of the etched samples was measured to assess the process of 
etching. The density of the samples was also measured by the flotation 
method to elucidate the removal of the disordered region by etching. 
Elemental analysis was also carried out to detect nitrogen atoms introduced 
as nitro groups by oxidation.

The etched samples were sealed in glass tubes evacuated to less than 
10- 4  mm Hg, and irradiated by 7 -rays from a 60Co source at a dose rate of
1.4 X 10s rad/hr to a total dose of 107 rad at — 196°C. The bundle of 
sample tubes was rotated around its axis to allow uniform irradiation. 
Within a few hours after finishing the irradiation, the electron spin reso-
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nance (ESR) spectra were measured. In the ultraviolet irradiation, the 
samples were sealed in evacuated quartz tubes and irradiated at — 196°C 
in a rotating quartz Dewar vessel with light from a low-pressure mercury 
lamp.

A Hitachi MPU magnetic resonance spectrometer (X-band, 100 Ivcps 
modulation) was employed for measurement of ESR spectra. Absolute 
values of the spin concentration of the irradiated samples were evaluated 
by comparing the integrated intensity of the resultant spectrum with that 
of an irradiated Teflon sample whose spin concentration was previously 
calibrated by a solution of DPPH in benzene. Viscoelastic measurements 
of the etched samples were conducted at 110 cps by use of direct-reading 
dynamic viscoelastometers to study the movable chains which compose the 
amorphous region. The instrument used was a Vibron model DDV-I1 
(Toyo Measuring Instruments Co., Ltd.).

RESULTS AND DISCUSSION 

Crystalline Texture of the Etched Samples

The weight of the sheets increased slightly in the early stage of oxidation 
and decreased after 5 hr. The density of the sheets increased linearly with 
the elapse of the oxidation time up to 6  hr. Hock11 has reported on the 
oxidation of bulk-crystallized isotactic polypropylene by 70% nitric acid 
at 120°C. The tendency of the densities and the weight of the sheets to 
increase in our case was similar to those reported by Hock. 11 In our case, 
however, the oxidation progressed more slowly due to the lower oxidation 
temperature, although we used a higher concentration of the acid than 
that employed by Ilock . 11

Viscoelastic measurement of sample A oxidized with nitric acid for 6  hr 
revealed that the aa dispersion due to the initiation of the micro-Brownian 
motion of molecular chains in the amorphous region vanished, while the 
original sample showed marked aB dispersion. On the other hand, the 
crystalline dispersion ac associated with the crystalline region increased 
with the progress of etching in the same way as shown by Minami et al. 12 

These results means that the etching has selectively removed the movable 
chains capable of micro-Brownian motion above the glass transition tem
perature, which compose the amorphous region.

The x-ray crystallinity of sample A reached its maximum value of 87% 
after etching for 6  hr. Elemental analysis showed that the relative number 
of carbon atoms per nitrogen atom is 706 at 3 hr oxidation, 116 at 6  hr, 
and 97 at 9 hr. Since nitrogen is present in nitro groups4 9 introduced by 
oxidation, the lamellar thickness can be estimated as 72 A from the number 
of carbon atoms at 6  hr by assuming that nitro groups are combined with 
both cut ends of the polymer chain at both surfaces of the lamellar crystal. 
If one nitro group is combined at the lamellar surface to one cut end of a 
polymer chain and one carboxyl group is combined at the other cut end,
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a value of 144 A is obtained. This value coincides with the lamellar 
thickness estimated by Hock. 11

Thus, it can be concluded that the amorphous region of the samples 
was removed selectively by acid treatment for more than G hr. We use 
hereafter the term “etching” to denote this oxidation process because the 
oxidation selectively etches the disordered region in the crystalline texture.

ESR Spectrum Peculiar to the Etched Samples

Figure 1 shows the ESR spectra of the y-irradiated samples A, Q, D, 
and Da (Table I) at different etching times. The original, unetched 
samples showed the well known octet spectra. It can be seen that the 
spectra of the etched samples resemble those of the original samples but 
become asymmetric with respect to the resonant center of the static mag
netic field with increasing etching time. The asymmetry of the spectra of 
etched samples decreases markedly on heat treatment of the samples at 
—150 to — 120°C. Figure 2 a shows the spectrum of sample A at — 196°C. 
This irradiated sample was heated to — 130°C for 3 min and recooled to
— 196°C. It is noteworthy that the characteristic peak of the asymmetrical 
spectrum, (indicated by an arrow in Fig. 2a), disappeared on heating to
— 130°C as shown in Figure 26. The residual spectrum obtained by sub
tracting the spectrum 6  from a in Figure 2  is an asymmetrical triplet as 
shown in Figure 2 c, which further shows some fine structure. Since this 
triplet can not be found in the untreated samples and increases its intensity 
with increasing etching time, this triplet must be associated with chemical 
groups such as nitro and/or carboxyl groups introduced by oxidation with 
nitric acid.

Fig. 1. KSR spectra of the samples at different etching times at — 19(i°C. The prepa
ration of samples A, Q, D and D A is given in Table I.
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On the other hand, the spectrum of sample A, which had been etched 
for 6  hr and irradiated by ultraviolet light at — 196°C (Fig. 36), showed a 
spectral pattern quite different from that of the etched sample A receiving 
7 -irradiation (Fig. 2a). The triplet spectrum of the etched sample irra
diated by ultraviolet light as shown in Figure 36 almost matches that of

Fig. 2. ESR spectra of etched sample A (6 hr): (a) spectrum at — 196°C before
annealing; (6) spectrum at — 196°C after heating the sample at — 138°C for 3 min; 
(c) residual spectrum obtained by subtracting spectrum (b) from (a).

Fig. 3. ESR spectra of sample A irradiated by ultraviolet light at — 196°C: (a) spec
trum of unetched sample, (6) spectrum of sample etched 6 hr.
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Figure 2c. This is attributed to the introduction of chemical groups such 
as nitro and carboxyl groups by etching which densely cover the surface of 
the lamellar crystals and absorb the ultraviolet light. The fact that the 
triplet radical is very unstable compared with the other radicals is due to 
the circumstance that the triplet radicals are located at very movable 
points of the molecular chains such as the ends cut by etching.

The outermost peaks of the triplet can be considered to be due to either
(1) anisotropy of the g value or (2) hyperfine structure. The principal 
values of the g  tensor are evaluated as f/i = 1.9641, g 2 = 2.0071, and 
¡7 , =  2.0463 from the line shape of the triplet. However, the range of 
these values is too wide compared with the case13 of N 0 2 and C 02_ radicals. 
Thus, the cause of the peaks might be ascribed to the hyperfine structure 
of nitrogen or hydrogen atoms. The hyperfine separation (GO gauss) is 
too large to ascribe to hydrogen atom, but almost coincides with that of 
nitrogen atom in N 02.13 The intensity of the triplet spectrum during the 
etching time was estimated by subtracting the triplet shown in Figure 2c 
from the original spectrum, the intensity of the triplet being adjusted to 
leave the symmetrical spectrum. Thus, it can be concluded that this 
triplet spectrum is associated with the nitrogen atom in the nitro groups 
introduced by etching. The center peak in the triplet is considered to be 
intensified by superposition of the other spectra to the spectrum of nitro 
group radicals, since the nitrogen atom has a spin number 1 = 1 and, thus, 
hyperfine separation by a nitrogen atom must be a triplet with hyperfine 
components of equal intensity.

Interpretation of the Behavior of the Triplet Based 
on Change of the Crystalline Texture by Annealing

Figure 1 shows that the line shape, especially the symmetry, of the 
spectrum differs markedly with different samples which are etched for 6 hr. 
One of the reasons for this is that the intensity of the triplet spectrum 
from nitro groups relative to that of the spectrum of radicals in polypro
pylene itself differs with different samples. Table II lists the concentration 
of these radicals for different types of the samples.

Since the radicals of the triplet spectrum are present on the surface of 
the crystalline residues after etching, the radical concentration of samples

TABLE II
Concentration of Triplet Radicals and 

Polypropylene Radicals for the Crystal Domain of the Samples

Radical concentration, spins/g
Sample Triplet radical Polypropylene radical

A 5.1 X 10” 0.3 X 10“
Q 1.0 X 10“ 1.17 X 10“
D 5.3 X 1018 7.2 X 10“
D a 2.1 X 1018 1.3 X 10«
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(a) (b) (c)

Fig. 4. Schematic representation of elements of crystalline texture (side view of the 
square blocks): (a) the element of cold-drawn film (sample D, X c =  70%), (6) the
element of cold-drawn film after annealing (sample D a , X„ = 7 6 % )  in which the crystal
line phase grew along the draw direction on annealing; (c) the element of cold-drawn 
film after annealing (sample D a ) which grew along the side. l„ and le' represent the 
lamellar thickness. The area surrounded by the broken line in (b) shows the amorphous 
region in the case where the sample shrinks on annealing due to the relaxation of the 
amorphous region. The filled area represents material removed by etching.

in which the disordered region has been removed by etching for 6  hr will be 
proportional to the surface area per unit weight of the lamellar crystals, 
The results in Table II show that the radical concentration of the triplet 
of the annealed samples is smaller than that of the samples before annealing. 
This is interpreted on the assumption that the crystal domain was devel
oped to form larger crystals, and, thus, the ratio of the surface area to 
weight was largely decreased by annealing.

Next, we will inspect this assumption in more detail. Figure 4a shows a 
square block model which represents an element of the crystalline texture 
as shown at the left of the figure. The open squares represent the crystal
line region and the filled squares represent the interlamellar disordered 
region. A detailed discussion of the latter region, such as the possibility 
of folding, is not important for our discussion. The degree of crystallinity 
of the cold drawn sample was increased from 70% to 76% by annealing. 
The question is whether we can interpret the decrease in the surface area 
per unit weight of the sample D by annealing in the way shown in Figure 
46, i.e., growth of the crystalline region accompanied by no change of the 
width of the element. If we adopt the structural change shown in Figure 
4, where a is the width of the element and l0 is the thickness of the crystal 
phase of lamella, the etched surface area S a of the crystal per unit volume 
for the model of Figure 4a can be calculated as shown in eq. (1) by taking 
into account the fact that the amorphous region is removed by etching:

S a = (2a2 +  4 a/c)/a% (1).

In the case shown in Figure 46, the corresponding surface area Sb, is

Sb = (2 a2 +  4 aU)/a%' (2 ),

where lQ' is the thickened length of the crystal phase after annealing. 
Dividing eq. (1) by eq. (2 ), we obtain the ratio R of S a to Sb as follows:

R = Sa/S b = la2 +  2 a/c)/c'/(a 2 +  2  aU)k (3)
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Substituting /„ = (70/76)// and R = (5.3 X 1018)/(2.1 X 1013) = 2.5 for 
samples D and Da into eq. (3), we obtain

k'/a  = (152/70 -  5)/6 < 0

This negative value of IJ/a has no physical meaning and the annealing 
process from the model of Figure 4a to that of Figure 46 should be discarded 
from the viewpoint of radical behavior. Another possibility of interpreting 
the value of R = 2.5 is to make the value of a increase by annealing by a 
factor of x.

We assume here x2 pieces of the crystal elements are united into one 
block side by side by annealing as shown in Figure 4c. For the process 
from the model of Figure 4a to that of 4c, the area ratio becomes

R = S a/S c = x2//(a 2 +  2  a/c)/[(ax) 2 +  2  axQlc (4),

substituting lc = (70/76)// and R = 2.5 into eq. (4), we obtain

2.5 = (76/70 +  2Z//a)/(l +  2 Z//ax) (5).

The model in Figure 4c is acceptable when / / /a  takes a positive value, that 
is,

Z//a = (152/70 -  5 )/(10/x -  4) > 0 (6 )
x > 2.5

This means that, on annealing, about six or more (>2.52) blocks of the 
original crystal elements unite to form a more developed crystal plate, 
which is extended perpendicularly to the draw axis.

The polycrystalline texture of a well annealed oriented polymer is actually 
considered on the basis of various experimental facts (two meridional 
diffraction spots in the x-ray small-angle scattering, as seen in isotactic 
polypropylene annealed at 155°C or polyethylene drawn at high tempera
ture) to have such a superstructure. On the other hand, polypropylene 
cold-drawn at 60°C does not show any such a diffraction pattern except 
for the diffused diffraction around the primary beam. Hosemann14 has 
proposed a model from the analysis of the cold- and hot-drawn films of 
polyethylene. Figures 5a and 56 show a checkered pattern and a striped 
pattern for the cold-drawn and hot-drawn samples, respectively. The 
sides of crystal block are closely bound by the shift of ultrafibrils along 
the draw axis by annealing to show two meridional diffraction spots in the 
x-ray small-angle scattering. These models are quite suitable for the 
purpose of interpreting the ESR data in this study. Takayanagi et al. 16 

have found support for these models from the anisotropy of the tensile 
storage modulus of oriented polyethylene, isotactic polypropylene, and 
several kinds of polyethers as a function of temperature. At the tempera
ture of the primary absorption (around Te), the 0° modulus along the draw 
direction crosses the 90° modulus; above Tg the 90° modulus has a higher 
value than 0° modulus. This fact can be interpreted only by the model 
cited above.
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(b)

Fig. 5. Schematic representation of microfibrils:14 (a) cold-drawn polyethylene film; 
(b) hot-drawn polyethylene film. The filled area shows the amorphous region.

In our experiment %* was estimated as 175 A from the long period and 
the degree of crystallinity. By substituting this value into eq. (6 ) it can 
be deduced that 6  to S elements are to be united when the side length of 
the elemental crystal a is more than 100 A, and 13 to 9 blocks when a is
__ o
50 - 1 0 0  A. As for the structural change from quenched sample Q to 
annealed sample A, the same estimation mentioned above is also possible, 
and x > 2 . 0  is obtained, when the change of the degree of crystallinity from 
56% to 73% by annealing is taken into account. Thus, it will be under
stood that the original crystal blocks must be united when the quenched 
sample is annealed.

Change of Radical Concentration Corrected for the 
Triplet with Etching Time

Figure 6  shows plots of radical concentrations at — 196°C against etching 
time. The concentrations markedly vary with etching time. In this 
figure the intensity of the triplet spectrum was eliminated as far as possible 
by the method described above. The radical concentration of the quenched 
sample Q increases in the early stage of etching, reaches a maximum at 3 hr 
and decreases thereafter. In the other samples, the radical concentration 
decreases with increasing etching time. For all samples, however, the 
concentration becomes constant after 6  hr. The period of 6  hr agrees with 
the time required for the complete removal of the amorphous region of the 
samples as mentioned above. Thus, the radical concentrations at this 
time are considered to correspond to the radical concentration in the 
lamellae after removal of the disordered region.

The relation between the radical concentrations and etching time can be 
interpreted by the following considerations. The radical concentration in 
the amorphous region is larger than that in the crystalline region. The 
radical concentration in the sample decreases with as the degree of crystal
linity increases by etching. When the amorphous region is wholly removed
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XI o'3

Fig. 6. Plots of radical concentrations corrected for the triplet at — 196°C against
etching time.

at 6  hr, the leveling-off radical concentration corrected for the triplet 
coincides with that in the lamellar crystals. There do exist contradictory 
facts, namely, that a maximum is seen for the curve of sample Q in Figure 
6  and that the radical concentrations of all the unetched samples (zero 
time values of the curves in Fig. 6 ) exceed the radical concentration of 
completely amorphous, atactic sample (7.2 X 1019 spins/g). These facts 
suggest that a certain phase, intermediate between the amorphous and the 
crystalline phase is present which can trap radicals with higher concentra
tion than the completely amorphous or the crystalline region.

So far, we have seen that the state of aggregation of polymer molecules 
strongly affects the trapping ability of radicals of the polymer matrix. 
The results obtained above indicate the trapping ability in the crystalline 
texture decreases in the order: the phase with intermediate regularity 
between those of the crystalline and the amorphous state > the amorphous 
phase > the crystalline phase including defects or defect regions. This 
order will be considered reasonable after the following discussion.

To trap radicals stably it may be necessary that (1) the conformation of 
molecular chain is changed at the radical site, (I?) the paired radicals 
produced by scission of a chemical bond are separated enough to prevent 
their recombination, and (3) the radicals do not migrate so far to react
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with other radicals. Probability of being hit by quanta of radiation may 
be almost the same for molecules in any phase of the polymer matrix. 
However, the conditions (1) and (2) are difficult to satisfy in the completely 
crystalline phase because the mobility of molecules are largely inhibited 
and consequently the radicals recombine immediately after scission of a 
chemical bond by hitting. In the amorphous region, condition (3) will not 
be satisfied because of the larger mobility of molecular chains. Thus, the 
optimum condition for trapping the radicals will be found in the region of 
intermediate regularity in the polymer matrix. The mobility of polymer 
chains in this region will be intermediate between those in the typically 
crystalline and the amorphous phases.

Radical Sites Associated with Lamellar Crystals
According to the structural concept introduced above, the leveling-off 

values of the curve in Figure 6  correspond to the radical concentrations 
existing within the lamellar crystal themselves. They are considerably 
different among the samples Q, A, D, and I)A. The magnitudes of these 
values are in the order of Q, D, A, and UA. This experimental fact can not 
be interpreted by formation of equal density of the radical sites over a whole 
domain of crystalline region, as it is independent of its crystalline texture. 
This must be interpreted by a mechanism in which the radicals are formed 
mainly in the defects of lamellar crystals and the amounts of defects are 
different among the samples; thus, the radical concentrations at the final 
stage of etching are different for each sample. In the case of single crystals 
of inorganic materials, irregular yields of radicals were often experienced, 
depending upon the conditions of preparation of the crystal. 17 Miura et 
al. 17 reported that they could not observe an ESR spectrum for a single 
crystal of pure sodium polyphosphate irradiated by 7 -rays, but succeeded 
in observation of radicals for the crystal doped by a small amount of 
sodium sulfate to introduce defects into the crystal. These facts seem to 
support the mechanism presented here. Therefore, the final radical con
centration of the lamellar crystal will give a measure of the number of 
defects existing within the lamellar crystals themselves. The fact that 
quenched sample Q has much higher radical concentration than annealed 
sample A is explained by the circumstance that sample Q has more defects 
than sample A.

It is most interesting that the difference between the radical concentra
tion of the cold-drawn film D and that of the drawn and annealed sample 
Da is extremely large. Annealing of the cold-drawn film depresses the 
trapping ability of radicals existing within the lamellar crystals to one 
fifth of the original sample. This fact indicates that the annealing of the 
cold-drawn film makes the crystalline region more highly developed and 
decreases the disordered region including defects. The secondary crystal
lization induced by annealing for cold-drawn sample D is considered to 
develop crystals more completely compared with that of the bulk samples, 
since the orientation of molecular chains is previously arranged in the draw
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direction and is preferable to development of an extended crystalline 
lamella.

Radical Sites of the Nonet Spectrum

It has been recognized that the nonet ESR spectrum is always observed 
at liquid nitrogen temperature for isotactic polypropylene irradiated by 
7 -rays at room temperature in vacuum, while the octet is found for samples 
irradiated at liquid nitrogen temperature. Since this nonet could not be 
found for an atactic polypropylene sample,1'3 the radical species is expected 
to be closely related to the crystalline regions. The interpretation for the 
cause of this spectrum has been made by two conflicting interpretations, 
which involve alkyl radicals1 ,ls'19 in one hand and a Hylic radicals2,20'21 on 
the other hand. In either case, however, the molecular chains would need 
distortion of their backbone to form the radicals if they are in the crystalline 
lattice. For this difficulty it was suggested that the radicals are trapped 
preferentially in the lamellar surface composed of folded chains and/or 
some defects in the crystal.3

After the unetched bulk-crystallized samples were heated to room tem
perature and recooled to liquid nitrogen temperature the ESR spectrum 
showed a nonet structure very similar to those cited in the literature.1,2 
The same nonet spectrum was also obtained for sample A which had been 
etched for G hi-. Figure 7 shows the ESR spectra before and after etching 
in our case. They agree very well with each other. Thus, it can be 
concluded that the nonet radicals are trapped in the lamellar crystals, 
presumably in the defects of crystals.

Figure 8 shows the spectra of samples Q and Ua etched for G hr obtained 
by subtraction of the triplet spectrum from the original one. The figure 
shows that the spectrum of sample Q is close to the octet of the unetched

196 “05=32 5°C
A E T C H I N G  T I M E

Fig. 7. Nonet spectra obtained from the samples before and after etching (a) spectrum 
of unetched sample A, (b) spectrum of etched sample A (6 hr).
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sample, while the spectrum of sample I)A is close to the nonet. As for the 
radicals of polypropylene induced by y-ray irradiation, many investigators 
have made identification of radicals on different bases. By utilizing the 
facts that the spectrum disappearing on annealing was the octet and that

Fig. 8. Residual ESR spectra of samples etched 6 hr obtained by subtracting of the 
triplet spectrum from the original spectra: (a) sample Q; (b) sample D a.

the nonet is relatively stable at room temperature, we can evaluate the 
intensity of both spectra for the samples Q, A, and DA etched for 6 hr. 
Table III, which lists the results obtained by this method, shows that the 
concentration of the nonet radicals increases as the total radical concentra
tion is increased, while the concentration ratio of the nonet radical to that

TABLE III
Concentration of Polypropylene Radicals in the Crystal Domnin of the Samples

Sample

Radical concentration, spins/g

Octet. Nonet Nonet/octet. Total

Q 9 .2  X 1019 2 .5  X 1019 0.27 1.17 X 1020
A 3.9  X 1019 2.4  X 1019 0.62 6 .3  X 1019
D a 3.4  X 1018 9 .6  X 101S 2 .8 1.3 X 1019

of the octet radical is decreased. The ratio of thermally stable radicals 
(nonet) relative to unstable radicals (octet) increases as the crystal domain 
becomes perfect. This ratio is considered as a measure for expressing the 
perfection of the crystalline region. Thus, we can conclude that the 
radical species induced is sensitively dependent upon the crystal defects.
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Free Methyl Radicals Produced by Irradiation 
with Ultraviolet Light

Yoshida and Ranby22 have reported that a very narrow quartet spectrum, 
which they assigned to the free methyl radical, was found for the bulk- 
crystallized polypropylene sample irradiated by ultraviolet light in vacuum 
at liquid nitrogen temperature, but could not be found in the case of 
7 -irradiation. They explained these facts by the much smaller kinetic 
energy for reaction with other radicals of the radicals produced by ultra
violet light irradiation compared to those produced by 7 -ray irradiation.

In our experiment, this quartet spectrum was also observed for the bulk- 
crystallized sample A, as shown in Figure 9a; this spectrum is almost the 
same as cited in the literature.22 However, we could not find the quartet 
spectrum for a completely atactic polypropylene sample which was irra
diated under the same conditions as mentioned above. The spectrum 
obtained for atactic polypropylene is shown in Figure 96. This experi
mental result may be explained on the basis of the effect of the crystalline 
texture on formation and trapping of radicals. The radicals formed in the 
amorphous region react more rapidly than in the crystalline region, so that 
we could not detect the methyl radicals in the atactic sample.

Ivusumoto et al.23 found that free methyl radicals produced by ultraviolet 
light irradiation in the single crystal sample of poly-4-methyl-l-pentene 
react more rapidly than those in the bulk-crystallized sample. This is 
considered to be due to the fact that methyl radicals diffuse more easily to 
react with other radicals because the packing of molecular chains in the 
crystalline phase (density at room temperature is 0.823 g/ml) is looser than 
that in the amorphous phase (0.839 g/ml) below 50°C.24 In the case of 
polypropylene, the density of the amorphous phase (0.85 g/ml) is smaller

l

Fig. 9. ESR spectra obtained after ultraviolet irradiation: (a) bulk-crystallized
sample A (the peaks characteristic of methyl radicals i.e., quartet spectrum, are indicated 
by arrows); (b) completely atactic (amorphous) sample.
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than that of the crystalline phase (0.92 g/ml), so that methyl radicals in 
the amorphous phase diffuse and react more rapidly than those in the 
crystalline phase. Therefore, it can be said that not only the chemical 
structure of polymer molecules but also the state of aggregation of mole
cules plays a very important role in trapping of the free methyl radicals 
generated.
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Salt Effect on Polymer Solutions

SHUJI SAITO,
Momotani Juntenkan, Ltd., Minâtoku, Osaka, Japan

Synopsis

The salt effect was investigated by measurements of viscosity, cloud point, and 
solubility of aqueous solutions of poly (vinyl alcohol-acetate) copolymers, as these 
copolymers in water are sensitive in various ways to addition of various electrolytes. 
The major role in the salt effect is played bjy the anions, and water-structure breaking 
anions produce salting-in of the copolymers. Tetraalkylammonium halides (bromides 
and iodides) cause salting-in of the copolymers more effectively with increase of size of 
the hydrophobic cations. The Setschenow equation does not hold for the polymers 
except for very dilute polymer concentration. In salts of monoalkyl-substituted anions 
(R—COONa and R—S 0 4Na) and cations (R.—N H 3C1 and Br), so long as the alkyl 
chain is short, the salt effect is also dominated by the anions. With increase of the 
alkyl chain length, sodium salts of the monoalkyl-substituted anions exert a stronger 
salting-in effect upon the polymers than chlorides of similar long-chain cations. The 
significance of the counteranions is suggested for the interaction of nonionic polymers 
and the long-chain cations. The action of the salts on the copolymers is discussed in 
terms of medium effects (change of the water structure) and of the binding effect of the 
single ions to the polymers.

INTRODUCTION

The nature of aqueous solutions of a substance reflects mainly the 
interaction of the solute with the hydrogen-bonded structure of water.1’2 
This is also true for aqueous solutions of macromolecules. Since water is 
essential for the functions of proteins, their relations to water have been 
intensively studied through influences induced by various additives.3 For 
example, urea,4 ethanol,5 and inorganic salts6 are agents which perturb the 
water structure, and their addition to an aqueous solution of a protein 
causes significant configurational and functional changes referred to as 
denaturation.7

As for synthetic macromolecules, configurations of hydrophilic polymers 
such as poly(vinyl alcohol), polyvinylpyrrolidone, and polyethylene oxide) 
in water are rather insensitive to addition of urea, but those of water- 
insoluble or difficultly soluble copolymers such as poly (vinyl alcohol-acetate) 
and poly(vinylpyrrolidone-acetate) are markedly affected by urea, and in 
fact some of these copolymers are dissolved in aqueous urea media.8 With 
these copolymers some changes of their state in solution are expected on 
addition of salts.
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Compared with the accumulation of data of salt effect on small nonionic
substances,9-12 studies on non ionic macromolecules are rather rare.13- 1I

;

The purpose of this report is to investigate effects of inorganic and organic
salts, including surface-active long-chain salts, on solutions of these copoly
mers in relation to specific properties of the individual ions in water. The
interactions of polymers and ionic surfactants have been discussed in detail
elsewhere. 17

EXPERIMENTAL

Materials

Polymers. Poly(vinyl alcohol) (PVA) was the same as used previouslyS
and has an average degree of polymerization of 2000 with 0.6% acetate.
Its electrolytic impurities were removed by passage through ion-exchange
resins. Three kinds of poly(vinyl alcohol-acetate) copolymers (PVA-Ac)
were the same as used before.s.l7 .ls The acetate content and degree of
polymerization of PVA-Ac(A) are 19.7% and 2300 respectively, those of
PVA-Ac(B) are 30.0% and 2000, respectively and those of PVA-Ac(C)
are 54% and 1400, respectively.

Inorganic Salts. All the inorganic salts were the special reagent-grade
products of Wako Pure Chemicals Co., Japan.

Organic Salts. Tetramethylammonium bromide (abbreviated iVle4NBr,
and so on), Et4NCI, Et4NBr, Et4NI, n-Pr4NI, monomethylammonium chlo
ride (abbr. l\IeNH 3CI, and so on), EtNH~CI, EtNH3Br, and n-BuNH3CI
were guaranteed reagent grade products of Tokyo Kasei Kogyo Co., Japan.
n-Pr4NBr and n-Bu 4NBr were the products of Eastman Organic Chemi
cals Co., U.S.A. The octyl and dodecyl derivative:5, n-CSH I7NH 3CI and
n-CI2H25NH3CI, were made from the respective amines by neutraliza
tion with anhydrous HCI in acetone, and were recrystallized several times
from ethanol. The pure n-octylamine was supplied from the Research
Laboratory of Japan Oils & Fats Co., Japan, and the n-dodecylamine was
an extra pure grade product of Tokyo Kasei Kogyo Co.

Sodium methylsulfate monohydrate was the guaranteed reagent grade
reagent of Tokyo Kasei Kogyo Co. Sodium ethylsulfate monohydrate was
a product of Hayashi Pure Chemicals Co., Japan, and was recrystallized
several times from water and dried over silica gel. In order to determine its
purity, the salt was first decomposed with strong HCI, and the free sulfate
ion thus produced was determined gravimetrically as BaS04. The purity
was at least 99.9% as monohydrate. Sodium butyl sulfate was synthesized
in this laboratory from n-butanol and chlorosulfonic acid. The flat crystals
were repeatedly recrystallized from water. The salt was dried over silica
gel. The melting point was 190-193°C. Its purity was at least 99.9% as
anhydride. Pure sodium n-hexyl sulfate and sodium n-octyl sulfate were
supplied from the Research Laboratory of Kao Soap Co., Wakayama,
.Japan. Sodium n-dodecyl sulfate was the pure product (Texapon L 100)
of Henkel GmbH., Dusseldorf, and recrystallized from ethanol.
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Sodium formate, acetate, '«-propionate, and n-butyrate were the reagent- 
grade products of Wako Pure Chemicals Co., Japan.

Distilled water was boiled before use.

Experimental Methods

Viscosity and cloud point measurements were carried out as reported 
previously.8’18 The cloud point was determined as the temperature 
( + 0.25°C) at which the transparent copolymer solution became cloudy on 
slow warning. From a cloud point-salt concentration relationship at a 
definite polymer concentration like one shown in Figure 4, the solubility 
of the polymer at 25°C was determined. Similar curves were made at 
different polymer concentrations around 25°C. In this way solubilities 
of the polymer at various salt concentrations at 25°C were obtained.

RESULTS

PVA and PVA-Ac(A) solutions are transparent at room temperature, 
but PVA-Ac(B) is soluble in water only at low temperature. Cloud points 
of PVA-Ac(B) solutions of various concentrations are 24.0°C at 0.05%; 
21.0°C at 0.1%; 18.5°C at 0.2%; 17.5°C at 0.3%; and 17.5°C at 0.6%.

Changes of intrinsic viscosity [??] of aqueous solutions of PVA and the 
copolymers, PVA-Ac(A) and PVA-Ac(B) by addition of inorganic salts at 
25°C are shown in Figures 1 and 2, respectively. Whereas KSCN in
creases the intrinsic viscosity of the PVA solution, KI produces almost no 
change, and KF and KC1 decrease it; these tendencies appear more mark
edly in the copolymers. Evidently the hydrophilic parts (—OH) of the 
copolymers are less susceptible to addition of the salts than the hydrophobic 
parts (acetate) are. PVA-Ac(B) is soluble in KSCN and KI solutions at

Fig. 1. Change of intrinsic viscosity <7j) of PVA solution by addition of inorganic salts at 
25°C: (.1) KSCN; (B) N aSCN ; (C) KI; (D) KC1; (E) KF.
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Fig. 2. Change of intrinsic viscosity cn) of PVA-Ac(A) and PVA-Ac(B) solutions by 
addition of inorganic salts at 25°C: (A ) KSCN, PYA-Ac(A) ; (B) NaSCN, PVA-Ac(A);
(C) KI, PVA-Ac(A) ; (D) N al, PVA-Ac(A); (E) NaC104, PVA-Ac(A); (F) KBr, PVA- 
Ac(A) ; (G) LiCl, PVA-Ac(A); (H) N H 4C1, PVA-Ac(A); (/) KC1, PVA-Ac(A); (J) 
N al, P VA-Ac (A) ; (K) KF, PVA-Ac(A) ; (L) KSCN, PVA-Ac(B) ; (M) KI, PVA-Ac(B). 
The dotted portions were cloudy.

Fig. 3. Change of cloud point of 0.28% PYA-Ac(C) solution by addition of KSCN.

25°C above a critical salt concentration (Figs. 2 and 4). In order to dis
solve PVA-Ac(C) in KSCX solution at 25°C, a higher salt concentration 
is required than for other copolymers with lower acetate contents (Fig. 3). 
There seems to exist an optimal acetate content of the copolymers for 
studying the salt effect conveniently, and thereafter the effect of salts was 
examined extensively on PVA-Ac(B) solutions.

Figure 4 demonstrates changes of the cloud point of a 0.21% PYA-Ac(B) 
solution on addition of various salts. In Figure 5, log S/So was plotted 
against salt concentration (Cs) for some salts. Here So (0.042%) and 
S are solubilities of PVA-Ac(B) in water and in the salt solution at a 
concentration Cs at 25°C. From the data plotted in Figures 4 and 5, 
salts at low salt concentrations at 25°C follow the following sequence from
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strongest salting-in to strongest sal ting-out effects: XH4SCN = IvSCX = 
NaSCN > N H J > Ivl = Nal > NaC104 > K N 03 > LiBr > NH4Br > 
NaBr > LiCl > NH4C1 > CsCl = KC1 = NaCl > KF = NaF = KIO*.

Fig. 4. Change of cloud point of 0.21% PYA-Ac(B) solution by addition of inorganic 
salts: (A) NTRSCN; (B) NaSCN; (C) KSCN; (D) N H J; (E) N al; (F) KI; ((?) 
NaC104; (H) KNOs; (/) LiBr; ( / )  N H 4Br; (K) NaBr; (/,) KBr; (M) LiCl; (AO 
N H 4C1; (0) CsCl; (P)KC1; (<?) NaCl; (R) NaF; (S )K F ; (T) K I 0 3; (U) 7 » N a2S 0 4.

Fig. 5. Plots of log S/Su against salt concentration Cs: (J ) KSCN; (B) N H J;
(C)K I; (D) NaC104; (E) K N 0 3; (F) LiBr; (G) KBr; (H) KC1; (/) KF. S 0 (0.042%) 
and S  are solubilities of PYA-Ac(B) in water and in salt solution at concentration Cs, 
respectively, at 25°C.
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In dilute salt solutions, the relative effect of single ions may be estimated 
from that of various salts with common counterions. The anionic order 
for the salt effect at around 25°C becomes then: SCN-  > I"- > C104-  > 
NO*- > B r  > Cl- > V- = 103-  > V2 SO 

This anionic order seems to be independent of the type of counter cations 
and is in line with Hofmeister’s lyotropic series for anions. The differences

Fig. 6. Change of cloud point of 0.21% PVA-Ac(B) solution by addition of chlorides of 
polyvalent cations: (.4) »/„ A1C13; ( B )  ' / - 2 MgCh; (C) Vs CaCl2; ( D )  Vs BaCls.

Fig. 7. Change of cloud point of 0.21% PVA-Ac(B) solution by addition of ammonium 
and tetraalkylammonium halides: (d )N H 4Cl; (B )E t4NCl; (C)NH 4Br; ( D )  Me»NBr; 
( E )  E t4NBr; ( F )  P r4NBr; ( G )  Bu4NBr; (H) NH.I; (/) Et,4NI; ( /)  P r4NI.

among the cations are rather small compared with those among the anions. 
This is the general tendency encountered in lyotropic phenomena. 19

Figure 6  shows the effects of chlorides of di- and trivalent monatomic 
cations, and Figure 7 illustrates those of quaternary ammonium halides; 
the results for BujXBr and Ale.iXBr were already reported. 8 For com-





1796 SHUJI SAITO

K+ = Na+; l/ 3 A1+++ > y 2 Mg++ > 1/ t Ca++ > 1/ 2 Ba++; and Bu4X+ > 
Pr4N+ > E t4N+ > Me4N+ = NH4+.

The dependence of the effect on the water structure on the ionic size of 
the mono- and polyvalent inorganic and organic cations is opposite to that 
of halide ions, and this is consistent with the results of the salt effect on 
the solubility of small nonelectrolytes. 9 ' 1 0 ’20 

Figure 8  shows logs S /S a plots for PVA-Ac(B) solubility in some R4NX 
solutions at 25°C as a function of the salt concentration Cs. The large 
tetraalkylammonium salts produce salting-in of the copolymer.

Figures 9 and 10 show changes of the cloud point of PVA-Ac(B) solution 
on addition of various salts of monoalkyl-substituted anions (RCOONa

Fig. 10. Change of cloud point of 0.21% PVA-Ac(B) solution by addition of ammo
nium and monoalkylammonium halides. Insert: Comparison of sodium alkylsulfates
and alkylammonium chlorides with the same alkyl chain lengths: (.1) N H 4C1; ( B )

Methyl-NHjCl, (C) Ethyl-NIRCl, ( D )  Butyl-NH3C1, ( E )  Hexyl-NH3C1, ( F )  Octyl- 
NH3C1, ( G )  Dodecyl-NHsCl, (if) NIRBr, (/) Ethyl-NH3Br, (./) N H j,  ( K )  Octyl- 
SO<Na, (L ) Dodeeyl-SChNa.

and RS04Na) and cations (RNFRCl and Br), respectively. In COa-free 
distilled water, these sodium carboxylates produce only a trace of the free 
acids. 21 As the cloud points immediately after addition of sodium butyrate 
and those after several hours were the same, the possibility of hydrolysis 
of the acetate groups of the copolymer by these sodium carboxylates is 
considered to be negligible. In the cases of cationic surfactants, in order 
to avoid errors due to their adsorption on the glass wall, the test tubes for 
measurements of the cloud point were rinsed with the same solution as 
that for the measurements. The salting-in order for these alkyl ions is: 
formate-  > butyrate-  > propionate-  > acetate- ; dodecyl-S04-  > octyl- 
S04-  > hexyl-S04-  > butyl-S04-  > ethyl-S04-  > methyl-SOr; and
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dodecyl-NH3+ > octyl-XH3+ > hexyl-XH3+ > butyl-NH3+ > ethyl- 
NH:i+ > methyl-NH3+ = ATH4+.

In the alkyl-substituted organic ions, as long as the alkyl chains are 
short, a change of a few methylene units produces relatively small differ
ences in the cloud point. Even surface-active C8H 1;XH3C1 gives rise to 
quite small an effect below its critical micelle concentration (CMC) (0.25 
mole/'l., determined by the dye solubilization method). However, with 
sodium alkylsulfates with chains longer than butyl, particularly with hexyl- 
S04Xa and the higher homologs, a striking interaction is observed far below 
the CMC.

DISCUSSION 

Inorganic Salts

The overall shape of a PVA-Ac chain in water depends on the balance 
between the hydrophobic attraction between acetate groups and the expan
sive hydrophilic interaction between the hydroxyl groups and the solvent 
water. The hydrophobic attraction in water is a consequence of the 
ordered water structure (the icebergs) in the hydrophobic regions. 2 When 
a water-structure-breaking, nonelectrolytic substance like urea or formam- 
ide is added to a PVA-Ac system, 8 it weakens the hydrophobic interaction 
and restores expansion of the whole polymer coil. On the other hand, 
addition of sucrose, which lowers water activity , 22 reinforces the attraction 
in the polymer chain.23

It is generally accepted that, when a salt is added to water, it modifies 
the water structure, and at low concentrations each ion brings about specific 
changes in the water surrounding the ion resulting from the balance of the 
water structure and the disturbing electrostatic effect in the vicinity of the 
ion. 1 '6 Large ions such as SCN- , CIO4- , 1“, Bi-, Cs+, and Rb+ are classi
fied as water-structure breakers, while small and/or highly charged, strong
ly electrostrictive ions such as F- , OH- , H+, Lif, Na+, Ca++, Mg++, and 
A1+++, are assigned as water-structure makers. 1 '6 Although the size of 
I0 3-  is big, this anion is considered a structure maker, because its negative 
charge is localized at the periphery and therefore it has a high charge den
sity.24 Among the intermediate ions in the lyotropic series, XH.p, Iv+, 
and Cl-  have little effect on water structure. 25

Modern theories of the salt effect on solubility of nonelectrolytes in 
water take the specificity of this solvent into consideration, 9 -1 2  The forces 
underlying the general salt effect are primarily of electrostatic nature, 9 -1 2  

so the effects of the electrolytic and nonelectrolytic modifiers of water 
structure are basically different. Generally speaking, the strongly elec
trostrictive, positively hydrating ions cause salting-out, and the weakly 
electrostrictive ions which break the water structure, reduce this tendency 
or reverse it to salting-in, depending on the polarity of the nonelectrolytic 
solutes.9 - 1 2 ' 19 As is evident from Figures 1 and 2, the salts affect the 
hydrophobic acetate groups rather than the hydrophilic groups in the
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copolymers; particularly h~SCN, EI, and NaCIO; help stabilize the acetate
groups in water, while KF, KI03, and KCl tend to reject them, and K1 is
almost without effect on PYA. On the other hand, ethyl acetate is ,.;alted
out by most salts, including even 1\1.20

In the copolymers, the hydrophobic interaction is weakcned by in~ertion

of hydroxyl groups bet ,,-een acetate groups. h:SC=", 1{1, and XaCIO;
attack the weakened hydrophobic bonds in the copolymers, unlock tho
inner expansive forces, and thus cause salting-in. As seen in Figures 4
and 5, the anions essentially determine the properties of hydrophobic
regions of the copol.vmer in water and lead to a wide spectrum of the salt
effect_ The predominance of anions over cations is related to the fact that
with inorganic salts, the anions determine most of the effect on water in
bulk26 .27 as well as its properties at the air and hydrophobic interfaces.28-:JO

Studies on the surface potential and surface tension of aqueous solutions
of inorganjc salts28-:JO concluded that a deficiency of the ions exists close
to the interface, and that this effect foll(H's the lyotropic series; SCX- is
closest to and F- farthest from the interface, while the strongly hydrated
cations have little effcct.

Thus, inorganic ions modify thc configmation of the polymers in \rater
by the effect on s~)lvent \nIter (medium effect) at the polymer interface
and in bulk. In this respect, their effect is entirely different from somo
characteristic reactions between functional groups of specific polymers and
salts,31-33 and also from the effect of some organic salts, as \yill be men
tioned subsequently.

This interpretation applies to salt effects Oil cloud point and on C\IC
of nonionic surfactant solutions,34-37 alld to the viscosity of some po]:,-mer
solutiollS. 14- 16 In the former cases the salt effect arises from dehydration
of the hydrophilic groups, i.e., ether oxygens of poly oxyethylene. In
analogy with the general salt effect on nonpolar substances, 9.10.38,39 it seems
more appropriate to consider the salt effect also on the hydrophobic parts. 37

Figure;) shows that the SetschenolV equation for the "alt effect on ,.;mall
nonelectrolytes:9.lo.ls

log 8/80 = KGs

where 8 0 is the solubility in water and 8 the solubility at a salt concentra
tion Gs with K being a constant does not hold for the polymer except for
very dilute polymer solutions. Each curve for KSCI , KI, and XH 41
seems to be divided into two portions; a portion with a decreasing slope
at lower salt. concentration and one with a steeper slope at higher salt
concentration. It is considered that the curve for l\aCIO j and those for
KSCN, KI, and J'\H;I in their lower salt concentration regions may arise
from the polymer-polymer interaction in the salt solutions, since for small
nonelectrolytes the Setschenow equation applies up to several molar salt
solutions. The steeper portions of the curves for KSCN, EI, and NH41
at higher salt concentration, as seen also in the next section (Fig. 8), may
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he caused by increasing direct contact of the anions with the polymers, 
which overwhelms the effect of the polymer-polymer interaction.

Organic Salts
Tetraalkylammonium Salts. Me4N+ is still slightly water-structure

breaking, but other larger tetraalkylammonium ions (R4N+), especially 
Hu4.X' , are distinctly water-structure-making4 0 ' 41 in a fundamentally dif
ferent way from that of small inorganic ions such as F- , OH- , H+, and Li+. 
Whereas these strongly electrostrictive ions cause orientation of water 
dipoles around them by concentric electrostatic forces, large R 4N+, tri- 
alkylsulfonium cations, 42 or in general, nonpolar substances enhance the 
hydrogen-bonded structure of water because of their very hydrophobic 
nature, 1 ' 2 The large R 4N+ produce salting-in not only of small nonelec
trolytes4 3 ' 44 but also of some polymers following the order Bu4NT+ > 
Pr4N+ > E t4N+ > Me4N+ (Figs. 7 and 8 ). The binding of these cations 
supposedly gives the hydrophobic polymers a hydrophilic polyelectrolytic 
character. 8 However, at low salt concentrations, I- , a strong breaker, still 
is the dominant factor (Fig. 8). It is noted that NH4Br and Me4NBr 
exert the same effect on the copolymer (Fig. 7).

Since the water structure1 ' 36’45 and therefore the binding equilibria are 
dependent on temperature, the behavior of individual ions suggested from 
the cloud point data over a wide temperature range is rather complicated. 
However, a comparison of the rates of cloud point change by addition of 
E t4N+X-  (where X-  is Cl-  and Br- ) relative to those of the corresponding 
ammonium halides around 18°C (Fig. 7) may indicate that the actions of 
halide ions and the organic cations seem to be additive, as are inorganic 
anions and cations in the salt effect on small nonelectrolytes9 ' 1 0 '19 and 
on PVA-Ac(B) (Fig. 4). Hence, in very dilute salt solutions, these hydro- 
phobic cations may not interfere much with halide ions in their salt effect. 
In these cases two effects may be at work independently to change the 
solution state of the polymer: the binding of the hydrophobic cations, 
and the medium effect of the inorganic counter anion.

A comparison of the effect of the R4NBr and R 4N 1 in Figure 8  shows, 
however, that the interaction of the polymer and R 4N+ is under the influence 
of the anion. Here the additivity of both effects clearly does not hold and 
the more strongly structure-breaking counteranion (I-  > Br- ) seems to 
interfere appreciably with the cation on the polymer. From the activity 
measurements of R4NX salts in water it was concluded that the R 4N+ 
and halide ion interact with each other in specific ways with respect to 
their structural influences upon water: a more strongly structure-breaking
anion (I-  > Br-  > Cl- ) lets the more structure-making cation (Bu4N+ 
> Pr4N+ > E t4NT+) more compatible with each other because the breaker 
anion makes free water molecules available for the self-salting in, or associ
ation, of the hydrophobic cations. 46 Therefore, both I-  and R 4N+ may ap
proach the polymer more closely and interfere with each other on it more 
strongly than do bromide and chloride ions.
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The Setsehenow plots for the polymer in R tXX solutions also deviate 
from linearity (Fig. 8 ). The slopes of the curves increase with the salt 
concentration, since it is assumed that the distribution of the organic cat
ions and inorganic anions in the neighborhood of the polymer is not 
uniform and it is found that the binding of the cation to the polymer in
creases with increasing salt concentration. In these cases it is considered 
that the polymer-polymer interaction may be covered by the binding 
effect. In the cases of R4XI salts where the curves for E t4NI and Pr4NI 
at 25°C overlap, the mechanism seems to be more complex, as mentioned 
above. As shown in Figure 7, with a rise of temperature the difference 
between E t4NI and Pr4NI widens, because the water structure around the 
cations is decreased.

Monoalkyl-Substituted Ions. The marked depression of the cloud 
point by four sodium alkylcarboxylates (formate, acetate, propionate, and 
butyrate) shown in Figure 9 is due to the —COO~ group which provides 
an intense electrical field in water.26 Therefore, like F_ and OH- , formate 
ion immobilizes water around it, but acetate ion may, because of its hydro- 
phobic methyl group, approach more closely to the hydrophobic region of 
the polymer, and carry out a more efficient salting-out effect. In propio
nate and butyrate ions, this tendency may persist, but these alkyl ions 
may be not only attracted to the polymer but also weakly bound, and 
may thus raise the solubility of the polymer as the balance of the two 
effects. The binding is favored by an increasing length of the alkyl chains 
of these ions. For example, addition of sodium acetate reduces the vis
cosity of a PVA solution (by the medium effect), but that of sodium laurate 
enhances it significantly (by the binding effect) . 47

As understood from the cloud point data of MeS04Na (Fig. 9) MeNH3Cl 
(Fig. 10), the —S04-  and —NH3+ groups do not probably alter the water 
structure much, so the cloud point always rises on addition of the sodium 
alkylsulfates and of alkylammonium chlorides and bromides. The rate 
of the increase per ethylene unit of sodium alkylsulfates is bigger than that 
of alkylammonium chlorides in dilute solutions around room temperatures. 
The moderately surface-active C8Hi7NH3Cl does not show any special 
thermal effect upon PYA-Ac(B) up to its CMC (0.25 mole/1.): its effect 
below 0.1 mole/1. seems to be normal as extrapolated from the effects of 
the series of the lower homologs (Fig. 10). However, an abrupt rise of 
the cloud point near the CMC is clearly attributable to the binding of the 
surface-active cation in quantity, presumably to micelle-like binding. On 
the other hand, the polymer interacts considerably with BuSOiNa despite 
its inability to form micelles, 48 and with C6Hi3S04Na (CMC: 1 . 2  mole/1.)
and C8Hi7S04Na (CMC: 0.13 mole/1.) even far below their CMC’s (Fig. 
9). The action of BuS04Na suggests that even this anion brings about 
some binding effect, in contrast with BuNH3C1. The difference in the 
cloud point phenomena between the typical ionic surfactants, Ci2H26S04Na 
(CAIC: 8  mmole,.I.) and C]2H 26NH3C1 (CMC: 14 mmole/l), is striking
(Fig. 10, insert). In view of the strong salting-in effect of NH4I compared
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with the effect of BmNBr or C8Hi7NH3Cl at low concentrations, as illus
trated in Figures 8  and 10, the medium effect by inorganic counteranions 
still prevails over the binding effect of the organic cations to the polymer.

When a polymer is hydrophilic like polyvinylpyrrolidone (PVP), sodium 
alkylsulfates with alkyl chains shorter than octyl, 49 and Ci2H 26NH3Cl even 
above the CMC, are scarcely bound to it . 47 A special binding ability of 
other organic anions to nonionic polymers has been generally recog
nized. 1 4 ’17’60 Thus, the extent of the interaction depends not only upon 
mutual hydrophobic and steric relations of the partners but also upon the 
ionic nature . 17 Recently it was found that in the presence of SCX~, 
C12H 25NH3+ shows a strong interaction with PVP . 61 This fact may sug
gest that counteranions play an important part in the interaction of poly
mers and long-chain cations.

The author would like to thank Dr. F. Tokiwa of Kao Soap Co., and Dr. Y. Namba 
of Japan Oils & Fats Co. for kindly supplying materials, Mr. M. Fujiwara of this 
laboratory for assistance, and Momotani Juntenkan, Ltd. for permission to publish.
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Polyindoloquinoxalines

I. SCHOPOV and N. POPOV, Institute of Organic Chemistry, 
Bulgarian Academy of Sciences, Sofia 13, Bulgaria

Synopsis
Two polymers, containing 6H-indolo [2,3-b] quinoxaline as a repeating unit, have 

been prepared by polycyclization of 5,5'-biisatyl with 3,3'-diaminobenzidine, and of 
5,5'-diisatyl ether with 3,3',3,4'-tetraaminodiphenyl ether in polyphosphoric acid. Their 
structure was established by comparing the infrared and electronic spectra of the newly 
obtained polymers with the corresponding spectra of four model compounds synthesized 
for the purpose. The electronic spectra showed conjugation along the chain of both 
the polymer with ether bonds and the one with single bonds between the rings. The 
two polymers gave an electronic paramagnetic resonance signal. The polyindoloquin
oxalines showed good thermal stability in air and in nitrogen, the better stability being 
manifested by the polymer with single bonds between the rings.

INTRODUCTION

Recent investigations indicate that polymers containing quinoxaline 
repeating units exhibit excellent thermal stability. 1 - 4  Furthermore, when 
the quinoxaline rings form a polymer with a ladder structure, its thermal 
qualities are even better , 6 a possible explanation being that with the planar 
ladder structure conjugation is more perfect. This assumption is con
firmed by the fact that when conjugation is lacking, thermal stability is 
very low. Thus, polyquinoxalines obtained from aliphatic tet.raketones 
have low thermal stability despite their ladder structure . 6

The purpose of the present work was to investigate the synthesis and 
study the properties of polymers containing 6H-indolo[2,3b]quinoxaline 
(indophenazine) (I) as a recurring unit:

Indoloquinoxaline is a stable compound with a high melting point 
(294-295°C), which was synthesized a long time ago but has not been 
extensively studied. 7 Compared with quinoxaline, it has the advantage 
of possessing two more linear condensed rings and a longer system of 
conjugation. Polyindoloquinoxalines can upon condition be treated as 
polymers with an imperfect ladder structure. Theoretical investigations 
have shown8 that, even when imperfect, ladder structure leads to greater
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thermal stability than the one of ordinary, linear structure. Bearing this 
in mind, as well as the above considerations about the role of conjugation, 
one could expect polymers containing indoloquinoxaline rings to manifest 
good thermal stability.

We synthesized polyincloloquinoxaline polymers by polycyclization reac
tion of diisatyls with aromatic tetraamines [eq. (1 )].

When X is a single bond, one obtains the polymer poly-2(3),9-{9',2'(3')— 
6H-indolo[2,3-b]quinoxalinyl }-GH-indolo[2,3-b]quinoxaline, which for sim
plicity will be termed polyindoloquinoxaline. When X is an oxygen atom, 
the polymer will be poly-2(3),9-{9',2'(3')-6H-indolo[2,3-b]quinoxalinyl}- 
6H-indolo[2,3-b]quinoxalinyl ether, termed polyindoloquinoxalinyl ether.

EXPERIMENTAL 

Monomers and Solvents

I sat in was a commercial product (obtained from P.P.H., POCh, Gliwice, 
Poland) with a melting point of 202-203°C.

1,2-Diaminobenzene dihydrochloride (purest) was obtained from VEB- 
Schering, Berlin-Adlershof, Germany.

5,5'-Biisatyl was prepared by the method of Dethloff and Mix9 and puri
fied by dissolution in 1 0 % sodium hydroxide, quickly acidifying with 1 0 % 
sulfuric acid to pH 2.3. The precipitate was filtered and then the filtrate 
was acidified with an excess of the acid. 5,5'-Biisatyl thus precipitated 
was washed with water till absence of sulfate ions and then dried.

3,3'-Diaminobenzidine (DAB) was used in the form of DAB • 4HC1 • 2H20, 
prepared by a procedure according to Iwakura et al. 10

5,5'-Diisatyl ether was prepared as described in the previous paper. 11

SjS'AA'-Tetraaminodiphenyl ether (TADE) was prepared according to 
Foster and Marvel12 and isolated as the tetrahydrochloride. Elemental 
analysis showed that it contains two molecules of crystal water.

Polyphosphoric acid (PPA) was used as 110% PPA, prepared from ortho- 
phosphoric acid and phosphorus pentoxide.
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Model Compounds

6H-Indolo[2,3-b]quinoxaIine (I). 1 ,2 -Diaminobenzene dihydrochlo
ride (1.81 g, 0.01 mole) was added to 30 ml of PPA, heated at 140°C 
in a nitrogen atmosphere with stirring. After the evolution of hydrogen 
chloride had stopped, 1.47 g (0.01 mole) isatin was added. Heating was 
continued for 1 hr, after which time the mixture was poured into 300 ml 
of water. The precipitate was filtered, washed with water, and left to 
stand overnight in a solution of 5% ammonium bicarbonate. Then it was 
again filtered, washed with water, and dried. The yield of indoloquinoxa- 
line thus obtained, mp 294-295°C, was quantitative. By a mixed melting- 
point and the infrared spectrum, it was proved that this product is identical 
with the one obtained according to Schunck7 and Badger. 13

Bi-{2,2'-6H-indolo[2,3-b]quinoxaline} (II). DAB • 4HC1 2H20  (0.79 
g, 0.002 mole) was added to 25 ml of PPA, and the mixture was 
heated at 140°C with stirring and bubbling of a stream of nitrogen through 
the mixture. After the evolution of hydrogen chloride had stopped, 0.75 g 
(0.0051 mole) isatin was added, and the mixture was heated with stirring 
for 1 hr at 140°C and 11 hr at 180°C. The dark-red solution was poured 
into 250 ml of water, the precipitate was filtered, washed with water, and 
left to stand overnight in a 5% solution of ammonium bicarbonate. Then 
the precipitate was again filtered, thoroughly washed, and dried, yielding 
0.8 g (92.0% of the theoretical). On sublimation in a bath of 390°C, in 
vacuo (10- 3  mm Hg), 2,2'-biindoloquinoxaline represents a yellow substance 
which does not melt below 520°C. According to Tiwari, 14 it is red (not 
having been sublimated). It dissolves in sulfuric acid, dimethylformamide, 
dimethyl sulfoxide, and at higher temperature in pyridine.

A n a l . Calcd for C28H,6N 6 (436.48) : C, 77.05%; H, 3.70%; N, 19.25%. Found: 
C, 76.30%; H, 4.31%; N, 19.28%.

Bi-{9,9'-6H-indolo[2,3-blquinoxaline} (III). This was prepared by 
following the procedure for obtaining 2 ,2 '-biindoloquinoxaline described 
above, starting from 2 . 0 0  g (0 . 0 1 1  mole) 1 ,2 -diaminobenzene dihydrochloride 
and 1.46 g (0.005 mole) 5,5'-biisatyl. The yield was 2 g (91.7% of the 
theoretical). Sublimation as described above, yields 9,9'-biindoloquinox- 
aline as a yellow substance which does not melt below 500°C. It is soluble 
in dimethylformamide, dimethyl sulfoxide, and, at, elevated temperatures, 
in pyridine.

A n a l . Calcd for C28Hi6N6 (436.48): C, 77.05%; II, 3.70%; N, 19.25%. Found: 
C, 76.44%; H, 4.23%; N, 19.03%,.

Bis-{2,2' -6H-indolo[2,3-b]quinoxalinyl} ether (IV). This was obtained 
in an analogous manner from 0.82 g (0.002 mole) TADE-4 HC1 -2 H 2 0  and 
0.66 g (0.0045 mole) isatin with a yield of 0.83 g (92% of the theoretical). 
On sublimation under the conditions described above, a yellow substance 
was obtained which does not melt below 520°C and dissolves in sulfuric
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acid, dimethylformamide, dimethyl sulfoxide and at elevated temperature 
in pyridine.

A n a l . Caled for CS8H16N ,0  (452.58): C, 74.31%; H, 3.56%; N, 18.57%. Found: 
C, 73.63%; H, 4.01%; N, 18.26%.

Bis-{9,9'-6H-indolo [2,3-b] quinoxalinyl} ether (V). This was ob
tained in a manner similar to the procedure of preparing the other model 
compounds, from 1.54 g (0.005 mole) 5,5'-diisatyl ether and 2 g (0.011 
mole) 1,2-diaminobenzene dihydrochloride, with a yield of 2.1 g (93% of 
the theoretical). The product obtained on sublimation is a yellow sub
stance, not melting below 520°C and soluble in dimethylformamide, 
dimethyl sulfoxide, and pyridine.

A n a l . Caled for C28H16N 60  (452.58): C, 74.31%; H, 3.56%; N, 18.57%. Found: 
C, 74.60%; 11, 4.24%; N, 18.14%,.

Polymers

Polyindoloquinoxaline. A 1.98-g portion (0.005 mole) DAB 4HC1 2H»0 
was subdivided and added in small portions to 40 ml PPA, maintained at 
140°C with stirring and passage of a stream of nitrogen was passed through 
the mixture. After the evolution of hydrogen chloride had ceased, 1.4G g 
(0.005 mole) 5,5'-biisatyl was added and heating was continued at this 
temperature for 3 hr. The reaction mixture was then further heated for 
9 hr at 1S0°C. The hot solution, which was dark in color, was poured 
into 400 ml of water, and the precipitate formed was filtered, washed with 
water, and left to stand overnight in a 5% solution of ammonium bicarbo
nate. After it had been filtered, thoroughly washed, and dried, the polymer 
was extracted in a Soxhlet apparatus with ethanol for several days. It 
was reddish-brown and weighed 1.86 g (8 6 % of the theoretical). The 
intrinsic viscosity in concentrated sulfuric acid at 20°C was [77] = 0 . 1 1  dl/g. 
On heating in vacuo (10~ 2 mm Hg) at 300°C for 21/ 2 hr, the polymer showed 
no apparent changes, but [17] reached 0.30 dl/g.

Polyindoloquinoxaline dissolves in sulfuric acid in the cold, and when 
heated, in hexamethylphosphoramidc, less readily in dimethylacetamide 
and dimethyl sulfoxide.

A n a l . Caled for ( C h H tN s) , , :  C, 77.40%; IT, 3.25%,; N, 10.35%. Found: C, 
74.52%; 11,4.36%; N, 18.51%.

Polyindoloquinoxalinyl Ether. This was prepared by the previous pro
cedure from 1.236 g (0.003 mole) TADE-4HCl-2H20  and 0.924 g (0.003
mole) 5,5'-diisatyl ether, with a yield of 1.23 g (SS% of the theoretical). 
The polymer is green; [77] = 0.33 dl/g (dissolved in concentrated sulfuric 
acid at 20°C). On heating for 2’% hr at 300°C in vacuo (10- 2  mm Hg), 
its intrinsic viscosity reached [77] = 0.42 dl/g. In the cold, the polymer is 
soluble only in sulfuric acid, while at higher temperature it dissolves in 
hexamethylphosphoramide and less readily in dimethylacetamide and 
dimethyl sulfoxide.





ino« SCHOPOV AND POPOV

in the polymers might also be different, both between the second and the 
ninth atom and between the third and the ninth ones. Since the differences 
in the first case are analogous to those in the second, a comparison of the 
model compounds with the polymers is allowable. The infrared spectra

TABLE I
Electronic Spectra of Model Compounds and Polymers“

No. Compound Am ix; n if i e

271.5 61 900
426.8 48 200
441.0 47 600

286.6 98600
478.0 97 000

286.9 89 500
424.5 96 000
450.5 117000

284.6 98500
480.0 79 200

282.2 80 500
422.5 86 000
442.0 91 000

295.8 1 700b
500.5 2 000b

288.0 1 940b
491.5 1 770b

0 All spectra were taken in sulfuric acid.
hE';%-

(Fig. 1) of model compounds II and III are similar, but differ from the 
infrared spectrum of indoloquinoxaline in the appearance of absorption 
bands characteristic of 1,2,4-substituted benzene ring,15 i.e., at 805, 82S, and 
885 cm-1. The three compounds display absorption bands characteristic
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of the o-disubstituted benzene ring, in the range 735-770 cm-1. With poly- 
indoloquinoxaline (VI), absorption bands characteristic of a 1,2,4-substi- 
tuted benzene ring are still more evident. The absorbance in the range 
735-770 cm-1 is weaker. This is actually the difference between poly- 
indoloquinoxaline (VI) and the model biindoloquinoxalines. The similarity 
between these spectra, in all other respects, leads to the conclusion that the 
polymer consists of indoloquinoxaline rings.

A comparison between the infrared spectrum of model compound V and 
the spectra of I and III, as well as those of polymers VT and VII shows 
similarities. Hence, one has the right to conclude that polyindoloquinox- 
alinyl ether too, has actually the structure attributed to it.

The electronic spectra of the model compounds and those of the polymers 
(Figs. 2 and 3 and Table I) are of great interest because they give some 
idea of the extent of conjugation in the molecules. These spectra indicate 
that biindoloquinoxalines II and III, as compared with I, display a batho- 
chromic shift, meaning that the two rings are conjugated. In compound 
II this shift is greater than it is in III. This shows that conjugation in the 
molecule of indoloquinoxaline is not uniform. The conjugated system in 
the quinoxaline ring is longer than it is in the indole ring condensed with 
it. The electronic spectrum of polyindoloquinoxaline shows a greater 
bathochromic shift than do the model compounds, this being an indication 
of a large number of recurring units taking part in the conjugation.

The oxygen atom in the biindoloquinoxalinyl ether IV does not interrupt 
the conjugation. One observes almost the same bathochromic shift as in
II. With polyindoloquinoxalinyl ether, the absorption maxima are even 
more shifted into the long-wave region, which indicates that similar to the 
case with polyindoloquinoxaline, there is conjugation along the chain. 
Some authors16 doubt the possibility of conjugation via the oxygen atom, 
e.g., in 4,4'-diacetyldiphenyl ether. In our case, one could assume that 
conjugation is determined by the fact that the oxygen atom is situated 
between rings, having a system of conjugation with considerable length. 
This assumption is confirmed also by a comparison between the spectra of 
model compounds IV and V. The bathochromic shift is considerable 
when the oxygen atom joins the indoloquinoxaline rings on the quinoxaline 
side of the rings, where the system of conjugation is longer.

Polyindoloquinoxaline dissolves in a rather limited number of highly 
polar solvents. This is to be expected, taking into consideration the rigid 
backbone of the polymer (imperfect ladder structure). One might hope 
that polyindoloquinoxalinyl ether would be more soluble on account of 
the presence of oxygen atoms, which increases the flexibility of the polymer 
chain. Unfortunately, this polymer dissolves only in the same polar 
solvents, giving more concentrated solutions. The solutions of both poly
mers are of low concentrations, insufficient for casting films.

On heating, the indoloquinoxaline polymers do not melt, but gradually 
decompose. It is evident from the thermogravimetric curves that poly
indoloquinoxaline, as compared with the polyquinoxalines,1 shows a little
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better thermal stability (Fig. 3). Furthermore, its rate of decomposition 
on the air is somewhat lower.

Polyindoloquinoxalinyl ether (Fig. 4) shows a thermal stability which 
is considerably lower, both in an inert medium and in air. There are 
contradictory opinions about the role of the oxygen atom, in the chain of 
polymers which are built of rings. It has been established, on the one 
hand, that the aromatic ether bond is much less stable upon thermal treat
ment than is the bond between two benzene rings.17 On the other hand, 
in some cases the polymers containing oxygen atoms in their chains have 
better thermal stability.4'18 These results are sometimes rather contra
dictory. Thus, for quinoxaline polymers obtained under different condi
tions but containing identical recurring units, some authors point out 
better thermal stability of the polymers with a single bond between the 
rings,2’3 whereas others find that it is higher in polymers with an ether 
bond.4 For this reason, it is difficult to evaluate the effect of the ether 
bond on the thermal properties of polymers. In our case, spectroscopic 
data indicate that conjugation along the polyindoloquinoxalinyl ether chain 
is less markedly expressed than it is with polyindoloquinoxaline. The 
difference, however, is insignificant, meaning that presumably the lower

i

1800 1600 1400 1200 1000 8 0 0  7 0 0  6 0 0  5 0 0  4 0 0

\

in
1800 1600 1400 1200 1000 8 0 0  7 0 0  6 0 0  5 0 0  4 0 0

Fig. 1. Infrared spectra of model compounds and polymers. The formulas are given
in Table I.
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Fig. I (continued)
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thermal stability is not determined by the conjugation, but by the lower 
strength of the ether bonds.17

The indoloquinox&line polymers, like some other polymers with quinoxa- 
line rings19 burn only with great difficulty. For this reason, the results 
of the analyses, especially those for C and H, are not satisfactory.

Fig. 2. Electronic spectra of model compounds and polymers. The formulas are given
in Table I.

t ig . 3. Thermogravimetric analysis of polyindoloquinoxaline. Temperature rise
5.3°C/min.
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The continuous system of conjugation along the chain of the indolo- 
quinoxaline polymers is confirmed also by the presence of the signal of 
electronic paramagnetic resonance, characteristic of poly conjugated poly
mers.20 This signal is narrow and symmetric, with a tj factor close to that

Fig. 4. Thermogravimetrig analysis of polyindoloqumoxalinyl ether. Temperature rise,
5.3°C/min.

of the free electron. The number of unpaired spins is 1.S6 X 10ls spins/g 
for polyindoloquinoxaline and 2.02 X 1018 spins/g for polyindoloquinoxa- 
linyl ether.
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Anionic Grail Polymerization of Ethylene Oxide 
on Starch. I
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Chemistry, The Hebrew University, Jerusalem, Israel

Synopsis
Graft polymers of polyethylene oxide on various starches were obtained by anionic 

graft polymerization of ethylene oxide on the starch alkoxide derivatives. The poly- 
alkoxides were prepared by reaction of potassium naphthalene with starch in DMSO 
solution. It was found that increase of monomer or alkoxide concentration led to 
transformation of the grafts from solids to syrups. Rice starch, having a more complex 
structure than soluble starch or wheat starch, led to graft polymers having higher 
melting ranges than the others. The graft polymers were very soluble in water or 
methanol.

INTRODUCTION

Graft polymers of vinyl monomers on starch have been prepared by free- 
radical methods based on the formation of free-radical active centers on 
the starch backbone.1-21 All these methods are unsuitable for the graft 
polymerization of ethylene oxide on starch, since alkylene oxides arc inert 
to free-radical polymerization.

We have recently developed a new anionic method for the preparation of 
graft polymers of vinyl monomers on polyhydroxypolymers.22-24 The alk- 
oxidc derivative of the latter is used as initiator of the graft polymerization 
of vinyl monomers. Thus graft polymers of acrylonitrile, methacrylo- 
nitrile, and methyl methacrylate on cellulose,22 cellulose acetate,23 and 
polyfvinyl alcohol)22 were prepared. The use of alkali metal naphthalene, 
for the preparation of the macromolecular alkoxides in solution under 
anhydrous conditions, was found to have several advantages23'25-28 for the 
systematic study of the graft polymerization.

It was shown previously that it is possible to polymerize alkylene oxides 
by anionic mechanism with the use of alkali metal alkoxides as initiators 
of polymerization.29-31

It is possible that the product obtained in the hydroxyethylation of 
starch (or cellulose32-34) in the presence of alkali contains, besides the 
hydroxyethyl groups, short graft chains of polyethylene oxide).36 How
ever, true graft polymers of polyethylene oxide on starch were not described.

We have now studied the anionic graft polymerization of ethylene oxide 
on various starches (soluble, rice, or wheat starch) using the alkoxide

1815
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derivative of starch as initiator of the graft polymerization. The graft 
polymerizations were carried out in dimethyl sulfoxide (DMSO), and the 
starch potassium alkoxidc was prepared by addition of potassium naphtha
lene. The effect of alkoxide and monomer concentrations on some physical 
properties of the graft polymers was studied.

EXPERIMENTAL

Materials

Potassium naphthalene was prepared in tetrahydrofuran, and its con
centration was determined by titration with acid.36 Ethylene oxide gas 
(Matheson, 99.7% purity) was used.

Preparation of Stock Solution of Starch in DMSO

For systematic investigations of the graft polymerization, it was found 
convenient to prepare stock solutions of known concentration of dry starch 
in DMSO.

Into a three-necked 3-1. flask fitted with a high-speed stirrer and con
taining DMSO (1.8 1.), starch having 15% moisture (70.6 g) was added 
slowly (about 10 min) with strong stirring, to prevent formation of large 
aggregates of starch which dissolved with great difficulty afterwards. The 
starch suspension was heated slowly with a heating mantle until complete 
solution of the starch occurred. The colorless solution was distilled in 
vacuo, at a temperature not exceeding 60°C, until about 300 ml distillate 
were collected. This procedure was found to remove the water present 
as seen by subsequent azeotropic distillation with benzene.

The stirrer and distillation apparatus were removed under argon one 
after the other and replaced by a standard joint stopper fitted with a self
sealing rubber cap through which a syringe could be introduced. Argon 
was introduced until a slight positive pressure existed in the flask. The 
concentration of the starch in the DMSO solution was determined on an 
aliquot portion by precipitation with methanol.

Graft Polymerization Procedure

The polymerization vessel consisted of a 150-ml three-necked flask 
equipped with a high-speed stirrer, a thermometer, a self-sealing rubber 
cap through which the reagents were added by syringes, and an Anschutz 
fitted with a Teflon stirring gland and a three-way stopcock, which per
mitted joining the apparatus either to an oil pump or to argon. The 
Teflon stirring gland permitted stirring under vacuum. The apparatus 
was joined to a vacuum line, dried while stirring by flaming in vacuo, and 
flushed with argon. This procedure was repeated twice.

The starch solution was introduced by a syringe followed by the required 
amount of alkali metal naphthalene. The color of the alkali metal naph
thalene disappeared almost immediately, and the starch alkoxide derivative
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precipitated out as a heavy gel. The reaction mixture was cooled to the 
required temperature and a required amount (see below) of gaseous ethylene 
oxide was bubbled in under the surface. After about 1 hr, the polymeriza
tion vessel was closed under argon and shaken to complete the polymeriza
tion.

The ethylene oxide cylinder was connected, through a trap of solid 
calcium hydride, to a flowmeter to measure the quantity of gas passing into 
the polymerization vessel. Another flowmeter was connected to the exit 
of the polymerization vessel, to measure any ethylene oxide not absorbed 
in the reaction mixture. The calibration of the flowmeter was checked 
by passing ethylene oxide for a certain time at a definite flow rate and 
weighing the gas trapped in cold THF.

Isolation of the Graft Polymers
Preliminary experiments showed that it was almost impossible to isolate 

without great losses from DA ISO solution the graft polymer after the 
reaction mixture was neutralized. It was found much more convenient 
to isolate the graft polymer in the form of its alkoxide derivative before 
neutralization. The alkoxide derivative of the graft polymer was actually 
not soluble in DAISO, and it was possible by addition of an equal volume 
of dry benzene and centrifugation, to isolate the graft polymer alkoxide 
without appreciable losses. This was further washed with dry ether and 
dried. By this procedure any homopolyethylene oxide present is lost in 
the filtrate.

Due to the great solubility of the graft polymers in water and the fact 
that they had a tendency to become insoluble on prolonged heating, it was 
found convenient to dissolve the graft polymer alkoxide in the minimum 
amount of absolute methanol, and to add to the solution an equivalent of 
a LI/ solution of tartaric acid in methanol. The mixture was left overnight, 
and the precipitate of monopotassium tartrate was centrifuged. The 
methanol solution was evaporated in vacuo below 40°C, and the residue 
was left to solidify under acetone. The graft polymers were filtered and 
dried in vacuo over phosphorus pentoxide. They were kept in the dark 
under anhydrous conditions. Not all the graft polymers were solid, and 
many of them were syrups.

Proof for the Formation of Graft Polymers
The fact that the graft polymers, contrary to starch, were completely 

soluble in methanol shows that all the starch was converted to graft poly
mer. The graft polymers contained starch, as shown by the anthrone 
test,87'38 besides poly (ethylene oxide), as seen from the resonance for the 
-  (1 I2—0 — protons at 222 cps (absent in starch) which is characteristic 
for polyethylene oxide) in the N1YIR.39

Contrary to starch, the graft polymers gave a negative color reaction 
with iodine. The color reaction is attributed to the formation of a helical 
complex of amylose with iodine, where the iodine is held in the helix. The
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negative reaction obtained with the graft polymers indicates attachment 
of side chains to the starch which makes difficult helical formation.

Contrary to starch, oxidation with periodic acid of the graft polymers40 
was not quantitative in all cases, indicating that part of the hydroxyl groups 
at C2 and C3 were substituted by poly (ethylene oxide) chains.

TABLE I
Graft Polymerization of Ethylene Oxide on Soluble Starch*

Graft polymer yieldb

[Monomer], ffit] Fraction insoluble Fraction soluble Melting point,
mole/1, [C] in methanol, %  in methanol, %  °C

Senes A, 10% Starch Alkoxide (58 mmole/1.)

0.85 14.70 45 32 120-130
0.85 14.70 46 17 —
1.71° 29.40 — 55 58-62

Series, B, 20% Starch Alkoxide (116 mmole/1.)

0.34 2.90 68 30 —
0.51 4.40 28 69 220-330
0.68 5.90 0 — —
0.85 7.40 0 96 140-150
1.02 8.80 0 92 110-115
1.37 11.70 0 — —

Series C, 30% Starch Alkoxide (174 mmole/1.)

0.34 1.96 0 100 130-140
0.34 1 .96 0 60 —
0.51 2.94 0 — 80-90

Series D, 40% Starch Alkoxide (232 mmole/1.)

0.34 1.47 0 100 133-140
0 .34d 1.47 0 64 —
0.51 2.20 0 52 55-60
0.68 2.94 0 33 —
1 .37 5.88 0 — —

* Experimental conditions: The starch alkoxide derivative was prepared by adding
potassium naphthalene in TIIF to 1 he starch (2.43 g) in D M 80 (50 ml). The volume 
of THF +  DMSO was kept constant (70 ml). Ethylene oxide was bubbled into the 
reaction mixture at 0 ±  2°C and the reaction mixture was shaken at room temperature. 
All crude graft polymers were precipitated by benzene. A solution of tartaric acid in 
methanol was used for termination.

b Calculated from the theoretical yield of the graft polymer. 
c Solubility of graft polymer, 30 g/100 ml (water); 20 g/100 ml (methanol). 
“ Solubility of graft polymer, 85 g/100 ml (water).

The products of the graft polymerization have varying degrees of molar 
substitution up to AIS ~  5 (Table I), so that they cannot be simple hy- 
droxyethyl derivatives, but graft polymers of polyethylene oxide) on 
starch.
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RESULTS AND DISCUSSION 

Graft Polymerization on Soluble Starch

The graft polymerization of ethylene oxide on soluble starch was carried 
out with the use of various concentrations of starch alkoxide and monomer 
(Table I). The alkoxide derivative of the graft polymers was not soluble 
in all cases in methanol, and its solubility increased with increasing the 
monomer or alkoxide concentrations. Thus when 10% of the hydroxyl 
groups of the starch were converted to alkoxide (DS = 0.3), and a monomer 
concentration of 0.85 mole/1. was used, about 45% of the alkoxide derivative 
of the graft polymer was insoluble in methanol. At 20% alkoxide (DS = 
0.6), even a smaller concentration of monomer (0.68 mole/1.) was sufficient 
to bring all the alkoxide derivative of the graft polymer into solution. At 
DS = 0.6 starch alkoxide, and relatively low monomer concentration 
(0.34 mole/1.), only 30% of the graft polymer alkoxide was soluble in 
methanol, while at a higher monomer concentration (0.68 mole/1.) all the 
graft polymer alkoxide was soluble in methanol.

The pure graft polymers, obtained by neutralization of their alkoxide 
derivative, were either solid or syrups. Their tendency to solidify de
pended on the initial alkoxide and monomer concentrations. On increas-

TABLE II
Graft Polymerization of Ethylene Oxide on Rice Starch“

[Monomer],
mole/1.

Time,
hr

[Mj
[C]

Graft poly 
Fraction 
soluble in 

methanol, %

mer yield1“ 
Fraction 

insoluble in 
methanol, %

Ethylene
oxide

polymerized,
%•

0.461 48 2 94
Series A 

4 6 .S 44.5 79.0
0.461 4S 2.94 43.8 — —
0.770 48 4.90 72.5 17.3 81.0
0.770 48 4.90 70.5 — —
1.535 48 9.80 51.7 — —
1.535 48 9.80 51.7 3.9 37.0

0.386 24 1.96
Series B 

5.4 _ _
0.760 17 4.90 10.S 46.3 11.2
1.545 24 9.80 40.0 — —
1.545 16 9.80 6.0 30.6 10.7
2.320 16 14.70 34.7 — —

“ Experimental conditions: The rice starch potassium alkoxide was prepared by 
addition of potassium naphthalene in TLIF to the starch in DMSO, (1 g starch/25 ml 
DMSO). In series A and B, 4 g and 2 g starch were used, respectively; 30% starch 
alkoxide (157.2 mmole/1.) was used. The volume of THF +  DMSO was kept constant; 
In series A, 140 ml and in series B, 70 ml ethylene oxide was bubbled into the reaction 
mixture at 0 ±  2°C and the reaction mixture was shaken at room temperature. 

b The per cent yield is from the theoretical one.
0 The per cent ethylene oxide polymerized was calculated from the yield assuming 

total recovery of the starch.
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ing the monomer concentration at constant alkoxide concentration, or 
increasing the alkoxide concentration at constant monomer concentration, 
the graft polymers became more sticky and more difficult to solidify (Table
I). While solid graft polymers were obtained at 10% alkoxide, even with 
monomer concentrations up to 1.71 moled., with 40% alkoxide, they were 
obtained only with concentrations up to 0.34 mole/1.

Graft Polymerization on Rice Starch

The graft polymerization of ethylene oxide on starch is slow (Table II). 
Thus after 17 hr, on using a [monomer]/[alkoxide] ratio ([M]/[C] ~  5), 
only 11% of the monomer was converted to graft polymer, while after 48 hr 
the conversion was 81%. At a still higher [M]/[C] ratio (~10), only 0% 
conversion was observed after 16 hr and 52% after 48 hr. This explains 
the decrease in yield observed on increasing the monomer concentration 
for the same reaction time.

Generally the graft polymers on rice starch were solid, and easier to iso
late than those obtained from soluble starch under comparable conditions. 
The alkoxide derivatives of the graft polymers of rice starch were less 
soluble in methanol than those of soluble starch, and partial loss of graft 
polymer may have occurred for this reason.

TABLE III
Graft. Polymerization of Ethylene Oxide on Wheat Starch"

[Monomer],
mole/1.

[M]
[C]

Graft polymer 
yield, %

Ethylene oxide 
polymerized, %b

0.628 4
Series A

85 68.5
0.628 4 80" 57.4
0.786 5 83 69.7
0.7SC 5 79° 60.1
0.943 6 80 65.3
1.258 8 81 72.7
1.258 8 72 55.6
1.570 10 65 4 9 .S
1.570 10 05 49.9

0.628 3
Series B

83 61.3
0.836 4 79 61.5
1.045 5 d —

0 Experimental conditions: The starch alkoxide derivative was prepared by adding
potassium naphthalene in THF to the starch (4,35 g) in DMSO (100 ml). The volume 
of THF added was kept constant (40 ml). Polymerization time 48 hr. In series A, 
27.6% alkoxide (157.2 mmole/1.) and in series B, 36.7% alkoxide (209 mmole/1.) were 
used. All crude graft polymers were precipitated by benzene.

b Calculated from the graft polymer yield, assuming total recovery of the starch.
0 Crude graft polymer precipitated by acetone. 
d The polymer was a syrup.
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Graft Polymerization on Wheat Starch

Generally the results obtained with wheat starch (Table III) were similar 
to those obtained with rice starch. The graft polymer alkoxides were 
more soluble in methanol than those of rice starch and the pure graft poly
mers were more sticky. Increasing the monomer concentration led to 
more difficultly crystallizable products.

Physical Properties of the Graft Polymers

The melting ranges of the graft polymers varied between 55 and 230°C, 
depending on the monomer and alkoxide concentrations (Table I). In
creasing either the monomer or alkoxide concentration led to lowering of 
the melting range.

The graft polymers were very soluble in methanol or water, unlike 
soluble starch. On heating or on long standing in solution, they became 
insoluble in a variety of solvents, including methanol, water, and DMSO, 
but were soluble in 15% ammonia solution on standing. The graft poly
mers obtained with the use of a relatively high monomer concentration 
or a high alkoxide concentration had a great tendency to become insoluble.

Graft polymers generally combine the properties of their components, 
and increasing the amount of one component in respect to the other affects 
the properties of the graft polymer. Thus the graft polymers which con
tained a high percentage of starch and a low percentage of polyethylene 
oxide) melted at about 230°C, similar to starch, while those containing a 
high poly(ethylene oxide) content melted at low temperature, 50-60°C, 
or were sticky substances which refused to solidify. This effect of the two 
components is also observed in the solubility of the graft polymers. While 
the graft polymers having a high starch content were less soluble in water 
or methanol, those having a high poly(ethylene oxide) content were more 
soluble.

In addition, the length of the side chains of the polyethylene oxide) and 
the frequency of their grafting on the starch backbone should affect the 
physical properties of the graft such as solubility and melting range. 
Starch which is grafted with longer polyethylene oxide side chains, in the 
range where the homopolymer is liquid, or with a greater number of them, 
is expected to be more soluble and have a lower melting range than that 
having shorter grafted side chains or a smaller number of them. This is 
in accordance with the changes observed with increasing monomer or 
alkoxide concentration.

I t  may be mentioned th a t Kargin41 has shown tha t in the graft polymers 
of polyethylene oxide) on nylon 6, there was a continuous lowering of 
melting point with increasing the polyethylene oxide content of the graft 
polymers. The Bide chains interfere with the crystallization of the graft, 
under conditions which are suitable for the crystallization of the homo
polymer.
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In the hydroxyethylation of starch, it was found that above DS = 1 
these ethers become more solvated by lower alcohols such as methanol or 
ethanol. At a DS from 0.4 to 1.0, the hydroxyethyl starch becomes more 
and more soluble in cold water, besides becoming sticky and unfiltrable. 
At a DS of about 3, the products were thermoplastic and soluble in water 
or alcohol.42'43

The melting range and solubility properties depend naturally on the type 
of the starch used as polymer backbone. The graft polymers of soluble 
starch, which is a partially hydrolyzed starch,44'45 having a relatively low 
molecular weight, have lower melting points and a smaller tendency to 
solidify than the graft polymers obtained from rice starch or wheat starch, 
which are more complex in structure. In turn, rice starch contains more 
of the higher molecular weight component, amylopectin, and less of the 
low molecular weight component, amylose, than wheat starch (IS.5% 
amylose as compared to 25-26%), so that it has a higher average molecular 
weight . Furthermore the branches of the amylopectin of the former are 
longer than those of the latter.46-49 This complexity in structure is re
flected in the gelatinization temperature range of the various starches, that 
(jf rice having the higher one.50 It may be that for these differences in 
molecular weight and structure the graft polymers of rice starch had a 
greater tendency to solidify than the corresponding grafts on wheat starch.

In the present graft polymerization, termination does not seem to take 
place since there is no possibility of proton transfer from the solvent or 
monomer. Though it is known61 that an equilibrium exists between potas
sium ierf-butoxide and dimethyl sulfoxide leading to the formation of 
dimesyl anion, the equilibrium constant is very small (K = 1.5 X 10-7), 
and furthermore in our case, the basicity of both the alkoxide initiator and 
that of the growing alkoxide anion is much smaller than potassium tert- 
bwtoxide, so that no significant transfer to the D1V1SO should occur. Trans
fer to the hydroxyl groups of the starch may be possible, but this leads to 
the formation of new starch alkoxide groups, so that the graft polymeriza
tion is a “living” one. Flory has drawn attention to the fact that the 
anionic polymerization of ethylene oxide by alkoxides is free of termina
tion.52 No homopolymer could be isolated from the reaction mixture be
sides the graft polymer, indicating that no initiating centers, other than 
the starch alkoxides, were participating in the polymerization.

Research support from the United States Department of Agriculture, Grant. No. 
FG-Is-16(3 is acknowledged.
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Anionic Graft Polymerization of Ethylene Oxide 
on Starch. II. Structure of the Graft Polymers

MENASHE TAHAN and ALBERT ZILKHA, Department of Organic 
Chemistry, The Hebrew University of Jerusalem, Jerusalem, Israel

Synopsis

Starch-poly (ethylene oxide) graft polymers were prepared in DMSO at various 
monomer and starch alkoxide concentrations. Complimentary and varied information 
on the structure of the graft polymers was obtained from NMR and periodic acid oxida
tion of the polymers. From the NMR, spectra of the graft polymers in pyridine con
taining a trace of HC1, which causes shifting of the resonance of the internal —CILO— 
protons from the terminal —CHoOH protons, the polyethylene oxide content, the 1)P„ 
of the grafted side chains, and the efficiency of the alkoxides were calculated. With 
increase of the alkoxide concentration there was a small decrease in DP„, and in the 
efficiency of the alkoxides in initiating graft polymerization. With increase of monomer 
concentration, there was only a small increase in DP„ but a large increase in the effi
ciency, indicating the existence of transfer reactions between the growing anions and 
the free hydroxyl groups on the starch. The results of the periodic acid oxidation 
showed that with increase of alkoxide concentration there was no significant change in 
per cent oxidation of the graft polymers, but with increase of monomer, there was an 
increase in the participation of the secondary hydroxyl groups in initiation. This 
supports the NMR, evidence for the existence of transfer reactions leading to DP„ values 
much lower than those calculated from [monomer]/[catalyst] ratios.

INTRODUCTION

We have shown1 that the reaction of ethylene oxide (EO) with starch 
potassium alkoxide in DMSO solution at suitable monomer/alkoxide molar 
ratios led to the formation of graft polymers of polyethylene oxide on starch 
having varying physical properties. It was the object of the present study 
to obtain information on the structure of these graft polymers and how it 
is affected by changing the monomer and alkoxide concentrations. Such 
information might shed light on the properties of the graft polymers, and 
might also give more information on the graft polymerization process, and 
the participation of the different hydroxyl groups in initiation. NMR 
spectroscopy, as well as oxidation In' periodic acid, were used to obtain 
complimentary as well as varied information.

The relative rates of reaction of the three different hydroxyl groups of 
the starch, determine the mode of distribution of the substituents on the 
starch backbone, i.c., the location of the grafted side chains, and with it 
the structure of the graft polymers. Some work in this direction was
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carried out before.2-6 The results were found to depend on the reaction 
conditions. There is no absolute selectivity, but in many reactions there 
is preferential participation of the secondary hydroxyl at C2.

Croon2 carried out methylation of amylase dissolved in sodium hydroxide 
by dimethyl sulfate and found that the relative rates of methylation of the 
hydroxyl groups at C2, C3 and C« were 6:1:7. Bines and Whelan3 found 
in the methylation of monosodio amvlose, prepared by heating amylose 
with sodium hydroxide in butanol, that the molar ratios of the mono-O- 
methyl-D-glucose fraction was as follows: CVCV.Ce = 2.6:1:1.2. Russell 
et al.,4 in the methylation of starch alkoxide, prepared by reaction with 
sodium in liquid ammonia, at a degree of substitution (DS) of 0.34 and 0.9, 
found the hydrolysis products to be composed of the following molar ratios 
of free glucose, mono-, di-, and tri-O-methyl-n-glucose (36:6:2:1) and 
(6:3:2:1) respectively. At DS = 0.9, the mono-O-methyl-n-glucose frac
tion was composed of a molar ratio of the 2-methyl to the 6-methyl isomer 
of 1:1, and at IDS = 0.34 this ratio was 3:2. Husemann and Kafka6 
prepared in homogenous solution hydroxycthyl and carboxymethyl ethers 
of amylose and determined the distribution of the substituents by oxidation 
with periodic acid and by tritylation. They deduced that in all cases the 
secondary hydroxyl, probably that at C2, reacts preferentially at low DS.

RESULTS AND DISCUSSION

The effect of both alkoxide (Table I) and monomer (Table II) concen
trations was investigated. The alkoxide content from the total hydroxyl 
groups of the starch was varied from 31.9% to 63.9%, which is approxi
mately equivalent to conversion of one to two hydroxyl groups of the 
glucose units to alkoxide. In all experiments (Table I) the yield and 
composition of the graft polymers were essentially constant, the per cent 
of ethylene oxide converted to graft polymer was constant about 60% and 
did not increase with alkoxide concentration (Table III). All the starch 
was incorporated into the graft polymer even at the low alkoxide concen
trations. The effect of monomer concentration was investigated by using 
31.9% starch alkoxide, and the monomer concentration was varied fourfold. 
The graft polymers obtained in all cases were sticky except in expt. 164, 
where the conversion of ethylene oxide was less than expected. The graft 
polymers obtained at the high monomer concentrations were partially 
extracted with acetone. The polyethylene oxide) content of the graft 
polymers increased with increasing monomer concentration (Table IV). 
The per cent conversion of ethylene oxide to graft polymer was not com
plete and it decreased slowly with increasing monomer concentration.

The composition of the graft polymers was determined from analyses 
for starch and for polyethylene oxide (PEO). The starch was determined 
spectrophotometrically by the anthrone method.7'8 The polyethylene 
oxide) content could not be determined from ethoxyl determinations, since 
they were found to be inaccurate and inconsistent, and they were deter-
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TABLE I
Effect of Alkoxide Concentration on Graft Polymerization 

of Ethylene Oxide on Wheat Starch“

Graft polymer
Composition1'

Starch Starch

Expt.
no.

[AlkoxideJ 
mmole/1. %

|M]
[C]

Yield,
%

PEO
(7c)

(anthrone
method),

%

(by dif
ference),

%

154 165 31.0 3.67 80.6 36.5“ 70.6 63.5
156 196 38.4 3.10 S3.0 36.0 67.6 64.0
157 196 38.4 3.10 75.0 38.8 62.5 61.2
158 244 48.0 2.48 78.0 34.5 70.2 65.5
159 244 48.0 2.48 83.0 37.2 66.9 62.8
160 323 63.9 1.84 — — — —

" Experimental conditions: The starch alkoxide derivative was prepared by adding
potassium naphthalene in TI1F to the starch in DMSO (100 ml). The volume of THE 
added was kept constant (50 ml), EO (4 g; 606 mmole/1.) and starch (4.17 g; 171.5 
mmole/l. glucose) were used. Polymerization temperature 15-20°C. The polymeriza
tion mixture was shaken for 2 weeks.

b The polyethylene oxide) content was determined from NMR, and the starch content 
was determined by the anthrone method, and calculated by difference from the PEG 
content.

0 The per cent PEO was not determined by NM R in this case due to incomplete 
solubility of the graft, but was estimated assuming complete incorporation of the starch 
in the graft. The per cent starch determined by the anthrone method in this case was 
especially high. See Table III.

mined from NM R.'J From the composition of the graft polymers, it was 
possible to carry out a balance of the monomer and starch at the end of 
the graft polymerization (Tables III and IV).

NMR Study of the Graft Polymers of Polyethylene Oxide) on Starch

Based on the work of Page and Bressler,9 we tried to find out the DP* of 
the grafted side chains of PEO. Acid hydrolysis of the graft polymers, 
subsequent isolation of the severed side chains of PEO, and determination 
of their DP„ did not seem feasible, since degradation and scission of the 
PEO chains might also occur.

The technique of Page and Bressler involved taking advantage of the 
complex formed between pyridine and —OH groups in the presence of 
traces of dry HC1, to shift the resonance of the terminal —CH2—OH 
groups from that of the internal —CH2—0 — groups (235 and 222 cps, 
respectively). Since for every starch alkoxide that initiated polymerization 
there should be one such endgroup, it is possible by this method to deter
mine also the percentage of alkoxide groups which reacted with ethylene 
oxide. Thus from one NMR determination on a graft polymer, it is pos
sible to determine the amount of PEO in the graft (from Y +  X ) (where 
Y represents the integration of the peak area centered at 222 cps and X
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TABLE II
Effect of Monomer Concentration on Graft Polymerization 

of Ethylene Oxide on Wheat Starch“

Expt.
no.b

Monomer 
concn [hi], 

mole/l.
[M]
[C] Yield, %

Graft polymer
Composition6 

Starch, (%) PEO, %

154 0.606 3.67 80.6 70.6 3 6 .5d
164 1.212 7.35 59.2 58.2 (41.8)
165 1.212 7.35 71.5 46.6 (53.4)
167 1. SIS 11.00 66.0 37.5 (62.5)
167B — — — 38.5 —
168 1.818 11.00 67.0 38.8 (61.2)
168B — — — 38.5 59.8
169 2.424 14.68 62.0 33.3 (66.7)
169B — — — 32.7 67.2
170 2.424 14.68 63.0 32.7 (67.3)
170B — — — 32.7 66.4

“ Experimental conditions: The starch alkoxide derivative was prepared by adding
potassium naphthalene in THF to the starch (4.17 g) in DMSO (100 ml). Starch 
alkoxide per cent of total hydroxyl groups was 31.9% (0.165 mole/h). The volume of 
THF added was kept constant (50 ml). Polymerization temperature 15-20°C. The 
polymerization mixture was shaken for 2 weeks.

b Experiment numbers ending with “B ” represent fractions of graft polymer that 
were extracted with acetone from the respective grafts.

c The starch content was determined by the “anthrone method” and that of poly-E.O. 
given in parentheses was calculated by difference from the starch content, and without 
brackets was determined by NMR. 

d Estimated as in Table 1. *

TABLE III
Effect of Alkoxide Concentration on Balance of (lie Monomer and Starch 

at the End of the Graft Polymerization

Starch in graft, Starch converted to graft,
o-bfl (%)

EO con- Calculated Calculated Calculated Calculated
EO in verted to from starch from PEO from starch from PEO

Expt. graft, graft, deter- deter- deter- deter-
no. g“ % mination mination mination mination

154 2 .50b 62.6“ 4.64 4 .17“ 111.2 100.0“
156 2.45 61.2 4.60 4.35 110.2 104.5
157 2.48 59.4 3.S3 3.75 91.8 90.0
158 2.22 55.6 4.52 4.21 108.4 101.0
159 2.51 62.8 4.51 4.23 108.1 101.5

* Out of 4.0 g monomer introduced. 
b Out of 4.17 g introduced. 
c See Table I.
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TARLE IV
Effect of Monomer Concentration on Balance of the Monomer and Starch 

at the End of the Graft Polymerization

Expt.
no.

EO in 
graft, g

EO intro
duced, g

EO con
verted to 
graft, %

Starch in 
graft, g“

Starch 
converted 

to graft, %

154 2.50 4 .0 62.6 4.64 111.2b
164 3.01 S.O 37.6 4.19 100.5
165 4.66 8.0 5S.3 4.06 97.5
167 6.68 12.0 55.7 4.01 96.2
168 6.63 12.0 55.3 4.20 100.8
169 S.34 16.0 52.1 4.16 99.8
170 8.55 16.0 53.4 4.15 99.5

“ Out of 4.17 g introduced. 
b See Table III, expt. 154.

that at 23’) cps), the efficiency of the alkoxide initiator (from X) and DP„ 
of the grafted side chains from the ratio Y/X.  Since one terminal methy
lene group is present, the other being attached to the starch, it follows that
m \  = V*[( Y/X)  +  1].

This NMR method can be thus very promising if the starch in pyridine 
containing a trace of HC1 has no resonance at 222 and at 235 cps which 
can increase the resonance areas, X  and Y, and cause an inaccuracy in the 
determination of EO content of the graft polymers. To verify this point 
we found out that cellulose acetate (DS = 2.4) in pyridine, under the same 
conditions as the graft polymers, did not interfere in this region, and the 
DP„ of poly (ethylene oxide) (M „ = 400), determined by NMR in the 
presence of cellulose acetate, was essentially the same as that obtained on 
acetylation. Further the XMR spectrum of a simple D-glucose derivative, 
namely 3-O-methyl-D-glucose, under these conditions, showed no resonance 
for the —CHoOH or —CHOH protons in the 222 cps region, but there was 
a small tailing of the C6 methylene protons in the 235 cps region. Deter
mination of the PEO content of the graft polymers by NMR has shown 
that the results obtained were essentially in conformation with those 
deduced from the anthrone method, indicating that the extent of inter
ference of the starch protons is not significant. This showed that it would 
be possible to estimate the DP„ of the PEO side chains, without appreciable 
interference from the starch, provided that there would be a good resolution 
of the peak areas, X  and as in the case with PEO.9

The NMR spectra of the grafts did not have a sharp dividing range 
between the Y and X  areas, but the limits between them were still dis
cernible. To eliminate errors as far as possible, a blank NMR determina
tion of homopoly(ethylene oxide), 71/„ = 400, was carried out on the same 
spectrum.

It may be noted that for the determination of DP„ by this method, it is 
not necessary to know the amount of the graft polymer present in solution, 
since it is based only on the ratio of the peak areas, X  and Y. For this
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reason the DP„ of partially soluble graft polymers were also determined, 
in case that most of the polymer dissolved. Provided that the graft 
polymers were homogeneous, and the fraction that dissolved was identical 
in structure with the insoluble fraction, this determination should give the 
true DP, of the grafted side chains. Some of the graft polymers of PEO- 
starch, especially those containing a high PEO content, were found to 
become partially insoluble in solvents such as water, methanol, and pyri
dine, which before aging were good solvents for the graft polymers. For 
this reason, the PEO content of these graft polymers, as well as the amount 
of their —CFFOH endgroups, could not be determined accurately. That 
is why in these samples only the DP„ of the PEO side chains was deter
mined. The graft polymers obtained at relatively low monomer concen-

TABLE V
NAIR Results of Graft Polymers of PEO-S larch*

Expt.
no.b

A',
cm

Y,
cm D P n

EO,
07/O

Total
-C1TOII
mmole0

Catalyst
efficiency,

%d '
IM]-
[C]

Series A
154' 1.95 6.35 2. 13 2.30
156 2.02 5.48 1.85 36.0 21.87 74.6 1.90
157' 2.70 7.34 1 86
157 2.06 6.1 1 1.98 38.8 20.60 70.2 1.84
158' 3.70 7.80 ] . 55
158 2.04 4.18 1.52 34.5 21.80 59.5 1.38
159' 3.56 7.74 1.56
159 2.02 4.97 1.73 37.2 23.22 63.4 1.56

Scrics B
154' 1.95 6.35 2. 13 2.30
164« 3.08 6. S3 1.61 2.76
165« 2.02 9.94 2.38 4.29
167« 1.75 7.10 2.53 6.13
168B>‘ 1.45 7.09 2.95 60.6 39.5 159.5 6.08
169« 1.90 8.02 2.61 7.64
170« 1.71 7.56 2.71 7. S3
170BM> 2.30 11.95 3.10 —

170B>‘ 1.47 8. 19 3.28 64.6 40.7 188.0 7.83

a Experimental conditions: Weighed samples of the graft polymers were dissolved
in 2.5 ml pyridine-HCl reagent , and their ’NMR spectra taken on a Varian A60 instru-
ment.

b Series A: change of alkoxide concentration at constant monomer; series B: change
of monomer concentration at constant alkoxide

0 The amount of —CH2OH groups present in the total graft polymer obtained in the 
reaction.

d Calculated from the amount of the —CIPOH groups.
6 Based on the monomer that was incorporated in the graft polymer, [C] is the initial 

concentration of alkoxide.
' The experiments were only qualitative.
« The experiments were only qualitative, since not all the graft polymer dissolved.
h Fraction of the respective polymer extracted by acetone.
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tration (Table I), were all completely soluble in pyridine-HC1 and it was 
possible to calculate from their NMR spectra, their composition, the DP„ 
of the side chains, and the amount of —CH2OH endgroups.

It is seen (Table V) that the DP„ calculated from experiments in which 
the graft polymers were completely in solution were the same, within 
experimental error, as those obtained from experiments in which the 
polymer was not.

Effect of Alkoxide Concentration

With increasing alkoxide concentration (expts. 154-159, Table V) the 
DP„ of the PEO side chains decreased, as expected. These DP„ were less 
than those calculated from the ratio of the initial monomer to alkoxide 
concentrations [M]/[C]. However, if the amount of monomer that was 
incorporated in the graft polymer is considered instead of the initial concen
tration, then the DP„ calculated by using the ratio [M]cfl(ictivc/[C] is of about 
the same order as that deduced from the NMR (Table V).

From determination of the —CH2OH endgroups of the PEO side chains 
(Table V) the efficiency of the alkoxide was calculated and was found to 
decrease with increasing alkoxide concentration (75-60%), which may be 
expected since not all the alkoxide was found to initiate graft polymeriza
tion.

Effect of Monomer Concentration

With increasing monomer concentration, the DP„ of the side chains 
increased as expected, but the increase was much more moderate than that 
expected from the increase of the [M]/[C] ratios (Fig. 1). (It may be 
pointed out that the fractions extracted by acetone had a little higher DP„

Fig. 1. DP„ vs. [M]oat constant alkoxide»: (O ) determined from N M H ; (© ) calculated
from initial [M]/[CJ; (• )  calculated from [M),.ffcctivc/[C].

F
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than the parent graft polymer. This may be due to the fact that acetone 
dissolved fractions having longer side chains.) The smaller increase in 
DP„ may be due to the decrease observed in the per cent ethylene oxide 
which was converted to graft polymer with increasing monomer concentra
tion (Table IV), but this decrease in conversion is not sufficiently large to 
explain the results completely. Besides, the efficiency of the alkoxide in 
initiating graft polymerization is expected to increase with increasing 
monomer concentration. Actually it increased up to about 190% in the 
range investigated. Using even an efficiency of 100% for the alkoxide, and 
taking into consideration the per cent conversion of monomer to graft, it 
can be calculated that for the highest monomer concentration investigated, 
the DP„ obtained should have been 7.8 and not about 3 as deduced from 
NMR (Fig. 1).

Experimental error cannot be the main cause for this behavior, since if 
there was considerable interference from the starch in the 235 cps region, 
thus increasing the X  area, this effect should have been similar, since in all 
samples analyzed by NMR, the amount of starch present was the same. 
Now since the efficiency was found to increase with monomer concentration 
from about 70% to 190% (the 70% is estimated from the results of change 
of alkoxide concentration), it follows that this increase found is not due 
to interference of the starch but actually to the increase in the monomer 
concentration. Furthermore if the limits of the integration between the X  
and Y areas were not well defined, this should have led to random error in 
the estimation of X  and Y , and this cannot explain the systematic increase 
of the alkoxide efficiency found with increase in monomer concentration. 
It follows that the low DP„ values estimated from the NMR, which were 
much lower than [M]effective/[C], and the alkoxide efficiency which ap
proached 190%, can only be explained if it is assumed that starch hydroxyl 
groups which were not converted to alkoxide also initiated graft polymeri
zation. This assumption can be reasonable if these free hydroxyl groups 
participate in chain transfer as shown in eq. (1), leading to the formation 
of new alkoxide groups:
Starch—O— (CH2—CII20)„—GH2CH2—0~ +  Starch—OH

Starch—O— (CH2—CH,—0)„—CH2CH2—OH +  Starch—0~ (1)

Oxidation of the Graft Polymers by Periodic Acid
To investigate further the structure of the graft polymers and to obtain 

complimentary as well as new information on that deduced from NMR, we 
have studied the oxidation of the graft polymers by periodic acid.10-28 
Grafting of a hydroxyethyl group or of a PEO chain on one of the secondary 
hydroxyl groups of the glucose units is sufficient to prevent oxidation of 
the starch. Therefore from the extent of oxidation of the graft polymers, 
it should be possible to determine the percentage of glucose units which 
have no substitution on the secondary hydroxyl groups, as well as the 
percentage of glucose units which are substituted at one or both of the 
secondary hydroxyls, and from this determine the efficiency of the secon-
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Fig. 2. Effect of monomer concentration on oxidation of graft copolymers of poly
ethylene oxide)-wheat starch: (0) expt. 154, 0.606 mole/I.; ((J) expt. 164, 1.212
mole/1.; ( # )  expt. 168B, 1.818 mole/1.; (O ) expt. 170B, 2.424 mole/1.

Fig. 3. Dependence of the degree of grafting of the glucose units of the starch on mono
mer concentration: ( # )  initial ethylene oxide; (O ) effective ethylene oxide.

dary alkoxides in initiating graft polymerization. The oxidation was 
carried out under homogeneous and optimal conditions21 in aqueous solution 
at pH 1.7, with the use of only an equivalent of periodic acid, or a slight 
excess, based on the starch present in the graft polymer. In all cases, plots 
of the per cent oxidation versus time gave a curve which approached 
asymptotically a fixed maximum after a reasonable length of time, showing 
that there was no over-oxidation.10

The per cent oxidation of the glucose units in the graft polymers obtained 
at constant alkoxide concentration (31.9%) decreased with increasing 
monomer concentration (Fig. 2), indicating an increase in the extent of 
grafting at the secondary hydroxyl groups. A graphical presentation of 
the per cent of glucose units grafted at least at one of the secondary 
hydroxyl groups versus monomer concentration (Fig. 3) showed that this
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increased quite sharply with increasing monomer concentration. From 
the shape of the curve of Figure 3, it is possible to see by extrapolation that 
on further increase of the initial monomer concentration, at an alkoxide 
concentration equivalent to substitution of one alkoxide group per glucose 
unit, the extent of grafting at the secondary hydroxyl groups will increase 
further.

The final oxidation results obtained for the different alkoxide concentra
tions investigated were quite similar. The oxidation curves for graft 
polymers obtained under the same conditions from two different experi
ments were almost identical, showing the accuracy of the results.

The oxidation results (especially Fig. 3), showing selectivity of grafting 
at the secondary hydroxyl groups, may be explained by one of the following 
two possibilities. Either the reaction of potassium naphthalene with the 
starch in DA ISO is selective, with preferential formation of alkoxide at one 
of the secondary hydroxyl groups, or it is random, and the increased par
ticipation of the secondary hydroxyl groups in initiation with increase in 
monomer concentration, is due to preferential transfer of the growing anions 
to the acidic hydrogens of the secondary hydroxyl groups [eq. (1)], most 
probably to those at C2 which are known to be more acidic.29

In order to distinguish between these possibilities, méthylation of the 
starch alkoxide (prepared as usual with potassium naphthalene) was carried 
out, the products were hydrolyzed, and the O-methyl-D-glucosc derivatives 
were determined. The results showed that the méthylation was completely 
random.30 This points out clearly that the second possibility seems to be 
the most probable.

It follows that on increasing the monomer concentration at 31.9% 
alkoxide, the extent of the transfer reactions of the growing anions with 
the secondary hydroxyl groups increased (as seen from the oxidation re
sults), and the new alkoxides, which are selectively formed, can participate 
in initiation provided that monomer is available, which is the case at high 
monomer concentrations.

Now the polymerization is very slow, and an equilibrium may be estab
lished between the free hydroxyl groups in the starch and the growing 
alkoxides as shown in eq. (1). Since the hydroxyl group at C2 is the most 
acidic, the equilibrium of the transfer reaction will occur preferentially with 
these hydroxyl groups. Actually the equilibrium shown in eq. (1) is a new 
metallation reaction by the alkoxide of the growing chains. Now there are 
various factors besides the acidity of the hydroxyl groups which can lead to 
preferential metallation at C2. In the first place the DMSO helps in 
breaking partially the helical conformation of the starch, and also reduces 
the intra- and intermolecular hydrogen bonding.31 This increases the 
availability of the C2 hydroxyl groups for reaction. In the second place 
the hydroxyl groups at C2 and C3 in the chair conformation of the anhydro- 
glucose units are equatorial32-34 and are not so far from each other even 
though they are in Ivans positions. (It is known from cyclohexane that the 
equatorial hydrogens are 19°2S' above or below the plane of the ring.)
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This makes possible the formation of a stable chelate (five-membered ring) 
of the alkoxide formed at C2 with the hydroxyl group at C3.35’3B

It may be noted that the growing anion —0 —GH2CH2() seems to be 
more basic than an alkoxide at C2, since the latter suffers from electron 
withdrawal by three oxygen atoms. This fact will favor the transfer reac
tion, so that in the presence of sufficient monomer, all the C2 hydroxyl 
groups may participate in polymer initiation, and the resulting graft poly
mers will not suffer oxidation by periodic acid. Due to the small differences 
in the acidities of the compounds participating in equilibrium (1) and the 
slowness of the transfer reaction, the transfer to the more acidic hydroxyl 
at C2 may be highly selective, contrary to the metallation reaction with 
potassium naphthalene, which is very basic, and can even cause additional 
metallation at the same glucose unit, which has already a negative charge 
from alkoxide.

No appreciable change was found in the oxidation results on increasing 
the starch alkoxide from 31.9 to 48%, indicating that there was essentially 
no increase in the participation of the secondary alkoxide groups of glucose 
units in initiation. The methylation results cited,30 have shown that on 
increasing the DS of the starch alkoxide from about 31.9 to 48% alkoxide, 
there was increased di- and tri-metallation of n-glucose units by the potas
sium naphthalene, and if both the C2 and C3 alkoxides on the same D-glucose 
unit participate, or there is more initiation by the C6 alkoxides, the oxida
tion results will not change. A decrease in the efficiency of the secondary 
alkoxide groups in initiating grafting with increase in alkoxide concentra
tion, as indicated from the NMR results, may also partly explain the 
oxidation results obtained.

In the previous work1 it was shown that on increasing either the alkoxide 
or monomer concentration, the graft polymers became less crystalline and 
more syrupy. As found in the present work on increasing the monomer 
concentration, there was an increase in chain transfer to the hydroxyl 
groups of the starch, leading to more grafting of relatively short polyethyl
ene oxide side chains on the starch. Such short PEO chains are liquid. 
This increased distribution of poly (ethylene oxide) chains on the starch 
backbone can explain, at least partly, this behavior of the graft polymers.

EXPERIMENTAL

Purification of reagents and preparation of the graft polymers was 
carried out as before.1

The starch content of the graft polymers was determined by hydrolysis 
of the polymers in dilute sulfuric acid, and the glucose was determined 
colorimetrically after heating with a solution of anthrone in sulfuric acid.7-8

Determination of PEO in the Graft Polymers by NMR

Amounts of the graft polymers between 70 and 140 mg were dissolved 
in 2.5 ml pyridine HC1 reagent9 so that their starch content was the same,
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and the PEO content was in the range of a calibration curve prepared from 
varying amounts of PEO having an Mn = 400. The NMR spectra were 
determined on the fresh solutions of the graft polymers, since it was feared 
that some degradation may occur on standing.

Oxidation of the Graft Polymers with Periodic Acid

Blank determinations on the oxidation of dextrin, were carried out and 
compared with those of the graft polymers which were also water-soluble 
and the oxidation was completely homogeneous. Dextrin or graft polymer 
samples containing about 2.1 mmole glucose were dissolved in 50 ml water 
in a volumetric flask covered with aluminum foil to exclude light and 
placed in a thermostat at 25°C. To this was added 50 ml of 0.04224/ 
solution of periodic acid (2.11 mmole), held at the same temperature. The 
solutions were rigorously mixed and kept in the thermostat. Aliquot 
portions of 4-5 ml of the reaction mixture were taken at different periods 
to follow up the oxidation, and these were added to a mixture of 20% 
potassium iodide solution (3 ml), 6N  sulfuric acid (0.5 ml), and water 
(10 ml) to stop the oxidation.

The liberated iodine formed from excess periodic acid as well as the 
liberated iodic acid were titrated with 0.1 N  thiosulfate solution using 
starch as indicator. Under the same conditions blank determinations on 
the periodic acid solution were carried out.

Research support from United States Department of Agriculture, Grant No. FG-Is-166 
is acknowledged.
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Anionic Graft Polymerization of Methacrylonitrile 
on Potassium Starch Alkoxide

AIENASHE TAHAN and ALBERT ZILKHA, Department of Organic 
Chemistry, The Hebrew University, Jerusalem, Israel

Synopsis
The anionic graft polymerization of methacrylonitrile on potassium starch alkoxide 

in dimethyl sulfoxide was studied. Factors affecting the graft polymerization such as 
monomer and alkoxide concentrations as well as temperature were investigated. The 
yield of the graft polymers was found to increase with alkoxide concentration, and it 
was possible to incorporate all the starch into graft polymer. On increasing the mono
mer concentration the graft polymer yield increased to a flat maximum. At the higher 
monomer concentrations, the efficiency of monomer in giving graft polymer decreased 
due to increased homopolymer formation. The composition of the graft polymers 
varied with increasing monomer concentration, graft polymers having about 40-65%  
of grafted starch were obtained. With increasing temperature (10 to 60°C), the yield 
of graft polymer decreased, there was more homopolymerization, but the amount of 
starch incorporated in the graft remained constant. The structure of the graft polymers 
was deduced from hydrolysis of the starch backbone of the graft polymers by dilute 
mineral acid and the determination of the molecular weights of the grafted side chains, 
and from oxidation by periodic acid, which showed the extent of grafting at the secondary' 
hydroxyl groups. These results have shown that by anionic graft polymerization it is 
possible to obtain graft polymers having more densely packed grafted side chains of 
relatively low molecular weights than those obtained previously by free-radical graft 
polymerization.

INTRODUCTION
Grafting of vinyl monomers on starch was carried out by free-radical 

methods based on the formation of free-radical active centers on the starch 
backbone by chemical means, such as by reaction with Fenton’s reagent,1-3 
persulfates,4 ceric (IV) ions,6-10 manganese III ions,11 ozone-oxygen mix
tures,12-15 and the like, or by physical methods such as irradiation by 
7-rays10-18 or ultraviolet light,19 or by mastication,20-22 milling,23 and 
freezing-thawing cycles.24 Generally these methods have several disad
vantages. The graft polymers are not homogeneous in structure, due to 
the fact that the free-radical centers on the starch are formed at random. 
The molecular weights of the grafted vinyl polymers are high1'2’8’16 and the 
number of side chains grafted is very small.8'16-17 Graft polymers having 
a large number of small grafted side chains were not obtained.910 Since 
combination of free radicals is an ordinary termination reaction, insoluble 
crosslinked graft polymers are liable to be formed.

1839
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It was expected that anionic graft polymerization on starch will not have 
many of these disadvantages. Using the alkoxide derivative of starch as 
initiator of polymerization, it is possible to influence the density of the 
grafted side chains by varying the degree of substitution of the alkoxide. 
The DP of the side chains can be governed by the ratio of monomer to 
initiator, so that graft copolymers having a relatively high density of side 
chains and low molecular weight can be formed. No dimerization of the 
growing anions is possible, so that crosslinked polymers will not be formed.

In previous work25 we have shown that it is possible to use the alkoxide 
derivative of cellulose or poly(vinyl alcohol), prepared in liquid ammonia, 
for the initiation of graft polymerization of vinyl monomers. The graft 
polymerization of acrylonitrile and methacrylonitrile on the alkoxide deriva
tive of cellulose acetate in various solvents was also carried out.26

In the present work we have studied in detail the graft polymerization 
of methacrylonitrile on potassium starch alkoxide derivative. This mono
mer was taken for the systematic study since it has no acidic hydrogen for 
chain transfer. The starch alkoxide was prepared in DMSO solution by 
addition of alkali metal naphthalene.27 This method was found to be very 
convenient and had many advantages.26 27

The effect of monomer and alkoxide concentrations and of temperature 
on the graft polymerization were studied. The structure of the graft 
polymers was investigated by using periodic acid oxidation and acid 
hydrolysis leading to degradation of the starch backbone thereby permitting 
isolation of the grafted side chains for molecular weight estimation.

EXPERIMENTAL

Materials
Potassium naphthalene was prepared in dry tetrahydrofuran and its 

concentration in solution was determined by titration with acid.28 Metha
crylonitrile (Fluka) was purified as described previously.26 Soluble starch 
(Analar, B.D.H.) containing 15% moisture was used. Dimethyl sulfoxide 
pure grade (Fluka) was used. Dry stock solutions of soluble starch were 
prepared by dissolving the starch in DMSO and distilling about 15% of 
the solvent in vacuo at a temperature not more than 60°C, to ensure dis
tillation of the water present. This procedure was found to remove the 
water present, as seen by addition of benzene to the dry starch solution 
and azeotropic distillation.

Graft Polymerization and Isolation Procedure

The polymerization vessel consisted of a 150 ml three-necked flask 
equipped with a high speed stirrer, a self-sealing rubber cap through which 
the reagents were added by syringes, a thermometer, a Teflon stirring gland, 
and a three-way stopcock. The apparatus was joined to the vacuum line, 
flamed with a gas burner with stirring, and then flushed with argon. This
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procedure was repeated twice. Potassium naphthalene in THF was added 
to the starch dissolved in 50 ml DM SO with very strong stirring. The 
characteristic deep color disappeared as the reagent reacted with the starch 
to give the alkoxide derivative, which precipitated as a heavy gel. The 
polymerization mixture was cooled to the required temperature, and mono
mer was added with external cooling to keep the temperature constant. 
The light yellow alkoxide solution became brown as the polymerization 
progressed. The reaction mixture was added to 500 ml of a mixture of 
ethanol and petroleum ether (2:3) acidified with 1-2 ml acetic acid. The 
precipitate, consisting of crude graft polymer, was filtered, washed with 
petroleum ether and ether, followed by water and dried in a vacuum 
desiccator over phosphorus pentoxide. The yellow crude product was 
extracted at room temperature with acetone in which polymethacrylonitrile 
(PMAN) is soluble until no more material was extracted. The fraction 
soluble in acetone was recovered on evaporation of the solvent in vacuo. 
It consisted of PA TAN homopolymer and small amounts of graft polymers 
having a relatively high PMAN content. The undissolved material, con
sisting of graft polymer and unreacted starch, was extracted with boiling 
water, until the extract contained no solute. This fraction was recovered 
on evaporating the water in vacuo. It consisted of unreacted starch and 
graft polymers having a relatively low PMAN content. The residue con
sisting of the pure graft polymer was dried in vacuo. The composition of 
the graft polymer was determined from nitrogen analysis.

Hydrolysis of the Graft Polymers

Samples of 100-260 mg graft polymer were added to 2N  hydrochloric 
acid (30 ml for every SO mg starch), and the mixture was heated in a 
thermostat at 100°C for 8 hr. The reaction mixture was cooled, and the 
PMAN was filtered, washed with water, followed by alcohol and dried at 
50°C.

The intrinsic viscosities of the PMAN were calculated from one-point 
viscosity measurement in DMF at 29.2°C at a concentration of 0.1 g 
polymer/100 ml, by using the equation,29 r) = 7joe1,Ic. The molecular 
weights were calculated by using the relationship,30 [??] = 3.06 X lO'Mlf^0 '603.

Oxidation with Periodic Acid

In periodic acid oxidation,31'32 to samples of graft polymers containing 
starch equivalent to 0.0S mmole glucose, periodic acid (0.02125.1/) (4 ml,
0.085 mmole) was added, and the mixture was shaken in the dark in a 
thermostat at 32°C. After the required time, the reaction was stopped by 
addition of potassium iodide (20%); 0.5 ml 6N  sulfuric acid and 10-20 ml 
water were added, and the iodine which was slowly liberated was titrated 
with 0.1 A7 sodium thiosulfate. The percentage of glucose units oxidized 
was calculated.
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Proof for the Formation of Graft Polymers

Since the polymer was insoluble in both hot water and acetone, it is 
neither starch nor polymethacrylonitrile. The infrared spectrum of the 
graft showed typical absorptions for both starch (3 370, 1 075, and 1 020 
cm-1) and PMAN (2 245 cm-1 nitrile). The graft polymers after hydrolysis 
by hydrochloric acid showed the absorptions for glucose besides those for 
PMAN, indicating that the PMAN was attached to the starch. The starch 
in the graft polymer was not totally oxidized by periodic acid, indicating 
the presence of secondary hydroxyl groups which have undergone substi
tution by PMAN chains.

RESULTS

Effect of Alkoxide Concentration

Potassium naphthalene easily metallated the starch in DMSO up to 
about 50% conversion of the hydroxyl groups to alkoxides. The per cent 
hydroxyl groups out of the total of the starch converted to alkoxide was 
varied between 10 to 50% (DS 0.3-1.5). Monomer conversion increased 
with per cent alkoxide and was quantitative at 30% alkoxide (159 
mmole/1.). At the lower alkoxide concentrations, difficulties were en
countered in the separation of the pure graft polymer. The fraction 
soluble in hot water which consisted of unreacted starch decreased with 
increasing the alkoxide concentration and at 40% alkoxide all the starch 
was converted to graft polymer. The fraction extracted by water con
tained about 1% nitrogen, indicating that very low graft polymers were 
extracted with the unreacted starch. The fraction soluble in acetone, 
which consisted essentially of PMAN homopolvmer as seen from nitrogen 
analysis, decreased with increasing alkoxide concentration. At 40% alk
oxide this fraction decreased to a minimum of about 50% of the monomer 
introduced. The yield of the pure graft polymer, which was insoluble in 
acetone and boiling water, increased with increasing the alkoxide concen
tration. At low alkoxide concentrations only low yields of graft polymer 
were obtained. An optimal yield of about 60% was obtained on using 40% 
alkoxide which did not increase on increasing the alkoxide to 50%. The 
composition of the graft polymers did not vary with the alkoxide concen
tration. In all cases graft polymers consisting of about 55% PMAN and 
45% starch were obtained (Table I). The amount of THP present in the 
reaction mixture did not influence the results in the range investigated 
(Table I). In order to check the accuracy of the results, a balance of the 
amounts of monomer and starch before and after the graft polymerization 
was carried out (Table II). The results obtained showed that the experi
ments were accurate, and all the monomer and starch introduced could be 
accounted for. From Table II it is seen that the ratio of the fraction of 
MAN which gave homopolvmer to that incorporated in the graft polymer 
decreased continuously with increasing the alkoxide until 40% alkoxide
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was reached. Above that, this ratio remained constant about 1, indicating 
that half of the monomer was converted to graft polymer, and half to 
homopolymer.

Effect of Monomer Concentration

This was investigated at a high (40%) and a low (10%) alkoxide con
centration. At 40% alkoxide (Table 111, series A), the conversion was 
quantitative in all cases. The fraction of unreacted starch decreased with

Fig. 1. Effect of monomer concentration on the graft polymerization: (O ) fraction
soluble in hot water (unreacted starch); ( # )  fraction soluble in acetone (PMAN 
homopolymer); (©) graft polymer.

increasing monomer concentration (Fig. 1), and front a monomer concen
tration of 0.86 mole/1. and higher all the starch was converted to graft 
polymer. The fraction of I’MAX homopolymer increased with increasing 
the monomer concentration. The yield of the pure graft polymer remained 
constant (61-63%), except at the relatively low and high monomer 
concentrations.

The composition of the graft polymers changed with increasing the 
monomer concentration. The fraction of PMAN in the graft polymer 
increased with increasing monomer concentration. This increase was 
greatest at the low monomer concentrations. The per cent of starch in 
the graft decreased correspondingly with increase of monomer concentra
tion.

The balance of the amounts of monomer and starch before and after the 
graft polymerization showed the experiments were accurate (Table IV).
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Fig. 3. Effect of temperature on the graft polymerization: (O ) fraction soluble in
hot water (unreacted starch); ( # )  fraction soluble in acetone (PMAN homopolymer); 
(© ) graft polymer.

homopolymer (Table VI. Fig. 4). From Table V, series B, it is seen that 
at low per cent alkoxide, the conversion was negligible and the reproduci
bility was poor.

Fig. 4. Dependence of the ratios ( # )  MAN homopolymer/MAN in graft polymer and 
(O ) unreacted starch/starch in graft polymer on polymerization temperature.

Attempts to Establish the Structure of the Graft Polymers

Hydrolysis. Hydrolysis of the starch backbone is the chief method 
used in verifying the structure of starch graft polymers.1'2'6,17 This leaves 
the grafted side chains; these can be isolated and their molecular weights 
determined. The graft polymers were subjected to acid hydrolysis with 
HC1 to destroy the starch backbone. The weight of the PMAN isolated 
after hydrolysis was greater than that calculated from the nitrogen content 
of the graft polymers before hydrolysis, due to partial hydrolysis of the 
nitrile groups to amides or carboxyl groups. The nitrogen content of the 
isolated PMAN was accordingly smaller than that present in the pure 
PMAN homopolymer (20.9%).

Infrared spectra of the polymers showed the characteristic absorptions 
for glucose at 3 370 cm and 1 020 cm-1. They showed only a weak absorp
tion at the nitrile region (2 245 c n r1), and sometimes this absorption could
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Fig. 5. Heterogeneous oxidation of soluble starch and of PMAN-soluble starch graft 
polymer: (O) soluble starch; ( # )  graft polymer (expt. 5S).

not be discerned. On the other hand a strong peak for amide or carboxyl 
appeared at 1 650-1 670 c n r1. Therefore, the molecular weights calculated 
from the intrinsic viscosity (Table VII) are only very approximate. The 
results tend to show that the molecular weights of the grafted side chains 
decreased with increasing alkoxide concentration and temperature and 
increased with increasing monomer concentration as expected.

From the molecular weights of the side chains and the composition of 
the graft polymers, (Tables I-VI), the efficiency of the alkoxides in initiat
ing graft polymerization was calculated. This efficiency showed a small 
increase with increase in monomer concentration but generally it remained 
low and only 2.1-3.3% of the alkoxide-initiated graft polymerization, and 
no appreciable differences were found with change of alkoxide concentration.

Oxidation with Periodic Acid. To get further information on the 
structure of the graft polymers, their oxidation with periodic acid was 
investigated. 31-52 The periodic acid oxidizes only the glucose units which 
have no substituents on one of the secondary hydroxyl groups at C2 or C3. 
The degree of oxidation will thus show the extent of grafting at these 
hydroxyl groups. From these results the secondary alkoxide efficiency in 
initiating graft polymerization and the density of the grafted side chains 
attached to the secondary hydroxyl groups of the starch can be calculated.

Since the graft polymers of soluble starch were insoluble in water, the 
reaction was carried out heterogeneously. Blank determinations on sol
uble starch, which is also insoluble in cold water, were carried out. The 
results are shown in Table VIII and Figure 5. Every point of the curve 
was determined in a separate experiment due to the heterogeneous nature
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of the oxidation reaction. The oxidation was initially rapid, up to about 
10 hr, and then became very slow. The soluble starch was completely 
oxidized after 40 hr, and no further oxidation was observed after 50 hr. 
A reaction time of 40 hr was for this reason taken as the time required for 
complete oxidation of the glucose units of the graft polymers which are 
open to oxidation. The extent of the oxidation of the graft polymers 
obtained under various conditions, was about the same 89-91%. This 
indicates that the efficiency of the secondary alkoxides in initiating graft 
polymerization was not affected considerably by change in monomer or 
alkoxide concentration. With increasing monomer from 0.34 to 1.71 
mole/L, the efficiency of the secondary alkoxide increased a little (from 9 
to 11%).

If it is assumed that the graft polymerization was initiated only by the 
secondary hydroxyl groups at C2 or C3, and that only one such group per 
glucose unit initiated polymerization, it is possible from the oxidation 
results to calculate the amount of alkoxide groups which initiated poly
merization. From this and from the amount of PMAN in the graft, the 
DP„ and Mn of the side chains were calculated. This M n is the maximum 
possible, since there must be initiation at C6 and some initiation at both 
C2 or C3 may also occur.

The graft polymerization probably proceeds as shown in eqs. (1) and (2).

Starch 0 “ + C H 2= C (C H 3)CN Initiation, Starch—OCH2—C(CH3)CN (1) 

Starch—OCH2C(CH3) CN + C H 2= C  (CH3) CN Propagation

In DMSO, which has a high solvating power, both the positive counterion 
of the alkoxide and of the growing anion will be highly solvated, leading 
to an enhanced rate of initiation and propagation. Termination of the 
graft polymerization can be by transfer to free hydroxyl groups on the 
starch, but a new alkoxide group will be formed which can continue the 
polymerization. The polymerization seems to be a “living” one. This is 
supported by the fact that addition of a second portion of monomer to a 
system in which the first has polymerized led to complete polymerization. 
Results as regards yield and composition of graft were the same as those 
obtained when all the monomer was added in one portion, indicating that 
the added monomer had polymerized on the “living” ends.

The yield of graft polymer increased with increasing alkoxide concen
tration due to increase in the possibilities of reaction of the alkoxide with 
monomer, which also decreases the amount of ungrafted starch and the 
amount of homopolymer formed. The inefficiency of the graft polymeriza
tion at low alkoxide concentration may be related to what is known in

DISCUSSION

Starch—OCII2—C (CH3)—CH2—C (CH3) CN (2)



1856 TAHAN AND ZILKHA

anionic polymerization, that a threshold concentration of initiator exists 
below which no polymerization occurs.33

Increasing the monomer concentration increased the fraction of the 
starch incorporated in the graft polymer, due to increased possibilities of 
interaction between the monomer and the alkoxide. At relatively low 
monomer concentrations, the fraction of monomer which was converted to 
graft polymer was high, although not all of the starch was converted to 
graft polymer. At the higher monomer concentrations, although the yields 
were high they also lead to extensive homopolymerization, pointing to the 
existence of anions other than the starch alkoxides, competing for monomer.

With increasing temperature more initiator centers can participate in the 
initiation, so that more densely packed chains of relatively low molecular 
weight are expected to be formed. That is why the incorporation of starch 
in the graft polymer did not decrease with increasing the temperature. 
The increase in the homopolymer fraction and the decrease in the graft 
polymer yield point to the existence of a termination reaction whose extent 
increases with temperature.

Homopolymer Formation

Homopolymer formation is due to the presence of active anion centers 
not connected to the starch which can initiate polymerization. The 
existence of termination reactions can lead to the formation of such anions. 
No transfer to monomer involving a proton seems to be possible, since, 
unlike acrylonitrile, the monomer has no acidic a-hydrogen.34'36 Over- 
berger et al.36 suggested hydride ion transfer as shown in eq. (3).

CHS CH3 CII2

P ~ C H 2— +  C H ,=C  -> P ~ C H ,—C +
I ! I

CN CN CN

c h 3
I

c h 3—c -  
I
CN

(3)

If such a termination reaction is occurring (especially at the higher tem
peratures investigated) then active anions are formed which can lead to 
homopolymerization. A cyclization reaction [eq. (4)] which leads to termi
nation,37 is also possible.

CH;! Cli i'll

P~— CHo— C— CH2C— Cfh— C ~  — v 

CN CN CN

N
CH3 1\  c-ch2— c '  -c:

H2Cn. c h ,

CH:i X CN

AH.
'C N

N~

CHx  I  XH,
- c ' L' c CI | ^CN 
H.C  ̂ /CHo

cil ^  h x

-CH.
(4)
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Another possibility for homopolymer formation is that the system might 
not have been completely anhydrous. Traces of water can react with the 
alkali metal naphthalene to give alkali metal hydroxide which can initiate 
homopolymerization. Part of the results may be explained on this basis, 
but there are other facts which seem to contradict this. The fact that, at 
low alkoxide concentrations, high conversion of monomer occurred with 
only a small yield of graft polymer may indicate that the water present has 
acted preferentially with the alkali metal naphthalene, so that at these low 
concentrations of alkoxide, it was more dominant in initiating polymeriza
tion leading to homopolymer formation. On the other hand, the equilib
rium (5) may exist, which converts the potassium hydroxide to starch 
alkoxide.

Starch—OH +  KOH Starch—OK +  H20  (5)

Caldin and Long38 have shown that the equilibrium of the reaction:

EtO~ +  I i ,0  EtOH +  OH- (6)

in mixtures containing ethanol and a few per cent water was strongly in 
favor of alkoxide and not of OH-  formation. Similarly Bums and England39 
have concluded from kinetic results that the conversion of hydroxide to 
alkoxide is almost complete in ethanol, even if it contained a few per cent 
of water.

Still another possibility for homopolymer formation is interaction of the 
growing anions with the DMSO used as solvent to give dimesyl anion, 
which can initiate homopolymerization.

O N  C N

( 7 )

Recently Ledwith et al.40 showed that in the polymerization of ethylene 
oxide and methyl methacrylate by potassium terf-butoxide in DMSO there 
is indication that the true catalyst is dimesyl anion formed by the equilib
rium (8):

¡C Ib V -C  (> IT +  CH3—SO—CH3 -  (CH3)3C—OH +  C IR -S O —CHa (8)

It is interesting that although the equilibrium is largely in favor of the 
ierf-butoxide (K = 1.5 X lO“7),41-42 nevertheless, due to the large concen
tration of DMSO, dimesyl anions seem to initiate polymerization. In our

CH; C H . 0

S t a r c h — 0 - | - C H ; — ( ' j - C i l — C — H  +  C H , — S — C H :i 

C N  C N
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case, the growing anion is not sufficiently basic, due to the electron- 
withdrawing effect of the nitrile group, and for this reason the reaction 
with DAISO will not be appreciable.

Formation of dimesvl anions by interaction of DAISO with starch 
alkoxide is even less probable, due to the much lower basicity of the alkoxide 
as compared to teri-butoxide. Had there been such an interaction to an 
appreciable extent, then no graft polymers should have been formed, due 
to the large excess of DAISO present.

Structure of the Graft Polymers

Although the methods used for investigating the structure of the graft 
polymers, namely hydrolysis and periodic acid oxidation, may not be very 
accurate, nevertheless they give important information on the grafting 
process and on the structure of the graft polymers. The two methods 
(Tables VII, VUIj show that with increase of monomer concentration, 
there is an increase in the molecular weight of the grafted side chains, and 
a small increase in the efficiency of the alkoxide initiator.

It may be noted that the il7„ found from hydrolysis were much greater 
than the maximal M n calculated. This may be due on the one hand to 
the fact that the ~MW values were determined on PMAN chains which have 
suffered extensive hydrolysis of the nitrile groups and also have glucose 
endgroups, and they may be taken only as very approximate. On the 
other hand, the distribution of the molecular weights of the grafted side 
chains which is given by M w/ M n is not sharp. It should be noted that it 
is quite possible that there exist besides the grafted PAIAN chains also 
species containing only one AIAN unit attached, i.e., in which initiation 
occurred but not propagation; this will decrease the maximal M„ calculated.

The values of the DP„ were much higher than the [AI]/[C] ratios. They 
increased with increasing monomer concentration. The density of the 
PAIAN side chains is not great, since the efficiency of the alkoxide is small 
and does not vary considerably with increasing monomer concentration. 
Only one PAIAN chain for every 10 C2 or C3 secondary hydroxyls is present.

These results show that the propagation is much faster than initiation, 
and monomer prefers to add to a growing polymer chain than react with 
alkoxide. That is why the secondary alkoxides’ efficiency in initiating 
graft polymerization, as seen from the oxidation results, varied only a 
little with a fivefold increase in monomer concentration. This behavior 
led to the large increase in DP„ of the side chains with increasing monomer 
concentration. The low initiator efficiency is the cause for the DP„ of the 
PMAN side chains being much greater than [M]/[C] and for the existence 
of a relatively small number of side chains on the starch polymer backbone.

The results of the present graft polymerization have shown that it is 
possible by anionic graft polymerization to obtain graft polymers having



POLYMERIZATION OF METHACRYLO.N l'l’RILE 1859

much more densely packed and relatively short side chains than those 
previously obtained by free-radical polymerization.2'7

Research support from United States Department of Agriculture, Grant No. FG-Is-166 
is acknowledged.
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Production of Radicals in Polyoxymethylene by 
Ultraviolet Photolysis: An EPR Study

0. R. HUGHES and L. C. COARD, Celanese Research Company, 
Summit, New Jersey 07901

Synopsis
Polyoxymethylene (POM) was photolyzed at 2 537 and at 3 130 A at — 196°C. The 

EPR, spectra of the radical intermediates were recorded. Photolysis in vacuo produces 
a small number of radicals, apparently due to the presence of traces of chromophores. 
Photolysis in oxygen, however, is a type of photo-oxidation. The radicals HCO, 
avvOCHO"av, C H r, and IIOO ■ were detected and identified as intermediate products 
of photolysis. Hydrogen atoms and hydroxyl radicals were too reactive (i.e., mobile) 
at — 196°C to be observed. Alkoxy and alkyl radicals and the POM peroxy radical

0—0 '
I

*vv0CH'vvv

were probably formed as well but could not be characterized with certainty.

INTRODUCTION

Extended tests have indicated that polyoxymethylene (POM) copolymer 
(without the usual additives) is degraded by sunlight, even though the 
polyacetal structure itself should not absorb sunlight wavelengths. The 
photolysis in air has been described as a photo-oxidation.1’2 In order to 
understand better the nature of this photolysis, an EPR study was under
taken to detect and identify the dominant radical intermediates produced 
when polyoxymethylene materials are photolyzed.

There have been several EPR studies of the radicals produced in polyoxy
methylene materials by x- and y-irradiation techniques.3-7 There has, 
however, been no EPR study of the radicals generated by ultraviolet photol
ysis. It should be expected that the types and stabilities of radicals pro
duced by ultraviolet photolysis will differ from those produced by the 
higher-energy techniques because of the differences in the mechanisms of 
radical formation.

EXPERIMENTAL

Most of the work reported here is based on the unfiltered ultraviolet light
of a G.E. low-pressure (germicidal) G 15TS lamp which has most of its °energy at 2 537 A. Samples in a quartz finger Dewar of liquid nitrogen were
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exposed at a distance of 1.5 in. from the two-bulb lamp (incident light in
tensity of approximately 5 X 1016 quanta/cm2-sec). The photolysis at 
3 130 A was effected by a 250 watt Mazda ME/D medium pressure Hg 
point source lamp. An image of the arc was focused through two quartz 
lenses on an area 0.5 X 2 cm on the sample held in a quartz finger Dewar 
at — 190°C. In order to select the 3 130 A band, and particularly to elim-o
mate the contribution at 2 537 A, the beam of ultraviolet light was passed 
through a quartz two-compartment cell containing 1-cm depths of potas
sium chromate solution (0.2 g/1.) and a potassium biphthalate solution 
(5.0 g/1.), and a Corning 7-54 filter (3 mm). The incident light intensity 
was found to be 2 X 1016 quanta/cm'--sec. All light intensities were de
termined by uranyl oxalate actinometry.

All data reported here were obtained from samples in powder form. 
The samples were not fabricated into films in order to avoid generating 
chromophoric, thermal degradation products. The sample tubes were 
flamed and degassed on an oil pumped vacuum line for at least 1.5 hr be
fore the sample was admitted. The tubes were handled in a nitrogen 
atmosphere when the samples were made up.

The POM homopolymer studied here was a stable polymer whose chains 
have formate and methoxy endgroups which prevent thermal “unzipping” 
of formaldehyde. The material was free of any lubricants, thermal sta
bilizers, or other additives.

The copolymer is a polyoxymethylene material having randomly dis
tributed oxyethvlene units (~ l-5  wt-%) similar to that described by 
Weissermel and co-workers.8 The copolymer is stable to thermal unzipping 
but is free of all lubricants, thermal stabilizers, and other additives.

The spectra were recorded on a Yarian Associates Model E-3 EPE spec
trometer (X-band) which was modified by the insertion of a Hewlett 
Packard model 532B wavemeter on the waveguide. Spectra could be ob
tained on samples at — 196°C by mounting the sample in a quartz Dewar 
of liquid nitrogen, or spectra could be obtained at temperatures between
— 196°C and room temperature with the use of a Yarian variable tempera
ture insert. The g values were checked by using freshly prepared dilute 
solid mixtures of DPPH in MgO in sealed evacuated capillary tubes.

RESULTS
Photolysis in vacuo of copolymer or homopolymer with 2 537 A light at

— 196°C produces a detectable number of radicals which have an EPR 
spectrum like that in Figure 1. The radicals contributing to this spectrum 
are indefinitely stable at — 196°C if stored in the dark. The spectrum has 
contributions from formyl radicals, HCO., methyl radicals, CH3., and 
various other radicals which contribute to a symmetric center band. The 
formyl radical is indicated by the characteristic asymmetric doublet9 
(«h = 125 oe, g = 2) and the methyl radical by the quartet (aH = 22-23 
oe, g = 2).10'11 The center band probably results from alkoxy and alkyl 
radicals.
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CHj
A

Fig. 1. E P ll spectrum of the radicals produced by photolysis of copolymer or homopoly- 
rner by 2 637 A light at — U)6°C.

Fig. 2. DPR spectra of radicals generated by photolysis at 2 537 A at — 1S)6°C: (a) just
before oxygen depletion; (b) just after oxygen depletion.
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A similar photolysis with 3 130 A light produces fewer radicals (e.g.,
1.5 X 1016 spins/g at 3 130 A versus 1 500 X 1015 spins/g at 2 537 A, cor
rected to the same total quanta); the formyl radical signal is particularly 
reduced in intensity relative to the center band, being only barely detect
able.

Photolysis of copolymer or homopolymer in oxygen at — 196°C (the 
polymer was sealed in sample tubes under 10 mm of oxygen at room tem
perature and cooled) produces an EPll spectrum which is initially like that 
in Figure oa (i.e., no methyl radical quartet is detected; but one of the

Fig. 5, Formation of hydroperoxy radicals in POM materials on storage at — lt)6°C 
under fluorescent lighting after ultraviolet photolysis: (a) radicals produced by ultra
violet photolysis at — li)6°C with 2 537 A light (a line from the oxygen in the sample is 
also present); (b) after storage in — 196°C for one day; (c) after 2 days; (el) after 4 days 
storage at — 196°C. This spectrum does not undergo further change on standing at 
— 196°C. The transformation does not occur if the original sample is stored in the dark 
at — 19G°C.

many oxygen lines appears in the high held region of the spectrum as in
dicated), in the later stages of photolysis in oxygen the spectrum is more 
like that in Figure 2a. The quantities of radicals, either formyl or center 
band radicals, produced on photolysis in vacuo or in oxygen are plotted 
as a function of the duration of photolysis in Figures 3 and 4. As curve 1 
in either figure indicates, photolysis of copolymer or homopolymer m 
vacuo is limited to an initial generation of radicals but further photolysis 
does not produce increased radical concentration. This is taken to mean 
that traces of chromophores, which are unavoidably present , are photolyzed
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Fig. 6. Response of the signal intensities of the EPR spectra to increases in the applied 
microwave power P: (1) *"'OCII(>— ; (¡?)CHS-; (3)H C O -; (4) peroxy radical.

EPR signals having the asymmetric line shape of Figure 5cl, the as
sociated power saturation characteristic, and stability have been previously 
reported for the liydroperoxy radicals.12-17 The hydroperoxy radical is 
produced here by a two-step reaction:

uv
IK 'O ------------------------ ^  II- +  CO (I)

(prim arily  X >  8000 A)

II- + o, -> IIO,- (2)

THE -O C H O -  Radical

Ft. is known that x- or -/-irradiation of POM materials produces the 
~vOCHO~v radical by hydrogen abstraction from the acetal group 
—OCIEO-M-7 The radical has a doublet spectrum (an = 12-1.'! oe, 
(/ = 2) much like that in Figure 7a. The radical when generated in this 
way is extremely stable even at room temperature in oxygen and therefore 
must be located deep within the crystalline region of the polymer. Plasma 
treatment also produces such a doublet spectrum, however, with much 
decreased stability.18

The doublet spectrum in Figure 7a (aw = 13-15 oe, g = 2) was generated 
first by ultraviolet photolysis of the copolymer in a limited supply of oxygen 
to a point beyond the point of oxygen depletion, producing a spectrum like
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Fig. 7. I’eaction of with oxj’gen: (a) the doublet from “»OCHO»™ at
— 196°C before addition of oxygen; (b) oxygen added, sample warmed to — 110°C, 
no reaction; (r) warmed to — !HI°C, reaction has commenced; (d) — S0°C, spectrum is 
composed of contributions from <""OCHO'~v and oxygen, and the reaction product, 
IIOO-, (e) — 40°C, some IIOO- has been destroyed; ( /)  some «»OCHO«>» still remains.

that in Figure 2b, then (lie sample was quickly warmed to room tempera
ture for a moment and recooled to — 19fi°C, a doublet spectrum such as 
that in Figure 7a was obtained. (It is essential that the photolysis extend 
beyond the point of oxygen depletion, otherwise the doublet is destroyed 
by reaction with oxygen.) Very slow warming only resulted in a decay of 
the original signal. Apparently, on slow warming the original radical 
mixture achieves sufficient mobility at a relatively low temperature so 
that radicals decay by radical-radical combination reactions rather than 
through hydrogen abstraction from the polyacetal matrix. Hydrogen 
abstraction, because of its higher activation energy, becomes an important 
mechanism for reactive radical decay only at the higher temperature ob
tained if the sample is warmed quickly. The product of hydrogen abstrac
tion by the reactive radicals is the more stable *~OCHO~v radical.

The chain radical, "“ OCHO"*, produced by ultraviolet photolysis, has 
only limited stability at room temperature. The signal decays to one half 
its original intensity in about 15 min. The fact that this radical has a lower 
stability when generated by ultraviolet photolysis than when generated 
by x- or X-irradiation is not surprising, however. The chromophores which 
were photolvzed to form the reactive radicals which produced in turn the 
^O C H O ^ radical by hydrogen abstraction, are found almost exclusively 
in the amorphous regions of the polymer. It is therefore to be expected 
that the ^OC'HO^ radicals will be found in the amorphous regions of the 
polymer where they are accessible to oxygen.
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The direct combination of polymer chain radicals such as the poly
ethylene radical, '~CH2CHCHo~v, with oxygen is reported to yield rather

0 —0
i

stable polymer peroxy radicals such as ^ 0 H 2—CH—(T F '" .15 We have

0 - 0 -

attempted an analogous synthesis of a polyacetal peroxy radical ,~vOCHO*'v, 
by direct combination of the chain radical, "vOCHO-'~, with oxygen. The 
~"OCHO~v radical was prepared as described above, then exposed to 
oxygen briefly at — 196°C. No reaction occurred until the sample was 
warmed to —90°C in a variable temperature cavity Dewar insert. The 
transformation in the EPR spectrum which occurred as the temperature 
was raised is displayed in Figure 7. Finally at room temperature the only 
surviving signal is that of a low concentration of ~~OCHO^ which was 
apparently located in regions of the polymer which were relatively inac
cessible to oxygen.

It is tempting to assign one or more of the intermediate spectra (Fig. Id, 
7e) to the polyacetal peroxy radical but the available data do not permit 
this. The only peroxy radical that could be identified in the spectra of 
Figure 7 was the hydroperoxy radical. If the polyacetal peroxy radical 
did form it was unstable and could not be clearly identified in the spectra 
of Figure 7.

Alkyl and Alkoxy Radicals
The alkyl radical, ^O C H r, and the alkoxy radical, *~CH20-, are pos

sible intermediates in the photolysis scheme. The alkyl radical should 
appear in these EPR spectra, if present, as a triplet centered at g = 2 
with a hyperfine splitting constant of about 22-23 oe. The alkoxy radical 
would appear as a broadened singlet at g = 2, since coupling of the un
paired electron with the hydrogen atoms on the adjacent carbon atom is 
small.

The center band of the EPR spectrum (in the absence of high HOO- 
concentration) has an irregular appearance like that in Figure 5a. The 
peak to peak distance varies from 7 to 17 oe. Such a signal is probably 
composed of the spectra of more than one radical and could easily include 
an unresolved triplet from the alkyl radical or the singlet from the alkoxy 
radical.

DISCUSSION
Initial photolysis of polyoxymethylene materials produces formyl radi

cals and “center band” radicals; the latter probably include 'vvvOCH2- and 
""■0C1F0- as the major contributors. The photolytic generation and sub
sequent decomposition of formyl radicals is an important process leading 
to the photolysis of polyoxymethylene materials because hydrogen atoms 
are produced in the photodecomposition of formyl radicals [eq. (1)].
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These hydrogen atoms engage in a variety of radical-radical and hydrogen 
abstraction reactions. At — 196°C the latter are slow blit at higher tem
peratures assume a predominant importance. The reactions of hydrogen 
atoms proceed so quickly even at — 196°C that the doublet spectrum of 
H- was not detected.

When hydrogen atoms are generated in vacuum reactions (3)-(5) are 
important.

2H • —*• H, (3)
IT- +  ~vCIUO- — -vCH.OIT (4)

IT- +  «vOCHjO------* *~OOHO +  II, (5)

Reaction (5) is particularly important at higher temperatures. At higher 
temperatures hydrogen abstraction by a variety of other radicals is also 
important. If oxygen is present, additional reactions occur [eqs. (2), (6), 
and (7) ].

II- +  0 ,  — HOO ■ (2)
-*OCIIO«v ()2 —>■ chain cleavage (6)
l i  +  IIOO ■ ->- n o o n (7)
ter RID (ID)

It was expected that the photolysis of the peroxide which can be produced 
when oxygen is present would lead to the generation of hydroxyl radicals.

uv
HOOH ----------> 2 HO-
(or ROOH) (or 110- +  H 0 -)  (8)

The doublet spectrum which has been reported for the hydroxyl radical 
was not, detected, however, either because it is too mobile and reactive or 
because of an unfavorable spin orbit coupling.19 The decay reactions of 
hydroxyl radicals might explain the formation of H20, HCOOH, and 
~*CH2OH during photolysis.

The stable products of photolysis, i.e., the radical decay products, have 
been detected by other techniques. Thus, CO, H2, CH20, H20, HCOOH, 
and C02 have been detected by mass spectrometry.2'18 In addition, acetic 
acid, methane, and ethane were detected. These are possible decay prod
ucts of the methyl radicals detected by EPR. The production of ^ C II2OI1 
groups [reaction (4)] is indicated by the growth of the infrared hydroxyl 
band at 3450 cm-1.

There are several chromophores which, if present in POM materials, 
would be photolyzed to formyl radicals. These are: formaldehyde, alde
hydes (e.g., ~~OCH2CHO), formates, and formic acid. The photolysis of 
formaldehyde proceeds to radical and nonradical products, depending on 
the photolysis wavelength :2(l

CIRO
uv

-> TTCO +  H-

uv
------ > II- +  CO

(9)

uv
CO +  Ho

(1)
(10)
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O O

At 2.537 A reaction (9) is highly favored over reaction (10); at 3 130 A re
actions (9) and (10) occur with equal probability. This and the fact that 
the formyl radical itself is photolyzcd by 3 130 A and longer wavelength 
light, largely accounts for the observation of greater radical concentrations 
on photolysis at 2 537 A than on photolysis at 3 130 A. Formate endgroups 
are known to be present in POM materials and are known to produce 
formyl radicals on photolysis; however, the extinction coefficient for

c
the absorption at 2 537 A is small, and at longer wavelengths it is negligible.

In addition, there are various related compounds whose photolysis also 
results in the production of formyl radicals. Formyl radicals are produced 
on photolysis of trioxane, ethylene glycol monomethyl ether, ethylene 
glycol dimethyl ether, triethylene glycol diacetate, polyethylene glycol),18 
and purified methanol.11 Such formyl radicals may result from photochem
ical reactions which depend on the photolysis of the ROCH2- radical. The 
radical HOCTT- is reported to absorb 2 537 A light and form formyl rad
icals.21

Another attractive source of formyl radicals might be the absorption of 
ultraviolet light by an acetal oxygen complex. The possible initiation of 
photooxidation by charge-transfer excitation was discussed by Chien.22 
Stenberg et ah have demonstrated recently23 that ethyl ether in the presence 
of oxygen has a substantial ultraviolet absorption at wavelengths longer 
than X = 2 200 A, whereas ethyl ether-nitrogen solutions do not. Such 
an absorption might be expected for an acet al-oxygen complex, although 
this has not yet been demonstrated.
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Dilute Solution Studies of Nitrogen-Substituted
Polyurethanes

H. C. BEACHELL and JEAN C. PETERSON BUCK,* Department of 
Chemistry, University of Delaware, Newark, Delaware 1,9711

Synopsis

A high molecular weight linear polyurethane was prepared by the polyaddition of 
equimolar amounts of ethylene glycol and methylene bis(4-phenvl isocyanate). Varying 
amounts of the labile carbamate protons of the polyurethane backbone were substituted 
by a number of groups of varying length and composition. The resultant grafted or 
nitrogen-substituted polyurethanes were then studied viscometrically in both polymer 
solvent, and in a polymer solvent-nonsolvent mixture. The configuration of the nitro
gen-substituted polyurethane was found to be dependent upon the number and length 
of pendent branches.

INTRODUCTION

At the present time, there is considerable interest in copolymers which 
can be prepared using a polyurethane as part of the chain. This is true 
because the resulting polymeric materials have quite a wide spectrum of 
properties, depending upon the nature of the starting materials.

However, in many of the industrially important polyurethane copoly
mers, the primary interest is in the preparation of block copolymers. In 
general, these block copolymers, such as Spandex, are prepared by a simple 
extension of the synthetic route outlined above. That is, the copolymer is 
usually prepared from a long-chain diol, a diisocyanate, and a so-called 
chain-extender, such as a diamine.1 If desired, a fairly well-characterized, 
branched polymer can easily be obtained by using a triol in place of some of 
the diol.1

Many different types of block copolymers of polyurethanes are described 
in the general and patent literature. However, relatively few grafted 
copolymers involving the polyurethane entity are reported, and practically 
no reports describing the preparation and properties of grafted species 
with a linear homopolyurethane backbone have been published.

In this study a linear polyurethane of high molecular weight was pre
pared in solution by the polyaddition of equimolar amounts of ethylene 
glycol and methylene bis(4-phenyl isocyanate). The preparation and

* Present address: Research Laboratories, Rohm and Haas Co., Spring House,
Pennsylvania 19477.

1873



1871. BKACliF.BB AND BUCK

characterization of the linear backbone have been described in detail 
previously.2

Nitrogen-substituted derivatives were prepared with the use of the 
characterized linear polyurethanes described above as backbones. In this 
procedure the labile carbamate protons of the polyurethane backbones 
were substituted by a number of groups, of varying length and composition, 
through a two-step reaction.3 The substitutions were effected in the fol
lowing manner. First, sodium hydride was used as a strong base to ab
stract a proton from the carbamate nitrogen [eq. (1) ].

-|-C() -N il- Ar—N II -C()()-
I)M F ,0°C

-R—0 + „  +  2 N .iII---------->

-{-CO—N Na—Ar—NNa—COO—R— +  21B (I) 

An alkyl halide was then added to form the nitrogen-substituted polymer:
D M F,0°c

-{-CO—NNa -A r—N Na— COO—R—0 + »  +  2 R 'X ---------->
+ C O —N R '—Av—NR'—COO— R—()+ „  +  2NaX (2)

The structure of Ar depends upon the initial isocyanate used, R, on the diol, 
and R ' on the alkyl halide.

The reactions (1) and (2) illustrate a complete or 100% degree of sub
stitution. However, partial substitutions can be obtained by using ap
propriate amounts of the sodium hydride and alkyl halide with the poly
urethane backbone.4

A polyurethane graft was prepared in a similar manner by using, in
stead of an alkyl halide in reaction (2), a long-chain halogen-terminated 
homopolymer. The reaction sequence can be described as shown in eq.
(3).

D M F,0°c
+ 0 0 —N Na— Ar—NNa—COO— R—0 + n +  2C IB +O C tR O H ,+,„B r--------->

[C O —N -----Ar------ N —COO— R— 0 + „  +  2NaBr (3)
I I

(OCHjCHs)« (OCIROIB)»

CH3 (
By using this procedure, the length of the backbone and the number of 
reactive carbamate sites (thus the number of attached chains) and the 
length of the prepolymerized, attached chains could be controlled.

In order to carry out the substitution reactions described above, special 
precautions were taken to avoid the possibility of any side reactions of 
either the sodium hydride, the anionic backbone or the halide end group. 
This was true in either the simple alkylation reaction or in the preparation 
of a graft copolymer.

To avoid all such side reactions, the reaction steps were carried out under 
completely anhydrous conditions with carefully purified reagents and sol
vents, to assure complete absence of oxygen, moisture and in general, all 
impurities containing active hydrogen atoms capable of destructive side 
reactions.



Best results could be obtained by running the reaction at ice temperature 
and in the highly polar solvent, DM11'.5
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EXPERIMENTAL

Preparation of Nitrogen-Substituted Polyurethane Derivatives

The A-substitution was carried out according to the procedure described 
by Blumstein.4 A 500-ml, three-necked, round-bottomed flask was 
equipped with a stirrer, condenser, dropping funnel, and nitrogen inlet. 
The system was protected from moisture with calcium chloride drying 
tubes and the apparatus was flamed out under nitrogen prior to use.

The reaction flask was placed in a sodium chloride-ice bath. An ap
propriate amount of sodium hydride, as a 50% suspension in mineral oil, 
was added to the reaction flask with 50 ml of dry and precooled DMF. 
The polyurethane backbone, dissolved in 50 ml dry DMF, also precooled 
in a sodium chloride-ice bath, was then added dropwise with vigorous 
stirring, to the sodium hydride-DMF slurry. After complete addition of 
the polymer-DMF solution, stirring was continued, at salt-ice tempera
ture, for 1 hr. Initially, hydrogen was evolved, and a green color appeared 
very rapidly. This color was also noted by Blumstein4 and is characteris
tic of the presence of the polyurethane ion in solution. The slurry soon 
became clear, indicating complete reaction of the sodium hydride.

After 1 hr, alkyl iodide or bromide dissolved in 20 ml of DMF was added 
to the polyurethane sodium salt. Stirring was maintained for an addi
tional hour at salt-ice temperature. Within 5 min, after the complete 
addition of the alkyl halide, the green color disappeared from the reaction 
mixture, yielding a clear grayish solution.

The solution was then filtered to remove any of the sodium halide 
formed, although some was soluble in the DMF, and the alkylated poly
urethane was then recovered by precipitation into a large excess of dis
tilled water. The solid polymer was washed repeatedly with additional 
portions of distilled water, to eliminate as much as possible, the adsorbed 
sodium halide and DMF. The resulting polymer was dried in a vacuum 
oven at room temperature for several days. In each preparation, the ex
tent of A-substitution was determined by infrared and elemental analyses.

The extent of A-substitution was limited, however, to a maximum of 
approximately 15%. It was found that the backbone was degraded when 
subjected to amounts of NaH yielding a derivative of higher than 15% 
Ar-substitution. One exception to this rule was the A-methylation reac
tion ; elemental analysis (based on carbon content) indicated approximately 
50% A-substitution. The product did not appear to be degraded.

The reactive halides used in preparing the A-substituted derivatives 
included methyl iodide, fl-acetoxyethyl bromide, decanoyl chloride, and
1-iodooctadecanc.
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Preparation of Grafted Copolymers

The reactions used in preparing the grafted polyurethanes are essentially 
the same as those described previously in the preparation of the iV-sub
stituted derivatives. Instead of using halides of low molecular weight to 
react with the sodium salt of the polyurethane backbone, a long-chain 
homopolymeric species with a reactive halide endgroup was employed. 
The homopolymer used was a commercial polyoxyethylene.

The terminal hydroxyl group of the homopolyoxyethylene was lialo- 
genated by treatment with bromoacetyl bromide, as described by Grielil 
and Neue,6 prior to subsequent grafting reactions.

Intrinsic Viscosity Measurements

Viscosities were measured in a Cannon-Ubbelohde dilution viscometer at 
a constant temperature of 25 ± 0.02°C. All solvents and solutions were fil
tered, prior to measurement, through fine sintered-glass or solvent-resistant 
Millipore filters. The initial polymer concentrations were determined 
by evaporating to dryness an aliquot of the filtered polymer solution. In 
each determination, four or five dilutions were usually made, and three or 
four readings were usually taken for each single dilution to obtain flow 
times within 0.2 sec of one another. The resulting flow times were then 
averaged. The measurements were made under free fall conditions; no 
kinetic energy corrections were applied since they were found to be negli
gible.

Values of the intrinsic viscosity and the Huggins constant k' were 
determined from the double plot of the Huggins equation A8

v*p/ c = [v\ + k'[v J2c
and the Kraemer equation:9

Vtvii = h] — k"[ri]h:

RESULTS AND DISCUSSION

The polyurethane backbone used in all of the AI-substitutions described 
here is linear by the very nature of its preparation.2 Therefore, any 
branching present in the resultant N-substituted product was introduced 
into the backbone purposely.

To determine the final molecular weights of both the A’-substit uted 
polyurethane derivatives and the grafted copolymers, the molecular weight 
of the backbone homopolymer and the total molecular weight of the cal
culated number of pendent groups were simply added together.

The average molecular weight of the backbone was determined by intrin
sic viscosity measurements prior to reaction;2 the molecular weight of the 
reactive halide used in the substitution reaction was either known or 
determined prior to reaction. Since the extent of substitution could be 
controlled, the number of pendent groups attached to the backbone was
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TABLE I
Intrinsic Viscosity Measurements of JV-Substituted Derivatives

Substituent

N  sub
stitution.

% 8

Solvent
system

Temp,
°C tu] bb k'b

c h 3— 50 DMF 25 0 . 2 1 0.016 0.36
c h 3c o 2c m l— 1 U 0.44 5 0.088 0.44
(MLCOAVH, - 5 “ 0.40 0.072 0.44
CJLCCLCMh— 1 0

i t 0.30 0.039 0.43
(MI,„CO - 5 “ “ 0.45 0.077 0.26
(ML .CO • 1 0 “ U 0.45 0.085 0.42
C18H37--- 5 l i i t

0 . 3 6 5 0.030 0.23
C18H37—' 1 0 11 11 0 .2 2 8 0.018 0.35
c h 3— 50 DMF-aeetune

(71:29)
25 0 . 2 1 0.050 0 . 1 1

CIIsOO.CRL— 1 U 0.48 0.075 0.33
O i l . M L  - 5 “ “ 0.41s 0.065 0.38
CH3C 0 2C2H4— 1 0 It i t 0.31 0.035 0.36
C9IÏ19CO— 5 i t i t 0.44 5 0.079 0.40
C9H 19CO— 1 0 “ “ 0.44 6 0.070 0.35
c 18h 37- 5 a 0.31 0.032 0.33
C18H37—■ 1 0 “ a 0.24, 0.013 0.21

a Actual per cent V-substitution based on elemental carbon analysis. 
b Determined from the graphical representation of the Huggins equation: t j»p / c  =

[jj] +  fe'[r7]2c, where b is the measured slope and k' is fe/IM2-

easily determined. The extent of substitution was verified by elemental 
analyses, and the presence of any JV-substitution checked by infrared ab
sorption spectra. Thus, the overall molecular weight of any substituted or 
grafted polyurethane could be easily evaluated. 10' 11

Significance of the Huggins Constant

The Huggins or viscosity slope constant k', defined in the Huggins 
equation, t)3V/c = [77] +  k'[q]2c, is generally used as a measure of the 
polymer-solvent and polymer-polymer interactions. 12 In conjunction 
with intrinsic viscosity values, which reflect variations in intramolecular 
forces, the viscosity slope constants, being indicative of variations in inter- 
molecular forces, can give a general overall view of the macromolecular 
configuration and behavior in solution.

Many investigators have discussed the dependence of the Huggins con
stant k' on branching and, in the case of a branched polymer, on the degree 
of branching. Orofino13 has shown that in a good solvent k' is not affected 
by branching, but in a theta solvent the k' value increases slightly over the 
k' value for the corresponding linear polymer. Morton14 has observed, 
however, that for a branched polymer the values of k' are slightly larger 
than that for a linear polymer in both good and theta solvents. Contrary 
to both of the above findings, Pollock15 found no evidence tor such a 
difference in k' due to branching, while Blachford and his co-workers16
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have observed increases in the value of lc' for a branched polymer with the 
increase in the degree of branching in a good solvent.

In this work, the viscosity data on the various branched or substituted 
polyurethanes, in a good solvent (DM1'), give values of lc' that increase 
with the extent of substitution. This is shown in Tables I TIL In the 
same solvent, the intrinsic viscosity values decrease with increased branch
ing. Lor both intrinsic viscosity values and lc' values, the differences are 
generally greater, the longer the chain branches.

TABLE II
Intrinsic Viscosity Measurements of Crafted Polyurethanes

Polymer
sample“

Extent of 
grafting, wt-%

Solvent
system

M
(2.->°C)

PU 0 DMF 0.51„
PU 5 DMF 0.4,S„

g-POE
PU

g-POE
5 D M F-

acetone
(71:29)

0.48o

PU 10 DMF 0.45„
g-POE

PU
g-POE

10 D M F-
acetone
(71-29)

0 .49(i

P< )E 0 DMF 11.04 6

* Pu designates the polyurethane backbone; POE the polyoxyethylene side chain.

TABLE III
Effect of Extent of Crafting on the Viscosity Constant, k'

Polymer
sample

Extent of 
grafting

Solvent
system

M
(25°C) I, k'

PU 0 DMF 0.48« 0 . 1 1 8 0.51,
PU 5 1C 0.48» 0. 120 0.52,

g-l>()E 10 “ 0.45» 0. KID 0.50s
POE 0 “ 0.04s 0.001 0.60s
PU 0 D M F-

acetone
71:29

0.46» 0.085 0.40,

PU 5 ll 0.48« 0.090 0 .39i
g-POE 10 Cl 0.490 0.085 0 .35i

The same measurements were carried out in a polymer solvent-nonsolvent 
(71% DM I’-29% acetone) mixture. Roth the intrinsic viscosity values 
and the k' values decreased with an increased extent of branching, and 
again in general, the differences were greater, the longer the chain branches.

This paper is taken in part from the Pli.L). dissertation of Jean Karen Coberg Peterson, 
University of Delaware, June l ‘JG8.
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Anionic Graft Polymerization of Methyl Methacrylate 
on Starch and Dextrin

ELÏAHU COHEN and ALBERT ZILKHA,
Department of Organic Chemistry, The Hebrew University, 

Jerusalem, Israel

Synopsis
The anionic graft polymerization of methyl methacrylate on the potassium alkoxide 

derivative of starch or dextrin in L)MSO was studied. The effects of monomer and 
alkoxide concentrations as well as temperature were investigated. The yield of graft 
polymer increased with increasing alkoxide concentration. With increasing monomer 
concentration and with increasing temperature the extent of homopolymer formation 
increased. The composition of the graft polymers was found to depend on the reaction 
conditions. Graft polymers having about 10-40(;( polyfmethyl methacrylate) were 
obtained. There were quantitative differences in yield of isolated graft polymer be
tween starch and dextrin and these were ascribed to differences in the solubility proper
ties of the carbohydrates. Evidence on the structure of the graft polymers and on the 
mechanism of the graft polymerization was obtained from acid hydrolysis of the graft 
polymers and determination of the molecular weights of the cleaved side chains.

INTRODUCTION

In previous work we have shown that it is possible to use the alkoxide 
derivatives of cellulose,1 cellulose acetate,2 and poly(vinyl alcohol)1 as ini
tiators for the anionic graft polymerization of several vinyl monomers. 
As part of a program for evaluating this grafting process on starch and 
dextrin,3 we have studied in detail the graft polymerization of methyl 
methacrylate on the potassium alkoxide derivative of these carbohydrates.

The alkoxide derivative was conveniently prepared by reaction of the 
carbohydrate dissolved in DIN ISO with potassium naphthalene.2

The effects of monomer and alkoxide concentrations were investigated, 
as well as that of temperature. The molecular weights of the grafted 
side chains as a function of these variables was investigated.

The results obtained with st arch and dextrin were compared.

EXPERIMENTAL

Materials

Methyl methacrylate (AIMA) was purified as previously described.4 
Soluble starch (Analar, BDH) and dextrin (BL)H) containing 15% and 5%

1881
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moisture, respectively, were used. Dry stock solutions of starch or dextrin 
were prepared by dissolving (he carbohydrate in l)AISO pure grade (Fluka) 
and distilling off about 15% of the solvent in vacuo at a temperature not 
exceeding 60°C to ensure distillation of the water present.

Graft Polymerization and Isolation Procedure

The polymerizations were carried out in three-necked flasks fitted with 
a high-speed stirrer, a thermometer, and a self-sealing rubber cap through 
which the reagents were added with syringes. The flask was flamed 
twice under vacuum and flushed with argon. Potassium naphthalene in 
THF was added to 50 ml of the stock solution of starch or dextrin. The 
characteristic deep color of t he reagent disappeared, and the carbohydrate 
alkoxide formed as a heavy gel.2 The polymerization mixture was cooled 
to the required temperature, and monomer was added with external cooling 
to keep the temperature constant.

At the end of the polymerization, t he reaction mixture was diluted with 
methanol, neutralized with acetic acid, and then was further diluted with 
methanol (total volume 400 ml). The crude graft polymer was filtered 
and washed with methanol, in which potassium acetate is soluble. It was 
dried in vacuo over phosphorus pentoxide.

The crude graft polymer was separated from homopoly (methyl 
methacrylate) by extraction with benzene (3 g crude polymer in 
100 ml benzene left to stand for 2 days). The residual fraction, in the case 
of soluble starch, was extracted with boiling water (200 ml) for 5 min to 
remove unreacted starch. In the case of dextrin, the extraction was carried 
out by cold water in which if is soluble. These extraction procedures were 
repeated until no solute passed over. The residue is the pure graft poly
mer. A typical infrared spectrum of a graft polymer showed absorptions 
for the ester groups at 1 740 e n r 1 and for the carbohydrate at 3 330 and 1 020 
c n r 1. The composition of the graft polymers was calculated from meth- 
oxyl determinations (analysis carried out by Drs. Weiler and Strauss, 
Oxford).

RESULTS AND DISCUSSION 

Effect of Alkoxide Concentration

The percent of hydroxyl groups out of the total of the starch or dextrin 
converted to alkoxide was varied between 10 and 50% (DS = 0.3-1.5). 
(Table I). The fraction soluble in methanol (in the process of isolation 
of the graft polymer) and in benzene decreased with increasing alkoxide 
concentration. This fraction is composed mainly of AIM A homopolymer 
and some highly grafted polymers. The fraction soluble in water de
creased. This fraction was composed of unreacted starch or dextrin and 
some graft polymers containing small amount of grafted PMMA, which 
have solubility behavior similar to that of the carbohydrates. The fraction



T
A

B
L

E
 I

E
ff

ec
t 

of
 A

lk
ox

id
e 

C
on

ce
nt

ra
tio

n 
on

 G
ra

ft
 P

ol
ym

er
iz

at
io

n 
on

 S
ol

ub
le

 S
ta

rc
h

ANIONIC GRAFT POLYMERIZATION 1883

b 
T

he
or

et
ic

al
 y

ie
ld

, 6
.5

4 
g.

C
al

cu
la

te
d 

fr
om

 th
e 

th
eo

re
tic

al
 y

ie
ld

, b
as

ed
 o

n 
to

ta
l c

on
ve

rs
io

n 
of

 m
on

om
er

.
1 C

al
cu

la
te

d 
fr

om
 %

 O
CH

3.
' D

et
er

m
in

ed
 o

n 
th

e 
PM

M
A

 c
le

av
ed

 f
ro

m
 t

he
 g

ra
ft

 p
ol

ym
er

s 
by

 a
ci

d 
hy

dr
ol

ys
is

. 
M

w 
ca

lc
ul

at
ed

 f
ro

m
 [

ij]
 i

s 
on

ly
 a

pp
ro

xi
m

at
e 

(s
ee

 t
ex

t)
.



T
A

B
L

E
 I

I
E

ff
ec

t 
of

 M
on

om
er

 C
on

ce
nt

ra
tio

n 
on

 G
ra

ft
 P

ol
ym

er
iz

at
io

n 
on

 S
ol

ub
le

 S
ta

rc
h“

1881 COMEN A N D ZI Lk MA

15=

.3

!

2
's*

S 'B .3f* '■

H § .CC G < Cf  s -<U 1
S .5
G

£  bL

S T.
H

T T

:O

¿
o  ¿  -3  

r ', 2  5

5
S

3

CM OÍ S  CO 3  70

S

OJ CO O  O)

S £ £

2 :£

CO 5

Ol Ol

oî 3  — oi CO
O l Ol —< Ol

o i o i
Ol Ol + i OÍ oi jè jê li

b£
0 -01
XO
B

1 1 <D —<

■/ X

5 5 ï ï

3 æ

S I  >, £

<N M hi 5



T
A

B
L

E
 I

II
E

ff
ec

t 
of

 M
on

om
er

 C
on

ce
nt

ra
tio

n 
on

 G
ra

ft
 P

ol
ym

er
iz

at
io

n 
on

 D
ex

tr
in

A M O  M C  ( ¡H A F T  P O L Y M E R IZ A T IO N 1885

<u 2  
o .2 bJD® V,

r-*

N  N  iO  i'T  ’ t  ,+  Tt  rO ' - i  C i T - 

M  CO iQ  iC  “.D  0  N  N  C5 05  C  O

W  M  O l O l CO C 'l M  ÍO  ÍO  ÍO  W  W  Í0

X Æ
X
CDT3

-C 1
H o  2

X

a

^ <  -

*o  o

P C ̂  2* 2 “ c<v h a c
T 3  cd cd

T 3  (D

-M .S fcjC •
w  w  03 H  — ( s: — 1 —h H

a  ^
H _£■ 
» "o

i  s  s



] »86 C O H E N  A N D  Z IL K H A

of pure graft polymer as well as its PMMA content increased with in
creasing the alkoxide concentration. The increase in the number of 
initiating centers increased the amount of carbohydrate as well as the 
fraction of monomer incorporated in the graft polymer.

Effect of Monomer Concentration

This was studied at both high (50%) and low (20%) starch or dextrin 
alkoxide concentrations (Tables II and III). At 50% alkoxide the fraction 
soluble in methanol and in benzene increased with increasing monomer 
concentration, the fraction soluble in water decreased, and the pure graft 
polymer fraction also decreased, due to a relative increase in homopoly
merization. However, there was an increase in the quantity of the graft 
polymer obtained. This increase in the amount of monomer and of carbo
hydrate grafted may be due to the greater possibility of the monomer react
ing with the alkoxide. The composition of the graft polymers showed an 
increase in the percentage of PMIVIA in the graft polymer with increasing 
monomer concentration.

At 20% alkoxide, the homopolymer fraction was greater than that ob
tained at 50% alkoxide, the fraction soluble in water was similar, and the 
fraction of the pure graft polymer was much lower. The increase in the 
homopolymer fraction and the corresponding decrease in the graft polymer 
fraction may be correlated with losses of graft polymer fractions having 
side chains of relatively high molecular weight (infrared spectra of the

TABLE IV
Effect of Temperature on Graft, Polymerization on Soluble Starch“

Fraction 
soluble 

in rnetha-
Crude nol and

Temp, yield, in benzene,
°C ' g>-

10» 3.20 51.(5
10 3.24 53.2
40 2.85 58.3
40 3.00 55.7
00 2.74 50.0 * •

“ Experimental conditions: The starch alkoxide derivative was prepared by adding
potassium naphthalene in TIIF to the starch in DMSO (50 ml). MM A (5 ml; 0.503 
mole/1.) and starch (2.04 g; 0.157 mole/1. glucose) were used. Starch alkoxide content 
as percentage of total hydroxyl groups was 54% unless otherwise indicated. Polymer
ization time, 1 hr. The total volume of the reaction mixture was 80 ml.

b Theoretical yield, 6.54 g.
0 Calculated from the theoretical yield, based on total conversion of monomer.
d Calculated from %  OCFL.
• Determined on the PMMA cleaved from (he graft polymers by acid hydrolysis.
1 M „ calculated from [77] is only approximate (see text).
* Starch alkoxide, as percentage of total hydroxyl groups was 50%.

Fraction 
soluble 
in hot 
water,

07  c
J o

Graft polymer

It]
d i /r .1I J

Yield,
07 c
/O

PMMA in 
graft poly

mer,
07  d 
/O

6.4 42 30.(5
5.8 41 31.0 0.004 12710
3 . 7 38 21.3
7 . 3 37 23.0 0.04G 8020
6 . 4 34 1,8.9 0.039 0400
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fractions showed the presence of carbohydrate), obtained as a result of the 
high [monomer]/ [alkoxide] ratios, which seem to be soluble in methanol 
and in benzene.

It is important to note that together with the low yields obtained, the 
reproducibility of the results were poor at the low alkoxide concentrations.

Effect of Temperature

The temperature was varied from 10 to 00°C. The homopolymer frac
tion slightly increased with increasing the temperature both in the case of 
starch and dextrin (Table IV). The water-soluble fraction, in the case of 
starch was approximately constant (6%) and in the case of dextrin in
creased from 16 to 35%. The pure graft polymer fraction decreased from 
42 to 34% (starch) and from 33 to 2% (dextrin). The percentage of 
PMMA in the graft polymer decreased with increasing temperature. 
These results may be explained by an increase of termination of the polym
erization with increase of temperature. This, as explained later, causes an 
increase in the homopolymer fraction and a corresponding decrease in the 
graft polymer.

Effect of Polymerization Time

The graft polymerizations were very fast, and the yields of the crude 
graft polymers obtained after even a fraction of a minute were more than 
S0% of the yields obtained after 48 hr.

Comparison of the Results Obtained with Starch and Dextrin

Generally, the fraction soluble in methanol and in benzene and that 
soluble in water were greater, and the pure graft polymer fraction was 
smaller in the case of dextrin as compared to starch. On the other hand, 
the composition of the pure graft polymer was similar. I t is quite possible 
that the cause for these differences is due to the greater solubility of dextrin 
(and its graft polymers) as compared to starch. This also explains the 
fact that even at 30% dextrin alkoxide no pure graft polymer could be 
isolated.

As evidence for the loss of dextrin graft polymers due to their greater 
solubility, it was found that at 10% alkoxide, in the case of starch, the 
fraction soluble in water, which was recovered by evaporation, contained 
15.3% PMMA. In the case of dextrin Under the same conditions this 
fraction contained 25% P \ 1AI A. With 50% alkoxide the differences be
tween dextrin and starch were much smaller. The fraction soluble in 
water in the case of starch contained 23.5% PMMA, and in the case of 
dextrin this fraction contained 24.5% PALMA. It may be noted that the 
solubility of the graft polymers does not depend only on the composition of 
the graft polymers but also on the molecular weight of the grafted PMMA, 
and on the distribution of the grafted chains on the polymer backbone.
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Molecular Weight of the Polyfmethyl Methacrylate)

111 various studies of the anionic polymerization of methyl methac
rylate,4“6 a wide molecular weight distribution was found. To find out 
the molecular weight of the grafted side chains, the graft polymers were 
hydrolyzed with 2N hydrochloric acid for (i hr under reflux. Thus all the 
starch or dextrin backbone was hydrolyzed to glucose units. The insoluble 
PMMA thus severed from the graft polymers, containing a glucose end- 
group was isolated, and the molecular weights were calculated from intrinsic 
viscosities determined in methyl ethyl ketone at 25°C by using the molecu
lar weight-intrinsic viscosity relationship:7 [rj ] = 7.1 X 10 ~r’ MW0J2.

The intrinsic viscosit ies were calculated from one point viscosity measure
ment at a concentration of 0.1 g polymer/ 100 ml by using the equation,8 
V — v o fiWr-

The isolated poly(methyl methacrylates) were found to have suffered 
partial hydrolysis, as seen from methoxyl determination, which were in all 
cases 20 ± 2% OCH3. Therefore the molecular weights calculated by 
using the above viscosity-molecular weight relationship (Tables I-IV) are 
only approximate. However, since these polymers had about the same 
methoxyl content, they may be compared among themselves.

It may be noted that the DP of the side chains were very much higher 
than the monomer to alkoxide ratios used.

From the Mark-Houwink relationship, [771 = KM a, it follows that 
log [77] = log K  +  a log M. Now if there is a direct relationship between 
the molecular weights obtained, and the monomer concentration, then the 
plot of log I77] versus log [monomer] will be linear. The intrinsic 
viscosities of the severed PMMA side chains increased with increasing 
monomer concentration. Plots of log [77] versus log [monomer] gave 
straight lines in the case of both starch and dextrin.

Increase of temperature was found to decrease the molecular weights of 
the grafted side chains in the case of both starch and dextrin as seen by 
the lowering of [77 ] of the polymers. This may be due either to the increase 
of termination which leads to the formation of shorter chains, or to the 
possibility that more starch alkoxides participate in high polymer forma
tion.

The intrinsic viscosities of the severed chains were found to increase with 
increasing alkoxide concentration, which is unusual in anionic polymeriza
tion. However, these findings may be misleading, since various high 
molecular weight grafts dissolved in methanol and in benzene and were lost.

Mechanism of the Graft Polymerization

The fact that a large proportion of the monomer was converted to 
homopolymer suggested that a termination reaction was occurring. Ter
mination by chain transfer to monomer is not possible, since the monomer 
has no acidic a-hydrogen. Any termination by chain transfer to the
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hydroxyl groups of the starch, if at all possible, does not lead to homo
polymerization.

Another possibility for homopolymer formation is interaction of the 
growing anions with the DA ISO to give dimesyl anion which can initiate 
homopolymerization. Recently it was shown9 that in the polymerization 
of methyl methacrylate by potassium feH-butoxide in DMSO there is 
indication that the true initiator is dimesyl anion formed by an equilibrium 
reaction between DAISO and potassium teH-butoxide. In our case, the 
growing anion is not sufficiently basic due to the electron-withdrawing 
effect of the ester group, and for this reason the reaction with DAISO will 
not be appreciable. Formation of dimesyl anions by interaction of DAISO 
with starch alkoxide is even less probable, due to the much lower basicity 
of the alkoxide as compared to ferf-butoxide.

Another possibility for homopolymer formation is that the system 
might not have been completely anhydrous. Traces of water can react 
with the alkali metal naphthalene to give alkali hydroxide which can 
initiate homopolymerization. However, utmost care was taken in the 
drying of reagents and apparatus, so that this does not seem to be a major 
source for homopolymer formation.

It is known5'10'12 from the anionic polymerization of methyl methacrylate 
that there exist various possibilities of termination leading to the generation 
of methoxide ions, such as interaction with the ester groups of the monomer 
or monomolecular termination by internal cyclization510 as shown in 
eq. (1).

COOCH COOCH COOCH,

P — CH,— C— CH2— C— CH,— C“Me+ 

CH, CH, CH»

0
CH, II CH,
\ JL /

P— CH,— o r  W— COOCH,

CH, CH, +CH,0”Me+
(1)

CH, COOCH,

A cyclic ketone (carbonyl absorption at 1712 cm- 1 )5 and methoxide ion 
are formed. Attack of the starch or dextrin alkoxide on ester groups of 
polymer or monomer may also lead to the formation of methoxide.

To find out whether such reactions occurred in the graft polymerization 
system, we carried out a series of graft polymerization experiments under 
various conditions, neutralized the reaction mixture with acetic acid, and 
distilled out in vacuo the methanol formed (and THF) which was trapped 
in a Dry Ice-acetone bath. The amount of methanol was determined by 
gas chromatography. It was found (Table V) that the quantity of meth
anol (obtained from the methoxide ions) increased with increasing alkoxide
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concentration and with temperature, indicating that the extent of the 
termination reactions increased. Comparison of the infrared spectra of 
starch, homopoly(methyl methacrylate), pure graft polymer, polymer 
fraction soluble in water, and the fraction soluble in the aqueous acid 
hydrolyzate of the graft polymer showed an absorption at 1 712 cm”1 (cyclic 
ketone)6 present in the latter two fractions.

Wiles and Bywater13'14 obtained also methanol in the polymerization of 
MMA by «^butyllithium at — 30°C (Table V). At 10°C they found that 
the amount of methanol obtained was almost equal to the amount of 
butyllithium used. In our case the amount of methanol obtained was 
only about 10% of the alkoxide concentration. This difference may be 
due to the higher reactivity of the butyllithium, which was found lo attack

TABLE V
Determination of Free Methoxide Anions in (lie Polymerization Mixture 

in (¡raft, Polymerization of Methyl Methacrylate on Starch“

Starch,
g r/

/o

[ Alkoxide]

mmole/1.

[Mono
mer!» 

n mole/L
Temp,

° C

| Methanol] 
mmole/1.b

3.33“ 50 307. S 900 20 25.0
3.33“ 40 246.2 900 20 15.0
2.00 50 246.2 962 10 21.3
2.00 50 24S. 2 962 30 24.0
2.00 50 246.2 962 50 25.3

d — 3.8 (BuLi) 250 -3 0 3.5
d ■— 7.6 (BuLi) 250 -3 0 G.7

“ The reaction mixture was neutralized with acetic acid and the methanol formed was 
distilled in vacuo and determined quantitatively by gas chromatography.

b The amount of methanol may be a little higher, since some methanol may have 
escaped during the distillation.

0 In these experiments the total volume of the reaction mixture was 100 ml, in the 
others it was 75 ml.

d Values taken from those of Wiles and Bywater13 for the homopolymerizafion of 
MMA by BuLi.

the monomer, generating most of the methoxide ions, as evidenced by their 
liberation in the early stages of the polymerization. The liberated meth
oxide ions may be mainly responsible for the homopolymerization ob
served.

It may be noted that the growing ends may be dissociated more or less 
completely, due to the high dielectric constant and solvation power of the 
DMSO. Solvation by complex formation with methoxide ions, formed by 
the side reactions, may also occur as was found611 previously. These 
different solvations cause different propagation rates and can lead to (he 
wide molecular weight distribut ion mentioned.

In the anionic polymerization of methyl methacrylate it was found1"'11
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that alter initiation there was a rapid addition of monomer. When the 
chain reached a DPn of 3-10, there was a great possibility of intramolecular 
cyclization, leading to termination and formation of a cyclic trimer (cyclic 
ketone). After this stage the possibility for cyclization became much 
smaller. This means that the terminated fractions are mainly low molecu
lar weight products which dissolved in the water extractions or after acid 
hydrolysis, as supported by the infrared spectra. From this it may be 
concluded that the cleaved side chains, of which the intrinsic viscosities 
were measured, were composed of the relatively high molecular weight 
fractions, which were the major part of the total grafted PMMA.

The linear dependence of log [17] on log [monomer], meaning that the 
molecular weights were directly proportional to the monomer concentra
tion, can be explained by one or two ways, (a) Termination is mono- 
molecular15 where DP = (Kp/K t) [M ]. The formation of the cyclic 
ketones supports the existence of monomolecular terminations. (6) The 
linear increase of molecular weight with monomer concentration may be 
correlated also with the possibility that the growing ends which have 
DP > 10 remain “living,” and essentially do not suffer termination during 
the very short time required for propagation. Obviously in this case 
increasing the monomer concentration will increase the molecular weight. 
These “living” ends may eventually terminate, for example by mono- 
molecular termination.

Support for the existence of “living” ends may be seen from the results 
of the experiment (Table II) in which the monomer was added in two por
tions to the starch alkoxide. The [77 ] det ermined on the cleaved side chains 
was 0.075 dl/g, which was higher than that obtained in a similar experiment 
in which all the monomer was added in one portion ([77] = 0.052 dl/g). 
This may be explained by the possibility that added monomer was poly
merized on the “living” ends leading to the higher molecular weights.

Based on the molecular weights of the grafted side chains, and on the 
content of PMMA and starch or dextrin in the pure graft polymers, it is 
possible to calculate the average distribution of the side chains on the 
polymer backbone; thus about one PMMA chain is attached for every 
150-200 glucose units of the starch or dextrin molecule. This calculation 
is based only on the side chains which were insoluble in water and were re
covered from hydrolysis. It does not include the small fractions of very 
low graft polymers which on hydrolysis remained attached to a glucose 
unit and became soluble in water. Taking these fractions also into con
sideration, the distribution will be lower than that calculated but never
theless it would be much less than that calculated from the initial monomer/ 
alkoxide ratios. From (his it may be concluded that only a small fraction 
of the alkoxide was involved in initiation of high molecular weight polymer.

Research support from the United States Department of Agriculture, Grant No. FG- 
Is-166 is acknowledged.
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Properties of PVC. I. Properties of PVC Films 
Prepared by Casting and by Precipitation

JIRI MALAC, EVA SlMUNKOVA, and JIlVl ZEL1NGER, 
Department of Rubber and Plastics Technology, Technical University, 

Prague, Czechoslovakia

Synopsis
This investigation compares the properties of PVC films prepared both by easting 

from tetrahydrofuran solution and from samples obtained by precipitation with proper
ties of samples from the original PVC. The differences in properties are explained on 
the basis of solvent residues remaining in the samples even after tempering at higher 
temperatures and after extremely long times of drying. Attention was given to the diffi
culties caused by this fact, namely, in observing the influence of molecular weight and 
of distribution of molecular iveights of fractions on PVC properties. Reasons were given 
for the retention of the tetrahydrofuran by PVC.

INTRODUCTION

A number of investigations have reported on the properties of polt
ritiv i chloride) (PVC) samples obtained either by solution casting or by 
precipitation of PVC from solution. 1-14 The changes of properties of 
precipitated samples and of cast films in comparison with properties of the 
original polymer are usually attributed to the lowering of degree of polymer 
arrangement,6-7'9'16 and changes of these properties caused by tempering 
are similarly explained by an increase in the order of arrangement.

The melting point of PVC crystallites is reported416-18 to be above 200°C. 
In this temperature range polymer degradation occurs to such an extent 
that it is practically impossible to prepare the polymer with the lower de
gree of arrangement by the usual method, i.e., by fusion of the crystallites 
followed by cooling. The study of cast films and precipitated polymer 
properties is therefore the only procedure that can give insight into this 
tendency of the polymer arrangement to be changed.

EXPERIMENTAL

Materials

The PVC used was Halvie 223 ( 177 ] = 0.63 dl/g). Tetrahydrofuran 
solvent was cleaned by shaking with ferrous sulfate, dried over solid NaOH, 
distilled, and again dried over sodium. It was distilled just prior to use.

1393
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Cast films were prepared from a 1% (weight) solution of PVC in tetra- 
hydrofuran, which was heated 30 min at 50-55°C under reflux to disinte
grate and dissolve the large aggregates. The solution, after cooling, was 
poured into an aluminum foil pan and then dried at room temperature 
first in a fume chamber hood and then under vacuum for a week. The 
whole drying time took 3 months. Thus films having a thickness of 
0.05-0.07 mm and a density of 1.3780 g/cm3 were obtained.

Precipitated PVC was prepared from 2 1. of 10% (volume) solution of 
Iialvic 223 in tetrahydrofuran (THF) by heating 30 min at 50-55°C under 
reflux. After the solution was cooled to 25°C the polymer was precipi
tated by the addition of 2 1. distilled water with continual stirring; TIIP 
was distilled off at 25—10°C under vacuum. The resultant precipitate in 
the form of an agglomerate was dried in a fume chamber hood then in a 
desiccator at 25-30°C.

From the original and precipitated polymer were obtained film and sheet 
specimens.

Films with a thickness of ca 0.1 mm were cut into samples having dimen
sions 2 X 2 X 0.1 mm. These were tempered 3 hr at S5°C and then used 
for density measurements. The preparation of these films entailed either 
milling at different times and temperatures or pressing at different tem
peratures for 3 min at 200 kp/cm2 between polished aluminum sheets.

Sheet compounds were prepared from a mixture of PVC containing 1% 
Advastab 1) 071 (stabilizer). The mixture was milled 5 min at 160°C to 
give sheets with a thickness of 2.2 mm, which were then compression- 
molded 3 min at 190°C in a small frame under a pressure of 120 kp/cm2. 
Thicknesses varied between 2 and 4 mm. After tempering 3 hours at 
85°C these were used for determination of properties.

Characterization
Density at 20°C was measured by means of a density gradient column. 

Methanol was used to wet the samples.
Tensile strength corresponding to the upper yield point was measured at 

deformation velocity of 50 mm/min.
Notch impact strength was determined according to DIN 53 453.
Embrittlement temperature on specimens with a dimension of 20 X 0 X 2 

mm was determined in an apparatus described in Czechoslovak Standard 
CSN 62 1555 in which the sample is bent at a constant deformation ve
locity at various temperatures.

Dynamic properties, including values of the real component of dynamic 
elasticity modulus in torsion G' and of mechanical attenuation tan 5 were 
obtained by means of a torsion pendulum, working on the principle of 
natural oscillations at frequencies of 0.2-2.0 Hz.

Kinetics of density changes were observed on samples of cast films or on 
samples of sheets of precipitated PVC which were heated for various times 
and at different temperatures in a test tube in a silicone bath and then rap
idly cooled to 20°C.
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RESULTS

The densities of milled films of precipitated and of original PYC are 
compared in Figure 1 . The densities of compression-molded films of 
precipitated and of original PVC are contrasted in Figure 2 . The density 
of the films depends on the time and temperature of milling or on the tem
perature used in compression molding. The density of milled films is 
higher than that of compression-molded ones.

Fig. 1. Density dependence of I'VC films on time and on temperature of milling: (O) 
original polymer; ( • )  precipitated polymer.

The dependence of density changes of cast films on time and temperature 
of tempering is shown on Figures 3 and 4. The density changes up to 
90°C can be explained by volume relaxation in the zone Te corresponding 
to release of tension which remained in the sample after evaporation of 
solvent.

The dependence of density of samples in the form of 2-mm sheets ob
tained from precipitated PVC on time and temperature is shown in Figure

TABLE I

Original PVC Precipitated PVC

Tensile strength, kp/cm 2 733 696
Notch impact strength, kp/cm 1.9 1.8
Embrittlement temperature, °C 15 46
Density at 20°C, g /cm 3 l .4055 1.3940
Ta from dynamic measurement, “C ss 75
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temperature of pressing

Fig. 2. Density dependence of PVC films on compression-molding temperature: (O) 
original polymer; ( • )  precipitated polymer.

Fig. 3. Density dependence of PVC films east from Letraliydrofuran solution on time 
and temperature of tempering.
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The properties of sheets prepared in the same way from the original and 
precipitated polymer are compared in Table I.

Dynamic properties of the original polymer and for precipitated polymer 
are plotted in Figures 6 and 7, respectively.

Fig. 4. Density dependence of PVC films cast from tetrahydrofuran solution on time 
and temperature of tempering.

Fig. §. Density dependence of 2-nun sheets prepared from precipitated PVC on time
and temperature of tempering.
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t e m p e r a t u r e

Fig. 6. Dependence of G" and tan 6 on temperature for a sample of original PVC.

t e m p e r a t u r e

Fig. 7. Dependence of G' and tan S on temperature for a sample of precipitated PVC.

DISCUSSION

Let us consider the question: What is the reason for the property 
differences between cast films and samples prepared by precipitation of 
PVC and samples of the original polymer? As mentioned in the intro-



PROPERTIES OF PVC FILM S 1,10<)

Fig. 8. Weight, loss dependence of 2-mm precipitated PVC samples on time and tem
perature of tempering.

duction, these changes are usually ascribed to reduction in the ordered 
arrangement of t he polymer.

This concept is supported by the evidence cited above that the density 
of precipitated or cast films is lower than that of the original PVC sample. 
It is also supported by the course of density changes at temperatures 
above 90 °C.

However, inconsistent with this concept is the fact that density changes 
as a function of time cannot be described by Avrami’s equation, which 
would be the case normally, if it were merely a matter of increased degree 
of crystallization. This inconsistency is not usual in view of the fact that 
there are published cases of crystallization processes which do not satisfy 
the Avrami equation. The fundamental inconsistency may be stated as 
follows.

The reduction of molecular arrangement should necessitate not only a 
decrease in density but also an increase of notch impact strength (ac
cording to the data in Table I only a slight drop was noted) and a decrease 
in temperature embrittlement (according to the data in Table I the reverse 
effect was observed, viz. a significant increase in embrittlement tempera
ture was caused by precipitation).

This inconsistency cannot be explained on the basis of a reduction in 
ordered molecular arrangement , or at least not on this basis alone.

By comparison of dynamic properties of samples of the original and 
precipitated PVC we see that precipitation causes the disappearance of the 
d maximum in the curve of mechanical attenuation as a function of tempera
ture and also Ta is shifted to lower temperatures, which is analogous to 
the results reported by Bohn19 for mixtures of PVC with plasticizers.
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Fig. 9. Quantitative dependence of residual tetrahydrofuran on drying time: (O) at 
room temperature and ( • )  at 50°C.

Since our samples contained no added plasticizer, these property changes 
brought about by precipitation must be a result of the influence of solvent 
residues, even though one would expect that THF with a boiling point of 
65°C would not remain in mixture after long-term drying, milling at 160°C, 
pressing at 190°C, and 3 hr tempering at So°C.

The presence of THF in the samples of precipitated PVC and in cast 
films was demonstrated as follows.

We should point out that the presence of solvent residues in the mixtures 
could also explain the density drop of precipitated and cast samples, be
cause THF has a density of 0.888 g/cm3 at 20°C.

Presumably if THF is truly present in the samples, it should be possible 
to demonstrate a weight loss of samples after a sufficiently long time of 
heating. Samples of 2 mm sheets prepared from precipitated PYC 
(Halvic 223) were therefore heated at various times at 90, 110, and 130°C. 
The dependence of weight loss as a function of time and temperature of 
heating is seen on Figure 8. The weight loss of the samples increases 
quite naturally with increasing temperature and with tempering time.

For identical time treatments the weight loss of an identically prepared 
and identically tempered sample of original PVC was compared with a 
sample of precipitated PVC to check the possibility of polymer degrada
tion. For the 4-mm sheets of original polymer the weight loss after 6 hr at 
110°C was 0.062%, while with sheets of precipitated PVC the weight loss 
was 0.32%.
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Fig. 10. Quantitative dependence of residual tetrahydrofuran on heating temperature. 
Heated 1 hr at temperature T, weighed, and then temperature increased by 10°C.

Under identical conditions, viz., after 6 hr at 110°C, the weight loss of 
powdered original PVC was 0.59%, while the weight loss of precipitated 
PVC was 8.42%.

Films cast from solution were dried at room temperature first in a fume 
chamber, then a week under vacuum, and finally for 1 year at room tem
perature. The weight loss of these films after 6 hr drying at 110°C was 
5.8%.

Conclusive evidence that precipitated PVC does lose THF during this 
heat treatment was demonstrated by means of pyrolytic gas chroma
tography at 250°C.

Since the weight loss of samples by tempering shows only the presence of 
residual solvent and gives no idea of the absolute quantity, questions of 
theoretical and practical importance may be asked: (1) what quantity of
THF is present in the PVC samples dried at normal or elevated temperature 
to constant weight? (8) In case this amount is not zero, is it possible to re
move these solvent residues?

In a Petri dish 50 g of PVC was dissolved in 200 ml of THF. The 
amount of residual THF as a function of drying time at room temperature 
and at 50°C is shown in Figure 9. From this figure it can be seen that the 
drying of PVC-THF mixture to constant weight does not mean the total 
removal of solvent and that use of vacuum is not effectual in reducing the 
quantity of remaining solvent.

Figure 10 shows the THF residue as a function of temperature for a 
sample dried at room temperature to constant weight by heating con
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tinuously for 1 hr at temperature T and weighed. Then the drying tem
perature was increased 10°C. From Figure 10 it can be seen that deg
radation of the sample occurs in advance of drying. Thus the curve 
shows not only the solvent loss but also the weight loss of PVC by deg
radation. The sample of original powder of PVC, which had nearly the 
same color as the cast sample dried at 120°C (marked degraded) had a 
weight loss of 2.6%. One might object that PVC without stabilizer was 
used for drying and that the addition of stabilizer perhaps could delay the

Fig. 11. Density dependence on tempering time at 110°C for samples of (o) original 
PVC and ( • )  precipitated PVC.

degradation and permit a more efficient drying of sample. For investiga
tion of this possibility we used samples of 2 mm sheet prepared in the same 
way but consisting partly of original and partly of precipitated polymer. 
The plot of density of these samples as a function of tempering time at 
110°C is shown in Figure 11. From this figure it can be seen that with 
increasing time of drying the density of precipitated samples approaches 
that of samples of original PVC (and may conceivably approach its limit). 
From a practical point of view, it is impossible to reach the density of 
original polymer because the samples are quite degraded after 6. days of 
tempering.
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CONCLUSION
It has been proved that the property differences between the original 

PVC samples and solvent-cast PVC films or samples precipitated from 
THF solutions is due in part to incomplete removal of solvent and that the 
residual solvent remains even when the samples are heat-treated at high 
temperatures for extremely long times.

Due to the impossibility of transformation of precipitated polymer back 
to the original polymer (because of the impossibility of thoroughly drying 
PVC) it is concluded that neither samples of precipitated PVC nor samples 
of cast PVC films can be compared directly to original polymer. It is 
very important therefore that, the authors of some investigations2-710-14 
who were unaware of this phenomenon recheck their conclusions. Their 
studies deal with the influence of molecular weight and of distribution of 
molecular weights on PVC properties.

It is obvious that properties of cast films or of precipitated PVC will be 
less dependent on polymer characteristics for example, on molecular weight 
of comparable fractions than on content of residual solvent.

By comparison of dynamic properties of samples from the original and 
from precipitated PVC it is apparent that the precipitation processing 
eliminates the ff maximum of mechanical attenuation. Bohn19 sets down 
the dissolution of ft maximum up to a total locking limitation of movement 
of chain sections. Quite logically if it is possible to lock the movement of 
chain segments by interaction of solvent with polymer, it is also possible to 
cause retention by the same interaction of polymer with solvent, a retention 
of a significant amount of solvent in sample.
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Synopsis
Polymerization of A-benzyloxymaleimide(I) was attempted to obtain a polymer with 

the A*hydroxysuccmimide unit in the chain. In the light of infrared and NM R data 
the compound reported by Ames as A-benzyloxymaleimide is A-benzyloxyisomaleimide
(III). Homopolymerization of III did not give polymer. Copolymerization of III with 
styrene was carried out in dioxane at 70°C. A strong alternation tendency like that of 
maleimides was observed. Monomer reactivity ratios and Q-c values were determined. 
Copolymer having the isoimide structure showed infrared absorptions at 1815 and 1675 
cm-1 in the carbonyl region. The copolymer was isomerized to iV-benzyloxymaleimide 
type copolymer and debenzylated to A-hydroxymaleimide type copolymer. An in
soluble copolymer was prepared by using divinylbenzene as a crosslinking agent and 
was converted to .V-acetoxymaleimide type copolymer, which was used as an insoluble 
acetylating agent.

INTRODUCTION

Highly reactive and racemization-free A-hydroxysuccinimide esters of 
the amino acids and peptides are sometimes used as a potent “activated” 
ester for the peptide synthesis.1'2 In a study on polymeric reagents, we 
were interested in the preparation and use of polymers having A-hydroxy- 
succinimide units in the chain. Use of such polymers, would facilitate var
ious procedures in synthesis, i.e., separation of reaction mixture, purifica
tion of the product, and recovery of the original hydroxy polymer. Such 
a polymer was obtained3 in previous studies from styrene-maleic anhy
dride copolymer by means of polymer modifications and was used as a 
polymeric agent in acylation of amines. In the meantime, another study 
on the use of linear and crosslinked A-hydroxysuccinimide polymers pre
pared from ethylene-maleic anhydride copolymer has been reported by 
Laufer et al.4

In order to obtain the crosslinked bead-type polymer which is expected 
to be much easier in handling, a preparative route via polymerization of a 
definite monomer should be investigated. In the present study, copoly-
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merization of A-benzyloxyisomaleimide with styrene and modifications of 
the derived polymer to the A-hydroxyimide type polymer arc described.

RESULTS AND DISCUSSION

Ames and Grey6 reported the formation of A-benzyloxymaleimide (I) 
by thionyl chloride treatment of A-benzyloxymaleamic acid (II), which was 
derived from maleic anhydride and O-benzylhydroxylamine in benzene.

TIC—CO
\

N —OBz
/

l i e —CO
I Bz; — CHiCiHs

Examination of the product obtained by Ames’s procedure revealed that 
it is A-benzyloxyisomaleimide (III) as shown by eq. (1)

IIC—CO HC—COOII
\  HiNOBz

0  ----------» ---------- >

HC— CO7 HC—CONHOBz
II

IT,—C—CO
\

O  ( 1 )
/

TT],—C—( f '
X
X

N—OBz
III

Several isoimides are reported in the literature, and the formation seems 
to depend on the reaction conditions used.0 The infrared spectrum of the 
isoimide (III) exhibited a strong absorption due to the carbonyl group at 
1 795 cm-1  and a weak absorption due to the —C =N — linkage at 1 G30 
cm-1. These absorptions are observed in isoimides but not in normal imides. 
The NMR spectrum showed two doublet peaks at 7.20 8 due to Ha, and 
at 6.30 5 due to Hb, indicating unsymmetrical nature of the molecule.

Attempted isomerization of the isoimide into the imide (I) under thermal, 
photochemical and catalytic conditions has not yet succeeded. Homo- 
polymerization of the isoimide in dioxane with azobisisobutyronitrile 
(AIBN) at 70:>C did not give a polymer. Copolymerization of the iso
imide with styrene produced polymer. The copolymerization was con
ducted in dioxane with the use of AIBN as an initiator at 70°C. The 
results are shown in Table I and the copolymerization diagram is presented 
in Figure 1. A marked tendency for alternation can be observed in the 
isomaleimide-styrene copolymerization. The monomer reactivity ratios 
were calculated according to the usual methods yielding values for r\ for 
A-benzyloxyisomaleimide of 0.09 ±  0.06 and for r2 for styrene of 0.22 ± 
0.08. Q and e values for the isomaleimide are 0.96 and 1.18, respectively.
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TABLE I
Copolymerization of AT-Benzyloxyisomaleimide with Styrene*

No.

Initial mixture

Conver
sion,

%

Analysis 
(found )
N, %

Polymer composition

Sly rene, 
molc-%

Benzyl-
oxyiso-
male-
imide,

mole-';//
Styrene,
mole-%

Benzyl-
oxyiso-
male-
imide,

mole-%

1 DO 10 13 2.63 7G 24
2 80 20 14 3.3-1 08 32
3 00 ■10 10 -1.20 55 45
i 50 r>o 15 4.45 52 48
r> -10 00 13 4.42 52 48
6 20 so to -1.83 40 54
7 10 00 4 5.47 36 64

“ Polymerization conditions: 70°C in dioxane; monomer mixture, 2.18 mole/1.; 
AIBN initiator, 0.18 mole/1.

The Q, e values reported7 for maleimide-styrene are 1.8 and 1.34, respec
tively.

The infrared spectrum of the typical alternating copolymer of isomale- 
imide-styrene (IV) showed two strong absorptions at 1815 and 1 075 cm-1, 
of which the former was due to the carbonyl group of the five-membered

Fig. 1. Copolymerization diagram for jY-benzyloxyisomaleimide (Mi) and styrene
(M,).

isoimide ring and the latter might be ascribed to the —C = N — linkage. 
Literature reports indicate that several attempts to prepare isoimides with 
a saturated ring system were unsuccessful.6 In our case, a saturated iso
imide structure was easily obtained by polymerization of an unsaturated 
isoimide.
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—CI-I—OH,—CH—CH—
HCl

--------->
in

d ioxane

IV

—CH—CH2—CH—CH—

I
OBz

V

(2)

When copolymer IV was treated with hydrochloric acid in dioxane at 
70°C, isomerization of the isomaleimide moiety occurred, and normal 
A-benzyloxyimide type copolymer (V) was produced. The conversion was 
high but not quantitative. The infrared spectrum of polymer V displayed 
carbonyl absorptions at 1780 and 1720 cm-1  which are characteristic of 
normal saturated imides. Absorptions due to free IV-hydroxyl group were 
not detected. Treatment of polymer IV with acetic acid alone at 70°C did 
not cause isomerization. The isomerization might be brought about at 
first by cleavage of the isoimide ring, and then by cyclization of the re
sulting amic acid moiety to the imide structure.

In connection with the isomerization, a preparation of a polymer with 
V-benzyloxymaleamic acid units in the chain was attempted to test the 
ease of cyclization of the amic acid. Copolymerization of the amic acid 
with styrene in dioxane at 75°C using AIBN gave polymer V', whose in
frared spectrum showed that most, of the carbonyl absorption was due to 
the imide group and not to the amic acid group.

HC—COOH
|
I
I

HC—CON HO B/,

II

The imide structure was obtained by polymerization at elevated tempera
ture. I t was thought that a polymer having the amic acid alone might be 
difficult to prepare because of the ease of cyclization. On treatment with 
hydrochloric acid, polymer V' gave polymer V.

Debenzylation of the A-benzyloxy group is not familiar, although the 
benzyl group is usually removed by action of hydrogen bromide in acetic 
acid at room temperature. Treatment of the normal type imide polymer 
V with hydrogen bromide in acetic acid at elevated temperature for 2 hr 
gave debenzylated V-hydroxymaleimide type copolymer (VI).

+  Styrene o=c C = 0  I 0 C C O
\  /  I !

N HO NH
! I

OBz OBz
V'

C!)

—CH—CH2—CH—CH— —C H --CH-,—CH—CH— —CH—CH2-  
i

-CH—CH—

i f  1 0 = C  C = 0
\  / - 6

O II
/

°
-

\ 'a
—

 
II o o

-
o

t

1
c  c = o

N Ni
OBz OH OAc

VI VIIV
(4)
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The structure of polymer VI was confirmed by the agreement of infrared 
absorption peaks with those of the polymer obtained previously.3 By the 
reaction of polymer VI with acetic anhydride in dimethylformamide 
(DMF) at room temperature, V-acetoxyiinide type copolymer (VII) was 
easily obtained. The infrared spectrum of polymer VII and the corre
sponding polymer previously obtained were the same.3 The hydrogen 
bromide treatment of the isoimide polymer IV gave Ar-hydroxyirnide 
polymer VI. In this treatment, isomerization followed by debenzylation 
took place.

Copolymerization of the isomaleimide with styrene in the presence of 
divinylbenzene yielded a crosslinked copolymer (VIII). This polymer 
was isomerized and debenzylated by routine treatment and acetylated 
with acetic anhydride in DMF to give an insoluble N-acetoxyimide type 
copolymer (X), which had partly unreacted isomaleimide functions as 
well as X-acetoxyimide units. The infrared spectrum showed several peaks 
in the carbonyl region. The transformation of the inner part of the cross- 
linked polymer was not obtained. The acetoxy imide content of the copoly
mer X was determined to be 88 mmole/g by a chemical method based on 
the reaction of polymer X with cyclohexylamine to give V-cyclohexylacet- 
amide. The amide produced was pure enough not to require recrystalliza- 
tion.

This crosslinked polymer can be used as an insoluble polymeric reagent 
in such solvents as DMF, and use of these polymers simplifies the work-up 
of acetylation reactions.

EXPERIMENTAL

Infrared spectra of the products were obtained on potassium bromide 
disks by use of a Hitachi infrared photometer, Model EPI-S2; the NMR 
spectrum was obtained in carbon tetrachloride solution with tetramethyl- 
silane as an internal standard.

Monomer Preparation

iV-Benzyloxymaleamic Acid (II). According to Ames’ procedure,4 
maleic anhydride was treated with an equimolar amount of O-benzyl- 
hydroxylamine in benzene at room temperature for 2 hr to yield II as a 
precipitate. Recrystallization from chloroform gave crystals of II, nip 
122-123°C (Lit.4 mp, 121-122°C).

A nal . Calcd for CnHu0.iN: N, 6.33%. Found: N, 6.47%.

Af-Benzyloxyisomaleimide (III). According to Ames’ procedure,4 the 
amic acid II was treated with thionyl chloride in benzene at refluxing tem
perature, followed by work-up procedures to give III. Recrystallization 
from /t-hexane gave colorless needles, mp 80-80.5°C (Lit.4 mp, S0-81°C).

Anal . Calcd. for ChH dOjN : C, 65.02%; 11,4.46%,; N, 0.89% . Found; 0,64.03% , 
H, 4.60% ; N, 6.91%.
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Peaks of the NMR spectrum were 7.28 5 (singlet 5H due to aromatic ring 
hydrogens), 7.22 5 (doublet 1H), 6.30 5 (doublet 1H), and 5.13 5 (singlet 
2H due to benzylic methylene hydrogens).

Polymerization

Copolymerization of the isomaleimide with styrene was performed in 
dioxane with azobisisobutyronitrile (AIBN) as an initiator. The total 
amount of monomers was 2.18 mole/1, and the amount of initiator was 
0.18 mole/1. The polymerization tubes were sealed off under vacuum and 
heated in a bath thermostatted at 70°C for 0.5-1.0 hr. The polymer 
solution was then poured in methanol, and the polymer was purified by 
reprecipitation from tetrahydrofuran to methanol. The polymer composi
tion was determined by nitrogen analysis. The results are shown in Table 
I and Figure 1. The monomer reactivity ratios were obtained by use of 
both the Fineman-Ross and the linear line-crossing technique, and the 
Q-e value was calculated according to the usual copolymerization equation.

Homopolymerization of the isomaleimide (4.06 g, 0.02 mole) in dioxane 
(10 ml) with AIBN at 70°C gave a trace of precipitate which was insoluble 
in ether but soluble in methanol.

Preparative-scale polymerization was carried out in an open flask with 
stirring under an atmosphere of nitrogen. A solution of isomaleimide 
(15.0 g) and styrene (15 ml) in benzene (230 ml) was heated at 70°C for 
6 hr with AIBN (620 mg), and then subjected to the usual work-up pro
cedures; the procedure gave 15.2 g of V-benzyloxyisomalcimide-styrene 
copolymer (IV). Analysis showed 4.21% N.

The major infrared absorptions were at 1815, 1675, 1495, 1455, 1370, 
1125, 1020, 985, 735 and 700 c n r 1. The inherent viscosity in DMF (0.5 
g/100 ml) was 0.06.

Conversion of Copolymer IV into V-Benzyloxymaleimide Styrene
Copolymer (V)

A mixture of 3.00 g of IV in 40 ml of dioxane and 20 ml of concentrated 
hydrochloric acid was heated at 60-70°C for 2 hr. The reaction mixture 
was poured into 500 ml of water, and the separated polymer was collected 
by filtration, washed with water, and dried. After reprecipitation from 
dioxane to methanol, the yield was 2.4 g. Analysis showed 3.66% N.

The infrared absorption peaks of polymer V were at 1780, 1720, 1495, 
1455, 1380-1345, 1210, 1055, 740, and 700 cm-1. The polymer could not 
be acetylated with acetic anhydride in DMF.

Conversion of Copolymer V into V-Hydroxymaleimide Styrene Copolymer
(VI) and Its Acetylation

A mixture of 100 mg of polymer V and 5 ml of a solution of hydrogen 
bromide (20%) in acetic acid was heated at 65°C for 3 hr. The reaction 
mixture was poured into 100 ml of water, and the precipitated polymer VI
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was collected. The infrared absorptions of the polymer were at 3500-2700, 
1780, 1705, 1495, 1455, 1070, and 700 cm-1, and the spectrum was identical 
with that of the N-hydroxymaleimide type copolymer obtained previously.3

Polymer VI was further subjected to acetylation. The polymer VI thus 
obtained (ca. 40 mg) was treated with 1 ml of an acetic anhydride-DMF 
(1:1) solution at room temperature for 10 hr. The solution was poured 
into methanol and the product was separated and dried. The product, 
copolymer of A-acctoxymalcimide-styrenc (VII), showed absorption peaks 
at 1815, 1785, 1740, 1495, 1455,1370, 1220, 11(35,1050,830, and 700 c m 1, 
which were identical with those of the previously obtained V-acetoxyimide 
copolymer.3

Conversion of Polymer IV to Polymer VI in Hlir AcOII

A mixture of 0.0 g of polymer IV and 00 ml of a solution of hydrogen 
bromide (10%) in acetic acid was heated at 70°C for 2.5 hr. The polymer 
did not dissolve but was deformed in shape in the acid solution. The re
action mixture was poured into 500 ml of water, and the polymer was 
collected, washed with water, and dried. Reprecipitation from DAIF to 
methanol-water gave polymer VI. The yield was 4.7 g (theoretical con
version, 4.3 g). Analysis showed 3.91% N.

The infrared spectrum of the product was 1 he same as that of the polymer 
obtained from polymer V. Detection of a small fraction due to polymer V 
was difficult. The spectrum showed that the structure was the anticipated 
one.

Copolymerization of A-Benzyloxymaleamic Acid with Styrene

A mixture of 5.53 g of the amic acid II, 10 ml of styrene and 100 mg of 
AIBN in 40 ml of dioxane was heated at 75°C for 8 hr in a sealed tube. 
The polymer solution was poured into 500 ml of methanol. The polymer 
collected was 3.6 g (polymer V'). The infrared spectrum showed a strong 
absorption at 1700 cm-1  and a small absorption at 1780 cm-1, together 
with small bands at 1680-1600 cm-1. The strong absorptions of the amic 
acid in the region 1600-1400 cm-1  almost disappeared. When polymer V' 
was treated with hydrochloric acid, a decrease of absorptions at 1680-1600 
cm-1  was observed, which showed further conversion of polymer V' to 
polymer V.

Crosslinked Copolymer of V-Benzyloxyisomaleimide and Styrene(VIII)

A mixture of 5.0 g of A-benzyloxyisomaleimide, 4.0 ml of styrene, 0.5 ml 
of divinylbenzene, and 0.20 g of benzoyl peroxide in 100 ml of water con
taining a small quantity of poly(vinyl alcohol) was heated at 80°C for 
2 hr with stirring under a stream of nitrogen. The separated polymer was 
washed by swelling in acetone; then it was collected and dried under 
vacuum. It was not beadlike in shape. The total yield was 6.21 g.
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Reactions of Polymer VIII
Conversion to Y-Ilydroxyiniide Type Polymer (IX) and V-Acetoxyimide 

Tape Polymer(X). A 2.0-g portion of polymer VIII was added to 5.0 ml 
of hydrogen bromide (10%)-acetic acid solution, and the mixture was 
heated at 60°C for 3 hr. The product was collected and washed with water. 
This was considered to be crosslinked A'-hydroxymaleimi de-styrene 
copolymer (IX). The polymer IX was further treated with acetic an- 
hydride-DMF solution at room temperature for 12 hr. The polymer was 
separated by decantation and washed with methanol. The yield of the 
polymer was 1.7 g. This polymer was a copolymer of iV-acetoxymaleimide- 
styrene (X). The infrared spectrum showed absorptions in the carbonyl 
region at 1815, 1785, 1740, 1720, and 1675 cm-1, suggesting that the 
polymer contained other than the X-acetoxyimide function.

Reaction of Polymer X. A mixture of 1.0 g of polymer X and a slight 
molar excess of cyclohexylamine in DMF was allowed to react at room 
temperature for 10 hr and then the polymer was removed by filtration. 
Evaporation of the filtrate gave 124 mg crude A-cyclohexylamide, mp 
103°C Lit.8 mp, 104°C) without recrystallization. This value corresponded 
to 0.88 mmole/g of acet.oxy content in polymer X.
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Sulfur Modification of Polyethylene Surfaces. I. 
Insertion of Sulfur into Polyethylene Surfaces

DOUGLAS A. OLSEN* and A. JEAN OSTEllAAS,f Research Center, 
Ashland Chemical Cu., Minneapolis, Minnesota 55J$0

Synopsis
Atomic sulfur generated respectively by the pyrolysis of carbonyl sulfide and by the 

photolysis of carbonyl sulfide, carbon disulfide, and sulfur vapors has been shown to 
modify irreversibly the surface of polyethylene as shown by wettability measurements. 
The nature of the modification is not completely apparent from this portion of the study, 
however, insertion of the atomic sulfur into a carbon-hydrogen bond to form a surface 
thiol group appears likely. The modified surfaces thus formed are shown to undergo 
several classical organic reactions, as determined by wettability measurements.

INTRODUCTION

It has been shown that substituted carbenes and nitrenes react with poly
ethylene and other polymer surfaces.1 Since atomic sulfur is isoelectronic 
with both carbenes and nitrenes, it would seem reasonable to expect that 
atomic sulfur also reacts with the carbon-hydrogen bonds of polymers, thus 
forming mercaptans (thiols) on the surfaces. The literature also refers to 
several instances of insertion of atomic sulfur into carbon-hydrogen bonds 
with formation of mercaptans.2 Atomic sulfur also reacts with olefinic 
double bonds to give thiiranes.3 The latter references, however, are for 
reactions taking place in the bulk of the material and are not surface reac
tions. In the work discussed here the reactions of hydrocarbon surfaces 
and atomic sulfur are considered.

In the previous studies, the substituted carbenes and nitrenes were first 
reacted with a polyethylene surface. The critical surface value yc ol the 
new surface was then determined and compared with the critical surface 
tension values of commonly available polymers. In this instance, litera
ture data are not available for the critical surface tension values of sulfur- 
containing polymers. Thus, the procedure here is: (1) to show that all 
reactions between atomic sulfur and polyethylene surfaces give consistent 
critical surface tension values which differ considerably from the critical 
surface tension value of sulfur, and (2) to show that the sulfur-modified

* Present address: Applied Science Division, Litton Systems, Inc., Minneapolis, 
Minn. 55413.

f Present address: Research Division, Gould-National Batteries, Inc., Minneapolis, 
Minn. 55414.
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(thiol) surface may be oxidized to a sulfonic acid surface which can undergo 
further reactions.

An alternate procedure which will be reported later is to form the sul
fonic acid surface by direct sulfonation and compare its properties with a 
sulfonic acid surface prepared by oxidation of the thiol surface.4

EXPERIMENTAL PROCEDURE 

Preparation of Atomic Sulfur

The literature was searched for probable precursors of atomic sulfur. 
Among the possibilities found were carbonyl sulfide (COS),2'3 ethylene epi- 

i--------------------1
sulfide (CH2—CH2—S),6 and carbon disulfide (CS2) ;5 all generated through 
photolysis. Elemental sulfur also appeared to be a possible precursor for 
thermolysis, although extremely high temperatures (1500°C) might be 
necessary.6 In most of the work discussed below photolysis was used; 
however, it will be seen that carbonyl sulfide can also be reacted through 
thermolysis and elemental sulfur can be used at temperatures much lower 
than 1 500°C by a combination of heat and photolysis. Ethylene episulfide 
was not readily available and hence was not considered further.

Pyrolysis and Photolysis Equipment

The pyrolysis experiments with COS or elemental sulfur took place in 
essentially the same equipment as used for the pyrolysis of carbene/nitrene 
precursors,1 viz., in a pyrolysis chamber at about 350°C with a diffusion 
distance of 1.4 cm and a time of exposure sufficient to soften the polymer 
substrate. For the gaseous COS the chamber was equipped with entry and 
exit ports.

In the photolysis experiments, the radiation source was an Hanovia 
Model 7420 mercury arc lamp. The polymers to be thus modified were 
suspended in quartz flasks. For exposure to gaseous COS the flasks were 
equipped with entry and exit ports. For exposure to CS2 a small amount of 
liquid in the flask provided sufficient vapor; runs were made both in air 
and nitrogen. No detectable difference was noted. All reactions were 
carried out at room temperature; however, the mercury arc generated 
sufficient heat within the polymer to soften it slightly. The normal time 
of exposure was 30-60 min. The lamp and sample were generally about 16 
cm apart.

For the experiments with elemental sulfur, heat (~125°C) was used to 
vaporize the sulfur; this, together with simultaneous photolysis, generated 
the atomic sulfur. In this instance a quartz plate covered the pyrolysis 
chamber and completely enclosed the polymer to be treated. Other con
ditions were the same as for photolysis.
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Substrate

The polyethylene sheets used in this study were of a commercially avail
able grade (Cadillac Plastic and Chemical Co.). Before exposure to py
rolysis vapors, the sheets were washed in detergent, with subsequent 
copious rinsing first in tap water and then in distilled water.7 Wettability 
measurements on the cleaned polyethylene surfaces gave the expected y0 
values of 31 dyne/cm,8 thus establishing the suitability of the substrate and 
the cleaning procedure.

Surface Reactions
Samples of polyethylene exposed to atomic sulfur generated during the 

pyrolysis of photolysis reaction were subjected to several classical organic 
reactions and the resulting critical surface tension value measured. Since 
the surface was immobile, the reaction conditions were more stringent than 
the classical analogs. The various reaction conditions are given in Table I. 
Controls were also used; in these runs polyethylene which had not been 
exposed to atomic sulfur was subjected to the same reaction conditions. 
No change in the original value was observed.

TABLE I
Reaction Conditions

Reaction Type Chemicals Conditions

(2 ) Oxidation 0.5.1/ KM 11O4 pli 1 0 ; 4 hr, 99°C,
25 hr, 25 °C

(2 ) Neutralization 25% HNO3 10 min, 25 °C
(3.) Chloi'inat ion POOL (undiluted) 10 min, 25°C
(4) Fluorinat ion CF.iCIt.OH 2 0  min, 25°C
(7) Oxidation 0.5/1/ K M 11O4 pH 1 0 ; 11 hr. 99°C; 16

hr. 25 °C
(7) Neutralization 3:1/ IIOl 30 min, 25°C
(«) Chlorinat ion PCI» in CCI, (thick 30 min, 25°C

slurry)
(9) Amination 6/1 /  NILOH 24 hr, 25 °C
( 1 0 ) Formylation Formaldehyde S hr, 25°C
( 1 1 ) Fluori nation Trifluoroacetic

anhydride
24 hr, 25°C

(5), (12) Hydrolysis IOC KOH 10 hr, 100°C

Wettability Measurements
Advancing contact angles were measured directly by using an Eberbach 

telescopic cathetometer equipped with a circular protractor. The pro
cedure was essentially that described by Schonhorn and Ryan.9 The 
wetting liquids were those used previously in this laboratory.10

For each drop of wetting liquid, three or more contact angle measure
ments were made on each side of the drop. The reproducibility was gen
erally about ±3°. Contact angles were also verified on duplicate sur-
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faces. The contact angle values thus obtained for each liquid were aver
aged with the cosines shown in the figures as circles and triangles, the most 
extreme values being given as the error. In general the standard deviation 
would be less than the error shown.

RESULTS AND DISCUSSION 

Surface Treatment
As mentioned above, no literature values are available for the yc values of 

mercaptanlike polymer surfaces. This is unlike the previous work with 
carbenes and nitrenes, where insertion produces surfaces with yc values pre
dictable from a knowledge of existing polymer surfaces. The procedure 
here has been to demonstrate that the reaction of atomic sulfur with poly
mer surfaces produces a surface with a consistent yc value differing from 
that of the original polymer and from that of sulfur. The yc value of the 
stable room temperature form of sulfur (orthorhombic) is known to be 30 
dyne/cm.10

The experimental results for the various atomic sulfur precursors are 
shown in Figure 1 and are summarized in Table II. From the data of

TABLE II
Critical Surface Tension Values of Treated Polymer Surfaces

Substrate Precursor

T o , dyne/cm

Pyrolysis Photolysis
Heat and 
photolysis

Polyethylene COS 39 38.5 —

(To =  31) S 30.5» — 39, 40
cs2 — 38 —

a Value is that of elemental sulfur adsorbed on surface.10

Table II it is possible to assign a tentative ye of 39 ± 1 dyne/cm to the 
sulfur-treated surfaces. This value is clearly different from the yr of 30 
dyne/cm of elemental sulfur. In view of these values, together with the 
known chemistry of atomic sulfur, an insertion reaction is indeed reason
able, viz:

i - H  +  s  - I N h

The following discussion further amplifies the likelihood that insertion of 
atomic sulfur occurs at the C—H bonds of polyethylene surfaces.

Reactions of Thiol Surfaces
If sulfur is inserted at the polyethylene surface, as suggested above, then 

the newly formed thiol surface should react as a mercaptan and undergo the 
classical reactions of mercaptans. Two such reaction schemes are pre
sented here. The general procedure is similar to that used in the previous
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Fig. 1 . Wettabilities of polyethylene exposed to atomic sulfur generated from the 
various precursors noted. The curvature of the data for sulfur and carbon disulfide is 
similar to that observed previously. 10 The dashed line presents data for polyethylene 
exposed to unphotolyzed sulfur vapor.

investigations of carbenes and nitrenes, in that upon completion of each 
reaction in the reaction scheme yc values were determined and compared 
with expected values wherever possible.

In the first reaction sequence the polyethylene surface was photolyzed 
in the presence of CS2 vapors, oxidized by K.MnOj, neutralized with HXO3 , 
chlorinated with POCI3, and fluorinated with 2,2,2-trifluoroethanol. The 
reactions, products, and yc values (with the reaction conditions given in 
Table I) are given in eqs. (l)-(5).

CS2
i - H  > i-S H 7o =  39 dyne/cm ( 1 1A, hu

K M nO t C7~\ 
HNOs

=  53 dyne/cm (2 )

„  POCIj _
|§ - S 0 20 H ----------►g-SCYCl (3)
„  C F jC H îOH  _
§ - S 0 2C l ------------------► |-S O ,O C T r2C F 3 7 ,, =  35 dyne/cm (4)

§ - s o 2o c h 2c f 3 — ^ | - s o 2o h 7 c =  42 dyne/cm (5)

Figure 2 shows the wettability measurements for reactions (1), (2), (4), 
and (5). These results are in general agreement with expected results, i.e., 
upon oxidation of the thiol surface to the more polar sulfonic acid surface an 
increase in the critical surface tension is observed. Treatment with 2,2,2- 
trifluoroethanol produces a fluorinated surface which, as expected, exhibits 
a lowered critical surface tension value. This latter yc value, while low
ered, does not approach the y<- value of polytetrafluorethylene (7 ,. = 18 
dyne/cm) as closely as an analogous step did in previous work with carb- 
ethoxycarbene. 1 These results, however, will be shown in a later publica
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tion to be consistent with other similar data . 4 Finally the 7 4  value for the 
regenerated sulfonic acid surface is only 42 dyne/cm rather than an ex
pected 50 dyne/cm. This might indicate only partial hydrolysis or pos
sibly désulfonation with the formation of colloidal sulfur on the polymer 
surface. Sulfur having a low critical surface tension would, if present, un
doubtedly depress the observed critical surface tension.

I 11 the next reaction sequence the polyethylene surface was photolyzed 
in the presence of sulfur vapors, oxidized, neutralized, chlorinated, anim
ated, formylated, fluorinated, and hydrolyzed. The reactions products 
and critical surface tension values are given in eqs. (6 )-( 1 2 ).

K M nO i

HC1
SO.OII

- S O 2O H  ■
pels

■I-S0Æ1

yr =  39 dyne/cm (0)

7 c =  53 dyne/cm (7)

(8)

N H ,0 H  „
f - S O i C l ------------------ * § - s o 2n h .

]| C T L O I I
H C H  /

¡ ¡ j - S O s N I L ------------- * § - S O , N

C  1 1 , 0 1 1

7 c =  45 dyne/cm (9)

7 c =  39 dyne/cm (10)

- S O , N

C I L O H  (jj>

{CFsC),0
| - 8 0 3/

-SO,N

C T T o O T I

O
C I L C  C 'F 3

n c i i 2c  c f 4

' 1 o

K O II
L S O , N

- ( S ) *

0
II

C I L C  C F 3/

C I L C  C F j

1o

C I T o O I T

011,011

7 c =  2.8 dyne/cm ( 1 1 )

7 c =  30 dyne/cm (12)

Figure 3 shows the wettability measurements for reaction (7), (9), (10), 
(1 1 ), and (1 2 ). Reactions (6 )-(8 ) are identical eqs. (l)-(3) of the previous 
shorter reaction sequence.

After chlorination and amination of the sulfonated polyethylene, the 
critical surface tension decreased from 53 to 45 dyne/cm for the sulfon
amide surtace of reaction (9). On reaction with formaldehyde, a dimeth- 
ylol sulfonamide surface is formed, and the critical surface tension is fur
ther decreased to 39 dyne/cm; this is close to the value expected (37 dyne/ 
cm) for a poly(vinyl alcohol) surface. 11 Furthermore, treating the pre-
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Fig. 2. Wettabilities of polyethylene exposed as follows (see text): (3) formation
of surface thiol groups; (1 ) oxidation of thiol groups to sulfonic acid groups; (4) reaction 
with POOL and CF:IC1 LOU to give a fluorinated methyl surface; (3) final hydrolysis 
to partially regenerate sulfonic acid surfaces.

Fig. 3. Wettabilities of polyethylene exposed as follows (see text): (1) sulfonic acid
surface groups; (2) further reaction with PC16 and NIROII to give sulfonamide surfaces; 
(4) formylation to give a dimethylol sulfonamide surface; (5) reaction with trifluoracetic 
anhydride to give a fluorinated methyl surface; (3) final hydrolysis regenerating the 
dimethylol sulfonamide surface along with partial désulfonation.

sumed dimethylol sulfonamide surface with 2,2,2-trifluoroacetic anhydride 
results in a lower energy surface, since the critical surface tension decreased 
from 39 dyne/cm for the dimethylol sulfonamide surface to 28 dyne/cm for 
the A'',A?’-di(trifluoroacetoxymethyl)sulfonamide surface. Hydrolysis of 
this latter surface gave a y0 value of 30 dyne/cm which is that of sulfur. 
This may indicate, as suggested above, that désulfonation may have taken 
place. (Reflectance spectra results4 show this to be partially true.)

All of the foregoing results are strong evidence that sulfur does indeed 
insert into the carbon-hydrogen bonds of the polyethylene surfaces. There 
is another possibility, though that must also be considered here, viz., that
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diffusion of the various reactants into the surface layers of the polyethylene 
accounts for the observed changes in 7 ,, values. This possibility is un
likely, since controls were used where the original unmodified polyethylene 
(7 c = 31 dvne/cm) was subjected to the various reactions with no change 
observed in the yc value. Thus, this possibility was not considered further.

In conclusion, it seems highly likely that atomic sulfur does insert into 
polyethylene surfaces. The thiol surface thus formed has a yc. value of 
39 ± 1 dyne/cm.

This paper is based on work conducted at the Research Center of Ashland Chemical 
Co., Minneapolis, Minnesota, and is published with the approval of Ashland Chemical 
Co.
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Sulfur Modification of Polyethylene Surfaces. II. 
Modification of Polyethylene Surfaces with 

Fuming Sulfuric Acid

DOUGLAS A. OLSEN* and A. JEAN OSTEEAAS,f Research Center, 
Ashland Chemical Co., Minneapolis, Minnesota 55/+20

Synopsis
Previous work has shown that atomic sulfur irreversibility modifies polyethylene, pre

sumably through an insertion reaction into carbon-hydrogen bonds with formation of 
surface thiol groups. The thiol groups were then oxidized to sulfonic acid surface 
groups, which were further reacted chemically as shown by wettability measurements. 
In this work the thiol group was bypassed and the surface sulfonic acid groups were ob
tained by exposing the polyethylene surface directly to fuming sulfuric acid. The sulfonic 
acid groups were reacted further. Critical surface tension values identical with those 
in the previous work with atomic sulfur were obtained, thus substantiating the previous 
work.

INTRODUCTION

The first publication in this series1 showed that atomic sulfur does indeed 
appear to be inserted into the carbon-hydrogen bonds of polyethylene 
surfaces to give surface thiol groups which then may be further reacted to 
give a variety of surface groups. As was discussed in the previous study, no 
polymer prototype surfaces existed against which critical surface tension 
values might be compared. As will be shown here, it is possible to prepare 
the same surface groups of the previous study by the alternate procedure of 
direct sulfonation. In this study the thiol intermediate was bypassed and 
the polyethylene surface was converted directly to a sulfonic acid by im
mersing the film in either fuming sulfuric acid2 or chlorosulfonic acid3 with 
the net reactions shown in eqs. (1) and (2).

H 2SO1 .S O 1
a —H -------- > a —SO,OH (1)

CISOaH
a —H -------- > a —SO,OH (2)

* Present, address: Applied Science Division, Litton Systems, Inc., Minneapolis,
Minn. 55413.

f Present address: Research Division, Gould-National Batteries, Inc. Minne
apolis, Minn. 55414.
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EXPERIMENTAL PROCEDURE 

Sulfonation

The polyethylene surfaces were sulfonated directly either with reagent 
grade fuming sulfuric acid or reagent grade chlorosulfonic acid. The opti
mum degree of surface sulfonation was taken to be that point for which the 
maximum critical surface tension value was obtained without visible signs 
of charring. This point corresponded to a critical surface tension ye of 
about 55 ± 3 dyne/cm. Some brown coloration was acceptable, however. 
The reaction condition necessary to obtain this degree of sulfonation with 
fuming sulfuric acid was found to be 5 min immersion at 25°C. The 
chlorosulfonic acid reacted more slowly, and a similar degree of sulfonation 
occurred after GO min at 25°C.

Substrate

The polyethylene sheets used in this study were of a commercially avail
able grade (Cadillac Plastic and Chemical Co.) The sheets were washed 
in detergent, with subsequent copious rinsing first in tap water and then in 
distilled water before exposure to the sulfonating agents.4 Wettability 
measurements on the cleaned polyethylene surfaces gave the expected ya 
value of 31 dvne/cm,5 thus establishing the suitability of the substrate and 
the cleaning procedure.

Surface Reactions

Samples of sulfonated polyethylene surfaces were subjected to several 
classical organic reactions and the critical surface tension value of the sur
faces measured. Since the surface was immobile, the reaction conditions 
were of necessity more stringent than the classical analogs.

For the “short” series, polyethylene film was immersed in fuming sulfuric 
acid at room temperature for 5 min, rinsed in water, dried, and immersed in 
a thick slurry of PC16 in CC14 at 25°C for 15 hr, then immersed in 2,2,2- 
trifluoroethanol at 25°C for 24 hr, and finally hydrolyzed in 10% KOII for 
10 hr at 100°C.

In the “long” series, polyethylene film was immersed in fuming sulfuric 
acid at 25°C for 5 min, rinsed in water, dried, and immersed in a thick 
slurry of PC15 in CCh at 25°C for 72 hr. This step was carried out in a 
closed chamber containing a magnetic stirring bar. Constant agitation 
was necessary to keep the PC15 in suspension. After 72 hr, the polyethylene 
film was immersed in 6ili NH4OPI at room temperature for 8 hr. At this 
point, the functional group at the surface presumably is a sulfonamide. 
The sulfonamide-modified polyethylene film was immersed in formaldehyde 
at 25°C for 18 hr. At this point, the functional group presumably is di- 
methylol sulfonamide. The dimethylol sulfonamide-modified polyethylene 
film was then immersed in 2,2,2-trifluoracetic anhydride at 25°C for 70 hr. 
This step was followed by hydrolysis in 10% KOII for 10 hr at 100°C.
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The reaction conditions for these series are somewhat more stringent than 
the conditions for the thiol sequences of the previous publication.1 While 
this does not appear to affect the critical surface tension values of this study 
it does appear to result in material giving better frustrated multiple internal 
reflection spectra (EMIR).6

Controls were also used; in these runs polyethylene which had not been 
sulfonatcd was subjected to the foregoing reaction conditions. Xo change 
in the original yK value was observed.

Wettability Measurements

Advancing contact angles were measured directly by using an Eberbach 
telescopic cathetomeler equipped with a circular protractor. The proce
dure was essentially that described by Schonhorn and Ryan.7 The wetting 
liquids were those used previously in this laboratory.8

For each drop of wetting liquid, three or more contact angle measure
ments were made on each side of the drop. The reproducibility was gener
ally about ±3°. Contact angles were also verified on duplicate surfaces. 
The contact angle values thus obtained for each liquid were averaged with 
the cosines shown in the figures as circles and triangles with the most ex
treme values being given as the error. In general, the standard deviation 
would be less than the error shown.

RESULTS AND DISCUSSION 

Surface Treatment

As discussed above, both fuming sulfuric acid and chlorosulfonic acid 
were used to sulfonate the polyethylene surfaces. The critical surface 
tension value of polyethylene treated by fuming sulfuric acid at 25°C for 5 
min was found to be 57 dyne/cm; after 10 min the yc value was increased to 
04 dyne/cm, however considerable charring resulted. The critical surface 
tension value of polyethylene treated by chlorosulfonic acid at 25°C for 30 
min is 52 dyne/cm; after 60 min the yc value is increased to 55 dyne/cm. 
Because of the rather slow reaction rate chlorosulfonic acid was not used in 
any subsequent studies.

It was found experimentally that sulfonated surfaces with critical surface 
tension values between 52 and 58 dyne/cm could be used in the reaction 
sequences discussed below. Thus a tentative yc value of 55 ±  3 dyne/cm 
has been assigned to sulfonated polyethylene surfaces. This is in reason
able agreement with the yc value of 53 dyne/cm for a sulfonated surface 
obtained by the oxidation of a thiol surface.

It should also be noted that frustrated multiple internal reflection 
(FMIR) spectra of the sulfonic acid surfaces obtained via fuming sulfuric 
acid, chlorosulfonic acid, and a thiol intermediate all show infrared bands 
at 1 105 and 1 040 cm-1 which are attributed to the presence of an SO* group.



1924 OLSEN AND OSTERAAS

Surface Reactions
The sulfonated polymer was further modified according to the two reac

tion series (3) and (4) which are identical to the thiol sequences developed in 
the first publication in this series.1 The reaction conditions are given in 
the experimental section.

Short Series :
PCls C FaC H O H

es—SO,,OIl --------- > E3—S 0 2C1----------> & - S 0 2OCH2CF3

KOH; HC1

SS—S 0 20 II  (3)

Long Series:
PGIs N H iO H

a  s o , o i i --------- > » —S 02C1---------> s o 2n h 2

o 
. .11 
H CH

O
II o

CHsOCCFs V CILOII

® —s o 2n
(C F jC )sO  /
«----------EH—s o 2n

K O H

- s o 2n

CH2 0 CCF3

IIo

CHjOH

CHiOII

CH2OH

EH
® -(S )*  (4)

The critical surface tension values for these various surfaces were deter
mined (Figs. 1 and 2) and are summarized in Tables I and II, where they 
are compared to the values obtained for the thiol sequences.1 As is seen,

TABLE I
Summary of Short Reaction Series

7c, dyne/cm

Surface Thiol sequence Sulfonic sequence

» —H 31 31
—SH 39 —

SO2OH 53 58
s o 2o c h 2c f 3 36 35
SO2OH 42a 42“

“ Value is low; incomplete hydrolysis?
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SURFACE TENSION (Dynes/Cm)

Fig. 2. Wettabilities of polyethylene exposed as follows (see text): (2) surface sul-
fouated with fuming sulfuric acid; (8 ) further reaction with PCU and NH<OH to give 
sulfonamide surfaces; (4 ) formylation to give a dimethylol sulfonamide surface; (5) 
reaction with trifluoroaeelic anhydride to give a thiorinated methyl surface; (1 ) filial 
hydrolysis regenerating the dimethylol sulfonamide surface along with partial de- 
sulfonation.

more certainty than on the basis of the thiol work alone. Thus a sulfon
amide surface is likely to have a yc value of 42 dyne/cm.

The fluorinated sulfonic ester surface with a seemingly high y0 of 35 
dyne/cm has been reproduced. Evidently the S02 structure makes a sub
stantial contribution to the yc value. In comparison there is considerably 
more shielding from the S02 group in the fluoroacetylated methylol surface. 
As might be expected on this basis, the observed yc value of 28 dyne/cm is 
considerably lower. Evidently there is also shielding in the methylol struc
ture, since the observed yc value of 39 dyne/cm is close to the value (37 
dyne/cm) observed9 for poly(vinyl alcohol), a similar surface structure.

Finally, the close relationship between the results of this study and of the 
thiol study provides additional evidence that atomic sulfur was originally 
inserted into the C-H bonds at the surface of polyethylene.

This paper is based on work conducted at the Research Center of Ashland Chemical 
Co., Minneapolis, Minnesota and is published with the approval of Ashland Chemical 
Co.
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Sulfur Modification of Polyethylene Surfaces. III. 
Frustrated Multiple Internal Reflection Spectroscopy 

of Sulfonatcd Polyethylene Surfaces

DOUGLAS A. OLSEN* and A. JEAN OSTERAAS,f Research Center, 
Ashland Chemical Co., Minneapolis, Minnesota 55^20

Synopsis

Tlie previous publications of this series show by indirect means that atomic sulfur 
inserts into the carbon-hydrogen bonds of polyethylene surfaces. In this study, 
frustrated multiple internal reflection (FM IIt) spectroscopy was used to obtain direct 
evidence of the nature of the surface groups of the modified polyethylene. The FMIR  
spectra of surfaces consisting of the products of sulfonic acid groups were virtually 
identical, regardless of whether the original sulfonic acid surface had been prepared 
by direct sulfonation or by oxidation of surface thiol groups. The latter groups re
sulted from the insertion of atomic sulfur into the carbon-hydrogen bonds of the surface. 
These results establish that sulfur is indeed inserted into polyethylene surfaces.

INTRODUCTION

The first publication in this series1 showed that atomic sulfur can be 
reacted with a polyethylene surface to give a new surface consisting of thiol 
groups which may be further oxidized to sulfonic acid groups. The sul
fonic acid groups were then further reacted. The second publication 
showed that similar results can be obtained by direct sulfonation.2 In 
both instances, critical surface tension data were developed, and the internal 
consistency of the data was used to establish the presence of various func
tional groups on the polymer surface.

In the work reported here, infrared spectra of the modified surfaces were 
obtained by means of frustrated multiple internal reflection (EMIR) tech
niques. As is well known, EMIR techniques permit the spectra of films a 
few molecular layers thick to be obtained; the resulting spectra closely 
resemble conventional transmission spectra.3,4

The surfaces studied were those reported previously.1 As has been 
shown, sulfonic acid groups may be formed on a polyethylene surface by 
sulfur insertion and subsequent oxidation thus initiating the thiol sequence:

* Present address: Applied Science Division, Litton Systems, Inc., Minneapolis,
Minn. 55413.

t Present address: Research Division, Gould-National Batteries, Inc., Minneapolis,
Minn. 55414
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- I I
A, h -v

-> I — su
10]

! —  S O , O H

or by direct sulfonation to initiate the sulfonic sequence:
H2SO4 • S0s

] — I I I—80,011

Once the sulfonic acid surface has been formed by either sequence it may be 
further modified. The reaction series (“short” or “long” series) used in this 
study were the same as those given previously.1'2

Short Series :
PCL

0 — S O , O I I -----------
cieca 1,011

0-8 0 ,0 1 ------- > i — 8 0 , 0 C H 2C F 3 

K O Il; HCI

0 — SO,OII

Long Series :
peu Ninon

! —8 0 ,0 H --------> 1  —8O2CI---------- > i —S0 2NH,

oII
HC1I

0

i — s o 2n

C H 2O C C F 3 y  C I I , 0 I I
(CKiC)sO /
*------- y — 8 0 ,N

C H , O C C F 3
lio

CH,OH

K0H

C H 20 H
/

i — S 0 2N

CH,OH

Thus there are four sets of spectra reported here, viz., for products of 
“long” and “short” scries for both the thiol and sulfonic sequences.

EXPERIMENTAL PROCEDURE 

Surfaces

The procedure for modifying the surfaces of this study have been re
ported in detail in the previous publications of this series.1 •-

Spectra

FMIR spectra were obtained by using a Perkin-Elmer Model 421 in
frared spectrometer equipped with a Wilkes Model 12 double-beam internal
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reflection attachment (Wilkes Scientific Corp., South Norwalk, Conn.). 
The FA I IK sample preparation was essentially that described by AIcCall 
et al.5

RESULTS ANI) DISCUSSION

The spectra obtained for the short series are shown in Figures 1 and 2 for 
the sulfonic sequences and thiol sequences, respectively. It should he 
noted here that it is not possible to obtain a spectrum of the actual thiol 
surface showing a band due to the S-H bond. This band which occurs at 
2 600-2 550 cm-1 is quite weak in the infrared.6a As will be shown, the 
presence of subsequent reaction products of the thiol surface substantiates 
that such a surface was indeed formed. Figure 1 shows the reaction of the 
short series on a sulfonic surface. The salient features are bands at 1 165 
cm-1 (8.58 n) and 1040 e n r 1 (9.61 n) due to the vibrations of the sulfonic 
acid which appear only after sulfonation. These values compare well with 
those of Bellamy.7 The C-F band at 1210 cm“1 (8.26 n) appears after 
formation of the sulfonyl chloride and its subsequent reaction with tri- 
fluoroethanol. The band is at about the center of the range given by 
Colthup et al.,8 1 350 cm“1 (7.40 /r) to 1 120 cm“1 (8.94 n). Upon the final 
hydrolysis, it is obvious that the sulfonic acid is again regenerated.

Figure 2 shows essentially the same spectra for the thiol sequence as 
Figure 1 does for the sulfonic sequence. The presence of bands due to 
sulfonic acid groups after the first hydrolysis is excellent evidence that sulfur 
was indeed inserted into the polyethylene surface. The final hydrolysis 
was evidently not quite as complete as for Figure 1. This is due to the more 
vigorous reaction conditions for the sulfonic sequence.

Figures 3 and 4 show spectra obtained for the long series starting from 
sulfonic acid and thiol surfaces, respectively. For the sulfonic acid long 
series, Figure 3 shows the same bands as discussed above after sulfonation. 
The sulfonamide surface retains the sulfur-oxygen bands and also shows a

Fig. 1. FMIH spectra of polyethylene exposed first to fuming sulfuric acid followed 
by subsequent reactions: (1) unexposed polyethylene; (2) polyethylene exposed to
fuming sulfuric acid forming surface sulfonic acid groups; (d) further reaction with PCls 
and CF3CH2OH to give a fluorinated methyl surface; (4 ) final hydrolysis regenerating 
the original sulfonic acid surface.
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pronounced N-H stretch at 3 350 cm-1 (2.98 p). The methylol surface 
which is formed next shows an 0--H stretch also at 3350 cm-1 and a very 
strong C 01l stretching vibration at about 1000 c n r 1 (10.0 p).6b The 
possibility of adsorption of the reagents on the surface rather than true

Fig. 2. FM IR spectra of polyethylene exposed to atomic sulfur followed by oxi
dation to give surface sulfonic acid groups. The identification of the traces is analogous 
to that of Figure 1.

Fig. 3. FM IR spectra of polyethylene exposed first to fuming sulfuric acid followed 
by subsequent reactions: (1 ) unexposed polyethylene; (8) polyethylene exposed to
fuming sulfuric acid forming surface sulfonic acids; (8) further reaction with PCh 
and NH4OII to give sulfonamide surfaces; (4) formylation to give a dimethylol sul
fonamide surface; (5) reaction with trifluoroacetic anhydride to give a fiuorinated 
methyl surface; (6) final hydrolysis to regenerate the dimethylol sulfonamide surface 
along with partial désulfonation.

reaction can also be refuted by the spectrum of the methylol surface. 
Formaldehyde is used in forming this step and if only adsorption were 
taking place the characteristic carbonyl vibration of formaldehyde would 
be observed. No such band is observed, however. Upon further reaction of 
the methylol surface with trifluoroacetic anhydride, the O-H and C-OH 
bands disappear and are replaced by a carbonyl vibration at 1 770 c n r 1 
(5.65 p) and a C-F band at 1210 cm-1 (8.26 p). The final hydrolysis, which
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Fig. 4. F.MIIÎ spectra of polyethylene exposed to atomic sulfur followed by oxi
dation to give surface sulfonic acid groups. The identification of the traces is analogous 
to that of Fig. 3.

should regenerate a methylol surface, does appear to do so. However, the 
C-OH vibration at about 1 400 cm-1 (7.2 p) cannot be assigned. The band 
at about 840 cm-1 (12.0 p) corresponds to a vibrational band present in 
several allotropie forms of sulfur.9 Thus, it appears that in addition to 
regeneration of the methylol surface, the carbon-sulfur bond is also at
tacked, with formation at colloidal sulfur resulting. Critical surface ten
sion data substantiate this view. The presence of colloidal sulfur un
doubtedly scatters the incident infrared radiation and would also partially 
account for the weakened intensities10 of the bands obtained in the last 
hydrolysis.

In conclusion, we have shown that for both the long and short series 
almost identical spectra are obtained, regardless of whether the sulfonic 
acid surface was formed by direct sulfonation or by oxidation of a thiol 
group. These results, together with the supporting wettability data of the 
preceding publications, establish that atomic sulfur is indeed inserted into 
polyethylene surfaces.

This paper is based on work conducted at the Research Center of Ashland Chemical 
Co., Minneapolis, Minnesota and is published with the approval of Ashland 
Chemical Co.
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Stereospecific Polymerization of o-Methoxystyrene 
by Anionic Initiators

HEIMEI YUKI, YOSHIO OIvAMOTO, YOSHITERU IvUWAE, and 
KOICHI HATADA, Department of Chemistry, Faculty of Engineering 

Science, Osaka University, Toyonaka, Osaka, Japan

Synopsis
o-Methoxystyrene was polymerized with n-butyllithium (ra-BuLi), Na naphthalene, 

and K dispersion as initiators in tetrahydrofuran (THF) and toluene. The stereo
regularity of the polymer was investigated by means of the NMR spectroscopy. The 
methoxy resonance of the spectrum split into ten components due to the tactic pentads. 
It was found by x-ray examination that the polymer obtained by n-BuLi in toluene at 
— 45°C was crystalline and highly isotactic. In THF, the stereospecificity of the poly
merization was independent of the initiator, and the isotacticity of the polymer in
creased with increasing reaction temperature. In toluene, the stereospecificity de
pended on (he initiator; i.e., ra-BuLi gave a polymer with higher isotacticity than that 
given by phenylsodium. The fraction of isotactic triad of the polymer obtained by 
n-BuLi in toluene at — 78°C was more than 90%, but 50% at 50°C. The presence of 
ca. 1% TIIF in toluene led to a steep decrease in the isotacticity even at — 78°C. The 
tacticity of the polymer given by Na naphthalene was not affected by the existence of 
N aBfC JL h in THF. The polymerization in THF could be explained by Bovey’s 
“single a” process, while a penultimate effect was observed in the polymerization by 
ra-BuLi in toluene.

INTRODUCTION

Natta, et al.1 studied the stereospecific polymerization of o-methoxy- 
styrene (o-MeOSt) with EtAlCR Recently, Higashimura et al.2 investi
gated the cationic polymerization of o-MeOSt and examined the stereo
regularity of the polymer using NMR spectroscopy.

On the other hand, the stereospecific polymerization of this monomer has 
not been studied with an anionic initiator. It is well known that, a com
pound containing ether oxygen can easily coordinate with alkali met.al cat
ions such as Li+ and Na+. Therefore, it. is expected that in the anionic 
polymerization of o-MeOSt the ether oxygen in the monomer or in the chain 
end of the growing polymer anion may interact with the counter ion to 
affect sterically the addition of the monomer. In the present work, the 
anionic polymerization of o-MeOSt is studied, and the relationships between 
the polymerization conditions and the stereoregularity of the polymer 
(P-o-MeOSt) are discussed on the basis of the NMR spectroscopy.
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EXPERIMENTAL

Materials

o-MeOSt was synthesized by dehydration of methyl(2-methoxyphenyl) - 
earbinol over KHS04 at 220-230°C, which was prepared by Grignard reac
tion of acetaldehyde and o-bromoanisole. The monomer obtained was 
fractionally distilled, and then redistilled from lithium aluminum hydride; 
bp 80-81°C/10 mm Hg, n“  1.5605. No impurity was detected by gas 
chi’omatography and NMR spectroscopy.

Tetrahydrofuran (THE) which had previously refluxed over metallic 
sodium and then over lithium aluminum hydride was distilled onto Na-Tv 
alloy and naphthalene. From the green solution the solvent was trans
ferred to a reaction vessel on a vacuum line just before use.

Toluene was purified by the usual method and was stored over sodium. 
Before use, the solvent was transferred to a flask containing a small amount 
of n-butyllithium (n-BuLi) in toluene, from where it was distilled under 
high vacuum.

n-BuLi was synthesized from «-butyl chloride and metallic lithium in n- 
heptane according to the method of Ziegler.3 The concentration was de
termined by double titration.4

Na naphthalene (Na-Naph) was prepared in TH F; the concentration 
was determined by the 1 it ration of a hydrolyzed sample with standard 
hydrochloric acid.

Phenyl sodium (Ph-Na) was obtained according to the method of Gilman 
from chlorobenzene and sodium dispersion in «-heptane.6

Potassium dispersion (K dispersion) was prepared in a »-heptane me
dium.

Polymerization

Solvent was first transferred on the vacuum line to a glass ampoule 
which had been evacuated and heated with a gas burner. Then monomer 
and initiator were added with hypodermic syringes to the ampoule, which 
was kept in a thermostat under an atmosphere of dry argon. After the 
polymerization was terminated by adding a small portion of methanol, the 
reaction mixture was poured into a large amount of methanol. The pre
cipitated polymer was filtered, washed with methanol, and dried.

Measurement

The NMR spectrum of the polymer was obtained at 60°C with a JNM- 
4H-100 spectrometer at 100 MHz by using chloroform or carbon tetra
chloride as a solvent. The concentration of the sample was ca. 20% (w/v), 
and tetramethylsilane was used as an internal standard. The spectrum 
was analyzed with a du Pont 310 curve resolver for the determination of 
pentad sequences. The Lorentzian was assumed in the shape of resonance, 
and the half width of each peak was given tentatively. The relative
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intensity of the peak was determined with an integration meter fitted to the 
curve resolver.

The x-ray diffraction measurement was made with a Rigakudenki 4001 
x-ray diffractometer.

The solution viscosity of the polymer was determined in toluene or in 
chloroform at 30.0 ± 0.03°C.

RESULTS

The polymerizations of o-kleOSt were carried out with ??-BuLi, Na naph
thalene, and Iv dispersion as initiators in TH F at 0 and — 78°C. The results 
are shown in Table I. All of the polymerizations proceeded smoothly to 
give quantitative yields of polymers, the softening points of which were 
120-130°C.

TABLE I
Anionic Polymerization of o-Methoxystyrene in THF“

Mono
mer,

mmole

Initiât or
Temp,

°C
Time,

hr
Yield,

0//o
7)Sp/C,
d l/gbType Amt, mmole

4.42 n-BuLi 0.073 - 7 8 2 .5 08 0.16
4.52 n-BuLi 0.073 0 2 .5 97 —
4.2S Na-Naph. 0 .0G3 - 7 8 1.0 95 0.13
4.72 Na dispersion 0.0S6 0 2.5 97 0.7S
4.28 Na-Naph. 0 .063c 0 1.0 96 —
4.28 K dispersion 0.125 - 7 8 1.0 95 0.15
3.81 K dispersion 0.114 0 2.5 98 —

a Solvent, 15 ml.
b Toluene solution, c =  0.50 g/dl.
“NaBPIn (0.2!) mmole) was added.

TABLE II
Anionic Polymerization of o-Methoxystyrene in Toluene“

Monomer,
mmole

Initi ator Temp,
°C

Time,
hr

Yield,
%

Vsp/C}
d l/gbType Amt, mmole

4.72 ra-BuLi 0.073 - 7 8 144 Trace —
4.60 n-BuLi 0.056 - 7 8 600 4.2 3 .1
4.59® n-BuLi 0.113 - 7 8 144 96 —

11.4 re-BuLi 0.056 - 4 5 168 80 7.0
4.25 re-BuLi 0.073 0 24 100 0.24
4.25 Na dispersion 0.107 30 96 0 —
4.34 K dispersion 0.114 30 96 0 —
3.27 Ph-Na 0.050 0 72 71 —

a Solvent, 15 ml.
b Chloroform solution, c = 0.50 g/dl. 
c Solvent contained 1.3 vol-% of THE.
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Fig. 1. X-ray diagram of orientated film of crystalline P-o-MeOSt.

Table II shows the results of the polymerization of o-AIeOSt in toluene. 
The rate of polymerization by ??.-BuLi at low temperature was much slower 
than that in THF. The solution viscosity of the polymer obtained at low 
temperature was high, even if the yield of the polymer was low. No 
polymer was obtained with Na or K dispersions in toluene, but the poly
merization was initiated with Ph-Na to form the polymer in a good yield.

When the solution of the reaction mixture either in THF or in toluene 
was allowed to stand above 0°C for one or two days, the color of the solution 
gradually disappeared, although the polymerization had already finished. 
It is considered that the carbanion reacted with the methoxy group to give a 
phenolate anion,6 but the amount was so small that no effect was observed 
on the polymer produced.

The polymer obtained with n-BuLi in toluene at low temperature 
showed a high crystallinity under a polarizing microscope. It was insoluble 
in «.-hexane and diethyl ether, partially soluble in toluene, and soluble in 
chloroform and THF. Its melting point was 290-295°C. The x-ray 
diffraction (Fig. 1) showed the fiber period of this polymer to be 8.0 A. 
The value is well consistent with the fiber period (8.10 A) of isotactic poly-o- 
methylstyrene,7 which is similar to P-o-AIeOSt in chemical structure, sug
gesting that crystalline P-o-MeOSt is isotactic.

The NMR spectrum of P-o-MeOSt prepared with «-BuLi in THF at 
— 78°C is shown in Figure 2. Since the intensity ratio of the peaks at 3.5, 
6.7, 7.5, and S.6r is 4:3:1:2, these peaks can be attributed to the protons of
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6

3 S f. 7 S q

T
Fig. 2. NMH spectrum of P-o-MeOSt in CC14 at 60°C.

phenyl, methoxy, methine, and methylene groups, respectively, with in
creasing magnetic field.

Figure .3 shows the spectra of the methoxy groups in the polymers ob
tained under various reaction conditions. The polymers obtained 
in THF at the same temperature gave very similar spectra, regard
less of the initiators used. The polymerization temperature, however, 
affected the NMR spectrum of the polymer (A and B in Fig. 3). The 
crystalline polymer obtained with n-BuLi in toluene at — 45°C showed a 
very narrow peak at 6.7Nr (C in Fig. 3), but the spectrum was broaden by 
elevating the polymerization temperature (D in Fig. 3). The spectrum of 
the polymer prepared at — 7S°C with n-BuLi in toluene containing ca. 1% 
TF1F (.E in Fig. 3) is similar to those of the polymers prepared with Ph-Na 
in toluene at 0°C and with EtAlCb in toluene at —78°C.

The complicated splits in the spectra of the methoxy protons must be due 
to the differences of stereochemical structures of the protons because splits 
by spin-spin coupling can not be considered. Furthermore, the differences 
seem not to be conformational, because the spectra measured in o-dichloro- 
benzene at 150°C were very similar to those shown in Figure 3.

We can expect that the methoxy resonance is resolved into ten peaks, 
corresponding to ten configurationally different pentad sequences.8 Then, 
assignments of the fine peaks of the methoxy resonance in the NMR 
spectrum were attempted, it being assumed that the split is due to the 
pentad signals and that the crystalline polymer is isotactic. Detailed 
observations of the spectra indicate that the peaks are divided into three 
groups; i.e., at 6.60-6.7or, 6.75-6.88r, and 6.8S-6.95r. Consequently, the 
peaks at 6.7o-6.88r were assigned to the isotactic triad (I), which was split 
into three components (6.78, 6.82, and 6.86r) by pentad sequences. Then, 
it is anticipated that if the peaks at the lower fields are the components of 
the heterotactic triad (H), those at the higher fields belong to the syndio- 
tactic one (S), or vice versa. Some polymers showed spectra composed of
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Fig. 3. NMD spectrum of P-o-.MeOSt in CHCh at C0°C.

isotactic peaks and peaks in the lower fields, but only small peaks in the 
higher fields, e.g., spectrum D in Figure 3. If the peaks in the lower fields 
belong to the syndiotactic triad, the polymer having such a spectrum is 
composed mainly of isotactic and syndiotactic sequences with only a small 
portion of heterotactic triad, as is the case with a stereoblock polymer com
posed of isotactic and syndiotactic blocks. The formation of such a poly
mer is unlikely in the homogeneous polymerization system employed in this 
work. Accordingly, the peaks at 6.00, 0.65, 6.67, and 6.71 r are assigned to 
the four components of the heterotactic triad and the peaks at 6.90, 6.93,
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and (i.95r to the components of the syndiotactic one. The fractions I, II, 
and S were determined by the relative intensities of the corresponding ab
sorptions; i.e. the absorption areas. When the absorptions overlapped, 
some of the spectra which were typical were analyzed with the curve resolver 
into ten pentad peaks and the others were resolved into triads as was the 
case for the analogous spectra already analyzed with the resolver.

The effect of polymerization temperature on the tacticity of P-o-MeOSt 
was investigated in THF with ?i-BuLi as an initiator, the tacticity being 
analyzed on the basis of the assignments described above. The results are 
shown in Figure 4. Although the fraction II was about 50% independently

T e m p e r a t u r e ,  ° C

Fig. 4. Dependency of tacticity on the polymerization temperature (in THF). Solvent, 
15 ml; monomer, ca. 0.0 g; n-BuLi, ca. 1 mole-% based on monomer.

of the temperature, the isotactic fraction /  increased and S  decreased with a 
rise in the temperature.

The results of the polymerization in toluene with n-BuLi are shown in 
Figure 5. With raising the temperature, the fraction of I decreased to 50%, 
and II and S, especially the former, increased steeply.

The tacticity of P-o-MeOSt which was polymerized in a toluene-THF 
mixture with n-BuLi at — 78°C is shown in Figure 6. The presence of ca. 
1% of THF in toluene led to a drastic decrease in the fraction of I and to 
increases in those of H and S.

The influence of NaB(C6H5) 4  on the tacticity was studied in the poly
merization initiated by Na naphthalene in THF at 0 and —78°C. The
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T e m p e r a t u r e ,  ° C

Fig. 5. Dependeneeof tact irity on thepolymerization temperature (in toluene). Solvent, 
15 ml; monomer, ea. 0.6 g; n-BuLi, ea. 1 mole-% based on monomer.

Fig. 6. Relationship between the tacticity of P-o-MeOSt and solvent composition of 
toluene-THF mixture. (Toluene +  TIIF), 15 ml; monomer, ea. 0.6 g; n-BuLi, ea. 1 
mole- % based on monomer.
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TABLE III
Tacticity of Poly-o-methoxystyrene Initiated by Na 
Naphthalene in the Presence of NaB(Ph)4 in THF"

NaB(Ph)4,
mmole

Temp,
°C

Time,
hr

Tacticity, %
0 / /  c H I S

0 — 7S 1.0 95 50 22 28
0.21) — 78 24.0 00 51 21 28

0 0 1.0 05 46 39 15
0.21) 0 1.0 96 46 40 16

“ ¡Solvent., 1.5 ml; monomer, 4.3-4.7 mmole; initiator, 0.063

TABLE IV
Tacticity of Poly-o-methoxystyrene Obtained with Y

mmole.

arious Initiators

Solvent Initiator
Temp,.

°C
Yield

or/o

Tacticity, 

H I

%

S

TIIF n-BuLi 0 95 47 39 14
THF Na-Naph. 0 95 46 39 15
THF K dispersion 0 98 44 41 15
Toluene n-BuLi 0 100 25 67 S

Toluene Ph-Na 0 71 39 43 18
Toluene EtAlCb — 7s 31 33 43 23
Toluene BIVOEL 0 45 47 38 15
Bulk None 60 26 43 38 10

results tire listed in Table III. Xo influence on the tacticity of P-o-AIeOSt
was observed.

In Table IV are shown the fractions of the triad sequences in the polymer 
obtained with various initiators. The tacticity of the polymer obtained in 
THF was not affected by the initiators used. In toluene, however, n- 
BuLi gave a more isotactic polymer than Ph-Na. For comparison, the 
tacticities of the polymers which were prepared by the cationic and radical 
polymerizations are also shown.

The methoxy resonance in the NMR spectra of the polymers prepared 
in THF was analyzed by means of the curve resolver as ten components in 
pentad sequences. One of the results is shown in Figure 7, and the assign
ment of each component and its relative intensity measured are shown in 
Table V. If the polymerization in THF can be expressed by a Bernoulli- 
trial process or a Bovey’s “single a” process9 with regard to the configura
tional sequence, the relative intensities of ten components of the pentads 
can be calculated from the fractions of triad sequences. Table V shows 
that the observed values are in accord with the calculated ones. The 
positions of the components seemed to be slightly shifted by the polymer
ization conditions.

The X.MR spectrum of poly-p-methoxystyrene prepared under the same 
conditions of the polymerization as of <>-\  IcOSt gave no information about
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6 . 5 0  6 . 6 0  6 . 7 0  6 . 8 0  6 . 9 0  7 . 0 0

r
Fig. 7. Curve resolution of metlioxy resonance in the NM R spectrum of P-o-JUeOSt 

initiated by n-BuLi in THF at — 78°C.

TABLE V
Curve Resolution of Metlioxy Peaks in NM R Spectrum of P-o-McOSl*

Pentads T

A B C

Calcd F ound Calcd Found Calcd Found

HHS 6. GO 16.8 17.8 15.2 18.5 6 .0 5 .3
IIHH 6.65 13.0 13.4 12.0 11.5 11.3 9 .4
ms 6.67 13.0 14.3 12.0 10.7 11.3 S.G
I HI! 6.71 8 .2 7 .4 9 .8 8.2 18.3 18.1
I l l 6.78 2 .6 2 .5 4 .0 3.9 15.2 15.3
IIH 6.82 8 .2 7.9 9 .8 8.7 18.3 17.1
HIH 6.86 5 .3 4 .3 6.2 8.6 5.5 7 .5
HSH 6.90 5.3 4 .0 6 .2 7.6 5 .5 7 .7
SSH 6.93 16.8 17.0 15.2 13.5 6.6 6 .4
SSS 6.95 10.9 11.6 9 .6 8.7 2.0 3 .9

“ Obtained with ra-BuLi in THF at (A) — 105°C, (B) —78°C, and (C) 0°C. The 
assignments were made in such a way that the calculated intensities agree with the 
found values, except for the peak at 6.78r, which was assigned as III from x-ray dif
fraction.
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the tacticity oi the polymer, because the methoxy resonance was not split 
satisfactorily.

DISCUSSION

Since in TIIF the alkali metal counterion is solvated10 and the coordina
tion by THE may be stronger than that by ether groups of P-o-MeOSt and
o-AleOSt, the steric course of the monomer addition may be determined 
only by the chain end, as has been found in many radical polymerizations.

(T
Fig. 8. Bovey plot for P-o-MeOSt obtained with /¡-BuLi in TIIF: (□) radical polymeri

zation.

As expected for this mechanism, the tacticity of the polymer was indepen
dent of the initiator. Bovey single-o- plots for P-o-AIeOSt prepared in TH E 
are shown in Figure 8, where a is defined as the probability that an adding 
monomer generates the same configuration as that of the end of a growing- 
chain. The observed values are consistent with the theoretical curves. 
This, together with the results shown in Table V, may support the correct
ness of the assignments of the peaks in the NMR spectra, although the 
assignments were rather tentative.

Two propagating species, a free ion and an ion pair, have been found in 
the anionic polymerizations of styrene and «-methylstyrene in THE.11-13 
The propagations by these two species may yield configurationally different 
polymers. The existence of sodium tetraphenylboran which depresses the
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dissociation of an ion pair into free ions, did not affect the tacticity of P-o- 
AleOSt obtained in the polymerization in THF with Na naphthalene. It 
may be that the above two species give configurationally the same poly
mers or that the predominant propagating species is an ion pair.

The Bovey single-c plots lor P-o-MeOSt prepared with n-BuLi in toluene 
are shown in Figure 9. The experimental results deviate from the theoreti
cal curves. In this polymerization the ether groups of the monomer units

G
Fig. !). Bovey plot for P-o-AIeOSt obtained with n-BuLi in toluene.

at the chain end and/or of the adding monomer may interact with the 
lithium counterion. The interaction should be a cause for isotactic poly
merization at low temperatures. However, the energy of the interaction 
may be so small that the ,stereospecificity of the polymerization decreases 
steeply with a small rise of the reaction temperature.

Figure 10 shows that Chujo’s14 Ac = — kT  X ln(4/*S///2) is almost zero 
in the polymerization in THF regardless of the temperature. However, 
Ae in the polymerization in toluene with /¿-BuLi decreased with a decrease 
in the polymerization temperature, suggesting that a penultimate effect 
exists and increases with decreasing temperature.

In a mixture of toluene and THF, THF coordinates preferentially with 
lithium counterion, preventing the isotactic propagation of the polymer 
chain. The effect of THF is similar to that on the polymerization of 
isoprene with /i-BuLi in a hydrocarbon solvent, where the 1,4-c/s-structure
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T e m p e r a t u r e ,  "C

Fig. 10. Relationship between Ae = —kT  X ln(4/<S/iT2) and polymerization tem
perature for P-o-AIeOSt obtained by anionic initiators: (O) in THF with »-BuLi or by 
Na-Naph.; ( • )  in toluene with a-BuLi.

steeply decreased by the addition of a small amount of THF in toluene.16 
The interaction of Na+ with the methoxy groups may be weaker than that 
of Li+, and the former may give a less isotactic polymer than that given by 
the latter.

The authors are very grateful to Mr. Yoshio Terawaki for the measurements of the 
N M lt spectra and also to Mr. Kazuo Taniguehi of Sawada’s laboratory at the Osaka 
Electro-communication University for the use of the du Pont 310 curve resolver.
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polymer was entirely insoluble in organic solvents just as the parent 
cellulose is, and moreover, that increasing replacement of acetate groups 
by trimethylsilyl groups in cellulose acetate led to increasingly less soluble 
polymers.

The favorable results obtained with bis(trimethylsilyl)-acetamide 
(BSA) as a silylating agent for various classes of compounds with reactive 
protons5 prompted us to attempt the silylation of cellulose with this reagent 
and to reinvestigate the properties of the product.

RESULTS AND DISCUSSION 

Trimethylsilylation with Si—N Compounds

The silylation of cellulose with BSA turned out to be straightforward 
once a suitable solvent was found. It is characteristic of highly hydrogen- 
bonded materials of high molecular weight that their silylation is very 
sluggish, even when the material in the silylated form is quite soluble in 
the solvent used for the reaction. Solvent systems in which the parent 
polymer is somewhat soluble or in which at least some swelling occurs 
are preferable even if the solubility of the silylated product is only marginal 
in the particular solvent.

With such considerations in mind, silylations were carried out by sus
pending various grades of natural cellulose in polar solvents such as di
methyl sulfoxide (DMSO), dimethylformamide (DAIF), iV-methylpyr- 
rolidone (NAIF), and hexamethylphosphoramide (HAIFA), with addition 
of an excess of 20-30% over the calculated amount of BSA and on heating 
the agitated mixtures under anhydrous conditions at temperatures of 
100 to 150°C. HMPA and NMF were found particularly useful; in 
the latter solvent the fibers of a wood pulp cellulose turned into a trans
parent tan-colored gel within 1 hr at a temperature of lbO°C. This 
NAIP-insoluble gel yielded a viscous solution upon addition of xylene 
or benzene to the mixture.

The choice of the grade of cellulose proved to be of some consequence 
in these reactions. Depending on the prior history of the cellulose, the 
silylations go more or less readily to completion; in some cases, although 
most of the starting material appeared to have reacted, some insoluble gel 
remained which made filtration extremely difficult. Some commercially 
available wood pulp celluloses (types V-60 and V-90, Buckeye Cellulose 
Corp., Memphis, Tennessee) are very readily silylated; cotton linter 
pulps from the same source were generally of higher molecular weight 
and, although they left no unreacted insoluble material, gave extremely 
viscous solutions.

The nature of the hydroxyl groups in cellulose suggests that any resist
ance to silylation may be due more to steric reasons and lack of solubility 
than to intrinsic “chemical” difficulties in displacing these particular 
protons by trimethylsilyl groups. Weaker silylating agents like silylamines 
and silazanes could be expected to suffice once suitable reaction conditions
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were found. Treatment of cellulose in NMP with A^-trimethylsilyl- 
piperidine or hexamethyldisilazane at 140-Lr)0° C for 3-5 hr indeed gave 
viscous solutions with very little insoluble residue.

The polymeric product prepared with any of these silylating agents and 
solvents could be recovered either by vacuum distillation of volatile matter, 
or more conveniently, by precipitation with polar solvents like acetone, 
acetonitrile, or alcohols which yielded the polymer in the form of white 
fibers. The products were in all cases soluble in aromatic, chlorinated, and 
a number of aliphatic solvents. The yields of recovered material ranged 
from SO to 90% calculated on the basis of complete silylation; the elemental 
analyses indicated that the polymer (I) contained 2-3 trimethylsilyl 
groups per repeating unit.
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Silylation with Trimethylchlorosilane

The composition of the soluble trimethylsilyl cellulose must be virtually 
identical (according to the elemental analysis) with the totally insoluble 
product which Schuyten and co-workers4 obtained by treatment of cellulose 
with trimethylchlorosilane in pyridine. Freshly distilled commercial 
trimethylchlorosilane and a sample of the cellulose which had yielded 
soluble product with BSA also gave us an insoluble product. The cross- 
linking of the polymer therefore occurred as a result of either some secon
dary mode of reaction of trimethylchlorosilane itself or the presence of some 
impurity in the chlorosilane. The most likely impurities in this commercial 
product are higher chlorinated silanes; dimethyldichlorosilane and methyl- 
trichlorosilane boil at 70 and 66°C, respectively, and it should be very 
difficult to remove by fractionation traces of these compounds from tri
methylchlorosilane with a boiling point of 57°C. Pure trimethylchloro
silane was then prepared by reaction of anhydrous hydrogen chloride 
with hexamethyldisilazane and allowed to react with cellulose suspended 
in a mixture of pyridine and xylene. A completely soluble product was 
indeed obtained after a reaction time of 4 hr at 110°C. Thus, the insolu
bility of the product in the earlier experiments had evidently been caused 
by impurities in the commercial trimethylchlorosilane.

The likely culprits in this undesirable crosslinking reaction, dimethyl
dichlorosilane and methyltrichlorosilane, are known to be considerably 
more reactive than trimethylchlorosilane. Addition of a small amount of 
sugar to the mixture of commercial trimethylchlorosilane and pyridine
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and heating for a few minutes prior to the addition of the cellulose proved 
to be sufficient to remove the impurities from the solution in the form of an 
easily filterable brown lump of solid. Cellulose added at this point was 
silylated to a completely soluble product. This “sweetened” procedure 
provides a more economical synthesis of silyl cellulose than the silylations 
with silicon-nitrogen compounds.

We found it necessary to remove pyridine hydrochloride completely 
from the polymer; otherwise the trimethylsilyl cellulose became partially 
insoluble upon drying after the precipitation with a nonsolvent. The 
insolubilization may be caused by a reverse reaction in which the silyl 
ether bond is cleaved by the hydrochloride with formation of trimethyl- 
chlorosilane and cellulose. Removal of traces of pyridine hydrochloride 
was best accomplished by filtration of the crude product solution through 
aluminum oxide or by precipitation of the filtered polymer solution with 
methanol containing a small amount of sodium acetate.

Trimethylsilyl Ethyl Cellulose
It appeared of interest to us to attempt a modification of cellulose 

derivatives by replacing residual hydroxy protons by silyl groups. I t was 
possible to trimethylsilylate under mild conditions an ethyl cellulose con
taining an average of 0.7-0.8 hydroxyl groups per anhydroglucose unit. 
The product which contained 0.6-0.7 trimethylsilyl groups per ring was 
insoluble in alcohols but soluble in aliphatic hydrocarbons in contrast to 
the unsilylated ethyl cellulose.

Substitution With Other Silyl Groups
We found that the two methods developed for trimethylsilylating 

cellulose provided general routes to other silyl celluloses as well. Reaction 
of cellulose with W(dimethy]-y-cyauopropylsily])acetamide in NMP or 
with the corresponding silyl chloride in pyridine allowed the substitution 
of 80-90% of the hydroxyl protons by dimethyl-y-cyanopropylsilyl groups. 
In the same fashion, an average of 2.6 of the three hydroxyl protons of 
the anhydroglucose unit was replaced by the bulky methyldiphenylsilyl 
group, whereas substitution with triphenylsilyl groups did not prove to be 
possible by either method. The infrared spectra of three silyl celluloses 
are shown in Figure 1.

The proportion of the silyl groups in the resulting polymer ranges from 
about 55 wt-% for trimethylsilyl cellulose to about 76 wt-% for methyl
diphenylsilyl cellulose. It is not surprising then, that the properties ex
hibited by the various silyl celluloses are largely determined by the nature 
of the silyl substituents.

Properties of Silyl Celluloses
Trimethylsilyl Cellulose. The polymer is colorless and is soluble in 

aromatic and chlorinated solvents and also in a number of aliphatic hydro
carbons. It is insoluble in alcohols, ketones, esters, nitriles, and other
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The hydrolytic stability of trimethylsilyl cellulose is particularly remark
able in view of the fact that poly(trimethylsilyl vinyl ether) is solvolyzed 
by methanol to poly(vinyl alcohol) under mild conditions,3 whereas 
repeated precipitations and prolonged treatment of trimethylsilyl cellulose 
with methanol had no effect on this polymer. The bonding of the silyl 
groups is quite similar in these two poly (silyl alkyl ethers); the enhanced 
hydrolytic stability of silyl cellulose must be attributed to steric hindrance.

Fig. 2. Hydrolysis of silyl celluloses: (t) in water, 27°C.; (2) in water, 70°C.;
(3) in water, 100°C.; {4) 1 atm. of water vapor, 120°C; (.5) 1 atm. of water vapor, 
150°C.

In order to determine the relative hydrolytic stability of a number of 
different silyl celluloses, weighed film samples of 3 mils thickness were 
subjected to water or 1 atm of water vapor (above 100°C) at different 
temperatures for certain lengths of time and then reweighed after thorough 
drying at. 200°C/0.2 mm for 15 hr. The extent of hydrolysis that had 
occurred was calculated from the weight loss of the film. Figure 2a shows 
that 50% of the trimethylsilyl groups were lost by hydrolytic cleavage 
after 10 hr in water or water vapor of 100°C. Exposure to water of 70°C 
or water vapor of 120°C leads to 50% hydrolysis after about 80 hr. After 
SO hr exposure to water vapor of 150°C or water of 27°C 7% and 2% 
hydrolysis, respectively, results.
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in contrast to silylation with chlorosilanes and pyridine which deteriorates 
cotton. When a piece of white cotton fabric was heated in a 1:2 mixture 
of BSA and iV-methyl-pyrrolidone at 140°C for 1 hr and then rinsed with 
alcohol, the fabric appeared entirely unchanged. The elemental analysis 
showed the presence of 1.6% Si winch corresponds to substitution of 7% 
of the available hydroxyl protons by trimethylsilyl groups. The silyl 
groups are presumably located on or near the surface of the individual 
cotton fibers which was reflected by the fact that the fabric had become 
highly water repellent. Refluxing of the fabric in a 1:1 benzene-methylene 
chloride mixture for 3 days did not affect the water repellency. Likewise, 
three cycles in an automatic washer with regular detergent did not destroy 
the water repellent properties of the fabric, although extended treatment 
under basic aqueous conditions can be expected to remove the surface layer 
of silyl substituents.

EXPERIMENTAL 

Silylations with Silylamides

Trimethylsilyl Cellulose. A 34-g portion of wood pulp cellulose V-'JO 
of Buckeye Corporation (dried at 100°C/20 mm overnight) was stirred 
with 82 g BSA and 300 g of A-rnethylpyrrolidone (minimum amount to 
get a stirrable mixture after reaction has set in) at 150-160°C bath tem
perature. A transparent, tan-colored gel was formed within 1 hr. A 
400-cc portion of xylene was now added; another 400-cc portion of xylene 
was added 2 hr later. Stirring was continued at 150°C for a total of 4 hr. 
Benzene was added after cooling to give a total of 2.5 liters in order to lower 
the viscosity. The solution was completely free of solids; it was run from 
a separation funnel into stirred methanol. The polymer precipitated in 
the form of a white thread. It was washed with methanol until free of 
benzene and dried at 50°C/20 mm; the yield was 67 g (91% of the theory).

Completely soluble silyl cellulose prepared by this method has been 
obtained from wood pulps V-60 and V-90 and from cotton linter pulps 
1AY500-2, 1A500, 12HME-1, 6N35, and 1AH500 of Buckeye Cellulose 
Corporation. Silyl cellulose solutions prepared from wood pulps had 
lower viscosities than those derived from cotton linter pulps; the intrinsic 
viscosities measured in chloroform ranged from 2 to 7 dl/g.

Uimethyl(7 -cyanopropyI)silyl cellulose. A mixture of 12.5 g V-60 
Buckeye wood pulp, 55 g of N- [dimcthyl(y-cyanopropyl)-silyl |-7V-rnethyl- 
acetamide and 250 g of A-methylpyrrolidone was stirred under N2 in a 
bath heated at 150-100,:,C. After about 30 min, all solids had gone into 
solution. Stirring and heating at 150°C was continued for a total of 2 
hr; a clear viscous tan-colored solution was obtained. Toluene (200 cc) 
was now added and the solution run slowly into stirred methanol; the 
polymer precipitated as nearly white fiber. It was thoroughly washed with 
GIRO If and dried at 100°C/200 mm overnight; 36 g product was obtained 
(87% of the theory based on complete silylation). The polymer is soluble
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Trimethylsilyl Ethyl Cellulose. A mixture of 5.0 g of Hercules G-50 
ethyl cellulose with 0.7-0.8 hydroxyl groups per anhydroglucose unit,
5.0 g of bis(trimethylsiiyl)acetamide, 5 g of A-methylpyrrolidone, and 50 
cc of benzene was stirred in an anhydrous atmosphere in a bath heated at 
85-90° C for 1 hr. A clear colorless solution was obtained. The polymer 
was precipitated by pouring into stirred methanol. The colorless fibrous 
product weighed 5.2 g after drying overnight at 80°C/20 mm. The 
product is soluble in aliphatic hydrocarbons and insoluble in alcohols, in 
contrast to the starting ethylcellulose. Silylated ethylcellulose is also 
soluble in chlorinated and in aromatic solvents.

A n a l . F o u n d :  C ,  5 5 . 3 9 % ;  H ,  9 . 1 0 % ;  S i ,  0 . 3 0 % .  T h e  d a t a  c o r r e s p o n d  t o  2 . 2 5

C 2I I . 1O — , 0 . 6 5  M e a S i O — , a n d  0 . 1  H O —  p e r  r e p e a t i n g  u n i t .

Silylations with Chlorosilanes

Trimethylsilyl Cellulose. A mixture of 4 g of sucrose, 105 g of tri- 
methylchlorosilane (SC-3001 of the General Electric Silicone Products 
Department), 80 g of pyridine, and 1.41. of toluene was heated at 100-110°C 
for 1.5 hr; the sucrose had turned into a light brown semisolid after this 
time. V-G0 wood pulp cellulose (Buckeye), 26 g, which had been dried 
at 100°C/20 mm for 15 hr was added and the mixture stirred under an
hydrous conditions for 4 hr in an oil bath heated at 105-110°C. All 
cellulose had gone into solution after this time and pyridine hydrochloride 
was suspended in the viscous mass. One liter of toluene was added and 
the mixture filtered through a coarse sintered glass filter funnel holding a
1-in. layer of Harshaw alumina with a layer of tightly packed glass wool on 
top. The clear, nearly colorless filtrate was free of pyridine hydrochloride 
and clear films could be cast from this solution without subsequent cross- 
linking. The polymer could be obtained in the form of white fibers by 
precipitation with methanol. The product was identical in all respects 
with silylcellulose prepared with BSA.

Dimethyl(y-cyanopropyl)silyl Cellulose. Al-500 Buckeye cotton linters 
(5.0 g) were heated at reflux with stirring with 35 g of dimethyl-y-cyano- 
propylchlorosilane and 200 g of pyridine. After about 5 hr at reflux, a 
viscous, brown solution was obtained with very little solid material left. 
The solution was diluted with 1 liter of pyridine, filtered, precipitated wit h 
CH3OH, and the nearly colorless fibrous material washed with CH3OH 
until the pyridine odor was gone. A yield of 13.5 g was obtained after 
drying at 100°C/20 mm overnight. The material is identical with the 
product obtained by silvlation with the corresponding silylamide.

Methyldiphenylsilyl Cellulose. Similar to the previous experiment,
5.0 g of Al-500 was heated at reflux with stirring with 40 g of diphenyl- 
methylchlorosilane and pyridine. A clear, light tan-colored solution was 
obtained after about 15 hr of heating. Filtration left no solid material 
behind. The product was precipitated with methanol; 16 g of white 
fibrous material was obtained after drying at 100°C/20 mm. Again, 110
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difference was detected between polymer prepared by this route and 
product obtained via silylation with silylamide.

Methyldiphenylsilyl/Dimethyl-7 -cyanopropylsilyl Cellulose. In three 
separate experiments, 5.0 g (90 mmole of hydroxyl) of V-60 wood pulp 
(Buckeye) was mixed with: (a) 15.7 g of methyldiphenylchlorosilane
((37.5 mmole), 3.6 g of dimethyl-y-cyanopropylchlorosilane (22.5 mmole) 
and 200 cc of pyridine; (b) 10.5 g of methyldiphenylchlorosilane (45 
mmole), 7.3 g of dimethyl-7 -cyanopropylchlorosilane (45 mmole) and 200 
cc of pyridine; (c) 5.3 g of methyldiphenylchlorosilane (22.5 mmole),
10.9 g dimethyl-7 -cyunopropylchlorosilane (67.5 mmole) and 200 cc of 
pyridine. The three mixtures were heated with stirring under anhydrous 
conditions in a bath at 130-140° for about 2  hr. The clear solutions were 
added to methanol, the white polymer precipitates dissolved in chloroform 
and reprecipitated with methanol. The three experiments (a), (b), and 
(c) yielded 15.2 g, 14.0 g, and 12.5 g of product, respectively. The analyses 
shown in Table I indicate that the obtained substituent ratios approximate 
the molar ratios of the two chlorosilanes employed in the experiments.

The authors thank S. 1. Reynolds and T. E. Kotary of the General Electric Research 
and Development Center for the electrical measurements and M. Markovitz of the G. lv  
Materials and Processes Laboratory for the corona resistance study on trimethylsilyl 
cellulose.
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Cocatalysis by Epoxides in the Polymerization of 
Telrahydrofuran with Trilyl 

Hexackloroantimonate Initiator*

IRVING KUXTZ and M. T. MELCHIOR , Esso Research and Engineering 
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Synopsis
The polymerization of tetrahydrofuran (THF) with (CeELhC+SbCls-  initiator is 

markedly accelerated by small concentrations of propylene oxide or other epoxides. 
Molar concentrations of propylene oxide 4 to 10 times those of the carbonium-ion salt 
showed increasing conversion to polymer. The equilibrium conversion level at dif
ferent temperatures with epoxides is the same as in their absence; the approach to 
equilibrium is first-order in TUF. N.MR experiments in the presence of propylene 
oxide indicate the formation of a frityl ether intermediate. The cocatalysis effect is 
interpreted on the basis of an acceleration in the initiation process in the system.

INTRODUCTION

The polymerization of tetrahydrofuran (THF) to high molecular weight 
products by using carbonium ion salts such as triphenylmethyl (trityl) 
hexachloroantimonate, (C6H5)3C+SbCl6~ (I, referred to later as Ph3C+~ 
SbCl6~) was first reported by Bawn and his associates.1 More recent 
studies of this system have concentrated on specific anion effects2 and the 
details of the initiation process.3'4 In this communication, we report our 
observations that the THF polymerization rate using this initiator is mark
edly increased by trace amounts of propylene oxide or other epoxides.

EXPERIMENTAL
Experimental procedures were similar to those described previously.3 

The method of purification of the THF affects the rate of polymerization in 
uncocatalyzed experiments.6 The THF (J. T. Baker Co.) used in most of the 
experiments in this research was purified by distillation from lithium 
dispersion or calcium hydride. Hazards in the purification of THF have 
recently been reviewed.6 Polymerizations were carried out in screw-capped 
ampules and were prepared in a glove box under nitrogen. Epoxides were 
commercial samples redistilled before use, and when used as cocatalysts 
were premixed with the THF before addition to the initiator. Polymers

* Presented, in part, before the 15.5th American Chemical Society National Meeting, 
April 1968.
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were isolated by precipitation into ice water; this isolation procedure 
would not collect very low molecular weight, water-soluble products. 
After drying in the vacuum oven at 40°C, inherent viscosities were deter
mined in benzene at 25°C (0.1 g/dl concentration).

In the NMR experiments with precooled reagents, Dry Ice-acetone was 
used to cool the PO-THF solution and the flask containing I, before mixing. 
The solution was rapidly transferred to a NMR tube, which was then kept 
in a Dry Ice bath until insertion in the NMR spectrometer.

NMR spectra were obtained on a Varian HA-100 instrument operating 
in the frequency-sweep internal lock mode, a THF peak being used as 
internal reference. Signal-to-noise enhancement was accomplished by 
using the C-1024 time-averaging computer. It was generally necessary to 
obtain 10-40 scans in order to obtain sufficient signal-to-noise. All spectra 
were run at room temperature, except for one experiment at — 30°C.

sec-Butyl triphenylmethyl ether was prepared from 2-butanol by the 
procedure described earlier.3 The material had a boiling point of 175- 
1S0°C/0.01 mm.

A n a l . Galcd. for CmH240 : C, 87.30%; H, 7.64. Found: C, 87.50; H, 7.33.

RESULTS

Figure 1 shows the polymerization of the THF in benzene at 7°C with 
Ph3C+SbCl6-  as initiator. Results of another experiment, in which propyl
ene oxide (PO) was present at a concentration about 20 times that of the 
trityl salt, are shown. The increase in polymerization rate is dramatic.

Fig. 1. THF polymerizations at 7°C: THF 104/, benzene 2 M .  PhjC+SbCl«-, 3.5 X 
1 0 -“ !!/; (■) PO present, 0.0714/; ( • )  no PO.
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Fig. 2. Kffeetsof PO initiator ratio in THF bulk polymerizations at 7°C: ( • )  conversion 
values; (■) polymer inherent viscosities in bezene. PhjC+SbCl«-  3.5 X 10“3 M, 3 hr 
experiments, (PO) as shown.

Under our conditions where, for example, in the absence of PO only about 
3% conversion to polymer had taken place, a conversion of 45% was found 
when PO was used. This increase in polymerization rate by small amounts 
of PO is observed in polymerizations at other temperatures and in bulk 
polymerizations as well as those containing a solvent. We interpret these 
results as indicating that the small amount of PO is serving a cocatalyst 
function in the carbonium-ion salt-THF polymerization system.

Experiments were carried out with varied concentrations of PO to study 
the stoichiometry of the cocatalyst effect. Figure 2 shows that with molar 
ratios of PO to carbonium ion salt of 2,4, and 10 conversion to polymer in
creases regularly. Increasing the epoxide/initiator ratio beyond about 10 
seems to give no further increase in rate. Other experiments gave similar 
results. On the same figure are plotted the inherent viscosities of the poly
mers isolated in these experiments. The data show decreasing inherent 
viscosity with increasing concentration of PO.

When Ph3C+SbCl6_ is used to polymerize THF, the solution develops an 
amber color immediately. The color persists and darkens during the course 
of the polymerization to ultimately reach very dark brown colors. In ex
periments with a cocatalyst the color observations are different. When a 
small amount of an epoxide such as PO is present, the solution is colorless 
and remains so for a long time. However, if the solution containing the 
PO is allowed to stand, after significant polymerization has taken place it 
will become first yellow, then amber, and ultimately reach the same very 
dark colors observed in the experiment without the cocatalyst. It has 
been reported that in the polymerization of THF with preformed trialkyl- 
oxonium-ion salts colored solutions are not produced.7

The THF-Ph3C+SbCl6" system is one showing equilibrium polymeriza
tion behavior. Conversion to polymer need not be complete, but reaches 
an equilibrium value determined by polymerization temperature.8 Experi
ments such as that shown in Figure 3 at different temperatures indicate 
that when PO is used at small concentrations as a cocatalyst the equilibrium
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conversion level observed is the same as that in the uncocatalyzed poly
merization. Figure 3 shows that the approach to equilibrium follows first- 
order kinetics.

Fig. 3. Approach to equilibrium conversion. THF, 10 M  in benzene, Ph3C +SbCl6~ 
3.5 X 10“3Af, PO 0.069M, 25°C. Ordinate is the difference between equilibrium poly
mer concentration and the instantaneous polymer concentration.

Fig. 4. Dependence of polymerization rate on (Ph3C +SbCl6“ ). Initial first-order 
rate constants from dilatometrie experiments. THF 121/, PO 0.057 M,  25°C.
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TABLE I
Polymerization of THF with Ph3C+SbCl6-  at 23°C 

with Various Epoxide Cocatalysts“

Reaction time =  1.25 hr Reaction lime = 4.25 hi-

Epoxide
Con

version, %
Inherent
viscosityb

Con
version, %

Inherent
viscosity

None 3, 3 1 .27 ,1 .31 9, 9 1.91,2 .01
Propylene oxide 48,48 1 .89 ,1 .87 70,71 1.76 ,1 .98
Epichlorohydrin 44,45 1 .78,1 .81 67,67 2 .29 ,2 .28
Oetene-1 epoxide 46 1.50 69 1 .72
2,3-Epoxybutane0 44 1.50 68 1 .83
Isobutylene oxide 1 0.56 2 0 .81
Cyclohexene oxide 44 1.44 63 2 .02
Cyelododecene oxide 41 1.18 60 1 .31
3,4-Epoxy vinylcyclo- 

hexane
1,2-Epoxy-5,6-irons-

44 1.44 66 1 56

9 ,10-cis-cy clodo- 
decadiene 41

1.25 61 1 .33

3,3-Bis( chloromethyl )- 
oxetane 32

1.35 66 1.67

° Reactants were 0.07 mmole Ph3C +SbCl6~, 1.4 mmole epoxide, and 20 ml THF. 
b Determined in benzene at 2o°C.
c Approximately equal proportions of the c.is snd trans isomers.

In Figure 4 we show that the initial first-order polymerization rate con
stant at constant PO concentration shows a first-order dependence on car- 
bonium-ion salt concentration.

So far, we have described only experiments with PO as the cocatalyst 
epoxide component. Experiments were also carried out with a large num
ber of epoxides with varied structural features. Table I shows these re
sults for two different reaction times. The molar ratio of epoxide to Ph3- 
C+SbCl6-  was 20 in these experiments. It is surprising that so many of 
these epoxides show the cocatalyst effect to such a similar degree, even those 
with quite complicated structural features. Terminal epoxides or those 
derived from internal or cyclic olefins show similar behavior. Experiments 
with an epoxide/Ph3C+SbCl6_ ratio of 5 did not lead to a significant 
broadening of the range of cocatalyst effects. However, the data in Table I 
do show that one epoxide is very different from the others; isobutylene 
oxide does not behave as a cocatalyst but actually reduces the amount of 
polymer obtained, compared to that isolated when no cocatalyst at all is 
used.

Shown in Table II are results of studies designed to determine if the co
catalyst effect could be observed if the epoxide was added to a polymeriza
tion that had been proceeding in the conventional way. Experiments 2 
and 3 compare an uncocatalyzed and a cocatalyzed polymerization, re
spectively. We see the conversion and intrinsic viscosity effects we anti
cipate.
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Fig. 5. THF polymerization with PO cocatalyst. I, 6.9 X 10_3ilf, PO 7.1 X 10~2A7.

Ratio PO /I, 10. Traces are for, from bottom to top, 2, 3, 5, 7 scans.

In experiment 4 of Table II we allowed an uncocatalyzed experiment to 
proceed for 2 hr. From the data in experiment 1, we note that the amount 
of polymer produced in this time interval is more than twenty times the 
amount of Ph3C+SbCl6~ originally used as initiator. In experiment 4 
PO was added after this 2-hr period, and the charge allowed to stand. 
From the amount of polymer isolated in experiment 4 we see that the 
cocatalyst effect is observed when the epoxide is added to the system after 
the polymerization has been allowed to proceed in the normal way for some 
time. Similar results were observed in a series of experiments carried out 
at 6°C, as also shown in Table II.

NMR experiments have given valuable information about the cocata- 
lytic effect. In initial experiments to obtain samples that did not polymerize 
explosively at the relatively high initiator concentrations, the molar ratio 
of PO to Ph3C+SbCl6~ was about 0.7. In these polymerizations we could 
detect the formation of Ph3CH as described earlier for the uncocatalyzed 
system.3

Using the time-averaging technique we were able to obtain NMR data at 
concentrations similar to those used in our polymerization studies. Figure 
5 shows the initial NMR traces of an experiment in which PO was used as 
cocatalyst at a concentration ten times that of the Ph3C+SbCl6_. The 
aromatic protons at about 7.3 <5 (ppm downfield from tetramethylsilane) 
show a pattern quite different from that observed in a polymerization with
out cocatalyst, shown in Figure 6. In the latter case the methine peak of 
Ph3CH is seen at 5.7 <5. In examining these results, the patterns obtained 
from authentic mixtures of Ph3CH and Ph3CO.sec-C.|H 3 in THF shown in
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Figure 7 are helpful. Our observations are consistent with the formation of 
a trityl ether in THF polymerizations containing PO cocatalyst.

As we examined many samples containing PO cocatalyst by the NMR 
technique it became clear that the pattern observed for the aromatic pro
tons changed with time. No change was noted for the THF polymeriza
tions without cocatalyst. Experiments were carried out in which the PO- 
THF mixture was cooled in Dry Ice before addition to PhsC+SbCh“.

Fig. 6. THF polymerization without cocatalyst. I, G.9 X 10~W . The curves, from 
bottom to top, represent 1, 2, 3, 4, o, 7, I 1 scans.

The solution was maintained in a similar bath before insertion into the 
NMR instrument, where warming to ambient temperature took place. 
This procedure permitted study of the change of the aromatic proton pat
tern. Figure 8 shows the results of such an experiment. There is a 
definite change from a pattern expected for a trityl ether structure to one
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indicating a significant proportion of Ph3CH. However, the NMR trace is 
not that anticipated from Ph3CH alone.

In another experiment, an NMR sample was prepared with a PO/I ratio 
of 18; the Dry Ice cooling procedure was followed by insertion into the 
instrument with the probe maintained at — 30°C.

Up to this time, examination of the NMR pattern of the THF protons 
showed that no polymerization had taken place in the colorless solution. 
After 5.1 hr at — 30°C the aromatic proton pattern was consistent with a 
trityl ether structure and 16% conversion to poly(THF) had taken place.

p p m

. I . . . .  I . . . .  I I . . . .  I . . . .  I . . . .  I ■ ■

Fig. 7. N M R results with authentic mixtures in THF: (A) Ph»CH 8.4 X 10-s M, 
PhaCOscoCiHa 4.4 X lO -W ; (B) Ph3CH 6.7 X 10-»M, PlnCOCJU 6.3 X IQ“3 M;  
(C) Ph,CH 4.3 X 10-» M,  Ph:,COC(H;, 8.9 X Tracings result from 20-30
scans.

The sample temperature was then raised to 25°C. After 1 hr at this tem
perature 38% conversion to polymer had occurred, the aromatic proton pat
tern still was that of a trityl ether, and the solution was still colorless. 
The next day the NMR pattern had changed in the fashion previously ob
served and the solution was dark amber. The NMR traces are shown in 
Figure 9.

An NMR experiment, similar to those described in Table II, was also 
carried out; PO was added to a THF polymerization already under way by 
initiation with PhuC+SbCF- . Originally, the pattern of PH3CH was 
observed as anticipated. After the PO addition we could observe the en
hanced polymerization rate by examining the increase in the peak ascribable 
to methylene groups alpha to the ether oxygen in the polymer. However, 
we could not detect any change in the aromatic proton pattern.
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8 7 6

. . . ■ 1 . . . .  1 ■ . . . I ■ . . . 1 . . . .  I . . . . I . . . .  I ■
Fig. S. Precooled polymerization. Solution was 4.6 X 10_3.D in I, 7.1 X 10~2M  in 

PO. Molar ratio PO /I 16. Successive NMR traces from bottom to top. 1, 2, 10, and 
36 scans. Uppermost trace obtained approximately 6 hr after mixing.

DISCUSSION
The experimental results presented have clearly shown that small 

amounts of propylene oxide or other epoxides significantly increase the 
polymerization rate of THF when PlyC +SbClc_ is used as initiator. The 
propagation reaction in this system is considered to involve oxonium ions 
[eq. (1) ]. We do not believe that the observed cocatalytic effect of epoxides 
involves

P— fO(CH2)4ir (1)

the propagation reaction. Rather, we believe that the cocatalytic effect 
must result from an increase in the concentration of propagating centers. 
This focuses attention on the initiation process in this system. One step in
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/

Fig. 9. NMR studies of polymerization at —30°C, I 0.00823/, PO 0.15M, THF 13M, 
PO /I ratio IS: (A) after 4.5 hr, 14 scans, 14% conversion to polymer; (B) after 5.1 hr,
23 scans, 16% conversion; (C) after 1 hr at 25°C, 14 scans, 38% conversion; (D) after
24 hr at 25 °C, 67 scans.

the initiation of polymerization of THF with PlpC+SbCh- has been shown 
to involve the production of triphenylmethane [eq. (2) ].3

Ph„C+SbCl,r + ( 2 )

When an epoxide is present, a new species can be formed in solution as 
shownfin eq. (3).

Ph3C+SbClc“(THF) +  R,R,C— CH,

0

+̂ CR,R., 
Ph3C— 0  I

x c.h 2
SbCl6"

THF I'
~^J)— CH2C— OCPh:, (3) 

R2
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The oxonium ion derived from the epoxide can now react with THF to 
generate the growing chain. If sufficient epoxide is present to convert all 
the carbonium ion to the epoxide derived oxonium ion, a complete change of 
mechanism is obtained and no Ph3CH is formed. More than 1 mole of 
epoxide per mole of Ph3C +SbCl6~ is required for this change of mechanism 
since THF is a stronger Lewis base and present in much higher concentra
tion and more effective in solvating Ph3C + than is PO. Thus, at lower 
PO/Ph3C +SbCl6~ ratios, both the Ph3CH-forming initiation process and 
that shown in eq. (3) proceed simultaneously. The initiation process in
volving the three-membered oxonium ion is very much faster than that in 
the uncocatalyzed reaction. More propagating species are generated early 
in the reaction which are able to react with monomer and cause the observed 
increase in polymerization rate. The X M R spectra we observe in the pres
ence of PO is consistent with that anticipated from examination of an 
authentic trityl ether, II, synthesized as a model compound. If the cocata
lyst effect is to operate with a particular epoxide there are requirements for 
the derived oxonium ion of eq. (3). With isobutylene oxide the inter
mediate must have sufficient carbonium ion character to make the reaction 
with THF difficult. Thus, this epoxide does not show cocatalytic behavior.

Oil:,
I

PH3COCHCH2CII.CH3
II

If this reasoning is correct, it demands that the initiation reaction in the 
normal polymerization, in the absence of cocatalyst, must be slow. Evi
dence that initiation of polymerization in this system is slow has been 
reported.2'4'9

Our NMR observations show that the trityl ether group is unstable in the 
polymerization mixture. It is reasonable that the ether group is cleaved to 
regenerate the Ph3C+ ion. The carbonium ion can now abstract a hydride 
ion from a THF molecule to form Ph3CH The color formation observed on 
standing in cocatalyzed experiments can be caused by this behavior. The 
positive fragment of eq. (2) must be a precursor in the color-forming reac
tion.

The inherent viscosity of the polymers isolated in the cocatalyzed reaction 
is generally lower (at the same conversion level) than polymers obtained in 
the absence of a cocatalyst. This behavior may be the result of several 
effects. Rapid initiation would yield fewer high molecular weight species 
whose effect is magnified in the inherent viscosity measurement. Chain 
transfer and cyclization reactions due to the presence of epoxide group 
residues may also be contributing to this behavior. The generation of new 
polymer chains by the Ph3C+ liberated by the ether cleaving reaction also 
affects molecular weight.

Much more difficult to explain is the cocatalytic effect observed when PO 
was added to a polymerization initiated in the normal way. The enhanced 
polymerization rate was clearly observed in these experiments. Ledwith
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has found that the hydride abstraction reaction of Pl^C+SbCb-  with THF 
to form Ph3CH is rapid, even at low temperatures.10 Thus, there can be no 
carbonium salt still present to react as shown in eq. (3).

The Ph3CH-forming reaction of eq. (2) is recognized to be only the first 
step in the initiation process in the normal reaction. It has been considered 
that this fragment might be involved in the initiation of the propagation 
process as shown in eq. (4).3 This may be a slow process.

Based on NMR studies of the uncocatalyzed reaction Dreyfuss et al.4 
believe that the first formed positive fragment of eq. (2) loses one or more 
protons to form a furan derivative and a new cationic species. Some ob
servations indicate that this species is relatively long lived. Their mecha
nism is shown in eqs. (5) and (6).

We have duplicated the NMR observations of Dreyfuss at relatively high 
concentrations of Ph3C+SbCl6~ in THF. At the lower concentrations used 
in our NMIt experiments, similar to those used in our polymerization ex
periments, we were able to observe only a very broad weak absorption.

However, to explain the cocatalytic effect observed after polymerization 
has been initiated in the normal way, we are forced to conclude that some 
passive species present is activated by the addition of epoxide to increase 
the concentration of growing chains.

We would like to thank A. Ledwith and G. Olah for making their research results 
available to us before publication.
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Stereoblock Polymerization of Methyl Methacrylate 
with VOCl3—A1(C2H5)3 Catalyst System

S. S. DIXIT, A. B. DESHPANDE, L. C. ANAND, and S. L. KAPUR,
National Chemical Laboratory,

Poona, India

Synopsis
Kinetics of the polymerization of methyl methacrylate with the YOCla-AlEta catalyst 

system at 40°C in re-hexane have been studied. A linear dependence of rate of poly
merization on the monomer and catalyst concentrations as well as an overall activation 
energy of 5.87 kcal/mole were found. Characterization of the structure of the polymer 
by NMR spectra revealed the presence of stereoblock units. The mechanism of poly
merization is discussed in relation to the kinetic data obtained.

INTRODUCTION

The polymerization of methyl methacrylate with free radical,1-2 
anionic,1-3 and Zieglcr-Natta type catalysts4-7 is well known.

The VOCh-AlEts7 TiCT,-AlEt:j,4-7 'and Ti(?-C3H70 )4-A lE t/ catalyst 
systems have been extensively used for the polymerization of methyl 
methacrylate under various conditions by Furukawa7 and Abe4-5 and co
workers, respectively. These studies revealed that the polymers obtained 
have mainly syndiotactic structures. Since free-radical catalysts are 
known to produce predominantly syndiotactic poly (methyl methacrylate), 
it has been pointed out7 that polymerizations with VOCL-AlEts and 
TiCl4-AlEt37 may also follow a free-radical mechanism. This has been 
supported by results of EPR and infrared studies of the polyfmethyl 
methacrylate) as well as by reactivity ratios of copolymerization reactions.

In this paper kinetic studies of the polymerization of methyl methacrylate 
with VOCU-AlEta in »¡-hexane at 40°C are reported, and the mechanism of 
the reaction has been discussed on the basis of results of infrared and NMR 
spectra. The infrared spectra of the polymers show the presence of 
syndiotacticity, whereas the NMR data exhibit confirmatory evidence for 
the presence of stereoblock poly (methyl methacrylate).

EXPERIMENTAL

The reagents and solvents were purified and stored as mentioned in the 
earlier communication from this laboratory8 for the polymerization of 
styrene with V()Cl3-AlEt3.

1973
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Methyl methacrylate was purified according to the accepted technique, 
particular attention being paid to removing traces of water.

1,1-Diphenylpicrylhydrazyl was recrystallized from a 1:1 ligroin- 
benzene mixture and dried before use.

1 5 0 0 0 0  

1 3 5 0 0 0  

12 0000  

1 0 5 0 0 0  

9 0 0 0 0  

7 5 0 0 0  

60 0 0 0  

4 5 0 0 0  

3 0 0 0 0  

1 5 0 0 0

I 2  3  4  5  6

A I  / V  M O L A R  R AT I O

Fig. 1. Ell'ect of A l/V  ratio ou (O) conversion and (0) molecular weight of PMMA 
with YOGlj-AlEta catalyst system. [V0C13] = 0.05 mole/1., [MMA] = 1.88 mole A» 
total volume = 25 ml, aging time = 20 min, reaction time = ISO min, temperature = 
40°C.

The procedure of the polymerization followed was as reported in the 
earlier communication,8 except that the catalyst system was prepared in 
the absence of the monomer in all cases.

The average molecular weights were obtained from viscosity measure
ment in benzene at 30°C by using the following equations:9

M  =  1.95 X 10“3 #„»•“  M  ^  34 000 

h] =  5.2 X 10-6 M v >  34 000
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NMR spectra of 10% (w/v) solutions of the polymers in chlorobenzene 
were recorded on A-60 Varian spectrophotometer at 85°C, tetramethyl- 
silane being used as an internal reference.

RESULTS and DISCUSSION
As reported earlier,8 the catalyst components on mixing turned into a 

dark brown solution containing fine precipitate which did not change with

i
00
\

tf>o

Q.
cr

1 2 5 0 0 0

100000

7 5 0 0 0

5 0 0 0 0

2 5 0 0 0

AGEING T I M E  IN M I N U T E S —>
Fig. 2. Effect of aging time on (O) Rp and (O) molecular weight of PMMA with 

V0 Cl3-A lE t3 catalyst system. [VOCI3] = 0.05 mole/1., [AlEts] = 0.075 mole/1., Al/V  
molar ratio = 1.5, [MMA] = 1.88 mole/1., reaction time =  180 min, temperature = 
40°C.
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Fig. 3. Effect of time on conversion of M JIA with the VOCl3-A lE t3 system. [YOCla] 
= 0.05 mole/L, A l/V  molar ratio = 1.5, [M ilA ] = 1.38 mole/1., aging time =  20 min, 
temperature = 40°C.

variation of the concentration of the respective components; on addition of 
methyl methacrylate it becomes light brown.

In this case, it can then be assumed that the catalyst sites formed may be 
independent of the concentrations of the catalyst components. Further, 
the ratio of the catalyst components was varied in order to determine the 
ratios of optimum activity; these depend on the nature of the monomer 
added. It was observed that with an Al/V ratio in the range of 1-2, the 
rate of polymerization (Fig. 1) is almost constant and at the same time 
molecular weights are higher than at an Al/V ratio of d, where the yield is 
maximum. Subsequent studies were therefore conducted at a mean 
Al/V ratio of 1.5.

Heterogeneous catalyst systems are often unstable, due either to decom
position or degradation of the catalyst complex in the presence of various 
components formed. In view of this, the catalyst was aged in absence of 
monomer for 10 (10 min; the monomer was then polymerized with the aged 
catalyst system at a fixed ratio of Al/V. It was noted that the catalyst 
aged for 20 min is very active, and the polymer produced with it has a very 
high molecular weight (Fig 2). At the same time, the rate of polymeriza
tion increased linearly with time even up to 3 hr (Fig. 3).

In the light of the above observations, conditions for studying t he kinetics 
were established as (1) Al/V ratio of 1.5, (2) polymerization time of 3 hr, 
(3) aging time of 20 min. Under these conditions, a fixed amount of 
methyl methacrylate was polymerized with the varying concentrations of 
the catalyst components. The rate of polymerization varied linearly with
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CCD M O L E S  / LITRE

Fig. 4. Effect of catalyst concentration [C] on (O) Iip and (O) molecular weight of 
PMMA with YOCL-AlEt.i system. A l/Y  molar ratio = 1.5, [MMA] =  1.88 mole/1., 
aging time = 20 min, reaction time = 180 min, temperature =  40°C.

catalyst concentration (Fig. 4). However, the molecular weight decreased 
with increasing concentration of catalyst components, indicating chain 
transfer with the complex formed. Similarly, when the monomer con
centration was changed (Fig. 5) at constant concentration of catalyst 
components, both the rate of polymerization and the molecular weight 
increase with increasing concentration of monomer, indicating that the 
monomer has not taken part in the chain transfer reaction. This shows 
that, as with other Ziegler catalyst systems, the rate of polymerization is 
first-order with respect both to the monomer and catalyst concentrations. 
However, the catalyst is highly active because rate constants calculated as 
K  = 4.634 X 10_5l./mole-sec with respect to monomer and K = 5.611 X 10 _5 
l./mole-sec with respect to catalyst are comparatively large. The overall
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Fig. 5. Effect of monomer concentration [M] on (O) l tp and (O) molecular weight of 
PU M A  with V O C I 3- A I E L 3 system. [ V O C I 3] =  0.05 mole/1.; Al/V molar ratio =  1.5, 
aging time = 20 min, reaction time = 180 min, temperature = 40°C.

activation energy calculated from plots of log R p versas 1 /T  (Fig. 6) is o 
the order of 5.870 kcal/mole, which is in the range of values usually reported 
for Ziegler type catalysts.

In the earlier report,6 it has been observed from the infrared spectra that 
poly (methyl methacrylate) obtained with this cat alyst system is syn- 
diotactic in structure but the J  values calculated approximately6 fell 
between the conventional and the stereoblock character of the polymer. 
In order to confirm the structure of the polymer, NMR spectra were 
recorded of the polymer obtained at various ratios of Al/V (Fig. 7). These 
spectra indicated that these polymers contain a larger percentage of 
syndiotactic units than isotactic and atactic. It is also observed that 
besides the appearance of 1 and S peaks, a prominent peak at 8.79 r due
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Fig. 6. Effect of temperature on Rp for VOCla-AlEta System. [YOCL] =  0.05 
mole/1., [MMA] =  1.8S mole/I., A l/V  molar ratio = 1.5, aging time = 20 min, reaction 
time = 1X0 min.

TABLE I
Comparison of Values of Stereoblock Obtained with Different Catalyst Systems

Relative areas for the 
«-methyl peak in the 

NM R spectra“

Catalyst
system

Mole ratio 
of catalyst 

components

S
(8.90
ppm)

H
(8.79
ppm)

/
(8.67
ppm)

Refer
ence

9-Fluoreny li t hi um, — 0.33 0.33 0.33 10
— 60°C in 
toluene- 
THF (95:5) 
solvent

PhMgBr +  CoCl-2, CoCL/PliMgBr = Hj 0.39 0.17 0.44 11
— 20°C

PhMgBr +  CoCl,, CoCb/PhMgBr = 1/6 0.45 0.21 0.36 11
+20°C

VOCls-AlEts, A l/V  = 1.5 0.42 0.30 0.27 Present
40°C

VOCls-AlEtj, Al/Y = 2 0.41 0.29 0.29
study

40 °C _________________

“ For evaluation of the areas the syndiotaotic 8,  heterotactic H, and isotactic / ,
«-GIL triad peaks of Bovey and Tiers14 were used.
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to hetero (H) units in our samples indicates a relatively short block 
length. This clearly means that these polymers contain a stereoblock 
structure. The percentage of syndiotactic, isotactic, and atactic units 
calculated with the planimeter agreed very well with the values obtained 
for polymers prepared by other anionic catalyst systems by Smets and 
Berghmans10 or a Liquori et al.n (Table I). Coleman and Fox12 have

Fig. 7. Nuclear magnetic resonance spectra of PMMA in 10% chlorobenzene solu
tions: (A) PMMA with YOCh-AlEts, A l/Y  ratio = 2; (B) PMMA with V0C13-A1E13,
A l/V ratio = 1.5.
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proposed that stereoblock polymers are produced by two-stage anionic 
polymerization. Very recently, stereoblock formation of methyl meth
acrylate polymer with anionic initiators has been supported by the work of 
Lim et al.13

It can be understood that VOCl3-AlEt3 catalyst system does not appear 
to be a free-radical type, even though inhibitors like 1,1-diphenylpicryl- 
hydrazyl reduce the rate of polymerization and the molecular weights and 
the colour of the 1,1 diphenylpicrylhydrazyl did not change (Table II). 
This is also evident from studies with diethyl zinc which show a molecular 
weight decrease with increasing amount of diethyl zinc (Table III).

TABLE II
Effect of Diphenylpicrylhydrazyl on Polymerization 

of Methyl Methacrylate with Y O C l 3- A l E t 3  at A l / Y  = 1.5“

Expt.
Amount of Conversion, 
DPPH, mg %

h i ,

dl/g M v  X 10

1 — 4.243 0.3806 121.9
2 7.5 3.113 0.3330 102.1
3 15.0 2.555 0.2736 78.7
4 20.0 2.341 0.2560 71.94

“ [VOCE = 0.05 mole/1 , Al Y ratio = 1.5, Aging time = 20 min, reaction time =
3.0 hr, temperature = 40 °C, [MMA] = 1.88 mole/1. DPPH added just after the
addition of monomer.

TABLE III
Effect of ZnEL on Polymerization of Methyl Methacrylate with

Y0C13-A1EL at A l/Y  = 1.5“

Concn. of ZnEL R v X 106,
Expt. M /l mole/1. -sec h i, dl/g M ,  X 10“3

1 — 7.386 0.3806 121.9
2 0.003 10.530 0.2274 61.52
3 0.005 11.360 0.2735 78.70
4 0.010 15.790 0.1775 44.58
5 0.020 20.960 0.2038 53.58
6 0.030 20.600 0.2020 52.84
7 0.040 26.120 0.2017 51.65

“ [YOCls] = 0.05 mole/1., aging time - 20 min, [MMA] = 1.88 mole/l., temperature 
= 40°C, reaction time = 3 hr. ZnEL was added just after the addition of monomer.

It has been already established that the VOCh-AlEts catalyst system is 
not only heterogeneous but contains vanadium in the valence state of 
three8 and polymerizes all the hydrocarbon monomers by the coordinate 
ionic mechanism. Our kinetic studies and the stereoblock structure of 
poly(methyl methacrylate) as determined from N M R  studies, provide sup
port for polymerization of methyl methacrylate with VOCl3-AlEt3 by a 
coordinate anionic mechanism.
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Anionic Polymerization of Cyanoacetylene 
(Propiolnitrile)
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Rehovot, Israel

Synopsis
Cyanoacetylene can be polymerized into linear polymers at low temperatures by 

anionic initiators. The polymers are brown to black amorphous powders, soluble in 
polar organic solvents. Their molecular weights are of the order of several thousands 
and the presence of the acidic acetylenic hydrogen does not seem to be an inhibiting 
factor in polymerization. Some general features of the polymerization and the products 
obtained are discussed. It is possible to synthesize copolymers with acrylonitrile, which 
show spectral and solution properties intermediate between those of the two homopoly
mers. The difference in structure between the materials obtained after pyrolysis of 
polyacrylonitrile and polyeyanoacetylene is discussed.

INTRODUCTION

Reports on the polymerization of acetylenic monomers are few in the 
literature and are mostly concerned with metal-organic catalyst 
systems.1’2 As the acetylenic hydrogen, which is bound to carbon by a sp- 
hybridized bond, is quite acidic, anionic polymerization of acetylenic 
monomers, having a free hydrogen, was for a long time considered to be 
impractical.3 In the course of our work on the catalytic properties of 
pyrolyzed polyacrylonitrile,4 in which we tried polyeyanoacetylene as a 
model polymer, we discovered that the complex catalyst TiCU/BuLi did not 
polymerize the monomer, but that BuLi alone did.

We want to report here some general studies about the phenomena 
encountered when cyanoacetylene is polymerized by anionic initiators. 
The only known example of anionic polymerization of acetylenic monomers 
containing free hydrogen is that of acetylene itself and some of its homologs, 
by alkali acetvlides in aprotic solvents at 40-80°C.5 Cyanoacetylene 
polymerizes instantaneously at very low temperatures with BuLi in 
heptane, and special precautions are necessary to prevent polymerization.6 
Convenient initiators appeared to be alkoxides and cyanides in dimethyl- 
formamide (DMF) solution, where rates could be more or less controlled.
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EXPERIMENTAL 

Synthesis of Cyanoacetylene

This was performed by the dehydration of propargyl aldoxime as reported 
elsewhere.4

Polymerization

Dimethylformamide (BDH, analytical reagent) was dried over activated 
alumina (12-2.1 mesh) for 3 days. The alumina was pretreated by heating 
at 400°C in a nitrogen stream for 2 hr. The dry DA IF was distilled at 
30-3.1 mm pressure (bp (55-66°C) and collected as three equal fractions, 
only the middle fraction being used.

Sodium cyanide (6 g, BDH analytical reagent, dried over P20 5) was 
introduced into a 2.10-ml round-bottomed flask and attached to a vacuum 
line (pressure lower than lg). By gently heating with a flame the last 
traces of water were removed.

Drv distilled DA IF (1.10 ml) was introduced into a 2.10-ml round-
o

bottomed flask together with 7  «-in. pellets of molecular sieves (5 A) which 
had been dried in a nitrogen stream at 400°C for 2 hr. Subsequently the 
DAIF was distilled into the flask containing the sodium cyanide, which was 
dissolved by stirring.

Pure cyanoacetylene (IS g) was introduced into a small container 
attached to the vacuum line and after degassing was distilled into the 
reaction mixture by way of a lb05 tower. During the distillation the 
reaction mixture was kept immersed in liquid air. After introduction of 
the cyanoacetylene, the temperature was raised to — (iO°C by immersion 
in an acetone-Dry Ice mixture and kept at this temperature for 3 hr. The 
solution was divided into two equal parts. One part was poured into 3 
1. of methylene chloride and the other part into 3 1. of methylene chloride 
containing 7 ml of concentrated HC1. After standing for 2 days the poly
mer had precipitated sufficiently to be recovered by decantation of the 
solvent and subsequent filtration. Although the two methods of recovery 
yielded polymer of slightly different properties, their infrared spectra were 
identical. The polymer, recovered under nonacidic conditions, was 
soluble in water and could be precipitated from its aqueous solution by 
dilute acid. It could be dissolved again by the addition of dilute alkali.

Copolymerization

Sodium cyanide (1 g) was introduced into a round-bottomed flask (250 
ml) and DAIF (100 ml) distilled into it as described above.

Acrylonitrile (15 ml, 0.2S mole), which had been freed of inhibitor in the 
conventional manner, was distilled into (he reaction flask which was held 
at — 60°C. Afterwards cyanoacetylene (3 ml, 0.047 mole) was distilled 
into the mixture as described above. After stirring at —40°C for 3 hr and 
at room temperature of 3 hr, the copolymer was precipitated by pouring
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the mixture into 3 1. of methylene chloride containing? ml of concentrated 
IT Cl. After filtration the copolymer was ground in a mortar with dilute 
HC1 and after that with distilled water. It was dried in a desiccator under 
vacuum over lh05.

After extraction in a Soxhlet apparatus with acetone for 12 hr, one third 
could be recovered from the acetone phase, and two thirds appeared to be 
insoluble in acetone.

Solvent Fractionation
The polymer of cyanoacetylene was extracted in a Soxhlet apparatus for 

24 hr with each solvent in the order given in Table II.

Molecular Weight Determination

A vapor osmometer (Mechrolab) was used with acetone as the solvent.

RESULTS
Table I shows the dependence of polymer yield and molecular weight on 

the ratio of monomer to initiator.

TABLE I
Correlation between Ratio of Monomer to Initiator, Polymer Yield, 

and Molecular Weight during Anionic Polymerization of Cyanoacetylene in DMF

Initiator
Monomer to 
initiator ratio

Polymer 
yield, %

Molecular
weight

CILiONa" 5/1 90 1 640
10/1 50 1430

“ 20/1 35 1640
KCNS1’ 1/1 05 1100

11 5/1 SO 1430
11 10/1 75 1 000
11 100/1 2 770

a T  =  —60°C. 
b T  =  0°C.

It is clear from the table that a direct correlation exists between yield 
of polymer and the ratio of monomer to initiator, but that the molecular 
weight is not influenced in any predictable manner. This is also found 
with other types of initiators7 and seems to be a general phenomenon in 
the polymerization of acetylenes into linear polymers.

Description of the Polymer

The polymers are red-brown to black amorphous powders, readily soluble 
in most polar solvents. By means of thin-layer chromatography, they can 
be separated into many components whose colors range from bright yellow 
to green to red and brown. Refinement of the technique enables every
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fraction to be separated again and again into other fractions, a fact that 
can only be explained by the occurrence of many cis/trans configurations 
and conformations. The polymers are also soluble in dilute alkali, from 
which they can be precipitated by the addition of acid, and thus they 
behave as weak acids. A more practical way of fractionation is by 
extraction by different solvents, results of which are given in Table II.

TABLE II
Fractionation of a Polymer of Cyanoaeetylene by Means of Solvent Extraction

Weight
of fraction, Molecular

Solvent %  weight Remarks

Chloroform in
Yellow syrup; no MW 

determination possible
Isopropanol 29 625 Brown powder
Ethanol 20 1 050 Brown powder
Acetone 41 2 000 Brown/black powder

A molecular weight of 2000 corresponds to a degree of polymerization of 
39. The highest ever reported for an acetylenic monomer is a degree of 
polymerization of 49 initiated by a metal organic catalyst with phenyl- 
acetylene.8 Most reported values are much lower. From this it can be 
concluded that the acidic acetylenic hydrogen is apparently not an impeding 
factor during the anionic polymerization and that reaction (1)

R -  +  H C =C —C = N  -*■ RH +  - 0 = 0 —O ^ N  (1)

does not seriously compete with reaction (2).
R -  +  H C = C —C = N  R—C = C -

\  (2 ) 0=N
The high solubility of the polymer precludes a serious degree of cross- 

linking. In principle one may expect that in anionic acetylene poly
merization the propagating anion attacks the conjugated chain formed 
[eq. (3)],

cC

C >

c>
(3)

which is reflected in the fact, that, in many cases insoluble products are 
obtained. This is sometimes taken as proof of a high degree of poly
merization.9 We tried to check this possibility by using the rhodanide 
anion as the initiator, and by analyzing for sulfur in the end product. If
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the sulfur content found is higher than that calculated from the molecular 
weight for one endgroup, attack on the conjugated chain has occurred. 
Table III gives the results.

TABLE III
Calculated and Measured Sulfur Content of Polymers 

Obtained at Different Monomer to CNS-  Ratios

M /I MW

Sulfur content

Calculated for 
one endgroup, %

Found
%

1/1 950 3.3 7.0
10/1 1 000 3.2 0.3

100/1 770 4.1 5.3

The sulfur content is greater than that calculated for one endgroup in all 
cases, but is seen to decrease with increasing monomer to initiator ratio. 
This suggests attack by the strong nucleophile CNS-  rather than cross- 
linking.

C M - 1

4 0 0 0  3 0 0 0  2 0 0 0  1 5 0 0  1 0 0 0  9 0 0  8 0 0  7 0 0

W A V E L E N G T H ( M I C R O N S )

Fig. 1. Comparison between the infrared spectra of (A) cyauoacetylene monomer and
( B )  its polymer.
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Spectra

Since the polymers are a mixture of many isomers, optical as well as 
NMR spectra are very diffuse, and not much information can be obtained 
from them. The infrared spectrum, on the other hand, gives valuable 
information, as can be seen from Figure 1.

It can be seen that the absorption for nitrile appears also in the polymer, 
but has shifted to a somewhat longer wavelength. The two peaks for 
acetylene have disappeared entirely, which is proof that polymerization 
occurs only by way of the C=C  triple bond, and not by way of the C =N  
triple bond. Polymerizations through the C =N  moiety have been found 
to be possible recently in the anionic polymerization of dicyan.10

Reactions on the Polymer
The polymers of cyanoacetylene are very resistant to most reactions that 

can be performed on conjugated molecules. Neither hydrogenation nor
MICRONS

WAVENUMBER ( CM"')
Fig. 2. Comparison between the infrared spectra of polycyanoaeetylene (A) before and 

( B  ) after treatment with hydrogen peroxide.
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chlorination gives a colorless substance. Hydrolysis of the cyano groups 
is difficult and cannot be forced to completion. For example, treatment of 
0.5 g of polymer with 2.5 g of KOH for 12 hr in triethylene glycol at 180°C 
gives a material that still contains 8% nitrogen and shows cyano absorption 
in the infrared. One reaction, however, that went to completion under 
mild conditions, was treatment with hydrogen peroxide in a weakly alkaline 
medium. The mechanism of this reaction has been studied, and the 
product is known to be the amide:11

O
S

C6H5—C = N  +  2H20 2 ->- C6H5—C—NH j +  0 2 +  H20  (4)

If the polymer is shaken in aqueous solution with H2CL and potassium car
bonate at room temperature for 2 days, the black color disappears, and the 
polymer isolated from the mixture is insoluble in organic solvents but very 
soluble in water, to such a degree that when exposed to the atmosphere it 
immediately becomes deliquescent. Polyacrylamide is also known to 
behave in this manner. I11 Figure 2, it can be seen that, in the treated 
polymer, the cyano absorption in the infrared has disappeared, but the 
absorption at 1 600 c n r 1 for the conjugated chain has remained unchanged.

Acetylide Initiation

If an acidic monomer like cyanoacetylene is polymerized by an anionic 
initiator, one would expect chain transfer to occur according to

C ^ C ^ p C ^ p C ^  + H C = C —C=N — >
CN CN CN C-N

+ ~ C = C — C = N  (5)
CN CN CN CN

I11 a previous communication,12 we reported that studies on the chloro
form fraction of the polymer obtained from D C=C—C=N, seemed to 
indicate the occurrence of chain transfer. It is dubious, however, whether 
this result also applies to the other fractions. The data in Table I showed 
that the molecular weight is independent of the ratio of initiator to mono
mer. This can only occur when the chain transfer is degradative, which 
means that the cyanoacetylide ion —“C =C —C = N  does not initiate a 
new polymerization chain. Unfortunately we did not succeed in preparing 
the cyanoacetylide, but we could show that the phenyl-acetylide does 
initiate polymerization of cyanoacetylene at — 50 °C in ether. The polymer 
obtained shows a clear acetylene absorption in the infrared, as can be seen 
from Figure 3, which never occurred in the polymers obtained by other 
initiators. This indicates that with other initiators the cyanoacetylide 
either is not formed, or when formed does not initiate a new chain.
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MICRONS

Fig. 3. Infrared spectra of lire polymer obtained from cyanoacetylene after initiation
by phenylacelylide.

Pyrolysis

Because polycyanoacetylene may serve as a model for pyrolyzed poly
acrylonitrile it is interesting to check its behavior on heat treatment. 
Figure 4 gives a typical example of a differential thermal analysis experi
ment under nitrogen.

The first exotherm starts at 200°C. At this temperature the polymer 
becomes insoluble and the cyano absorption in the infrared starts to dis
appear, which suggests an internal addition like the one proposed for 
polyacrylonitrile.

t i l l

Ĉ N Ĉ N

The structure thus formed is the one proposed for pyrolyzed polyacrylo
nitrile. In a previous report,4 we showed that pyrolyzed polyacrylonitrile 
is a good catalyst for the heterogeneous dehydrogenation of eyelohexene; 
the pyrolyzed polycyanoacetylene shows only a very weak activity for this 
reaction. We shall discuss the importance of this difference in the next 
section.

The second exotherm is probably connected with a crosslinking of the 
conjugated carbon to carbon chain, as at this temperature the infrared

(6)
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adsorption at 1 GOO cm-1 for a conjugated chain starts to disappear. The 
first endotherm can probably be associated with the loss of water and the 
second one with the thermal decomposition of the polymer.

EXTERNAL  HEATING

Fig. 4. Diagram uf differential thermal analysis of polycyanoacelylene under nitrogen.

MICRONS

WAVENUMBER ( CM-’)
Fig. 5. Infrared spectrum of the aerylonitrile-cyanoacetylene copolymer: (.1) fraction 

soluble in acetone; (5) fraction insoluble in acetone.
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Copolymerization

It is possible to prepare copolymers of cyanoacetylene and acrylonitrile 
by anionic initiation. The materials obtained are grey in color and only 
partially soluble in acetone. The most interesting phenomenon is the 
appearance of two cyano peaks in the infrared, one for a cyano group 
attached to a conjugated chain, and one attached to a saturated chain. 
From Figure 5 it can be seen that the soluble copolymer is rich in the 
conjugated component while the insoluble part is rich in the saturated 
component, which is in accordance with the solubility properties ot both

MICRONS

WAVENUMBER ( CM"1)
Fig. 6. Infrared spectra of the insoluble acrylonitrile-cyanoacetylene copolymer fraction:

(.4) before chlorination; ( B )  after chlorination.
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homopolymers in acetone. In Figure 6 it can be seen that the acrylonitrile- 
rich copolymer, unlike the homopolymer of cyanoacetylene, can be chlo
rinated, whereby the infrared absorption of the cyano group attached to a 
conjugated chain disappears. In addition, the grey color of the copolymer 
disappears with this treatment.

DISCUSSION

The solubilities of the polymers and the sulfur contents given in Table III 
preclude a serious degree of crosslinking, and it may be assumed that we are 
dealing with more or less linear polymers. Several facts suggest that the 
polymerization occurs only by way of the C =C — triple bond. As already 
mentioned the infrared absorption spectrum does not show peaks for 
acetylene, but does show the absorption characteristic for cyano groups and 
a conjugated chain. This cyano absorption disappears entirely on treat
ment with ITCL, the conjugated chain remaining intact, after which the 
polymer exhibits properties resembling those of polyacrylamide. There
fore, the initiation and propagation steps [eqs. (7) and (8)] seem to be 
straightforward.

k, ^
R +  H C =C — C = N  -A - R— c

C-
£ = N

(7)

H

£ = N

R — C

I
H

+  H C = C — C = N

T T
XL C.

R ^ (8)

CN CN

The polymers are formed with a degree of polymerization of almost 40. 
These results are in qualitative agreement with those found on anionic 
polymerization of acetylene itself at much higher temperatures.5 The 
degree of polymerization found there is about 11 at 50°C and the different 
polymerization states are in equilibrium. Furthermore, it could be shown 
that the polymers are living and capable of initiating the polymerization 
of vinyl monomers. The higher the degree of polymerization of the living 
anion, the less it was capable of initiating polymerization. We have done 
some quantum mechanical calculations on these conjugated anions, which 
show an appreciable n-electron delocalization, which is more extensive in a 
longer chain.13 This suggests that a correlation exists between this delo
calization and the decrease of activity with the length of the living anion. 
In order to illustrate the effect of the introduction of a cyano group into the 
acetylene molecule we can compare the two propagating steps [eqs. (9) 
and (10) ].
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Acetylene

H H

D

H

V" \r
I I I

H H H

Cyanoacetyleue

T f i
KA / V cv

H

+ c=c
H

R'

H H

C:
V "  V "  N N  \ (9)

H

H
H

H

H

xi

H

H

L

H

II
(10)

+  C = C — C = N  N *  RX  V '  V "  \ r

CN CN CN CN CN CN CN

The presence of the electron-attracting cyano groups in the propagating 
anion, makes the latter less reactive towards protons, which is reflected in 
the experimental fact that the presence of a considerable quantity of 
methanol during polymerization does not influence the molecular weight of 
the polycvanoacetylene, while the propagating ion in the case of acetylene 
is destroyed instantaneously by the addition of methanol.5 The presence 
of the cyano group in the monomer will enhance its acidity as well as the 
reactivity of the triple bond towards nucleophilic attack. The fact that 
polymerization of cyanoacetylene occurs at a much lower temperature than 
observed in the case of acetylene shows that the effect of cyano substitution 
on the reactivity of the triple bond in the monomer outweighs 
the influence of the cyano groups on the reactivity of the propagating anion. 
Here there is an interesting example of how basicity and nucleophility can 
be influenced in a different way by substituents.

Although the values in Table I suggest that also in the case of cyano
acetylene there is some kind of equilibrium polymerization, much more 
exact measurements will have to be made to decide this matter.

I t remains to be explained why no sign of chain transfer can be found, 
considering the fact that cyanoacetylene certainly is a stronger acid than 
acetylene itself. The polymer is soluble in water at high pH, and methanol 
does not influence the molecular weight during polymerization. This 
suggests that the propagating anion is a weaker base than the methoxy 
anion, which could be an explanation for the absence of chain transfer. 
Potentiometric titrations of the polymer in dimethylformamide solution did 
not yield much additional information however.

The fact that pyrolyzed polyacrylonitrile is a better catalyst for dehydro
genation than pyrolyzed polycyanoacetylene gives an interesting clue to 
the structure of both materials, which is difficult to obtain by other means. 
The structure which is thought responsible for the catalytic activity is the 
annelated naphthyridine structure.4
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The longer such an annelated system, the more unstable it is and the more 
it tends to stabilize itself by taking up hydrogen. This means that a longer 
system is a better dehydrogenator, which suggests that in pyrolyzed 
polyacrylonitrile the annelated system is longer than in pyrolyzed poly- 
cyanoacetylene. This seems plausible, if one considers how these 
structures and assumed to be formed.

Polyacrylonitrile:
H H H

H I H I H I 

I H I H I H I

A % V %N X N T i

h e a t

H

stable 

H H H
H I H I H I H 1

| H | H | H | H
c  c  e. ,c 

/
stable

Polycyanoacetylene: 

H H

o2

H

H H H H 
H I H I H I H '

\W H WI H | H | H | H

A / V v V
stable

H H H
I I I

y v y v
V V v c\

unstable

H H

+  H ,0

H

(12)

(13)

I I I I
% AN K  Nx 

stable

^ fA A A  
V ya /

unstable

(14)

In the case of polyacrylonitrile, the conjugated C—N—system is formed, 
while the C—C system is still saturated. The structure thus formed is not 
inherently unstable, and rather long stretches of C N—conjugation are 
energetically feasible. The annelated structure is then formed by dehydro
genation of an already closed system and the extension of annelation will 
be regulated by the thermodynamic stability of the system at the given 
temperature. In the case of polycyanoacetylene, however, the ener
getically unfavorable annelated structure has to be formed by closure of an 
open system, and many energetically more favorable reaction paths, like
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crosslinking for instance, are open to the molecule. Thus, it is entirely 
plausible that the annélation in pyrolyzed polycyanoacetylene will be less 
extended, as is reflected in its lower dehydrogenating activity.

The experimental results show that greater difference in behavior may 
exist between an acetylenic monomer and a vinyl monomer during anionic 
polymerization. This can be illustrated by the fact that, in the presence of 
an equivalent guantity of methanol, acrylonitrile does not polymerize at 
all,14 while the degree of polymerization of cyanoacetylene is hardly 
affected. In the absence of methanol on the other hand, the degree of 
p jlymerization of acrylonitrile is higher than that of its acetylenic counter
part.

This paper is taken in part from the Ph.D. thesis of J. Wallach to be presented to the 
Scientific Council of the Weizinann Institute of Science.
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Studies on the Biaxial Stretching of Polypropylene 
Film. III. Electron Microscopic Observation of the 

One-Step Biaxial Stretching of Isotaetie 
Polypropylene Spherulites

HIROSHI TANAKA, TORU MASUIvO, KEISUKE HO AIM A, and 
SABURO 0 KAJIMA, Faculty of Technology, Tokyo Metropolitan University

Tokyo, Japan

Synopsis
Polypropylene films of various isotact,¡cities and crystallinities were stretched biaxially 

in one step in air at 140-152°C or polyaxially in poly(ethylene glycol) at 130-160°C, and 
the morphological changes were studied by electron microscopy (replica). In the initial 
stage of stretching, with va  =  1.4, the spherulites of one of the films used for the experi
ment were broken both from the centers and boundaries, and those of another film were 
broken mainly from the center. This difference in the deformation behavior seems to be 
characteristic of the film properties and independent of the method of stretching, al
though the factors involved are still unknown. On further stretching (»a =  22), well 
annealed spherulites were broken into many small blocklike fragments with unfolded 
fibrils running among them, particularly at the low stretching temperature (140°C), 
and fibrillation proceeded at the expense of the residual fragments. In the case of 
quenched or slightly crystallized material, the fragments were dendritic and divided 
into finer and finer fibrils on stretching. At elevated temperature, however, even for well 
annealed spherulites, the deformation behavior resembles that of the quenched material, 
and at a high degree of stretching the spherulites take on the fibrillar net structure in 
every case. In films containing a high amount of atactic fraction, radial, tangential, and 
boundary cracking occurred more easily, and broad fibrils were observed across the 
cracks.

INTRODUCTION
Many papers have been written about the deformation behavior of iso

tactic polypropylene spherulites during uniaxial stretching1-5 or the mor
phological changes brought about during crystallization2'6 or heat aging7'8 
at the spherulite boundaries and between radial fibrils, but there are few 
reports on the biaxial stretching of the spherulites. We have therefore 
carried out polyaxial stretching9 and one-step biaxial stretching of isotactic 
polypropylene films and observed the deformation behavior of the spheru
lites on the surface of these films by using an electron microscope of the 
transmission type and/or the scanning type. The stretching was carried 
out at various t emperat ures in poly (ethylene glycol) or in air.

1997



1998 TANAKA.. MASUKO, HOUMA, AND OKA.1IMA

Results were not simple, and the type of deformation varied according to 
the characteristics of the polymer and conditions of stretching. This paper 
reports the qualitative trend of the deformation behavior. The effects of 
characteristics of polymer such as molecular weight, isotacticity, and crys
tallinity as well as the stretching conditions on the deformation behavior 
will be described in detail elsewhere.

EXPERIMENTAL

Sample

The characteristics of the polymer samples used are listed in Table I.
In Table I, the designation C represents samples supplied by Chisso 

Corporation, and B denotes another commercial film. The subscripts in-

TABLE I
Characteristics of Polymer Samples Used

Polymer sample M ,  X IO“4 Isotacticity, %

B, 31 97
B, 36 90
Ci 30 95
C3 28 85
Cl 27 80
C5 23 74

TABLE II
Conditions of Preparing Sample Films for Stretching

Sample film number Sample preparation

1 Commercial undrawn film as received, sample Bt
2 A piece of sample B;l, 12 cm X 12 cm, was melted at 190°C 

for 5 min on a stainless steel plate 3 mm in thickness, 
crystallized at 140°C for 0 min in poly(ethylene glycol), 
and quenched in ice water.

3 Film 2 was annealed at 130°C for 1 hr and subsequently 
at 150°C for 4 hr in polyfethylene glycol) and quenched 
in ice water.

4 8 sheets of sample Ci, 12 cm X 12 cm, were piled up and 
melted between stainless steel plates 0.5 mm in thick
ness at 190°C for 5 min under pressure of 10 kg/cm 2 and 
then quenched in ice water. In order to obtain a free 
surface this film was remelted at 190°C for 5 min on a 
stainless steel plate 3 mm in thickness, crystallized in 
poly (ethylene glycol) at 80°C for 5 min and quenched 
in ice water.

5 A piece of sample C3 was treated in a similar manner as 
film 4

6 A piece of sample C, was treated in a similar manner as 
film 4

7 A piece of sample C5 was treated in a similar manner as 
film 4
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dicate lot numbers. C3-C 5 were blends of Ci and the atactic fraction which 
was produced in the ordinary manufacturing process. The molecular 
weight of each sample was evaluated from the reduced viscosity at 135°C 
of a decalin solution by using the equation of Kinsinger and Hughes,10 and 
the isotacticity was obtained after extraction with boiling n-heptane. 
The sample films for stretching were prepared from the above samples by 
the methods summarized in Table II.
All the films prepared were about 400 ¡x in thickness.

Stretching

Biaxial Stretching. Film 1 was stretched polyaxially in poly(ethylene 
glycol) as reported in the previous paper (method A)9 after 5 min preheat
ing, while the other films were stretched in the air biaxially in one step at 
various temperatures by an apparatus constructed in our laboratory, which 
will be reported elsewhere in detail.11 The rate of stretching in the air was 
about 3 mm/sec, and the films were stretched by the same amount in all 
directions.

Uniaxial Stretching. In order to compare the deformation behavior in 
biaxial stretching with that in uniaxial stretching, films 1 and 2 were 
stretched uniaxially in the air at 140°C at a stretching rate of 3 mm/sec.

This paper, however, deals mainly with the deformation behavior in bi
axial stretching and the word stretching in subsequent sections refers to 
biaxial stretching unless otherwise specifically noted.

Electron Microscopy. Morphological changes of the spherulites in 
stretching were studied by using electron microscopes from Japan Electron 
Optics Laboratory Co. Ltd. Electron microscopes of the transmission 
type (JEM-T-4 and JEM-30B) were mainly employed (replica method); 
a scanning type (JSM-2) was also used.

RESULTS AND DISCUSSION
Figure 1 shows the spherulites of film 1 before stretching and Figure 2 

those after stretching to vA = 1.4, where vA is the degree of stretching ex
pressed as the ratio of area after stretching to that before stretching.

It is clearly seen that the deformation occurs in both the center and 
boundaries of each spherulite, the latter being dominant. The type of 
deformation at boundaries is necking.

On elevating the stretching temperature, such a local deformation be
comes gradually less remarkable. Figure 3 shows a film stretched at 
160°C ( t > A  = 1.4), where the changes in the centers and boundaries of the 
spherulites are considerably obscure compared with those at 130°C. It 
seems likely that the deformation of the spherulites becomes more homo
geneous at a higher temperature.

It was confirmed that similar local deformation also occurred when film 1 
was stretched biaxially in one step in the air, so the phenomenon seems to
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Fig. 1. Electron micrograph of film 1; va  =  1.0.

Fig. 3. Electron micrograph of film 1 stretched polyaxially at 160°C in polyethylene
glycol); vA =  1.4.
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be independent of the type of stretching' and the medium employed foi
st retching.

When film 2 was stretched at 140°C, the deformation occurred at the 
center of each spherulite and spread outward with increasing vA, the bound
aries remaining unbroken. Figure 4 shows film 2 stretched to vA = 1.2.

Fig. 4. Electron micrograph of film 2 stretched biaxially in the air in one step at 
140°C; va = 1.2. Breaking occurs at the center (C) but the boundaries (indicated by 
arrows) are kept unbroken.

Fig. .I. Electron micrograph of film 2 stretched biaxially at 140°C in air; va  = 10. 
Dendritic fragments of spherulites (indicated by arrows) are seen in the net structure of 
fibrils.

At an intermediate degree of stretching, spherulites were broken into 
many small fragments which were connected by fibrils unfolded from the 
fragments. The fibrillation proceeded with increasing V\ at the expense of 
the residual fragments. Figure 5 shows the state of i >a  = 19, where the 
dendritic fragments of the spherulites can be seen in the center of the net
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Fig. 6. Electron micrographs of film 3 stretched biaxially at 140°C in air; vA =  22: (a)
blocklike fragments are seen; (b ) high magnification of a blocklike fragment.
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Fig. 9. Boundaries between three spherulites, I, II, and III of film .5 stretched bi- 
axially at 140°C in air; vA = 1.2. Breaking can be seen between the boundaries 0,11 
and (I,III) but not at the boundary (II,III). Also cracking occurs radially on I and II 
but tangentially on III.

Fig. 11. Spherulites of film 7 stretched biaxially in air at 140°C; vA = 1.2.
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Fig. 13. Electron micrograph of film 2 stretched uniaxially in air at 140°C; degree of 
stretching =  1.2. Breaking occurs at the centers (C) of the spherulites and their 
boundaries (B) are not so broken. The direction of stretching is indicated by an arrow.

structure of fibrils, the finest one being about 400 ¡x in width. Dendritic 
fragments are fibriHated more finely as Va increases.

This phenomenon was more prominent in the case of film 3. Figure 6a 
shows the film stretched at 140°C to vA = 22, where fibrils are running 
among block-like fragments. One of the fragments is shown in high mag
nification in Figure 66. It is clearly seen that the fragment is not structure
less and fibrillat.es into fringes from the edge.

When stretching is carried out at a higher temperature (152°G), the 
fragments are transformed to dendritic fibrils as is shown in Figure 7.

It would seem that the deformation of the spherulites annealed at a 
higher temperature is heterogeneous, and the spherulites break into block
like fragments and finer fibrils connecting the fragments after a stretching 
of medium degree (vA = 22). On the other hand, quenched and not. well
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Fig. 14. Electron micrograph of film 1 .stretched uniaxially in air at 140°C; degree 
of stretching = 1.2. Breaking occurs at the boundaries (B) of the spherulites. The 
direction of stretching is indicated by an arrow.

developed spherulites suffer comparatively homogeneous deformation and 
fibrillate finely through the stage of coarse dendritic fragments instead of 
that of the blocklike ones.

When the stretching temperature is elevated, the thermal motion of the 
segments constituting the spherulite becomes violent and makes it easy to 
split fibrillar lamellae from blocklike fragments; the deformation of the 
annealed film then becomes similar in type to that of the quenched film.

Electron micrographs of films 4-7, each stretched to vA = 1.2, are shown 
in Figures 8-11, respectively. In the case of film 4, which has the highest 
isotacticitv of these films, the spherulite boundaries are not broken, but 
tangential breakings are observed on the spherulite. In Figure 9 the 
boundaries between three spherulites, I, II, and III, are shown, where 
breaking occurs between I and II as well as I and III, but not between II 
and III. Also, radial cracks can be seen on I and II but not on III. These 
phenomena may be due to differences in the structure of I and II compared 
to III. We have often observed that morphologically different spheru
lites exist in contact within a small area of a film as in Figure 9. The 
reason is not clear at present. As the isotacticity decreases further (Figs. 
10 and 11), the cracks at the boundaries as well as the radial cracks become 
progressively more prominent.

Figure 12 is a scanning electron micrograph of film 7 ( i >a  = 1.4). It can 
be noticed that fibrils extend across ( lie cracks between the spherulites and 
some oblong cavities exist parallel to the fibrils among them. This is be
cause the stretching force acts radially and tangentially on the spherulites. 
The force brings about also many small radial and tangential cracks in the 
spherulites, and many unfolded fibrils can be seen to cross these cracks. 
Moreover, the crystalline lamellae stack in a rooflike fashion.

The boundary and radial cracks may be due to the fact that atactic 
polymer molecules or low molecular weight fractions are segregated be
tween the spherulites and between the lamellae during crystallization.2
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This trend becomes marked with increasing atactic content of the film- 
When the isotacticity is sufficiently high, however, the spherulites are so 
strong that the cracks are apt to occur tangentially. I t is noted that the 
deformation type of film 1 is different from that of film 4, irrespective of 
nearly equal value of isotacticity. So these phenomena are dependent not 
only on isotacticity but also on other factors such as crystallization condi
tions.

Figure 13 shows an example of the deformation of the spherulites of film 2 
stretched uniaxially in the air at 140°C. The centers of the spherulites are 
preferentially broken similar to the case of biaxial stretching (Fig. 4), 
while in film 1 (Fig. 14) deformation occurs mainly at the spherulite 
boundaries. These deformation types correspond well to those in biaxial 
stretching.

The authors wish to thank Dr. Masahide Yazawa of Polymer Processing Research 
Institute for his support. We are also grateful to Chisso Corporation, for kindly sup
plying the samples used in this study and Teijin Ltd. for helping in the scanning type 
electron microscopic investigation.
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Polymerization of Methyl Methacrylate Under 
Ultrasonic Irradiation. Part IV. Effect of 

Ultrasonic Irradiation on Grignard Catalyst and 
Slereoregularity of the Polymers Produced in 

Dioxane—tetrahydrofuran Mixed Solvent

ZENJIRO OSAWA, TAKAO KIMURA, and TAKAO KASUGA,* 
Faculty of Technology, Gunma University, Kiryu City, Gunma, Japan

Synopsis
Two series of polymerization of methyl m ethacrylate with Grignard reagent in 

dioxane-tetrahydrofuran mixed solvent was carried out under ultrasonic irradiation. 
In  series A, catalyst was added to the mixture of monomer and solvent, and in series B, 
catalyst was previously mixed w ith solvent. The effect of ultrasonic irradiation on 
Grignard catalyst and the microstructure in reacting sites were discussed on the basis 
of the stereoregularity of the polymers produced. The stereoregularity of the polymers 
in series A was higher than  th a t in series B. The effect of ultrasonic irradiation on the 
stereoregularity was completely reversed in series A and B and it increased in the former 
and decreased in the latter. I t  was, therefore, assumed th a t ultrasonic irradiation 
affected the microstructure in the reacting sites in series A, while it increased the rela
tive amount of l t 2Mg which gave polymers with poor stereoregularity in series B.

INTRODUCTION

In previous papers of this series1-3 the effect of ultrasonic irradiation on 
the microstructure in the transition state of the polymerization of methyl 
methacrylate has been discussed on the basis of the stereoregularity of the 
polymers produced. I t is assumed that the ultrasonic irradiation affects 
the initiator as well as the reacting sites in anionic polymerization. This 
paper presents our efforts to examine the effect of ultrasonic irradiation on 
Grignard catalyst and stereoregularity of the polymers produced in mixed 
solvent of dioxane and tetrahydrofuran.

The chemical equilibrium shown in eq. (1) has been presented for Gri
gnard reagents in solution.4-7 The equilibrium is affected by solvent, 
concentration of catalyst, temperature, and substituents (R. or X).M

2RM gX R2Mg +  M gX2 r±  R 2M g-M gX 2 (1)

* Present address: Research Institu te, Nissan Kagaku Ltd., Ichihara City, Chiba,
Japan.
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Ashby and Smith8 confirmed the propriety of the equilibrium in diethyl 
ether recently, and reported that phenylmagnesium bromide was in the 
monomeric form in dilute solution (ca. 0.05 mole/L), and approached a 
dimeric form at relatively high concentration (0.5-1.0 mole/1.). It was also 
reported9 that the dimeric structure, R2MgMgX2, could not be formed in 
tetrahydrofuran, since a strong coordination of basic tetrahydrofuran with 
magnesium made it impossible to form halogen bridges. Thus, the actual 
chemical equilibrium was as given by eq. (2).

2RMgX <=± IhMg +  MgX* (2)

Schlenk4'5 reported that all MgX2 and some RMgX or lhlVIg- .\IgX2 
formed précipitants of the addition compounds of dioxane when dioxane 
was added to diethyl ether solution of Grignard reagents, and dialkyl mag
nesium remained in ether solution. Further studies on this problem by 
Kullman10 showed that the amount of dialkyl magnesium in diethyl ether 
was affected by the rate of the addition of dioxane. For examples, if the 
addition of dioxane was made slowly for a long time the concentration of 
dialkyl magnesium became higher than for a short time. Furthermore, if 
mechanical agitation was supplied to the system, the amount of dialkyl 
magnesium also increased.1(1 •11

Goode et al.18 and Kawabata et al.13 reported that dialkyl magnesium 
was an active species for the initiation of methyl methacrylate polymeriza
tion and gave polymers with poor stereoregularity, while the other active 
species, RMgX, gave polymers with good stereoregularity.

The facts described above indicate that the relative amount of active 
species, RMgX and R2Mg is reflected in the stereoregularity of the poly
mers produced. I f externally supplied energy such as ultrasonic irradiation 
affects the chemical equilibrium of Grignard reagent and increases the 
amount of dialkvl magnesium, polymers with poor stereoregularity would 
be produced. In addition, if reacting sites are affected by ultrasonic 
irradiation, this would be indicated by a change in the stereoregularity of 
the polymers produced. For the experimental approach, two series of 
experiments in which the order of addition ot catalyst was reversed, were 
carried out with and without ultrasonic irradiation.

EXPERIMENTAL 

Preparation of Reagents

Purification of the monomer and synthesis of the initiator were described 
in previous papers.1-3 Dioxane was first refluxed with 0AN aqueous 
hydrochloric acid to remove acetaldehyde and was dried over potassium 
hydroxide pellets and then distilled under dry nitrogen. Tetrahydrofuran 
was refluxed with sodium wire and then distilled under dry nitrogen.
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Polymerization

Polymerization,s were divided into two series, namely, the series A (no 
ripening of initiator system) and series B (ripening of initiator system). 
Polymerization techniques are described below.

Series A (No Ripening of Initiator System). A solution of 4 ml of
methyl methacrylate and l(i ml of mixed solvent of dioxane and tetra- 
hydrofuran was placed in a 100 ml flask which was previously flushed with 
dry nitrogen, and the contents were kept at, 20°C. Then 3 ml of phenyl- 
magnesium bromide in toluene solution (2.8 X 10- W ) was introduced by 
means of syringe.

Series B (Ripening of Initiator System). The same amount of solvent 
and initiator as in the series A were added to a 100-ml flask and the con
tents were left for 10 min. Then 4 ml of monomer was introduced by means 
of a syringe and polymerization was started.

Polymerization was carried out at constant temperatures, 20 or 28°C for 
30 min, and termination was made with methanol containing a small 
amount of hydrochloric acid. Methanol-insoluble portions were purified 
by the methanol-chloroform system. The amount of tetrahydrofuran in 
mixed dioxane-tetrahydrofuran solvent was 0, 1, 3, 5, 10, If), 20, 60, 80, 90, 
95, and 100 vol-%. Parallel runs were carried out under ultrasonic irradia
tion at a frequency of 500 kcps and input power of 100 W. The tempera
ture of the system was raised to 28°C by the ultrasonic irradiation.

Characterization of the Products

Intrinsic viscosity was determined in benzene solution at 25°C and 
viscosity-average molecular weight was calculated by the relationship, 
[??] = 5.7 X 10-5 M £0-76 derived from measurements of conventional poly- 
(methyl methacrylate).14 Determination of the structure of the polymers 
was made by NMlt spectral analysis.15 The NMR instrument used was a 
Hitachi Model li-20.

RESULTS AND DISCUSSION

Polymerization conditions and results are listed in Table I.
Although a distinct tendency in conversion is not observable from Table 

I, the conversion generally decreases with increasing amount of tetrahydro
furan in mixed solvent for each series. In the case of series A, where initia
tor was added to the monomer solvent mixture, the conversion without 
ultrasonic irradiation was higher than that with ultrasonic irradiation 
series. However, the opposite results were obtained in series B, where 
initiator was previously mixed with solvent for 10 min.

On the other hand, the degree of polymerization in series B is lower than 
that in series A. In both series A and B, the degree of polymerization of 
the polymers produced under ultrasonic irradiation is lower than without it. 
This is probably ascribed to the degradation of the polymers by ultrasonic
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THF v o l . (;*)

Fig. 1. I.sotacticity: ( O )  series A (no ripening of initiator system), without ultrasonic
irradiation; ( • )  series A (no ripening), with ultrasonic irradiation; (A)series B (ripening 
of initiator system), without ultrasonic Tradition; (A )  series B (with ripening), with 
ultrasonic irradiation.

THF v o l . ( % )

Fig. 2 .  Syndiotacticity: ( O )  series A (no ripening of initiator system), without
ultrasonic irradiation; ( • )  series A (no ripening), with ultrasonic irradiation; (A) series 
B (ripening of initiator system), without ultrasonic irradiation; (A )  series B (with 
ripening), with ultrasonic irradiation.
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irradiation. To confirm this assumption, ultrasonic treatment of poly- 
(methyl methacrylate) was carried out in benzene at a concentration of 
0.75 wt-%, and we observed that degradation of the polymers occurred.1 
Similar experiments on preformed polymers was also carried out to check 
the possibility of degradation in dioxane at a concentration of 0.82 wt-%. 
The initial intrinsic viscosity, 0.57 dropped to 0.50, 0.49, and 0.32 dl/g 
after 30, 60, and 180 min, respectively. Therefore, the assumption that the 
lower degree of polymerization in the series receiving ultrasonic treatment is 
due to the degradation of polymer by ultrasonic irradiation seems to be 
valid under the conditions used in this experiment.

The stereoregularity of the polymers determined by NMR spectral 
analysis and plots of isotacticity and syndiotacticity against the concentra
tion of tetrahydrofuran in mixed solvent are shown in Figures 1 and 2, 
respectively.

It is well known that the stereoregularity of the polymers polymerized 
by an anionic initiator decreases with increasing polarity of the solvent 
used.16-19 Nishioka et ah reported that the stereoregularity of the poly
mers polymerized with Grignard reagents in dioxane was different from 
that in toluene.20 Our experimental results, shown in Figures 1 and 2, 
demonstrate that polymers with relatively low stereoregularity were pro
duced in dioxane.

As described above, one goal in this experiment was to examine the 
microstructure of the reacting sites and also to obtain information on the 
structure of the active species for the polymerization of methyl methacry
late with Grignard reagent. For our purpose, an indirect method, namely, 
the analysis of the stereoregularity of the polymers produced, seems to offer 
helpful information.

As shown in Figures 1 and 2, plots of isotacticity and syndiotacticity 
against the concentration of tetrahydrofuran in mixed solvent give four 
separate curves in which isotacticity decreases with increasing polar 
solvent (tetrahydrofuran), and naturally a reverse tendency is observed in 
syndiotacticity. When one compares the stereoregularity of series A and 
B, the former, in which initiator was added to the monomer-solvent mix
ture, gives better stereoregularity than the latter, in which initiator was 
mixed previously with solvent. For examples, in the case without ultra
sonic irradiation series, isotacticity of the polymer polymerized in 100% 
dioxane is 59.5% in series A and is 44.6% in series B. In the case with the 
ultrasonic-irradiated systems it. is 67.0% in series A and is 38.4% in series B. 
On the basis of the results described above and the facts that the chemical 
equilibrium of Grignard reagents is affected by various factors, for exam
ples, solvent, concentration of catalyst, temperature, time, and so on, it is 
quite probable that the relative amount of dialkyl magnesium is higher in 
series B (ripening system) than that in series A (no ripening), since dialkyl 
magnesium gives polymers with less stereoregularity.12'13

Therefore the results described above suggest that the relative amount of
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active species, namely, RAIgX and .R2Mg, in the polymerization of methyl 
methacrylate is extensively affected by the conditions applied to the poly
merization system, in other words, it is reflected in the stereoregularity of 
the polymers produced. Thus, it is advisable to take into consideration 
the relative amount of active species when one discusses the structure of 
the polymers produced by Grignard reagents.

The opposite effect of ultrasonic irradiation on the stereoregularity of the 
polymers was observed between series A and B. In series A, isotacticity of 
the polymers produced with ultrasonic irradiation was higher than that 
without it, while in series B, isotacticity with ultrasonic irradiation was lower 
than without it.

In the previous papers,1-3 we reported that the ultrasonic irradiation 
gave no effect on the stereoregularity of the polymers polymerized in non
polar solvent such as toluene and it increased isotacticity of the polymers 
polymerized in a mixed solvent of toluene and dimethyl sulfoxide. In 
general, it is known that the predominant structure of the reacting sites is 
contact ion-pairs in nonpolar solvent such as toluene, and solvent-separated 
ion-pairs appear in accordance with the increase of polarity of solvent.21’22 
Therefore we concluded that solvation of reacting sites by polar solvent was 
weakened, and a chelating bond between propagating polymer end and 
gegenion was rather strengthened by the externally supplied ultrasonic 
irradiation.

In the case of series A, isotacticity with ultrasonic irradiation was higher 
than that without it. This was consistent with the results reported in 
previous papers. For examples, at a concentration of 1% tetrahydro- 
furan, the isotacticity of the polymers produced without ultrasonic irradia
tion was 03.7%, while it increased to 68.4% on ultrasonic irradiation. 
Similar results were also observed in all pairs of experiment runs. There
fore the explanation of the previous papers1-3 seems to be valid in this 
study of the dioxane-tetrahydrofuran solvent system.

When the initiator was mixed with solvent for 10 min previously (series 
B), stereoregularity of the polymers polymerized under ultrasonic irradia
tion was lower than that without it. For examples, at a concentration of 
1% tetrahydrofuran, the isotacticity of the polymer produced without 
ultrasonic irradiation was 44.7%; with ultrasonic irradiation it was 38.2%. 
Similar results were also observed in all pairs of experiment runs. Since 
Kullman reported that the agitation increased the concentration of dialkyl 
magnesium, it was probable that the chemical equilibrium of Grignard 
reagent was influenced by the application of ultrasound during the ripening 
of catalyst and solvent, and the increased dialkyl magnesium gave polymers 
with less stereoregularity.

The authors thank Prof. Y. Ogiwara (Gunma University), Prof. K. Matsuzaki (Tokyo 
University), Chief Director M. Yanagita (Physical and Chemical Research Institute, 
Tokyo), and Prof. Y. Yamashita (Nagoya University) for their kind advice on this 
study.
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NOTE

D ead-E nd P o lym er isa t io n  o f  S ty re n e  a n d  M e th y l  M eth a cry la te  

in th e  B enzoyl P ero x id e-D im elh y la n il in e  Redox S ys tem

Reaction between benzoyl peroxide (BPO) and dimethylaniline (DMA) has been 
studied extensively by Horner et, al.,1-3 Imoto et ah,4-6 and others7'8. Since this re
action system produces free radicals which can initiate polymerization of vinyl mono
mers such as styrene and methyl methacrylate (MMA), Imoto et ah9, Meltzer and 
Tobolsky,10 and Walling and Indictor7 applied the redox system to the polymerization of 
styrene.

Imoto et ah found that the initial rate of polymerization 7?o, can lie expressed as

R o  =  fc[BPO]ol/2[DMA]o1/2[M]0 (1)

Although they carried out the polymerization to completion, the rate was extrapolated 
to zero time. They thought that the steady-state kinetics did not hold in the later stage 
of polymerization. Kinetic formulations over the whole course of polymerization had 
not been established until Tobolsky11 developed a theory of dead-end polymerization in 
1958, and showed that free-radical polymerizations proceed only to a limiting conversion, 
short of unity.

Soon after, O’Driscoll and McArdle12 applied the theory to the BPO-DMA redox sys
tem and carried out a mathematical treatment for the system in which free radicals are 
produced by a second-order rate process. O’Driscoll13 gave an explanation for the results 
of Imoto et al. in terms of the dead-end theory.

Although we did not use the term “dead-end” explicitly at that time, we analyzed the 
polymerization of vinyl acetate in the BPO-Fe(II )-benzoin redox system by means of a 
similar concept.14

O’Driscoll and McArdle12 extended eq. (1) to t he whole course of polymerization, the 
rate of which can be expressed by

- d M / d l  =  ( f / A ' y l2(k, {ab)ll2M  (2)

where A'  = k t/k P*, f  is the catalyst efficiency; a, b, and M  are the concentrations of 
DMA, BPO, and monomer, respectively. They assumed that the decomposition of 
BPO by a second-order rate process yields two free radicals effective for polymerization, 
and that 1 :1 stoichiometry holds for the process. If half of the fragments from BPO 
are effective,9/  in this paper and in reference 5 may be regarded as half of the true effi
ciency.

On the basis of this stoichiometry assumption, eq. (2) can be integrated to yield eq. 
(3).12

} (n0/bo)1,2exp {k,,l(aa — b0) /2 } — 1 (a„/7>o)1/2 +  1
i _(ao/b0)1,2exp jA-,,/(u0 -  b0) /2 | +  1_

A
_ W %  y 12 -  t_

At. infinite time, eq. (3) reduces to eq. (4):

A/„/A/„ = [ i (uo/6o)1/2 +  1! / 1 (oo/bo) - i l l  WA'ki)''* (4)

It is very interesting to note that eq. (4) suggests that in the redox system, infinite con
version is determined only by the ratio a-o/ba and not by their absolute values, and that, 
the maximum limiting conversion of unity should be obtained when ao =  b0. We have 
examined these equations for various values of a0/bo. The conversion was determined 
gravimetrically. The number-average degree of polymerization was estimated by means

2015
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TABLE I
Conversion, Degree of Polymerizat ion, and Catalyst Efficiency for 

Bulk Polymerization of Styrene at 0°C in BPO-DMA Redox System

xi'
b0, at, Caled, by Caled, by

mole/1. mole/1. Found eq. (3) eq. (11) F„ f h

0 .00 0 . 10 0 .00 0.00 0 .00 — —

0 .01 0 . 09 — 0.067 0 . 066 — —

0 .02 0 .08 0 . 097 0.103 0 . 100 496 0 . 0863
0 .03 0 .07 0 . 127 0.137 0 .134 424 0 . 0887
0 .04 0 .06 0 . 163 0. 167 0. 170 408 0 . 0885
0 045 0 .055 0..187 — — 415 0 . 0887
0 05 0 .05 0 .203 0.200 0. 206° 345 0. 104
0 .055 0 .045 0. 222 — — 383 0. 0935
0 .06 0 .04 0, 228 0.167 0. 220 362 0. 0934
0. 07 0..03 0. 201 0.137 0. 198 409 0. 0971
0. 08 0. 02 0. 165 0.103 0. 153 441 0. 110
0. 09 0. 01 0.067 0. 100 — • —

0. 10 0. 00 0. 011 0.00 0. 00 3540 —

Avg. 0.0946

a Polymerization time: 185 hr.
b Calculated by eqs. (14) and (15).
0 Calculated by eq. (11').

of the following equations: Pn =  1770[r?]1-40 * * for polystyrene; [y] =  2.87 X 10_3i-’„0-80 
for PMMA. Experimental details have been given elsewhere.6 * * A part of the results 
are summarized in Table I.

If one substitutes the numerical values, k,i = 2.5 X 10-1 1./mole-sec, /  =  0.10, 
given by O’Driscoll and McArdle,12.1’ =  4 X 104 mole/l.-sec (average value of Tobolsky 
et al.16 and Bamford et al.17), t =  6.66 X 105 sec, and initial concentrations of BPO and 
DMA all into eq. (3), one obtains predicted values of conversion as given in Table 1. 
Figure 1 shows experimental points and the predicted curve at 0°C. In the figure the 
conversions are plotted against the molar fraction of DMA. This is because eq. (3) 
can be approximated to eq. (4) in our experimental conditions. The calculation of the 
conversion at ao = 6c was made using eq. (5) instead of eq. (3).

M o / M i  = (fc„a„( +  1 )(//-■!'*•«)■« (5)

Appearance of a maximum in the experimental plot suggests that the dead-end theory 
based on the bimoleeular decomposition of the catalyst is in a right direction. However, 
to judge from the assymmetry of the points, the exact maximum does not correspond to 
ao =  bo but appears at 60 >  a0. Similar results were obtained at 25°C., as seen in Figure
2. Data of Imoto et al.9 * * are also plotted in the figure. Due to the lack of the data, the
maximum limiting conversion at 50°C is uncertain. It seems, however, that the maxi
mum is shifting to larger 6o/a0 ratio the higher the temperature is, and vice versa.

In case of MMA polymerization, acceleration in rate occurred in bulk and with equi-
volume solution of MMA and benzene, and the limiting conversions approached to unity,
irrespective of 60/ao ratios. However, when MMA was diluted to 20 vn\-% by benzene,
dead-end polymerization was observed as shown in Figure 3.

In spite of strong support for the dead-end theory, these experimental data clearly
show the eq. (3) to be modified. In our system, a complete treatment of the decomposi
tion of BPO would have to solve the following kinetic scheme:

(6 )-d b / d t  = hub +  fab +  fa\a-)h +  /c„[P-]6 +  . . .
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where [a-] is the concentration of a radical fragment from the the amine, which cannot 
initiate polymerization but is assumed to exist as an intermediate product of the pri
mary reaction between DMA and BPO.9 The fourth term is induced decomposition by 
living polymer chains.18 It would be necessary to examine which of these terms is pre
dominant.

Fig. 1. Relationship bet ween molar fraction of DMA and limiting conversion of sty
rene in BPO-DM A redox system at 0°C: (------ ) theoretical plot of eq. (11); (-----)
eq. (3); (O) data of this work; ( • )  data of O’Driscoll and McArdle.12

MOLAR  F R A C T I O N  OF DMA

Fig. 2. Plot of molar fraction of DMA vs. limiting conversion of styrene at 25 and 50°C: 
( • )  this work, 25°C; (O) data of Imoto et, ah,9 50°C.
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MOLAR F R A C T I O N  OF DMA

Fig. 3. Limiting conversion as a function of molar fraction of DMA in the solution
polymerization of MMA in the BIN) DMA redox system at 0°C: (------) predicted by
eq. (11) with r = 1.5; (O) experimental points. Polymerization time =  161 hr.

(1) The activation energy of k> is known to be about 30 keal/mole. At lower tem
peratures, the second term may be negligible as far as we use comparable amount of 
DMA and BPO (k-2 ~  1()~10 see"1 at 0°C). However, this term cannot, be neglected 
at higher temperatures, since we are interested in a long-time polymerization, (see 
Fig. 2).

(2) If the first and the third terms in eq. (6) are predominant as may be the case at 
lower temperatures, these terms are combined to be k\ab +  /c3 [ft • ] b = kjab, where kj =  
rki. The r may be regarded as the ratio of the reacting number of BPO to that of DMA. 
As far as other terms can be neglected, the ratio r should take values between 1 and 2: 
r = 1 if ki »  k2, and 2 if »  kt. Owing to this restriction, kd can be regarded as ap
proximately constant in the following calculations.

(3) Assuming a steady-state radical concentrations which are taking part in the 
polymerization, the concentration of the living polymer, [P • ], is given by

[P-] = (fkdah/k,)■/* (7)
where /  is the total efficiency of BPO produced by the processes described in (2). On 
combining eqs. (6) and (7), it follows that

- db/dt =  k.iab j 1 +  ( V ^ l/2)( //fe )1,2(6/a)I/2l (8)

By inspection one finds th a t /  and k,i in this note are the same as those in the paper of 
O’Driscoll and Mc.Ardle.12 The value kt/k i '12 at ()()°C is presumed to be18 (5-10) X 
10-5 l./mole sec with the activation energy of about 2.5 keal/mole. Hence k t/k ,I/2 
at 0°C may be 3.5 X 10- 4 1./mole-sec at most. Substituting this value a n d / = 0.1, 
kd =  2.5 X 10 "41./mole-sec into eq. (8), one obtains

-d b / d t  =  k„ab{ 1 +  0.007(fc/a)I/2} (S')

Hence the time when the second term of eq. (8) becomes 10% of the first term may be 
about 70 hr, with b0 =  0.09 and Oo = 0.01 mole/1., and r =  1.5, rough calculation being 
made by means of eq. (10). Thus, it is evident that under our experimental conditions, 
the second term in eq. (8) can be neglected. Therefore, the rate of decomposition of 
BPO may be written as

dx/dt ~  kd(bo — x) (a0 — x/r ) (9)
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Integration of eq. (9) leads, to eq. (10):

b/a  = (6o/oo)exp{i:<ii(6o — a„r)/r j (10)

Thus we have the following equations:

M /M  i T W )/2r] t- r1'*!
0/ ‘ \ _(b0/a<,yl2cxp\kdl(bt, — a0r)/2r} +  r1/2J

"(Vtto)1/2 + j;1/2'
_(6»/a„)1/2 -  r1/2

and

=  ( W  +  ijOV/.t'i.i'-i 6„ = a„,. ( U /)

At infinite time,

M v / M *  =  [{(6„ /o o )l/s +  r ^ 2} / {  (o0/a 0) 1/!i -  r> 2| ;'>/-17,v) (12)

According to eq. (12), the maximum limiting conversion of unity should appear at 
b„/a0 =  r. As seen in Figure 1, r =  1.5 at 0°C. The solid line in Figure 1 is drawn with 
the use of eq. (11) with this r value. However, the experimental limiting conversion is 
far less than unity for styrene. Inspection of eq. (11') shows that this is only because 
our polymerization time is too short at bo/ao = r.

In the case of MMA, the exponent in eq. (11) is large compared for styrene, and there
fore high limiting conversions were obtained. The predicted curve in Figure 3 was 
drawn with/  = 0.086 as obtained from the P„ value, A ' =  600 mole/1.-sec.19,20

As may be seen from above discussion, the term “limiting conversion” used in this 
note is restricted in the sense that t is sufficiently large for the verification of eq. (12). 
However, if i approaches infinity, the neglected terms would play important roles, mak
ing this kinetic treatment ambiguous.

The number-average degree of polymerization for polymers cumulatively formed up to 
a conversion x is given by15

Pn =  sMax/2f(b0 — b) (13)

where s is the average number of fragments of initiator in one polymer molecule. At 
infinite time, DMA alone remains if a0r >  b0. In this case eq. (13) becomes

P„ = sMox/2fb0 (14)

On the other hand, if bo>a0r, there is a complete depletion of DMA as l -*  m. The
number of moles of BPO reacted per unit volume should then be aor if we neglect the 
spontaneous decomposition etc. In this case eq. (13) becomes

i P n =  ijl/ox/2/a0r (15)

I f /  is unknown, this simple relationship may be useful for the determination o f/. With 
all values other than /  known, the /  were calculated by means of eqs. (14) and (15 ). 
numerical values being listed in Table I. The average value, 0.0945, is in fair agree
ment with the reported value, 0.10-0.11.12 A similar calculation was made to give/,„. 
= 0.086 for MMA, the fraction of disproportionation being assumed to be 0.60.20

In summary, the limiting conversion of styrene and MMA is well explained in terms 
of the dead-end theory in case of the DMA-BPO redox system. However, a better fit 
is obtained if we introduce a parameter r which measures an average value of the reacted 
BPO to 1 IMA ratio. From t he dead-end t henry applied to the degree of polymerization, 
the catalyst efficiency/ was shown to be calculated in a simple way.

(Jr/.17,'d)1 /2
bi] t ly l ' (1 1 )

The author is indebted to Miss M , Nishizaki for experimental aid.
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