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Synopsis

A  description is given of an ebullioscope which was calibrated and found satisfactory 
for determ ining the num ber-average m olecular w eight of several unbranched poly- 
ethylenes. I t  em ploys a benzene-filled M enzies differential vapor pressure therm om eter 
having a detection lim it of 5 X  10 ” 6°C . In  order to  obtain a close approach to  so lv en t- 
vap or and solu tion -vapor equilibria, the boiler design incorporates a means of pre
heating the liquid solvent returning from  the condenser and a m echanical lift  pum p to 
extract liquid solution from  the boiler. In  addition, tim e stab ility  of these equilibria 
is provided b y  insulation to reduce heat conduction, reflectors to  exclude radiant energy, 
constant pressure control, and constant w all tem perature. An analysis of the observed 
tem perature fluctuations shows th a t these features result in therm om eter noise w hich is 
lower b y  an order of m agnitude than any heretofore reported. F u ll advantage from  
this im provem ent has not been realized in interrupted (3-day) experim ental runs which 
gave a standard deviation of 400 at the 10,000 m olecular w eight level. Indications are 
th a t full benefit of the reduced therm om eter noise w ith  severalfold further reduction in 
standard deviation, could be realized in uninterrupted runs.

I. INTRODUCTION

The direct measurement of number-average molecular weights in the 
range from a few thousand to several tens of thousands has proven to be 
difficult,. Osmometry, the most logical approach, is ruled out for many 
applications because low molecular weight species diffuse through available 
membranes. Of the next most popular techniques, ebullioscopy and cryos- 
copy, the latter carries the inherent disadvantage of the possibility of solid 
solution formation. We were thus led to consider an ebullioscope for the 
determination of number-average molecular weights of synthetic polymeric 
materials.

Adequate thermometer sensitivity appeared not to be a problem; on the 
contrary, the high sensitivities that can be obtained with suitable ther
mometers would seem to require that the designer take steps to provide for a 
closer approach to and better time stability of the vapor-liquid equilibria 
whose temperature difference is to be measured. The first notable accom
plishments in this direction are perhaps those of Ray , 1 whose modifications 
of the Menzies-Wright apparatus2 resulted in considerable improvement 
for polymer application. More recently, Dimbat and Stross8 designed a 
micro apparatus with two separate boilers which, although not intended
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for high polymer work, included several desirable features, such as a par
tially silvered vacuum jacket surrounding the regions whose temperatures 
are measured, a vapor jacket around the whole, and provision for operating 
at constant pressure.

The single-boiler apparatus of Menzies and Wright seemed to us to bo 
more susceptible of careful control than a two-boiler set-up. In general, 
those controls which result in the closest approach to equilibrium at the 
two thermometer positions will give the greatest accuracy, and those re
sulting in time stability of the equilibrium conditions will increase precision. 
Our analysis of the problems led us to believe that of the two difficulties 
t he former had received less direct attention by previous workers than had 
I he latter. Our design features aimed at t he former problem are described 
below.

The sheer simplicity of the differential vapor pressure thermometer de
scribed Ip' Menzies, 4 together with the obvious ability freely to select its 
sensitivity noted by Kitson and Mitchell5 and by Hill and Brown6 strongly 
recommended itself to us. If benzene is the thermometric fluid, tin' 
thermometer sensitivity is calculated7 to be 1 X 10- 3  °C./mm. (of benzene) 
in a solvent boiling in the neighborhood of 130°C. With a precision

II. DESCRIPTION OF EBULLIOSCOPE

Thermometry
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F ig. 1. Therm om eter und helix.
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catlielometer distances may lie reprodueibly measured to 0.005 mm. thus, a 
temperature difference of 5 X 10 ~6 0C. should be the detection limit. This 
would allow the determination of the molecular weight of a polymer having 
M„ = 100,000 to a precision of 1% for solutions (in ethylbenzene, say) 
whose concentrations did not exceed 1 wt.%. The inherent sensitivity of 
such a thermometer is gratifyingly adequate for the task and hence we 
prepared J-shaped thermometers filled with carefully degassed reagent 
grade benzene (see Fig. la). The problem now was development of a boiler 
assembly sufficiently stable to utilize as much as possible of this inherent 
sensitivity. It may be mentioned here that these thermometers have been 
used at temperatures where the benzene vapor pressure exceeded four 
atmospheres, and no difficulty of the kind experienced by Kitson and 
Mitchell6 was encountered.

Boiler

The boiler assembly finally evolved is composed of a tube provided with a 
heater at the lower closed end and a condenser at the upper open end 
(Fig. 2a). This tube is provided with all the stability controls and isola
tion found necessary by Dimbat and Stress. 3 In addition, we control the 
temperature of the condenser water. The inside walls of the tube are 
covered with powdered glass (lightly sintered in place) in the heater region. 
This region and a sufficient length of the tube to accommodate the ther
mometer are enclosed in an evacuable jacket although we have preferred to 
operate it at atmospheric pressure to reduce the temperature of the heater 
wire. The vapor jacket of an outer boiler, which maintains all walls at the 
boiling temperature of the pure solvent, surrounds this jacket and extends 
further up the inner tube.

The top end of the tube is closed with a machined aluminum fitting con
nected directly with the pressure regulator. In operation, both boilers and 
a 25-liter reservoir are sealed in a nitrogen atmosphere at 760 ±  1 mm. Hg. 
Sample additions are made through Teflon-stoppered holes drilled in a 
Lucite window at the top of the aluminum fitting. The whole tube as
sembly is housed in an aluminized cabinet to shield the thermometer from 
outside radiation.

The following features have been incorporated to allow for a closer ap
proach to the vapor-pure liquid solvent equilibrium. The liquid solvent 
returning to the boiler from the condenser runs down the uninsulated sec
tion of the wall (above the ground glass joint) which is directly heated by 
the vapor jacket. Here the liquid is brought nearly to the equilibrium 
temperature without having to extract all its heat from the vapor. In 
this condition the liquid is diverted from the tube wall by a carefully ground 
joint (Fig. 26) and allowed more intimate exchange with vapor within the 
male portion of the joint. The final delicate adjustments to equilibrium 
are made here before the liquid flows onto the upper bulb of the ther
mometer. The thermometer is suspended from this male j oint assembly.
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F ig. 2. Ebullioscope assem bly.

Lift Pump

In modern ebullioscopes a Cottrell-type pump brings the liquid solution 
from the boiler to a thermometer located in the vapor region. However, 
for polymer work, surface tension changes accompanying the addition of
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solute cause variations in the size of the liquid slugs lifted by the pump; 
in severe cases of foaming, the pump may fail to operate. The resulting 
changes in hydrostatic head make it more difficult to obtain a close ap
proach to the desired solution-vapor equilibrium.

To overcome this difficulty we replaced the Cottrell pump with a powered 
mechanical lift pump (Fig. 2b) of all-glass construction. The upstroke of 
the piston takes liquid from the boiler into the pump, and the downstroke 
delivers it into the vapor region about 12 cm. above the boiler level. Here, 
in order to allow a close approach to equilibrium at the lower thermometer 
bulb, the solution is discharged dropwise onto a glass helix (Fig. lb) around 
which the drop runs until at the lower end it touches and flows over the 
thermometer. In order to reduce the tendency of the drop to fly off the 
spiral under the centrifugal field we have found it expedient to use two con
centric helicies of the same pitch so that capillarity confines the drop to the 
annular space. About 3 sec. is required for the liquid to descend the helix. 
The piston is driven by a small electric motor turning (1 rps) an eccentric 
which connects with the piston by a long stainless steel rod extending from 
the aluminum fitting to the pump.

III. METHOD OF OPERATION

The amount of solvent, both liquid and vapor, which is held in the upper 
regions of the boiler tube cannot be precisely determined during operation. 
Thus, although the mass of solute in the solution is precisely known, its 
concentration is not known. This lack of information need not lend un
certainty to the data if the amount of solvent in contact with the solute is 
kept constant. This constant may then become part of the instrument 
constant. To insure this constancy, at the start of a calibration or mo
lecular weight determination, the pump, boiler tube, and all its components 
are dry, and a fixed amount (40.00 ml.) of solvent is added. As equilibrium 
reflux conditions are approached, the power supplied to the heaters is 
adjusted to a fixed value which is constant throughout a determination 
and from run to run. A slow boiling rate is used.

A solute addition is made and by means of a long-handled dipper, placed 
at the returning solvent hole just above the ground joint. At this time 
the reflux rate may be increased to hasten solution of the addition, and also 
to prevent cessation of boiling because of the pressure adjustment made 
after the system is opened to the atmosphere to add the solute. After 
a constant thermometer reading is obtained at the higher reflux rate 
(nominally 2  hr.), the heater power is reset to its fixed value and an ad
ditional hour or so is allowed for the new equilibrium to be established. 
The thermometer is then read at 1-min. intervals during a 30-min. period. 
With no trend evident, the mean of these readings is taken as the ther
mometer reading.
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Treatment of Data
The quantitative expression used to interpret data taken under the 

above conditions of operation is

X = (1 /Mn) [RTf}  Va(dp/dt)/AH„v\ (m +  am2) +  X0 (1)

where X is the measured difference in heights (millimeters) of the thermo- 
metric fluid in the two thermometer arms; AH0 is the heat of vaporiza
tion of the pure solvent at its boiling point, T0; V0 is the molar volume of 
the pure solvent at T0; v is the volume, at To, of solution containing m 
grams of solute whose number-average molecular weight is M n; dp/dT is 
the temperature rate of change of vapor pressure, at T0, of the thermo
metric fluid in millimeters of thermometric fluid, at T0; a is a constant 
arising from the mathematical expansion of the nonideal factor in the 
thermodynamic expression for boiling point elevation, it being assumed 
that further terms in the expansion are negligible at the concentrations 
used.

The most common method of treating data would be to use the reading 
obtained for pure solvent at the beginning of a run as the numerical value 
for X,., and to plot (X — Xc)/m  versus m, fit a straight line to the data, and 
read the intercept according to the rearrangement of eq. (1 ),

( X — X0)/m =  (\/Mn) K  (1. +  am) (2)

where K is written for the factor in square brackets in eq (1). Because of 
the possibility of occurrence of a “ zero-point”  error,8' 9 we prefer to take 
the derivative of eq. (1 ),

d X/dm =  (1 /M n) K  (1 +  2am) (3)

eliminating X(>, and plot (X,+ i — X^/(mt+i — m() versus nii+i +  m,, even 
though this increases the scatter of the plotted points. With a little 
practice in comparing visually fitted lines with least-square fitted lines, 
curves can be fitted visually in close agreement with those obtained by 
statistical treatment of the data.

In statistical adjustment of the data it is assumed that relative to the 
thermometer readings, solute masses are free of errors. The quantities. 
AX/Am, are given statistical weights proportional to (Am) 2 so that the 
AX receive just that notice due them. In order to determine what that 
notice should be, we have plotted (Fig. 3) estimates, sx (obtained from the 
sets of 30 readings) of the standard deviations of thermometer readings 
against the total moles of solute added. The solutes included contain 
examples of branched and linear polyolefins and a low molecular weight 
calibration compound. Although several of the sets of points appear to 
show a trend of increasing noise with increasing solute concentration, 
others would appear to go through a maximum and still others have no 
pattern. We have not. discovered a correlation between thermometer 
noise and solute type or concentration. It. may be noted that in the
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absence of solute the noise is nearly down to that expected from rounding 
error (for speed of reading, the thermometer is read to the nearest 0 . 0 1  

mm.) and that, in general, the presence of solute increases the noise over 
this. Blackmore10 has made this same observation and concluded that 
the increase in noise is inherently associated with the polymer solutions. 
For comparison with the noise figures reported by Blackmore, the ordi
nate scale of Figure 3 may be multiplied by 10 to give (very approximately) 
the noise level in microdegrees. Blackmore suggests that a well con
structed ebullioscope of his design using thermistors would be operating

°j-Mn=0.5l X 103 
v Mn = 9.5 X 103 
A Mn = l4.4 X 103 
□ Mn = 23 X103

2 3
M0L5 SOLUTE X I05

5

Fig. 3. Therm om eter noise.

satisfactorily if the temperature uncertainty of the mean obtained over a 
30-min. interval was 20 X 10 f,°C. for pure solvent; a 10% polymer solu
tion would raise this uncertainty by a factor of 4 to 5. The corresponding 
figure obtained from Figure 3 is 0.7 X 10 '6°C. as the uncertainty of the 
mean of 30 readings; those data also confirm the 4 to 5 factor in the pres
ence (if solute.

Since there is no apparent correlation of thermometer noise with solute 
concentration, we have given all thermometer readings, hence the AX’ s, 

equal weight in statist ical fitting of dat a to eq. (3).
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Calibration

It is apparent that, with the proper A0 for eq. (2 ), the determina
tion of the intercept from data plotted according to either eq. (2) or (3) 
would constitute a measurement of M n if the numerical value of K  were 
known. We estimated K  by measurement of the intercept of eq. (3) 
using suitable compounds as solutes for which M n( =  M ) is known. The 
results of ten determinations are given in Table I for the case of n-octane 
as solvent and benzene as the thermometer fluid with the pressure ad
justed to 760 mm. Three compounds are included: n-hexatriacontane 
(C36H74) and a single determination with each of 19,28-hexatetracontadione 
(C46H 90O2) and perchloropentacyclodecane (C10CI12). The values for K  
are obtained from least-square fits of the several sets of data, and wK are 
the relative statistical weights to be associated with each value. The 
weighted mean has a standard deviation of 3 X 103 estimated from 26 
degrees of freedom. A calculated value for K  assuming no solvent hold
up in the boiler tube is 168 X 103 mm./mole.

T A B L E  I
D eterm ination of Instrum ent C onstant

Com pound K  X  10 w K

C 36H 74 162 1 .7
155 2 .5
150 4 .6
164 1.0
163 2 . 0

181 4 .9
161 5 .0
161 1 . 8

C46H9c0 2 167 1 .4
C l0C l l 2 170 1 .9

M ean 164 a

a T h e standard deviation for the mean of A  is 3 X  103 mm ./m ole, estim ated from  26 
degrees of freedom.

IV. RESULTS FOR SOME LINEAR POLYETHYLENES
The data shown in Figure 4 are typical of those obtained for polymer 

runs. The solvent, thermometer and pressure are the same as those used 
in calibration. In Table II we present values of M n obtained in this way 
for several unbranched polyethylenes together with estimates s of the 
standard deviations of the number-average molecular weights.

The standard deviations were estimated by the following procedure. 
Since M „ =  K/I, where I  is the intercept in a plot of eq. (3), then

s ^  ( M J K ) (sx 2 +  M nW ) ' h (4)

where sK and Sj are estimates of the standard deviations of K  and 7,
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F ig. 4. P lo t of data  from  a typ ical polym er M n  determ ination.

respectively. A few values of sIt obtained from the least squares fit of 
data to eq. (3), are plotted in Figure 5 against M n. No dependence on 
M n is apparent, hence a root-mean-square value of 0.57 mm./g. is used in 
eq. (4); other needed values are obtained from Table I.

That part of the uncertainty in I  arising from the scatter of the data 
about the fitted line would be expected to come from the uncertainty in 
thermometer readings plus (1) the scatter occasioned by the failure of the 
data to follow the assumed straight-line relation eq. (3) and (2) the scatter 
occasioned by possible bias introduced in a random manner each time a 
solute addition is made. Although none of the data obtained on poly- 
ethylenes of unbranched or lightly branched structure (the limit of our 
investigation) shows any indication that eq. (3) is inadequate to describe 
the observations, a few runs were examined in some detail to give quantita
tive estimates of items (1) and (2) above as possible sources of scatter. A 
discussion of one of these will be informative.

T A B L E  II
Results for Some Linear Polyethylenes

Poly-
mer M n X  10-» s  X  10~3 Polym er M n X  10^3 s  X  10~3

i 8 .0 0 .25 9 13 .5 0.68

2 8 .1 0 .25 10 7 .8 0.25

3 8 .5 0.28 Fractions

4 8 .6 0.28 A 3 .0 0.06

5 10 .0 0.39 B 9 .1 0 .3 1

6 10 .2 0.39 C 16 .5 1 .0

7 10 .6 0.42 D 26.0 2 .4

8 1 1 .2 0.47 E 35. 4 .3
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51 0.6

10 12 14 16 18 20 2 2 24 26
Mn X 10-3

F ig. 5. U n certain ty of in tercept of eq. (3).

F ig. 6. C onventional p lot of same data  as in F ig. 4.

On the basis of the several sets of 30 thermometer readings, the mean 
s q u a r e  deviation of the data about a fitted line is estimated to be 4 X 10~5 
mm.'2 for a particular run. As a result of fitting a straight line, the mean- 
square deviation of the five points (3 degrees of freedom) is estimated to be 
220 X 10-5 mm.2 (Fig. 4). It is highly improbable that these are estimates 
of the same quantity. If we argue that the large magnitude of the second 
of the two estimates is due to an inadequacy of the straight lino to repre
sent the data and so include a quadratic, term in eq. (3) to be fitted, the 
new mean-square deviation is 280 X 10"5 mm,2, a value not significantly
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different from that obtained with the linear relation. The statistical 
result that no improvement in fit is gained by adding the additional pa
rameters is also immediately obvious from Figure 4, where both fitted curves 
are displayed, and from Figure 6, where the same data are plotted ac
cording to eq. (2). The curve in Figure 6 is drawn with the use of the 
constants obtained from the fit of eq. (3). In order to plot the observed 
data as (X — X0)/m  without introducing a zero-point error, the parameter 
Xo was also fitted to the 6 observations by using the I  and a values ob
tained from fitting eq. (3).

Figure 6 permits the illustration of two points. In comparison with 
Figure 4, which has the same coordinate scales, it allows a visual estimate 
of the amount of apparent scatter introduced by the derivative plot; by 
itself it allows examination of each primary observation. The lion’s share 
of sum-of-squares is about equally divided between two observations, the 
second and fourth highest concentrations. It happens the data for this 
run were collected during three days and the two points in question were 
the first observations made after the two overnight breaks. If these are 
omitted, the mean-square deviation, estimated from one degree of freedom, 
drops from 220 to 7 X 10~6 mm.2, a value in agreement with that expected 
from thermometer noise alone. Examination of other records reveals 
that an overnight break does not always result in a large fluctuation, but 
where a large deviation occurs, it is associated with such a break in opera
tions ; further these deviations seem to be random in magnitude and sign.

Although the mechanism responsible for the large deviations remains a 
mystery to us, the suggested means of avoiding them, namely completion 
of a run at one sitting, will allow full benefit of the reduced thermometer 
noise of our instrument.

T he authors benefited by stim ulating discussions w ith R . Q. Gregg.
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Résumé
On donne une description d ’un ébullioscope qui a  été calibré e t trouvé satisfaisant 

pour la déterm ination du poids moléculaire m oyen en nombre de plusieurs polyéthylènes 
linéaires. On utilise un therm om ètre de M enzies rempli de benzène, qui mesure la 
tension de vapeur différentielle e t qui possède une limite de détection de 5 X  10 6
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degrés. Afin d ’approahcer le plus possible l ’équilibre so lvan t-vap eu r et solution- 
vapeur, on a conçu un appareil de chauffage qui contient un m oyen de préchauffage du 
solvan t liquide qui reflue du réfrigérant et une pom pe mécanique, pour extraire la solution 
liquide du ballon de chauffage. D e plus, on assure une stabilité de ces équilibres en 
fonction du tem ps par isolation, pour dim inuer la conduction therm ique, à l ’aide de 
réflecteurs pour exclure l ’énergie de radiation, à l ’aide d ’un m anostat et d ’une tem pérature 
de paroi constante. L ’analyse des fluctuations de tem pérature observées indique que 
celles-ci consistent dans des écarts du therm om ètre qui sont inférieurs d ’un ordre de 
grandeur par rapport à  celles obtenues précédem m ent. C ette  am élioration ne donne pas 
son avantage intégral lorsqu’on effectue des séries d ’expériences interrom pues (3 jours). 
D ans ce cas on observe une déviation standard de 400 pour une valeur de poids molé
culaire de 10.000. On possède des indications que l ’avantage com plet de la  dim inution 
de l ’imprécision du therm om ètre peut être réalisé dans des expériences continues; 
ceci réduit encore plusieurs fois la  déviation standard.

Zusammenfassung
Ein Ebullioskop, das geeicht wurde und sich zur Bestim m ung des Zahlenm ittels des 

M olekulargew ichts mehrerer unverzw eigter P o lyäthylen e als geeignet erwies, wird 
beschrieben. E s ben ützt ein benzol-gefülltes D ifferentialdam pfdrucktherm om eter 
nach M enzies m it einer Erfassungsgrenze von  5 X  10-6 G rad. Um  eine gute A nnä
herung an das Lösungsm ittel-D am pf- und Lösungs-D am pfgleichgew icht zu erhalten, 
besitzt das Siedegefäss eine Einrichtung zur Vorheizung des aus dem K ü hler zurückkeh
renden flüssigen Lösungsm ittels und eine mechanische U m laufpum pe zur A bführung 
der flüssigen Lösung aus dem Siedegefäss. Zusätzlich wird eid zeitliche B eständigkeit 
der G leichgew ichte durch Isolierung zur H erabsetzung der W ärm eleitung, durch R e
flektoren zum  Ausschluss von Strahlungsenergie, sowie durch Aufrechterhaltung von 
konstantem  D ru ck  und konstanter W andtem peratur gewährleistet. Eine A nalyse der 
beobachteten Tem peraturschw ankungen zeigt, dass diese Anordnung zu einem um 
eine Grössenordnung kleineren Therm om etergeräusch als bisher berichtet führt. E s 
war nicht möglich diese Verbesserung bei unterbrochenen (3 T age) Versuchen, die eine 
Standardabweichung von  400 in M olekulargew ichtsbereich um  10000 ergaben, voll 
auszunützen. E s bestehen Anzeichen dafür, dass eine volle A usnützung des herabge
setzten Therm om etergeräusches, m it m ehrfacher weiterer R eduktion  der Stan dardab
weichung, bei ununterbrochenen Bestim m ungen m öglich sein sollte.
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Synopsis

D ilatom etric measurem ents have been carried out on the crystallization  of p o ly
acrylonitrile from propylene carbonate solutions a t concentrations of 1.0, 4.2, and 8 .4 %  
and tem peratures of 40, 70, 95, 104, and 108°C. C on trary  to expectation, the volum e of 
the solution a ctu ally  increases upon crystallization, although the increase is extrem ely 
sm all (about 1 %  based on polym er). T his sm all change in volum e is consistent w ith  the 
partial specific volum e of polyacrylonitrile  in solution and the specific volum e of the 
polym er measured directly b y  a  flotation m ethod. R ecen t investigation b y  H olland, 
e t al. revealed th a t polyacrylonitrile, upon crystallization  from  dilute solution, form s 
crystalline p latelets resem bling the single crystals observed in other polym ers. I t  ap 
pears th at the sm all change in volum e on transform ation from  the dissolved state  into 
the crystalline state  is due to the closeness of the specific volum es in the tw o different 
states. These unusual density data  of polyacrylonitrile  resem ble those of p oly(m ethyl- 
m eth acrylate '), where isotactic, syndiotactic, and atactic polym ers have abou t the same 
density. T h e fact th at the difference in density of polyacrylon itrile  is so sm all m ight 
well explain a  num ber of related phenom ena: the lack  of abrupt volum e change on 
m elting, the absence of am orphous regions, the narrow range of the density valu es of 
different samples prepared b y  different methods, and the fact th a t crystallization  condi
tions exert practically  no effect on the density of the sample.

INTRODUCTION

Crystallization of nonpolar organic polymers is usually accompanied 
by a decrease in volume of about 10-15%. Examples in which the density 
of a semicrystalline polymer is nearly equal or even lower than that of the 
liquid polymer are not common.

Polyacrylonitrile has a number of exceptional properties. Various 
samples have bulk densities invariably in the range of 1.17-1.18 cc./g. at 
25°C., irrespective of the method of preparation and the condition of 
crystallization (of course, cases in which structural irregularities are ef
fected by branching, crosslinking or formation of condensed rings1 are not 
included here). Because of its diffuse x-ray diffraction pattern and very 
small volume change on melting, polyacrylonitrile has long been considered 
a crystalline polymer with a low degree of crystallinity.

Recently it has been found that, upon crystallization from dilute pro
pylene carbonate solutions, polyacrylonitrile forms crystalline platelets 
resembling the single crystals observed in other polymers.2 Since the
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molecular properties of polyacrylonitrile in the dissolved state3 and the 
microstructure of the crystalline platelets are better defined than in any 
other state, it is of interest to study the change that takes place between the 
two states.

In this investigation dilatometrie measurements were made on the crys
tallization of polyacrylonitrile from propylene carbonate solutions at 
different concentrations and temperatures. The same techniques were 
used to study the melting behavior of the sample which had been crys
tallized. Results obtained dilatometrioally are compared with those 
obtained by direct measurements.

These results indicate that the volume of the solution increases upon 
crystallization over a wide range of temperature, although the change is 
small.

EXPERIMENTAL 

Sample Preparation

The sample used in this work, unless otherwise stated, was prepared by 
using a redox catalyst system containing potassium persulfate and sulfur 
dioxide. The sample was purified by dissolving in Ar,Ar-dimethylforma- 
mide at 50°C., followed by precipitation, washing, and drying. The 
intrinsic viscosity was 1.06 dl./g. determined in DMF at 25°C.

The disks used for density measurements were prepared by compression 
molding under vacuum at 150°C.

Density Measurement

Densities of PAN disks and powders were determined by different 
methods. The density of the disk was determined by a flotation method, 
aqueous NaBr solution being used as the immersion liquid. The density 
of the powder was determined by means of a pycnometer as described by 
Culbertson and Weber,4 and the results were rechecked by the flotation 
method used by Hermans et al.,5b with propylene carbonate as the im
mersion liquid.

Partial Specific Volume

In order to determine the partial specific volume of PAN in solution, the 
specific volumes of the solutions at different concentrations were deter
mined with the use of a pycnometer similar to the type described by Heller 
and Thompson.6 A flask of 25 cc. and a precision tubing of 1.000 mm. 
bore were used. The temperature of the bath was controlled to the nearest 
±0.005°C. The pycnometer was calibrated with Hg at 30.0°C. and 
115.0°C. All the weights were corrected for air buoyancy. After neces
sary corrections for the thermal expansion of the pycnometer, the values 
obtained at these two temperatures are found to be in excellent agreement.
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Solutions of different concentrations were prepared by diluting the stock 
solution with the purified solvent of the same batch. Dilution factors were 
determined by direct weighing.

The solutions were kept in sealed tubes and heated to 150°C. for half 
an hour to obtain uniform mixing prior to measurement. The solutions, 
when hot, were introduced into the pycnometer by means of a hypodermic 
syringe.

Crystallization

PAN crystallized from dilute solutions dissolves in propylene carbonate 
at approximately 12f)°C. A degree of supercooling of about 30°C. below 
the solubility point is necessary to achieve an appreciable rate of crys
tallization. The crystallization was carried out in a dilatometer at the 
highest practical temperature to promote growth of crystals of high per
fection, specifically 95, 104, and 108°C. for the solutions at concentrations 
of 1.0, 4.2, and 8.4%, respectively. The rate of crystallization was meas
ured by following the volume change in the dilatometer.

Melting Curve

Melting curves were obtained on samples which had been crystallized 
by the method described above. A slow heating procedure was used; 
namely 5°C./hr. before melting, 2° C./hr. during melting, and 10°C./hr. 
after melting was complete. Although prolonged heating at 150°C. 
causes chemical reaction (decomposition can be detected at approximately 
130°C.), no noticeable change was observed at this temperature within the 
few hours required for a measurement.

The conversion of dilatometer capillary readings to specific volumes of 
the sample was based on reading at 140°C. at which only homogeneous 
solution was present. The volume of the dilatometer was calculated from 
the amount and the specific volume of the solution and the mercury present 
in the dilatometer.

Volume of Mixing

The volume of mixing was measured in an apparatus described by Hilde
brand and Carter.7 It consisted of two pear-shaped bulbs connected by a 
U-tube, with a precision tubing of 1.514 mm. bore sealed to the top of each 
bulb. The capacity of each bulb was about 20 cc. The solution and the 
solvent were placed in each side, separated by mercury which had been 
degassed by vacuum distillation. After the temperature had become con
stant, the readings of the liquid levels in the capillaries were taken by means 
of a cathetometer. The liquids were then mixed by allowung the mercury 
to flow from one side to the other several times. The readings were taken 
again after uniform mixing. The limit of detection was in the order of 
±0.01 cm., corresponding to a volume of ±1.08 X 10~4 cc.
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RESULTS

Specific Volume

The specific volumes of polyacrylonitrile (disks) as determined by 
flotation methods were in the range of 0.849-0.852 (Table I), in close agree
ment with the values given by Kolb and Izard.8 These values were found 
to be insensitive to the method of preparation and the condition of 
crystallization.

T A B L E  I
Specific Volum e of Polyacrylonitrile  (D isks)

Specific volum e

Polym er Initiator M v 25°C . 47.6°C .

A P ersu lfa te-S 0 2 70,000 0.849“ 0 .850b
B A lso free radical •--- 0.852
C n -B u L i at — 78 °C .c — 0.852

“ F lotation  m ethod in aqueous sodium brom ide solution. 
b In  propylene carbonate.
0 See ref. 9.

The specific volume of polyacrylonitrile in powder form depends upon 
the immersion liquid. As shown in Table II, the same sample has a 
specific volume of 0.853, 0.857, and 0.862 at 25°C. when determined in 
propylene carbonate, succinonitrile, and octyl alcohol, respectively.

T A B L E  II
Specific Volum e of Polyacrylonitrile  (Powders)

Specific volum e

Immersion liquid 3 4 .0 °C . 9 5 .0 °C . 1 1 5 .0°C .

Succinonitrile 
Propylene carbonate 
O cty l alcohol

—  0 853 ±  0 .001b —  
0.8399 ±  0.0004“ 0 .857 ±  0 .001b 0.864°

—  0.862 ±  0 .004b

* F lotation  method.
b Pycnom eter m ethod.
• E xtrap olated  b y  using the value of d v / d t  —  3.0 X  10 “ 4 cc./g. °C.

The variation in specific volume of the same sample in different liquids 
is undoubtedly due to the absorption of the liquid by the sample. Hermans 
et al.,6 in studying the density of cellulose fibers in various organic liquids 
(helium, water, etc.), draw the conclusion that the most important factor 
in selecting a liquid for density measurement is its solvent power. Cor
rect density of cellulose fibers can only be obtained by using a liquid which 
does not penetrate into the sample. When penetration occurs, a higher 
value is invariably obtained. The same phenomenon has indeed been 
observed in the present case; the density of polyacrylonitrile power in-
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creases with the solvent power (as expressed by the cohesive energy den
sity10) in the order: succinonitrile >  propylene carbonate >  octyl alcohol. 
The value obtained in octyl alcohol at 95°C. is identical, within the ex
perimental error, with the density of the disk obtained dilatometrically.

Partial Specific Volume

The specific volumes of polyacrylonitrile solutions in propylene car
bonate at 115.0°C. are given in Table III, together with the apparent

T A B L E  I II
Specific Volum es of P A N  Solution in Propylene C arbonate a t 115 .0 °C .

W eight 
fraction of 

P A N , W 2 v ,  cc./g. v2 *

0.000 0 .90506a (0.8482)b
0.024722 0.90366 0.8482
0.030178 0.90335 0.8483
0.034330 0.90307 0.8482
0.040576 0.90277 0.8486
0.052148 0.90204 0.8471

• A verage of tw o determ inations, 0.90506 and 0.90507. 
b E xtrap olated  value.

specific volumes, v2*, defined by the relation, v2* =  (v — Vi 0wx)/w2. The 
partial specific volume of polyacrylonitrile can then be calculated from the 
value of v2* by using eq. (1) given by Schulz and Hoffmann:11

Vi =  v2* +  WiW2(dv2*/dw2) (1)

where v is the specific volume of the solution and wx and w2 are the weight 
fraction of the solvent and the polymer, respectively. The constancy of 
the value v2*, i.e., dv2*/dw2 =  0, means that the partial specific volume of 
PAN in propylene carbonate remains constant throughout the range of 
concentration investigated, and has a value of 0.848 cc./g. at 115.0°C. 
In other words, when 1 g. of polyacrylonitrile (a liquid in hypothetical case) 
is added to a large excess of propylene carbonate or its dilute solution, the 
increase in volume is 0.848 cc. at this temperature.

Theoretically, the same conclusion can be reached by way of 
Scatchard’s equation:12

v =  Vi°Wi +  v2°w2 +  kw 1W2 (2)

where v, i>i°, and v2° are the specific volumes of the solution, the solvent, 
and the polymer (in liquid state), respectively, kwiw2 being the correction 
term for the deviation from additivity of the specific volumes. Equation
(2) can be rearranged to read:

v2* =  (v — vi°wi)/w2 — v2° +  kwi (3)
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According to eq. (3), when v * is plotted against w>2, a straight line should 
be obtained, the slope of which is the value of — k and the intercept is the 
value of k +  c2°. In actual practice, however, an accurate extrapolation 
can not be made since all our measurements were made in the concentration 
range below 8% and values at higher concentrations are unattainable.

By using eq. (2), it can be shown readily that:

vD =  kimitni/ (wii +  m2)](w>2) 2 (4)

where Vo is the volume of mixing when m2 grams of solution of concentration 
Wt are mixed with mi grams of pure solvent.

It is evident from eq. (4) that the accuracy of k is determined only by 
the value of i>d since mi, m2, and w2 can be determined easily with high 
accuracy. The values obtained (Table IV) are complementary to the 
value of dv*fdvh  obtained by the specific volume measurement.

T A B L E  IV
Volum e of D ilution  of 20 g. of Solution and 20 g. of Solvent a t 115 .0 °C .

w 2 uD X  10 4, cc. k

0.0149 - 0 . 5 4 -0 .0 2 4
0.029S +  0 .54 + 0 .0 0 6
0.0434 - 5 . 9 - 0 .0 3 1
0.0518 +  2 .0 +  0.008
0.0652 - 3 . 1 -0 .0 0 7

A vg. -0 .0 0 9 a

From these results it is concluded that the value of k can be ignored 
within the concentration range of interest and that the basis of the addi
tivity of specific volumes is established for the present discussion.

Crystallization

Figure 1 represents the rate of crystallization of polyacrylonitrile from a 
1.0% solution at 95.0°C. The volume of the solution remained unchanged

0 1 1.0 10 tOz io5
log t (t in hours)

F ig. 1. C rystallization  of polyacrylonitrile from  a  1.0 %  propylene-carbonate solution a t
95.0°C.
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T A B L E  V
Volum e Change U pon C rystallization

Tem perature
of

crystallization,
°C. W 2

Tim e of 
crystallization, 

hr.“

Volum e increase, 
cc./g. 

polym er

40 0.010 117 0.010
70 0.010 167 0 008
9.5 0.010 189 0.0 14

104 0.042 238 0 .013
I0S 0.084 234 0.0 11

* C rystallization  was allowed to  take plaee until no further change in volum e w as ob
served. In one experim ent, approxim ately 80 -85%  of the polym er was crystallized  out 
from the solution.

within the first l / /  hr., then increased at an accelerating rate, and finally 
remained almost constant, giving a typical sigmoid curve characteristic 
of the crystallization of high polymers.

Experiments carried out at 40 and 70 °C. gave the same type of curve. 
However, the rate of crystallization varied considerably with the tem
perature of crystallization; for example, the times required for the onset of 
crystallization were approximately 2, 0.5, and 0.8 hr., and the half times of 
crystallization were approximately 7.0,1.5, and 3.0 hr. at 40, 70, and 95°C., 
respectively. The fact that there exists a temperature for a maximum rate 
of crystallization to occur suggests there are more than one factor that de
termines the rate, a fact generally observed in studying the rate of crys
tallization.

In all cases, the volume of the solution increased by an amount ranging 
from 0.008 to 0.014 ce., depending upon the concentration and the tem
perature of crystallization, hence the degree of crystallinity and the per
fection of the crystals formed (Table V ).

It is of interest to note that, assuming the degree of crystallization is 
constant, crystallization at higher temperature promotes growth of crys
tals of higher perfection while the rapid crystallization at lower tempera
tures yields crystals of lower perfection; this relation is indicated by 
the volume change obtained at their respective temperatures; 0.008 cc./g. 
at 70°C. as compared to 0.014 cc./g. at 95°C.

Melting of Polyacrylonitrile
Figure 2, in which the specific volume is plotted against temperature, 

represents the melting curve for a sample crystallized at 108°C. The ap
parent specific volume increases linearly with the temperature up to 90 °C. 
The melting began at 90°C. and ended at 135°C., as evidenced by the 
change of the opacity of the solution. The melting is accompanied by a 
decrease in volume, but this decrease is almost compensated by the in
crease in volume due to expansion, with the net result that the volume almost 
remains constant during melting.
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F ig. 2. M elting curve for polyacrylonitrile  in propylene carbonate (eoncn. =  8 .4 % ).

If a straight line is drawn through the points above the melting point 
and extrapolated to 95°C., the difference in specific volumes between the 
solid and the liquid us line represents the decrease in volume upon melting 
(Fig. 2). A value of 0.014 cc./g. is obtained which is identical with the 
value obtained under similar conditions by crystallization.

These values compare favorably with the specific volumes by direct 
measurements. The specific volume of polyacrylonitrile as determined in 
powder form is 0.857 at 95°C. and the partial specific volume in solution is
0.848 at 115.0°C. or 0.841 at 95°C. by extrapolation, the difference being
0.016 cc./g.

All these measurements give internally consistent results, showing that 
polyacrylonitrile expands when crystallized from propylene carbonate 
solution in the amount of: 0.014 as measured by crystallization, 0.014 by 
melting, and 0.016 cc./g. by direct measurements. In view of the uncer
tainties involved in determining the exact value of the volume of mixing, 
this agreement should be considered excellent. It is therefore established 
that the volume of the solution increased upon crystallization, although 
the increase was extremely small.

It should be mentioned here that Krigbaum and Tokita,13 when meas
uring the rate of crystallization of polyacrylonitrile in dimethylformamide, 
also observed that the volume change is extremely small, about 0.005% 
(based on the amount of solution used), but with a sign different from ours. 
This discrepancy is believed to be due to the fact that different solvents were 
used. In any event the volume change is much smaller than in the case of 
nonpolar polymer where a difference of 10-15% is often observed.

DISCUSSION 
Volume of Mixing

The crystallization of polyacrylonitrile from propylene carbonate solu
tion is identical with a reverse process of the two steps: the melting of the
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crystalline polymer and the subsequent mixing of the liquid polymer with 
the solvent. The volume change observed dilatometrically must be equal 
to the sum of the changes in the two steps involved: AFtotai =  AFmelting +
A  l  m i x i n g *

The precise value of AFmixing is difficult to obtain since it requires data 
at higher concentrations. We have demonstrated only that AFmixing is 
nearly zero up to a concentration of 8%.

However, indirect evidence can be found in Schulz and Hoffmann’s 
report11 that in the cases of polystyrene and poly(methyl methacrylate) a 
contraction in volume is usually observed upon mixing.

These same authors also indicated that the specific volume of the polymer 
is really equal to the partial specific volume of the polymer in dilute solution 
when the solvent is sufficiently poor, but higher than the partial specific 
volume in good solvents. In all the cases they studied, 14 solvents for 
poly (methylmethacrylate) and 16 solvents for polystyrene, the specific 
volume of the polymer exceeds the partial specific volume of the polymer 
in solution by not more than 2%.

If the same situation prevails here, the specific volume of liquid poly
acrylonitrile at 95°C. will have a value not smaller than 0.841, and the shape 
of the melting curve will not be altered.

Crystalline State of Polyacrylonitrile
The question naturally arises as to whether the small volume change is 

due to the low degree of crystallinity or to the small difference in specific 
volume in dissolved and crystalline state or to both.

Bohn, Schaefgen, and Statton,14 on the basis of x-ray diffraction data 
and swelling experiments, emphasized the fact that there are no conven
tional amorphous areas in polyacrylonitrile and the polymer can be thought 
of as being a single phase.

Recent investigation by Holland, et al.2 revealed that polyacrylonitrile 
crystallized from dilute solution, when examined under the electron micro
scope, forms crystalline platelets closely resembling the “ single crystals” 
observed in other polymers. Polyacrylonitrile crystallized from dilute 
solution of propylene carbonate at 95°C., glutaronitrile at 130°C., and 
succinonitrile at 64°C. all gave fairly sharp x-ray diffraction patterns. 
The two equatorial reflections ordinarily observed can be split into two 
doublets; one at 5.22 and 5.01 and the other at 3.05 and 2.95 A., indicating 
improved lateral order.

It thus appears that the small change in volume upon crystallization is 
due to the closeness of the partial specific volume in the dissolved state 
and the specific volume in the crystalline state.

Although the crystal structure of PAN is not accurately known, it has 
been suggested14 that the polymer chains are coiled in a more or less kinked 
or helical manner and these chains are then packed laterally in a regular 
hexagonal or pseudohexagonal pattern. The average conformation of the 
chains may be such that they do not occupy appreciably more volume in
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solution than in the crystal, and the regular packing of these chains may 
actually result in a greater occupied volume in the crystal.

The fact that the difference in specific volume in different states is so 
small serves to explain a number of observations: the lack of abrupt volume 
change on melting, the absence of amorphous regions, the narrow range of 
the density among different samples prepared by different methods, and 
the fact that crystallization conditions exert a marked effect on the x-ray 
intensity distribution, but practically no effect on the density of the sample.

In conclusion, the unusual melting behavior of polyacrylonitrile has not 
received much attention in the past. The phenomenon may not be unique 
for polyacrylonitrile alone. Poly(methyl methacrylate) serves as another 
example in which syndiotactic, isotactic, and atactic forms have about the 
same density.16 There are probably other polymer systems, especially 
polymers of polar monomers, which have a high degree of crystallinity but 
a very small volume change on melting.

T h e author is indebted to M r. J. H. Rhodes who carried out all the specific volum e 
and dilatom etric measurements, to D r. J. E . Johnson and D r. P. H . Lindenm eyer for 
discussions on x-ray diffraction data, and to D r. R o lf Buchdahl and D r. J. J. H erm ans 
for their invaluable suggestions.
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Résumé
On a  fait des mesures dil atom e triques de la cristallisation du polyacrylonitrile à partir 

de solutions dans le carbonate de propylène à des concentrations de 1.0, 4.2 e t 8 .4 %  et à 
des tem pératures de 40, 70, 95, 104, e t 108°C. Contrairem ent à  ce qu ’on attendait-, le 
volum e de la solution augm ente par cristallisation, quoique l ’augm entation soit extrêm e
m ent petite (environ 1 %  par rapport au polym ère). C e  léger changem ent de volum e 
s ’accorde avec le volum e spécifique partiel du polyacrylonitrile  en solution et le volum e 
spécifique du polym ère mesuré directem ent par la  m éthode de flotation. TJne étude 
récente de H olland et collaborateurs a  m ontré que le polyacrylonitrile  forme, par cristal
lisation au départ d ’une solution diluée, des plaques cristallines qui ressem blent aux
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m onocristaux observes dans d ’autres polym ères. II semble que le p etit changem ent en 
volum e par transform ation de l ’é ta t dissous à l ’é ta t cristallin est dû aux valeurs voisines 
des volum es spécifiques dans les doux états différents. Ces résultats inhabituels de la 
densité du polyacrylonitrile  sont com parables à  ceux du p olym éthacrylate  de m éthyle 
où les polym ères isotactique, syn diotactique e t atactiq u e ont à  peu près la  même densité. 
L e  fa it que la  différence en densité du polyacrylonitrile  est si minime, pourrait bien 
expliquer quelques phénomènes similaires: l ’absence d ’un changem ent brusque du
volum e par fusion, l ’absence de régions am orphes, la gam m e étro ite  des valeurs de la 
densité de différents échantillons préparés par des m éthodes différentes et le fa it  que les 
conditions de cristallisation n ’exercent pratiquem ent pas d ’effet, sur la  densité de l ’échan
tillon.

Zusammenfassung
D ie K ristallisation  von Polyacryln itril aus Propylenkarbonatlösung bei K o n zen tra

tionen von 1,0, 4,2 und 8 ,4 %  und T em peraturen von 40°, 70°, 95°, 104° und 108° 
wurde dilatom etrisch untersucht. E ntgegen der E rw artun g nim m t das Volum en der 
Lösung bei der K ristallisation  tatsächlich zu, obgleich die Zunahm e äusserst gering ist 
(etw a 1 %  bezogen auf das Polym ere). D iese kleine Volum sänderung stim m t m it dem 
partiellen spezifischen Volum en von P o lyacryln itril in Lösung und dem nach einer 
Flotationsm ethode direkt gemessenem spezifischen Volum en des Polym eren überein. 
Eine neuere U ntersuchung von H olland et al. zeigte, dass Polyacryln itril bei der K rista l
lisation aus verdünnter Lösung P lättchen, ähnlich den bei anderen Polym eren beobach
teten “ E in kristallen ”  bildet. E s scheint, dass die kleine Volum sänderung beim Ü bergang 
von  gelösten kum  kristallinen Zustand auf der Ä hnlichkeit der spezifischen Volum ina 
in den beiden verschiedenen Zuständen beruht. D ie ungewöhnlichen D ichteverhältnisse 
beim  P o lyacryln itril änneln denjenigen von  Polym eth ylm ethacrylat, wo isotaktische, 
syndiotaktische und ataktische Polym ere etw a die gleiche D ich te  besitzen. D ie T a t
sache, dass der D ichteunterschied bei P o lyacryln itril so klein ist, kann eine A n azh l ver
w andter Phänom ene gut erklären: das Fehlen einer plötzlichen Volum sänderung beim 
Schm elzen, die A bw esenheit am orpher Bereiche, der enge Bereich der D ichtew erte bei 
nach verschiedenen M ethoden dargestellten Proben und die T atsache, dass die K rista lli
sationsbedingungen praktisch keinen Einfluss auf die D ich te der Probe haben.

Eeceived June 6,1962
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P o l y m e r i z a t io n  o f  A l i c y c l i c  E p o x i d e s  w ith  A lu m in u m

A l k y l  C a ta ly s ts

R. BACSKAI, California Research Corporation, Richmond, California

Synopsis
T he polym erization of alicyclic epoxides w ith  alum inum  alkyls has been investigated. 

In  m an y cases, fast polym erization rates were observed at — 78 °C ., leading to  high m olec
u lar w eight com pounds in good yield. T h e infrared spectra of the polym ers are con
sistent w ith  the proposed polyether structure. I t  was found th a t the m olecular w eight 
of the polym ers obtained in these reactions is a function of the alicyclic ring size. This 
was interpreted b y  considering the variation  of m olecular strain during the polym er
form ing reaction. T h e following order of rea ctiv ity  based on estim ated propagation 
rates has been established for the monomers: cyclohexene oxide >  cyclopentene oxide >  
cycloheptene oxide cyclooctene oxide. A  reaction mechanism  is proposed where 
initiation occurs through coordination of the alum inum  alk yl w ith the epoxide, followed 
b y  successive addition of monomers to  the electrophilic centers. T h e absence of phenyl 
endgroups in a relatively  low  m olecular w eight polycyclohexene oxide, prepared w ith 
A1(C6H6)3 catalyst, precludes one of the possible a ltern ative mechanisms. T he proton 
m agnetic resonance spectra of polycyclohexene oxide, cis-l,2-cyclohexanediol, and 
iraras-l,2-cyclohexanediol were determ ined in dilute chloroform solution and suggest a 
stereoregular poly-irans-ether structure for the polym ers.

The polymerization of ethylene and propylene oxide by aluminum alkyls 
has been reported from various laboratories.1 Relatively high temper
atures and long reaction times were employed in these reactions probably 
to obtain reasonable yields.

The activating action of water in metal alkyl catalyzed epoxide poly
merizations was first observed by Furukawa2 and more recently by Van- 
denberg.3 By using the reaction product of an aluminum alkyl and water, 
Vandenberg polymerized cis- and frans-2-butene oxide and cyclohexene 
oxide at — 78°C. to high molecular weight polymers.

Polymers of alicyclic epoxides have received only little attention, al
though the patent literature describes the polymerization of cyclohexene 
oxide4 and 4-vinylcyclohexene oxide5 by Friedel-Crafts type catalysts. 
From the mode of preparation, it is believed that these polymers had 
relatively low molecular weights.

We have found that certain alicyclic epoxides react instantaneously with 
aluminum alkyls at temperatures as low as — 78°C. to give high molecular 
weight polymers in nearly quantitative yield. The remarkably facile 
polymerization of these monomers by unmodified aluminum alkyls has not 
been observed previously. In the present work, the synthetic and mecha-

2 7 7 7



2 77 8 R .  B A C S K Ä I

nistic aspects of the polymerization and the stereochemistry of the products 
will be discussed.

EXPERIMENTAL

Materials
Monomers were either purchased or synthesized by known methods.
Gyclopentene oxide was prepared both by the peroxytrifluoracetie acid8 

and the peracetic acid7 methods; b.p. 100.7°C.
Cyclohexene oxide was obtained from Arapahoe Chemicals, Inc., and 

redistilled before use; b.p. 131-132°C.
Cycloheptene oxide was prepared by the peracetic acid method;8 b.p. 

77-78° C./50 mm.
as-Cyclooctene oxide was prepared by the peroxytrifluoracetie acid 

method;6 b.p. 90°C./30 mm. The infrared spectrum of the compound was 
identical to that reported in the literature.9

trans-Cyclooctene oxide was prepared by the peracetic acid method;9 b.p. 
95-97°C./33 mm. The infrared spectrum of the compound was identical 
to that reported in the literature.

Cyclododecene oxide, obtained from Aldrich Chemical Company, Inc., 
was used without further purification. The compound is probably a mix
ture of cis and trans isomers.

4-Vinylcyclohexene oxide was obtained from Aldrich Chemical Company, 
Inc. Before use, it was redistilled; b.p. 7n-76°C./30 mm.

Vinylcyclohexene dioxide, 3,4-epoxycyclohexane carbonitrile, 3,4-epoxy- 
b-methyloyclohexylmethyl acetate, and 3-oxatricyclo-[3-2- T0*-4]-octane- 
(i-carboxylate were obtained from Union Carbide Chemicals Company and 
used as received.

Indene epoxide was prepared by the method of Whitmore and Gebhart;"1 
b.p. 90-93°C./4 mm.

as-2-Butene oxide was prepared by the method of Wilson and Lucas;11 
b.p. 60-61°C.

Propylene oxide was obtained from the Matheson, Coleman, and Bell 
Company. Before use, it was redistilled from KOH; b.p. 34.5°C.

Cyclohexene sulfide was obtained from Aldrich Chemical Company, Inc. 
and was used without further purification.

Cyclohexene imine was prepared by the method of Paris and Fanta;12 
b.p. 60-70°C./30 mm. The infrared spectrum of the compound was 
identical to that reported in the literature.

The aluminum alkyls were obtained from Texas Alkyls, Tne.
All polymerizations were conducted under a nitrogen atmosphere. The 

/(-hexane, Phillips Pure Grade, used as a solvent in the polymerizations, was 
stored over sodium wire.

Polymer Preparation
In a typical experiment, I ml. of friethylaluminum in 100 ml. of /(.-hexane 

was cooled to — 78°C. with the exclusion of air and moisture. Addition of
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cyclohexene oxide to the stirred homogeneous solution resulted in an exo
thermic reaction and solid polymer precipitated instantaneously. The 
monomer addition was continued at such a rate that, in spite of the heat 
evolved, the temperature of the reaction mixture never rose above — 70°C. 
After 20 g. of cyclohexene oxide had been added and the increasing amount 
of polymer prevented proper mixing, the unreacted catalyst was decom
posed with methanol and concentrated HC1. The reaction product was 
washed several times with methanol and dried in vacuum. For purifica
tion, the polymer was dissolved in benzene, filtered through sintered glass, 
and precipitated with methanol; the yield was 16.8 g. (82% of theory) 
and fo] =  2.28 (in benzene at 30°C.). For further experimental details, 
see Table I.

Co polymerization

A 2-g. portion of total monomers was dissolved in 10 ml. of n-hexant'. 
At 20°C. a solution of 0.01 ml. AlEts in 0.49 ml. w-hexane was added with 
stirring. In about 20 sec., the reaction temperature rose to 23-24°C., and 
the copolymerization was stopped by the addition of methanol -concen- 
frated HC1. The copolymer was precipitated with methanol, dried, and 
purified by dissolving in benzene and after filtration precipitating with 
methanol. Monomer conversion varied between 6% and 12%. Since one 
of the comonomers was always 4-vinylcyclohexene oxide, the composition 
of the copolymer was determined by measuring the absorbance of 5 mg. 
copolymer/ml. CS2 solutions at 910 cm.-1 (characteristic vinyl absorption) 
in the infrared. For calibration, synthetic mixtures of poly-4-vinylcyclo- 
hexene oxide and polycyclohexene oxide were used.

Polymer Characterization

Infrared spectra of the polymers were obtained with a Perkin-EImer 
Infracord spectrophotometer on films cast from benzene solution onto a 
sodium chloride plate.

Intrinsic viscosities [77 ] were determined in benzene at 30°C.
Softening points were measured by the penetrometer method.13
Proton magnetic; resonance spectra were obtained with a Yarian A-60 

proton magnetic resonance spectrometer. The chloroform used as solvent 
was filtered through activated alumina to remove the ethanol stabilizer.

RESULTS AND DISCUSSION

Results of our polymerization experiments are summarized in Table I.
( )ne of the most remarkable features of these reactions is the rapid con

version of certain monomers to high molecular weight polymer at low 
temperatures. Instantaneous polymer formation accompanied by a strong 
exotherm was observed upon the addition of the epoxide to aD aluminum 
alkyl solution. In order to obtain good temperature control, only small 
portions of the monomer were added at a. time. In contrast, published
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results indicate that rather strenuous conditions are rec[uired to polymeriae 
alipliatic epoxides with aluminum alkyls.1

From Table I, it is evident that the lowering of temperature favors the 
formation of high molecular weight products. Most of the polymers 
reported here are amorphous solids that soften at 60-70°C. Interestingly, 
polycyolopentene oxide is an exception; even higher molecular weight 
samples of this compound ([r;] >  1) are tacky solids at room temperature. 
No crystallinity was found in the polymers by x-ray analysis. In the 
polymerization of 4-vinylcyclohexene oxide, the formation of considerable 
amounts of benzene insoluble products was observed. Considering the 
very high purity of the monomer used in these experiments (99.88%; no 
detectable amounts of vinylcyclohexene dioxide), it is possible that the 
olefinic double bond is involved to a certain extent in the reaction, causing 
crosslinking. Similarly, vinylcyclohexene dioxide would not be expected 
to form crosslinked polymers, since terminal epoxides, like propylene oxide, 
do not react under these conditions.

cis- and ¿rarts-Cyclooctene oxide did not polymerize at low temperature; 
but solid, low molecular weight polymer was isolated when undiluted cis-  
cyclooctene oxide was heated with AlEt3 at 125°C. for 16 hr. Cyclodo- 
decene oxide (probably a mixture of the cis- and ¿rans-isomer) behaved 
similarly. Cyclohexene oxides bearing polar substituents like 3,4-epoxy
cyclohexane carbonitrile and 3,4-epoxy-6-methylcyclohexylmethyl acetate 
reacted violently with AlEt3 at room temperature. Solid, probably 
polymeric, products were obtained.

Indene epoxide and 3-oxatricyclo [3-2T-02'4)-octane-6-carboxylate did 
not give solid polymers with AlEts.

Cyclohexene sulfide is somewhat less reactive than the corresponding 
oxygen analog, but it polymerized to a fairly high molecular weight poly
mer. Cyclohexeneimine is more reluctant to undergo polymerization; 
16 hr. was required for a sample to solidify at room temperature in the 
presence of AlEt3.

Ihlh and B(C2H5)3 are also good catalysts for the polymerization of 
alicyclic epoxides, but the intrinsic viscosity of the solid polymers formed is 
relatively low.

BF3 etherate or AlEt3-TiCl4, [Al]/[Ti] =  1.5, did not convert cyclo
hexene oxide at — 78°C. to a methanol-insoluble polymer.

Structure of Polymers
The polymerization of alicyclic epoxides proceeds through the opening 

of the epoxide ring, and the products are linear poly ethers. Evidence for 
the polyether structure was obtained by studying the infrared spectra of the 
polymers. Typical epoxide bands14 characteristic of the monomers are 
missing from the polymer spectra, and a new very powerful band as
sociated with the ether linkage16 is present. This new band is the strongest 
in the spectrum, and its position varies slightly with chemical structure of 
the polymer (Table II).
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TABhK TT
hither Halida ¡11 Idu* Infrared Sped.rum of Alicvclie Kpuxide Polymers

Polymer Killer band, ß

Polycyclopentene oxide 9.0 5
Polycyclohexene oxide 9 .1 5
Polycycloheptene oxide 9 .0 8 , 9 .40
Poly-cfs-cyelooctene oxide 8 .9 5 , 9 .35
Polv-4-vinylevclohexene oxide 9 .2 7
Poly-cis-2-butene oxide 9.05

The polyether obtained from 4-vinyleyel.ohexene oxide has strong 
absorption bands also at l(if>(), 995, and 910 cm.-1, indicating the presence 
of vinyl groups in the polymer.

Reaction Mechanism and Polymerizability

In view of the high polymerization rates observed at low temperature, 
only reaction mechanisms with ionic or metal organic intermediates are 
considered.

One of the possibilities, mechanism A, involves the addition of an 
aluminum alkyl to the epoxide through the opening of the t.hree-memberecl 
ring followed by rapid successive addition of monomer molecules to the 
alcoholat.e intermediate, as shown in eq. (1) (al =  l/% Al):

[^ ¡^ O  + al-R

etc. (1)

In support of this speculation is the fact that the addition of metal alkyls 
to the epoxide ring is known;16 this reaction may account for the initiation. 
The polymerizing power of aluminum alcoholates recently discovered by 
Osgan and Price17 supports the proposed propagation reaction.

Alternatively (Mechanism B), initiation may occur through coordination 
of the aluminum alkyl (a weak Lewis acid) with the epoxide followed by 
rapid addition of monomer molecules to the complex, as shown in eq. (2):

+ A,R3

R s A l - 0 O o:
etc. (2)
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The nature of the termination step is not clear, but it can be easily seen 
that each reaction mechanism leads to polymer end groups with different 
hydrolytic stabilities. During the isolation of the product, the polymeri
zation mixture was treated with HC1 containing methanol. On the basis 
of mechanism A the polymer should contain as one endgroup the alkyl 
group originally present in the aluminum catalyst. On the other hand, if 
the reaction proceeds through mechanism B, no such endgroup should be 
detected in the polymer. It was possible to differentiate between these 
alternatives by conducting a polymerization experiment in the presence of a 
catalyst which introduces end groups that can be easily identified.

The triphenyl aluminum catalyzed polymerization of cyclohexene oxide 
in n-hexane between 25 and 50°C. gave a polymer in 97% yield. The 
intrinsic viscosity of the material was 0.16, and the number-average 
molecular weight was 5900. The infrared spectrum of this polymer was 
examined for aromatic absorption. Considering one phenyl endgroup per 
molecule, the concentration of phenyl groups in this particular polymer 
would exceed by 10 times the limit of detectability under the analytical 
conditions used. However, the polymer solution in CS2 showed no absorp
tion at 730 cm. -  h Therefore, we must rule out mechanism A and propose 
that mechanism B is the most probable for the polymerization of alicyclic 
epoxides.

The chemical structure of the alicyclic epoxide has a great influence on 
the outcome of the polymerization reaction. It is particularly interesting 
to compare the results obtained with unsubstituted alicyclic epoxides of 
different ring size. These data are summarized in Table III; for comparison, 
two aliphatic epoxides have been included in the list.

For alicyclic epoxides, the relative ease of polymer formation, as re
flected in the yields and intrinsic viscosities, is greatest for cyclohexene 
oxide. Under the same experimental conditions, cfs-cyclooctene oxide 
does not polymerize at all, while cyclopentene and cycloheptene oxides 
occupy an intermediate position regarding both yield and intrinsic vis
cosity.

T A B L E  I II
Polym erization of Epoxides w ith  A lE t3 in n-H exane a t — 60°C.*

M onom er

M onom er p u rity  
(b y  vapor phase 

chrom atography),

%

Y ie ld  of 
m ethanol- 
insoluble 
polym er,

% M

Cyclopentene oxide 99.4 29 1 .2 7
Cyclohexene oxide 100.0 92 1.88
Cycloheptene oxide 100.0 32 0 .7
cis-Cyclooctene oxide 99.0 0 —

Propylene oxide 100.0 0 —

as-2-B uten e oxide 100.0 12 1.2 0

a T im e of reactio n : 10 min. M onom er added dropwise during the first 5 min.
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The yields in Table III are not a measure of the over-all rates of poly
merization, since no increase in polymer yields was found after the indi
cated reaction time. In view of the high purity of the monomers used in 
these experiments, it is unlikely that the low yields are caused by con
taminants. Different complexing abilities of the polymers with the 
aluminum alkyls which result in autoinhibition could be the cause of this 
phenomenon.

To discuss the differences observed in the intrinsic viscosities, we assume 
that the functional relationship between the average degree of polymeri
zation and intrinsic viscosity is identical for homologous alicyclic epoxides. 
It follows that either the rate of chain propagation or the rate of chain 
termination is different for the epoxides under consideration.

We prefer to interpret our experimental data in terms of differences in 
the propagation rates. One can argue on the basis of heats of combustion 
studies18 that the polymer of cyclohexene oxide, comprised of long sequences 
of cyclohexane rings interlinked by oxygen atoms, is relatively strain-free, 
while the five-, seven-, and eight-membered analog due to nonbonded 
interactions, retains considerable strain even after polymerization. It is 
likely that in these reactions the transition state of each individual prop
agation step closely resembles the product formed by the addition of a 
new monomer molecule to the growing chain. Transition states with less 
strain will have a lower energy content, and we may write that

E p e <  E i\  <  E p 7 «  Ep.a

(where E p  is the activation energy of propagation, and the subscripts refer 
to the number of carbon atoms in the alicyclic ring), from which it follows 
that the rates of propagation, V p , have the reverse order:

F p 6 >  l  i 'i  >  V p 7 »  V p s

This treatment of experimental data established a definite order of re
activity according to ring size among alicyclic epoxides based on rates of 
propagation in polymerization. It might be interesting to note that the 
corresponding alicyclic ketones show the same order of reactivity in their 
reaction with sodium borohydride.19

Copolymerization Studies

Copolymerization results obtained with the monomer systems: 4-vinyl- 
cyclohexene oxide-cyclopentene oxide and 4-vinylcyclohexene oxide- 
cyclohexene oxide are illustrated in Figures 1 and 2.

W e have found that over the entire composition range these epoxides 
enter the copolymer in approximately the same proportion as they are 
present in the monomer feed. From this observation, it follows that the 
monomer reactivity ratios as defined by the copolymerization equation20 
are very close to unity. Looking at the system, 4-vinylcyclohexene oxide- 
cyclopentene oxide and using the usual notation,20 we may write for the 
propagation steps:
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propagation rate constant, and

kn/kn — Ti —  1 
k 22/^21 =  r-i —  1

The same argument that was used to explain the different rates of prop
agation in the homopolymerization of homologous alicyclic epoxides can 
be applied for copolymerization as well. Accordingly, in the previous 
example, k n  and k 12 are small, and fc22 and fc21 are large because the corre
sponding reactions involve the opening of five- and six-membered ring 
epoxides, respectively.

IN  MONOMER

Fig. T. Copolymerization of 4-vinylcyclohexenc oxide with eyclopentene oxide.
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IN  MONOMER

Fig. 2. Copolymerization of 4-vinylcyclohexene oxide with cyelohexene oxide. 

Stereochemical Considerations

There are numerous possibilities for stereoisomerism in polymers of 
alicyclic epoxides. Theoretically, these compounds can exist in the pure 
poly-cts form:

or in the pure poly-Imres form:

and a random or some ordered copolymer containing c i s -  and t r a n s -struc
tural units is equally conceivable. However, careful stereochemical 
studies lead to the conclusion that the ring opening of alicyclic epoxides21 
and sulfides22 always yields the Irans-addition product; irtms-addition 
should occur for polymerization reactions as well.

Proton magnetic resonance studies on polycyclohexene oxide furnished 
evidence for the steric course of the polymerization. The spectra of poly
cyclohexene oxide, c i s - 1,2-cyclohexanedioI and <rans-l,2-cyclohexanediol 
measured in dilute CHC13 solution are presented in Figure 3. The po
sitions of the characteristic main peaks are summarized in Table IV.

The assignment of peaks for the CH2 and CH protons was done by com
parison with appropriate literature values;24 while the OH proton was 
identified by the dilution technique.25 No effort was made to interpret the 
splitting of the CH2 band.

Both the position of the CH proton resonance peak and the broadness of
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T. . . . . . . . .  I . . . .— . 17"  . . . I . . . . ~ I"To To 3.0 to id
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Fig. 3. Proton magnetic resonance spectrum of poly cyclohexene oxide, cfs-1,2-eyclo- 
hexanediol, and irans-l,2-cyclohexanediol in CHC13.
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TABLE IV
Characteristic Proton Resonance Absorptions in the Spectrum of Polycyclohexene Oxide, 

c*s-l,2-Cyclohexanediol and frans-l,2-Cyclohexanediol

Compound CH,
T0

CH OH

Width of CH2 
band at half 

height, 
c.ycles/sec.

efs-Diol 8.42 6.20 7.06 21
irons-Diol 8.47 6.65 6.26 53.5
Polymer 8.46 6.54 — 40.5

a Data of Jackman.23

the CH2 band point to the close stereochemical relationship between the 
fraws-diol and the polymer. This observation strongly suggests that the 
polymerization of alicyclic epoxides follows established stereochemical 
principles for these compounds to yield the stereoregular poly-£rans-ether. 
Based upon this analogy, we propose that the polymer of cyclohexene sulfide 
also has the stereoregular poly- t r a n s  structure:

The author is indebted to Dr. L. L. Ferstandig, Dr. T. V. Liston, and Dr. L. E. Miller 
for many helpful discussions during this work. The N M R spectra were determined by 
Dr. S. W. Nicksic; his help is gratefully acknowledged.
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Résumé
On a étudié la polymérisation des époxydes alicycliques en présence d’alkyl aluminium. 

Très souvent on a observé de grandes vitesses de polymérisation à la température de 
— 78°C et la formation de produits de haut poids moléculaire avec de très bons rende
ments. Les spectres infra-rouges des polymères sont en accord avec les structures poly- 
éthers proposées. On a trouvé que le poids moléculaire des polymères obtenus dans ces 
réactions était fonction de la taille du cycle acyclique. Ceci a été expliqué par l’examen 
de la variation de tension moléculaire au cours de l’étape de formation du polymère. On 
a établi l’ordre de réactivité suivant en se basant sur des estimations des vitesses de 
propagation: oxyde de cyclohexène >  oxyde de cyclopentène >  oxyde de cycloheptène 

oxyde de cyclooctène. On propose un mécanisme de réaction dans lequel l’initiation 
est provoquée par la coordination du dérivé alkylaluminum avec l’époxyde et est suivie 
d’additions successives des monomères aux centres électrophiliques. L ’absence de 
groupes phényles terminaux dans un oxyde de polycyclohexène de poids moléculaire 
assez bas exclut un des mécanismes possibles. Les spectres de résonance magnétique des 
protons de l’oxyde de polycyclohexène, du «s-l,2-cyclohexanediol et du trans- 1,2-cyclo- 
hexanediol ont été déterminés en solution chloroformique diluée et suggèrent une struc
ture stéréorégulière poly-irans-éther pour ces polymères.

Zusammenfassung
Die Polymerisation alicyclischer Epoxyde mit Aluminiumalkylen wurde untersucht. 

In vielen Fällen wurden bei — 78°C grosse Polymerisationsgeschwindigkeiten bei Bildung 
hochmolekularer Produkte in guter Ausbeute beobachtet. Die Infrarotspektren der 
Polymeren stimmen mit der vorgeschlagenen Polyätherstruktur überein. Es wurde 
gefunden, dass das Molekulargewicht der bei diesen Reaktionen erhaltenen Polymeren 
eine Funktion der Grösse des alicyclischen Ringes ist. Dieses Verhalten liess sich durch 
eine Betrachtung der Änderung der Molekülspannung während der polymerbildenden 
Reaktion erklären. Auf Grund der Wachstumsgeschwindigkeit wurde folgende Reaktivi
tätsreihe für die Monomeren aufgestellt: Cyclohexenoxyd >  Cyclopentenoxyd >  Cyclo- 
heptenoxyd »  Cyclooctenoxyd. Ein Reaktionsmechanismus mit Start durch Koordi
nation des Aluminiumalkyls mit dem Epoxyd und darauffolgender stufen weiser Addition 
des Monomeren an die elektrophilen Zentren wird vorgeschlagen. Das Fehlen von 
Phenylendgruppen in einem verhältnismässig niedermolekularen, mit AlPh3, als Kataly
sator dargestellten Polycyclohexenoxyd schliesst einen der möglichen, alternativen 
Mechanismen aus. Die protonmagnetischen Resonanzspektren von Polycyclohexen
oxyd, ci's-l,2-Cyclohexandiol und trans-1,2-Cyclohexandiol wurden in verdünnter 
Cbloroformlösung aufgenommen und sprechen für eine stereoreguläre Poly-trares-äther- 
Struktur der Polymeren.

Receiver! June 18, KHi'2
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Effect of Ions on the Dielectric Dispersion of 
Ovalbumin Solution

SHIRO TAK ASH IM A,* I n s t i tu t e  f o r  P r o t e i n  R e s e a r c h , O s a k a  U n iv e r s i t y ,

O s a k a , J a p a n

Synopsis

The dielectric dispersion of ovalbumin solution was studied in the presence of various 
ions. It was found that ions such as tetraethylammonium, ammonium, Na, and K 
which are not bound to the protein had no effect on the dielectric increment or on the 
relaxation time. On the contrary, the addition of ions such as Cu, Ca, Mg, and H ions 
had a considerable effect on the dielectric increment as well as on the binding of the ions 
to the protein. These results indicate that ions do not affect the dielectric dispersion 
parameters of this protein unless they have specific interaction with the polar sites of 
the ovalbumin molecule. The electric polarization of protein solutions is discussed 
and it is suggested that the ion fluctuation process including the Maxwell-Wagner effect 
is not necessarily the essential mechanism of dielectric polarization of isoelectric protein 
solutions.

Introduction

It is known that the configurations of linear polyelectrolytes are strongly 
dependent on the presence of ions in the solution. This may be due to 
the fact that the addition of electrolytes apparently neutralizes the charges 
of the molecules and decreases the electrostatic interaction between seg
ments. Although hydrogen bonds, hydrophobic bonds, or other bonds may 
play an important role in stabilizing the tertiary structure of the globular- 
proteins,1 it is still plausible that the electrostatic interaction is an im
portant factor in determining the configuration of these molecules. Thus, 
the addition of salts to protein solutions may change the structure of the 
globular protein molecules and as a consequence, it may change also the 
dielectric behavior of their solutions.

The dielectric properties of aqueous protein solutions have been investi
gated in the past at as low ionic strength as possible,'2 since electrolytes in
crease the conductivity of the solution and render dielectric measurement 
extremely difficult. However, the recent development of an impedance 
bridge in the kilocycle and megacycle region now enables us to measure the 
dielectric dispersion of aqueous protein solutions with reliable accuracy 
even in the presence of electrolytes. We carried out a number of measure-

* Present; address: Armed Forces Institute of Pathology, Walter Reed Medical 
Center, Washington, I).C.
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ments of the dielectric dispersion of some proteins in the presence of various 
salts, and the results with ovalbumin will be reported in this article.

Experiments

An Ando T R -IB  impedance bridge was used in all the experiments. The 
bridge was designed for the measurement of conductive solutions and suit
able for the measurement of protein solutions of moderate ionic strength. 
The bridge covered the frequency range from 30 cycles/sec. to 5 M cycles/ 
sec., and the precision of the capacity and conductivity readings were 0.1 
n n f  and 0.003 /¿mho, respectively.

Although ovalbumin solutions were thoroughly dialyzed before the 
measurement, they had considerable conductivity and this gave rise to-an 
electrode polarization in the low frequency region which obscured the deter
mination of the static dielectric constant (e0) of protein solutions. The 
electrode polarization could best be eliminated by plating the electrodes 
carefully with platinum black. However, the electrode polarization could 
not be corrected satisfactorily even by extremely careful plating. The 
following method was applied for further correction. If one plots the 
logarithm of the measured capacity of the polyelectrolyte solution log C  
against log frequency, log C  begins to rise at low frequency where the 
effect of electrode polarization is not negligible. As shown in eq. (1),

C  =  <7S+  [1/(1 +  a ,*R *C P) ]  (1)

the effect of the electrode polarization is more pronounced in the lower fre
quency region, and the capacity which is due to the electrode polarization 
tends to increase to infinite value, and no tendency of leveling off of this ca
pacity has ever been observed. (Here co and R  are the angular frequency and 
resistance, respectively, and C e and C p are the true capacity of the solutions 
and the electrode capacity.) The limiting slope of log C  with the abscissa 
has been confirmed to be 1.5 provided the electrodes are carefully plated 
with platinum black. Poor plating shifts the electrode polarization to
ward the higher frequency region as eq. (1) indicates, and also, according to 
Imai and Minakata,3 the slope changes from 1.5 to approximately 1.8. 
They found that the 1.5 slope could be obtained only when the electrodes 
were carefully plated. Our measurements were carried out between 60 
cycles/sec. and 5 M cycles/sec. which made the correction by taking the 
difference between the observed capacity and the limiting 1.5 slope possible. 
However, even this correction is not sufficient to eliminate the effect of 
electrode polarization completely, as is shown in Figure 1, in which one 
observes a gradual increase of the dielectric constant of the solution in the 
lower frequency region instead of the plateau as indicated by the broken 
line which probably is the true static dielectric constant co of the solution. 
Whether this increase of the dielectric constant is really due to the electrode 
polarization or to the presence of an unknown dielectric dispersion in the 
protein solution is not certain. However, we have fairly good reasons to 
conclude that this is not due to the protein molecule but due only to the
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Fig. 1. Dielectric dispersion of ovalbumin at 12°C.: (------ ) curve corrected from the
1.5 limiting slope; ( - - )  measured value; (— ) (e0) supposed static dielectric constant of 
the protein solution.

residual electrode polarization which cannot be corrected by the method 
mentioned above and, therefore, the static dielectric constant «o was ob
tained by  the most probable extension of the dispersion curve as is indi
cated by the broken line designated

Ovalbumin was prepared by two methods. When ovalbumin was pre
pared by fractional precipitation with ammonium sulfate (preparation I), 
this protein gave a large dielectric increment (curve 1 in Fig. 2) of 0.45 
which is much larger than the value Oncley4 reported (0.14). However, 
ovalbumin which was crystallized by the addition of sodium sulfate solution 
(preparation II) gave a dielectric dispersion shown by curve 2  in Figure 2 
with a value of 0.202 for the dielectric increment which is appreciably 
closer to Oncley’s observation. Although there was no decisive reason to 
conclude that the preparation I was a denatured protein (the intrinsic vis
cosity of this preparation was 4.3 cc./g .), we used preparation II throughout 
the experiments because this preparation had similar dielectric properties 
to that of the preparation used by Oncley. Furthermore, as is shown by 
curve 3  in Figure 2, the dielectric dispersion of ovalbumin solutions changed 
with the time after dissolution and the aged solution gave a still lower 
dielectric increment (0.17) and larger relaxation time (Table I). The ions 
examined in this experiment were hydrogen ion, potassium, sodium, am
monium, and tetraethylammonium (TEA) and also Ca, Mg, Hg, and Cu 
ions. The TEA ion was chosen since it is supposed to have no specific 
interaction with polyelectrolytes and seemed to be the best reagent with
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FREQ U EN CY

Fig. 2. The dielectric dispersion of ovalbumin: (1) dispersion of ovalbumin which is 
purified with ammonium sulfate; (£) dispersion of ovalbumin crystallized with sodium 
sulfate (fresh solution); (3) dispersion of ovalbumin crystallized with sodium sulfate 
(aged solution).

which to examine the effect of ionic strength on the physical properties of 
protein solutions without secondary effects due to ion binding.

The pH of the dialyzed ovalbumin solution was about 5.5, which is the 
isoelectric point of this protein. As will be shown in the following section 
(Fig. 8), the dielectric increment of ovalbumin is sensitive to the pH of 
the solution and a shift of pH from 5.5 to 4.5 caused an appreciable decrease 
in the dielectric increment. Thus one has to keep the pH of the solution 
as constant as possible without adding any buffering reagent. Therefore, 
the salts used were carefully purified and it was confirmed that the addition 
of these salts did not change the pH of the protein solution. A  decrease 
of pH (0.2-0.3) was observed for some ions, but it was confirmed that this 
was not due to impurities in the salts but may have been due to the release 
of protons from the protein due to the binding of the added ions. Since 
direct contact of the dielectric cell with a water bath increases the external 
capacity, the temperature of the solution was controlled by circulating 
thermostatted water in a jacket which surrounded the dielectric cell. Also, 
many of the measurements were carried out in an air-conditioned room at 
a temperature which was slightly higher than room temperature. The 
fluctuation of temperature during the measurements was very small, and 
this turned out to be sufficient for the capacity reading, although it is by 
no means satisfactory for the conductivity reading. We noticed a consid
erable drift of conductivity during the measurement, and this made the 
determination of the dispersion of conductivity which is related to the 
imaginary part of the dielectric constant e" extremely difficult.

B y measuring the dielectric dispersion of protein solution, one obtains 
three dielectric parameters: ( 1 ) the dielectric increment which is related to 
the dipole moment of the molecules by m =  A T  (80 — 8m) ,  where A  is a 
constant and ¿¡o and are the specific dielectric increments at low and high
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frequency, respectively; (3 )  the relaxation time; and (5) the distribution 
of the relaxation times. The dielectric increment is obtained from (eo — 
tj)/g where eo and ero are the dielectric constants of the solution at very 
low and high frequencies, respectively. The relaxation time is obtained 
from t  =  l / 2 i r / „  where f a is the critical frequency. The distribution of 
relaxation times is usually obtained by a simple calculation from a Cole- 
Cole circular plot in which e' and e" are plotted in a complex plane. How
ever, the determination of e" requires an accurate measurement of the con
ductivity of the solution in a dispersion frequency region, and even a small 
error in the conductivity reading, especially in the low frequency region, can 
cause a serious error in the value of e" since e" =  er(<r„ — o-0) / 2tt/ ,  where
o-„ and no are high and low frequency conductivities, respectively, and 
er — Vs X  10u X  4 7r. As already mentioned, the fluctuation of tem
perature has to be strictly controlled for the precise conductivity measure
ment, and unfortunately our temperature control was insufficient for this 
purpose so that the determination of the dielectric loss e "  had to be aban
doned.

Results

It is known that TE A  does not interact specifically with polyions, and 
this reagent is widely used to increase the ionic strength of the solutions 
without causing secondary effects due to ion binding. Ammonium ions are 
also believed to have little affinity for proteins. Therefore, prior to the 
investigation of the effect of other ions which are known to be specifically 
bound, the effect of TE A  and simple ammonium ion were investigated. 
The dielectric increment of ovalbumin in the presence of these ions is 
illustrated in Figure 3, and the dielectric dispersion with and without these

Fig. 3. The dielectric increment of ovalbumin in the presence of various ions: (1) TEA 
bromide; (2) ammonium chloride; (3) AgNQ3; (4) HgCl2.
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Fig. 4. The dielectric dispersion of ovalbumin (1) without salt and in the presence of 
(2) TEA and (8) ammonium ion.

Fig. 5. Dielectric increment of ovalbumin in the presence of ( 1) NaCl; (2) KC1.

ions is shown in Figure 4. TE A  and ammonium ions are found to have no 
effect either on dielectric increment or on dielectric relaxation of ovalbumin 
solutions. These results are clear evidence that the mere increase of ionic 
strength does not change the dielectric properties of an ovalbumin solu
tion. As further evidence, the effect of Ag and Hg ions was investigated.

Ovalbumin has no titratable sulfhydryl group in the native state,6 which 
means that Ag or Hg ions which are known to be SH reagents are not bound 
to ovalbumin; accordingly, these ions should have no effect on the di
electric properties of this protein in analogy with TE A  and ammonium ions. 
As shown in Figure 3, the decreases in the dielectric increment due to these 
ions are only slightly beyond the experimental error.

These results indicate that the ions which are known to have no inter
action with ovalbumin have no effect on the dielectric properties of this
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Fig. 6. Dielectric increment of ovalbumin in the presence of ( i )  MgCl2; (2) CaCl2.

lOOkc |m c io m c

FREQUENCY
Fig. 7. Dielectric dispersion of ovalbumin in the presence of (left) MgCl2 and (right) 

CaCl«: (7) control; (2) with 10 ~3M  MgCb; (V )  control; (2') with 10~3A7 CaCl2.

protein solution. However, unfortunately, we have little information on 
the ion binding of ovalbumin except for the few ions such as TEA, am
monium, Ag, and Hg. Therefore, we cannot easily conclude that ions are 
bound to the protein even when we observe some change in the dielectric 
properties of the solution. However, the results with TEA, ammonium, 
and also Ag and Hg may substantiate the postulate that ions have no 
effect on the dielectric properties of proteins unless they are bound to them, 
and we may be able to assume that ions may have fairly strong interaction 
with the protein when they change the dielectric increment or relaxation 
time of the solution.

KC1 and NaCI. The binding of these ions to bovine serum albumin 
were studied by many workers, and no binding has been detected, even at 
fairly high concentration.6 As shown in Figure 5, both KC1 and NaCI 
have only little effect on the dielectric increment; they have no effect on
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Fig. 8. Dielectric increment of ovalbumin in the presence of ( 1) CuSOq {2) HC1.

Fig. 9. Dielectric dispersion of ovalbumin: (7) control; (2) with 2 X  10- W  HC1; (3)
with 2 X 10 _3M  C11SO4.

the relaxation time (Table I), and their behavior is similar to that of lig
and Ag ions. These results indicate that KC1 and NaCl, as in the case 
of serum albumin, have little or no interaction with ovalbumin.

CaCl2, MgCL, and C uS04. Ca and M g are ions which are widely dis
tributed in living organisms and they are of physiological importance. 
Both of them play a specific role in many biological activities and conse
quently we have good reason to believe that these ions interact strongly 
with many proteins although no detailed experiments on binding with 
ovalbumin have been reported. The dielectric increments of ovalbumin 
in the presence of various concentrations of these ions are shown in Figure (5. 
As shown, the dielectric increments decreases markedly at added ion con
centrations above 10-4 M ,  and we observe also a distinct change in the di
electric dispersion in the presence of these ions (Fig. 7). Particularly 
calcium ion changes both relaxation time and the shape of the dispersion
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curve; this is indicative of a direct binding of these ions to ovalbumin 
The data are also tabulated in Table I.

Cupric ion is also known to bind with proteins, often irreversibly,7 with 
the precipitation of these proteins. As shown in Figure 8, Cu ion has a con
siderable effect on the dielectric increment of ovalbumin at a concentration 
above 10 " W .  The effect of Cu ion on the relaxation time is shown in 
Figure 9. Although the shape of the dispersion curve is changed, the 
shift of the relaxation time is not pronounced compared to that produced 
with CaCl2.

HC1. The binding of protons to carboxyl groups of proteins has been 
extensively studied, but very little work has been done on the effect of 
binding on the structure of protein molecules. Kauzman8 observed that 
the binding of hydrogen ions to serum albumin and ovalbumin caused an 
increase of specific volumes of these proteins. On the other hand, Shutt9 
observed a marked decrease of static dielectric increment of ovalbumin 
in the pH region between 5.5 and 4.5 which was followed by a sudden 
increase on further decrease of pH of the solution. However, he did not 
study the effect of proton binding on the dielectric dispersion and the main 
objective of this measurement is to investigate how the proton binding 
affects the dispersion parameters of this protein. As illustrated in Figure 8, 
the dielectric increment decreases very rapidly between 3 X  10“ 4 and 
3 X  10“ 3ilf (between pH 5.5 and 4.48), which confirms Shutt’s observation.

However, contrary to our expectation, the binding of protons does not 
affect the dielectric dispersion of this protein significantly, and the re
laxation time decreases only from 13.8 X  10 8 to 11.5 X  10~8 sec. The 
results are shown in Figure 9 and also tabulated in Table I. Although HC1 
has as much effect on the static dielectric increment as Ca, Mg, and Cu it 
has only a slight effect on the relaxation time and its distribution. In 
spite of Kauzman’s observation, no volume increase of ovalbumin was 
observed in this concentration range. However, this does not seem to 
contradict his results, since the concentration of hydrochloric acid used in 
this experiment differs drastically from that of Kauzman’s experiments.

Discussion

The mechanism of dielectric polarization of protein solutions has long 
been studied and discussed by many workers. Oncley explained his ex
perimental results on the assumption that the dielectric polarization of 
protein solution was due to the orientation of the whole molecule in the 
electric field. However, there are several alternative hypotheses which are 
based on the assumption that the orientation of the whole protein molecule 
is restricted because of the high molecular weights of the proteins and that 
the orienting torque is not sufficient to overcome the potential barrier 
which prevents the molecules from orienting along the direction of the 
field. These hypotheses assume a polarization caused by the fluctuation 
of ions on the surface of the protein molecules, and Kirkwood and Shu
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maker10 showed that the dipole moment of proteins could be accounted for 
by this effect alone. They emphasized that the orientational polarization 
was not necessarily the only mechanism of dielectric polarization of protein 
solutions.

According to the Maxwell-Wagner theory,11’12 the dielectric polarization 
and the dispersion of these particles can be accounted for by assuming a 
boundary which separates two regions having different dielectric constants 
and conductivities, namely, the dielectric constant and conductivity of the 
solvent (ei and a h respectively) and the dielectric constant and con
ductivity of the particle (e2 and <r2, respectively).

We obtain:

e' =  « „ + !  +
k

1 +  w 2t 2 (2)

where e' is the real part of the dielectric constant, is the high frequency 
dielectric constant, =  2 w f,  and r is the relaxation time, k  is given by 
eq. (3):

k  =  9 ^  [(ei<T2 —  <-.:<X|). 't i( 2 t ; ,  +  e2) (2 a x  +  <r2) ] ( 3 )

where q  is the volume fraction of the particle.
W e can assume «x =  e2 for most dilute polyelectrolytes,13 and then 

a\ X  (72 is the condition which must be fulfilled in order that these particles 
have dielectric polarization. Ordinarilly, the measurements of the di
electric constant of protein solutions are performed in distilled water, and 
we may safely assume that the conductivity of the double layer is larger 
than that of solvent, since the counterions are supposedly confined in this 
region because of the electrostatic potential. Accordingly, we have 
reason to believe proteins to have Maxwell-Wagner type polarization 
under these circumstances.

If the polarization of protein solution is due to the Maxwell-Wagner 
effect, the addition of electrolytes will decrease the dielectric increment of 
protein solutions by decreasing the difference between the conductivities 
of the solvent and proteins, i.e., ax c a  a%.

As was already mentioned, the addition of TEA or simple ammonium 
ions which have little or no affinity for the polar groups of proteins does not 
change the dielectric increment of the ovalbumin solution. The highest 
concentration used was 0.5 X  10“ 2M  and the equivalent conductivity was 
increased from 600 /¿mho to 2500 /¿mho, which should be sufficient to cause 
a measurable change in the dielectric increment if the dielectric polarization 
of ovalbumin is due to the Maxwell-Wagner effect. Also, the addition of 
other ions which are not supposed to bind with ovalbumin, such as potas
sium or sodium ions, does not change the dielectric increment. These 
results would offer sufficient evidence for the conclusion that the Maxwell- 
Wagner effect is not important in the dielectric polarization of ovalbumin.

Furthermore, the fact that the addition of the ions does not change the 
relaxation time of the ovalbumin solution is inconsistent with the postulate
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of the Maxwell-Wagner theory in which the relaxation time is expressed by 
eq. (4):

T =  |(2ii +  62) 7 4 ( 0-! +  O-o)] (4)

where 0-1 is the conductivity of the solvent and &% is that of particle. If 
one increases 0-1, the conductivity of the solvent, it increases the denomi
nator of eq. (4), and consequently there would result a decrease of the re
laxation time of the solution. The facts that the addition of salts changes 
neither the dielectric increment nor the relaxation time seem to be sufficient 
to eliminate the possibility that the Maxwell-Wagner effect is a major 
dielectric polarization mechanism of ovalbumin, although we cannot ex
tend this conclusion to other globular proteins without further investi
gation.

Although the Maxwell-Wagner effect is almost ruled out by the obser
vations mentioned above, it does not necessarily mean that the dielectric 
polarization of protein solutions is due to the orientations of the permanent 
dipole. However, Takashima14 observed that the relaxation time of pro
tein solutions depends on the viscosity of the solvent rather than the con
ductivity. We are, therefore, led to the conclusion that the polarization of 
protein solutions is possibly due to the orientation of permanent dipole. 
However, the experiment is so far limited to the isoelectric region, and the 
above conclusion must be confined to the isoelectric proteins. The be
havior of Ca, Mg, and Cu is entirely different from that, of TEA, ammon
ium, Na, and K, and this difference seems to be due to binding of these ions 
to ovalbumin, since hydrogen ion which is known to bind with proteins 
has similar effect as these ions. These ions, as well as hydrogen ion, cause 
a decrease in the dielectric increment and relaxation time. However, the 
extent of change depends largely on each ion, and the effect seems to be 
specific. Apparently the effect, particularly on the relaxation time, in
creases with increasing ionic radius, and the most pertinent explanation for 
this effect seems to be to attribute it to the binding of these ions to the 
protein. However, the results mentioned above have to be supplemented 
by the direct measurement of ion binding in order to draw a definite con
clusion as to the behavior of these ions.

These ions cause the decrease in the relaxation time, and according to 
Stoke’s law (r =  4irrjaV/RT, where rj is the viscosity of the solvent, a and 
b are the semiaxes of ellipsoid of revolution), the decrease of relaxation time 
is indicative of the decrease in semiaxes, i.e., the decrease of the specific 
volume. However, the semiaxes which are used in Stoke’s law are those of 
hydrated molecules, and the change of volume of the molecule does not 
necessarily mean a change in structure, but there may well be a decrease 
of volume by the removal of water of hydration by these ions.

The author is indebted to Prof. S. Akabori for his encouragement.
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Résumé

On a étudié la dispersion diélectrique d’une solution d’ovalbumine en présence d’ions 
différents. On a trouvé que des ions tels que ammonium tétraéthyle, ammonium, Na et 
K  qui n’étaient pas liés à la protéine n’avaient aucun effet ni sur l’ incrément diélectrique 
ni sur le temps de rélaxation. Par contre, l’addition d’ions tels que Cu, Ca, Mg et FI 
exerce une influence considérable aussi bien sur l’ incrément diélectrique que sur le temps 
de rélaxation. L ’effet de ces ions était évidemment dû aux liaisons des ions avec la pro
téine. Les résultats ci-dessus indiquent que les ions n’affectent pas les paramètres de 
dispersion diélectrique de la protéine, à moins que ceux-ci soient liés spécifiquement aux 
endroits polaires de la molécule d’ovalbumine. Sur la base de ces résultats la polarisation 
électrique d’une solution de protéine est discutée; on suppose que la variation dans le 
processus ionique comprenant l’effet Maxwell Wagner n’est pas nécessairement le méca
nisme essentiel de la polarisation diélectrique de solutions isoélectriques de protéine.

Zusammenfassung

Die dielektrische Dispersion einer Ovalbuminlösung wurde in Gegenwart verschied
ener Ionen untersucht. Es wurde gefunden, dass Ionen wie Tetraäthylammonium, 
Ammonium, Na und K, die nicht an das Protein gebunden wurden, keinen Einfluss auf 
das dielektrische Inkrement oder auf die Relaxationszeit besitzen. Im Gegensatz dazu 
hat der Zusatz von Ionen wie Cu, Ca, Mg und H-Ionen beträchtlichen Einfluss auf 
dielektrisches Inkrement und Relaxationszeit. Der Einfluss dieser Ionen wird offenbar 
durch die Bindung der Ionen an das Protein verursacht. Die angeführten Ergebnisse 
zeigen, dass Ionen die Parameter der dielektrischen Dispersion dieses Proteins nur dann 
beeinflussen, wenn sie spezifisch an die polaren Stellen des Ovalbuminmoleküls gebunden 
werden. Auf Grundlage dieser Ergebnisse wird die elektrische Polarisation von Protein
lösungen diskutiert und es wird angenommen, dass der Ionenschwankungsprozess ein
schliesslich des Maxwell-Wagner-Effekts nicht notwendigerweise der wesentliche Mechan
ismus der dielektrischen Polarisation in isoelektrischen Proteinlösungen ist.
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Effects of High Energy Irradiation on Polypropylene

S. E. CHAPPELL, J. A. SAUER, and A. E. W O ODW ARD, D e p a r tm e n t  o f  
P h y s i c s ,  T h e  P e n n s y lv a n ia  S ta te  U n iv e r s i ty ,  U n iv e r s i ty  P a r k ,  P e n n s y lv a n ia

Synopsis

Isotactic polypropylene (Profax) film samples irradiated in the Pennsylvania State 
University (PSU) reactor at ambient temperatures were examined by solvent extraction 
and infrared absorption techniques. At low irradiation doses, samples annealed (den
sity =  0.909 g./cc. at 24°C.) prior to irradiation were found to have a lower gel content 
and a higher concentration of oxidation products than quenched samples (density = 
0.899 g./cc. at 24°C.) irradiated under identical conditions. Similar gel fraction results 
were obtained for electron irradiated samples of polypropylene. These effects are 
believed to arise from the accumulation of a greater concentration of free macroradicals 
in the higher density samples. At higher reactor dosages the irradiation effects in the 
annealed and quenched films appear to be about the same. The gel content as a function 
of dose was found to be independent of the irradition intensity level over a twofold range. 
Irradiations in the PSU reactor were also carried out on high density polyethylene 
(Marlex 50) pellets at two temperatures, viz., 40 ±  10°C. and 150°C. Irradiation at 
1.50°C. led to a greater gel content at any given dose, a result in agreement with that 
reported by Lawton, Balwit, and Powell for electron-irradiated specimens. Nuclear 
magnetic resonance spectra were obtained for molded annealed samples of partially 
isotactic polypropylene, irradiated in the Brookhaven reactor, at temperatures of 90- 
330°K. The observed shifts in the line narrowing process that occur in the 270-330°K. 
region are explained in terms of the decrease in crystallinity and the increasing density 
of crosslinks that accompany irradiation.

INTRODUCTION

In a study of the effects of electron irradiation on linear polyethylene 
(Marlex 50) Lawton, Balwit, and Powell1 reported a marked increase in gel 
content for samples irradiated at temperatures in the vicinity of the 
melting point over that found for samples irradiated at lower temperatures 
whereas double bond formation was little affected by a temperature change. 
The lower reactivity towards free radical crosslinking reactions for the 
chains in the crystalline regions implied by these results was attributed to 
their relative rigidity as compared to that for the chains in the amorphous 
(or disordered) parts.1 This explanation also accounted for the accumula
tion of free macroradicals in samples of high crystallinity as observed by 
reactivity with oxygen and other gases2 and by electron paramagnetic 
resonance.3

Although a number of investigations concerned with the effects of high 
energy irradiation on polypropylene have been reported,4-11 the effect of
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physical state on the reactions occurring has received no systematic study 
to date. A  property of partially isotactic polypropylene which makes it 
especially useful for such a study is that by quenching from the melt it can 
be made to exist in a metastable state12 in which the properties of the 
material differ from those for annealed samples of the same material. 
Therefore, one part of the investigation to be reported herein was con
cerned with the determination of gel contents by solvent extraction of both 
quenched and annealed samples of partially isotactic polypropylene 
(Profax) film irradiated in a nuclear reactor at ambient temperature. To 
obtain further information, similar irradiated specimens were subjected to 
infrared absorption measurements. In addition, gel fraction determina
tions were carried out on annealed and on quenched polypropylene samples 
irradiated with an electron source at 25°C. and on linear polyethylene 
pellets (Marlex 50) irradiated in a reactor at 30-50°C. and at 150°C.

Dynamic mechanical, density, and gel fraction measurements have been 
given previously for a series of reactor-irradiated polypropylene samples.11 
At the dosages employed, marked alterations of the mechanical loss peaks 
accompanied by room temperature density changes were observed, and 
these changes were interpreted in terms of two competing processes, 
destruction of crystallinity and crosslink formation. To obtain further 
information nuclear magnetic resonance (N M R) measurements were 
carried out on four such specimens, and the results are presented and 
discussed herein.

EXPERIMENTAL

A. Samples

The polypropylene (Profax) samples used in this investigation were 
supplied by Hercules Powder Company in the form of powder and film. 
The powder was used to prepare sample rods which were irradiated in the 
Brookhaven reactor at 50-75°C. as described previously.11 Pieces of these 
rods were subjected to N M R  measurements in the as-received condition 
after prolonged storage in air.

Three batches of polypropylene film were received, the difference in them 
presumably being only the film thickness. Samples of all three were found 
to be 91% nonextractable in boiling n-heptane (98-99°C .). Density 
determinations were carried out at 25°C. on specimens 0.076 mm. in 
thickness 135 days and 150 days after arrival, and values of 0.879 and
0.892 g./cc., respectively, were obtained. Upon annealing such specimens 
at 140°C. for 3 hr. under vacuum followed by cooling in the oven, the 
density at 25°C. attained a value of 0.913 ±  0.001 g ./cc . Samples of this 
film were used for the irradiations with the electron source. For irradia
tions in the PSU reactor, film samples of 0.15 mm. were generally used, 
although in a few cases film of 0.025 mm. was employed. The irradiations 
were carried out with quenched, as-received samples, found to have a 
density at 24°C. of 0.899 ±  0.001 g./cc., and samples annealed at 140°C.
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having a density of 0.909 g ./cc . at 24°C. Heating of such specimens at 
75°C., the highest ambient temperature reached during the reactor ir
radiations, for 5 hr. caused no change in density.

High density polyethylene (Marlex 50) was supplied by the Phillips 
Petroleum Company in the form of pellets (density at 25°C. of 0.966 g ./cc .).

B. Irradiation Facilities and Procedures

The electron irradiations were carried out at High Voltage Engineering 
Corporation with the use of a Van Der Graaff accelerator. The samples 
were enclosed in containers under nitrogen, the container and plate on 
which they rested, being kept at 2.5°C. during irradiation by a water cooling 
coil. The full dose was imparted to the samples in bursts of 2 X  107 rad, 
the instantaneous dose rate being 4.75 X  10s rad/sec., and the average dose 
rate being 3.8 X  108 rad/sec.

The details of irradiations carried out in the Brookhaven reactor have 
been given elsewhere.11

In the PSU irradiation facility, a swimming pool-type reactor, the 
samples were located about 15 cm. above the grid plate and 4.4 cm. from 
the face of the reactor core. Power levels of 100 and 200 kw. were used. At 
100 kw. the irradiation conditions were as follows: thermal neutron flux 1012 
neutrons/cm.2-sec., fast neutron flux (>0.1 m.e.v.) 3 X  10u neutrons/cm.2- 
sec., 7-ray dose rate 1.3 X 10s rad/sec., and rate of energy deposition
2.3 X  103 rad/sec. At 200 kw. the fluxes and dose rates are double those 
at 100 kwr. The total dose rate is based on the value measured for poly
ethylene by Jacobs and Kline13 at the position employed. The energy 
deposited per unit mass in polypropylene was assumed to be identical to 
that for polyethylene, the total dose assigned to the irradiated samples 
being calculated on the basis of this assumption.

The irradiation temperature was measured with a copper-constantan 
thermocouple which was mounted between two of the irradiation con
tainers. For the samples irradiated at 100 kw., the temperature increased 
from about 25°C., the temperature before irradiation, to 30°C. after ap
proximately 20 min.; however, the temperature never exceeded about 
47°C., even for the longest irradiation times at this power level. When the 
power level of the reactor was at 200 kw., the temperature of the irradiation 
containers increased to approximately 64°C., within 30 min., after which 
the temperature increased to a maximum of 75°C. after 3 hr. and remained 
at this value during the remainder of the irradiation period.

The irradiation containers were aluminum cylinders about 1.5 cm. long 
and 3.1 cm. in diameter. An attempt was made to seal the samples in these 
containers from the atmosphere. This was accomplished by first pumping 
on the containers, including the samples, in a vacuum desiccator at about 
10~‘ mm. of mercury for about 2 hr. Nitrogen gas was then allowed to fill 
the desiccator, and the containers were sealed by threaded lids which 
seated on a lead gasket. Quenched and annealed samples irradiated to the
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same dose at 200 kw. were exposed simultaneously in the same container at 
the same time.

After irradiation, the samples were stored in the reactor pool for a period 
of at least one week to allow the induced radioactivity in the aluminum 
containers to decay to a level which was safe for handling. The samples 
were then unloaded from the irradiation containers and stored in a vacuum 
desiccator until subjected to analysis.

C. Analytical Procedures

Gel contents were determined by solvent extraction with boiling (111°C.) 
toluene for the polyethylene and polypropylene samples irradiated in the 
PSU reactor and xylene (at 120-T35°C.) for the samples irradiated with the 
electron source. The apparatus consisted of an Alundum-RA98 coarse 
extraction thimble suspended in a large volume of liquid. For the samples 
irradiated in the PSU reactor the thimbles were removed from the solvent 
after 6-12 hr. of extraction, dried for approximately 1 hr. in a vacuum oven 
at 100°C. and then weighed, after which the extraction was repeated, the 
solvent being changed periodically throughout the extraction process. The 
length of time required for complete extraction varied but was never less 
than 50 hr. for any sample. Extraction was assumed to be complete when 
the content of extracted polypropylene varied no more than ± 0.2%  in three 
consecutive extraction-weighing determinations. For the samples ir
radiated with the electron source, extraction was carried out for a period of 
approximately 8 hr.

The infrared absorption spectrum between 2 and 15 m was measured at 
room temperature for the film samples with a Perkin-Elmer Model 21 
spectrometer using a sodium chloride prism. The spectrometer was 
calibrated by employing frequencies of absorption bands from polystyrene 
in the region of interest, the accuracy of the bands used, as reported by 
Plyler14 and co-workers, being within ±0 .3  cm .-1 .

The N M R  measurements were made with the use of equipment and 
procedures described previously.16'16

Densities were measured by a displacement technique with ethanol as 
the liquid.

RESULTS AND DISCUSSION

A. Solvent Extraction Studies

1. Polyethylene. In Figure 1 plots of the gel content versus irradiation 
time in the PSU reactor are given for polyethylene irradiated at 100 kw. 
at ambient temperatures (30-50°C.) and at 150°C. A t all doses used ir
radiation in the molten state at 150°C. led to a greater amount of gel 
formation than for the corresponding irradiation at 30-50°C., temperatures 
well below the melting point. The greatest difference occurs at an irra
diation time of 2000 sec., a twelvefold difference being found.
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These results are in agreement with those given by Lawton, Balwit, and 
Powell1 for electron-irradiated polyethylene.

2. Polypropylene. The variation of gel content with irradiation time 
in the PSU reactor is shown for annealed (density =  0.909 g ./cc . at 24°C.) 
and quenched (density =  0.899 g ./cc. at 24°C.) samples of polypropylene

IRRADIATION T IM E  -  K ILO SECO N D S

Fig. 1. Effect of irradiation in PSU reactor at 100 kw. on gel content for polyethylene 
(Marlex 50): (O) at 30-50°C.; (• ) at 150°C.

Fig. 2. Effect of irradiation in PSU reactor on gel content in (• ) quenched and (O) 
annealed polypropylene film at power levels of: (a )100kw .; (6) 200 kw.

in Figure 2. Comparison of Figures 2a  and 2b  shows that power level (or 
dose rate) has little if any effect on the gel content versus irradiation time 
plot for annealed polypropylene. As is readily apparent in Figure 2 b , 
however, at any given irradiation dose used the gel content for the quenched 
material is greater than that for the annealed polymer film. The ratio of 
the two is greatest at an irradiation time of 10,000 sec., where it is a four
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fold one, whereas at the highest dosage used (105 sec.), the gel contents are 
nearly the same.

When irradiations were carried out with the electron source at 25°C., 
quenched samples also yielded higher gel contents than those obtained for 
annealed samples. The samples irradiated in the quenched state (density 
<0.879 g ./cc. at 25°C.) were found to have the following gel contents: 
3%  for 2 X  107 rad, 53%  for 10s rad, and 72%  for 2 X  108 rad. A  quenched 
sample irradiated to a dose of 5 X  10s rad at a later time had a gel content 
of only 65% . For the annealed samples (density =  0.913 g ./cc . at 25°C.), 
the gel contents corresponding to electron doses of 5 X  107, 2 X  108, and 
5 X  10s rad were 4, 32, and 52%, respectively. It should be noted that 
these results are qualitatively consistent with those obtained for the 
reactor-irradiated series; however, since the characteristics of the samples 
irradiated by the two methods were different, direct comparisons cannot be 
made.

Miller12 has reported on the physical properties of partially isotactic 
polypropylene quenched from the melt and held at room temperature. 
X-ray analysis, density measurements, and N M R  spectra indicated that 
the quenched material (density =  0.874 g ./cc.) wras in a state of lower order 
than that for annealed samples of the same polymer (density =  0.895 
g ./cc.). It would be expected that at temperatures above the glass 
transition temperature the polymer chains in the less ordered regions would 
be more mobile than those in the crystalline parts. As a consequence of 
this, macroradicals present in the former regions would possess a higher 
mobility and therefore the probability of macroradical coupling to form 
crosslinks would be greater. Upon irradiation of samples which differ 
initially in long-range order, an increase in gel content with decreasing 
order would be expected, as found experimentally. There is ample 
evidence available17 to show that, as irradiation of a high polymer proceeds, 
crystallinity is progressively destroyed, and therefore the restrictions to 
radical mobility imposed by these regions decrease. This would mean that 
at sufficiently high doses the gel contents for samples having difference 
physical states at the outset will tend to approach the same value, as 
observed in this study.

The production of free macroradicals is not expected to be affected by the 
physical state of the material except due to changes in concentration of 
available sites for radical formation due to density changes. However, the 
macroradicals “ trapped”  in the regions of higher order are less able to 
undergo coupling and may exist for extended periods of time. Upon 
heating the material to temperatures near the melting point or by exposure' 
of the sample to small reactive molecules capable of diffusing into the 
crystal, decay of the radical concentration will occur. That free macro
radicals can be stored in irradiated polypropylene at room temperature has 
been shown by electron paramagnetic resonance9 and solvent extraction 
techniques.7 As is discussed below, the infrared absorption results pre
sented here arc in agreement with this interpretation.



EFFECTS OF HIGH ENERGY IRRADIATION 2811

B. Infrared Absorption Studies

1. The 770-1050 c m r 1 Frequency Regions. In Figure 3 infrared ab
sorption spectra in the 770 to 1050 cm .-1 range are shown for: (a )  quenched
(b )  annealed, and (c) quenched and irradiated (100 ksec. in PSU reactor at 
200 kw.) film samples (0.025 mm. thick) of partially isotactic polypropylene. 
It is observed that the bands centered at 997, 841, and 809 cm .-1 are 
sensitive to changes in sample density [compare (a) and (6)] and to ir
radiation [compare (a) and (c )], while the band centered at 973 cm .-1 is 
unaltered. That the band centered at 973 cm .-1 is nearly independent of a 
density change has been noted previously.18’19 Also, Quynn and co
workers18 have shown that absorbance ratios for the 997, 841, and 809 
cm .-1 bands, taking the 973 c m r 1 band as a standard, are linear functions 
of the sample density. Absorbance ratios have been calculated by the 
procedure of Quynn et al.18 for various irradiated quenched and annealed 
film samples (0.15 mm. thick), and these are given in Figure 4. It is noted 
that at all three frequencies in question above a dose of about 10 ksec. the 
absorbance ratio is reduced at a given dose by roughly the same amount in 
both the annealed and unannealed samples. Assuming that the decrease 
in absorbance ratio is due entirely to changes in sample density, the data 
suggest that a reduction in long-range order is occurring which, following a

Fig. 8. Absorption spectra in the 1050-7X0 cm. 1 region for (a) quenched, (b) an
nealed, and Or) irradiated (100 ksec. at. 200 kw. in PSU reactor) quenched polypropylene 
film.
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IRRADIATION T IM E  -  KILO SECO NDS

Fig. 4. Ratio of absorbance at (0, • ) 997 cm.-1, (□ , ■) 841 cm .-1, and (A, A) 809 
cm.-1 to absorbance at 973 cm ."1 in (•, ■, A) quenched and (O, □, À) annealed ir
radiated polypropylene at PSU reactor power levels of (a) 100 kw. and (b) 200 kw.

Fig. 5. Effect of irradiation in PSU reactor (200 kw.) on absorption spectra in the 
2100-1500 cm ."1 region for (a, c, e) quenched and (6, d, / )  annealed polypropylene re
ceiving dose of (a, 6) 0 nvt; (c, d) 0.15 X  1017 nvt; (e , f )  2 X 1017 nvt.
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certain minimum dose, is proportional to the irradiation dose and is inde
pendent of the initial state of order.

Whether or not a dose rate effect exists cannot be established from the 
limited data available. The decrease in absorbance ratio at 841 and 809 
cm .“ 1 for the samples given at 20,000 sec. dose at 200 kw. is somewhat 
greater than that for the samples given a 40,000 sec. dose at 100 kw. How
ever, no such difference appears for the 997 cm ." 1 band.

2. The 1500-4000 cm .-1 Frequency Region. In Figure 5 infrared 
spectra in the 1500-2100 cm .-1 region are given for six polypropylene 
specimens (0.15 mm. thick). Irradiation is seen to lead to an increase in 
absorbance for two bands centered at 1640 and 1715 cm ."1 which are not 
distinct in the unirradiated material. The 1715 cm ."1 band is found to be 
much more pronounced in the annealed specimen for a comparatively low 
irradiation dose than for the quenched sample receiving an identical dose. 
An absorption band centered at 3380 cm ." 1 also becomes apparent In ir
radiated films. The increase in absorbance over that for the unirradiated 
controls at 1640, 1715, and 3380 cm ." 1 for 16 irradiated specimens are 
recorded in Table I. Examination of the raw data reveals little con
sistency in the absorbance as a function of total dose. However, upon 
taking the ratio of the absorbance for the quenched to that for the annealed 
sample at each dose and frequency of interest, one finds a more consistent 
and interpretable behavior with first a decrease and then an increase in this

TABLE I
Absorbance for Quenched and Annealed Polypropylene Film (~ 0 .1o  mm. Thick) 

Irradiated in PSU Reactor at 200 Kilowatts

Absorbanceb and ratio

Sample
No.a

Irradiation 
time, ksec.

1640
cm.“ 1 Ratio

1715
cm.-1 Ratio

3380
cm ."1 Ratio

1
1*

5.0 0.053
0.079 0.67 0.280

0.471
0.59 0.150

0.316 0.48

2
2*

7.5 0.025
0.041 0.61 0.045

0.150
0.30 0.003

0.098 0.08

3
3*

10.0 0.041
0.056 0.73 0.089

0.185
0.48 0.018

0.091 0.20

4
4*

12.5 0.040
0.043 0.93 0.042

0.073
0.58 0.005

0.016 0.31

5
5*

15.0 0.066
0.081 0.82 0.206

0.326
0.63 0.949

0.125 0.39

6
6*

17.5 0.061
0.075 0.77 0.143

0.269
0.53 0.026

0.092 0.28

7
7*

20.0 0.053
0.060 0.88 0.062

0.106
0.58 0.007

0.017 0.41

8
8*

100 0.171
0.147 1.16 0.156

0.161
0.97 0.013

0.012 1.08

a The starred numbers ( *) designate the samples annealed prior to irradiation. 
b Net absorbance greater than that exhibited by the unirradiated sample at the fre

quency given.
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ratio with increasing dose. This trend is present for all three bands, but is 
more marked for the 1715 and 3380 c m r 1 bands. It can be seen that the 
ratios at the highest doses (100 ksec.) are of the order of 1.

Exact assignments for bands centered at these frequencies have not been 
made previously for polypropylene, although Black and Lyons4 attributed 
bands at 1642 and 1710 c m r 1 to carbon-carbon double bond stretching and 
carbonyl stretching, respectively. Bands found at these frequencies in 
polyethylene have been identified as indicative of carbon-carbon double 
bonds (1640 e m u 1), ketonic carbonyl groups (1715-1720 cm .-1), and 
hydroxyl groups (3380-3388 cm .-1).20 Although attempts were made in 
the present study to exclude air from the samples before, after, and during 
irradiation, the procedures adopted were not expected to exclude all traces 
of oxygen, and therefore the appearance of some oxidation products was 
expected. The irregularities in the absorbances with increasing dose 
given in Table I are attributed to the nonuniformity of oxidation conditions 
in going from one container to another. Since the quenched and annealed 
samples receiving any specific dose were irradiated together in the same 
container, equal opportunity existed for reaction with available oxygen. 
The time lapse between irradiation and infrared analysis for all but samples 
8 and 8* was nine months. Samples 8 and 8* were analyzed after two 
months’ storage and then again after five months’ storage, and the spectra 
were found to be the same in each case.

A  greater concentration of oxidation products in the annealed than in the 
quenched specimens is in keeping with the explanations given in the preced
ing section accounting for the gel fraction results. The lower reactivity of 
the macroradicals towards coupling reactions, due to a lower chain mobility 
in the more ordered regions of the polymer, results in a greater number of 
radicals being present in the annealed samples. These in turn then react 
with the oxygen which is available and which diffuses into these regions. 
At high irradiation dosages most of the crystalline order has been destroyed, 
and therefore samples with different amounts of initial long-range order will 
compete more or less equally for the available oxygen after long exposure.

If the assignment for the 1640 cm .-1 band as due to carbon-carbon 
double bonds is the correct one, then it would appear from the present data 
that formation of such bonds may be a function of both the amount of 
oxidation taking place and the physical state of the material. Black and 
Lyons4 have reported that the total number of carbon-carbon bonds as well 
as that of vinylidene double bonds in polypropylene increases with in
creasing dose.

C. Nuclear Magnetic Resonance

N M R  spectra were obtained at temperatures of 90-330°K. for four 
polypropylene specimens irradiated in the Brookhaven (BNL) reactor. 
The results in terms of the peak-to-peak width of the derivative of the 
absorption, herein called line width, are shown in Figure 6. Second
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Fig. 6. Effect of irradiation in BXL reactor on N M R line width for partially isotactic 
polypropylene ( - - )  unirradiated; (O) 1.1 X  1018 nvt; (• ) 8.2 X  Id1' nvt; (©) 5.7 X 
1018 nvt; (A ) 14 X  1018 nvt.

Fig. 7. Effect of irradiation in BNL reactor on N M R second moment for partially
isotactic polypropylene.

moment values, calculated from the derivative shapes, are given in 
Figure 7.

It was not possible to decompose the derivative line shapes into two 
components above the glass transition (255°K . for unirradiated material21), 
although in the spectra for the unirradiated specimen considerable tail 
portions were evident. With reference to Figures 6 and 7, the irradiation is
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seen to have little effect on the line narrowing process occurring at low 
temperatures, previously attributed to the onset of methyl group rota
tion.22-23

However, the line narrowing found at >280°K ., due to the onset of 
reorientational motions accompanying the glass transition,22-23 is markedly 
altered by the irradiation. Interpreting these changes in terms of two 
competing effects, that is, the formation of intermolecular crosslinks and 
the destruction of crystallinity, indicates that at the lowest dose the 
second effect is small and the first effect, which adds additional restraints to 
the chains in amorphous regions, causes a shifting of the line narrowing 
process to higher temperatures. The fact that the second moment levels 
off at about the same value at temperatures above the glass transition for 
both the 0 and 1.1 X  1018 nvt samples is evidence that little destruction in 
long range order has been facilitated by that dose. On the other hand, the 
density at 25°C. of the 1.1 X  1018 nvt sample is lower than that for the 
unirradiated one,11 indicating some loss of crystallinity. However, in 
dynamic mechanical measurements carried out on a sample given a dose of
5.4 X  1017 nvt in the same hole in the Brookhaven reactor, a shift of the 
mechanical loss peak associated with the glass transition to higher tempera
tures was found.11

For the sample irradiated to 3.2 X  1018 nvt, the second effect, viz., 
destruction of crystallinity, is now the most significant factor, and the 
N M R  line narrowing process is found to occur at temperatures below that 
for the unirradiated sample. A  lower crystallinity for this sample than for 
the preceding one is also indicated by the greater decrease in second 
moment (by > 2  gauss2) occurring in this temperature region. At still 
higher doses, an increase of crosslinking11 is the predominant effect, and this 
causes a shift to higher temperatures with increasing dose of both the N M R  
line width and second moment values in agreement with the observed 
increases found in the density.11 Dynamic mechanical studies carried out 
on samples given doses of 3.2 X  1018, 5.7 X  1018, and 14 X  1018 nvt, but 
heated to temperatures of 450-480 °K. before testing show similar shifts in 
the position of the principal loss maximum and associated modulus dis
persion.11

Two specimens (8 and 8*) irradiated in the PSU reactor were also 
examined by the N M R  method in the temperature range of 240-300°K. 
The line narrowing process was found to occur at temperatures about 
10-15°K. lower than that for the unirradiated annealed one. This be
havior would imply, on the basis of the results discussed above, that the 
film samples had lost most of their crystalline content.

This research was supported in part by the U.S. Atomic Energy Commission under 
contract No. AT(30-1)1858. The authors are grateful to Drs. P. B. Weldon and F. H. 
McTigue of Hercules Powder Company for supplying samples and to Professor D. E. 
Kline, Professor A. Odajima, Dr. J. A. E. Kail, and Mr. L. J. Merrill for their aid and 
interest in this work.
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Résumé

On a examiné par extraction dans différents solvants et par les techniques infrarouges 
des échantillons de films de polypropylene isotactique (profax) irradiés à température 
ambiante dans le réacteur de l’université d'état de Pensylvanie (PSU). Pour des doses 
faibles d’irradiation, les échantillons précuits (densité = 0.909 g /cc à 24°C) avant irradia
tion ont un contenu en gel plus faible et une concentration en produits d’oxydation plus 
élevée que les échantillons brusquement refroidis (densité =  0.899 g /cc  à 24°C) irradiés 
dans les mêmes conditions. On obtient des contenus en gel similaires dans les échantil
lons de polypropylene irradiés par des électrons. Ces effets sont probablement dûs à 
l ’accumulation plus grande de macroradicaux dans les échantillons à densité plus grande. 
Pour des doses plus élevées en irradiations, les effets dans les films recuits et refroidis 
semblent être à peu près semblables. On a trouvé que le taux de gélification en fonction 
de la dose était indépendant du niveau d’intensité de l’irradiation dans un double do
maine. On a aussi entrepris d'irradier du polyéthylène haute densité (Marlex 50) en 
pastilles à deux températures, à savoir 40 ±  10°C et 150°C. Pour n’importe quelle dose 
d’irradiation à 150°C on obtient un taux de gélification plus élevé, ce qui est en accord 
avec les résultats de Lawton, Balwitt et Powell pour des spécimens irradiés par électrons. 
On a obtenu des spectres de résonance magnétique nucléaire pour des échantillons 
fondus recuits de polypropylène partiellement isotactique, irradiés dans le réacteur de 
Brookhaven à des températures allant de 90° à 330°K. Les glissements observés dans 
le processus de rétrécissement des lignes observé dans la région 270-330°K, sont ex
pliqués en termes de diminution de la cristallinité et de l’augmentation de la densité du 
pontage qui accompagnent l’irradiation.
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Zusammenfassung

Folien aus isotaktischem Polypropylen (Profax) wurden im Reaktor der Pennsylvania 
»State University (PSU) bei Raumtemperatur bestrahlt und durch Lösungsmittelextrak
tion und Infrarotabsorption untersucht. Bei niedriger Bestrahlungsdosis zeigten vor der 
Bestrahlung getemperte Proben (Dichte = 0,909 g/cc bei 24°C) einen niedrigeren Gelge
halt und eine höhere Konzentration an Oxydationsprodukten als abgeschreckte Proben 
(Dichte =  0,899 g/cc bei 24°C) unter identischen Bedingungen. Ähnliche Ergebnisse 
bezüglich der Gelfraktion wurden an elektronenbestrahlten Polypropylenproben erhalten. 
Es wird angenommen, dass diese Effekte durch die Ausbildung einer grösseren Konzen
tration an freien Makroradikalen in den Proben mit höherer Dichte hervorgerufen 
werden. Bei höherer Reaktordosis scheinen die Bestrahlungseffekte in getemperten und 
abgeschreckten Folien etwa die gleichen zu sein. Der Gelgehalt erwies sich als Funktion 
der DosiB über einen zweifachen Bereich als unabhängig von der Bestrahlungsintensität. 
Bestrahlungen im PSU-Reaktor wurden auch an Pellets von Polyäthylen hoher Dichte 
(Marlex 50) bei zwei Temperaturen, nämlich 40 ±  10°C und 150°C ausgeführt. Be
strahlung bei 150°C führte bei allen Dosen zu einem grösseren Gelgehalt, was mit dem 
von Lawton, Balwit und Powell für elektronenbestrahlte Proben berichteten Ergebnis 
übereinstimmt. Kernmagnetische Resonanzspektren wurden an getemperten, im 
Brookhaven-Reaktor bei Temperaturen zwischen 90 und 330°K bestrahlten Press- 
mussen aus partiell isotaktischem Polypropylen erhalten. Die beobachtete Verschie
bung der Linienverengung, die im Bereich von 270-300 °K auftritt, wird durch die 
Abnahme der Kristallinität und die Zunahme der Vernetzungsdichte bei der Bestrahlung 
erklärt.

R e ce iv e d  June 18, 1962
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Tracer Techniques for the Determination of Monomer 
Reactivity Ratios. IV. Monomer Reactivity Ratios 

for Styrene-isoprene Copolymerization

R I C H A R D  H . W I L E Y  an d  B U R N S  D A V IS , Department of Chemistry, 
College of Arts and Sciences, University of Louisville, Louisville, Kentucky

Synopsis

The ionization chamber-vibrating reed electrometer assay technique has been im
proved in precision (±0 .25%  average deviation) and used to determine monomer re
activity ratios for the styrene-isoprene copolymerization. Values of n (styrene) =  
0.50 (100°) and 0.54 (80°) and r 2 =  1.92 (100°, 80°) have been obtained for the radical 
initiated copolymerization. For 7-irradiation initiation at 22°, n =  0.66 and r2 =  1.88. 
For butyllithium initiation, n  =  0.03 and r2 =  5.9. The difference in the radical and 
7-radiation initiation values is considered in terms of possible partial ionic character of the 
radiation initiation process and possible temperature dependence of the reactivity ratios 
(n) over the 22-100°C. range. The latter indicates a difference in activation energy of 
0.8 kcal./mole for the radical to styrene and radical to isoprene propagation steps.

Several values fo r  the m on om er re a ctiv ity  ratios o f  the styren e-isopren e 
cop olym eriza tion  h ave been  rep orted . T hese  include values o f  ri (s ty 
rene) =  1.38 ±  0 .54 and r2 =  2.05 ±  0 .45, a t 5 0 °C . w ith  ben zoy l peroxide 
in itia to r ; 1 r\ =  0.44, r2 =  1.98 fo r  em u lsion  cop o ly m e r iza tio n ;2 =  0.42, 
r2 =  2.02 fo r  bu lk  cop o ly m er iza tion ;2 and  ty =  0 .48  ±  0.01, r2 =  1.30 ±
0.02 at — 1 8 °C . fo r  em ulsion  cop o ly m e r iza tio n . 3' 4

W e  h ave determ ined  the re a ctiv ity  ratios fo r  th is pair a t 80 and  100°C . 
W ith  b en zoy l peroxide in itia tor, a t 3 0 °C . w ith  «.-bu ty llith iu m  in itia tor, and 
a t 2 2 °C . w ith  7 -rad iation  in itia tion . T h e  perox ide-in itia ted  cop o ly m er 
p rod u ced  a t 8 0 ° has been  fra ction a ted  b y  a p rev iou sly  described  m e th o d 6 

to  establish  the con sta n cy  o f com p osition  a t various m olecu lar w eights. 
T h e  cop o ly m er com p osition  w as determ in ed  b y  rad ioactive  assay  o f  its 
C 14-labeled  styrene con ten t b y  m eans o f  th e  ion ization  ch am ber-v ibra tin g  
reed e lectrom eter assay tech n iqu e 6 w h ich  has been  prev iou sly  used  b y  u s .7

Experimental

Monomers

S tyrene-/?-C 14, su pplied  (T racerlab , In c .)  w ith  a  specific a c t iv ity  o f  0.13 
m e ./m m o le , w as d ilu ted , w ith  150 v o l. (0 .445 :67  m l.) o f  fresh ly  d istilled  
styrene (D istilla tion  P rod u cts  In du stries), 1.5463, to  a specific a c t iv ity

2819
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o f a p prox im ately  8.50 X  10 ' 4 m c ./m m o le , and  stored  at — 8 .0 °C . w ith  d i- 
(terf-bu ty l)-p -cresol stabilizer u ntil used in  the perox ide-in itia ted  co p o ly m e r
izations and  bu ty llith iu m -in itia ted  copolym erization s and  in  the prepara
tion  o f the cop o ly m er fo r  th e  fraction ation  experim ent. F or the rad iation - 
in itia ted  cop olym erization s, styrene-/3-C 14 (T racerlab , In c .)  w ith  a specific  
a c t iv ity  o f  0 .24  m c ./m m o le  w as d ilu ted  w ith  270 v o l. (0 .2 4 1 :6 5  m l.) o f  
fresh ly  distilled  styrene, 1.5468, to  a  specific a c t iv ity  o f  approx im ately  
8.80 X  10~ 4 m c ./m m o le  and  stored  at — 8 .0 °C . w ith  d i(fe r f-b u ty l)-p - 
cresol stabilizer. Isopren e (D istilla tion  P rod u cts  Industries) w as obta in ed  
com m ercia lly  and  stored  a t  2 .7 °C . until used. A  sam ple d istilled  b y  the 
techn ique used in  cop o lym eriza tion  studies gave 1.4217.

Polymerization Procedures

T h e  m onom ers fo r  po lym eriza tion  w ith  the use o f  free-radica l in itia tor 
were d istilled  under v a cu u m  at ro o m  tem perature from  stock  so lu tion  in to  
the p o lym eriza tion  cells ju st p rior to  use. T h e  reaction  cells were w eighed 
before  and  a fter the ad d ition  o f each  m on om er under a  n itrogen  atm osphere. 
A fter th e  ad d ition  o f so lid  b en zoy l peroxide  (0 .2 %  b y  w eigh t o f m onom ers) 
the cells w ere degassed an d  sealed under vacu u m . P o lym eriza tion  to
3 .5 -9 .8 %  con version  w as accom plish ed  b y  im m ersing the cells in  a con stan t- 
tem perature o il b a th  fo r  a length  o f tim e estim ated  from  con tro l runs to  g ive 
the desired con version . A t  8 0 °C . th is requ ired  3.5 hrs. fo r  h igh styrene 
con ten t t o  7.5 hrs. fo r  low  styrene con ten t. A t  10 0 °C . the tim e varied  from  
0.5 hr. to  2 .5  hrs. D a ta  for  these cop o lym ers  are g iven  in T ab les I and I I .

TABLE I
Peroxide-Initiated Copolymerization of Styrene (Mi) with Isoprene (Ms) at 80°C.:

Ionization Chamber Assay

Monomer 
mole ratio Conversion, %

Specific charge rate, 
mv./sec./mg.a Molar ratiob

0.8702 4.9 1.3116
1.3098 2.1732

0.7778 5.1 1.2422
1.2369
1.2279 2.3976

0.2316 4.1 0.4994
0.5013 8.1666

0.2499 4.6 0.5231
0.5258 7.7208

3.3548 5.6 2.3113
2.3215 0.5658

4.0680 9.3 2.4400
2.4333 0.4621

* Based on an average of 3-9 readings for 4-15-mg. samples at charge times of 150- 
700 sec. at a charge of 240 to 8000 mv. The specific charge is the (charge/charge time- 
background)/weight. Background was determined daily and was about 0.0885 mv./sec. 
Control on labeled polystyrene, 3.1734 ±  0.004 mv./sec./mg. 

b Copolymer composition average of the two determinations.
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TABLE II
Peroxide-Initiated Copolymerization of Styrene (Mi) with Isoprene (M>) at 100°C.;

Ionization Chamber Assay“

Monomer 
mole ratio Conversion, %

Specific charge rate, 
mv./sec./mg.1' Molar ratio1’

0.8760 9.8 1.3008
1.2923 2.2125

0.8701 9.3 1.2939
1.2937 2.2223

0.2383 6.1 0.5040
0.5073 8.0639

0.2262 6.9 0.4806
0.4791 8.5840

1.2455 3.5 1.5650
1.5520 1.5843

2.0931 4.8 1.9597
1.9532 0.9512

a Footnotes: see Table I.

T h e  m onom ers used in the n -bu ty llith iu m -in itia ted  cop o lym ers  were 
dried  over ca lciu m  h ydride  prior to  use and vacu u m  distilled  at ro o m  tem 
perature in to  the reaction  cells. n -B u ty llith iu m  (F o o te  M in era l C om p a n y ) 
was obta in ed  in  a pentane and heptane so lu tion  (1 5 .5 %  n -b u ty llith iu m  b y  
w eigh t). A  syringe w as used to  add  the in itia tor (0 .2 5 -0 .5 0  m o le -%  o f 
m on om er) to  the reaction  cell. T h e  cell w as b lan keted  w ith  n itrogen  
during  th is process and then frozen , degassed, and sealed under vacu u m . 
P o lym eriza tion  at 3 0 °C . requ ired  1 4 -38  m in. to  g ive  con version s o f  2.6 
9 .3 % . D a ta  fo r  the cop o lym ers  are g iven  in T a b le  I I I .

TABLE III
Butyllithium-Initiated Copolymerization of Styrene (Mi) with Isoprene (M 2) at 30°C.;

Ionization Chamber Assay1

Monomer 
mole ratio Conversion, %

Specific charge rate, 
mv./sec./mg.11 Molar ratio1’

0.2530 2.6 0.1807
0.1808 25.2956

0.8430 9.3 0.5441
0.5427 7.4021

0.8059 4.3 0.4892
0.4866 8.4190

3.4672 5.5 1.2459
1.2523 2.3557

2.5164 2.6 1.0217
1.0179 3.2283

0.1918 8.3 0.1523
0.1542 30.1273

0 1365

COto 0.1042
0.1058 44.6644

Footnotes: see Table I.
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T h e  cop o lym er w as isolated b y  pou rin g  the reaction  m ixture in to  m eth 
anol. T h e  p recip ita ted  cop o ly m er w as d issolved  in  benzene an d  repre
c ip ita ted  w ith  m ethan ol fou r tim es. T h is  p ro d u ct w as d issolved  in ben 
zene, frozen  to  the side o f  a  centrifuge tu be , evacu ated  under 1  m m . v a cu u m  
at ro o m  tem perature to  rem ove benzene, an d  dried  to  con stan t w eight under 
1 m m . v a cu u m  a t 6 0 °C . (8  h rs.).

T h e  cop olym ers w ith  h igh isoprene con ten t and  prepared  w ith  ben zoy l 
peroxide in itia tor were s tick y  ru b b ery  m aterials. W ith  h igh  styrene con 
ten t, th ey  were w hite  solids. T h e  n -b u ty llith iu m -in itia ted  copolym ers 
h igh ly  v iscou s liqu ids.

F or the y -rad ia tion -in du ced  polym erization s, the m onom ers w ere dis
tilled  in to  reaction  cells, degassed, and  sealed under va cu u m . T h e  cells 
w ere irradiated  a t 2 2 °C . fo r  4 8 -1 4 4  hrs. at in tensities o f  1.63 X  105 rep , to  
ob ta in  conversions o f  2 .9 -5 .4 % . A  to ta l dose v a ry in g  fro m  7.87 X  10s 
rep fo r  h igh styrene con ten t to  24.42 X  106 rep  for  low  styrene cop o lym ers  
w as required. T h e  cop o lym ers, w h ich  resem bled  the perox ide-in itia ted  
styren e-isop rene copolym ers, were isolated , purified , and dried  as described  
above . D a ta  fo r  these copolym ers are g iven  in  T a b le  IV .

TABLE IV
7-Radiation-Initiated Copolymerization of Styrene (Mi) with Isoprene (Ma) at 22°C.;

Ionization Chamber Assay

Monomer 
mole ratio Conversion, %

Specific charge rate, 
mv./sec./mg.a Molar ratiob

0.2564 5.3 0.8338
0.8319 4.7632

0.2498 4.2 0.8081
0.8170 4.9198

0.9578 4.1 1.7985
1.8004 1.3828

0.9400 5.4 1.7830 
1.7811 1.4114

3.3739 2.9 2.6857
2.6992 0.4178

3.6380 3.7 2.7519
2.7590 0.3727

a Footnotes: see Table I.

Analysis

A  prev iou sly  described  m e th o d 6 fo r  ra d io a ctiv ity  assay w ith  the use o f 
a v ibratin g -reed  electrom eter (A p p lied  P h ysics  C orpora tion  C ary  M o d e l 31) 
and  ion ization  cham ber tech n iqu e w ith  a recorder (H on eyw ell E lectron ik  
Strip  C hart M o d e l 153X 12) was m ade b y  the rate o f  charge procedure. 
T h e  cop o ly m er sam ples were d isso lved  in a m in im u m  am ou n t o f benzene 
(0 .5 -1 .0  m l.) and  portion s  o f  these solu tions con ta in in g  4 .016 -15 .934  m g. 
o f  cop o ly m er w ere dried  to  a  con stan t w eigh t in a porcela in  b o a t  ( ± 6  jug.) 
a t 6 0 °C . under 1  m m . vacu u m . T h e  sam ples w ere bu rned  to  carbon  d iox 
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ide in  m ed ica l ox y g en  con ta in in g  5 %  carbon  d iox ide  w ith  a p rev iou sly  
described 8 m icro  com bu stion  train  h a v in g  a com bin ation  filling and  an 
absorp tion  trap  fo r  rem ov in g  the w ater. T h e  rate o f  com bu stion  w as 
fo llow ed  b y  a  flow m eter con tro lled  w ith  the needle v a lve  o f  a p rev iou sly  
evacu ated  500-m l. spherical or cy lin drica l B ork ow sk i ion iza tion  cham ber 
used w ith  all cop o ly m er analyses. C om b u stion  requ ired  4 0 -5 0  m in. for  
the size sam ples used (see T ab les I , I I ,  I I I ,  and  I V ) . D u p lica te  analysis 
gave values w hich  ch eck ed  from  ± 0 .0 0 8 -0 .8 %  w ith  an average va lu e  o f 
± 0 .2 5 % .

Copolymer Fractionation

F or fraction ation  o f  cop o lym er , 2.7542 g. o f  styren e-d -C 14 (specific 
a c t iv ity  a b o u t 8 .50 X  10 - 4  m e ./m m o le ) and  4.7343 g. o f  isoprene were 
cop o lym erized  a t 8 0 °C . w ith  solid  b en zoy l peroxide  as in itia tor (0 .1 5 %  b y  
w eigh t o f  m on om ers), and  y ie ld ed  0 .5386 g. o f  cop o ly m er (7 .2 %  y ie ld ) in  
12 hrs. B y  a p rev iou sly  described  p roced u re , 6 0 .4060 g. o f  th e  cop o ly m er 
were fraction ated , w ith  1 0 0 %  ethanol as the n on solven t and benzene as the 
solven t. A  vo lu m etric  fraction  co llector (R in co  In stru m en t C om p a n y ) 
was used to  co lle ct  25 fra ction s  (19 m l. each ) a t a rate o f  8  m l./h r . A  34 
cm . b y  20 m m . glass co lu m n  p a ck ed  w ith  glass beads (0 .2 5 -0 .8 0  m m . in  
d iam eter) w as used. T h e  colu m n , h av in g  a 45-m m . ou tside d iam eter 
bron ze  ja ck e t  w as m ainta in ed  a t centrigrade tem peratures o f  57.6 ±
0.6 , 33.3 ±  1.2, and  14.5 ±  1 .0 °C . a t th e  top , m iddle , and b o tto m , re
sp ective ly , as determ in ed  b y  a  co p p e r -C o n sta n ta n  th erm ocou p le  p laced  
inside the bron ze ja ck et. A d ja ce n t sam ples were com bin ed  (see T a b le  V ), 
w hen n ecessary, to  ob ta in  en ough  cop o ly m e r  fo r  analysis. T h e  so lven t 
w as rem oved  from  the cop o ly m er b y  evap ora tion . T h e cop o ly m e r  w as 
purified b y  precip ita tion  and  v iscosities  w ere determ in ed  in benzene solu -

Fig. 1. Reduced viscosity (17sv/c )  vs. concentration (g.,/100 nil.) for styrene-isopreue 
copolymer fractions in benzene.
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TABLE V
Styrene-Isoprene Copolymer Fractionation

Copolymer 
fraction number“ Wt., mg.

Limiting 
viscosity number Styrene, %

4-5-6-7-8-9- 0.0405 0.20 21.75
10-11 0.0462
12-13b

14-15 0.0547 0.30 22.51
16b 0.0385

17-18 0.0668 0.43 22.43
19 0.0953 0.62 22.53

20-21-22-23- 0.0378 0.73 22.63
24-25

• Fractions 1-3 contained no copolymer.
b Not analyzed for viscosity or composition.

tion  (con cen trations 0 .1929-0 .6680  g ./lO O  m l. benzene) a t 3 0 °C . T h e 
U bbeloh de v iscom eter used gave a benzene efflux tim e o f  253.1 sec. A n a l
ysis fo r  styren e con ten t w as m ade b y  the ion ization  ch am ber-v ibratin g  
reed electrom eter techn ique. T h e  results are g iven  in  F igure 1. D a ta  
fo r  the cop o ly m er are g iven  in  T a b le  V .

Discussion

T h e data  availab le from  the present studies (sum m arized in  T a b le  V I )  
establish  values o f r, =  0 .50  (1 0 0 °C .) and 0 .54 (8 0 °C .) and  r2 =  1.92 
(1 0 0 °C .) and 1.92 (8 0 °C .) fo r  the rad ica l-in itiated  cop o lym eriza tion  o f 
styrene w ith  isoprene. T h e  graph ical solu tions o f the cop olym eriza tion  
equ ation  are g iven  in F igures 2 -9 . T h e  accu ra cy  o f our m easurem ents has 
been  im p roved  over  th ose  reported  p rev iou sly , b y  the use o f a recorder for  
m easurem ent o f  the rate o f  charge and  b y  the use o f  longer charge tim es to  
g ive an average dev ia tion  o f ± 0 .2 5 % . F raction ation  o f a ty p ica l c o p o ly 
m er gave fraction s o f  v iscosities v a ry in g  from  0.2 to  0.73 (F ig . 1) w h ich  
show ed n o  alteration  in com p osition  (T a b le  V ) w ith  v isco s ity  and  thus no 
h eterogen eity  o f  in itia tion  m echan ism  or structural d istribu tion . T hese 
values are in fair agreem ent w ith  som e previou s rep orts2-4  b u t  n o t o th ers . 1

B y  m eans o f  r values ob ta in ed  b y  th e  F in em an -R oss m eth od  (F igs. 3 
and  5 ), Q and e values fo r  isoprene are 1.97 and  — 0.83 at 8 0 °C . and 2.34

TABLE VI
Monomer Reactivity Ratios for Styrene (n) and Isoprene (r2)

Fineman-Ross data Graphical data

n  r2 T] n

Peroxide at 80 °C. 0.54 1.92 0.55 1 .93
Peroxide at 100°C. 0.50 1.92 0.50 1 .93
Gamma radiation at 22°C. 0.66 1.18 0.66 1 .19
Butyllithium at 30°C. 0.03 5.89 0.04 5 .90
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Fig. 2. Intersect plot for copolymerization of styrene (n =  0.55) and isoprene (r* =  
1.93), benzoyl peroxide initiator at 80°C.

Fig. 3. Fineman-Ross Plot for copolymerization of styrene (n = 0.54) and isoprene 
( r i  = 1.92); benzoyl peroxide initiator at 80°C.

and — 1 . 0 0  a t 10 0 °C ., resp ective ly . T hese  values are based  on  a styrene 
Q and e values o f  1.00 and  — 0.8. T h e  r,r2 p ro d u ct for  the r values at 8 0 °C . 
w as tak en  as sligh tly  less th an  on e (0 .999) to  g ive a real solu tion . A verag in g  
these values, Q =  2 .16 and  e =  0.92 for  isoprene. T hese  values d iffer from  
th ose  reported  p rev iou s ly 9 (Q =  3.33, e =  — 1.22), p ro b a b ly  because d if
ferent values were used for  the previou s averages.

V alues o f  the rea ctiv ity  ratios from  the y -irrad ia tion -in itia ted  c o p o ly 
m erization  (ri =  0 .66, r2 =  1 .18; see Figs. 6  and 7) are d istin ctly
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Fig. 4. Intersect plot for copolymerization of styrene (n =  0.50) and isoprene (r2 =  
1.93); benzoyl peroxide initiator at 100°C.

Fig. 5. Fineman-Ross plot for copolymerization of styrene ( n  = 0.50) and isoprene 
r2 =  1.92); benzoyl peroxide initiator at 100°C.

different from  those fo r  the rad ica l-in itiated  cop o lym eriza tion . I t  has 
been  suggested p rev iou s ly 10 th a t the rad iation -in itia ted  p olym eriza 
tion  o f isoprene appears to  in v o lv e  b o th  ion ic  an d  radical in itia tion  
m echanism s an d  this is con firm ed b y  ou r observations fo r  the cop o lym eriza 
tion s. B oth  the r, (0 .60) and r2 (1 .18) values d ev ia te  from  the radica l in i
tia ted  values (0.5, 1.9) in  the op p osite  d irection  from  the values fo r  the 
bu ty llith iu m -in itia ted  copo lym eriza tion  (0.03, 5 .9 ; see F igs. 8  and  9 ). 
T h is  indicates; b u t  perhaps n o t w ith ou t reservation , a ca tion ic  m echanism
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Fig. 6. Intersect plot for copolymerization of stjrene (n =  0.66) and isoprene (r2 =  
1.19); gamma radiation initiator at 22°C.

Fig. 7. Fineman-Ross plot for copolymerization of styrene ( n  =  0.66) and isoprene 
(r2 =  1.18); gamma radiation initiator at 22°C.

fo r  the gam m a in itia tion  consistent w ith  irrad iation -indu ced  cop o lym eriza 
tion  o f  styren es11 and  h om op olym eriza tion  o f isopren e 10-12 w h ich  sh ow  ca t
ion ic in itia tion  characteristics. Som e reservations m u st be  m ade in eva l
uating the relative significance o f  these values in  v iew  o f  con d ition -d e 
pen den t deviation s in the re a ctiv ity  ratios th at others h ave observed  in 
cop olym eriza tion s in v o lv in g  ion ic in itiators. T h e  bu ty llith iu m  values are
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Fig. 8. Intersect plot for copolymerization of styrene (n =  0.04) and isoprene (r2 =  
5.90); re-butyllithium initiator at 30°C.

Fig. 9. Fineman-Itoss plot for copolymerization of styrene ( n  =  0.03) and isoprene 
( r 2 =  5.89), n-butyllithium initiator at 30°C.

m ore like those rep orted 13 (r! =  0.12, r2 =  6.4) fo r  the sty ren e -m eth y l 
m ethacry late  cop o lym eriza tion  than  those reported  (n  =  2.5, r2 =  0 .26) 
fo r  the styren e-p -m eth y lstyren e p a ir . 14’ 15 O ur values agree w ell w ith  those 
(rj =  0 . 1 2 , r2 =  8 .0 ) reported  re ce n tly 16 fo r  the an ion ic cop o lym eriza tion .

It  has been  poin ted  ou t to  the authors b y  D r. J. E . G u illet th at th e  d if
ferences in re a ctiv ity  ratios fo r  the peroxide and  radiation  in itiated  co p o ly 
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m erizations m a y  be accou n ted  fo r  b y  tem perature effects. T h e slope o f  
an A rrhenius p lo t o f  the o  values at 2 2 °, 8 0 °, and  100° correspon ds to  an 
a ctiva tion  en ergy  o f 0 .8  k ca l./m o le . T h e  values fo r  r2 d o  n ot g ive a linear 
A rrhenius p lo t b u t are o f  op p osite  sign  and  m a y  be abou t 1.3 k ca l./m o le  
T h is  m agn itude o f difference in  a ctiv a tion  en ergy  for  the rate con stan ts for  
the a dd ition  o f  the radical to  styrene an d  o f  rad ica l to  isoprene seem s reason
able in relation  to  th e  p rop agation  rate con stan ts (7 .8 ; 9.8 k ca l./m o le ) for  
these m on om ers in h om op olym eriza tion s . A pp aren tly , the refined te ch 
n ique fo r  determ in ing re a ctiv ity  ratios g ives values o f  sufficient precision  
to d etect the tem perature d ependen ce o f rea ctiv ity  ratios an d  th e  s ty re n e - 
isoprene cop o lym eriza tion  show s a d etectab le  d ifference in  th e  ratios o f  
rates. F urther studies over  w ider tem perature ranges and w ith  oth er 
m on om er pairs are in  progress.

The authors are indebted to the U.S. Department of Health, Education, and Welfare 
for support of this study through a National Defense Fellowship held by one of us (Burns 
Davis), and to the (J.S. Atomic Energy Commission for partial support under Contract 
AT-(40-l)-229.
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Résumé

La précision de la technique utilisant une chambre d’ionisation et un électromètre à 
plume vibrante a été améliorée (± 0 .25%  d’écart moyen) et utilisée à la détermination 
des rapports de réactivité de monomère au cours de la copolymérisation styrène-isoprène. 
Les valeurs ri (styrène) =  0.50 (100°) et 0.54 (80°) et r2 =  1.92 (100°, 80°) ont été ob
tenus pour des copolymérisations radicalaires. Sous irradiation-y à 22°C, ri = 0.66 et 
r 2 = 1.88. Par initiation au lithium-butyle, u =  0.03 et r2 = 5.9. La différence des
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valeurs obtenues suivant le mode d’initiation radiealaire sous irradiation-y peut résulter 
du caractère ionique partiel de l’initiation par radiation et de la dépendance thermique 
des rapports de réactivité (n) dans le domaine de 22 à 100°C. Ce dernier effet indique 
une différence d’énergie d’activation de 0.8 Kcal/mole entre l’étape de propagation d’un 
radical à une unité styrénique par rapport à celle d’un radical à une unité isoprénique.

Zusammenfassung

Die Genauigkeit der Bestimmungsmethode mit dem Ionisationskammer-Vibratorstab- 
Elektrometer wurde verbessert (±0 .25%  mittlere Abweichung) und mit dieser Methode 
die Reaktivitätsverhältnisse für die Styrol-Isopren-Copolymerisation ermittelt. Für die 
radikalische Copolymerisation wurden die n-Werte (Styrol) 0,50 (100°) und 0,54 (80°) 
und der r2-Wert 1,92 (100°, 80°) erhalten. Bei Anregung mit y-Strahlen bei 22° ist n  =  
0,66 und r2 = 1,88. Bei Anregung mit Butyllithium ergibt sich n zu 0,03 und r2 zu 5,9. 
Der Unterschied zwischen den Werten bei Radikal- und y-Strahlenanregung ist möglich
erweise auf einen teilweise ionischen Charakter des strahlungs-induzierten Prozesses, 
möglicherweise aber auch auf die Temperaturabhängigkeit der Reaktivitätsverhältnisse 
( n )  im Bereich von 22-100° zurückzuführen. Im letzteren Falle ergibt sich ein Unter
schied von 0,8 kcal/Mol für die Aktivierungsenergie des Wachstumsschrittes zwischen 
Radikal und Styrol und Radikal und Isopren.

R ece ived  M a y  2 8 ,1 9 6 2  
R evised  June 28 ,1962
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The Preparation and Polymerization of 
Suberaldehyde

J E R R Y  N . K O R A L  and E D W I N  M . S M O L IN , Stamford Research 
Laboratories, American Cyanamid Company, Stamford, Connecticut

S ynopsis

A study of the controlled polymerization of suberaldehyde has been carried out. The 
monomer was prepared by a new route, the catalytic reduction of the ozonate of cyclo- 
octene. By the proper choice of catalyst and conditions, three different types of poly
mers could be prepared from suberaldehyde. A Tischenko condensation resulted in a 
pure linear polyester. The sodium hydroxide-catalyzed polymerization of the aldehyde 
produced an aldol condensation polymer that was partially crosslinked through hemi- 
acetal groups. The use of carbonyl polymerization catalysts such as triethylaluminum 
and boron trifluoride etherate, resulted in a polyacetal type of polymer containing free 
pendent carbonyl groups.

IN T R O D U C T IO N

T here h ave been  no rep orted  studies on  the con tro lled  po lym eriza tion  o f 
a liphatic d ia ldehydes. E a rly  G erm an  w ork ers1’2 observed  th at du rin g  
their preparation  o f  certa in  a liphatic d ia ldehydes som e u nd irected  p o ly 
m erization  to o k  p lace, b u t th ey  m ade no a ttem p t to  characterize th e  p o ly 
m ers. T here  are a t least three possible m echanism s b y  w h ich  a liphatic 
d ia ldehydes can  polym erize . T hese are (a) a ldol con den sation  reactions, 
(ib) T isch en k o reactions, and  (c) ca rb o n y l-ty p e  polym eriza tion . In  order 
to  investigate these reactions, a pure stable sam ple o f  suberaldehyde was 
prepared  and  its po lym eriza tion  w as stud ied  u nder various con d itions.

E XP E R IM E N TA L

Suberaldehyde

Ozonation

A  charge o f 11.0 g. (0.1 m ole ) o f  cy c lo o cte n e  (C ities Serv ice  C o .) in  100 
m l. o f  so lven t w h ich  w as either purified  d ry  hexane (w ashed 3 tim es w ith  
H 2SO 4 and th en  H 20 ,  dried  w ith  C a C l2, and  d istilled ) or  absolu te  m eth an ol 
w as p laced  in  a  M in i-la b  w id e -m ou th  flask fitted  w ith  a h o llow -sh a ft 
gas-delivery  stirrer and  a  D r y  Ice  condenser. T h e  o th er end  o f  the co n 
denser led to  a  back-pressure m an om eter and  a bu bb ler con ta in in g  a b o u t 
100 m l. o f  4 %  aqueous K I . T h e  flask w as coo led  in  D r y  I ce -a ce to n e  to

2831
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— 7 8 °C . H exane solutions rem ained h om ogen eous; m eth an ol solu tions 
becam e slurries. A  stream  o f 0 2 w as sent th rou gh  the W ellsbach  M o d e l 
T -2 3  ozon a tor at a rate o f  abou t 1 l . /m in . until the I I I  bu bb ler started to  
co lor . H exane solu tions p recip ita ted  h ea v y  w hite so lids; m ethanol solu 
tions becam e h om ogen eous unless either the tem perature was allow ed to  
rise too  high ( — 3 5 °C .) or the stirring was inadequate, as in the case o f a 
fr itted  gas-delivery  tu be w ith  no stirring. T h e  com p leted  ozon ate  was 
k ept at D ry  Ice  tem perature and stoppered  until it was transferred to  a 
h yd rogen ation  vessel.

Reduction of the Ozonate

T h e  co ld  ozon ate  solu tion  from  a b ov e  was charged  to  a  300-m l. standard 
A m in co  au toclave  w ith  0.1 g. o f  P t 0 2 (A dam s cata lyst) w ith  20 m l. o f 
absolute m ethan ol fo r  rinsing. A t this p o in t the tem perature w ith in  the 
clave w as a b ou t — 3 5 °C . T h e  clave was purged  4 or 5 tim es w ith  h y d ro 
gen, pressured to  500 psig, and rock ed  fo r  1 hr. A t  the end  o f this period , 
the reaction  w as com p lete . T h e  so lu tion  o f crude su beraldehyde was 
filtered to  rem ove the ca ta lyst and  distilled, w h ereu pon  there was obta in ed
12.8 g. o f  colorless m obile  liqu id  (8 9 %  based  on  1 0 0 %  cy c lo o c te n e ), b .p . 
7 7 -8 2 ° /0 .4  m m . H g  ( l it . ,ia 1 4 0 -1 4 5 °C . at 30 m m . H g ) .

1,8-Dihydro xyoctane

A  sam ple o f  crude suberaldehyde in m ethan ol prepared, as described 
a b ove , b y  ozon ation  and red u ction  o f 11.0 g. (0 .10 m ole) o f  cy c loocten e  
in 100 m l. o f  absolu te  m ethan ol, was charged  to  a 300-m l. standard  A m in co  
stainless-steel a u toclave . T h en  1.5 g. o f  R a n ey  N i (W -6 , fresh ly  p re p a re d ),
0 .3  m l. o f  10M N a O H , and 0.11 g. o f  K 2PtCle were added , in that order. 
T h e  clave was sealed, flushed w ell w ith  hydrogen , and pressured to  500 
psig w ith  h ydrogen . I t  was rock ed  at room  tem perature fo r  210 m in., 
during w h ich  tim e several repressurings were necessary to  keep the pres
sure betw een  400 and 500 psig. T h e  h ydrogen  u ptak e w as 315 psig, 
or  7 5 .5 %  o f th eory . T h e  clave  w as ven ted  and the con ten ts were rem oved , 
filtered, and  con cen trated  on  a ro tary  film  evapora tor. T h e  crude m ate
rial w as distilled  in B antam w are equ ipm en t. T h e  m a jor p ortion  w as co l
lected  at 109°C . at 0 .4  m m . H g  and w eighed 11.0 g. (7 5 %  y ie ld ). U p on  
recrysta llization  from  tw ice  the w eight o f  eth y l acetate , colorless needles 
were ob ta in ed ; m .p . 5 8 .5 -5 9 .5 °C ., corr. ( l it .,lb 5 8 .5 °C .) .

Polymerization o f Suberaldehyde

Tischenko Reaction

A  100-m l. m icro  reaction  apparatus fitted  w ith  a rubber serum  stopper, 
stirrer, and n itrogen  in let tu be w as used fo r  the polym erization s. T h e  
apparatus w as dried in a 140°C . o v e n  fo r  2 hr. prior to  use. In  a ty p ica l 
po lym eriza tion  run, 10 m l. o f  C C h  (sp ectro  grade) and 10 m l. o f  suberalde-
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Fig. 1. Suberaldehyde polymer: aluminum isopropoxide catalyst.

h yde were p laced  in the apparatus w h ich  w as im m ersed in  an ice-w ater 
b a th  to  m ainta in  0 °C . P repurified  d ry  n itrogen  w as b u b b led  th rou gh  the 
solu tion  fo r  10 m in. and then  10 m l. o f  a ca ta lyst solu tion , con ta in ing  
1.355 g. o f  fresh ly  d istilled alum inum  isopropox ide  in  15 m l. o f  CC14, 
w as added . T h e  reaction  m ixture w as stirred fo r  17 hr. and a slight in 
crease in  v isco s ity  was ob served . T h e  p o ly m er w as p recip ita ted  b y  pou rin g  
the reaction  m ixture in to a large excess o f  heptane, w ashed  w ith  fresh  h ep 
tane, and dried  in a  vacu u m  o v e n  at 4 0 °C . fo r  24 hr. A  y ie ld  o f  5.1 g. o f  
a w h ite  p ow d ery  resin w as ob ta in ed , correspon d in g  to  a 5 3 %  con version . 
T h e  in frared spectru m  o f  the p o ly m er in d icated  th at it w as a pure p olyester 
(see F ig. 1). T h e  p o ly m er m elted  sh arp ly  at 5 0 °C . and its x -ra y  d iffraction  
pattern  in d icated  a h igh degree o f  crysta llin ity . T h e num ber-average 
m olecu lar w eigh t o f  the p o lym er, determ ined  in  benzene at 3 0 °C . b y  a 
therm istor m e th o d ,3 w as 2,300. T hese results togeth er w ith  those from  
oth er runs appear in T a b le  I.

TABLE I
The Tischenko Polymerization of Suberaldehyde (S)

Run No.
Aloles cat./ 

moles S.

Monomer
concn.,
vol.-%

Temp.,
°C.

Con
vex*.,

€//(>
0 »
hr.)

Poly;mer characteristics

M.p.,
°C. Crystal.

Mol. wt.
('M n )

1 0.056 9.1 0 23 50 + —
2 0.056 33.0 0 53 50 + —
3 0.02!) 40.0 0 53 50 + 2,300
4 0.029 40.0 25 55 50 + • 2,050

A Idol Condensation
T h e  a ldol p o lym erization s were carried  ou t in 2 -oz. b ottles  con ta in ing  

T e flon -coa ted  m agnetic stirring bars and  fitted  w ith  ru bber serum  stoppers.
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C M ' 1

Fig, 2. Suberaldehyde polymer: potassium hydroxide catalyst.

In  a  ty p ica l reaction , a charge o f  1.0 m l. o f  suberaldehyde, 1.0 m l. o f  m eth 
anol, and 2 .0  m l. o f  distilled  w ater w as p laced  in  th e  b o tt le  and prepurified 
n itrogen  w as b u b b led  th rou gh  the solu tion  fo r  10 m in. T h e  b ottle  was 
p laced  in  a 0 °C . b a th  and  0.07 m l. o f  a 2 5 %  aqueous solu tion  o f  K O H  was 
added . P recip ita tion  appeared  a p prox im ately  1 m in. a fter the cata lyst 
add ition . A fter  30 m in. the p o ly m er w as rem oved  from  the b ottle , w ashed 
several tim es w ith  w ater, filtered, and  dried  in  a va cu u m  ov en  at 45 °C . for  
24 hr. A  y ie ld  o f  0 .97  g. o f  a  fine w hite  p ow d er w as ob ta in ed , corre
spon d in g  to  a  1 0 0 %  con version . T h e  in frared spectru m  o f  the po lym er 
appears in  F igure 2. T h e  p o ly m er  so ftened  near 9 5 °C . and had a  m elting

TABLE II
The Effect of the Basicity of the Catalyst on the Aldol Condensation 

of Suberaldehyde

Catalyst P K React, time, hr. Conver., %

TMGa 13.6 0.5 100
KOH 13.5 0.5 100
NaOH 13.5 0.5 98
(C2HE)3N 10.6 76.0 75
(C4H9)3P 8.4 18.0 68
TEDA» 8.6 24.0 0

a Tetramethvl guanidine. 
b Triethylenediamine.

poin t o f  110°C . X -r a y  d iffraction  m easurem ents in d icated  th at it was 
am orphous. T h e  p o ly m er w as insoluble in  m ost com m on  organ ic sol
ven ts b u t was solu ble  in  b en zy l a lcoh ol. T h e  intrinsic v iscos ity  o f  the 
p o lym er in  ben zy l a lcoh o l at 3 0 .4 °C . w as 0 .07  d l . /g .  A ttem p ts  to  repre
cip ita te  the p o lym ers w ere unsuccessful, in d icatin g  th at som e structural 
change had  occu rred  during  the solu tion  process.
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T h e  effect o f  the b asicity  o f  the ca ta lyst on  the a ldol con densation  p o ly 
m erization  o f  suberaldehyde w as stud ied  w ith  such cata lysts as tetram eth y l 
guanidine, sod iu m  h ydrox ide , triethylam ine, etc. T hese polym erization s 
were carried ou t at C'°C. w ith  a  ca ta lyst con cen tra tion  o f 4.5 m o le -%  based 
on  the m on om er, and a  m on om er con cen tra tion  o f 2 5 %  in 2 :1  w a te r / 
m ethan ol, b y  vo lu m e. T h e  results are show n  in  T a b le  I I .

Several runs were m ade in  order to  s tu d y  the e ffect o f  m on om er con 
cen tration  on  the a ldol po lym eriza tion  o f  suberaldehyde. P olym erization s 
were carried  o u t at 0 °C . in a 2 :1  w a ter /m eth a n o l so lven t. T h e  ca ta lyst 
was 9 m o le -%  sod ium  h yd rox id e  based  on  the m on om er. T hese results 
are sum m arized in T a b le  I I I .

TABLE III
The Effect of Monomer Concentration on the Aldol Condensation 

Polymerization of Suberaldehyde

Monomer concn., voL-% React, time, hr. Conver., %

6.2 1.0 70
12.5 0.5 83
25.0 0.25 94

100.0 1.0 100

Som e w ork  w as carried  ou t in w h ich  the e ffect o f  the so lven t com p osition  
on  the rate o f  po lym eriza tion  o f  su beraldehyde at 0 °C . and  the m eltin g  
poin ts o f  the resu ltant p o lym ers w as studied  b y  vary in g  the ratios o f  w a te r - 
m eth an ol solven t. T h e  ca ta lyst con cen tra tion  w as 4.5 m o le -%  sodium  h y 
drox id e  based on  m on om er. T h e  results appear in  T a b le  IV .

TABLE IV
The Effect of the Solvent Composition on the Aldol Condensation 

Polymerization of Suberaldehyde

H20  in solvent,
% React, time, hr. Conver., % M.p. of resin, °C.

0 1.0 72 Infusible
4 76.0 75 Softens at 129 °C.; 

does not melt.
6 20.0 65 Softens at 133 °C.; 

does not melt.
8 3.0 78 108

33 0.5 58 111
67 0.25 98 110

100“ 0.25 100 n o

“ Suberaldehyde is water-insoluble and the reaction was run as a dispersion of the mono
mer in water.

Carbonyl Polymerizations

A  100-m l. m icro  reaction  apparatus fitted  w ith  a ru bber serum  stopper, 
stirrer, and  n itrogen  in let tu b e  w as charged  w ith  2 m l. o f  suberaldehyde
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Fig. 3. Suberaldehyde polymer: boron trifluoride etherate catalyst.

and 10 m l. o f  toluene. T h e  toluene had  been  dried  o r e r  C a H 2, d istilled , 
and the fra ction  th at bo iled  at 110°C . w as used in the p o lym eriza tion  
studies. T h e  apparatus w as p laced  in a con tro lled  tem perature b a th 4 at 
— 2 0 °C . and prepurified d ry  n itrogen  w as bu bb led  through  the solu tion  
fo r  10 m in. T h en  0.1 m l. o f d istilled B F 3-0 ( C 2H 6)2 was added  th rou gh  the 
serum  stopper b y  m eans o f a h yp oderm ic syringe. Im m ed iate  p olym eriza 
tion  was observed  and the solu tion  gelled w ith in  1 m in. A fter  2 hr. the 
gelled solu tion  was added  to  a large excess o f  v igorou sly  stirred, co ld  
heptane. A  fine w hite  p ow der was ob ta in ed . T h e  resin was w ashed 
several tim es w ith  fresh  heptane and  then  dried  in a vacu u m  oven  at 4 5 °C .

TABLE V
The Carbonyl Polymerization of Suberaldehyde

Catalyst
Moles cat./ 

moles S.

Mono
mer

concn.,
v o l - %

React.
time,
hr.

Con-
ver.,

07 '/o

Polymer
characteristics

Soft p 
°C.

Infrared 
i., C— O— C / 

C = 0

(C2I15)3A1 0.068 9,1 16 53 160 1
BF3-0(C2H5)2 0.083 9.1 2 69 120 1
BF3-0(C 2H6)2 0.083 3.5 2 91 87 3-4
BF3-0(C2H5)2 0.083 1.7 1 76 92 3-4

for  24 hr. T h e  d ry  sam ple w eighed 1.32 g., correspon d in g  to  a 6 9 %  
conversion . T h e infrared spectrum  o f this po lysu bera ldeh yde is show n  in 
F igure 3. T h e  p o lym er so ften ed  at a b ou t 120°C . under pressure b u t d id  
n ot com p lete ly  m elt at 3 0 0 °C . I t  was insoluble in  d im eth ylform am ide, 
aceton e, toluene, C elloso lve , and d ioxane. T h e  results o f  several other p o ly 
m erizations carried  ou t w ith  B F 3-0 ( C 2H5)2 and (C 2H 5) 3A1 as ca ta lysts  are 
listed in  T a b le  V .
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Polyesterification o f Suberic Acid and 1,8-Dihydroxyoctane

T h e  suberic acid  used w as obta in ed  b y  H 20 2 ox id a tion  o f the cy c loocten e  
ozon ate  a ccord in g  to  the procedu re  o f  B a iley .6 Y ie ld s  were 9 6 %  crude. 
A  m eth od  sim ilar to  th a t o f M a rv e l and Joh nson 6 was used fo r  the p repara 
tion  o f the polyester. A  1 :1  m olar ratio o f  suberic acid  and  1 ,8 -d ih y d roxy - 
octan e  w as heated fo r  2 hr. a t 170°C . T hen , ov e r  a period  o f  3 hr., 
the pressure w as low ered to  8 m m . and the tem perature raised to  2 0 0 °C . 
T h e  p o lym er was isolated b y  precip ita tion  from  m ethan ol o f  a C H C13 
solu tion  o f the reaction  m ixture. A  3 8 %  con version  to  a w hite  p ow d ery  
p o ly m er w hose infrared spectrum  was characteristic o f  a  p o lyester was 
ob ta in ed . A n  x -ray  d iffraction  pattern  in d icated  a high degree o f  crys
ta llin ity . T h e  num ber-average m olecu lar w eight o f the p o ly m er deter
m ined in  C H 2C12 b y  a  therm istor m eth od  was 2,210.

D ISCU SSIO N

A  necessary con d ition  for  the stu d y  o f  the con trolled  p olym erization  o f 
linear aliphatic d ia ldehydes was the preparation  o f a stable m on om er. I t  
was felt th at the synthesis o f  a fa irly  high m olecu lar w eight d ia ldehyde 
w ou ld  offer the best ch ance fo r  obta in in g  a pure m on om er w ith  the desired 
stab ility .

E arly  G erm an  w ork ers1 had prepared suberaldehyde b y  the d eca rb ox y la 
tion  o f  2 ,9 -d ih yd roxysebacic  acid  bu t an  appreciable am ou n t o f  p o lym eriza 
tion  occu rred  during the synthesis. T herefore , a  d ifferent syn th etic 
approach , the ozon a tion  o f  cy c loocten e , w as selected. T h e  6 -C  analog, 
ad ipa ldeh yde, has been  prepared  in  5 0 %  overa ll y ie ld  b y  the ozon a 
tion  o f cycloh exen e in m ethan ol at D ry  Ice  tem peratures fo llow ed  b y  a 
redu ction  o f  the o zon id e .7 C riegee,8 in  ozon izin g  cycloocten e , obta in ed  
exclu sively  a p olym eric  ozon ide using hexane solven t at 0 °C . H e stated  
th at hexane, in  general, reduces the ten d en cy  tow ard  p o lym er form ation  
during ozon ation .

A  short series o f  ozon ation  experim ents w ith  cy cloocten e  was carried  ou t 
in hexane at D ry  Ice  tem perature. In  e v ery  case cop iou s am ou n ts o f  a 
w hite solid  po lym er were ob ta in ed . A ttem p ts  to  reduce th is w ith  h ydrogen  
and  N i or  C o  cata lysts led on ly  to  oth er p olym eric  produ cts . R ed u ction  
w ith  P d /C  gave a H 2 u ptak e equal to  2 0 %  o f th eory . W h en  hexane was 
rep laced  b y  m ethan ol as the ozon a tion  solvent, cy c loocten e  w as con verted  
sm ooth ly  to  an ozon ide , g iv in g  a clear colorless solu tion . A ll subsequent 
runs w ere m ade in  m ethan ol. R e d u ctio n  o f the ozon ide to  suberaldehyde 
w as accom plish ed  in sa tisfa ctory  y ields in a P aar low -pressure h yd rogen a 
tion  apparatus w ith  P t 0 2. O ther ca ta lysts such as P d /C  and P d /B a C 0 3 
were n ot as e ffective . M a x im u m  yields o f  suberaldehyde o f  8 5 -8 9 %  were 
obta ined , how ever, w hen  the red u ction  was carried ou t under pressures o f 
the order o f  500 psi in an  au toclave .
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T h e  p o lym eriza tion  o f a liphatic d ia ldehydes should  proceed  b y  three 
d istin ct m echanism s w h ich  are illustrated be low :

OHC—(CH2)6— CHO

N o  stu d y  o f the con tro lled  polym eriza tion  o f  a liphatic d ia ldehydes has 
been  reported  in  th e  literature. T h e  on ly  analogous w ork  w as reported  
in  a  recen t R ussian  article ,9 the p olym eriza tion  o f arom atic d ia ldehydes 
such as terephthalic and isoph th alic a ldeh yde to  h igh  m olecu lar w eight 
polyesters under the influence o f  alum inum  eth ox ide  and  sim ilar cata lysts.

T h e  T isch en k o po lym eriza tion  o f  suberaldehyde w ith  alum inum  isop ro - 
pox ide  as ca ta lyst resulted in  a pure polyester h av in g  a num ber-average 
m olecu lar w eight o f  a b ou t 2,000 (see F ig . 1 ). T h e  in frared spectrum  and 
x -ra y  d iffraction  pattern  o f  th is p o lym er were in den tica l w ith  those o f  the 
polyester prepared  from  the con den sation  o f 1 ,8 -d ih ydroxyoctan e and 
suberic acid .

W e  fou n d  th at a lum inum  isoprop ox ide  is a g ood  ca ta lyst fo r  the p o ly 
m erization  o f suberaldehyde. T h is  con trasts w ith  the find ing  b y  R ussian  
w orkers9 th at alum inum  isoprop ox ide  is w ith ou t ca ta ly tic  a c t iv ity  fo r  the 
p olym erization  o f arom atic d ia ldehydes. H ow ever, ou r results are in 
agreem ent w ith  those obta in ed  b y  C hild  and  A d k in s10 fro m  th e  T isch en k o 
con densation  o f  sim ple aldehydes (i.e., a ceta ldehyde, b u tyra ld éh yd e , e tc .) . 
T h e y  fou n d  th at alum inum  isop ropox ide  and alum inum  b u tox id e  are m u ch  
m ore  effective  ca ta lysts  fo r  the con den sation  th an  alum inum  eth ox ide .

T h e  effect o f  m on om er and ca ta lyst con cen tra tion  o n  the rate o f  reaction  
w as sign ificantly  d ifferent in  T isch en k o  con densation  w ith  suberaldehyde 
and w ith  a sim ple a ldeh yde such  as bu tyra ld éh yd e . C hild  and A dk in s10 
observed  th at the change in rate on  d ou b lin g  the a m ou n t o f  a ldeh yde or 
ca ta lyst w as surprisingly sm all. A  1 0 0 %  increase in  alum inum  alkoxide 
o r  a ld eh yde con cen tra tion  caused a  3 -5 %  increase in  rate. O ur results 
show ed  th at the y ie ld  o f  p o lysu bera ld eliyde  w as d ou b led  w hen the m on om er 
con cen tra tion  w as trip led  (T a b le  I I ) .  O n ly  a  sm all increase in  the rate o f  
p o lym eriza tion  w as ob ta in ed  w hen  th e  ca ta lyst con cen tra tion  w as in 
creased.
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S uberaldehyde w as readily  polym erized  to  p o lyester in  solu tion  w ith 
little tem perature e ffect on  the rate at 0 -2 5 °C . in  con trast to  h igh -tem pera
ture bu lk  p olym eriza tion  con d ition s9 necessary fo r  arom atic d ia ldehydes.

T h e  ad d ition  o f sm all am ou n ts o f  stron g  bases such as K O H , tetram eth y l 
guanidine, e tc ., to  a w a ter-m eth a n ol solu tion  o f  su beraldehyde resu lted  in 
an extrem ely  rapid  polym eriza tion  (see T a b le  I I ) .  T h e  in frared spectra  
o f  these p olym ers were different from  the p rod u ct prepared w ith  alum inum  
isoprop ox ide  (com pare  Figs. 1 and  2 ). A  ty p ica l spectru m  con ta in ed  h y 
d rox y l groups (3400 c m .-1 ), ca rbon y l grou ps (1720 c m .-1 ) , con ju ga ted  
carbon y l groups (1075 c m .-1 , ether grou ps (1150 c m .-1 , and  som e 
u nsatu ration  (1625 c m .-1 ). A  structure con ta in in g  these grou ps and 
in  their relative am ou n ts is con sistent w ith  the p rod u ct expected  from  an 
a ldol con den sation  ty p e  o f p o lym eriza tion  o f suberaldehyde in  w h ich , to  
som e degree, w ater elim ination  and  crosslinking has taken  p lace v ia  hem i- 
aceta l form ation . T h is structure m a y  be  represented as :

CHO OH
\ /

-CH2-C H -C H —(CHiH

OH
I

------ CH2—CH —CH—(CH2)i-

HC—OHi
O

CH2-C H -O H -(C H 2y7-

CHO

CHO
l

-CH2-C = C H H C H 2ft-

T h e  elim ination  o f w ater in a ld o l con den sation  reactions o f  sim ple a lde
hydes is w ell k n ow n  and p ro b a b ly  a ccou n ts  fo r  the presence o f  th e  con 
ju gated  ca rb on y l groups observed  in the in frared spectra . U n der the 
basic con d ition s  o f  the polym eriza tion , the form a tion  o f h em iaceta l cross
links w ou ld  be qu ite favorab le . A  partia lly  crosslinked p o ly m er w ou ld  
also a ccou n t fo r  the lim ited  so lu b ility  o f  the po lym er. Som e add itional 
ev iden ce o f  crosslinking was obta in ed  from  m old in g  experim ents. I t  was 
observed  th at a sam ple o f  polysu bera ld eh yde m old ed  in to  a transparent 
bar w as extrem ely  flexible, even  a fter equ ilibrating  to  room  tem perature ; 
how ever, a fter tw o  days it becam e qu ite stiff. I t  is suggested th at heat- 
labile b u t reversible h em iacetal crosslinking m a y  a ccou n t fo r  the increased 
rig id ity  w ith  tim e.

T h e  rate o f  a ldol con densation  w ith  su beraldehyde w as v ery  fast and 
sim ilar to  th a t obta in ed  b y  B e ll11 w ith  aceta ldehyde. W h en  K O H  (p K a 
=  13.5) was used fo r  po lym erizin g  suberaldehyde, a 1 0 0 %  con version  to  
p o lym er was obta in ed  in  30 m in. at 0 °C . T h e  reaction  was slow er w hen 
w eaker bases such  as triethylam ine (\>Ka =  10.6) and  tr ib u ty l phosphine 
(pK a =  8 .4) w ere used as cata lysts. T rieth vlen ed iam in e (pK a =  8 .6 ), 
w hose ba sicity  is in the sam e range as tr ib u ty l phosphine, d id  n ot in itiate 
polym erization .

T h e  effect o f  su beraldehyde con cen tra tion  and solven t com p osition  on  
the p o lym eriza tion  rate w as also investigated . A n  exam ination  o f  T a b le  
I I I  show s th at the m on om er con cen tra tion  has on ly  a  sm all e ffect on  the
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rate o f  reaction  in the range studied. H ow ever, the solven t com position  
p ro fou n d ly  a ffected  b o th  the rate and the m elting beh av ior o f  the re
su ltant p o lym er (see T a b le  I V ) . T h e sod ium  h ydrox id e -ca ta lyzed  p o ly 
m erization  o f su beraldehyde in pure m eth an ol was extrem ely  fast and gave 
an infusible po lym er. Sm all increm ents o f  w ater caused large decreases 
in p o lym eriza tion  rates. T h e resu ltant polym ers softened  under pressure 
bu t w ith ou t m elting. T h e  use o f  still larger am ounts o f  w ater in the sol
v en t resulted in faster reaction  rates and p rod u ced  a p o lym er w hich  had a 
fa irly  sharp m elting p o in t o f 1 1 0 °C . I t  is d ifficu lt to  explain  the drastic 
effect o f  w ater con cen tra tion  on  the rate o f  po lym eriza tion , b u t the fu si
b ility  o f  the polym ers is p ro b a b ly  related to  the degree o f  hem iacetal fo r 
m ation . T h e p o lym er prepared  in pure m ethan ol was p ro b a b ly  h igh ly  
crosslinked, and even  the a p p lica tion  o f heat and pressure was n ot su f
ficient to  cause com plete  fusion . A s the w ater con cen tra tion  in  the system  
was increased, the resulting p o lym er cou ld  be m elted , p rob a b ly  as a  re
sult o f  less crosslinking. F urther w ork  is being carried ou t in these 
laboratories to  elucidate this and oth er phenom ena. T h e  effects o f  d if
ferent solvents, tem perature, and ca ta lyst con cen tration  on the p o ly 
m erization  o f  suberaldehyde is being studied, togeth er w ith  the aldol c o n 
densation  p o lym eriza tion  o f  oth er aliphatic d ia ldehydes and their c o p o ly 
m erization . T hese results w ill be reported  in the fu ture.

T h e last ty p e  o f  d ia ldehyde polym eriza tion  in vestigated  can be classi
fied as carbon y l p o lym erization . M u ch  has been  published on  the car
b on y l p o lym eriza tion  o f sim ple a ld eh yd es ,12-14 b u t no w ork  has been  re
p orted  w ith  d ialdehydes. T h e  carbon y l p o lym eriza tion  o f d ia ldehydes 
should  proceed  b y  the tw o  different m echanism s prev iou sly  illustrated: 
(? )  p o lym eriza tion  th rou gh  one ca rb on y l group  leav ing  the o th er as a free 
pen den t group  and (H) an in ter-in tram olecu lar carbon y l po lym eriza tion  
analogous to  the cyclop o lym eriza tion  o f certain  d iv in y l m on om ers .15 W ith  
suberaldehyde one w ou ld  exp ect the first m echanism  to  predom in ate b e 
cause the second  w ou ld  necessitate form ation  o f n ine-m em bered  rings along 
the chain.

T h e  rate o f po lym eriza tion  o f suberaldehyde w ith  ty p ica l carbon y l 
p o lym erization  cata lysts and con d itions w as extrem ely  fast, even  w hen the 
m on om er con cen tra tion  w as on ly  3 .5 %  (T a b le  V ) . T h e  infrared spectrum  
o f a ty p ica l p o lym er (F ig . 3) show s the presence o f  carbon y l groups (1720 
c m .-1 ), ether groups (1150 c m .-1 ), and a low  con cen tra tion  o f h yd roxy l 
groups (3400 c m .-1 ). N o  so lven t was fou n d  for  these polym ers, perhaps 
because o f crosslinking o f som e pen den t carbon y l groups. I t  w as fe lt th at 
polym erization s carried ou t a t high d ilution  m ight result in  som e cy c lo 
polym erization , even  th ou gh  n ine-m em bered  ring form ation  is n ot ener
getica lly  fa vored . T h e  increase in the observed  ratio  o f  ether to  carbon y l 
groups in the infrared spectra  o f  the p o lym ers prov ides ev iden ce o f  som e 
cyclop o lym eriza tion . F urther studies are be in g  carried  ou t in this area in 
order to  ob ta in  m ore qu an tita tive  data.

T h e  results o f  this prelim inary  investigation  have show n th at the p o ly 
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m erization  o f  a liphatic d ia ldehydes can  be  con tro lled , and th at polym ers o f  
d ifferent structure and  properties can  be prepared  from  the sam e m onom er. 
T hese fa cts  suggest the b road  possibilities o f  d ia ldehyde polym ers.

The authors acknowledge the assistance of Mr. H. R. Lucas and Mr. M. N. O’Connor 
in carrying out the experimental work. They would also like to thank Mr. N. B. Col- 
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Résum é

On a étudié la polymérisation contrôlée de l’aldéhyde subérique. On a préparé le 
monomère par une voie nouvelle, par réduction catalytique de l’ozonate de cyclooctène. 
Au moyen d’un choix judicieux du catalyseur et des conditions, on peut préparer trois 
types différents de polymères à partir de l’aldéhyde subérique. Par condensation de 
Tischenko il en résulte un polyester purement linéaire. La polymérisation de l’aldéhyde, 
catalysée par l'hydroxyde de sodium, fournit un polycondensat aldolique qui est partielle
ment ramifié par les groupes hémiacétals. Enfin l’emploi de catalyseurs de polymérisa
tion carbonylique comme le triéthyl aluminium et l’éthérate de trifluorure de bore, donne 
un polymère du type polyacétal renfermant des groupes carbonyles libres.

Zusammenfassung

Eine Untersuchung der Polymerisation von Suberaldehyd unter kontrollierten Bed
ingungen wurde durchgeführt. Das Monomere wurde auf einem neuen Weg, nämlich 
durch katafytische Reduktion des Cyclooctenozonids, daygestellt. Durch geeignete 
Wahl des Katalysators und der Versuchsbedingungen konnten aus Suberaldehyd drei 
verschiedene Arten von Polymeren hergestellt werden. Eine Tischenko-Kondensation 
lieferte ein rein lineares Polymeres. Die durch Natriumhydroxyd katalysierte Poly
merisation des Aldehyds ergab ein Aldolkondensations-Polymeres, das zum Teil durch 
Hemiacetalgruppen vernetzt war. Schliesslich entstand mit Carbonylpolymerisations- 
katalysatoren, wie Triäthylaluminium und Bortrifluorid-Ätherat, ein Polymeres vom 
Polyacetaltyp mit anhängenden, freien Carbonylgruppen.

R ece ived  June 8, 1962
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Growth of Single Crystals of Polytetrafluoroethylene
from the Melt*

X . K . J. S Y M O N S , Plastics Department, E. I. du Pont de Nemours and 
Co. Inc., Wilmington, Delaware

Synopsis

The melt crystallization of dispersion-based polytetrafluoroethylene, in amounts 
varying from single dispersion particles to continuous films, has been studied by electron 
microscopy, electron diffraction, and optical microscopy. Since the maximum tem
perature used was only 350°C., negligible thermal degradation of the polymer is be
lieved to have occurred during the crystallization. Using very small amounts of the 
polymer, single crystals with thicknesses of about 150-900 A. having their molecular 
chains oriented perpendicularly to the basal plane of the crystal have been observed; 
this shows that the melt crystallization of polytetrafluoroethylene occurs by a chain
folding mechanism as reported previously for other high polymers. This new knowledge 
allows a more positive interpretation of the striated band structures previously observed 
on fracture surfaces of bulk specimens of both dispersion-based and granular types of 
this polymer. Such bands which show striations perpendicular to their length probably 
represent individual crystal plates which have been fractured in planes perpendicular 
to their bases, while bands showing longitudinal striations result from the splitting apart 
of stacks of such plates, or lamellae, along fracture planes approximately parallel with 
their surfaces. The present observation of isolated and well defined single crystals 
from a polymer melt, as distinct from a solution, is believed quite novel. Although 
seen so far with polytetrafluoroethylene only, the growth of such single crystals from the 
melt might be possible with other polymers also, if these were studied in very small 
quantities.

IN TR O D U C TIO N

O ver the past decade, a num ber o f papers have been  pu blish ed  con cern in g  
the m orp h o log y  and  structure o f  h igh  p olym ers as revealed  b y  op tica l 
and  electron  m icroscop y . M a n y  o f these papers, reporting  studies w ith  
variou s p olym ers crysta llized  either from  solu tion  or from  the m olten  state, 
w ere sum m arized in  a review  b y  K e lle r1 in 1959, and add ition a l w ork  in 
th is field  has con tin u ed  to  appear since th at tim e. H ow ever, in  th is liter
ature, studies dealing w ith  th e  crysta lliza tion  o f  polytetra flu oroeth ylen e  
(P T F E ) seem  to  h ave lagged  con sid erab ly  beh in d  those w ith  oth er p o ly 
m ers, such  as p o lyeth y len e , p o ly oxym eth y len e , and  th e  nylons. One 
reason fo r  th is m a y  be  th at solu tion  crysta lliza tion  studies w ith  P T F E  
are n o t as a ttra ctive  as those w ith  oth er p olym ers because o f  the in solub ility

* Presented at the 5th International Congress for Electron Microscopy, Philadelphia, 
Pa., September 1962, and published as an abstract in Vol. I of the Proceedings of that 
Congress (Academic Press, New York, 1962).
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o f P T F E  in the solven ts cu stom arily  used. C onsequ en tly , fo r  P T F E  
there are no published  reports o f  the so lu tion -grow n  single crystals w h ich  
have con tribu ted  so m u ch  to  our kn ow ledge o f the crysta lliza tion  o f  oth er 
m ore soluble p o ly m ers ; the on ly  published w ork  in this area appears to  
be th at o f  S y m on s ,2 in w hich  dendritic grow ths on ly  were observed . In  
th e  area o f m elt crysta llization , the m ost significant w ork  w ith  P T F E  is 
p ro b a b ly  th at o f  B unn, C ob b o ld , and P a lm er,3 reporting  various banded  
structures seen on  fracture surfaces o f  annealed bu lk  specim ens o f granular 
and  d ispersion-based  typ es  o f  the p o lym er. H ow ever, a d isadvantage o f 
such bu lk  specim ens is th a t th ey  can be studied  in the electron  m icroscope  
in the form  o f surface replicas on ly  and are n ot su itable fo r  exam ination  b y  
electron  d iffraction . C onsequ en tly , although  som e general in form ation  
is availab le from  op tica l eviden ce, p ositive  in terpretation  o f these ban ds is 
ham pered  b y  lack  o f precise know ledge o f the orien tation  o f the po lym er 
m olecu lar chains from  w h ich  th ey  are form ed.

T h e  w ork  described  here w as u ndertaken  to  gain a better understanding 
o f the m anner in  w h ich  P T F E  crystallizes from  the m elt. T o  th is end, it 
appeared  best to  start w ith  observation  o f  th e  crysta llization  beh av ior o f 
sm all and isolated  portion s o f  the polym er, as con ven ien tly  p rov id ed  b y  
deposits o f  sm all groups o f the p o lym er particles form ed  in dispersion 
polym erization . In  this m anner, crysta lliza tion  cou ld  be expected  to  
p roceed  unham pered b y  the influence o f  surrounding m aterial, and also, 
in  am ou n ts su itable fo r  exam ination  b y  electron  d iffraction , as w ell as b y  
d irect observation , in the electron  m icroscope . T h is  ap p roach  has p roved  
fru itfu l, enabling us to  grow  single crystals d irectly  from  the p o lym er m elt, 
and to  show  th at, w ith  the dispersion-based m aterial at least, crystalliza
tion  apparently  occu rs b y  the chain  fo ld in g  w h ich  is n ow  the generally- 
a ccep ted  m echan ism  o f  crysta lliza tion  o f oth er h igh  polym ers.

T h is  w ork  appears also o f  interest in a som ew h at w ider con text, in th at 
the present ob servation  o f  separate and w ell defined single crystals form ed 
from  a po lym er m elt is be lieved  to  be qu ite  n ovel, be in g  d istin ct from  either 
the single crysta ls grow n  from  oth er po lym er solutions or the com posite  
lam ellar structures from  the p o ly m er m elts, w h ich  h ave been  reported  
previou sly . A lth ou gh  dem on strated  for  P T F E  on ly , this suggests the 
possib ility  th at single crystals from  the m olten  state m igh t be form ed  w ith  
oth er polym ers also, if  these were studied  in v ery  sm all quantities, com 
parable w ith  those p rov id ed  b y  the d ispersion  particles used here.

EXPE R IM E N TA L D ETAILS

T h e  p o lym er used in these studies w as d ispersion-based m aterial, 
derived  from  T eflon  4 1 B X  T F E -flu oroca rb on  resin dispersion  (du P o n t) 
and  F lu on  G P -1  (I .C .I .) .  T hese tw o  in depen den t sources were used to  
p rov id e  specim ens representative o f  this po lym er, the sim ilarity  o f  the 
experim ental results w ith  b o th  su pportin g  th e  general v a lid ity  o f  the 
conclusions.

T h e  p o lym er w as deposited  on  glass slides in am ou n ts ranging from  iso
lated  dispersion  particles and  groups o f particles to  con tin u ou s film s b y
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d ry in g  different sized portions o f  the aqueous dispersions, a fter d ilu tion  
w ith  distilled w ater. T o  ob ta in  scan ty  p o ly m er deposits, m inu te drop lets 
o f  the dispersions, d iluted to  0 .5 %  solids con ten t, w ere sprayed  on  the 
slides w ith  air atom izer. S om ew hat heavier, b u t still isolated, deposits 
were obta in ed  from  the sam e dilute d ispersions w h en  dried  as single drops 
from  an  eye  dropper C on tin u ou s film s o f the particles w ere obta in ed  b y  
dry in g  thin  layers o f  the d ispersions d ilu ted  to  7 .5 %  solids con ten t. T hese 
slides w ere n ext enclosed  in an air a tm osph ere in  an  electrica lly  heated 
brass b lock . T h e  b lock  w as then  heated  to  a m axim um  tem perature o f  
35 0 °C . F inally , the m olten  p o ly m er w as a llow ed  to  crysta llize during 
coo lin g  o f the b lo ck  under various con tro lled  con d ition s from  th is tem pera 
ture to  b e low  its 3 2 7 °C . crysta lline m eltin g  poin t.

T h e  d iscrete crysta l form ation s obta in ed  on  h eatin g  the isolated  deposits 
o f  p o ly m er  w ere exam ined  b y  d irect transm ission  in the electron  m icro 
scope, a fter a pp lica tion  o f  evap ora ted  su pport and sh adow ing film s o f 
carbon  and  chrom ium , respectively . In  this m anner, b o th  norm al electron  
m icrographs and  also selected area electron  d iffraction  patterns were 
recorded . T h e  film  specim ens,, being to o  th ick  to  perm it transm ission  o f 
the electron  beam , w ere exam ined b y  m eans o f sh adow ed  carbon  replicas 
m ade b y  con ven tion a l m ethods. F o r  op tica l exam ination , the heated  
slides w ere exam ined d irectly  w ith  the polarizing m icroscope , transm itted  
or reflected  light op tics  being used fo r  the discrete crystals and  the co n 
tinuous film  specim ens, respectively .

RESULTS

T h e  ev id en ce  to  be presented be low  su pports the belief th at w hen  P T F E  
dispersion  p o ly m er is coo led  from  tem peratures a b ov e  its crysta lline m elting 
poin t, the m olecu lar chains ten d  to  align  them selves to  form  plates or 
lam ellae, w h ich , in  the idealized case, show  a hexagonal h ab it w ith  the 
chains oriented  norm al to  the basal p lane o f  the hexagon. T h e  extent to  
w h ich  th is ch ain  alignm ent occu rs in  a n y  g iven  case p ro b a b ly  depends on  
a n um ber o f factors, including the tim e and  tem perature o f  heating, the 
rate o f  coo lin g , the m olecu lar w eigh t o f  the p o ly m er specim en, and the 
am ou n t o f  p o ly m er in v o lv e d  in  the crysta llization . A lth ou gh  no system atic 
investigation  has been  m ade o f the influence o f  these fa ctors  on  the form  
and p erfection  o f the p o ly m er crystals finally  obta ined , fa irly  pron ou n ced  
d ifferences in  beh av ior h ave been  observed  w ith  respect to  the am ou n t o f 
p o lym er in vo lved , i.e., the size o f  the d iscrete portion s o f  p o ly m er w hich  
are ph ysica lly  separate during their crysta llization . T h erefore , the o b 
servations b e low  are described  in order o f  increasing am ou n ts o f the dis
persion  particles heated, go in g  from  isolated  particles or  clusters o f  particles 
to  con tin u ou s film s. In  each  case, observations w ith  the electron  m icro 
scope are g iven  first, fo llow ed  b y  those w ith  the op tica l m icroscope.

1. Scanty Polymer Deposits

F igures 1 and  2 are electron  m icrographs show ing ty p ica l crysta l form a 
tions observed  w h en  light deposits o f  particles, sprayed  from  dilute T eflon
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Fig, 1. Crystals formed from Teflon 41BX dispersion particles sprayed on glass 
and heated for 2 hr. at 350°C.: not annealed. Chromium shadowed 30°; original 
magnification 10,000 X.

Fig. 2. Crystals formed from Fluon GP-1 dispersion particles sprayed on glass and 
heated for 2 hr. at 350°C.; not annealed. Chromium shadowed 30°; original magni
fication 10,000 X .
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Fig. 3. Single PTFE crystal from Teflon 41BX dispersion particles sprayed on glass 
and heated for 2 hr. at 350°C.; not annealed. The framed region shows the selected 
area which gave the inset 80 kv. electron diffraction pattern. Chromium shadowed 
30°; original magnification 10,000 X .

Fig. 4. Single PTFE crystal from Fluon GP-1 dispersion particles sprayed on glass 
and heated for 2 hr. at 350°C,; not annealed. The framed region shows the selected 
area which gave the inset 80 kv. electron diffraction pattern. Chromium shadowed 
30°; original magnification 10,000 X.
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4 1 B X  and F lu on  G P -1  dispersions, respectively , w ere heated  for  2 hr. 
at 3 5 0 °C . and th en  a llow ed to  co o l to  b e low  the 3 2 7 °C . m elting  p o in t in 
a p p rox im ately  15 m in. T hese p ictures show  th at the d ispersion  particles 
from  b o th  sources had coalesced  on  m elting  and su bsequ ently  crysta llized  
as flat p lates and form s resem bling broad  needles, the la tter o ften  having 
a num ber o f parallel striations a long their lengths. In  these pictures, as 
w ell as in som e o f the later figures, the surface o f  the crystals show s a sort 
o f  cob b led  appearance, in the size range a b ou t 2 5 0 -5 0 0  A . W h ile  th is 
m a y  represent the real structure o f  the crystals, it m igh t also arise from  
a possible greater ten d en cy  fo r  the shadow  m etal to  granulate on  the P T F E  
surface than  on  th e  substrate m aterial, and p ositive  in terpretation  does 
n o t appear possib le  a t th is tim e.

In  several p laces in  F igures 1 and 2 th e  flat p lates h ave assum ed a clearly  
hexagonal habit, and in  oth er regions o f  the slides, w here even  less p olym er 
had  been  d eposited  orig inally , isolated  crysta ls w ith  qu ite w ell defined 
h exagonal outlines w ere observed . E xam ples o f these are show n  in F igures 
3 and  4, in w h ich  th e  crysta l p latelets are abou t 2 -4  y. in extent and h ave  
a th ickness o f  a b ou t 150 A ., as m easured from  their shadow  lengths. 
R o u g h  ca lcu la tion  o f the vo lu m e o f such crystals show s th em  to  correspond 
to  clusters o f  som e 100 or so dispersion  particles o f  ty p ica l d iam eter abou t
0.2 fi; how ever, th e  v o lu m e  o f som e o f th e  sm allest crystals observed , such 
as th at seen in th e  low er righ t corner o f  F igure 1, ind icates th at these m ay  
actu a lly  h ave been  form ed  from  a single dispersion  particle.

T h e-se lected  area electron  d iffraction  patterns in  F igures 3 and 4 show  
th at, as stron g ly  suggested b y  their hexagonal outlines, these plates consist 
o f  single crysta ls, and also th a t the crysta llograph ic c axis and so the direc
tion  o f the P T F E  m olecu lar chains is perpendicu lar to  their basal plane. 
T h e  striated needlelike crystals, o f the ty p e  show n in F igures 1 and 2, on  
the oth er hand, w ere fou n d  to  g ive  com p licated , m u ltispot d iffraction  
patterns, show ing th em  to  have a m ore com p lex  crysta l structure th an  the 
single crysta l plates. A s has been  reported  p re v io u s ly 1 fo r  crystals o f 
other polym ers such as p o lyeth y len e , exposure o f the present P T F E  crystals 
to  the electron  beam  caused a fa irly  rapid  disappearance o f the d iffraction  
pattern , w ith ou t a n y  great change in the norm al e lectron  m icroscope  im age. 
T h e  m agn itude o f th is effect w ith  the P T F E  crystals d id  n ot appear greatly  
d ifferent from  th at seen w ith  polyeth y lene , despite th e  approx im ately  
2 0 0 °C . h igher m eltin g  p o in t o f  the form er polym er, b u t insufficient evidence 
is availab le a t present to  allow  a  qu an tita tive  com parison .

A lth ou gh  som e o f the crystals from  these scan ty  po lym er deposits 
cou ld  be seen w ith  th e  op tica l m icroscop e , m ost o f  them  w ere to o  sm all for  
con ven ien t s tu d y ; m ore fru itfu l observation s w ere possible w ith  the sim ilar 
b u t larger crystals ob ta in ed  from  th e  som ew h at heavier deposits described  
below .

2. Moderate Polymer Deposits

H eatin g  heavier, b u t still isolated  d eposits o f  po lym er obta in ed  from  
larger drops o f  the sam e d ilute dispersions, again  resulted in flat p lates 
and striated, needlelike crystals, bu t these w ere larger and th ick er than
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Fig. 5. Single crystal plate, ca. 900 A, thick, from Teflon 41BX dispersion particles 
heated on glass for 2 hr. at 350°C. and then annealed for 20 hr. at 334 °C. The framed 
region shows the selected area which gave the inset 100 kv. electron diffraction pattern. 
Chromium shadowed 30°; original magnification 10,000X.

those seen in  the specim ens prepared  w ith  the atom izer, and, in  th is case, 
th in  hexagonal crysta ls w ere n o t observed . I f  n o t aim ealed, these crystals 
gave  com p lica ted  electron  d iffraction  patterns w h ich  show ed them  to  have 
a com p osite  crysta lline structure. H ow ever, if  the preparation  included  
an  annealing treatm en t at a tem perature a b o v e  th e  327°C . crysta lline 
m elting  poin t, m a n y  o f th e  th ick  plates w ere fou n d  to  g ive  single crysta l 
d iffraction  patterns.

F igure 5 show s an  electron  m icrograp h  and th e  correspon d in g  selected 
area electron  d iffraction  pattern  o f a  ty p ica l p late observed  on  heating 
p o lym er from  T eflon  4 1 B X  fo r  2 hr. at 3 5 0 °C ., fo llow ed  b y  20 hr. at 3 3 4 °C ., 
and  th en  coo lin g  to  below  the m eltin g  p o in t a t the rate o f  0 .1 °C ./m in . 
T h e  shadow  length  show s th is p la te  to  be  a b ou t 900 A . th ick . A lth ou gh  
it does n o t h ave the regular outlines o f  the th inner hexagonal p lates d e 
scribed  above , the electron  d iffraction  p attern  show s th at th is, also, is 
essentially  a single crysta l, w ith  the m olecu lar chain  d irection  again  per
pendicu lar to  the basal plane. S ingle crysta l p lates o f  sim ilar th ickness 
w ere also observed  w h en  m oderate  deposits o f  p o lym er from  F lu on  G P -1  
d ispersion  w ere heated in  th e  sam e m anner.

W ith  these m oderate  deposits o f  po lym er, m a n y  o f  the crysta l p lates and 
needles w ere fa irly  large (e.g ., 1 0 -20  m), and  th is a llow ed further ev idence 
regarding their m olecu lar structure to  be obta in ed  b y  exam ination  w ith  the 
polarizing m icroscope . T h e  p ictures in F igure 6 are op tica l m icrographs 
o f  a grou p  o f  the crysta ls from  the annealed T eflon  4 1 B X  preparation  
described a b o v e ; in  F igure 6a, taken  w ith  u npolarized  light, a  typ ica l
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Fig. 6. Crystals formed from Teflon 41BX dispersion particles heated on glass for 2 
hr. at 350°C. and then annealed for 20 hr. at 334°C. : (a) transmitted light, no polarizers; 
(b )  as (a ) , but between crossed polarizers, crystal B at position of maximum illumina
tion; (c) as (b ) , but crystals rotated 45°; crystal B now at position of maximum ex
tinction. Original magnification 500 X .

crysta l p late  and a needle are den oted  b y  A  and B , respectively . B etw een  
crossed polarizers, the plates appeared  d ark  in all ro ta tion  position s o f  the 
m icroscop e  stage, as illustrated fo r  crysta l A  in F igures 66 and  6c, show ing 
this grou p  o f  crysta ls in  tw o  position s o f  the stage betw een  the crossed
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polarizers. Thus, in their customary position, lying flat on the microscope 
slide, these plates presented an isotropic view, along an optic axis per
pendicular to their bases. In contrast to the plates, the needles showed 
fairly marked birefringence; this is illustrated by Figure 66. Needle R 
is seen in a position of maximum illumination, lying at 45° to the polarizer 
and analyzer vibration directions, indicated by the crosshairs in this 
picture. Examination with the use of the quartz wedge showed the bire
fringence to be negative, the higher refractive index being in the direction 
perpendicular to the length of the needles. The overall needles showed 
parallel extinction, as shown by Figure 6c. Needle B is seen in a position 
of maximum extinction, lying parallel to the vibration direction of the 
polarizer in this case. However, this extinction was not complete, the 
needles showing a series of light and dark striations, as can be seen with 
needle B in this picture.

The significance of this evidence from the polarizing microscope is dis
cussed later.

3. Continuous Films

The electron micrograph of Figure 7 shows a surface replica of a continu
ous film obtained by drying a layer of Fluon GP-1 dispersion, heating to 
350°C., and immediately cooling at a rate of 0.1°C ./m in. until a temper
ature below the melting point was reached. This picture shows the film 
surface to consist of lamellae and broad needles, or bands ; as may be seen 
at the right center portion of the picture, the bands often had a fine struc
ture of parallel striations running along their length. Similar features

Fig. 7. Surface rep lica o f a th in  film  from  F luon  G P-1 dispersion particles heated to 
350°C . and coo led  slow ly. G erm anium  shadow ed 3 0 ° ; original m agnification  4 0 0 0 X .
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were also observed with films prepared in the same manner from Teflon 
41BX dispersion. Since the original polymer films were too thick to permit 
penetration by the electron beam, electron diffraction examination of their 
structure was not feasible. However, on examination with the optical 
microscope with the use of reflected polarized light, the bands were found 
to show weak negative birefringence.

The lamellae and bands observed on the surface of these films are believed 
to correspond to the single crystal plates and the broad striated needles 
described earlier. The crystal forms seen in the films were less well defined 
than those obtained when isolated portions of dispersion polymer were 
heated. However, this is to be expected, because in each region of the 
film the crystallization of the molten polymer was constrained by the ma
terial in adjacent regions.

DISCUSSION

1. Interpretation o f the Optical Evidence

The appearance of the larger crystal plates in the polarizing microscope 
is confirmation of the electron diffraction evidence that these are polymer 
single crystals, and that their molecular chains are oriented perpendicularly 
to their basal plane. Since PTFE is known4 to have a hexagonal unit cell, 
a single crystal of the polymer would be expected to show uniaxial proper
ties, with the optic axis coincident with the chain direction, and thus to 
present the isotropic view actually observed when viewed along this 
direction with the plate lying flat on the microscope slide.

Further consideration of the optical properties of these single crystal 
plates leads to tentative conclusions regarding the structure of the separate 
striated needles (Figs. 2 and 6) and the rather similar striated bands on 
the surface of the continuous films of the type seen in Figure 7. Thus, 
polymer chains have, in general, a higher refractive index for light vibrating 
in a direction parallel with their length than for light vibrating perpendicu
lar to the chains; that this is the case for PTFE has been shown by Bunn 
and co-workers.3'4 Therefore, the optical properties of a single crystal 
plate of the polymer should be represented by a positive uniaxial indicatrix. 
Consequently, minimum (zero) birefringence will be shown when the plate 
transmits light along the optic axis and parallel with the chain direction, 
the specimen then showing equal and minimal refractive indices in all 
directions perpendicular to the chains; this corresponds to the isotropic 
view described above. Maximum birefringence would be expected when 
the plate transmits light in a direction normal to the chain direction, 
with the maximum and minimum refractive indices shown for light vibrat
ing in planes parallel and perpendicular, respectively, to the chain direc
tion. To observe this, it would be necessary to view the crystal plates 
edge-on; we have not yet attempted to mount one of the plates in this 
manner. For all other transmission directions, corresponding to various 
inclinations of the plate to the microscope stage, intermediate birefringence
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would be observed, the index for light vibrating in planes across the chains 
having the minimum value, and that for light vibrating in the perpendicular 
direction having some intermediate value, depending on the inclination of 
the plate. In these cases, it is evident that the direction of this intermedi
ate, highest observed, refractive index will also be the direction of the pro
jection of the molecular chains on the microscope stage. A  more or less 
parallel arrangement of such inclined crystal plates, in which the striations 
seen in the electron microscope represent inclined edge views of the in
dividual plates or lamellae, seems to provide the most probable interpreta
tion of the separate needles, and also, of the bands on the film surface. 
The fact that the needles showed parallel extinction indicates that they 
had a considerable degree of crystalline order, with the molecular chains 
oriented in a definite direction. Moreover, this molecular chain direction 
was apparently such that its projection in the base plane was perpendicular 
to the length of the needle; this follows from the considerations above 
and the fact that the highest refractive index was observed in this direction. 
The feeble negative birefringence of the bands in the film surface may 
signify that in these the crystalline sheets are inclined at rather small 
angles to the film surface. This does, in fact, appear to be the case in 
the bands seen in Figure 7. Although this model, resembling a stack of 
planks which has been pushed over sideways, does not explain the bright 
striations seen when the needles are at their position of maximum extinction 
between crossed polarizers, these striations may signify that not all of 
the polymer sheets are parallel, some being skewed from the direction of 
the length of the needle.

2. Evidence for Molecular Chain Folding

The thickness of the single crystal plates observed in this work varied in 
the range of about 150-900 A. As shown by the electron diffraction and 
polarizing microscope evidence, the PTFE molecular chains in these 
crystals were oriented vertically within the plate thickness. The observed 
thicknesses, therefore, represent chain segments of about 115-690 CF2 
groups, corresponding to molecular weights of about 5,750-34,500. Since 
the crystal plates were formed directly from molten clusters of dispersion 
particles, the molecular weight of the constituent polymer must have been 
that of the whole dispersion polymer after heating, as there appears no 
possibility for molecular fractionation, such as might occur during re
crystallization from a solvent. The original dispersion polymer is known5 
to have a molecular weight of several million. If it preserved a comparable 
value after the heating, it is evident that, for the molecular chains to be 
accommodated vertically within the plate thickness, they must have assumed 
the folded configuration previously reported1 for single crystals of other 
polymers. In fact, such folding must have occurred unless the heating 
reduced the molecular weight of the thinnest plates to a value as low as 
the 5,750 figure mentioned above. Such extensive thermal degradation 
seems very improbable under the comparatively mild conditions used,
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First, although involving longer heating times, these conditions were at 
a maximum temperature some 30°C. below those customarily used in the 
commercial fabrication of this polymer. Moreover, published studies6'7 
have shown that the rate of thermal decomposition of the polymer to form 
monomer is negligible at temperatures below about 400°C., the velocity 
constant for this reaction being only about 10_8/sec. at this temperature. 
Although the present interest is not so much in the formation of monomer 
as in degradation to form lower molecular species, which are not necessarily 
volatile, these data indicate that little decomposition occurred at the 350°C. 
temperature used here.

While it thus seems fairly certain that the melt crystallization of PTFE 
occurs by a chain-folding mechanism, it is not yet known what factors 
govern the fold length. Although the present observations suggest that 
the thickness of the melt-grown single crystals depends at least partly 
on the amount of polymer involved in their crystallization, further work 
will be necessary for an understanding of the relation between the fold 
period and heating conditions, similar to that for polyethylene.8

3. The Relation o f the Present Observations to Previous Studies with
PTFE

As mentioned in the introduction, Bunn and co-workers have reported3 
a banded type of structure on fracture surfaces from bulk specimens of 
both granular and dispersion-based PTFE ; these specimens had been 
cooled slowly from 380°C. and then fractured at liquid nitrogen temper
ature. In the case of the granular polymer, the bands were about 0.2-1 g 
in width and showed a fine structure of parallel striations, separated by 
varying distances down to about 300 A., in a direction perpendicular to the 
band length. With specimens from dispersion polymer, similar striated 
bands were seen, but in these the striations were parallel with the band 
length. In both cases, optical evidence (the negative sign of the bire
fringence) showed the molecular chain direction to be perpendicular to the 
length of the bands. Subsequent studies have shown9 that perpendicularly 
striated bands in such fracture surfaces can be observed with both types 
of polymer.

The considerations of the previous section show beyond reasonable doubt 
t hat the melt crystallization of PTFE occurs by chain folding to give plate
like crystals or lamellae in which the folded chain segments are oriented 
perpendicular to the base of the plate. Although the work was confined to 
dispersion polymer, there is no reason to believe there would be any basic 
difference in the behavior of the higher molecular weight granular material, 
and so this new information may be applied for further interpretation of 
the previous observations made with both types of polymer.

The present evidence is thought to support Bunn and co-workers’ 
suggestion3 that the perpendicularly striated bands may be sheets seen 
edgewise, and it is now suggested that these bands represent the outlines 
of crystal plates which have been fractured in planes perpendicular to their
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bases, and so along the chain direction. The sharpness which they ob
served for the edges of the bands would thus be a consequence of the uni
formity of the chain-fold length. Also, the negative sign they reported for 
the birefringence of these bands would be in accordance with the optical 
properties expected for an edge view of a uniaxial positive crystal plate, 
described earlier in this paper. In the present work with dispersion poly
mer, the greatest thickness of a plate for which a single crystal electron 
diffraction pattern was obtained was about 900 A., corresponding to chain 
segments of molecular weight about 34,500. Although Bunn reports 
typical band widths of 7000-8000 A., corresponding to segment molecular 
weights of about 300,000, it is possible that crystal plates of this greater 
thickness and chain-fold length might be formed in the interior of the higher 
molecular weight granular polymer and with the different temperature 
conditions used. The origin of the striations across the band width is 
not yet entirely clear. However, electron micrographs of this type of 
band (e.g., Figure 1 of reference 3) suggest that many of the individual 
striations are not coplanar with the overall fracture surface, the bands 
having a sawtooth type of appearance. They may perhaps result from 
cleavage of the plates in a random manner along different planes parallel 
with the chain direction.

The longitudinally striated bands seen on fracture surfaces from the 
dispersion polymer appear to be similar structures to the separate needle
like crystals and the bands on the surfaces of films observed in the present 
work with the same polymer. This is suggested by the similar appearance 
and also by the negative sign of the birefringence of all three forms. Thus, 
it seems probable that these fracture bands also consist of stacks of over
lapping thin sheets of polymer, in which the striations represent edge views 
of the individual sheets, as suggested by Bunn and co-workers. Here 
it is interesting to note that the 1000 A. spacing which they observed for 
the striations is about the same as the 900 A. seen now for the thickness 
of single crystal plates of this polymer. Such longitudinally striated bands 
in fracture surfaces are presumably formed when the fracture occurs along 
planes approximately parallel with the broad surfaces of the crystal sheets, 
with superimposed sheets in the stacks being split apart in the process. 
In other words, such bands probably result when the fracture is predomi
nantly interlamellar, rather than intralamellar, as in the cases where the 
perpendicularly striated bands are observed.

T h e author w ou ld  like to  acknow ledge the capable  assistance o f J. J. R ates, Jr. in 
m uch o f the experim ental part o f this work.
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Résumé
L a  cristallisation à partir de l ’ état fond u  du polytétrafluoroéthylène dispersé en 

quantités variant de sim ples particules dispersées à des films continus, a été étudiée au 
m icroscope électronique par diffraction  des électrons et par m icroscopie optique. On 
adm et que la  dégradation  therm ique du polym ère durant la  cristallisation peu t être 
négligée en raison de l ’ em ploi d ’une tem pérature ne dépassant pas 350°C . G râce à 
l ’utilisation de très faibles quantités de polym ère, des m onocristaux d ’une épaisseur allant 
de 150 à 900 A. ont pu  être obtenus. D ans ces derniers les chaînes m oléculaires sont 
orientées perpendiculairem ent au plan de base du cristal; ceci indique que la cristallisa
tion  à partir de l ’ état fond u  du poly tétra flu oroéth ylèn e s’ effectue par un m écanism e de 
plissem ent des chaînes, ainsi q u ’ il a été dém ontré précédem m ent pou r d ’autres hauts 
polym ères. Ces connaissances nouvelles perm ettent une in terprétation  plus p ositive  des 
structures en bandes striées observées précédem m ent sur les surfaces produites lors de 
la rupture de spécim ens bruts de ce polym ère tan t sous form e granulée que sous la  form e 
de dispersion. D e  telles bandes m on tran t des striations perpendiculaires à leurs longueurs 
représentaient probablem ent des plaques cristallines individuelles form ées par fracture 
suivant des plans perpendiculaires à  leurs bases. D es bandes m ontrant des striations 
longitudinales, par contre, résultent de la  séparation d ’amas de telles plaques ou lamelles 
suivant des plans de fracture approxim ativem ent parallèles à leurs surfaces. Ces o b 
servations réalisées sur des m onocristaux isolés et bien définis à partir du polym ère 
fondu  distinct d ’une solution  peu ven t être considérées com m e vraim ent nouvelles. 
Q uoiqu ’ observée ju squ ’ ici uniquem ent dans le cas du polytétrafluoroéthylène, la crois
sance de tels m onocristaux à partir de l ’ état fond u  peu t être possible pou r d ’ autres 
polym ères à con d ition  d ’ étudier ces derniers en quantités très faibles.

Zusammenfassung
D ie  K ristallisation  v o n  P olytetra flu oräth ylen  auf D ispersionsbasis in M engen von  

einzelnen D ispersionsteilchen bis zu kontinuierlichen  F olien  aus der Schm elze wurde 
durch  E lektronenm ikroskopie, E lektronenbeugung und optische M ikroskop ie untersucht. 
D a  die angewendete M axim altem peratur nur 3 5 0 °C  betrug, kann angenom m en werden, 
dass der therm ische A bbau  w ährend der K ristallisation  zu vernachlässigen ist. Bei 
V erw endung sehr geringer Polym erm engen  w urden  E inkristalle m it D icken  zwischen 
150 und 900 A . beobachtet, deren M olekü lketten  senkrecht zur Basisebene des K ristalls 
orientiert sind ; das zeigt, dass die Schm elzkristallisation v on  P olvtetrafluoräthylen , so 
wie früher schon  für andere H ochp olym ere beschrieben, über einen K ettenfaltungs
m echanism us verläu ft. D iese neue Erkenntnis erlaubt eine positivere Interpretation  der 
früher an B ruchflächen  v on  P roben  dieses P olym eren  auf D ispersionsbasis und vom  
gekörnten  T y p  beobachteten  gestreiften B andstrukturen. Solche Bänder, die Streifung 
senkrecht zu ihrer Längserstreckung zeigen, stellen wahrscheinliz individuelle K rista ll
p lättchen  vor, w elche in  einer zur Basis senkrechten E bene gebrochen  wurden, während 
B änder m it longitudinaler Streifung durch  A bspaltun g von  solchen gestapelten Platten 
oder Lam ellen entlang einer B ruchebene parallel zur O berfläche Zustandekom m en. D ie  
jetzige B eobachtun g isolierter und w ohldefinierter E inkristalle aus einer P olym er
schm elze, im  G egensatz zur Lösung, scheint völlig  neu zu sein. D as W ach stu m  solcher 
E inkristalle aus der Schm elze wurde zw ar bis je tzt nur an Polytetrafluoräthylen  b eobach 
tet, dürfte aber auch bei anderen Polym eren  m ög lich  sein, wenn diese nur in sehr kleinen 
M engen  untersucht werden.
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Chemical Company, Midland, Michigan

Synopsis

Rirefringence m easurem ents during relaxation o f stress have been m ade on five narrow  
m olecular w eight distribution  (an ion ic) polyst.yrenes at tem peratures o f 91.5, 95.0, and 
98 .5°C . One broad  distribution  (isoth erm al) polystyren e was m easured at 91 .5°C . 
T h e birefringence vs. log  tim e curves obtained are observed to  pass through a m axim um , 
the m agnitude o f  the m axim um  being independent o f m olecular w eight above M a =  
154,000 and increasing w ith  tem perature at con stant M w. Increasing m olecular w eight 
heterogeneity causes the birefringence decay curves to  sh ift to  later tim es and broaden  
slightly, and the m agnitude of their m axim a to  decrease. D eca y  data p rev iously  o b 
tained on a plasticized com m ercia l polystyren e are presented and show n to  be in agree
m en t w ith  present findings. N o  substantial change in energy o f a ctivation  associated 
w ith  the d ecay  process ( E a =  150 k ca l./m o le )  is observed w ith  either broaden ing of 
m olecular w eight distribution  or w ith  plasticization.

Introduction

The effect of molecular weight and molecular weight distribution on the 
viscoelastic properties of polymeric materials has been discussed by several 
authors.1""4 The influence of molecular weight distribution, in particular, 
has been investigated by both creep6 and stress relaxation techniques.6’7 
The influence of molecular weight distribution on the optical effects as
sociated with viscoelastic properties, on the other hand, has not received 
a great deal of attention to date (with the exception of one study of creep, 
recovery, stress relaxation, and birefringence of polystyrene in the rubbery 
state8). In view of the scarcity of published information dealing with 
optical properties in the region where retarded elastic mechanisms pre
dominate, the investigation of the effect of molecular weight and molecular 
weight distribution upon such properties was felt to be useful both from a 
practical standpoint as well as from a theoretical one.

One way of doing this might be to measure the birefringence changes 
accompanying relaxation of stress over a suitable temperature and molec
ular weight range. This could be accomplished rather easily if the ma
terial selected for investigation had a transition region somewhere between

2857
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L O G  T I M E

Fig . 1. M echanism  for birefringence decay  of polystyrene.

25° and 100°C.* and lacked the complicating optical effects produced by 
crystallinity changes during stretching. One polymer which satisfied these 
requirements was polystyrene. In addition, it was capable of being pro
duced in varying degrees of molecular dispersity when suitable polymeriza
tion techniques were employed.

It had been previously observed,12 although it was not recognized at that 
time, that the birefringence decay curve for polystyrene does not show a 
simple monotonie decrease with time. Rather, it increases relatively 
rapidly at first from a positive value (or one close to zero), reaches a maxi
mum at some time, which, in general, varies inversely with the temperature, 
and then decays toward zero. Such a curve can be considered to be the 
algebraic sum of two exponential terms, one with a larger positive coefficient, 
the other with a smaller negative coefficient. The relaxation times associ
ated with the exponential terms determine the rates at which the positive and 
negative birefringence contributions decay. The birefringence maximum 
results when the positive contribution has decayed completely or when it 
reaches some constant nonzero value. This is shown schematically in 
Figure 1 where positive, negative, and net birefringence are plotted against 
log time. The relaxation times for the two component decay curves shown 
in this figure may be assumed to differ by 2 or 3 orders of magnitude.

Samples and Experimental Method

Five anionically polymerized, narrow molecular weight polystyrenes 
ranging in molecular weight from 125,000 to 267,000 were detained from
H. W. McCormick and F. Brower of this Company. These materials had 
been polymerized under carefully controlled conditions with a butyl- 
lithium-benzene catalyst system and were devolatilized upon completion 
of the polymerization to remove the residual solvent. Characterization as 
to molecular weight was accomplished by ultracentrifugation in cyclohexane 
at 35°C .13 Intrinsic viscosities were determined in toluene at 25°C. and

* N o t  on ly  m echanical b u t also optica l properties o f high polym ers are know n to  be 
tem perature-sensitive in the transition  region. In deed , in the case o f crosslinked p o ly 
ethyl acrylate,9 p o ly m eth y l m eth acry la te ,111 and p olystyren e11 there is a change in sign 
of the birefringence produced  b y  an applied  stress, tim e effects being m uch in  ev idence.
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T A B L E  I
P olystyren e Sam ples

M aterial M “
Vl,

poiseb

H eat
distort.,

°C . M w Mn ^w/M-n

A n ion ic polystyren e
SI 03 0 .5 2 0 1 ,4 00 103 124,700 118,000 1 .05
SI 05 0 .6 0 6 2 ,6 0 0 101 153 ,000 147,500 1 .0 4
>S10!) 0 .701 5 ,0 0 0 102 193,000 182 ,000 1 .0 6
S i l l 0 .7 7 7 7 ,8 0 0 100 2 39 ,000 2 2 1 ,000 1 .0 8
SI.08 0 .8 7 2 12 ,200 105 2 67 ,000 2 4 7 ,000 1 .0 8

Isotherm al polystyrene
B 4 0 .7 8 7 3 ,4 5 0 104 255 ,000 130 ,000 1 .96

T herm al polystyren e
E xtr. 666 0 .9 0 5 1 ,7 20 86 3 2 0 ,000 7 8 ,00 0 4 .0

a D eterm ined in toluene at 2 5 °C . 
b D eterm ined at 227°C . (see ref. 15).

heat distortion measurements were made in an effort to assess volatile 
content according to the method of Hierholzer and Boyer.14 Melt vis
cosities of these materials at 227°C. have been reported previously.16

Besides the five narrow-distribution polystyrenes, a broad-distribution 
polymer which had been prepared under isothermal conditions was also 
measured. Intrinsic viscosities, melt viscosities, (7/7), heat distortions, and 
molecular weight data for all materials used are given in Table I.

Test specimens were rectangular bars which measured 6 in. X  V 2 in. X 
Viu in. These were cut oversize from compression-molded sheets and then 
reduced to final dimensions by hand filing and polishing. All specimens 
possessed essentially zero orientation, as revealed by examination with 
polarized light.

Birefringence measurements during relaxation of stress were made in a 
continuous fashion by using the optical portion of a special apparatus 
which has been described elsewhere.12 Birefringence was measured at 
temperatures of 91.5, 95.0, and 98.5°C., temperature being maintained to 
within 0.25°C'. by means of a mercury-type temperature controller located 
in the oil bath surrounding the viewing chamber.

Test specimens were suspended in the apparatus at least 12 hrs. prior to 
an experiment, in order to allow any small internal stresses introduced 
during sample preparation to relax out. The lower end of a specimen was 
clamped, as before, to a connecting rod which passed down through the 
bottom of the viewing chamber. This rod was not, however, attached to 
the lever arrangement shown in Figure 1 of reference 12, but rather was 
fastened to a system of fairly stiff springs which permitted one to approach 
a condition of “ instantaneous”  stretch. Predetermined elongations were 
obtained by setting a stop on the connecting rod with the aid of a feeler 
gauge.
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Experimental Results and Discussion

The general type of birefringence curve obtained for polystyrene in the 
transition region is shown in Figure 2 where birefringence/strain ratio is 
plotted against log time for one of the narrow distribution materials (S105). 
The two types of points shown are indicative of the approximate repro
ducibility of the method. The data are plotted as a ratio rather than simply 
as birefringence, to facilitate comparison of data obtained at different levels 
of strain (stop settings were adjusted so as to obtain an optimum bire
fringence effect for each molecular weight and temperature).

It will be noticed in Figure 2 that the birefringence/strain ratio increases 
at first in a negative sense, passes through a maximum, and then decreases 
monotonically toward zero. Since the observed maximum is in the nega
tive direction, it is necessary to assume that the positive birefringence 
decays more rapidly than the negative. It must be remembered that only 
the total curve can be observed experimentally. Furthermore, it can be 
seen that the maximum will only be obtained over a limited temperature 
region. If the temperature is too high, the positive birefringence will 
decay before the measuring equipment can respond; if it is too low, the 
maximum will still occur, but at inconveniently long times.

The positive birefringence in polystyrene is associated with the twisting 
of the phenyl groups so that their axes become parallel to the direction of 
the applied stress, while the negative birefringence is associated with chain 
orientation which causes the axes of the phenyl groups to become perpen
dicular to the direction of the applied stress. (A little manipulation with 
a  molecular model will indicate how the chain motion tends to align the 
phenyl groups at right angles to the direction of stretch, while side group 
twisting results in the phenyl groups being partially aligned in the same 
direction as the stress.) The fact that the positive birefringence decay is 
more rapid than the negative is consistent with the assumptions that chain

x IO "2

F ig. 2. R irefriiigeuce/stram  ratio vs. log  tim e fo r  narrow -distribution  polystyren e
(S 105) at 91 .5°C .
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X 10"2

Fig. 3. B irefrin gence/stra in  ratio  vs. log  tim e for  five narrow -distribution  polystyren es
at 91 .5°C .

x I0 '2

T im e (H o u rs )

Fig. 4. B irefrin gence/stra in  ratio vs. log  tim e for five narrow -distribution  polystyrenes
at 95 .0°C .

motion involves many molecular segments, is much more involved and, 
therefore, requires a longer time to accomplish.

The effect of molecular weight on birefringence decay rate is shown in 
Figures 3-5, where decay curves are plotted for five narrow molecular 
weight polystyrenes at temperatures of 91.5, 95.0, and 98.5°C., respec
tively. It will be observed in Figures 3 and 4 that the magnitude of the 
birefringence-strain maximum, which may be used as a rough index of the 
amount of orientation introduced during the stretching process, increases 
with molecular weight up to M w =  154,000, remaining constant at higher 
molecular weights. An apparent exception to this observation is the
154,000 molecular weight curve at 95.0°C. (Fig. 4), which exhibits a 
higher maximum than any of the other materials shown in this figure. This
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x I 0 " 2

Fig. 5. B irefringenre/st.rain ratio vs. log tim e for five narrow -distribution  polystyrenes
at 98 .5°C .

I0 ' 3 IC T 2 10"' 1 0 ° 10' 102

T im e  (H ours)

Fig. 0. R edu ced  birefringence vs. log  tim e fo r  five narrow -distribution  polystyrenes at
9 8 .5°C .

discrepancy was checked by running triplicate experiments, birefringence 
decay curves which essentially reproduced the one shown in Figure 4 being 
obtained. In this connection it may also be observed that the time at 
which the birefri ngence strain maximum occurs for this material differs by 
about y 2 log cycle from the maximum times of the other polystyrenes, 
pointing to a definite difference in optical behavior.

A  comparison of the maximum time values for the same material at two 
different temperatures (Figures 3 and 4) indicates a shift in the peak of 
approximately 0.3 log cycle /°C . This is in substantial agreement with 
birefringence decay data obtained previously on an extruded sheet made 
from a commercial polystyrene16 which contained less than 1%  plasticizer 
(Extr. 666).

The effect of molecular weight on decay rate is more clearly seen in Figure 
5, where the longer-time portion of the curves is in greater evidence than
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7. b ire frin g en ce /stra in  ratio  vs. log  tim e fo r  broad  ( • )  and narrow  ( +  , O ) 
distribution  polystyren es at 9 1 .5 °C .

in either of the two previous figures. It is apparent from inspection of the 
curves in Figure 5 that molecular weight has very little effect upon decay 
rate in the molecular weight range covered. In fact, if the data be replotted 
as reduced birefringence (birefringence referred to its value at some arbi
trary time, in this case 0.005 hr.) versus log time, as has been done in Figure 
(5, what is virtually a single curve is the result.

In order to study the effect of molecular weight distribution on optical 
properties, birefringence decay curves for two of the narrow-distribution 
polystyrenes (S103 and S108) were compared with the decay curve for a 
broad distribution polystyrene (B4) at a single temperature (91.5°C.). 
The results are shown in Figure 7 plotted as birefringence/strain ratio 
versus log time. A  rather remarkable point to be noticed here is that, 
although the broad-distribution polymer has approximately the same heat 
distortion temperature as those of the two narrow-distribution materials, 
the birefringence maximum of the former occurs about two decades later 
in time than the maxima of the latter. Hence it would appear that bire
fringence decay rate does not correlate solely with heat distortion temper
ature, as has often been assumed.

Another interesting feature of Figure 7 is the disparity of the bire
fringence/strain maxima between the three materials. S108 and B4 have 
almost the same weight-average molecular weight, while S103 and B4 have 
about the same number-average molecular weight. From this one may 
conclude that the magnitude of the birefringence peak correlates with M„ 
whereas the time at which the peak occurs, imaxA, depends upon M w or 
some higher molecular weight average.

In order to check these conclusions further, the limiting birefringence 
curves obtained for the narrow-distribution polystyrenes at 91.0, 95.0, and 
98.5°C. were compared with similar decay curves for a commercial broad- 
distribution polystyrene (Extr. 666) which had been obtained previously.16
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Fig. 8. B irefrin gence/stra in  ratio vs. log  tim e for  com m ercia l b road - ( ------) and narrow -
( — ■) distribution  polystyrenes.

Because the commercial material contained a small amount of plasticizer 
(estimated from weight loss upon precipitation in methanol to be less than 
1%) it had both a lower heat distortion temperature and a lower high-shear 
melt viscosity than a narrow-distribution polystyrene of approximately 
the same weight-average molecular weight (see Table I). Since the pres
ence of even a small amount of low molecular weight material has a marked 
effect upon the mechanical and rheological properties of high polymers, 
an attempt was made to eliminate this effect by comparing birefringence 
decay curves for the plasticized polymer with limiting curves for the 
narrow-distribution polystyrenes, referring each to its respective heat 
distortion temperature. (The heat distortion temperature for the plas
ticized polymer was 86°C. while that for the narrow distribution polysty
renes, 102°C., was obtained by averaging heat distortion values for the 
separate polymers.) These curves are shown, plotted in the usual way, in 
Figure 8.

Several features of this figure deserve comment. The failure of the 
birefringence/strain maxima of the two types of polymer to coincide in 
time— even though the curves have been chosen in such a way as to mini
mize differences in internal mobility due to plasticizer-—is not surprising 
when one considers the range of molecular weights encompassed in each 
case. The range for each of the narrow-distribution polymers is less than
200,000 while for the broad-distribution material it is 1,400,000.

The fact that the birefringence/strain maxima of the commercial poly
styrene occur at later times than those of the narrow-distribution polymers 
is indicative of the importance of the high molecular weight “ tail”  of the 
former. Abnormal prolongment of the relaxation time spectrum brought 
about by high molecular weight species had previously been observed in the 
case of concentrated polyisobutylene solutions by Ferry and co-workers.17 
The importance of high molecular weight material in bulk polymers was 
also noted by Bueche,18 who first suggested that the rapid increase of the
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F ig . 10. B irefringence decay curves for a m onodisperse (• ■ -, and a polyd isperse ( ------)
po lym er exhibiting p ositive  and negative birefringence.

segmental friction coefficient with molecular weight was due to coupling by 
molecular entanglement.

The temperature dependence of the time at which the birefringence 
maximum occurs (fmax4) appears at first glance to be slightly greater for 
the narrow-distribution polymers. That this is not the case can be seen by 
plotting the logarithm of imaxA versus 1/7' for the two types of polymers, as
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is done in Figure 9. Since tins plot yields reasonably straight lines over 
the temperature range covered, one may write

t — ApEa/RT ¿max A

where Ea has an approximate value of 150 kcal./mole. This value agrees 
fairly well with energies of activation for various polymer systems deter
mined from stress relaxation experiments in the transition region and 
above,llJ and is in good agreement with the activation energy of polystyrene 
obtained from retraction measurements20 in the range 75-95°C. However, 
it is clear that these curves cannot be rigorously superimposed by shifting.

The decrease in the magnitude of the birefringence maxima with increas
ing molecular weight heterogeneity may be explained in the following way. 
The observed birefringence decay curve for polystyrene may be considered 
to be made up of two separate decay curves, as was shown in Figure 1. 
One of these is positive in sign and is associated with twisting of the phenyl 
groups, the other is negative and is associated with molecular configuration 
changes. For a system of molecules which is monodisperse there will be a 
distribution of optical- relaxation times for each of these decay curves, 
reflecting the participation of differently sized polymer segments in the 
relaxation process (see ref. 1, pp. 148-152). For a system of molecules 
which is poly disperse, there will be an even broader distribution of optical 
relaxation times for each of the birefringence curves, since both spectra will 
incorporate a range of optical contributions. The net birefringence curve 
will, in consequence, show a maximum which is both less in magnitude and 
displaced to longer times in comparison with the net birefringence curve 
for the monodisperse system. That this result is due solely to the greater 
dispersion of the separate decay curves may be seen in Figure 10 where 
birefringence is plotted against log time for a monodisperse and a poly- 
disperse system. (These curves do not represent actual optical distribu
tions but are merely meant to illustrate the explanation presented above. 
An explanation somewhat different from that given here must be used to 
account for the decrease in the magnitude of the birefringence maxima with 
decreasing temperature. Such an explanation would involve, among 
other things, a difference in the energies of activation between the positive 
and negative birefringence contributions.)
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Résumé

On a effectué des mesures de biréfringence au cours de la rélaxation de tension sur cinq 
échantillons de polystyrèn e (an ion ique) de distribution  de poids m oléculaire resserre, et 
ce à  91 .5°, 95 .0° et 9 8 .5°C . O n a m esuré une large distribution  (isotherm e) de p o ly 
styrène à 9 1 .5°C . O n observe que les courbes obtenues de la biréfringence en fonction  
du  log  du  tem ps passent par un m axim um , la grandeur de ce m axim um  étant indépen
dante du  poids m oléculaire au-dessus de M „ — 154.000 et il augm ente avec la tem péra
ture pou r un  M w constant. U ne augm entation  de l ’hétérogénéité du poids m oléculaire 
cause un glissem ent des courbes de perte de biréfringence vers des valeurs de tem ps plus 
élevées; elle cause un faible élargissem ent de la  courbe et une dim inution  du  m axim um . 
Les données con cernan t la perte de biréfringence obtenues antérieurem ent sur des m a
tériaux plastifiés, du polystyrèn e com m ercial, sont présentées et sont en a ccord  avec les 
résultats présents. O n n ’observe pas de changem ent substantiel dans l ’ énergie d ’activa 
tion  associée au processus de perte (E a =  150 k ca l/m o le ) ou  à l ’élargissem ent de la 
d istribution  du poids m oléculaire ou à la  plastification.

Zusammenfassung

D oppelbrechungsm essungen w erden an fün f P olystyro len  m it enger M oleku large
w ichtsverteilung (an ion isch) w ährend der Spannungsrelaxation bei T em peraturen  von  
91 ,5°, 95 .0° und 98 ,5° ausgeführt. E in  breit verteiltes P oly styro l (isotherm ) w urde bei 
9 1 ,5 °C  verm essen. D ie  erhaltenen K u rven  D opp elbrechu ng gegen log  Z eit gehen durch 
ein M axim um ; die Grösse des M axim um s ist oberhalb M w =  154000 v o m  M oleku large
w icht unabhängig und n im m t m it der T em peratur bei konstantem  M w zu. M it  zuneh
m ender M olekulargew ichtsheterogenität verschieben  sich  die K u rven  für den R ü ckgang 
der D opp elbrechu ng zu späteren Zeiten, verbreitern  sich  schw ach  und die G rösse ihrer 
M axim a n im m t ab. Früher an w eichgem achtem , handelsüblichem  P oly styro l erhaltene 
D aten  w erden m itgeteilt; sie sind m it den je tzt gew onnenen B efunden  in Einklang. 
W ed er bei der Verbreiterung der M olekulargew ichtsverteilung n och  bei der W eich 
m achung w ird eine wesentliche Ä nderung der Aktivierungsenergie des Abfallprozesses 
(E a =  150 k c a l /M o l)  beobachtet.

Received June 28, 1962
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Synopsis

A  stu dy  was m ade of the long-chain  branching frequen cy  of polyeth ylene b y  using 
data on polyeth ylene fractions reported  b y  M oore  and co-w orkers. I t  -was foun d  that 
the frequen cy  o f lon g-chain  branching does n ot increase w ith  increasing m olecular 
w eight, as predicted b y  B easley ’s th eory, b u t rem ains relatively  constant. T h is m eans 
th at m olecular w eight distributions ca lcu lated b y  assum ing the v a lid ity  o f the B easley 
relations will be broader than those determ ined experim entally. I t  was also fou n d  that 
the v iscosity -m olecu lar w eight relation fo r  branched fractions can  be con stru cted  from  a 
know ledge o f g, a param eter related to  the m ean square radius o f gyration  o f the m ole
cules, assum ing on ly  the va lid ity  of the relation  g3 =  fo lbr/M im . A  m eth od  was de
ve lop ed  for determ ining y*, w hich  is the frequ en cy  o f long-chain  branches corrected  for 
short-chain  branching. Since the value o f y*  is nearly constant throu ghou t the dis
tr ibution , determ ination  of y*  for a high m olecular w eight fraction  allows the con stru c
tion  o f the com plete  v iscos ity -m olecu la r w eight relation fo r  all fractions o f the sam e 
p olym er. T h is relation can  then be used to  characterize the m olecular w eights o f the 
fractions and hence the shape o f the actual m olecular w eight distribution  curve.

Introduction

The polyethylene molecule, when synthesized by a typical high-pressure 
process, is believed to be a branched structure containing both short- 
chain and long-chain branches.1 The short-chain branches are from two to 
six carbon atoms in length and are probably formed by intramolecular 
chain transfer during the polymerization. The long-chain branches are 
formed by intermolecular chain transfer, in which an active radical ab
stracts a hydrogen atom from a “ dead”  polymer chain and the resulting 
radical can grow by further addition of ethylene units, giving a long branch 
attached at some random position along the length of the original polymer 
chain. According to Beasley’s theory2 the number of these long branches 
will increase with the average molecular weight of the polymer molecule; 
this prediction has been confirmed qualitatively by the experimental re
sults of a number of authors.3-6

The exact manner in which the frequency of branching (i.e., the number 
of branches per unit length) changes with molecular weight depends on the 
kinetics of the polymerization reaction. Based on a relatively simple 
kinetic scheme, Beasley’s theory predicts that the frequency of branching

* Presented in  part at the 141st N ationa l M eeting o f the A m erican  C hem ical Society , 
W ashington, D .C ., M arch  20 -2 9 , 1962.
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also increases with molecular weight. It is very important to know the 
exact manner in which the long-chain branching frequency changes with 
molecular size, because this has decided effects on the shape of the theoreti
cal molecular weight distribution curve.

Billmeyer3 proposed a long-chain branching index, n, for polyethylene 
calculated from the value of g obtained by means of the relation:

g3/'‘ =  f o W f o J l i n  ( 1 )

where [r/]br is the intrinsic viscosity of a branched polymer, [j?|h„ is the 
intrinsic viscosity of a linear polymer of the same weight-average molecular 
weight, and g is the ratio of the mean square radii of branched and linear 
molecules of the same molecular weight.7 The weight-average molecular 
weights for the polyethylene were calculated from light-scattering data. 
It was subsequently shown by M oore8 that the method used in estimating 
these weight-average molecular weights was incorrect because of the neces
sity of extrapolating the results to zero angle. Further, it is difficult to 
obtain consistent values for weight-average molecular weights by light 
scattering because of the presence of small amount of very high molecular 
weight polymer, or “ microgel,”  and the very high values obtained show 
little correlation with values calculated from distribution curves obtained 
by fractionation . 9,10 Also, the values of weight-average molecular weights 
obtained by light scattering frequently do not show the expected correla
tions with the rheological properties of the polymer, whereas values ob
tained by other methods, such as by fractionation, do.

In  view of this, it is apparent that an independent method is needed for 
estimating long-chain branching in polyethylene. Recently, Moore and 
co-workers6 developed a method of estimating long-chain branching in 
polyethylene fractions which was based on solution viscosity measurements 
and sedimentation constants obtained from ultracentrifuge data. Moore 
published values of g, obtained by this method, for a series of fractions re
ported by Guillet and co-workers, 9 who used a chromatographic fractiona
tion method. With these data it is now possible to compare the expected 
frequency of long-chain branching calculated from Beasley’s kinetic treat
ment with experimental data. The present paper is concerned with the 
results of such a comparison and the significance of this in terms of the 
interpretation of molecular weight distribution curves obtained by frac
tionation.

Results and Discussion

Fractionation Data

The polymer studied in this work was a typical high-pressure polyethyl
ene made by the I.C .I. process and was designated polymer A  in a previous 
paper. 9 It is characterized by a density of 0.917, a melt index of 1.62, and 
a number-average molecular weight of 26,100 (by ebulliometry) ■11 In
frared measurements indicated a branching frequency of 2.4 methyl groups 
per hundred carbon atoms. Data on its molecular weight distribution and
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TABLE I
Branching Data on Fractions from Polymer A

[r/]“ g M v m y  m* y*

0 .31 0 .848 9,830 1 .9 2 .7 0 .62 0 .88
0 .43 0 .804 17,200 2 .6 2 .1 1 .26 1 .02
0 .82 0 .783 42,300 3 .0 1 .0 1 .58 0 .52
0 .91 0 .787 49,900 2 .9 0 .81 1 .52 0 .43
I .00 0 .709 68,300 4..6 0 .81 2 .87 0 .59
1 .11 0 .672 9 1,100 5 .7 0 .88 3 .7 0 .57
1 .33 0 .657 123,000 6 .4 0 .73 4..0 0..46
1 .82 0 .518 311,000 13. 7 0 .62 9 .4 0 .42
1 .99 0 .491 392,000 JO. 1 0. 57 11. 2 0 .40
2 .11 0 .410 614,000 26. 3 0. 60 21. 0 0. 48

» Intrinsic viscosity in tetralin at 100°C. calculated from inherent viscosity, corrected 
for solvent density and kinetic energy.

ultracentrifuge data on the fractions are also given in the previous paper .9 

On the basis of ultracentrifuge data, the fractions appeared to be quite 
sharp. Fractions of linear polyethylene obtained by the same method have 
been demonstrated12 to have a ratio of weight-average molecular weight to 
number-average molecular weight, M j M n, of 1.04.

Data on fractions of this polyethylene sample are given in Table I, along 
with the values of g reported by Moore and co-workers6 and the values of m 
(the number of long-chain branches per molecule) as calculated from the 
relations proposed by Zimm and Stockmayer . 13

Correction for Short-Chain Branching

In calculating his values of to, Moore assumed that short-chain branch
ing does not affect the value of g and hence the difference observed is due 
entirely to long-chain branching. There is good reason to believe that 
the value of g may also be affected by short-chain branching. A theoreti
cal expression for g in terms of the number and frequency of short-chain 
branches was proposed by Billmeyer3 and was used by Trementozzi5 in 
correcting measured values of g for short-chain branching:

g =  (1 /5  +  1) [1 +  5(1 -  2 / +  2p  -  2f )  +  S p - f  +  4P ~  P )  1 (2)

where S is the number of branches per molecule and /  is the fractional 
length of the branch. If one assumes that the short-chain branches con
tain four carbon atoms, the calculated value of g will vary with short- 
chain branching frequency, as shown in Figure 1. The values shown 
were calculated fer a molecular weight of 10,000. The value is neaily 
independent of molecular weight, however, and hence Figure 1 can be 
used to determine g to a close approximation for a molecule of any m o
lecular weight containing only short-chain branches.

The corrected value of g can be calculated from the relation:

g* =  gou/g' (3)

where g* is the value of g of the sample relative to a linear molecule con-
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Fig. 1. Variation of g with short-chain branching (mol. wt. =  10,000).

taining only short-chain branches, gQbS is the value of g obtained by experi
ment, and g' is the value of g of the short-chain-branched molecule in 
Figure 1. The corrected value of m, which is denoted to*, is then ob
tained from the Zimm-Stockmayer relation and is also included in Table I.

Calculation of Branching

It was shown by Thurmond and Zimm 7 that the intrinsic viscosities of 
linear and branched molecules in a theta solvent are related by eq. (1 ). 
More recently, Zimm and K ilb 14 proposed that a more correct relation is 
obtained by using g h in place of g !'r in this equation:

g h =  iv U lv h n  (4)

This relation has received experimental support from the data of Orofino 
and Wenger16 on polystyrene trifunctional star molecules. However, there 
is some doubt that the relation applies to the highly branched molecules 
found in high-pressure polyethylene. For example, Tung16 has published 
data on the ratio of intrinsic viscosities of branched and linear fractions of 
polyethylene. These data are shown in Table II along with calculations 
of the number of branches per molecule, to*, and the branching frequency, 
y*  (corrected for short-chain branching), obtained by using the two rela-

TABLE II
Branching Data on Polyethylene Fractions

Branching data“

By eq. (4) By eq. (1)

tion16 M w hi Mbr/Mlm in* 7* m * ik7
C-4 175,000 1.05 0.36 150 12 11 0.88
C-5 120,000 0.98 0.44 94 11 6.8 0.79
C-6 99,500 0.92 0.48 74 10 5.4 0.76
C-7 62,500 0.80 0.58 36 8 3.4 0.76

“ Values of g  were corrected for short-chain branching assumed to be 2.4 methyl groups 
per 100 carbon atoms.
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tions. It is apparent that if one assumes the validity of the g 1'1 relation 
the number of long-chain branches per molecule becomes very large in
deed— considerably larger than can be accounted for by any of the con
ventional kinetic explanations for long-chain branching in polyethylene. 
Similar conclusions may be drawn from the work of Trementozzi. 5 It is 
possible that these discrepancies are due to the fact that, when the viscosities 
were measured, a good solvent, tetralin, as opposed to a theta solvent was 
being used. However, Orofino and Wenger15 showed that the ratio they 
obtained for linear and trifunctional star molecules of polystyrene was the 
same, regardless of whether it was measured with a good solvent or with a 
theta solvent.

In the present work it has been assumed that for branched molecules of 
the type found in high-pressure polyethylene the g3/2 relation is more nearly 
appropriate. In the first place, it gives branching values closer to those 
expected from polyethylene and, second, this type of relation is implicit in 
the derivation of Moore’s equation relating branching to viscosity and 
ultracentrifuge data. While future work may develop a more accurate 
branching equation which may alter the absolute values of the number of 
branches and branching frequencies reported in this paper, it is believed 
that the general conclusions obtained in this work will still be valid.

Calculation of Molecular Weights

Since the ultracentrifuge results have given an independent measure of 
g, it is possible to estimate the viscosity molecular weight of each fraction 
by calculating the inherent viscosity of the linear molecule of equivalent 
molecular weight from the Thurmond-Zimm relation, eq. (1). The molec
ular weight can then be obtained from the known relation between inherent 
viscosity and molecular weight for linear fractions. In the present work, 
Tung’s relation was used : 17

[v ] =  5.10 X  1 0 -W 0-725 (5)

The results are also included in Table I.

M o l .  W t .

Fig. 2. Viscosity-molecular weight relations for linear and branched polyethylenes.
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The data allow one to construct the viscosity-molecular weight relation 
for these branched fractions by plotting log [??] as a function of log M„ in 
the usual manner. Such a plot is shown in Figure 2 along with the relation 
obtained from ebulliometric molecular weight data on similar fractions 
reported by Guillet and co-workers. 9 For molecular weights below 2 0 0 ,0 0 0 , 
which is the upper limit of the ebulliometric measurements, the agreement 
is surprisingly good. This agreement represents experimental corrobora
tion of both the measured g values and the assumptions involved in the use 
of the Stockmayer relation. At molecular weights above 200,000 the curve 
deviates markedly from linearity, as expected from the high degree of long- 
chain branching. This effect was shown by Trementozzi5,18 and is dis
cussed from an empirical point of view by Mussa . 1 9 - 2 1

Long-Chain Branching Frequency

By means of the molecular weights of the fractions derived from the 
ultracentrifuge data it is now possible to study the frequency of long-chain 
brandies. The frequency of long-chain branches is given by the relation:

y  =  14,000m/M (6 )

where y  is the long-chain branching frequency expressed in terms of branch 
points (or end groups) per 1000 carbon atoms and M  is the molecular weight 
of the fraction. Values of y  and y*  for the various fractions are shown in 
Table I. Here y*  is the value of y  calculated from m*, the number of long- 
chain branches corrected for short-chain branching. It can be seen that 
the uncorrected values for long-chain branching frequency lead to unusually 
high values for long-chain branching in the low molecular weight fractions. 
The frequency gradually decreases as the molecular weight increases. On 
the other hand, the values of y*  are more nearly constant and the values for 
long-chain branching in the low fractions are considerably reduced by the 
correction for short-chain branching. Both y  and y* show a significant 
decrease with increasing molecular weight. This is opposed to the predic
tion of Beasley’s theory. Beasley’s theory2 predicts that, for all molecules 
having a molecular weight M , the average number of branch points, 
(r{m,,0), is given by the relation:

G(m,0) =  [(M/M,) -  \/fi In (1 +  f3M/Mn)) (7)

where (3 is a branching parameter. M 0 is given b y :

M n =  Mo/ (1 -  0) if 0 <  1 (8 )

The weight-average molecular weight is given by :

M w =  2M o/(l -  2¡3) if p <  y* (9)

The ratio of the two average molecular weights is given b y :

M J M n =  2 [ ( 1  -  13)/(l -  2d)] (10)

Figure 3 shows the theoretical variation of 7 * with M  as calculated for
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Fig. 3. Variation  o f 7 * w ith  m olecular w eight for fractions.

polymer A, the measured value of M n =  26,100 being used and a value of 
$ =  0.50 assumed (this value gives the closest fit to the observed distribu
tion curve, as discussed in a later section). The experimentally determined 
values of y* are also plotted on the same scale. It is evident that the ex
perimental values are quite different from the theoretical prediction in that 
they start relatively high and decrease with molecular weight to a nearly 
constant value, whereas the theoretical relation predicts just the opposite. 
The use of weight-average molecular weights (e.g., those from light scat
tering) in the calculation of y  would tend to magnify this difference rather 
than reduce it.

In the development of his theory, Beasley assumed that the polymeriza
tion system was homogeneous and that the rate of intermolecular chain 
transfer was independent of molecular weight. Since the former should 
be a reasonably good assumption for the particular polymer studied in the 
present work, one must assume that the marked divergence of the experi
mental values from theory is due to the invalidity of the latter. Possibly, 
the larger molecules become shielded from transfer by coiling or partial 
precipitation from the reaction medium, so that their effective concentra
tion is reduced. This was also considered by Beasley.

Molecular Weight Distribution

The most important effect of a breakdown of the Beasley theory with 
regard to the frequency of long-chain branching in polyethylene is on the 
shape of the molecular weight distribution curve. Because of the predicted 
increase in branching frequency with molecular weight, the Beasley dis
tributions are characterized by having extremely long, high molecular 
weight “ tails.”  The fact that the branching frequency actually decreases 
with molecular weight means that the actual distribution curve cuts off 
more sharply at the high molecular weight end of the distribution. This 
will cause a marked difference between the actual values of M w and of 
M m/Mn and those calculated by assuming a Beasley type of distribution. 
Figure 4 shows the experimental distribution curve (I) for sample A  ob-
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tained from fractionation data; ultracentrifuge data were used in calculat
ing the molecular weights, as described in a previous section. With the 
measured value of M n a series of Beasley distributions was calculated for 
various values of /?•

The closest fit to the experimental data was obtained with a value of /3 —
0.5; this theoretical distribution curve (II) is also shown in Figure 4. 
The curves agree reasonably well over most of the total weight per cent 
of the polymer. The divergence is most important for the upper 5%  of 
the distribution. Since the value of ¡3 is 0.5, the theoretical value of M w is 
infinite for the Beasley distribution. Graphical evaluation of M w from 
the experimental curve gives a value of 190,000 and an M w/Mn ratio of 
only 6 .8 8 . This demonstrates clearly the importance of experimental 
determination of the long-chain branching frequency for the high molecular 
weight fractions in polyethylene. On the basis of eq. (1 0 ) a value of M wf  
M n =  6.9 corresponds to a value of /3 =  0.415. The theoretical distribution 
curve III is not as good a fit to the experimental data as is the curve for the 
high value of /?.

Mussa20 proposed a semiempirical method of fitting fractionation data 
to the Beasley equation. Application of Mussa’s method to our data indi
cated a value of /3 =  0.30. This gives a lower value of the weight-average 
molecular weight (M w =  92,000) and the calculated distribution curve IV 
is far removed from the experimental one. This discrepancy is due pre
sumably to the limitations of the Beasley distribution in describing the 
experimental situation with regard to long-chain branching frequency and 
to the assumptions involved in Mussa’s treatment.

Baskett found similar discrepancies between the Beasley distribution and 
experimental distributions determined from crosslinking experiments. 4 

A comparison of the two distributions is shown in Figure 5. Again, the 
experimental curve does not show the extended “ tail”  characteristic of the 
Beasley distribution.

One may conclude from the above considerations that the experimental 
distribution curves for polyethylenes do not, in general, have the extremely
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F ig. 5. C om parison  of experim ental and theoretica l distribution  cu rves.4

long, high molecular weight “ tails”  characteristic of the Beasley distribu
tion, and hence values of M w and M w/Mn ratios calculated by assuming this 
type of distribution will lead to values which are unrealistically high.

Molecular Weight-Viscosity Relation

In evaluating the actual shape of the molecular weight distribution curve 
from fractionation data on branched polyethylenes, the largest source of 
error lies in the determination of the molecular weight of the high molecular 
weight fractions. The use of inherent viscosity or intrinsic viscosity meas
urements, although by far the simplest experimentally, is complicated by 
the effect of long-chain branching. In the present case, an independent 
measurement of g allowed a correction to be made for this effect, and an 
accurate intrinsic viscosity-molecular weight equation could be established. 
Because the error in assuming a linear relation of the form log \y] =  log 
K  +  a log M  is greatest for the high molecular weight fractions, the values 
of M w and, hence, the M w/M n ratio will be too low when such an equation is 
used. In a previous paper9 the use of the linear equation gave a value of 
M w/Mn =  3.86, whereas correction of the data for branching in the highest 
fractions now gives a value of 6 . 8 8  for the same polymer from the same 
fractionation data. Unfortunately, since the degree of long-chain branch
ing may be expected to vary from polymer to polymer, the relation found 
experimentally for polymer A  will not apply generally to other polyethyl
enes. The amount of work involved in obtaining such a relation would 
prevent this method from being of general application.

If, however, other polyethylenes are similar to polymer A  in showing a 
relatively constant frequency of branching in the upper fractions, a single 
determination of branching frequency for a high molecular weight fraction 
by an independent method would be sufficient to establish the entire shape 
of the viscosity-molecular weight relation for all fractions of that particular 
polymer, with the use of eq. (1). The value of g can be obtained by inter
polation of the data given by Zimm and Stockmayer when the value of 
to* is calculated from the branching frequency 7 * for each molecular weight.
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Fig. G. T heoretica l [17] vs. M ,  relations for various branching frequencies (short,-chain 
branching =  2.4 C H 3/JOO C ).

[T|]

Fig. 7. T heoretica l branching cu rve for  7 =  0.44 (sh ort-ch a in  branching =  2.4 C H s /
100 C).

The value of [??]un can be obtained from the Tung equation, eq. (5), and 
should be corrected for short-chain branching frequency by the Stockmayer 
relation in the manner described previously.

With this method a set of theoretical viscosity-molecular weight relations 
was calculated for polyethylenes having a short-chain branching frequency 
of 2.4 methyl groups per 100 carbon atoms and various constant branching 
frequencies. Typical curves for 7 * =  0.0, 0.1, 0.2, 0.5, 1.0, and 2.0 methyl 
groups per 1,000 carbon atoms are shown in Figure 6 . In actual practice, 
curves of this type give an excellent fit to the experimental data. The 
average value of 7 * for the last four fractions of polymer A is 0.44. Figure 
7 shows the experimental points obtained from all fractions of polymer A 
by using the ultracentrifuge data for calculating molecular weights. The 
broken line is the theoretical curve for 7 * =  0.44 with 2.4 methyl groups per
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100 carbon atoms short-chain branches. The theoretical curve fits the 
data to well within the precision of the measurements involved.

Preliminary results with other polymers indicate that this approximation 
may be valid for a considerable number of commercial polyethylenes. 11' 
one can estimate the branching frequency, whether by direct measure
ment from ultracentrifuge methods, or from melt viscosity studies, 22 or 
from a knowledge of the method of preparation, it should be possible to 
select an appropriate viscosity-molecular weight relation and establish 
accurate molecular weight distributions from intrinsic viscosity measure
ments of polymer fractions.

Conclusion

It is concluded from this study that the frequency of long-chain branch
ing in fractions of a typical commerical polyethylene does not increase with 
increasing molecular weight, as predicted by the Beasley theory, but re
mains relatively constant. As a result, the distribution calculated by as
suming the validity of the Beasley relation is broader than that determined 
experimentally. The parameter fi of Beasley’s theory appears to provide 
a good fit to the experimental distribution curve for the first 90%  of the 
polymer, but should not be used in calculating M „ or M w/M tl because of the 
apparent invalidity of the theory in predicting the branching (and hence 
molecular weight) of the highest fractions.

The branching frequency 7 *, which is the frequency of long-chain 
branches corrected for short-chain branching, represents a useful parameter 
from which one can construct the viscosity-molecular weight relation for 
fractions of branched polyethylene. This relation can then be used to 
characterize the molecular weights of the fractions and hence the shape of 
the actual molecular weight distribution curve.

T h e author acknow ledges m any helpful discussions w ith  D r. L. D . M oore, Jr. and 
D r. H . W . C oover, Jr.
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Résumé

On étudie la fréquence de ramification en longue chaîne de polyéthylène à partir des 
résultats de Moore et collaborateurs, concernant les fractions de polyéthylène. On en 
déduit que la fréquence de ramification en longue chaîne n’augmente pas en fonction du 
poids moléculaire suivant la théorie de Beasley, mais demeure relativement constante. 
Ceci signifie que les distributions de poids moléculaires calculées sur la base des relations 
de Beasley, sont plus étendues que celles déterminées expérimentalement. On en déduit 
également que la relation viscosité-poids moléculaire des fractions ramifiées peut être 
déterminée en connaissant g, paramètre relatif en carré du rayon moyen de gyration des 
molécules, basé uniquement sur la validité de la relation g 3/<2 =  [i)]rammn/[>j]iineaire. On 
développe une méthode de détermination de y*, facteur de fréquence de ramification à 
longue chaîne, corrigé pour les ramifications à courtes chaînes. Puisque la valeur de 7 * 
est à peu près constante tout au long de la distribution, sa détermination pour une frac
tion de haut poids moléculaire permet la construction d’une relation viscosité-poids 
moléculaire valable pour toutes les fractions du même polymère. On emploie cette rela
tion pour caractériser les poids moléculaires des fractions et, à partir delà, la forme de la 
courbe de la distribution de poids moléculaire actuelle.

Zusammenfassung

Eine Untersuchung der Häufigkeit der Langkettenverzweigung von Polyäthylen 
wurde mit Hilfe der von Moore und Mitarbeitern an Polyäthylenfraktionen gefundenen 
Daten durchgeführt. Die Häufigkeit der Langkettenverzweigung nimmt nicht, wie es 
nach der Theorie von Beasley zu erwarten wäre, mit steigendem Molekulargewicht zu, 
sondern bleibt ziemlich konstant. Das bedeutet, dass die unter Annahme der Gültigkeit 
der Beasley-Beziehungen berechneten Molekulargewichtsverteilungen breiter sind als 
die experimentell bestimmten. Weiters liess sich die Viskositäts-Molekulargewichts
beziehung für verzweigte Fraktionen bei Kenntnis von g, einem zum mittleren Quadrat 
des Gyrationsradius der Moleküle in Beziehung stehenden Parameter, bloss unter 
Annahme der Gültigkeit der Beziehung g ‘ ^  =■ Mverzwcigt/fajiioear konstruieren. Eine 
Methode zur Bestimmung von 7 *, der für Kurzkettenverzweigung korrigierten Häufig
keit der Langkettenverzweigung, wurde entwickelt. Da der Wert von 7 * über die ganze 
Verteilung nahezu konstant bleibt, erlaubt die Bestimmung von 7 * an einer hockmoleku
laren Fraktion die Konstruktion der vollständigen Viskositäts-Molekulargewichts
beziehung für alle Fraktionen des gleichen Polymeren. Diese Beziehung kann dann zur 
Ermittlung des Molekulargewichts der Fraktionen und damit der Gestalt der tatsäch
lichen Molekulargewichtsverteilungskurve verwendet werden.

Received July 5,1962
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A c i d  B e h a v i o r  o f  C a r b o x y l i c  D e r i v a t i v e s  o f  

C e l l u l o s e .  P a r t  I .  C a r b o x y m e t h y l c e l l u l o s e

F. H. CH O W D H U RY* and S. M . NEALE, Department of Chemistry, 
College of Science and Technology, Manchester, England

Synopsis

The potentiometric and viscometric behavior of carboxymethylcellulose have been 
studied with solutions containing potassium chloride. It has been found that the titra
tion results can be described by the modified form of the Henderson equation pH =  
pK m +  n iog a/{l  — a), the values of p K m and n being dependent on the concentration 
of both carboxymethylcellulose and the concentration of potassium chloride in the 
system. Extrapolation of the straight-line pK  versus a  to a  =  0 yields a value of 3.42 
for pK„ which is identical with the pK  value of galacturonic acid. The concentration 
dependence of pH for any given value of a  can be described by the equation [pH]c“ =  
[pH]„“ — 0.52-v/ c where [pH]o“ is the pH at a concentration c and degree of dissociation 
a , and [pH]0“ is the corresponding value extrapolated to infinite dilution. Both the vis
cosity and the potentiometric results show that the carboxyl groups in CMC are not 
free from electrostatic interactions but that at a salt concentration of I M  electrostatic 
effects almost disappear.

Introduction

It was observed by Kern1 for polyacrylic acid that the “ dissociation 
constants,”  as defined by the equation,

K  =  [H + ] [— A ~ ]/[— HA] =  [H + ]a /(l  -  «)

decreased with increasing degree of dissociation. Since then the acid 
behavior of other soluble poly electrolytes, e.g., polymethacrylic acid,2-3 
carboxymethylcellulose,4 copolymers of crotonic acids with vinyl acetate,6 
pectic acids,6,7 etc., have been studied. I t  is now generally recognized that 
the acid behavior of the carboxyl groups in polyelectrolytes may be de
scribed by a modified form of the Henderson equation,

pH =  p K m +  nioga/ (1 — a)

where pK m is the value of pH at half neutralization and n an empirical 
index of the intramolecular electrostatic interactions. The values of pK m 
and n have been found to depend on the nature of the polymer, on the 
concentration of neutral salts in the system, on the concentration of the 
polyion itself, and on the distance between the carboxyl groups along the 
polymer backbone.

* Present address: Department of Chemistry, Rajshahi University, East Pakistan.
2881
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Since the values of pK m and n are dependent on concentration it is neces
sary to extrapolate the results to infinite dilution in order to obtain an 
unequivocal value. Following this procedure, Oth and D oty8 obtained, 
for polymethacrylic acid, values of pK m and n which were much higher than 
the values reported earlier by Katchalsky and Spitnik.2

To account for the acid behavior of carboxymethylcellulose (CM C) 
Kagawa and Katsura4 suggested the following relation:

aH2/ cjj(l -  a) =  K  =  # ,(1  -  ot/aT

where cp is the concentration of CM C, K  a new dissociation constant, and 
m the variation exponent. This equation seems to represent the data of 
the authors for various concentrations, but because of the logarithmic 
dependence of pH on concentration, it can only be valid over a limited 
concentration range. The effect of neutral salts cannot be explained by 
this equation. Moreover, Kagawa’s equation leads to pK  values which 
appear to be too high for this type of polyelectrolyte and much higher than 
the known pK  values of uronic acids and carboxylic derivatives of cotton 
cellulose.9

In order to throw further light on the matter, the potentiometric and the 
viscometric behavior of CM C have been studied in dilute solutions and the 
results are reported in this paper.

Experimental

Materials

Samples of N aCM C of different degrees of substitution (Imperial Chem
ical Industries Limited) were purified by first filtering aqueous solutions 
through glass wool. NaCM C was then precipitated by the dropwise 
addition of alcohol and filtered through a filter cloth. The operation was 
repeated several times and finally the sodium salt was washed repeatedly 
with 75% (v /v ) ethanol till it was completely free from chloride ions. 
The samples were then dried in vacuum over P 20 6 until constant weight 
was obtained. The degree of substitution, defined as the number of car
boxyl groups per glucose unit, was determined by igniting the samples 
with concentrated sulphuric acid. The free acid (CM C) was prepared by 
slowly passing a solution of the sodium salt through an ion exchange column 
containing the cation exchange resin Amberlite IR-120(H). The efficacy 
of the process was followed by pH measurements and the operations were 
continued until a steady pH was obtained. The ash contents of the 
samples thus prepared were less than 0.04% expressed on the weight of 
CMC.

pH Measurements

For the pH measurements a Cambridge pH meter in conjunction with a 
glass electrode and a saturated calomel electrode was employed. The pH
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meter was calibrated with a buffer solution of 0.05M  potassium hydrogen 
phthalate (pH =  3.97) and checked by a solution of 0.0UV HC1 in 0.09Ar 
KC1 (pH =  2.07) and 0.05M borax (pH =  9.27). As the glass electrode 
gives erratic results in the presence of sodium ions, carbonate-free potas
sium hydroxide solution was used throughout.

Viscosity Measurements

The viscosities of CM C solutions were measured with Ostwald vis
cometers in a water thermostat at 25 ±  0.05°C. Calibration was carried 
out by measuring the time of flow of distilled water or standard sugar 
solutions. To study the effect of rate of shear, the viscosity of the most 
concentrated solution of CM C was measured in several viscometers. As 
the results agreed within 0.3%  this point was not pursued further.

CM C solution in 30-ml. portions was taken in each of a series of 50-ml. 
conical flasks. The required amount of potassium chloride was then 
added and the flasks were shaken well. Different amounts of standard 
potassium hydroxide solution were then added from a microburette to give 
a series of pH and viscosity readings over the entire neutralization curve. 
The conical flasks were stoppered, shaken well, and allowed to stand for 6 
hrs. in an atmosphere of nitrogen. The pH and viscosity readings were 
then taken for each of these solutions and in this way the neutralization and 
the viscosity curves for different degrees of dissociation were determined. 
For the calculation of dynamic viscosities, densities of CM C solutions 
were determined with a specific gravity bottle at 25 ±  0.05 °C.

Unless otherwise stated, all viscometric and potentiometric results refer 
to a sample of CM C of degree of substitution 0.49.

Calculation of Dissociation Constants

Assuming that CM C behaves as a weak monobasic acid, the thermo
dynamic dissociation constant of the carboxyl groups may be defined as 
follows:

K th =  aH+«-coo-/«-~cooH

The hydrogen ion activity, aH+, can be determined experimentally, but 
nothing definite is known about the activity of the — COO-  ions. To 
overcome this difficulty, a “ concentration dissociation constant”  has been 
defined as

K c =  ( [H+] [— COO -  ] ) /  [— COOH ]

The bracketed quantities represent the concentrations in equivalents per 
liter. The following values of activity coefficients of hydrogen ions in 
potassium chloride solutions have been estimated by Harned et al.10’11 
and have been used to calculate the concentration of hydrogen ions from 
measured hydrogen ion activity.
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Ionic strength
Activity coefficient of 

hydrogen ions

0.02
0.11
1.01

0.8989
0.8492
0.9354

The total concentration of the carboxyl groups in equivalents per liter 
was determined from the equivalence point of the potentiometric curve. 
Concentration of the —COO-  ions was calculated from the equation 
[H+] +  [K+] = [COO- ] +  [—OH- ] in accordance with the requirements 
of the electrical neutrality of the system. Here [K+] represents the con
centration of the potassium ions in the solution derived from the amount 
of KOH added. [OH- ] may be neglected, since the concentration of hy
droxyl ions in acid solution is negligibly small. The degree of dissociation, 
a, has been defined as [—COO- ]/[—COOH], pK c as log K c, and pK m as 
the value of pK c when a = 0.5.

The viscosity of an aqueous solution of CMC was measured at different 
pH values, the initial pH of the solution (2.84) being varied either by the 
addition of KOH or HC1. It was found, as shown in Figure 1, that the 
viscosity increases with increasing pH, goes through a maximum at a pH 
of about 7, and then decreases. The increase in viscosity with increasing 
pH has also been observed with other synthetic polyelectrolytes12 and has 
been attributed to the uncoiling of the polyanion due to electrostatic repul
sion between like charges. As the pH of the aqueous solution is decreased 
by the addition of HC1, viscosity is considerably reduced and finally attains

Results and Discussion

6

0  2 4 6 8 10 12
PH

Fig. 1. Variation of specific viscosity with pH for CMC solution.
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a steady value. This may be attributed to the suppression of the dissocia
tion of the carboxyl groups.

When free alkali is present (above pH 8), the cations begin to function 
by reducing interanionic electrostatic repulsions, and the chains coil up 
again.

Effect o f  Neutral Salts

Figure 2 shows the variation of pK c with a for different salt concentra
tions. The pfA values increase; i.e., the dissociation constants decrease 
with increasing values of a, clearly demonstrating that the carboxyl groups 
in CMC are not free from electrostatic interactions. With increasing salt 
concentration the acid behavior of CMC gradually approaches that of a 
monobasic acid, the value of pK c becoming almost independent of a. This 
may be attributed to the shielding of the negative charges in the polyanion 
by the positively charged potassium ions present in excess. Extrapolation 
of the a pK .  curve to a = 0 in the absence of added salt yields a value of 
3.42 which is identical with the experimentally determined pK  value of 
galacturonic acid. Thus p/A0 (intrinsic dissociation constant) for CMC 
may be taken as equal to 3.42.

In Figure 3 some pH values for different salt concentrations have been 
plotted against log «/(1 — a) in accordance with the modified form of the 
Henderson equation. The values of n, which may be taken as a measure 
of the electrostatic interactions, and of pK m, are shown below.

KC1 concn. pK m n

00 4.05 1.63
01 3.87 1.56
10 3.68 1.38
00 3.38 1.12

Fig. 2. Variation of pK,. with degree of dissociation for different concentrations of 
KC1: (?) zero; (2) 0.01V KC1; (3) 0.1JV KC1; (4) 1.00V KOI.
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As expected, the values of both pK m and n decrease with increasing con
centration of potassium chloride. At a salt concentration of l.OOiV the 
value of n  is 1.12, indicating a close approach to the behavior of a mon
omeric acid (n =  1). The value of pK m, at this salt concentration, is also

Fig. 3. Plots of pH vs. log a/( I — a) in accordance with the modified form of the Hender
son equation: (1) water; (g) 0.011V KC1; (8) O.lOiV KOI; (4) 1.001V KC1.

Fig. 4. Variation of specific viscosity with degree of dissociation for different concentra
tions of KC1: (1) water; (2) 0.01V KOI; (3) 0.101V KC1; (4) 1.00.V KC1.

very close to the pK  value for galacturonic acid (3.42) or the pA0 value for 
CMC (3.42, see above). Thus, it is evident that the presence of a large 
excess of neutral salt suppresses, almost completely, the electrostatic inter
actions in the CMC molecule.
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The effects of degree of dissociation and of neutral salt on the viscosity 
are shown in Figure 4, where jj8p (specific viscosity) values have been plotted 
against a. It will be seen that viscosity increases with increasing amounts 
of —COO~ ions and that the rate of increase of viscosity decreases with 
increasing salt concentration.

Effect o f  CMC Concentration

It will be seen from Figure 5 that 1jsp/c values for CMC, in agreement with 
the behavior of other polyelectrolytes, rises sharply with dilution. For 
NaCMC this has been attributed13 to the uncoiling of the polymer chain due 
to the increasing ionization and consequent electrostatic repulsion. The

Fig. 5. Variation of i;sp/c vs. c for CMC solution.

probability of hydrogen ions escaping from the polymer coil into the ex
ternal aqueous phase also increases with increasing dilution, resulting in an 
increase in the interanionic repulsions. An increase in the net charge on the 
polyanion would make further dissociation of the carboxyl groups more 
difficult, and hence both pK m and n are expected to increase with increasing 
dilution. For the same reason the rate of variation of viscosity with a  is 
also expected to increase with increasing dilution. Figure 6 shows that 
the viscosity of CMC solutions does, in fact, behave in the manner pre
dicted.

Figure 7 shows the titration behavior of CMC at two different concentra
tions. The values of pK m and n taken from Figure 7 are as follows:

Concn., equiv./l. pK m n

0.0095
0.0045

4.05
4.20

1.63
1.71
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Fig. 6. Variation of ?jsp/c against degree of dissociation for different concentrations of 
CM C: (J) 0.0815 g./lOO ml.; (2) 0.1532 g./lOO ml.; (3) 0.3210 g./lOO ml.

Fig. 7. Plots of pH vs. log <*/f 1 — a) lor different concentrations: (1) 0.0095A"; (%)
0.0045.V.

Since pK m and n are dependent on polyacid concentration, it is necessary 
to extrapolate the results to infinite dilution, to obtain the unequivocal 
titration equation. To make this possible, potentiometric titrations of 
CMC have been carried out in dilute solutions at five different concentra
tions. From the titration results it has been found (Fig. 8) that the con
centration dependence of pH for different values of a can be represented by

[pH],“ = [pH]0“ -  A V c

where c is the concentration of carboxyl groups, in equivalents per liter, 
[pH]c“ is the pH at a concentration c and degree of dissociation a, [pH]0“
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Fig. 8. Plots of pH vs. concentration of carboxyl groups for different values of a.

Fig. 9. Plots of [pH]0<* vs. log a / ( l  — a) for CMC of degree of substitution 0.49.

is the pH extrapolated to infinite dilution and degree of dissociation a. A  
has been found to have a value of 0.52 ±  0.04 identical with the Debye- 
Huckel constant for electrolytes in water at 25°C.

Values of [pH]0“ obtained by extrapolation from Figure 8 have been 
plotted against log a /(  1 — a) in Figure 9. It is thus seen that the “infinite 
dilution titration equation” for CMC of degree of substitution of 0.49 is

pH = 4.64 +  1.80 log a/ (1 — a)

Effect o f  Degree o f  Substitution

Figure 10 shows the titration behavior of CMC of three different degrees 
of substitution. It will be seen from the table below and also from Figure 
10 that both pK m and n  increase with increasing degree of substitution.
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Degree of substitution pK m n

0 .49 4.00 1 .61
0. 70 4.17 1.76
0. 81 4.38 1 .83

Fig. 10. Plots of pH vs. log a / ( l  — a) for CMC of following degrees of substitution:
(7)0.81; (2)0 .70; (3)0.49.

With increasing degree of substitution the distance between the carboxyl 
groups decreases. This causes increased electrostatic interactions, dis
sociation of the carboxyl groups becoming more difficult and, as a result, 
both pK m and n increase with increasing degree of substitution.
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Résumé

On étudie le comportement potentiométrique et viscosimétrique de la earboxyméthyl- 
eellulose, en solution contenant du chlorure de potassium. On en déduit que les résultats 
titrimétriques sont décrits par une forme modifiée de l’équation d’Henderson: pH =
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pK m +  niog a/(l — a). Les valeurs de pK m et de n sont dépendantes de la concentration 
en cellulose carboxyméthylée et aussi de la concentration en chlorure de potassium dans 
le système. L’extrapolation de la droite p K  en fonction de a, jusque a =  0 donne une 
valeur de 3.42 pour p K 0 qui est identique à la valeur de p K  de l’acide galacturonique. 
La dépendance de la concentration du pH, pour n’ importe quelle valeur de a, s’exprime 
par l’équation : [pH]/* =  [pH]/* — 0.52 y/c, où [pH]/* est le pH à la concentration c et 
au degré de dissociation a, et [pH]0“  est la valeur correspondante extrapolée à dilution 
infinie. Les résultants viscosimétriques et potentiométriques montrent tous deux que 
les groupes carboxylés dans la CMC ne sont pas libres d’interactions électrostatiques, 
mais qu’ à une concentration molaire en sel les effets électrostatiques disparaissent 
presque complètement.

Zusammenfassung

Das potentiometrische und viskosimetrische Verhalten von Carboxymethylcellulose 
in Kaliumchlorid-hältigen Lösungen wurde untersucht. Die Titrationsergebnisse 
können durch eine modifizierte Henderson-Gleichung pH =  pK m +  nioS(ce/l — a) 
dargestellt werden, wo die Werte von pK m und n von der Konzentration der Carboxy
methylcellulose und auch von der Kaliumchloridkonzentration im System abhängen. 
Lineare Extrapolation von pK  gegen a auf a =  0 liefert für pKo einen Wert von 3,42, 
der mit dem pff-Wert von Galacturonsäure identisch ist. Die Konzentrationsabhängig
keit des pH kann für jeden gegebenen Wert von a durch die Gleichung [pH]/* = 
[pH]0a — 0,52y/e beschrieben werden, wo [pH]/* das pH bei einer Konzentration c und 
einem Dissoziationsgrad a und fpH]o“ der entsprechende auf unendliche Verdünnung 
extrapolierte Wert ist. Viskosimetrische und potentiometrische Ergebnisse zeigen, dass 
die Carboxylgruppen in CMC nicht frei von elektrostatischen Wechselwirkungen sind, 
dass aber bei einer Salzkonzentration von 1 Mol/Liter die elektrostatischen Einflüsse 
praktisch verschwinden.

Received June 29, 1962
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Acid Behavior of Carboxylic Derivatives of Cellulose. 
Part II. Oxycellulose

F. H. CHOWDHURY* and S. M. NEALE, Department of Chemistry, 
College of Science and Technology, Manchester

Synopsis

The acid behavior of nitrogen dioxide, periodate-chlorite, and alkaline hypobromite 
oxycelluloses in presence of potassium chloride solutions of different concentrations 
has been studied. Experimental results indicate that the carboxylic groups in oxycellu
loses are not free from mutual electrostatic interactions. In agreement with the be
havior of carboxymethylcellulose and other soluble polyelectrolytes, the pK  values in
crease with increasing degree of dissociation and decrease with increasing concentration 
of potassium chloride in the system. The titration results can be described by the modi
fied form of the Henderson equation pH =  pK m +  n log <*/(l — a), the value of n being 
always greater than unity. Experimental results have also been treated in an entirely 
new way, that of splitting the system into two equipotential phases: (1) the internal 
phase consisting of both the oxycellulose and its imbibed solution and (#) the external 
fluid phase. The Donnan theory of membrane equilibrium has been applied in calcu
lating the internal pH values. It has been found that although the measured external 
pH values decrease considerably with increasing salt concentration, the calculated in
ternal pH values are independent of salt concentration.

Introduction

It is now generally accepted that samples of purified cellulose possess as 
part of their chemical structure a few carboxyl groups which, when sus
pended in water, are capable of ionization according to the following 
equilibrium:

— COOH ±=; — CO O - +  H +

The dissociation of the carboxyl groups leaves the cellulose molecule nega
tively charged, since the —COO-  ions form part of the cellulose structure. 
That the intrinsic negative charge shown by cellulose in neutral aqueous 
solutions is due chiefly to the presence of carboxyl groups has been demon
strated by Neale and Standring,1 who measured the Donnan potentials 
across cellophane membranes of different carboxyl content, between two 
solutions of potassium chloride of different concentrations. The electric 
potentials were found to decrease with decreasing pH and disappeared com
pletely at a pH of 2.5. Neale and co-workers2-4 have also shown that the 
effect of the pH, of neutral salts, and of the nature of the fiber on equilibrium

* Present address: Department of Chemistry, Rajshahi University, East Pakistan.
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dyeing can be explained by assuming that cellulose is negatively charged in 
aqueous solution, because of the dissociation of the carboxyl groups.

Although the important role played by the carboxyl groups in equilibrium 
dyeing and other related processes has generally been recognized, very 
little is known about their dissociation equilibrium. A systematic quanti
tative study of the acid behavior of different types of carboxylic derivatives 
of cellulose was, therefore, undertaken. Results obtained with oxycellu- 
loses (carboxylic derivatives of cotton cellulose) are reported in this paper.

Different Types o f Oxycellulose

It is now known that there are some specific oxidants which oxidize only 
one type of hydroxyl group in the cellulose molecule, so that it is possible to 
prepare oxycelluloses which are chemically homogeneous and to which a 
definite chemical structure can be ascribed. The action of periodic acid6 
followed by chlorous acid6 has been shown to produce an oxycellulose in 
which the secondary hydroxyl groups have been converted into carboxyl 
groups with the simultaneous rupture of the pyranose ring. The structure 
of the periodate-chlorite oxycellulose (as it is called) may, therefore, be 
represented as follows:

- 0 -

OH
C

/  \
o

H

CH2OH

O
c h 2o h

C 1 o
H 0 \  / I ° \\  /  H v ° - </  \  0

s/
0 /  \  /  u c H O /

C\ \
OH 0

On the other hand, nitrogen dioxide7 produces an oxycellulose in which the 
primary hydroxyl groups have been converted into carboxyl groups:

H OH COOH
-Os

— o -
OH

H

H

- 0 /

- o -
H

OH
>— O-

H
\ l

COOH H OH

It is therefore possible to study the behavior of the carboxyl groups with 
respect to their position in the cellulose molecule.

The action of alkaline hypobromite oxycellulose has also been studied.

Experimental

Purification

Raw Egyptian cotton was purified by boiling with a 2% caustic soda 
solution, in the absence of air, and by subsequently washing with 2% acetic
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acid. The, purified air-dried sample had the following characteristics: 
cuprammonium fluidity,8 4.72; Copper number,10 0.02; total carboxyl con
tent,11 1.8 mequiv./lOO g. These data show that the cellulose had under
gone very little degradative and oxidative transformation.

Preparation of Oxycelluloses

Alkaline hypobromite oxycellulose was prepared according to the method 
suggested by Clibbens.9 The hypobromite solution was O.liV with respect 
to free alkali and 0.1 A with respect to its oxidizing value. Oxycelluloses of 
the highest carboxyl content prepared by this method had a carboxyl con
tent of 26.16 mequiv./lOO g. Further oxidation produced a gel-like sub
stance which was not suitable for our purpose.

Following the procedure of Davidson12 periodate-chlorite oxycelluloses 
were prepared by oxidizing cotton cellulose with sodium metaperiodate 
followed by chlorous acid.

Nitrogen dioxide oxycelluloses were prepared by the action of gaseous 
nitrogen dioxide in an all-glass apparatus, as described by Nevell.13 Oxy
celluloses of various carboxyl content were prepared by varying either the 
time of oxidation or the concentration of the oxidant or both.

All samples of oxycelluloses were made cation-free by being immersed in
0 .1A HC1 for 2 hr. and then washed with numerous changes of distilled 
water until the filtrates were neutral to bromocresol purple. The samples 
were then air-dried, cut into small pieces (1 mm. length), and stored in 
glass-stoppered bottles.

B on e-D ry W eight

The bone-dry weights of the air-dried samples were determined by drying 
a small portion at 110° in an electric oven for 24 hr. Assuming that the 
moisture content of a sample of air-conditioned oxycellulose stored in a 
glass bottle is the same throughout, bone-dry weights were calculated.

Potentiometric Titrations

Potentiometric titrations were carried out in a 250-ml. lipless beaker 
fitted with a rubber bung through which passed the tip of a microburette, a 
glass electrode, a saturated calomel electrode, a mercury seal stirrer, and an 
inlet for bubbling nitrogen through the solution; an outlet guarded against 
the C02 of the atmosphere by a soda lime tube. The pH readings were 
taken with a Cambridge pH meter which was previously calibrated with 
standard buffer solutions. As the glass electrode gives erratic results in the 
presence of sodium ions, a carbonate-free potassium hydroxide solution was 
used throughout. A 1-g. quantity of oxycellulose was taken in 100 ml. of 
KC1 solution for every titration.

It was found almost impossible to carry out a potentiometric titration in 
the absence of added salt, because of a very slow downward drift in the pH 
readings. In the presence of salts, up to about 80% neutralization, steady
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pH readings were obtained. Beyond this point, there was a slow but 
definite downward drift, which was especially pronounced in the neutraliza
tion region. It was found that readings in the neutralization region became 
steady 30 min. after the addition of alkali; accordingly, these readings were 
taken every 30 min. The total carboxyl content of the oxycelluloses was 
checked by the iodometric method.11 The iodometric result was always 
found to correspond to a pH of 8.5 on the neutralization curve.

Results and Discussion

Homogeneous Distribution

Making the artificial assumption of a homogeneous distribution of all the 
ions throughout the whole system, and equating the activity coefficients to 
unity, the dissociation constant K  has been calculated according to the 
following equation :

K  =  [H+] [—COO- ]/[—COOH]

where the bracketed quantities represent the concentration, in equivalents 
per liter. The degree of dissociation a has been defined as [—-COO- ]/ 
[COO- ] +  [—COOH], pK as —log K , and pKS as —log K  when a = 0.5.

Figures 1,2, and 3 show the variation of pK  values with degree of disso
ciation for the three different types of oxycellulose. It will be seen that 
the pK values increase with increasing degree of dissociation and that for 
any degree of dissociation the pK  values decrease with increasing salt con
centration. In this respect the behavior of the carboxyl groups is similar to 
that of carboxymethylcellulose and other soluble polyelectrolytes. An 
increase in the pK  values with increasing degree of dissociation was observed 
by Hirsch14 for oxycelluloses prepared by the action of nitric acid and

Fig. 1. Variation of pK  with degree of dissociation for nitrogen dioxide oxycellulose: 
(f)O .O lA K C l; (2) 0.10A KC1; (S) 0.00V KC1. Carboxyl content of the oxycellulose, 
16.12 mequiv./100 g.
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Fig. 2. Variation of pK  with degree of dissociation for hypobromite oxycellulose: 
(1) O.OliV KC1; (2) 0.10 KC1; (8) 1.00V KC1. Carboxyl content of the oxycellulose, 
26.16 mequiv./100 g.

Fig. 3. Variation of pK  with degree of dissociation for periodate-chlorite oxyeellu- 
lose: (1) 0.10V M l .  (2) 1 00 V KCI Carboxyl content of oxycellulose, 120.4 mequiv./
100 g.

nitric oxide. In Figures 4, 5, and 6 the pH values for the three different 
types of oxycellulose are plotted against log a /(l — a) in accordance with 
the modified form of the Henderson equation:

pH = pK m +  n log a / (1 — a)

where pK m is the value of p/i when a = 0.5 and n is an empirical index of 
the intramolecular electrostatic interactions. It will be seen that straight- 
line relationships are obtained between pH and log a / (1 — a). The slopes 
of the straight lines (n values) are very similar in all cases, and are as 
follows:



2 8 9 8 P. H. CHOWDHTTKY AND S. M. NKALI1',

0.01
KC1 concn. 

0.1 1.0

Figure 4 1.7 1.7 1.8
Figure 5 1.7 1.7 1.6
Figure 6 1.5 1.6 1.7

These show that the carboxylic acid groups are not free from electrostatic 
interaction, even in the presence of 1N  potassium chloride. This contrasts 
with the behavior of carboxymethylcellulose, with which the n value de
creases rapidly with salt addition.16 In these insoluble oxycelluloses the

Fig. 4. Plots of pH vs. log a/(l. — a) or nitrogen dioxide oxycellulose: (1) 0.10AT
KC1; (I?) 0.10A' KC1; (3) 1.00A7 KC1. Carboxyl content of the oxycellulose, 59.48 
mequiv./lOO g.

Fig. 5. Plots of pH vs. log a / ( l  — a) for periodate-chlorite oxycellulose: (1)0.01N
KC1; (2) 0.10.1V KC1; (3) 1.00A7 KC1. Carboxyl content of the oxycellulose, 74.84 
mequiv./lOO g.
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Fig. 6. Plots of pH vs. log a/( 1 — a) for hypobromite oxycellulose: (I )  0.01JV
KOI; (£) 0.101V KC1; (3) l.OOiV KOI. Carboxyl content, of the oxycellulose, 18.88 
mequiv./lOO g.

values of n do not appear to follow any definite trend with rising salt con
centration.

Oxycellulose as a Tw o-Phase System

In this alternative and more realistic treatment the assumption is made 
that the oxycellulose with its imbibed solution may be regarded as one 
equipotential phase. The system is thus split up into two equipotential 
phases, as follows:

Phase 1, oxycellulose with its imbibed solution Phase 2, external aqueous phase

— COOK [H + ]i tK+],
— COOK [K + ], [H+k

[C l-]: IC1-],
— COOH h 2o h 2o

The distribution of the mobile ions according to the Donnan theory of 
membrane equilibrium will be given by the relation:

a (H+O/a (H+2) = a (K+,)/o (K+2) = a (Cl+2)/a (a~0 (1)

Assuming equality of activity coefficients in both phases, it is permissible 
to replace activity by concentrations. Equation (1) may then be written as 
follows:

[H+]i/ [H+]2 = [K+ypK+js = [a -],/[C l-]i = A (2)

Since both the phases must be, to a close approximation, electrically neu
tral, it is possible to write

[K+]2 +  [H+]2 = [Cl-]2 (3)
[H+]i +  [ K + l  = [Cl-lx +  [— COD-] . (4)

As the concentration of OH- ions is very small, it has been neglected.
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Now let Vi and V2 represent the volume of the solvent for the internal and 
the external phases, respectively. By equating the total potassium ion 
content of the system to the total chloride ion content.

FiIK+Ij +  7 2[K+]2 = 7 i[Cl ]i +  7*[C1 
or

V 1[K + ] i -  [Cl ]i = 7 2[Cl-]2 -  [K+], (5)

Combining eq. (3) and eq. (5).

[K+]i -  [Cl-]i = (Fj/yOlH+k (6)
From eq. (2):

[K+]i [Cl-]! = [K+]2 [Cl-]« (7)

From eqs. (6) and (7), [K+]i can be determined:

[K+]i = (72/70 [H+]2 +  iH H + i7 T 4 ^ 2/2  (8)

where m  is the molality of the potassium chloride solution.
As an approximation, the molality of the potassium ions in the external 

phase may be taken to be equal to m. This approximation does not intro
duce serious errors when salt concentration is not too low. From eq. (2), 
therefore,

[K+]i/[K+]* = [H+y[H+]2 = [K+]i/m = X

so that, when the value of X is known, [H+]1; the concentration of hydrogen 
ions in the internal phase, can be calculated.

The above equations are applicable before the addition of alkali to the 
system. When, however, alkali is added, eq. (6) can be written as:

[K+]x -  [Cl-]! = (7*770 [H+]* +  v>/Vx

m.eq.alkali bound.

Fig. 7. Variation of external and internal pH with milliequivalents of alkali bound for 
nitrogen dioxide oxycellulose: (1) external pH in 0.10V KC1; (3) external pH in 1.007V
KC1; (3) internal pHin O.lOVKCl and 1.00V KC1. Carboxyl contentof the oxycellulose 
59.48 mequiv./lOO g.
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where w represents the milliequivalents of alkali added. From this the 
values of internal pH for the whole titration curve can be calculated.

W ater of Imbibition

To be able to calculate the ionic concentrations in the internal phase, it is 
necessary to know the amount of water imbibed by cellulose. Employing 
the centrifugal technique, Coward and Spencer16 found that the water re
tained was 55 g./100 g. cellulose, which was later confirmed by Neale and 
Farrar.17 This value has been used for all calculations on the basis of a 
two-phase system. It is emphasized, however, that this is purely an 
arbitrary value and is regarded as the one giving the most satisfactory 
agreement with theory.

Fig. 8. Variation of external and internal pH with milliequivalents of alkali bound for 
periodate-chlorite oxycellulose: (I ) external pH in 0.10.V KC1; (2) external pH in
l.OOiV KC1; (3) internal pH in O.lOiV KC1 and 1.00V KC1. Carboxyl content of the 
oxycellulose, 74.84 mquiv./lOO g.

m.eq.alkalt bound.

Fig. 9. Variation of external and internal pH with milliequivalents of alkali bound for 
hypobromite oxycellulose: (I ) external pH in 0.10V KC1; (#) external pH in 1.00V 
KC1 and internal pH in 0.10V KC1 and 1.00V KC1.



2902 F. II. C1IOWDIIURY AND S. M. NEALE

Since the approximations made in the method of calculation do not apply 
when the salt concentration is low, internal pH values corresponding to
O.OliV KC1 have not been calculated. The external pH values and the cor-

TABLE I
Internal pH Values for Nitrogen Dioxide Oxycellulose (1 g./lOO ml. soln.) (— COOH 

content of oxycellulose: 59.48 mequiv./lOO g.)

KOH
added,

mequiv.

External pH Internal pH

0.10JV KC1 1.001V KC1 0.10V KC1 1,00V KC1

0 2.98 2.68 2.61 2.60
0.109 3.26 2.86 2.74 2.77
0.218 3.66 3.12 3.00 3.01
0.327 4.16 3.48 3.37 3.34
0.436 4.79 4.04 3.88 3.87

TABLE II
Internal pH Values for Periodate-Chlorite Oxycellulose (1 g./lOO ml. soln.) (— COOH 

content of oxycellulose: 74.84 mequiv./lOO g.)

KOH
added,

mequiv.

External pH Internal pH

0.LV KC1 1.00N  KC1 0.1 A' KC1 1.00A' KC1

0 2.95 2.66 2.56 2.57
0.128 3.24 2.86 2.68 2.76
0.256 3.64 3.12 2.92 2.99
0.384 3.11 3.44 3.25 3.28
0.512 4.61 3.87 3.63 3.67
0.640 5.22 4.46 4.15 4.20

TABLE III
Internal pH Values fur Hypobromite Oxycellulose (1 g./100 ml. soln.) 

(— COOH Content of oxycellulose: 18.88 mequiv./lOO g.)

KOH
added,

mequiv.

External pH Internal pH

0.10A' KC1 1.00 V KC1 0.10A' KC1 1,00V KC1

0 3.30 3.14 3.11 3.12
0.036 3.54 3.32 3.30 3.29
0.072 3.87 3.54 3.54 3.53
0.107 4.31 3.89 3.92 3.85
0.142 4.96 4.44 4.49 4.39

responding internal pH values for 0.1 N  KC1 and 1.0N  KC1 have been tabu
lated in Tables I—III and shown graphically in Figures 7-9. It will be seen 
that, although the external pH values decrease considerably with increasing
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salt concentration, the calculated internal pH values are independent of 
this quantity.

It may be inferred, therefore, that the Donnan theory treatment does 
account for the variation with salt concentration of the external pH. 
However, plots of internal pH against log a /  (1 — a) do not yield n values 
very much different from those quoted in the preceding section. It must 
be concluded, therefore, that the behavior of the insoluble oxycelluloses is 
essentially different from that of the soluble carboxymethylcelluloses, but 
it does resemble that of the fibrous proteins, investigated by Peters18 and 
Gilbert and Rideal.19
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Résumé

On étudie le comportement acide d’oxycelluloses obtenues au moyen de dioxyde 
d’azote, de periodate-chlorite et d’hypobromite alcalin, en présence de solutions de 
chlorure de potassium à diverses concentrations. Les résultats expérimentaux mon
trent que les groupes carboxyliques des oxycelluloses ne sont pas libres d’interactions 
électrostatiques mutuelles. En accord avec le comportement de la carboxyméthyl- 
cellulose et d’autres polyélectrolytes solubles, les valeurs de p K  augmentent avec un 
degré de dissociation croissant et diminuent avec l’augmentation de concentration du 
chlorure de potassium dans le système. Les résultats titrimétriques sont donnés par la 
forme modifiée de l’équation d’Henderson: pH =  pK m +  n log a / 1 — a, dans laquelle 
la valeur de n est toujours supérieure à l’unité. Les résultats expérimentaux ont été 
également considérés de façon entièrement différente par scission du système en deux 
phases équipotentielles; (I ) la phase interne constituée d’oxycellulose et de sa solution 
d’imbibition et (S) la phase liquide externe. On applique la théorie de l’équilibre de 
membrane de Donnan au calcul des valeurs du pH. Bien que les valeurs externes de pH 
mesurées décroissent fortement avec l’augmentation de concentration saline, les valeurs 
de pH internes calculées sont indépendantes de la concentration en sel.
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Zusammenfassung

Das Säureverhalten von Stickstoffdioxyd-, Perjodat-Chlorit- und Alkalihypobromit- 
oxycellulose wurde in Gegenwart verschieden konzentrierter Kaliumchloridlösungen 
untersucht. Die Versuchsergebnisse zeigen, dass die Carboxylgruppen in Oxycellulose 
nicht frei von gegenseitiger elektrostatischer Wechselwirkung sind. In Übereinstim
mung mit dem Verhalten von Carboxymethylcellulose und andern löslichen Poly
elektrolyten, nehmen die pK-Werte mit steigendem Dissoziationsgrad zu und mit 
steigender Kaliumchloridkonzentration im System ab. Die Titrationsergebnisse 
lassen sich durch eine modifizierte Hendersongleichung pH =  pK m +  n log a / ( I  — a) 
beschreiben, wo der Wert von n immer grösser als eins ist. Die Versuchsergebnisse 
wurden auch in einer völlig anderen Weise behandelt, nämlich durch Aufspaltung des 
Systems in zwei Phasen von gleichem Potential, (I )  die innere, aus Oxycellulose und der 
imbibierten Lösung bestehende Phase und (2) die äussere, flüssige Phase. Zur Be
rechnung der inneren pH-Werte wurde die Theorie des Membrangleichgewicht von Donna 
verwendet. Obgleich die gemessenen äusseren pH-Werte mit steigender Salzkonzen
tration beträchtlich abnehmen, sind die berechneten, inneren pH-Werte von der Salz
konzentration unabhängig.

Received June 29, 1962
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Proton Magnetic Resonance in Natural Rubber: 
Comparison with Dielectric Measurements*

HAZIME KUSUMOTO, H itachi Central Research Laboratory, Kokubunzi, 
Tokyo, Japan, and H. S. GUTOWSKY, N oyes Chemical Laboratory, 

University of Illinois, Urbana, Illinois

Synopsis

Proton magnetic resonance studies have been made of cured natural rubber containing 
up to 31% combined sulfur. Line shapes and spin-lattice relaxation times were ob
served at temperatures between —190 and 180°C. In the line shape studies, the main 
effect of the combined sulfur was upon the temperature at which the line width is nar
rowed by the molecular segmental motions. The temperature at the onset of the major 
line width narrowing increases from —50°C. for raw rubber to about 10°C. for 31% 
combined sulfur. A relation was found between the dependence upon sulfur content of 
the line width changes and the second-order transition temperature. The proton spin- 
lattice relaxation time Ti was measured for three cured samples in the temperature range 
above the motional narrowing region. The vs. temperature curves agree qualitatively 
with the theory of Kubo and Tomita. The general features of the Ti curves are con
sistent with a distribution of correlation times which broadens with increasing sulfur 
content. Energies of activation were computed from these results and they are com
pared with the dielectric relaxation data obtained previously. The effect of a distribu
tion of correlation time is discussed.

I. INTRODUCTION

Several studies on natural rubber1-5 have been made by means of proton 
magnetic resonance techniques. The effects of curing2,6 and elongation4 
on the molecular motions in natural rubber have been observed in measure
ments of line shapes and spin-lattice relaxation times as a function of tem
perature. Line shape studies6 on cured rubber having up to 9% combined 
sulfur showed major narrowing of the line widths at temperatures above 
— 50°C., and this was assigned to the segmental motions. Also, there was 
observed a gradual narrowing of line widths in the temperature range be
tween — 150 and — 50°C. It was proposed that this type of line width 
change is related to the CH3 group rotation. The temperature dependence 
of the proton spin-lattice relaxation time Ti showed the general features 
described by the theories of Bloembergen, Purcell, and Pound6 and Kubo 
and Tomita.7 Also, the Ti versus temperature curves were found to 
depend on the sulfur content in a manner qualitatively similar to the line 
shapes and their temperature dependence.

* Supported in part by the U.S. Office of Naval Research and by a grant-in-aid from 
the Goodyear Tire and Rubber Company.
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However, there were quantitative discrepancies5 between experiment 
and theory, and these seemed to be due to the assumption that the relax
ation was caused by random molecular motions with a single correlation 
time.6,7 Moreover, the discrepancies appeared to increase with the sulfur 
content. In the present experiments, the line width and Ti measurements 
were extended to samples containing up to 31% combined sulfur. It was 
hoped that in samples with such extremely large sulfur content, and dis
crepancies would be correspondingly larger than in the previous samples 
having a maximum of 9% sulfur, and that the nature and origin of the dis
crepancies would be more readily apparent.

In our experiments, raw Hevea rubber and seven samples of cured 
Hevea rubber containing 1.9-31.0% of combined sulfur were examined in 
the temperature range from —190 to I80°C. In the line shape studies 
both gradual narrowing at low temperatures, upon warming, and more 
abrupt narrowing at high temperatures were found in all cases. The tem
perature regions in which the line width changes occur clearly depend on 
the content of combined sulfur. Moreover, a relation was found between 
the dependence upon sulfur content of the transition temperature region 
in NMR and the so-called second-order transition temperature. This rela
tion appears to be concerned with the mechanism of curing.

Information on the molecular motions at higher temperatures was ob
tained also from % measurements. Energies of activation for the motions 
were computed from both the line shape and 1\ data under the assumption 
of a single correlation time. These values are compared with the results 
obtained in dielectric measurements8~10 on samples with similar sulfur 
contents. In treating these results the effect of a distribution of correlation 
times is considered, and the theoretical aspects are presented.

II. EXPERIMENTAL

1. Samples

The materials investigated were raw Hevea rubber and seven specimens 
of cured Hevea rubber differing in the combined sulfur content. The first 
step in the preparation of the cured samples was the mastication of a batch 
of raw Hevea rubber (100 parts by weight) with accelerator (mercapto- 
benzothiazole, 1 part) and antioxidant (phenyl-d-naphthylamine, 1 part).

TABLE I
Preparation and Composition by Weight of the Cured Rubber“

Sample No.

1 2 3 4 5 6 7

Curing temp., °C. 140 140 140 140 140 140 140
Curing time, hr. 2 2 2 3 4.5 4.5 4.5
Mixed sulfur, % 2 4 8 14 20 25 32
Combined sulfur, % 1.9 3.9 7.8 13.8 19.4 24.1 31.0

* The accelerator used iri the preparation of the samples was mercaptobenzothiazole 
(1 phr), and the antioxidant was phenyl-/?-naphthylamine (1 phr).



PROTON MAGNETIC RESONANCE 2907

Samples from this batch were then mixed with sulfur and cured as de
scribed in Table I. The composition and curing conditions were chosen to 
give the maximum amount of combined sulfur. Crystallization and hys
teresis effects were minimized by annealing the sample for several hours 
at 30°C. prior to a set of measurements.

2. Equipment and Experimental Procedures

The proton absorption line shape was observed for all samples from liquid 
nitrogen temperature to temperatures high enough that the width narrowed 
to about 0.1 gauss. The line shape observations were performed with a 
regenerative spectrometer11 operating at a fixed frequency of 26.8 Mcycles/ 
sec. Also, the proton spin-lattice relaxation time T i was measured on three 
samples, (1, 3, and 6) between approximately —40°C. and 130°C. These 
measurements of Ti were made with a spin-echo12 apparatus at 20 Mcycles/ 
sec. In addition, T\ was determined at 28 Mcycles/sec. for all seven cured 
samples at room temperature. The 7\ values were measured by the 180- - 
90° pulse method of Carr and Purcell.13 Two cryostats were used to 
regulate the sample temperature. A variable heat-leak cryostat11 was used 
for the line shape measurements, and a gas-flow type11 was used in the 'J\ 
measurements. In all experiments the temperature was measured with a 
copper-Constantan thermocouple placed directly in the sample.

III. RESULTS AND DISCUSSION

1. Line Shape Studies at Low Temperatures

Derivative curves of samples 3 and 7 at — 190°C. are reproduced in 
Figure 1. The absorption lines are simple and bellshaped without any 
notable structure. However, the peaks of the derivative curves become 
flatter, as shown in Figure 1, with increasing combined sulfur. At the 
same time, the line width between the maximum and minimum slope, 
AHlnsi, seemed to increase with increasing combined sulfur, though ac
curate values could not be determined for A H mai because of the flatness of 
the peaks. It seems likely that the line widths of the heavily cured samples 
are likely to increase below liquid nitrogen temperatures. Measurements 
at lower temperatures would be desirable to make sure of this tendency.

At the lowest temperature the second moments obtained for the eight 
samples ranged between 17.5 and 19.0 gauss2. The contribution of the 
protons in the monomer of rubber molecule, •—CH2CH2C(CH3)—CH—, 
to the total second moment may be calculated assuming that the C-H 
distance is 1.09 A. and that all the angles are tetrahedral. The monomer 
may be considered to consist of two rigid methylene groups, each of which 
has an intragroup second moment of 10.2 gauss2, and a group consisting of 
the methyl protons and the isolated proton at the double bond. The value 
of the second moment of this group is 17.1 gauss2. The net intramolecular 
contribution from these groups to the second moment is

AH,2 = (4/8) X 10.2 +  (4/8) X 17.1 =  13.7 gauss2
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Tig. 1. The first derivative of the proton absorption observed at — 190°C. in cured 
Hevea rubber samples containing 7.8%  and 31.0% by weight of combined sulfur. The 
arrow indicates the amplitude of the audio-frequency modulation of the magnetic field. 
The center of the derivative curve corresponds to an applied magnetic field of about 
6325 gauss.

The difference of 4-6 gauss2 between this calculated value and those 
observed should come from the dipolar interactions between protons in 
adjacent groups either in the same or different molecules. About 5 
gauss2 could be a reasonable value15 for such intergroup and intermolecular 
interactions in polymers. On this basis the molecules may be considered 
to be effectively in a rigid lattice at liquid nitrogen temperature.

The vulcanization of natural rubber is an extremely complex process, the 
principal features of which have been investigated extensively by Farmer 
et al.16 In general, the role of combined sulfur has been believed to be the 
formation of intermolecular and intramolecular crosslinks at the double 
bond of the monomer:

CHS

CH— CH— CHo - C H . - C  -C H — CH— C E .~
I I I

CH2- C -----S C— CHa or S*
I I I

— CH, C H , -  —Cth C CHs G ib  CFl-w

¿ h 3

These crosslinks affect the local arrangement of molecules. The inter
molecular crosslinks would affect the intermolecular dipolar interaction, 
and the intramolecular ones would have effects on the intramolecular inter
action. Actually, vulcanization of rubber causes decrease of specific vol
ume.14 Since the dipolar interaction is proportional to the inverse third
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power of the proton-proton distance, such decreases in the intermolecular 
distances with sulfur content increase the intermolecular contribution to 
the second moment. The effect may be reasonably large and should in
crease with increasing combined sulfur content, although exact estimation 
is difficult because of the complicated arrangement of the molecules and a 
lack of knowledge of the exact number of crosslink of both types. In any 
case, the line shapes shown in Figure 1 indicate that broader lines occur in 
samples with more combined sulfur.

2. Temperature Dependence of the Line Width and the Second Moment

The first derivative of the absorption line was recorded for the eight 
samples throughout the entire temperature range studied. No appreciable 
structure was observed in any of the absorption lines. At the first time the

Fig. 2. Half-height line widths (AHi/,) and maximum slope line widths (A f f „ i )  of 
the proton absorption as a function of temperature for a sample of raw natural rubber and 
seven vulcanized samples. The sample numbers indicated in each section refer to those 
in Table I.
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Temperature (°c)

Fig. 3. Second moments of the proton absorption as a function of temperature for a 
sample of raw natural rubber and seven vulcanized samples. The sample numbers indi
cated in each section refer to those in Table I.

maximum and minimum slope line width, A//mSi, was obtained directly 
from recorded first derivatives. The second moment, Aff22, was calculated 
from these first derivatives. The half-height, line width, A H , was meas
ured from absorption lines obtained by integrating derivative curves 
numerically. A H i/ 2 and A7/22 are plotted against temperature in Figures 
2 and 3, respectively.

The general features of these curves are similar to those observed in the 
previous studies2'6 on natural rubber. All samples showed a gradual 
narrowing in the low temperature range. The line width decreased from
11.5- 10.5 gauss at the lowest temperature to 8-9 gauss for A H i/„  and from
16.5- 20 gauss2 to 12-13 gauss2 for A H 22. The reduced values and the 
temperatures where the gradual narrowing ceased depended upon the 
combined sulfur content. This gradual narrowing upon warming, ended 
at — 50°C. for raw rubber and at about 10°C. for the cured sample 7. 
Except for the case of raw rubber, the transition temperature from the 
gradual narrowing to the major one was difficult to determine. This 
tendency increased with increase of the combined sulfur content.

Such a gradual narrowing may occur as a result of a localized motion 
in the rubber molecule. The rotation of the CH3 group about the C3 sym
metry axis may cause such narrowing. This interpretation, proposed 
previously,2 is very tempting. In fact, the second moment decreased to 
12-13 gauss2. These values could be predicted, assuming that all the 
methyl groups rotate around their C3 axis.18

However, it was found that the proton absorption of some high polymers 
having no rotating group also showed the gradual narrowing below the 
temperature range where the major narrowing takes place. Such a narrow-
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TABLE II
The Reduction in the Line Widths and Second Moments due to the Minor Narrowing 

in Some Amorphous High Polymers Having No Rotating Methyl Group0

Temperature Neoprene“

Thiokol rubber0 

A ST FA

AÜnisi Liquid N2 temperature. 12.8 11.3 14.1 13.5
AH 1/4 11.6 — — —
AH«} 16.7 19 20 18.5
Aifnisl Temperature where the 9.9 10.0 11.6 11.2
AH i /2 major narrowing 9.9 — — —

A H } takes place. 13.0 15 15 14.5

Temp, of major narrowing, °C. - 3 6 - 3 5 - 3 7 - 5 5

* Data of Kusumoto.18 
b Data of Kusumoto.2“
0 AH is in gauss and AH«- is in gauss2.

ing was observed on some amorphous polymers like neoprene,19 polysulfide 
rubber,20 Buna N,21 and crystalline polymers like polyamide.22 The line 
width data at liquid nitrogen temperature and those at the onset of the 
major narrowing on neoprene19 and thiokol rubber20 are summarized in 
Table II. For these materials, the extent of reduction in line width is 
comparable with that of natural rubber.

This narrowing may be caused also by the vibrational motion of the chain 
segments around their axes. The second moment for highly cured rubber 
seemed to have a tendency to be still increasing at the lowest temperature 
studied. These results lead us to suggest that the methyl groups rotate 
even at the lowest temperature studied and the gradual narrowing is 
assigned to the vibrational motion of the segments. In this point of view, it 
would be expected that the line width for raw' rubber and for weakly cured 
rubber would increase at lower temperatures. The strongest argument 
against this hypothesis may be that the second moment observed at the 
lowest temperature was close to that expected for the rigid molecule. An 
experimental value of the second moment much larger than expected for the 
rigid state was observed23 on polyethylene at liquid nitrogen temperature. 
A decrease in the H-H distance was a likely explanation for such a large 
value of the second moment. The increase of the second moment on the 
heavily cured rubber below' liquid nitrogen temperature might be under
stood in the same way as in the case of polyethylene. In order to make 
sure of the correctness of these hypotheses, line shape measurements below 
liquid nitrogen temperatures should be carried out. Also T\ and dielectric 
measurements for the temperature region of gradual narrowing would 
serve to elucidate further properties in this region.

The temperature region in which the major line width change occurs de
pends upon the combined sulfur content. As expected, the region shifted 
to higher temperature with increase in the combined sulfur content. This 
is a quite reasonable tendency, because the crosslinking should hinder the 
segmental molecular motions. In Figure 4 these “transition temperatures”
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% S

Pig. 4. Relation between T „  Tn, and Tn* and the combined sulfur content: (------ )
dependence upon the combined sulfur content of the second-order transition temperature, 
Ts; (O )T n\ a n d ( * ) r n*; (A ) temperature where A ifi/, reduces to 0.5 gauss.

are compared with the so-called second-order transition temperature, T g, 
against the sulfur content reported by Boyer and Spencer.24 The tempera
ture coefficient of heat capacity, specific volume, and expansion coefficient, 
change discontinuously at T g. In Figure 4 are also plotted against the 
combined sulfur the temperatures T„ at which the absorption lines begin 
to narrow, and those T n* where the values of A H i/, reduce to 2 (In 2Aff22)i/2. 
The definition of T n and T n* may be arbitrary. However, an interesting 
relation between T„ and T n is found there. T n and the transition range 
in NMR are located above T g for low sulfur content, but for high sulfur 
content the former exist below T„. It is usual that T 0 does not coincide 
with T n for polymers. One of few exceptions was silicon rubber for which 
T g (— 123°C.) agreed well with T„.25 The apparent discrepancies of the two 
kinds of transition temperature may be attributed to the difference in time 
scale for the two measurements and to the different distribution of correla
tion time in NMR and relaxation time in dielectric measurements.

3. Temperature Dependence o f the Spin-Lattice Relaxation Time Tj

The proton spin-lattice relaxation time T i was measured for samples 1, 3, 
and 6 in the temperature range where the major motional narrowing takes 
place. Few attempts were made to measure T\ at lower temperatures for 
sample 6. Ti values obtained are plotted against reciprocal temperatures 
in Figure 5. The main features of the curve in all cases may be interpreted 
on the basis of the theory of Kubo and Tomita:7

1 /T x  = (3/10)y4̂ 2 £  r r 6{ [ n / ( l  +  * W ) }  +  [4re/( l  +  4a>V)]} (1)
3

where y  is the proton magnetogyric ratio, r} are the distances to the neigh
boring protons, oi is the angular resonance frequency (= 2 irv), and rc 
is the correlation time for the random reorientational motion of molecules
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Tem p era tu re  (°C )

Fig. 5. The proton spin-lattice relaxation time as a function of temperature for three 
vulcanized samples of Hevea rubber (samples 1, 3, and 6) at resonance frequency of 20 
Mcycles/sec.: (A ) and (B) Ti data on uncured Hevea rubber (reproduced from Gutow- 
sky et al.6). Measurement frequencies are 20 Mcycles/sec. and 28 Mcycles/sec. for 
A  and B, respectively.

producing the relaxation. Equation (1) gives a minimum Ti value when 
cotc =  0.6158. The minimum value of T\ is obtained from5

l/Timin = 0.4275(74/i2/ “) £  r,~6 (2)

Each sample was found to have such a minimum Ti value. The magni
tude and temperature of Tlmm were found to depend on the combined sulfur 
content. This feature is similar to those found in the previous study.5 All 
the V-shaped Ti curves are located approximately in the temperature range 
of the major motional narrowing. The major narrowing of line width 
should be associated with random reorientations of the chain segments of 
the molecules and the minimum in Ti is also attributable to the same 
mechanism. A few 7\ values measured below 0°C. showed there would 
exist another minimum in Tj around — 100°C. A type of molecular motion 
may be suggested for this temperature range. This would correspond to 
rotation of the CH3 groups or to the vibrational motion of the segments as 
mentioned above. The Ti minimum values are likely to depend upon the 
sulfur content. Average distances of the nearest neighbor for each proton 
are estimated to be about 1.8 A., and at these temperatures the methyl
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groups are assumed to rotate so rapidly that their contribution to 'J\ may 
be negligible. This average proton-proton distance would not be affected 
by curing. Thus, eq. (2) gives a T lm i„  value of 17.7 msec, for all the sam
ples measured. This value is in good agreement with the experimental 
values (20.5 msec, for the cured rubber containing 1.9% sulfur and 18.8 
msec, for raw rubber5). However, the minimum value of T i observed for 
the sample containing 26% sulfur was 40 msec. _ This result suggests that 
the average value of r, is not correct for this case or that eq. (1) under 
the condition of the single r„ cannot be applied for these polymeric sys
tems.

The shape of the log T\  versus 1 /  T  curve also depends upon the sulfur 
content. The Ti curve for the heavily cured sample was shallower and 
flatter than that observed for the weakly cured rubber. Applicability of 
eq. (1) may not be adequate for the heavily cured rubber. More detailed 
discussion of these results is given in the following section.

IV. GENERAL DISCUSSIONS AND CONCLUSIONS

1. Comparison o f N M R Line Width Changes and Dielectric Relaxation

As previously described, the major narrowing of the absorption takes 
place when the inverse frequency width of line8’18 (2ir8v)approaches the 
correlation time, rc, for the segmental motions of rubber molecules. In 
the case of rather slow motion near the transition temperature, eq. (3) 
is given by the theory of Kubo and Tomita7 for describing the narrowing:

(A ffi/,)2 =  (16 In 2 /V ) (A H 22)rigid tan“ 1 [ ( « tt/S  In 2) tc y A H i / , ]  (3)4
where (Ai/22)rigid is the second moment before the narrowing takes place 
and a is a correction factor depending upon the line shape which is unity 
for Gaussian line shape. Only one responsible correlation mechanism 
represented by rc is assumed for deriving this equation. If one further 
assumes that this t„ varies with temperature as

t c =  T0c exp {AE / R T )  (4)

corresponding to a thermal process with an activation energy AE , combin
ing eqs. (3) and (4), we can obtain the energies of activation from the line 
width data.

On the other hand, the segmental motions of cured rubber can be studied 
by the dielectric measurement. Crosslinking caused by combined sulfur 
produces electric dipoles in molecules and between molecules as shown 
above. For such systems, dielectric measurements are useful to investi
gate the motion of the dipoles. The applied electric field forces the dipoles 
to rotate under hindrance by combined molecules. Such dielectric be
havior of cured rubber is described qualitatively by Debye’s theory.26 
In this point of view the motions of the electric dipole are closely related to 
those of the segments and it should be quite interesting to compare the 
results of the dielectric measurement with those of NAIR.
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According to Debye’s theory, the dielectric constant e' and the dielectric 
loss factor e" are described as

(V  — e=o)/(eo — O  =  (1 +  u)2td2)'~ l (5)

« " /  («o — «= ) =  w t d / (1  +  co2t d 2) ( 6 )

where e0 is the statically measured dielectric constant, e„ is the dielectric 
constant measured at frequencies much greater than the relaxation rate, 
vD = (2tttd) " 1, and co denotes the angular frequency of measurements. 
Only one significant relaxation time, r D, is assumed for the motions of the 
dipole as well as rc. An equation similar to eq. (4) is given also for tem
perature dependence of r D:

td = t0b exp { A E /R T }  (7)

t d  is directly obtained from eqs. (5) and (6) for the observed values t , 
e", e0, and £ „ .  In the limiting cases of u >t d  «  1 and c c t d  »  1, e"/(«o — 
« „ )  is directly proportional to t d  and r D  ' /  respectively. Thus, combined 
with eqs. (5) and (6), eq. (7) gives energies of activation for the motions 
of electric dipoles.

T i measurements also serve as a means of investigating the segmental 
motions of rubber molecules. If the term 2/y-6 in eq. (1) is known, 
T i gives t„. As in the case of eq. (6), eq. (1) also is reduced to simple 
forms as

1 /T \  = cor c
and

i - ?’i = C /( w W )  (8)
for the two limiting cases, cotc «  1 and corc > >  1, respectively. We obtain 
energies of activation from eqs. (4) and (8).

Thus, under the assumption of a single correlation time rc and a single 
dielectric relaxation time r D, energies of activation for the motions of seg
ments and dipoles can be found from the experimental data of «', e", A H ,/,, 
and Ti independently of each other.

Extensive dielectric measurements on cured rubber differing in the com
bined sulfur content in the range from 2 to 32% have been carried out by 
Scott et al.8 for the frequency range from 60 cycles/sec. to 300 kcycles/ 
sec. in the temperature region from —75 to 320°C. Energies of activa
tion were computed from these results by using the slopes of the high tem
perature linear portion of plots of log e" versus 1/7’ and are listed in Table 
IIIB; those obtained from the data of 7\ and A H ,/, by using eqs. (1) and
(3)—(8) are listed in Table IIIA.

The values of A E  in Table III are dependent upon the combined sulfur 
content and the method of measurement. A E  obtained by NMR is not 
consistent with that obtained from the dielectric data for the same content 
of combined sulfur. As previously pointed out,10 the values of A E  from 
dielectric measurements show a marked dependency upon frequency and
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TABLE III A
Values of AE Obtained from NM R Measurements

Sample
No. S, %

AE, kcal./mole

From T,
From A7L/, (at 20 Mcycles/sec.)

0 0 13.8 7.7“
1 1.9 13.8 7.3
2 3.9 12.2 —
3 7.8 12.5 6.3
4 13.8 13.9 —
5 19.4 13.9 —
6 24.1 12.4 5.3
7 31 13.5 —

a Data of Gutowsky et al.6

TABLE IIIB
Values of AE Obtained by Use of Dielectric Measurements of Scott et al.8

AE, kcal./mole

300 100 3 1 60
s, kcycles/ kcycles/ kcycles/ kcycle/ cycles/ This Kauz-
% sec. sec. sec. sec. sec. work“ mann1

2 10.7 10.7 10.7 10.7 13.2 24 25.2
4 10.6 10.1 11.6 12.5 11.7 25 26.1
8 8.6 9.7 11.4 13.4 14.7 28 28.6

14 6.2 .10.8 12.8 12.7 14.2 33 32.3
23 11.4 10.3 15.2 16.0 16.8 45 46.0

“ Calculated from the temperature dependence of t d o  in Figure 6 . 

b Calculated by Kauzmann10 on the basis of measurements of Scott et al.8

temperature. In NMR measurements AE  from rJ\ is almost one-half 
the value obtained from the line width data. The values of AE  from A H ¡/2
do not seem to show significant variation with combined sulfur contents. 
In Ti measurements AE  has a clear tendency to decrease with increased com
bined sulfur content. It may be a reasonable prediction that the combined 
sulfur reduces the freedom of segmental motions and consequently would 
cause increase of activation energies for both NMR and dielectric behavior. 
Some of the A E  values shown in Table III exhibit such trends, but others 
do not and thereby they indicate that the matter is not so simple.

2. Effects upon Ti o f the Distribution o f Correlation Time

It is well known9 that the frequency dependence of t' and t" on high poly
mers deviates considerably from that predicted by eqs. (5) and (6). This 
fact has been observed on cured rubber,10 and it has been confirmed10 
that the unreasonable values of A E  should be ascribed to neglect of the 
distribution of relaxation time. In order to interpret the discrepancies of 
results of the dielectric measurements for high polymers it has been pro
posed10 that eqs. (5) and (6) of the simple Debye model under the assump-
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Fig. 6. NMR correlation times and the dielectric relaxation times obtained by various 
methods: (®) curves for 2, 8, and 23% S are nimai determined from wm =  1 as described 
in text (the measuring frequencies are 60 cycles/sec., 1 kcycle/sec., 3 kcycles/sec., 100 
kcycle/sec., and 300 kcycle/sec. from top to bottom); (O) on the t d o  curve for 8%  S are 
the most probable relaxation times deduced from frequency dependence of e" at cor
responding temperatures; (9) on the tv 0 curves are calculated td max values for meas
urements at 1 Mcycle/sec.; (■) t d ( c ' )  obtained from temperature dependence of c' 
(A B ' ,  C ',  D ' , and E '  correspond to measuring frequencies of 60 cycles/sec., 1 kcycle/ 
sec., 3 kcycles/sec., 100 kcycles/sec., and 300 kcycles/sec., respectively); (A) t d ( « " )  ob
tained in the same way as t d ( E ' )  (A ", B " ,  C " ,  D ” , and E "  have the same meaning as A ' ,  
etc.); (•) r0( Ai?i/2) denotes r„ obtained from line width data; (•), (□), and (O) curves 
for Te( T,) are deduced from T , measurements for the samples 1,3, and 6, respectively.

t.ion of the single r  D are inadequate to characterize the complicated behavior 
of high polymeric systems and that the distribution of the dielectric relaxa
tion time should be considered for such polydisperse systems.

Several types of distribution function to fit the experimental t" curves
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to the theoretical ones have been proposed. One of them is a Gaussian 
type function proposed by Wagner9’12 and has been applied to interpret the 
dielectric properties of cured rubber. The following function of td has 
been given for a distribution:

k(TD)d,TD =  (b/\/it) exp { — b2z2}dZ (9)

where b is a constant which determines the width of the distribution; Z 
is defined as In (td/tDo), with rm, the most probable relaxation time, as
sumed to have a temperature dependence similar toeq. (7). The results 
based upon introducing the distribution function into eqs. (5) and (6) 
have been reported.10 The theoretical e' and e" versus frequency curve 
showed quite considerably good agreement with experimental values on 
cured rubber, showing that the assumed distribution of td is a reasonable 
modification of Debye’s theory for such polydisperse system. rD0 is de
termined from the frequency dependence of e" at the temperature studied,
i.e., too is defined as (2t ) 1 times the inverse frequency giving the maximum 
loss factor at the temperature. The apparent energies of activation are 
obtained from the temperature dependence of tdo. assuming

rD0 =  do exp {AE/RT} (10)

Values of obtained AE  from the dielectric data on cured rubber are listed 
in Table III. The increase in AE  with increasing combined sulfur content 
appears to be very reasonable.

Meanwhile, r Dnmx, which is determined by an D — 1 for the maximum 
value of e " on a t" versus temperature curve, gives td„ at a given tempera
ture. This fact is clear on the cured rubber sample containing 8% sul
fur.8 In Figure 6 are plotted values of td, rDnmx, and td„ obtained by vari
ous methods against reciprocal temperature. The temperature dependence 
of tDmax agrees well with that of r D„ on the sample containing 8% sulfur. 
Therefore, the apparent energies of activation are obtained from the tem
perature dependence of tDo and r Dmax by eq. (10). In all events, the effects 
of the distribution of m  is shown obviously in Figure 6.

Similar investigations of the distribution of tc would be worthwhile 
in order to investigate effects upon eqs. (1) and (3). Several authors5'28-32 
have studied on this problem related to high polymers. Certain types of 
distribution function have been proposed5'29- 32 and their effects upon T1 
versus the average correlation time29'31 tc curve and on energies of activa
tion have been discussed.5'25'28 We also have examined the effects of a 
correlation time distribution, upon the temperature dependence of Tx. 
Introducing the distribution function to eq. (9), we obtain the eq. (11) for 
1/7+ as proposed previously:5'29

T,
— V  r -6 1 F r  k (rc)iOTcdTc P  2fc(rc)mredre
10 i 1 o , U „  1 + c 02rf2 Jo 1 + 4 ( ID

where
k(Tc)dTc =  {b/-\/7r) exp { — b'2z'2}dZ
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Z  =  In ( j e /  TeJ 

Te, =  Tc„* exp { A E / R T }

where each notation has similar meaning as in eq. (9). Studies on dielec
tric properties of cured rubbers10 have shown that the constant b is depend
ent upon temperature. For this reason, it may be necessary that the 
frequency dependence of T\ at a fixed temperature should be examined for 
a wide frequency range. Rewriting eq. (11), we obtain

where

(2Vco)C
/ r ( r c) t o r cd r c 

1 +  0)Vc2
+  2

2k(Tc)iOTcdTc
1 +  4 œ W  .

C =  (Vxo74* * E r r * ) - 13

(12)

At a fixed temperature, C is constant and determined only by the mo
lecular structures. For the values of the definite integrals given by Yager,9 
the values of (Ti/w)C are plotted against corc for various values of the pa
rameter b in Figure 7. The curve for b =  corresponds to a single 
correlation time. If there is a distribution of the correlation time, the 
curve becomes flatter and shallower. The tendency is quite analogous to 
that of the e" versus frequency curves. The most probable correlation 
time, tc0o may be determined from the condition that (Ti/u)C have its 
minimum value at wrc =  0.6158. The temperature dependence of tc„ 
thus obtained would give the apparent energies of activation.

Also the values of b would be obtained by selecting the most fitted curve 
and plotting (T\/oi)C  against frequencies. Unfortunately, it is almost im
possible in NMR measurements to perform observations at frequencies 
varying over a range of three decades or more.

The frequency dependence of the 7\ versus 1 /T  curve on raw Hevea 
rubber has been reported5 as shown in Figure 5. In this case, the shapes 
of the high temperature portion of the curves depend upon the resonance 
frequency for measurements contrary to eq. (8), showing that a distribution 
of tc might exist. Therefore, if the distribution function for rc would be 
similar to eq. (9), there should be found a set of experimental values of the 
parameter b. However, a linear plot of log (T\/u>)C versus In wtc obtained 
from the experimental values5 of J\ for measurements at 20 and 28 M cycles/ 
sec. had a slope which was steeper than that of the curve for b =  <=° in 
Figure 7. This result suggests that the distribution function assumed in 
eq. (11) is inadequate for the raw Hevea rubber.

Nonetheless, the results for the temperature and frequency dependence 
of Ti, summarized in Figure 5, do support, in two ways, the existence of a 
distribution function for tc in the cured rubber. First, it may be seen that 
the minimum T\ value becomes larger with increasing sulfur content. 
Second, the 7\ curve has a broader, shallower minimum at higher sulfur 
contents. Both trends imply6 an increasngly wide distribution of tc, which 
seems reasonable. It should be noted that the average correlation time, tc,
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In (uoY)

Fig. 7. Effects of various distributions of the correlation time, tc, upon the frequency 
dependence of T ,, according to eq. (11).

obtained for the distribution29'81 has been considered in analyzing T\ results 
and it has been pointed out30 that the apparent energies of activation from 
Ti data are directly proportional to those obtained from NMR line width 
data using eq. (3).

3. Effect upon the Correlation between tc and r„ of their Distributions

The correlation between NMR and the mechanical and dielectric meas
urements has been investigated on some high polymer32 and organic com
pounds. 34’M Introduction of a distribution of the correlation times 
in the interpretations of NM R results was found to improve the correla
tion. It was shown for polyisobutylene32 that the temperature dependence 
of tc in NMR giving quite different activation energies from those obtained 
from the dielectric and mechanical measurements would approach that of 
the most probable relaxation times in the latter methods. In this section 
we also will discuss this point, comparing the NMR results with those from 
dielectric measurements on cured rubber. Since distributions are indicated
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by the dielectric measurements,10 activation energies obtained from tem
perature dependence of to and tc in simple theories no longer have any sig
nificance for describing molecular motions in such polydisperse systems. 
The apparent energies of activation should be accepted for the most prob
able motions. They are now obtained from rDo versus temperature curves. 
This situation has been shown for the 8% S sample in Figure 6.

Plotted in Figure 6 are the correlation time tc obtained from the line 
width data of the sample 1; the correlation time tc calculated from T\ 
data on samples 1, 3, and 6; the relaxation time r D and the most probable 
relaxation time rDmax computed from t'! data8 on a sample containing 8% 
S; and the most probable relaxation time td„ obtained from e" data8 
for the samples containing 2, 8, and 23% S. A value of a =  1 in eq. (3) 
was assumed for calculation of tc. The results show that the most probable 
relaxation times obey eq. (12), and that apparent energies of activation ob
tained from the curves may be given as potential barriers against the most 
probable motions.

In Figure 6 it can be seen how the distribution of td affects the single 
correlation theory, i.e., all the rD curves obtained for the 8% S sample by 
use of eqs. (5) and (6) intersect the tDo curve. The most interesting fea
ture of rD(e') curves (A ', B ', ( " ,  D ', and E ' in Fig. 6) is that they intersect 
the 7b, line near the points where the values of rDo are given by the rela
tion, wtd =  1 (where w is the frequency of measurements of e ) .  This 
indicates distribution of td. The relaxational mechanism represented 
by td =  a)“ 1 should be most effective on e' in measurements with a fre
quency of w/2 tt. Analogous features have been shown also by the rD(e") 
curves {A ", B ", C", D ", and E" in Fig. 6). The curves also intersect the 
tBo curve near the points where rDa is given by wtDo = 1 .  As shown previ
ously,10 a distribution of td did not affect values of e calculated by eq. (5). 
On the other hand, values of e" obtained by eq. (6) should be larger than 
those observed10 if a distribution exists. This is one of the reasons why 
Tfl(e") curves intersect the td„ curve approximately near the points. In 
any way, because of a distribution, curves of td (e' and e") obtained from 
eqs. (5) and (6) intersect the td„ curve at the points where the values of 
rDo are the inverse of the measuring frequency co. On introducing an ap
propriate distribution function into eqs. (5) and (6), the td curves would 
form a band superposed on the tDii curve.

An analogous consideration would be interesting for tc(7’1) and tc(AJ?i/2) 
curves in Figure 6. tc(T i) curves obtained for the results of sample 3 are 
shown in this figure. The' extrapolated curve intersects the to0 curve 
at about td„ =  (2ir X  20 X 106)~ 1 sec., and the values of tc at 1\ min falls 
at a point near td„ =  10-8 sec. Therefore, it may be suggested that the 
motion having the correlation time of u^1 would be most effective for the 
relaxation mechanism for a measuring frequency of u. As in the case of 
the to (e") curve, introducing an appropriate distribution function tc(T,) 
curves would form a band superposed on the tDo curve and rc at %  m in 
would coincide with td„ given by td, =  0.6158 w. If it is possible to change
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the resonance frequencies for a wide range (two or three decades), a 
set of tc(T i) curves as well as rn curves may be plotted from eq. (1).

The temperature dependence of line width is independent of the measuring 
frequencies, and narrowing of the absorption takes place when the cor
relation time tc becomes of the order of (yAII/2w)~1. If tc is distributed 
over some range, as expected from the consideration of rD{t"), the most- 
effective motion for the narrowing would have the correlation time given 
by tc =  where w is the frequency of measurements. However, the 
functional form relating the NM R line narrowing, eq. (3), to rc differs con
siderably from the equations describing the dielectric relaxation. And, 
therefore, one expects only limited similarities between tc(AH y,) and rD. 
Yet correspondence is not bad, as may be seen by comparing the curve for 
Tt(AlL. .) with curve D ' and E ', which are for dielectric measurements 
bracketing those responsible for the NMR line narrowing. Actually, the 
values of rc obtained from the data of second moment, using a similar 
equation to eq. (3), were about ten times those of r,.(A/7>..,). From 
these results, we may understand that the effect upon the tc(AH i/2) curve 
of the distribution of correlation time appears in the same manner as td 
curves. Some corrections have been made in NMR experiments32,34 
on tc(AHmsi) curves introducing a distribution function. The results 
showed that the rc(Af7msl) curve should be replaced by a band having a 
steeper gradient. These results may not be quantitative but strongly show 
the effect of the distribution of correlation times.

The td, curve obtained10 for the sample containing 23% should be com
pared with the tc(Ti) curve for sample 6. The intersection is located 
at a temperature much higher than T x mjn temperature, while the inter
section of the curve for the sample containing 8% S with that for sample 3 
is, in contrast, found at a little higher temperature than that of its Ti min. 
These features give some information on the distribution of rc and td. 
In heavily cured rubber td would be nonequivalent to tc, for the distri
bution of td would be much different from that of t „. This tendency may 
be reasonable, since the rather short-range motions of molecules are re
sponsible for the relaxation mechanism in NMR, and the dielectric re
laxation is governed by those over a wide range. From these considerations 
it would be naturally expected that, if there is an adequate distribution 
function of correlation times, tc(Ti) may give larger values of AE  for heavily 
cured rubber than for weakly cured rubber as in the case of dielectric meas
urements.

From the discussions described above it seems to be absolutely necessary 
in studies on molecular motions in high polymer by means of NM R tech
niques to measure the temperature dependence of the spin lattice relaxation 
time for a very wide range of frequency and compare the temperature de
pendence of tc, with that of the most probable relaxation time in the other 
type of measurements, e.g., dielectric, mechanical, ultrasonic, etc. measure
ments. Finally, analysis of the NMR results would be easier if only intra
molecular interactions were important, and for this reason it would be well
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to study samples having a simple molecular structure such as polyvinyl- 
idene chloride, (— CH2CC12— )„.

The authors are greatly indebted to T. C. Farrar for his measurements of T i.  One of 
the authors (H. K.) wishes to express his appreciation to Prof. J. Itoh of the Osaka 
University, Osaka, Japan, for his helpful discussions during the author’s stay there. 
He also thanks Mr. J. Yamada of Yamada Rubber Co. for preparation of the samples and 
to Mr. K. Fujimoto of Bridgeston Tire Co. for determination of the combined sulfur 
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Résumé

On a étudié la résonance magnétique du proton sur du caoutchouc naturel vulcanisé 
contenant jusqu’à 31% de soufre combiné. On observe les formes des raies et les temps 
de rélaxation des spins à des températures entre —190 et 180 °C. Dans les études des 
formes des raies, on trouve que le principal effet du soufre combiné repose sur la tempéra
ture à laquelle la largeur des raies se reserre par les mouvements des segments molé
culaires. La température à partir de laquelle la diminution de largeur des raies aug
mente, est de — 50°C. pour le caoutchouc brut à environ 10°C. pour 31% de sourire 
combiné. On trouve une relation entre la dépendance de la teneur de soufre et du 
changement de largeur des raies et la température de transition du second ordre. Le 
temps de rélaxation du réseau du spin électrique T i  a été mesuré pour trois échantillons 
vulcanisés dans un domaine de température au-dessus de la région de limitation des 
mouvements. Les courbes 'J\ en fonction de la température s’accordent qualitativement 
avec la théorie de Kubo-Tomita. Les caractéristiques des courbes T i dépendent de la 
teneur en soufre combiné. On a estimé les énergies d’activation à partir de ces résultats 
et on les a comparées avec les résultats de rélaxation diélectrique obtenus précédemment. 
On discute l’effet d’une distribution du temps de corrélation.

Zusammenfassung

Protonmagnetische Resonanz-Untersuchungen wurden an vulkanisiertem Kautschuk 
mit bis zu 31% gebundenem Schwefel ausgeführt. Die Liniengestalt und die Spin- 
Gitter-Relaxationszeiten wurden bei Temperaturen zwischen —190 undl80° C. beo
bachtet. Bei der Untersuchung der Liniengestalt zeigte sich, dass der Haupteinfluss des 
gebundenen Schwefels sich auf die Temperatur erstreckt, bei welcher die Linienbreite 
durch die Bewegung der Molekülsegmente verringert wird. Die Temperatur der 
beginnenden Linienverengung steigt von —50°C. bei Rohkautschuk auf etwa 10°C. 
bei 31% gebundenem Schwefel. Eine Beziehung zwischen der Abhängigkeit der Linien
breitenänderung vom Schwefelgehalt und der Umwandlungstemperatur zweiter Ordnung 
wurde gefunden. Die Protonspin-Gitter-Relaxationszeit, T i, wurde an drei vulkani
sierten Proben im Temperaturbereich oberhalb des Gebietes der Bewegungsverengung 
gemessen. Die Kurve T i  gegen Temperatur stimmt qualitativ mit der Theorie von 
Kubo-Tomba überein. Der Verlauf der TVKurven hängt vom Gehalt an gebundenem 
Schwefel aü. Aktivierungsenergien wurden aus den Ergebnissen berechnet und werden 
mit den früher erhaltenen Daten über dielektrische Relaxation verglichen. Der Ein
fluss einer Verteilung der Korrelationszeit wird diskutiert.

Received May 31,1962



JOURNAL OF POLYMER SCIENCE: PART A VOL. 1, PP. 2925-2933 (1963)

Stereoregulated Poly-dideuteroethylene I. Polymers 
of irafis-l,2-Dideuteroethylene and 

cis-l,2-Dideuteroethylene by a Ziegler Catalyst

SAKUJI IKEDA, AKIO YAMAMOTO, and HIROSHI TANAKA, 
Research Laboratory of Resources Utilization, Tokyo Institute of 

Technology, Okayama, Meguro, Tokyo, Japan

Synopsis

Polydideuteroethylenes having some stereoregulated structure were prepared by poly
merizing tra n s -  and as-l,2-dideuteroethylene using a Ziegler catalyst, tra n s  and c is -  
dideuteroethylene were prepared by reducing dideuteroacetylene with chromous chlo
ride solution and copper activated zinc dust, respectively. Infrared spectra of the two 
polymers obtained showed significant differences particularly in the bending vibration 
bands of CHD groups. Bands at 1335 and 1288 cm.-1 were observed only in polymers 
of the tra n s  isomer, and a band at 1305 cm.-1 was observed only in polymers of the cis  
isomer. Densities, melting points, intrinsic viscosities, and crystallinities of the poly
mers were measured and compared with those of normal polyethylene. The x-ray 
diffraction patterns of the polydideuteroethylenes were almost identical with that of 
normal polyethylene.

INTRODUCTION

Although di-isotactic polydeuteropropylenes have been prepared from 
trans- and cfs-l-deuteropropylene by Natta and co-workers1 and the effect 
of a stereoregulating catalyst on the configuration of the CHD groups re
sulting from the polymerization has been discussed by them, no attempt 
has been made, so far as we know, to obtain the simplest stereoregular deu- 
teropolymer—polydeuteroethylene.

To obtain the stereoregular polydeuteroethylene, we have synthesized 
trans- and cis-\,2-dideuteroetbyleno and carried out the polymerization 
with a Ziegler catalyst which is known to be a stereoregulating catalyst for 
many vinyl monomers.

For the stereoregulated structures of poly-1,2-dideuteroethylene, three 
structures are considered, as shown in Figure 1 : erythro-di-isotactic(e-DI), 
threo-di-isotactic (t-DI) and disyndiotactic (DS) by Natta’s nomencla
ture.2

It is not to be expected that the polymer obtained from dideuteroethyl- 
ene, even using only a single monomeric isomer, would have a structure 
with complete regularity as considered above, for the monomer has no 
substituted group which will induce steric hindrance and/or specific polar-

2925
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Fig. 1. Stereoregulated structures of poIy-l,2-dideuteroethylene.

ization in the C— C bond of the monomer in the polymerization. How
ever, if in each propagation step the addition of ethylene proceeds in a 
defined configuration to the polymer chain and free rotation of the mono
mer C— C bond is inhibited, we may obtain the poly-1,2-dideuteroethylene 
having some stereoregulated structure. The structure may be either (e- 
DI) plus (DS) or (t-DI) plus (DS), according to the kind of monomer used. 
The type of double bond opening: cis or trans, may decide the structure 
of the polymer obtained.3

In the present paper, the methods of preparation, the infrared spectra, 
and some physical properties of the poly-1,2-dideuteroethylenes obtained 
are reported.

PREPARATION AND POLYMERIZATION OF DIDEUTERO-
ETHYLENE

Dideuteroacetylene was prepared by the reaction of pure calcium carbide 
with deuterium oxide in a vacuum system. Acetylene obtained by the 
hydrolysis of calcium carbide contains some impurities such as phosphine,
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TABLE I
The Extent of Deuteration and the Principal Impurities in the Deutero Compounds

Extent of deuteration, Principal impurities1’ and
Compounds g.-atom-%a contents, mole-%

C2D2 98.9 CH=CD , 2.5
iraras-C2H2D2 48.4 CH2=C H D , 3
d s -C2H2D2 47.9 t ra n s -C2H2D2, 1 

CH2=C H D
C2D4 90.0 c h d = c d 2

cts-C2II2D2
c h 2= c h d

“ By mass spectrometry.
b By infrared spectrophotometry, the values were determined approximately.

ammonia, hydrogen sulfide, and other hydrogen or sulfur compounds. 
Since the complete purification of acetylene without hydrogen-deuterium 
exchange is difficult and since some of these impurities are removed during 
the reduction procedure, the acetylene was used directly for reduction to 
ethylene without further purification. The ethylene was then submitted 
to a purification step (Table I).

¿rans-l,2-Dideuteroethylene was prepared by the reduction of the deu- 
teroacetylene with chromous chloride solution which is a chemical reduc
ing agent reported to give trans-isomers.4 cfs-l,2-Dideuteroethylene was 
prepared by the reduction with copper-activated zinc dust and water, a 
catalyst known to give the cis form.4

The polymerization of the ethylene was carried out with a Ziegler cata
lyst prepared from triethylaluminum and titanium tetrachloride in a n- 
hydrocarbon solution. Melting points, densities, and data from x-ray 
diffraction analysis of the polymers obtained are shown in Table IT.

TABLE II
Melting Points, Densities, and X-ray Diffraction Data of Polyethylene

X-ray analysis

Polymers
M.p.,
°C. 26°

Crystallinity
0//o

Density at 
18°C., g./emJ

Poly-(C2H„) 127-132 21.4,23.7 80 0.9774
Poly-( fr<ms-C2H2D2 ) 127-132 21.4,23.7 81 1.030
Poly-( ds-C2H2D2 ) 129-133 21.6,23.8 77 1.018
Poly-(C2D4) 129-132 21.4,23.7 84 1.076

The x-ray diffraction patterns of the poly(frims-C2H2D2) and poly-(cfs- 
C2H2D2) were almost identical with that of normal polyethylene.

INFRARED SPECTRA OF POLY-1,2-DIDEUTEROETHYLENE

Typical spectra of poly-(C2H4), poly-(irans-C2H2D2), and poly-(m - 
C2H2D2) in the NaCl region and the major part of the KBr region are 
shown in Figure 2. As these samples contained traces of silicone oil used
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Wave length /u.
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Fig. 2. Infrared spectra of polyethylene, poly-cis- and poly-Zrans-l,2-dideuteroethylene.

in the synthesis apparatus as well as decomposition compounds of the cata
lyst, absorption bands in the regions near 800 cm.-1 and 1000-1150 cm.-1 
are not reliable.

By the substitution of deuterium in place of hydrogen in the methylene 
group, absorption bands due to methylene vibrations are observed to be 
shifted in the spectra of poly-(C2H2D 2) in comparison with the correspond
ing bands of poly-(C2H4). Half of the bands near 2900 cm.-1, bands near 
1464 cm.-1 and near 725 cm.-1 disappeared, and new bands at 2146 cm.-1, 
near 1325 cm.-1 and near 590 cm.-1 appeared in the spectra of poly- 
(C2H2D 2). The frequency shifts upon isotopic substitution can be char-
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Fig. 3. Infrared spectra of poly-irans- and poly-cis-l,2-dideuteroethy]ene.

acterized by the ratios vh/ vd =  1.25 for the stretching vibration, vn/vu =
1.2 for the bending vibration and vs./ vd — 1.2 for the rocking vibration.

Of particular interest are the bending vibration bands observed near 
1325 cm.-1 in poly- (£r<ms-G2H2D2) and poly-(m -C2H2D2). In Figure 3 
details of this region measured using a grating spectrometer are given. 
In poly-(¿raw s-C2 H2D2) , bands at 1335, 1328, 1321, and 1288 cm.-1 were 
observed, while in poly-(ds-C2H2D2) the bands at 1335 and 1288 c m r 1 were 
not observed, but a band at 1305 cm.-1 was observed instead. In the 
spectra of the polymers from the trans-C2H2D2 containing other isomeric
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ethylene, e.g., the mixture of 95% frans-C2H2D2 and 5% C2H4 or of 50%, 
trans- and 50% m -C 2H2D 2, the bands at 1335 and 1288 cm.-1 were always 
observed. In the spectra of the polymers from cfs-C2H2D2 containing 
monomers, e.g., 50% trans- and 50% cfs-C2H2D2 or C2D4 which contained 
several per cent of cfs-isomer resulting from the method of preparation, the 
band at 1305 cm.“ 1 was always observed.

From the above observations, we can attribute the absorption bands at 
1335 and 1288 cm.“ 1 to polymers of the fraws-isomer and the band at 1305 
cm.-1 to polymers of the cfs-isomer.

Differences between the spectra of the two polymers were also observed 
in the KBr region. The bands due to rocking of CHD groups were ob
served at 594 and 586 cm.“ 1 in poly-(fr<ros-C2H2D2) and at 597 and 590 
cm.“ 1 in poly-(cfs-C2H2D2). These bands show strong perpendicular infra
red dichroism upon stretching of the sample and changed to single band on 
melting. In poly-(C2H4) a similar splitting of the rocking vibration is ob
served at 720 and 731 cm.“ 1 The band with the higher frequency is known 
as a crystallization-sensitive band; however, it could not be decided which 
is the crystallization-sensitive band in poly-(C2H2D 2).

Bands at 1465, 1453, and 725 cm.“ 1 observed in the spectra of the deu- 
teropolymers indicate the presence of a small fraction of CH2 groups in the 
polymers. The bands at 1465 and 725 cm.“ 1 are due to bending and rock
ing vibrations of CH2 in poly-(C2H4) produced from C2H4 liberated from 
triethylaluminum during the preparation of the catalyst. The absence of 
the crystallization-sensitive band is due to the absence of crystallites of 
— (CH2)„—  in the deuteropolymers. The band at 1453 cm.“ 1 can be 
assigned to the bending of CH2 groups in the chain of the deuteropolymers. 
from the fact that its intensity has no correlation to the intensity of the 
band at 725 cm.-1 and from the increase of intensity with increase of pro- 
tium content in the monomer. The contribution to these bands of the 
—CH2CIi3 end group introduced by the catalyst is small, since the CH;i 
band observed at 1375 cm.“ 1 is very weak.

The infrared evidence showing the difference between the structures of 
polymers obtained from cts-C2H2D 2 and from trans-C2H2D2 suggests that 
the double bond opening takes place in the same way for either cis or 
trans. Studies of the structure of the two polymers will be discussed in 
another paper.

EXPERIMENTAL 

Synthetic Procedures

Dideuteroacetylene was prepared in a vacuum system by the distillation 
of deuterium oxide (deuterium, 99.6 atom-%) into pure calcium carbide 
using liquid nitrogen. The calcium carbide had previously been heated in 
vacuo for several hours at about 450°C. The dideuteroacetylene produced 
was collected with liquid nitrogen and used directly for the reduction to 
ethylene without purification.
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f?xms-l,2-Dideuteroethylene was prepared by reducing the dideutero- 
acetylene with chromous chloride solution. The chromous chloride solu
tion was prepared by dissolving 70 g. of CrCl3 • 2H20  in 40 ml. of water and 
80 ml. of concentrated HC1 followed by reduction with 30 g. of zinc dust. 
Dideuteroacetylene (0.1 mole) was collected in vacuo in a 1.5 liter flask 
using liquid nitrogen, and the chromous chloride solution was added into 
the flask under reduced pressure. After the flask was shaken vigorously 
for 100 hr., it was again attached to the vacuum line, and the reduced prod
uct was collected in a trap cooled with liquid nitrogen after water and less 
volatile matter had been removed in a Dry Ice-methanol trap.

cis-l,2-Dideuteroethylene was prepared by reducing the dideuteroacetyl
ene with zinc dust activated with copper. Arsenium-free zinc dust (50 g.) 
was added to 200 ml. of 4%  CuS04 solution. After washing with water 
several times the activated zinc dust was filtered off and dried in vacuo. 
The dideuteroacetylene was collected in a flask which contained 50 g. of 
the activated zinc dust and 30 ml. of water. After the flask had been 
shaken vigorously for 100 hr. at 70°C., the reduced product was collected 
in a trap by the same procedure described above. (When deuterium oxide 
was used instead of water, tetradeuteroethylene was obtained.)

Purification of the dideuteroethylene was accomplished by shaking the 
ethylene successively with ammoniacal cuprous chloride solution, ferric 
chloride solution, 85% sulfuric acid, and 15% NaOH solution. During 
the purification no hydrogen-deuterium exchange was observed.

Polymerization was carried out at constant volume in a glass apparatus. 
High-boiling aliphatic hydrocarbons were used as the solvent, n-Cetane 
or n-hydroearbon (with a suitable boiling range) were shaken with fuming 
sulfuric acid many times, dried over calcium chloride and calcium hydride 
and then fractionated under reduced pressure. In making up the catalyst 
solution, measured volumes of the triethylaluminum and titanium tetra
chloride solutions were mixed in a previously dried and nitrogen-flushed 
reaction vessel with a magnetic stirrer and immersed in a constant tem
perature bath. Sufficient solvent was added to bring the total volume to 
50 ml. In a typical experiment 1.622 mmole of A1(C2H5)3 and 0.700 mmole 
of TiCli were used. The vessel was then attached to a vacuum manifold 
and pumped out for 30 min. The reaction vessel was kept at 0°C., and 
300 ml. (at STP) of the ethylene was introduced. The rate of decrease 
of ethylene pressure was followed using a mercury manometer. After 3 
hr., over 95% of the ethylene was polymerized. Butanol and methanol 
were added into the reaction vessel to destroy the catalyst. The polymer 
was washed thoroughly with methanol, ethanol, and finally an ethanol- 
hydrogen chloride mixture, and dried in vacuo.

Melting Point, Density, and Viscosity Measurements

The melting range of the polyethylene was determined by viewing a 
thin film of the polymer on a heated stage of a polarizing microscope. The
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TABLE III
Infrared Spectra of the Polymers Obtained from tram s- and cfs-1,2-Dideutero- 

ethylene using a Ziegler Catalyst

Poly-( irans-C2H2 D2 ) Poly-(CTS-C2H2D2)

AssignmentFrequency, cm.-1 Intensity Frequency, cm. ~ l  Intensity

4180 vw 4170 VW
3480 w 3460 w
2957 vw 2957 vw r«,(CH,)
2923 vw 2923 vw c(CH2)
2897 vs 2900 vs v(CH) in CHD
2882 vs 2880 vs KCH) in CHD
2849 w 2849 w cs(CH2)
2590 w 2590 w
2152 sh 2155 sh »(CD) in CHD
2133 vs 2137 vs x(CD) in CHD
1465 w 1465 w 5(CH2)“
1453 w 1453 w 5(CH2)’>
1335 m
1328 m 1325 m
1321 m 1321 w(sh) [s(CHD)

1305 m
1288 w .
1230 vw
725 w 725 w r(CH2)a
594 m 597 m r(CHD)
586 m 590 m r(CHD)

a Due to poly-(C2H4) produced from C2H4 liberated from triethylaluminum. 
b Due to — CH2—  groups in the chain of poly-(C2H2D2).

density of the polyethylene was measured by a suspension method in a 
mixture of ethanol and water or in NaCl solution.

The intrinsic viscosity of the polyethylene was measured at 120°C. in a 
modified Ubbelohde-type viscometer. Purified decalin was used as a sol
vent. The intrinsic viscosities of polyethylenes obtained were in the range 
of 5-8.

X-ray Analysis

X-ray diffraction data were obtained at 20°C. with Phillips x-ray dif
fractometer equipped with a proportional counter. The sample was made 
by pressing the molten polyethylene into a flat sheet of approximately 0.5 
mm. thickness. The extent of the amorphous part of the polymer was ob
tained from the ratio of the integrated intensity of the amorphous scatter
ing to the integrated intensity of amorphous scattering and crystalline 
peaks.

Infrared Spectra

Films for the infrared measurements were prepared by evaporating xylene 
solutions of the polymers over hot plate heated at 120°C. Infrared spec
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tra were recorded principally by a Shimazu Model IR  double-beam spec
trometer equipped with a rock-salt prism, in part by a Perkin-Elmer Model 
112G single-beam grating spectrometer equipped with a KBr fore-prism 
and in part by a Perkin-Elmer Model 112 single-beam spectrometer 
equipped with a KBr prism. Observed frequencies and assignments are 
shown in Table III.

The authors wish to express their indebtedness to Prof. K. Kozima in the Tokyo In
stitute of Technology and to Prof. T. Shimanouehi and Mr. M. Tasumi in the University 
of Tokyo for the measurements and the discussion of the infrared spectra.
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Résumé

Des polydideutéroéthylènes stéréoréguliers sont préparés par polymérisation du tra n s  
et cis-l,2-dideutéroéthylènes a l’aide du catalyseur de Ziegler. Les tra n s -  et cfs-dideu- 
téroéthylènes sont préparés par réduction du dideutéroacétylène, par le chlorure chro- 
meux en solution et du zinc en poudre activé par du cuivre respectivement. Les spec
tres infra-rouges des deux polymères obtenus montrent des différences significatives 
particulières dans les bandes de vibration dues aux vibrations CHD. On observe les 
bandes de 1335 et 1288 cm.-1 uniquement dans le polymère provenant de l’isomere 
tra n s  et une bande a 1305 cm.-1 est observée uniquement dans les polymères provenant 
de l’isomere cis. On mesure les densités, les points de fusion, la viscosité intrinsèque et 
la cristallinité des polymères et on la compare avec celle du polyéthylène normal. Les 
diagrammes des rayons-X des polydideutéroéthylenes sont identiques avec ceux du 
polyéthylène normal.

Zusammenfassung

Sterisch regelmässige Polydideuteroäthylene wurden durch Polymerisation von tra n s -  
und «s-l,2-Dideuteroäthylene mit einem Ziegler-katalysator dargestellt, tra n s -  und 
cfs-Dideuteroäthylen wurden durch Reduktion von Dideuteroactylen mit Chrom-2- 
chloridlösung bzw. kupferaktivierten Zinkstaub dargestellt. Die Infrarotspektren der 
beiden Polymeren wiesen charakteristische Unterschiede, besonders in den Knick
schwingungsbanden der CHD-Gruppe auf. Banden bei 1335 und 1288 cm.“ 1 wurden nur 
bei Polymeren des ¿raras-Isomeren und eine Bande bei 1305 cm._1 nur bei Polymeren des 
ds-Isomeren beobachtet. Dichte, Schmelzpunkt, Viskositätszahl und Kristallinität 
des Polymeren wurde gemessen und mit den entsprechenden Grössen von normalem 
Polyäthylen verglichen. Das Röntgenbeugungsdiagramm der Polydideuteroäthylene 
war mit dem von normalem Polyäthylene nahezu identisch.
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Transannular Polymerization of 1,5-Cyclooctadiene*

BERND REICHELf and C. S. MARVEL, Department of Chemistry, 
University of Arizona, Tucson, A rizona, and R. Z. GREENLEY, Department 
of Chemistry and, Chemical Engineering, University of Illinois, Urbana,

Illinois

Synopsis

The polymerization of 1,5-cyclooctadiene to a low molecular weight polymer utilizing 
a Ziegler-type catalyst composed of triisobutylaluminum and titanium tetrachloride is 
reported. Although the structure of the polymer has not been definitely established its 
spectral and other physical properties suggest it to be poly-2,6-bicyclo(3,3,0)octane. 
Under the same conditions 1,4-cyclohexadiene did not undergo a transannular poly
merization reaction but rearranged and yielded poly-1,3-cyclohexadiene.

While there are known a considerable number of inter-intramolecular 
polymerization reactions1 of the type

R\ /R
C = C H -R -C H = C

in which a new intramolecular (> C bond is formed under ring closure 
by the polymerization reaction, a “ transannular polymerization” is a new 
feature of the polymerization of diolefins. Here the intramolecular bond 
is formed within the ring of a cyclodiolefin, yielding a polymer bicyclic 
system.

* This work was begun at the University of Illinois under the sponsorship of Contract 
AF 33(616)5486 with the Nonmetallic Materials Laboratory of Wright Air Development 
Division, Wright Patterson Air Force Base, Ohio, and was completed at the University 
of Arizona under the sponsorship of the E. I. du Pont de Nemours and Company, Inc. 
Fellowship. One of us (B. R.) is indebted to the Carl Duisberg Stiftung, Germany, 
for a travel grant.

f Du Pont postdoctoral fellow, University of Arizona, 1961-62.
2935
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As far as is known, only one example for this type of polymerization has 
hitherto been verified.2 The polymerization there is believed to occur 
according to the following scheme:

In the work reported in this paper, cis, cfs-l,5-cyclooctadiene (I)3 was 
chosen as it seemed most suitable for a transannular polymerization since 
the transannular reactions were discovered with eight-membered rings,4 
and because of its ready commercial availability. A Ziegler-type catalyst 
was applied, composed of triisobutylaluminum and titanium tetrachloride. 
A molar aluminum/titanium ratio of 0.5 was found to give the best yields 
and any variations in either direction lessened the monomer conversion. 
Another important experimental condition was the molar ratio of titanium 
tetrachloride to monomer which was found to be best at 0.06. Some 
variations of details in the preparation and application of the catalyst 
(addition of component A  to component B  or vice versa, vigorous stirring 
during slow addition or just pouring together, aging of the catalyst for dif
ferent times from 1 to 60 min. before addition of the monomer, and shak
ing during polymerization or standing still) did not seem to have any es
sential influence on the yield of polymer or its properties. However, when 
the catalyst was formed in presence of the monomer the conversion in
creased considerably.

This, together with the unusual ratio of triisobutylaluminum to titanium 
tetrachloride of 0.5, indicates that the actual initiating system was some
what different from a regular Ziegler catalyst, but since both components 
were necessary and since a Ziegler catalyst cannot still be defined exactly 
it seems justified to talk about a Ziegler-type catalyst.

The yield also increased with elevation of temperature, being negligible 
at — 20°C., and with monomer concentrations in the heptane series. By 
far the highest conversions (up to 78%) were obtained with benzene as a 
solvent.

Replacement of titanium tetrachloride by vanadium trichloride or ti
tanium tetrabutyloxide failed to yield any polymer. So did the applica
tion of boron trifluoride etherate as initiator at — 80°C.

Titanium tetrachloride alone without triisobutylaluminum yielded 
only oligomers soluble in methanol, and boron trifluoride in methylene 
chloride at — 80°C. gave a polymer conversion of 1%.

The per cent conversion versus polymerization time was followed, and 
it was found that the monomer conversion stopped after approximately 
150 hr. at 0°C. with heptane as a solvent (Fig. 1).

The polymer was a white powder, soluble in benzene and other hydro
carbons and chlorinated hydrocarbons and partially soluble in ethyl ether. 
In some cases small fractions were insoluble. About one-third of the
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amount of polymer was only oligomerized and soluble in methanol. The 
rest of the monomer that had failed to polymerize was proved to be un
changed in structure by means of vapor phase chromatography.

The polymers exhibited melting points between 100 and 180°C. The 
inherent viscosity of the polymer solutions in benzene was always below 0.1, 
usually in the range of 0.02 to 0.04. A correlation between the intrinsic 
viscosity and the molecular weight of this type of polymer has not been 
determined. However, an approximate calculation of the average viscosity 
molecular weight using an intrinsic viscosity of 0.034 and the values of 
K  and a as determined for polyisobutylene in benzene at 24°C.5 or for 
polystyrene in benzene,6 respectively, gives a molecular weight of the order 
of 2000 to 3000.

%
Conv.

Fig. 1. (O) Runs 1-6 with 2 g. of heptane, 48 mg. of triisobutylaluminum, 91 mg. of 
TiCL, and 0.86 g. of monomer. Al/Ti =  0.5. Six moles TiCl4 per 100 moles monomer; 
(®) Runs 7-10 as above except 3 g. of heptane was used as solvent.

Impurities other than 4-vinylcyclohexene in the monomer in the total 
amount of less than 1% were found to prevent the polymerization com
pletely. 4-Vinylcyclohexene, however, which is present in every com 
mercial cyclooctadiene, did not negatively affect the polymerization but, 
on the contrary, prevented or lessened partial crosslinking which occurred 
under certain conditions.

Bromine and potassium permanganate could not be used to detect un 
saturation in the polymer as those agents reacted with its tertiary hydro
gens. The nuclear magnetic resonance spectrum of the homopolymer 
showed no unsaturation within the limits of error, but the infrared spec
trum did. A quantitative comparison of the carbon-carbon double bond 
peak at 1660 cm.-1 of monomer and polymer solutions of known concentra
tions indicated that about 10 to 15% of the monomer units which were 
incorporated in the monomer chain retained one double bond. This high 
degree of saturation together with the solubility of the polymer rules out 
any other than the transannular way of polymerization, as the independent 
polymerization of each single double bond would lead to crosslinkage.

An x-ray transmission pattern revealed some crystallinity in the poly
mer.
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According to the two theoretical possibilities indicated above for a trans- 
annular polymerization reaction, two possible structures (II and III) 
would be expected for the polymer:

Structure III could be eliminated, as the infrared spectrum of the poly
mer had not a single peak in common with that of bicyclo(4,2,0)oetane7 
but showed a certain similarity to that of cis-bicyclo(3,3,0)octane.8

The fact that five monomer units can form a ring as readily as five carbon 
atoms, which is revealed by the model, might account for the considerable 
fraction of oligomers soluble in methanol.

A side reaction which probably accounts for the small amount of cross- 
linkage as well as for part of the residual unsaturation can be explained by 
the following considerations: there are two conformations of the cis,cis-1,5- 
cyclooctadiene, the tub form (IV) and the chair form (V). (A third one can 
be built by Fischer Hirschfeld models, but as two pairs of hydrogen atoms

come close together this conformation is probably not found in nature.) 
It was found by dipole measurement9 that 85% of 1,6 dichloro-l,5-cy- 
clooctadiene exists in the tub form IV despite the dipole-dipole repulsion of 
the chlorine atoms. Thus the tub form must have an ever greater statis
tical weight in the unchlorinated hydrocarbon. This is—as the double 
bonds are very close together in this form—in favor of the transannular re
action. Yet there is certainly a small amount of the chair form V where 
the double bonds are far apart, and it is probably this conformation in which 
the double bonds cannot undergo a transannular reaction but react inde
pendently, leaving cyclic double bonds in the polymer or leading to a 
crosslinked polymer, respectively.

The rest of the unsaturation is believed to be due to the end groups.
When 1,4-cyclohexadiene (VI) was polymerized in the same way the 

polymer exhibited an infrared spectrum identical to that of poly-1,3-cyclo- 
hexadiene10 (VIII). Obviously a rearrangement to 1,3-cvclohexadiene 
(VII) was here preferred to a transannular reaction.
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(Vili)

Experimental

Yields are based on the amount of polymer obtained after two precipita
tions from benzene with methanol and referred to the amount of monomer 
allowed to react.

Preparation of Reagents

All 1,5-cyclooctadiene samples obtained from different commercial 
sources- contained several impurities which, except for 4-vinylcyclohexene, 
inhibited polymerization even in amounts of a fraction of a per cent. 
Absolute purification was accomplished, after reflux over sodium, by care
fully fractionated distillation under nitrogen using a heated 5/ 8 by 50 in. 
column filled with glass helices at a reflux ratio of about 1:50 (approxi
mately 1 liter per week). The sodium had to be removed before by simple 
distillation as it caused foaming and slow formation of a brown tar soluble 
in methanol which was not due to impurities but to the cyclooctadiene 
itself.

1,4-Cyclohexadiene was obtained from benzene by the method of Tom 
and Greenlee.11

w-Heptane and benzene were purified by repeated shaking with concen
trated sulfuric acid for several hours at room temperature (benzene shorter 
than heptane as the mixture got warm while being shaken). After wash
ing with a bicarbonate solution and with water the predried solvents were 
refluxed over sodium for 24 hr. and distilled under a nitrogen atmosphere.

Titanium tetrachloride was purified as described by Clabaugh et al.12 
Triisobutylaluminum (Texas Alkyl) was not purified further.

Ziegler Polymerization Studies

The catalyst for the polymerizations was made up in a dry box by mixing 
the heptane or benzene solutions, respectively, of the desired amounts of 
titanium tetrachloride and triisobutylaluminum in a polymerization bottle. 
The monomer was then added to the dark brown suspension of catalyst 
which had formed, and the bottles were sealed and left alone at the desired 
temperature. The polymerization was stopped by pouring the reaction
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mixture into approximately 350 ml. of methanol in which the metal meth- 
oxides from the catalyst were soluble. The precipitated white or some
times yellow powder was collected, dried, dissolved in the smallest possible 
amount of benzene, filtered (for the purpose of analysis repeated filtration 
through an extra fine paper was necessary), and precipitated again in the 
same way. If the precipitate was sticky or even an oil it was treated 
with ethyl ether in which part of it was soluble, and the rest was taken up 
in benzene. From both of these solutions the polymer could be precipitated 
as a powder. See Tables I, II, and III for details of experiments. It was 
lyophilized and dried in a high vacuum for two days at 100°C.

A n a l : Calcd. for C8HI2: C, 88.90; H, 11.10. Found: C,88.44; H, 11.22.

The infrared spectrum of the polymer was very simple, exhibiting only 
two main peaks from methylene at 1460 and 2940 cm. -1 with a shoulder at 
2880 cm.-1, two small peaks at 1660 and 725 cm.-1 from residual unsatura
tion and methylene, respectively, and three weak peaks which are unex
plained but in accordance with the spectrum of monomer cfs-bicyclo (3,3,0)- 
octane3 at 1362 (sharp), 1305 (broad), and 915 cm.-1 (broad).

The resolution of a proton magnetic resonance spectrum obtained from 
a polymer solution in deuterated chloroform on an A-60 Varian spectrom
eter was, like that of any polymer, poor. It exhibited, however, three 
peaks or shoulders at 2 ppm, 1.5 ppm, and 0.88 ppm, that is in the same 
region as those reported by Moniz and Dixon13 for m-bicyclo (3,3,0) octane 
(at 2.38, 1.45, and 1.38 ppm with a shoulder at 1.25 ppm from tetra- 
methylsilane).

Cationic Polymerization Studies

A 100-ml., three-necked flask, equipped with a desiccant tube and a gas 
inlet tube, was charged with 2 ml. of 1,5-cyclooctadiene in 20 ml. of 
methylene chloride. It was filled with nitrogen and cooled in a Dry Ice- 
acetone bath. After boron trifluoride had been passed slowly into the 
solution for 3 min. it was left in the cooling bath for 3 hr. and then poured 
into an excess of methanol. Purification of the white solid gave the poly
mer (191 mg.) in 1.1% conversion, PMT 165-86°C., n inh. (0.04% in ben
zene) 0.09.

When the usual Ziegler polymerization procedure was followed with 
heptane as a solvent but with titanium tetrachloride only (without tri- 
isobutylaluminum), no precipitate was obtained by pouring the reaction 
mixture into methanol. When the methanol solution was poured into water 
an organic white solid precipitated which apparently consisted of very 
low molecular weight polymer. It was not further investigated.
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Résumé

On décrit la polymérisation du 1,5-cyclooctadiène en polymères de faible poids molé
culaire en employant un catalyseur du type Ziegler composé de triisobutylaluminium 
et de tétrachlorure de titane. La structure du polymère obtenu n’a pas été établie 
définitivement; cependant l’examen du spectre et d’autres propriétés physiques semble 
indiquer qu’il s’agit de poly-2,6-bicyclo(3,3,0)-octane. Dans les mêmes conditions le 
1,4-cyclohexadiène ne conduit pas à une réaction de polymérisation transannulaire mais 
subit un réarrangement pour fournir du poly-l,3-cyo,lohexadiène.

Zusammenfassung

Über die Polymerisation von 1,5-Cyclooctadien zu einem niedermolekularen Poly
meren mit einem Ziegler-Katalysator aus Triisobutylaluminium und Titantetrachlorid 
wird berichtet. Die Struktur des Polymeren wurde noch nicht endgültig aufgeklärt, 
seine spektralen und andere physikalische Eigenschaften sprechen aber für eine Poly-
2,6-bicyclo-(3,3,0)-octanstruktur. Unter den gleichen Bedingungen ging 1,4-Cyclo- 
hexadien keine transannulare Polymerisation ein, sondern lagerte sich um und lieferte 
Poly-l,3-cyclohexadien.
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Structure Effects and Related Polymer Properties in 
Poly butadiene. I. Preparation and Characterization

M. BERGER and D. J. BUCKLEY, Esso Research and Engineering 
Company, Central Basic Research Laboratory, Linden, New Jersey

Synopsis
Stereoregular polybutadienes, oi both high tra n s  and high c is  contents, were isomerized 

to provide polymers of varying c is -tra n s  content. These isomerizates were used to study 
structural effects on physical properties. The isomerizations were carried out under 
photosensitized conditions in benzene solution at 25 °C. The reaction was controlled to 
deliver polymers over the range 0-95 %  tra n s  content. This range was selected to provide 
crystalline and semicrystalline polymers whose structures could be examined in terms of 
sequencing or blocking by established x-ray techniques. Isomer contents were measured 
accurately by infrared traces. Isomerizations reached an equilibrium of 77% tra n s  re
gardless of whether the reaction started with high tra n s -o r  high c is  polybutadienes. In
trinsic viscosity was found to increase regularly with tra n s  content in conformity with the 
larger size of the tra n s  unit. v sp/c  versus c relations were observed to give a complicated 
form and this subject was deferred for further study. Crystallinity decreased regularly 
with reduced tra n s  content as the equilibrium of 77% tra n s  was approached. Continued 
isomerization at the point of equilibrium produced a completely amorphous polymer. 
The melting temperatures of the crystalline polymers were studied in detail by x-ray cam
era and counting techniques. These polymers exhibited two crystal forms. One form 
was stable up to 60°C. and invariant with c is -tra n s  content in the range 80-95% tra n s . 
Below 80% tra n s  the melting point of this form decreased with further reduction in tra n s  
content. The melting temperature of the other crystal form was dependent on tra n s  
content and decreased with decreased t ra n s  content until it coincided with the melting 
temperature of the other form. The distributions of tra n s  and c is  units and sequences of 
them were calculated through construction of matrices of transition probabilities. Co
polymer theory was invoked to calculate pseudo reactivity ratios for the tra n s  and cis  
forms. The melting temperatures of the two crystals were found to follow the predicted 
curves for random copolymers, although not simultaneously. This behavior is discussed. 
The crystallinity of the isomerizates of high tra n s  content was found to be similar to block 
copolymers in spite of the fact that the method of their preparation would require that 
they be characterized as random. The importance of a crystal transition in this case is 
stressed along with the general effects due to the amount and type of the noncrystallizable 
unit.

INTRODUCTION

In the recent past a great deal of attention has been paid to the effect 
of stereoregular sequences which occur in the molecular chains of copoly- 
mers.1- 4 Included in these studies are polybutadiene4 and polypropylene,2 
although not copolymers in the usual sense, can be treated as such by con
sidering each stereoisomer (cis, trans, l, d, etc.) as a separate species.

2 9 4 5
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Many workers2-5-6 have attempted to determine the distribution of l and d 
units in polypropylene using various modifications of the copolymer equa
tions. Some work concerned with the sequencing of cis units has been 
done with polybutadienes of high cis and low trans contents.4 The present 
paper deals with the effect of stereostructure in polybutadienes whose 
trans contents vary from 0 to 9.5%, and with particular attention to the 
range 70-95%.

In order to determine the sequencing of units or the degree of isotacticity 
in a homogeneous copolymer, there are at least two quantities which should 
be available experimentally. These are (f) the compositional ratio of the 
copolymer, and (2) the crystallinity (i.e., per cent crystallinity, melting 
temperature, etc.). Use of the various copolymer equations demands 
knowledge of these factors. The composition of polybutadienes can be 
readily determined by infrared absorption. In addition, /raw.s-polybuta- 
dienes are crystalline over a wide range of temperatures and over a con
siderable spread of copolymer compositions. Thus crystallinity can be 
measured conveniently in relation to copolymer composition. Neither 
polypropylene nor m-polybutadiene meet both of these requirements.

EXPERIMENTAL PROCEDURES 

Polymer Preparation

All polymers used in this work were prepared by isomerizing a high 
trans (95%) or a high cis (95%) polybutadiene. The isomerization tech
nique is essentially that developed by Golub.7 The starting polymer is 
dissolved in benzene so as to make a 1% polymer solution. Phenyl disul
fide, at 55 wt.-% on polymer is then added. The solution is irradiated 
with ultraviolet light for a prescribed length of time, after which the poly
mer is precipitated in methanol and then dried. During the reaction oxy
gen must be excluded to avoid degradation. It was our general practice 
to sweep the system with nitrogen prior to and during the course of the 
reaction.

Although the techniques employed by us were fashioned after Golub, 
our results using apparently the same reaction are quite different from 
those he reported. Golub states that, in the initiated photoisomerization, 
the isomerization goes completely to essentially all trans content. We 
find that, at room temperature, the equilibrium is reached at approximately 
75% trans content. It is apparent that if this were not the case, we would 
not be able to prepare the polymers which are the basis of the present paper. 
It is interesting that Golub8 later found that a noninitiated isomerization 
using y-radiation attains an equilibrium of 80% trans content. This value 
is essentially in agreement with the equilibrium attained in our initiated 
isomerization.

The advantages of preparing polymers of different structure in this 
manner, rather than by direct polymerization, are considerable and have 
been discussed to some extent by Trick.9 Briefly, the method insures con
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sistency of molecular weight, and most important, certainty that the 
polymer is a true copolymer of cis and trans. Polymerizations usually 
employed to produce high cis or high trans content polybutadienes are 
highly suspect as to their ability to make completely true copolymers.

The starting polymer for most of this work was Trans-4. This polymer, 
which is supplied by Phillips Petroleum Company, contains 94% irans-1,4, 
4%  1,2, and 2% cis-1,4 structures. In some cases we have used Cis-4 
polybutadiene which is also supplied by Phillips and consists of 94% 
cis-1,4, 4%  1,2, and 2% trans-1,4 structures.

Infrared Examination
The cis, trans, and 1,2 contents in the polybutadienes were determined 

by infrared absorption using the extinction coefficients calculated by Hamp
ton.10 They are, for m-1,4, 0.608 at 724 cm.-1 ; for 1,2, 3.285 at 911 
cm.-1 ; for the trans-1,4, 2.608 at 967 cm.-1. These values were checked 
using an essentially 100% cfs-polybutadiene supplied by Chemische Werke 
II uls. In addition, the sum of the calculated weights of each isomer 
checked the measured weight of polymer in solution to within 3%. Un
saturation measurements on the polymer show that it has in excess of 98.5% 
of the theoretical value. All analyses were obtained on polymer dissolved 
in carbon disulfide.

Of the three absorptions the cts-1,4 is by far the most difficult to resolve. 
In addition to having the lowest extinction coefficient, it has a fairly broad 
absorption band compared to the trans-1,4 and 1,2 structures. This gave 
us some difficulty, particularly since the polymers of primary interest were 
those of relatively high trans content. These difficulties were reduced some
what by ensuring that a common solvent source (carbon disulfide) was used 
for both the solution and reference liquid. We found that if this practice 
was not observed, there would be serious fluctuations in the cis absorption 
band.

Increased accuracy was also obtained by making use of the fact that the 
absorption for the 1,2 structure is very sharp and uneffected during isomer
ization. Hence it was used as a standard to insure uniformity in measuring 
the isomeric contents of various runs. For samples of extremely low cis 
content the following procedure was used. Two infrared absorption traces 
were obtained on a given sample, one with a moderate concentration of 
polymer in carbon disulfide, the other with a high concentration. The 
sample of high concentration would emphasize the cis absorption to a point 
where it could be conveniently measured. At this concentration, the 
absorption in the trans band would invariably be so strong that no reliable 
measure could be made of it. However, the absorption at the 1,2-band 
could be measured for both the high and moderate concentration traces. 
Thus, one calculates the 1,2 and cis contents for the high concentration and 
the 1,2 and trans contents for the low concentration. This permits ac
curate calculation of the per cent cis, trans, and 1,2 contents. There did 
not appear to be an appreciable concentration effect on extinction coeffi
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cients in the range of concentrations used. Difference techniques were 
not used in the calculation because of the possibility of adducting occurring 
during the isomerization. If phenyl disulfide or solvent molecules adducted 
on the polymer chain, it would not be detected by using a difference tech
nique to calculate isomer content.

Intrinsic Viscosity
Viscosity determinations were made in a constant temperature bath at 

25°C. ±0.02°C. Dilute solutions of the polymers were made up in ben
zene and measured in the usual way in Ubbelohde type tubes. The proper 
kinetic energy corrections were applied to the data. Plots of r]sp/c were 
found to be satisfactorily linear (when the relative viscosity was maintained 
<2) and were extrapolated to infinite dilution. Crystalline polymers 
were dissolved by refluxing in benzene and allowed to cool to 25°C. These 
polymers then remained in solution indefinitely.

X-Ray Examination
X-ray crystallinity was obtained by photographic and counting tech

niques. The counting was done by means of a goniometer with a G.M. 
tube counter. The percentage of crystallinity was determined by the 
method of Hermans and Weidinger.12 This consists principally of integrat
ing or finding the area under the intensity diffraction trace for the pai’tially 
crystalline material and doing the same for the corresponding amorphous 
material. The value for the area of the latter is subtracted from that of 
the former and the ratio of this difference to the entire area obtained for 
the crystalline polymer is found. Samples were prepared from solution, 
and allowed to dry for one week before x-ray examination.

RESULTS

Isomerization
The isomerization of an all cis- and an all irans-polybutadiene as a func

tion of time is shown in Figure 1. The rate of isomerization is not particu
larly significant, since it depends on the intensity of the ultraviolet source, 
its distance from the reaction vessel, the reaction vessel shape, and experi
mental details such as the ultraviolet absorption of the solvent. It is 
important to note, though, that both the polymers of originally high cis 
content and originally high trans content are capable of being isomerized 
at room temperature. Moreover, a common equilibrium point (~ 7 7 %  
trans content) is attained regardless of the starting polymer. As mentioned 
earlier, these results are at variance with those reported by Golub. Eluci
dation of the reaction and its mechanism is not the primary objective of the 
present work. Therefore no future reference to this disagreement will be 
made in this paper. The general mechanism advanced by Golub, involv
ing complexing and disassociation of mercaptyl radicals with subsequent 
establishment of the more thermodynamically favored isomeride appears 
reasonable to us.
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Fig. 1. Isomerization of (O) all c is  and (•) all tra n s  polybutadienes.

Fig. 2. Intrinsic viscosity of polybutadienes of varying c is  and tra n s  content in benzene 
at 25°C.: (O) C is -4 and its isomerates; (•) T ra n s -4 and its isomerizates.



2950 M. BERGER AND D. J. BUCKLEY

Viscosity

The intrinsic viscosities of the various isomerides are shown in Figure 2. 
From this curve it appears that the reaction has not resulted in molecular 
weight breakdown. The data also show that the molecular weight of the 
original irans-polybutadiene is considerably lower than that of the original 
as-polybutadiene. In order to examine the solution properties of the 
polymers, we must take cognizance of the starting molecular weights. 
Therefore, we have shifted the curve for the trans polymer upward so as to 
coincide with that of the as polymer at 75% trans (since the 75% trans 
isomeride arrived at from the cis and trans end should be the same). The 
data so obtained are shown in Figure 3. The curve shown in this figure is 
determined from the theoretical relation of intrinsic viscosity to a function 
of the spherical volume occupied by a coiled polymer molecule.11 In the 
application of this theory we make the assumption that the solvent- 
polymer interaction is identical for both cis and trans polymer and the isom
erizate. Since the trans unit is 4.8/4.1 longer than the cis unit, the 
intrinsic viscosity should increase with increasing trans content, as is ob
served. The excellent agreement seems to support the assumption of

Fig. 3. Intrinsic viscosity of polybutadienes of varying c is  and tra n s  content in benzene 
at25°C.: (O) Cis-4 and its isomerizates; (•) Trans-I and its isomerizates. (•). Values 
for Trans-4 isomerizates adjusted to compensate for the lower molecular weight of the 
original polymer. Curve is the theoretical relation between the spherical volume oc
cupied by the polymer and its intrinsic viscosity.
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s im ila r  s o lv e n t -p o ly m e r  in te ra c t io n s  as  w e ll a s t o  v e r i fy  th e  fa c t  th a t  n o  
m o le cu la r  w e ig h t  b r e a k d o w n  o c c u r r e d  d u r in g  th e  is o m e r iz a t io n  re a ctio n .

A s  ju s t  d e scr ib e d , w e  h a v e  o b s e r v e d  th a t  th e  in tr in s ic  v is c o s i t y  is d e 
p e n d e n t  o n  th e  cis-trans c o n te n t  in  a  s tra ig h t fo rw a rd  m a n n er . T h e  s lo p e s  
o f  th e  t)sp/c  v e rsu s  c  c u r v e s  o v e r  th e  ra n g e  o f  cis-trans c o n te n ts  s tu d ie d  h ere , 
a p p e a r  co m p lic a te d . U n fo r t u n a te ly  th is  t y p e  o f  e x p e r im e n t  is s u b je c t  t o  
e rrors  w h ich  lim it  th e  p re c is io n , a n d  o u r  d a ta  c a n n o t  b e  g iv e n  q u a n t ita t iv e  
t r e a tm e n t  a t  th e  p re se n t t im e . W e  h o p e  to  reex a m in e  th is  re la t io n sh ip  in  a 
su b se q u e n t  p a p e r .

Crystallinity

T h e  T r a n s -4  as r e ce iv e d  fr o m  P h illip s  is h ig h ly  cry s ta llin e . A s  o n e  
w o u ld  e x p e c t , is o m e r iz a t io n  red u ce s  th e  c ry s ta llin ity . F ig u re  4  sh o w s  a

(c) ( d )

Fig. 4. X -ra y  diagram s of several isom erizates, (a) » 4 %  t r a i ls ' , (6) 88%  t r i m s ',  (c)
8 2 %  t r i m s ',  (of) 7 8 %  t r a n s .
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Fig. 5. T h e  degree of crystallin ity  for various polybutadiene isom erates m ade from  all
irans-polybutadiene.

series o f  x -r a y  p ic tu re s  o f  v a r io u s  iso m e r iz a te s  o b ta in e d  u s in g  th e  T ra n s -4  
as th e  s ta rt in g  m a te r ia l. A ll  x -r a y  d a ta  sh o w n  h ere  w e re  o b ta in e d  a t  r o o m  
te m p e ra tu re . T h e  s tru ctu re  o f  th e  trans-1 ,4  c r y s ta l h a s  b e e n  d e scr ib e d  
q u ite  a d e q u a te ly  b y  N a t t a . 13 I n  h is  d iscu ss io n , N a t t a  p o in ts  o u t  th e  e x is t
e n ce  o f  a  f ir s t -o rd e r  c r y s t a l -c r y s t a l  tra n s it io n . W e  c o n firm  h is  o b s e r v a 
t io n s  c o n ce rn in g  th is  tra n s it io n . T h e  iso m e r iz e d  sa m p les  are  e x ce lle n t  
s u b je c ts  fo r  s tu d y in g  th e  n a tu re  o f  th is  tra n s it io n . T h e  tra n s it io n  w ill b e  
d iscu ssed  in  d e ta il la te r  in  th is  re p o rt .

U s in g  g o n io m e te r  te ch n iq u e s  w e  h a v e  d e te rm in e d  th e  p e rce n ta g e  o f  
c r y s ta llin ity  in  th e  v a r io u s  iso m e riza te s . T h e  p e rce n ta g e  o f  c r y s ta llin ity  
v e rsu s  trans c o n te n t  is s h o w n  in  F ig u re  5. T h e  m o s t  in te re s t in g  p o r t io n  
o f  th is  cu rv e  is  th e  re g io n  a ro u n d  7 5 %  trans. W it h in  th e  e x p e r im e n ta lly  
d e te rm in e d  d a ta , it  a p p e a rs  th a t  fo r  th e  sa m e trans c o n te n t , m a te r ia ls  e x is t  
w ith  a  d e g ree  o f  c r y s ta llin ity  a n y w h e re  f r o m  0  t o  1 5 % . T h e  g ross  r h e o lo g 
ic a l p ro p e r t ie s  o f  th e  m a ter ia ls  re fle c t  th is  d iffe re n ce  in  c ry s ta llin ity . T h e  
7 6 %  trans m a te r ia l w ith  1 5 %  c r y s ta l lin ity  is  a  w e a k , f ib ro u s  m a te r ia l b e s t  
d e s cr ib e d  as “ a s b e s to s - lik e .”  T h e  7 6 %  trans m a te r ia l w ith  ze ro  c r y s ta l
l in ity  is a  to u g h , e x te n s ib le  e la s to m e r . W e  fe e l th a t  th e  d e te r m in a t io n  o f  
th e  trans c o n te n t  is a c cu ra te  w ith in  0 .5 %  d u e  t o  th e  re p e a te d  ex p e r im e n ts , 
m a te r ia l b a la n ce s , a n d  c o n s is te n c y  o f  th e  v a lu e s  o f  th e  1 ,2  c o n te n t . T h e  
c r y s ta llin ity , a s  sh o w n  in  F ig u re  5 , is  su ch  as  to  su g g e st  th a t  th e  iso m e r iza 
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t io n  resu lts  in  lo n g  b lo c k s  o f  cis a n d  trans u n its  ra th e r  th a n  a  ra n d o m  d is 
t r ib u t io n  o f  th ese  isom ers . I t  w o u ld  a p p e a r  th a t  a t  7 6 %  trans c o n te n t  
so m e  c r it ic a l b lo c k  size  o f  th e  trans u n its  is d is ru p te d  a n d  th e  c r y s ta llin ity  
d isa p p e a rs  r a p id ly . O n  th e  o th e r  h a n d , th e  is o m e r iz a t io n  r e a c t io n  w a s  
c h o se n  o n  th e  s u p p o s it io n  th a t  it  w o u ld  p r o d u c e  t r u ly  r a n d o m  c o p o ly m e r . 
A t  th is  p o in t  it  is c lea r  th a t  fo r  c o m p le te  c h a r a c te r iz a t io n  o f  th e  p o ly m e r , it  
is n e ce ssa ry  t o  u n iq u e ly  d e scr ib e  th e  d is t r ib u t io n  o f  is o m e r ic  s e q u e n ce s  as 
a ffe c te d  b y  th e  is o m e r iz a t io n  re a ctio n .

CHARACTERIZATION OF POLYM ER STRUCTURE 

Distribution o f  Monomer Units in Chain

T h e  o c c u r r e n c e  o f  c ry s ta ls  in  c o p o ly m e r ic  m a ter ia ls  b y  its  v e r y  n a tu re  
su g g e sts  p h e n o m e n a  d e p e n d in g  o n  se q u e n ce  d is tr ib u t io n . A s  m e n tio n e d  
earlier , p o ly p r o p y le n e  h as b e e n  s tu d ie d  e x te n s iv e ly  w ith  reg a rd  t o  l a n d  d 
se q u e n c in g , a n d  its  e ffe c t  o n  c ry s ta llin ity . I t  h a s  b e e n  sh o w n  r e c e n t ly  th a t  
c ry s ta ls  in  v a r io u s  h ig h  c fs -p o ly b u ta d ie n e s  (c o n ta in in g  a  sm a ll a m o u n t  o f  
trans) m a d e  f r o m  a  v a r ie t y  o f  c a ta ly s ts  h a v e  d iffe re n t m e lt in g  te m p e ra tu re s  
a t th e  sa m e le v e l o f  cis c o n te n t . T h e s e  d iffe ren ces  h a v e  b e e n  a t t r ib u te d  to  
“ b lo c k in g ”  o r  s e q u e n c in g . 14

S o m e  w o r k 3 h as b e e n  d o n e  in  ca lc u la t in g  th e  d is t r ib u t io n  o f  m o n o m e r  
u n its  a lo n g  th e  p o ly m e r  ch a in  as  t h e y  o c c u r  in  c o p o ly m e r iz a t io n . T h e  
c r it ic a l q u a n t it ie s  in  th ese  s tu d ie s  a re  th e  s o -ca lle d  r e a c t iv ity  ra tio s . O b 
v io u s ly , th ere  are  n o  r e a c t iv ity  ra tio s  in v o lv e d  in  th e  is o m e r iz a tio n . H o w 
e v e r , th e  s ta t is t ics  o f  th e  is o m e r iz a t io n  r e a c t io n  ca n  b e  h a n d le d  in  su ch  a 
m a n n e r  so  as  t o  g iv e  rise  t o  p s e u d o  r e a c t iv it y  ra tios . U s in g  th ese  ra tio s , 
it  is th e n  p o ss ib le  t o  c a lcu la te  cis-trans d is tr ib u t io n s  b y  m ea n s  o f  s ta n d a rd  
c o p o ly m e r iz a t io n  th e o r y . T h e s e  p s e u d o  r e a c t iv ity  ra tio s  are  th e  r e a c t iv it y  
ra tio s  n e ce ssa ry  t o  p o ly m e r iz e  a  b u ta d ie n e  p o ly m e r  t o  th e  sa m e  cis-trans 
c o n te n t  a n d  d is t r ib u t io n  as a  g iv e n  iso m e r iza te .

L e t  u s c o n s id e r  th e  m e ch a n is m  o f  is o m e r iz a t io n  su ch  as G o lu b  h as d e 
s c r ib e d  it . A  m o n o m e r  u n it  in  th e  p o ly m e r  ch a in  is “ h i t ”  a n d  rises t o  a  
m e ta s ta b le  sta te . I t  th e n  fa lls  b a c k  e ith e r  cis o r  trans, d e p e n d in g  o n  th e r 
m o d y n a m ic  c o n d it io n s . F r o m  th e  resu lts  d iscu ssed  earlier, it  w o u ld  a p p e a r  
th a t  in  o u r  r e a c t io n  th e  u n it  fa lls  trans 7 5 %  o f  th e  tim e  a n d  cis 2 5 %  o f  th e  
t im e . A c t u a lly  o u r  resu lts  sh o w  7 6 %  trans, 4 %  1 ,2 , a n d  2 0 %  cis a t  
e q u il ib r iu m ; h o w e v e r , fo r  s im p lic ity  in  a n a ly s is  w e  w ill b e  c o n s id e r in g  a 
p o ly m e r  o f  ze ro  1 ,2  c o n te n t  a n d  h a v in g  a n  e q u il ib r iu m  o f  7 5 %  trans-2 5 %  
cis. I n  o th e r  w o rd s , i f  a  cis u n it  is  “ h it ”  th e  ch a n c e  o f  its  g o in g  trans is
0 .7 5 , a n d  o f  its  s ta y in g  cis 0 .2 5 . I f  a  trans u n it  is h it  i t  h a s  a  0 .7 5  ch a n ce  
o f  s ta y in g  trans a n d  0 .2 5  ch a n ce  o f  g o in g  cis. T h is  c a n  b e  re p re se n te d  as 
sh o w n  in  (1):

cis trans
cis 0 .2 5 0 .7 5 (7 )
trans 0 .2 5 0 .7 5
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L e t  us n o w  co n s id e r  a n  a sse m b ly  co n s is t in g  o f  d im e r ic  m o le cu le s ,*  
u n d e r  c o n d it io n s  w h e re  th e y  are  s u b je c te d  to  th e  is o m e r iz a t io n  re a ctio n . 
T h e n  u s in g  (1) it  is  p o ss ib le  t o  c o n s tr u c t  a  m a tr ix  o f  tra n s it io n  p r o b a b il it ie s  
w h ich  h a s  th e  fo l lo w in g  f o r m :

T T TC C T CC
T T A n A 12 A 13 A 14
TC A 21 A 22 A  23 A  24
C T A  31 A  32 A  33 A  34

c c A 41 A  42 A 43 A  44

w h ere  A h  =  fr a c t io n  o f  t w o  co n s e c u t iv e  m o n o m e r  u n its  iso m e r iz e d  fr o m  
trans-trans t o  trans-trans a t  t im e  t, A n  =  fr a c t io n  o f  t w o  c o n s e c u t iv e  m o n 
o m e r  u n its  iso m e r iz e d  fr o m  trans-trans t o  trans-cis a t  t im e  t, A  34 =  fr a c t io n  
o f  tw o  co n s e c u t iv e  m o n o m e r  u n its  iso m e r iz e d  fr o m  cis-trans t o  cis-cis a t 
t im e  t, e tc .

I f  th e  e n se m b le  o f  d im e r ic  m o le cu le s  s ta rte d  o u t  as a ll trans, th e n  a t 
t im e  t a c c o r d in g  t o  e q . (2) a  fr a c t io n  A u o f  th e m  w ill s t ill  b e  a ll trans, A 12 

w ill h a v e  th e  se q u e n ce  trans-cis, A n  w ill h a v e  th e  se q u e n ce  cis-trans a n d  
A u  w ill b e  cis-cis. I f  w e  n o w  p u t  a ll th e  d im e r ic  m o le cu le s  t o g e th e r  t o  
fo r m  a  lo n g  p o ly m e r  ch a in , th e  d is t r ib u t io n  o f  trans-trans, trans-cis, e tc . 
b e c o m e s  a lte re d  d u e  t o  th e  e ffe c ts  a t  th e  ju n c tu r e s  b e tw e e n  a n y  t w o  
d im e r ic  m o le cu le s . T h e  c o n tr ib u t io n s  o f  th e  ju n c tu r e s  ca n  b e  ca lcu la te d  
as fo l lo w s . A  trans-trans se q u e n ce  ca n  o c c u r  a t  a  ju n c tu r e  in  th e se  ar
ra n g e m e n ts : a  trans-trans se q u e n ce  fo l lo w e d  b y  a  trans-trans se q u e n ce , a 
trans-trans se q u e n ce  fo l lo w e d  b y  a  trans-cis se q u e n ce , a  cis-trans s eq u en ce  
fo l lo w e d  b y  a  trans-cis s e q u e n ce , o r  a  cis-trans se q u e n ce  fo l lo w e d  b y  a 
trans-trans s e q u e n ce . T h u s  th e  p r o b a b il it y  th a t  a  trans-trans se q u e n ce  w ill 
o c c u r  a t a  j u n ctu re  is g iv e n  b y  :

T T j  =  ( A n ) 2 +  A 11A 12 +  A  1 3 . 4 1 2  +  A u A n  (5)

s in ce  A 12 =  A 13

T T j  —  / I n 2 4" 2 A u A i 2  +  A w  

=  (A n  +  A 12)2

S im ila r ly

T C j  =  A n 2 +  A u A u  +  A 13A 14 +  A u A w  

CTj =  A 12“ +  A n A u  d~ A 14A 12A 12A 11

CCj — (A  14 +  A n ) 2

I n  a  la rge  m o le c u le  th e  p r o b a b il it y  o f  fin d in g  a  trans-trans se q u e n ce  is th e

* U nfortunately, this is not the best of models for the high polym er. H owever, the 
m atrix size increases rapidly with the num ber of units in the chain, thus the arithm etic 
becomes prohibitive. (F or exam ple, analysis of a 5-monomer chain requires a 25 X  25 
m atrix.) T he principal shortcom ing of using dimeric molecules is th a t in a given tim e 
in terval one or the other unit is “ h it.”  T his is, of course, not the case. H owever, for the 
p oin t we are try in g  to  establish here, the model appears to be adequate.
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su m  o f  th e  p r o b a b il it ie s  o f  it  o c c u r r in g  a t  a  ju n c tu r e  a n d  o f  it  o c c u r r in g  as 
o n e  o f  th e  d im e r ic  sp ec ies , i f  w e  ca ll th is  p r o b a b i l i t y  w, w e  h a v e

w =  ( A u +  T T }) / 2 (/,)

fo r  a  trans-cis

fo r  a  cis-trans

f o r  a  cis-cis

x =  ( A 12 +  TC , ) / 2

y  =  ( A u  +  C T ,) /2

z  — (A i4  T  C C j ) / 2 

Pseudo Reactivity Ratios

N o w  w e  are in  a  p o s it io n  t o  c a lcu la te  th e  r e a c t iv it y  ra tio s  n e ce ssa ry  to  
p o ly m e r iz e  su ch  a  p o ly m e r  ch a in . A c c o r d in g  t o  c o p o ly m e r  t h e o r y , in  a 
c o p o ly m e r  co n s is t in g  o f  A  a n d  B  u n its , th e  r e a c t iv ity  ra t io  m a y  b e  d e fin ed  
as th e  ra tio  o f  th e  p r o b a b i l i t y  o f  t w o  A  u n its  o c c u r r in g  in  a  r o w  t o  th a t  o f  
th e  p r o b a b i l i t y  o f  a n  A  u n it  b e in g  fo l lo w e d  b y  a  B  u n it . I f  w e  co n s id e r  
th e  cis-trans p o ly m e r  ch a in  as a  c o p o ly m e r  o f  cis a n d  trans, th e n  a p p ly in g  
th e  a b o v e  d e fin it io n  a n d  u s in g  eq s . (4 ) w e  h a v e :

R e a c t iv i t y  ra t io  fo r  trans:

71 =  w /x  (5)

R e a c t iv i t y  r a t io  fo r  cis:

7 2 = z/y

T h e  n u m e r ica l resu lts  o f  th e  a b o v e  a n a ly s is  are  sh o w n  in  th e  A p p e n d ix  
a n d  th e  r e a c t iv it y  ra tio s  fo r  v a r io u s  trans le v e ls  in  T a b le  I .  F r o m  T a b le  I  
w e  see th a t  th e  p o ly m e r s  d e r iv e d  fr o m  is o m e r iz a t io n  a re  v e r y  c lo se  t o  
ra n d o m  c o p o ly m e r s  ( 7 1 7 2  =  1 ). T h e s e  p o ly m e r s  o f  v e r y  h ig h  trans c o n 
te n t  a p p e a r  t o  b e  s lig h t ly  o n  th e  “ a lte rn a t io n  sid e  o f  r a n d o m n e s s ”  w h ic h  
e ffe c t  sh o u ld  d e p re ss  th e  c r y s ta llin ity  m o r e  r a p id ly  th a n  if th e  p o ly m e r  w ere  
t r u ly  ra n d o m .

K n o w in g  th e  r e a c t iv it y  ra t io s  w e  a re  n o w  in  a  p o s it io n  t o  r e c h e c k  so m e  
o f  th e  e x p e r im e n ta l resu lts  o f  th e  c r y s ta l lin ity  s t u d y  w ith  th e o r y .

T A B L E  I
Pseudo R e a c tiv ity  R atios F or a Series of Isom erizates M ade From  O riginal A ll t r a n s -

Polybutadiene

%  t r a n s  content

R atio 8 7 .5 8 1 .2 76 .4 7 5 .2

71 6 .4 7 4 .2 7 3 .26 3 .0

72 0.0666 0 .2 14 0.206 0.33

. ( 7 1 7 2 ) 0 .431 0 .913 « 1 « 1
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Degree of Crystallinity

A c c o r d in g  t o  F lo r y 16 th e  fr a c t io n  o f  c ry s ta llin e  m a te r ia l is e x p re sse d  to  a 
g o o d  a p p r o x im a t io n  b y :

We =  {XT/p){\ -  pyptcr{p( 1 — p ) -2 — e- 9 ( l  — e~e)~2
+  f« r [ ( l  -  P ) " 1 -  (1  -  O ' 1]} ( & )

w h ere

for =  -  { I n  (.D X t/ p ) +  2 In [(1  -  p ) / ( l  -  e ~ e)] } /(0  +  In p )

a n d

p  =  Y i / (1  +  Yi)

D  =  e x p  { — 2<te/R T \

6 =  A H /R ( l /Tm -  l / T m°)

a n d  w h e re  X T is th e  fr a c t io n  o f  trans u n its , <re is th e  su r fa ce  free  e n e rg y  p e r  
re p e a tin g  u n it , AH  is  th e  h e a t  o f  fu s io n  p e r  m o le  re p e a tin g  u n it , T m is th e  
m e lt  te m p e ra tu re  o f  p o ly m e r , a n d  Tm°  is th e  m e lt  o f  1 0 0 %  trans.

T h e  th e o r e t ic a l c u r v e  o f  w e ig h t-p e r  ce n t  c r y s ta llin ity  v e rsu s  trans c o n 
te n t , b a s e d  o n  e q . (6 ) ,  is  sh o w n  in  F ig u re  6 . T h e  v a lu e s  o f  th e  r e a c t iv it y  
ra tio s  are  th o s e  sh o w n  in  T a b le  I . T h e  h e a t  o f  fu s io n , A H , is ta k e n  a t 
1000 c a l . /m o le ,  Tm°  a t  1 3 5 °C . a n d  In D as — 1. A ls o  s h o w n  o n  th is  p lo t  are  
th e  e x p e r im e n ta l p o in ts  d iscu sse d  earlier. I t  is q u ite  o b v io u s  th a t , e v e n  
a llo w in g  fo r  m a jo r  e rrors  in  AH  a n d  Tm°, th e  sh a p e  o f  th e  th e o r e t ic a l a n d  
e x p e r im e n ta l cu r v e s  are  q u ite  d iffe re n t. A s  m e n t io n e d  earlier , th e  e x p e r i
m e n ta l p o in ts  a re  q u ite  s im ila r  t o  w h a t  o n e  w o u ld  e x p e c t  fr o m  a  b lo c k  c o 
p o ly m e r  (see , fo r  e x a m p le , M a n d e lk e r n ) . 16 H o w e v e r , th e  d e ta ile d  e x 
a m in a t io n  o f  th e  n a tu re  o f  th e  r e a c t io n  d iscu sse d  sh o w s  th e se  p o ly m e r s  are  
in d e e d  r a n d o m  c o p o ly m e r s . T h is  d ile m m a  is  r e s o lv e d  b y  a  s tu d y  o f  th e  
m e lt in g  te m p e ra tu re  o f  th e  v a r io u s  c o p o ly m e r s .

Melting Temperatures and Crystal Transitions

T h e  m e lt in g  te m p e ra tu re s  a re  o b ta in e d  b y  u s in g  th e  g o n io m e te r  t o  n o te  
th e  d isa p p e a ra n ce  o f  re fle c t io n s  as th e  te m p e ra tu re  o f  th e  sa m p le  is v a r ie d . 
A s  n o te d  earlier , th e  b e h a v io r  o f  th e  trans c r y s ta l is  q u ite  u n u su a l. B e lo w  
a p p r o x im a t e ly  6 0 ° C . th e  c r y s ta l is p s e u d o h e x a g o n a l w ith  a =  4 .5 4  A . a n d  
c =  4 .9 2  A . A t  6 0 ° C . a  tra n s it io n  o c c u r s  a n d  a b o v e  th is  te m p e ra tu re  th e  
c r y s t a l  is s till p s e u d o h e x a g o n a l, b u t  n o w  th e  d im e n s io n s  are  a =  4 .8 8  A . 
a n d  c =  4 .6 8  A . F o r  c o n v e n ie n c e  w e  w ill ca ll th e  lo w  te m p e r a tu r e  fo r m  a 
a n d  th e  h ig h  te m p e r a tu r e  o n e  /3. F ig u res  7 a n d  8  s h o w  th e  re fle c t io n s  
(m ea su red  b y  c o u n ts )  o f  b o t h  th e  a  a n d  ¡3 fo r m s  o f  th e  c r y s ta l a s  a  fu n c t io n  
o f  te m p e r a tu r e  fo r  t w o  o f  th e  p o ly m e r s . I t  m a y  b e  n o te d  th a t  th e  m e lt in g  
te m p e ra tu re  o f  th e  /3 fo r m  d ecre a se s  w ith  trans c o n te n t , w h ile  th e  m elting- 
te m p e ra tu re  o f  th e  a  fo r m  is in v a r ia n t . F r o m  a  series o f  cu rv e s  o f  the 
ty p e s  in  F ig u re s  7  a n d  8  it  a p p e a rs  th a t  fo r  a t  le a s t  p o ly m e r s  o f  g rea ter  
th a n  8 2 %  trans, th e  /3 fo r m  in d e e d  a rises fr o m  th e  a fo r m  s in ce  re fle c t io n s
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Fig. 6. T heoretical cry sta llin ity  content calculated for various t r a n s  contents on basis of 
random  copolym er equations. Points represent m easured values.

fr o m  it  c o m m e n c e  as  th o s e  fr o m  th e  /3 fo r m  d ecrea se . A t  a p p r o x im a t e ly  
8 0 %  trans, b o t h  th e  a a n d  d  fo r m s  h a v e  th e  sa m e  m e lt in g  te m p e ra tu re s . 
B e lo w  8 0 %  th e  d  fo r m  ca n  h a r d ly  b e  d is ce rn e d  a n d  th e  m e lt in g  te m p e r a 
tu re  o f  th e  a fo r m  sta rts  t o  d e cre a se  w ith  d e cre a s in g  trans c o n te n t . A  
c o m p ila t io n  o f  th e  m e lt in g  te m p e ra tu re s  o f  th e  a a n d  d  fo r m s  fo r  v a r io u s  
trans c o n te n ts  is  s h o w n  in  T a b le  I I .

T h is  b e h a v io r  is q u ite  s tra n g e , t o  sa y  th e  lea st . W h y  th e  m e lt in g  t e m 
p e ra tu re  o r  t r a n s fo r m a t io n  o f  th e  a fo r m  sh o u ld  b e  in v a r ia n t  w ith  trans 
c o n te n t  u n t il a  c r it ica l trans c o n te n t  is  r e a ch e d  is d ifficu lt  t o  u n d e rs ta n d . 
O n e  w o u ld  e x p e c t  b o th  th e  a a n d  (3 fo r m  t o  fo l lo w  th e  F lo r y  e q u a t io n 15 

s im u lta n e o u s ly  fo r  r a n d o m  c o p o ly m e r s . T h is  e q u a t io n  is :

1 /T m -  1 / T m°  =  R /A H  In X r  (7 )

I n  F ig u re  9  w e  h a v e  p lo t te d  1 / T m (w h e re  T m is ta k e n  as  th e  te m p e r a tu r e  
o f  th e  h ig h e s t  m e lt in g  c r y s ta l fo r m ) a n d  In X T■ A ls o  s h o w n  a re  M a n d e l-  
k e rn ’ s d a ta  o n  th e  m e lt in g  te m p e r a tu r e s  o f  s o m e  e m u ls io n  p o ly b u ta d ie n e s
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F ig. 7. P lo t of p eak  intensities for (O) a  and ( • )  0  form s of 82 .4%  frans-polybutadiene.
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F ig. 8. P lo t of peak intensities for (O) a  and ( • )  (3 form s of 94 %  frans-polybutadiene.
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M elting Tem peratures of the «
T A B L E  II

and /3 C ry sta l Form s in 
Isom erizates

Various Poly butadiene

T , „ ,  °C .

%  t r a n s of form d form M ethod

94 60 1 1 5 .5 C ounting
8 8 65 104.4 Counting
82.4 60 8 7 .7 C oun tin g
8 1.0 60 7 1 .1 C ounting
78 .2 65 65 Counting
7 7 .2 51 — Counting
75 29 — Photographic
7 1“ 7 — C ounting

“ Isomerized from  original high cis-■ polvbutadiene.

ia  th e  6 0  to  7 8 %  trans c o n te n t  ran ge . T h e  lo w e r  lin e  is a  p lo t  o f  e q . (7 ) 
w ith  Tm° =  1 4 8 ° C .18 a n d  A H  =  1 0 0 0 .17 T h e  u p p e r  lin e  is a  b e s t  fit  fo r  
M a n d e lk e m ’ s d a ta . T h e  p o ly m e r s  o f  h ig h  trans c o n te n t  a p p e a r  to  fit 
th e  t h e o r y  q u ite  w e ll. H o w e v e r , a t  a b o u t  8 0 %  trans c o n te n t  th e  m e lt 
in g  te m p e ra tu re s  o f  th e  p o ly m e r s  d r o p  sh a r p ly  a n d  th e  p o in ts  d iv e r g e  fr o m  
th e  th e o r e t ic a l c u rv e . A t  7 5 %  trans c o n te n t  th e  m e lt in g  te m p e ra tu re  
a p p e a rs  t o  fo l lo w  th e  v a lu e s  o b ta in e d  b y  M a n d e lk e r n . S o m e  d if f ic u lty  w a s  
e x p e r ie n ce d  in  o b ta in in g  th e  m e lt in g  te m p e ra tu re s  o f  th e  p o ly m e r s  o f  lo w  
c r y s ta llin ity  u s in g  th e  c o u n t in g  te c h n iq u e . I t  w a s  th e r e fo r e  n e ce ssa ry  
to  m ea su re  th e  m e lt in g  te m p e r a tu r e  o f  th e  p o ly m e r  o f  lo w e s t  c r y s ta llin ity  
p h o to g r a p h ic a lly . I n  sp ite  o f  th is , it  a p p e a rs  th a t  th e  p o ss ib le  e rrors  are  
n o t  la rge  e n o u g h  to  a lte r  th e  d e s c r ip t io n  g iv e n  fo r  th e  d a ta . T h e  sh ift in g  
o f  th e  m e lt in g  te m p e ra tu re s  fr o m  o n e  lin e  t o  th e  o th e r  a p p e a rs  t o  ta k e  
p la ce  in  th e  re g io n  w h ere  th e  m e lt in g  te m p e ra tu re  o f  th e d  fo r m  a p p r o a c h e s  
th a t  o f  th e  a fo r m . In  o th e r  w o r d s  as  lo n g  as th e  cry s ta l w h ic h  m e lts  is 
th e  j9 fo r m  th e  d a ta  fa ll a lo n g  th e  low er  lin e , ( T V  =  1 4 8 °C ., AH  =  1 0 0 0 ). 
H o w e v e r , a t th e  lo w e r  trans c o n te n t  w h e n  th e  m e lt in g  c r y s ta l is th e  a 
fo r m  th e  d a ta  fa ll a lo n g  th e  u p p e r  lin e  ( Tm° =  9 7 ° C .,  ATI  =  1 0 0 0 ). T h e  
tra n s it io n , o f  co u rse , o c c u r s  w h e n  th e  m e lt in g  te m p e ra tu re s  o f  th e  a a n d  /3 
fo r m s  are c lo se  t o  e a ch  o th e r . T h u s  th e  m e lt in g  b e h a v io r  o f  b o t h  cry s ta ls  
fo l lo w s  th e  th e o r e t ic a l r a n d o m  c o p o ly m e r  cu rv e s  th o u g h  n o t  s im u lta n e o u s ly . 
T h is  c o n firm s  th e  c a lc u la t io n  re g a rd in g  th e  ra n d o m  n a tu re  o f  th e  is o m e r ic  
se q u en ces .

U s in g  th is  in fo r m a t io n  o n  th e  m e lt in g  c ry s ta l w e  ca n  n o w , a t  lea st in  a  
p h e n o m e n o lo g ic a l sen se, e x p la in  th e  c r y s ta llin ity  v s . trans c o n te n t  d a ta  
s h o w n  in  F ig u re  5 . A t  r o o m  te m p e r a tu r e  th e  c r y s ta l fo r m  o b s e r v e d  is 
a lw a y s  th e  a fo r m . F o r  th e  h ig h  trans p o ly m e r s  th e  m e lt in g  te m p e r a tu r e  o f  
th e  a fo r m  d o e s  n o t  ch a n g e  w ith  trans c o n te n t  h e n c e  o n e  w o u ld  n o t  e x p e c t  
th e  c r y s ta llin ity  t o  d e cre a se  in  th e  n o rm a l c o p o ly m e r  m a n n e r  (e q . 6 ). 
S in ce  th e  m e lt in g  te m p e r a tu r e  rem a in s  co n s ta n t  it  is re a so n a b le  t o  su p p o se  
th a t  th e  c r y s ta llin ity  ju s t  d e cre a se s  in  p r o p o r t io n  t o  trans c o n te n t . H o w -
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F ig. 9. P lo t of m elting tem perature of polybutadienes as a function of t r a n s  content: 
(A ) d ata  of M andelkern; ( • )  isom erizate from  Cis-4; (□ )  isom erizate from  Trans-4; 
(A ) value of N a tta . U pper curve is the best fit of the data  of M andelkern. Lower 
curve is the th eory  based on th e depression of the m elting point of the jS form.

e v e r , a t  a p p r o x im a te ly  8 0 %  trans c o n te n t  th e  m e lt in g  te m p e ra tu re  o f  th e  
a fo r m  d e crea ses  r a p id ly  w ith  trans c o n te n t  a n d  th u s  th e  c r y s ta llin ity  
w o u ld  d r o p  r a p id ly . I n  fa c t , a  v e r y  sm a ll d ecrea se  in  trans c o n te n t  in  th is  
re g io n  w o u ld  e f fe c t  a  m a jo r  d e cre a se  in  c r y s ta llin ity . T h u s  th e  c r y s ta l
l in ity  sh o u ld  d e cre a se  lin e a r ly  w ith  trans c o n te n t  u n til 8 0 %  trans a fte r  
w h ich  it  sh o u ld  d ecrea se  a t a  v e r y  fa s t  ra te . T h is  is in  a c c o r d  w ith  th e  
d a ta  s h o w n  in  F ig u re  5 . A lth o u g h  w e  h a v e  s h o w n  th a t  th e  ra n d o m  d is 
t r ib u t io n  is c o m p a t ib le  w ith  c r y s ta llin ity  v a r ia t io n s  in  th e  c o p o ly m e r , w e  
h a v e  n o  e x p la n a t io n  o n  a  m o le c u la r  o r  s tru c tu ra l b a s is  fo r  th e  a b o v e  
p h e n o m e n o n . W e  in te n d  t o  s tu d y  th e  im p lic a t io n s  o f  F ig u re  9 in  so m e  
d e ta il t o  e n a b le  e lu c id a t io n  o f  th e  s tru c tu ra l fa c to r s . W e  fe e l th a t  su ch  a n  
u n d e rs ta n d in g  is q u ite  im p o r ta n t . A s  w ill b e  s h o w n  in  th e  s e c o n d  p a p e r  
o f  th is  series, th e  p o ly m e r  p r o p e r t ie s  in  th e  tra n s it io n  re g io n  u n d e rg o  
p r o fo u n d  ch a n g e s . T h e r e  is s o m e  in d ic a t io n  th e  is o m o rp h is m  m a y  b e  
p la y in g  a  m a jo r  ro le  in  th e  m a n n e r  in  w h ic h  th e  c ry s ta ls  b e h a v e . T h e  d a ta
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s h o w n  b y  M a n d e lk e r n  w ere  fo r  p o ly b u ta d ie n e s  in  w h ic h  th e  m a jo r  n o n 
c ry s ta lliz in g  u n its  are  v in y l . I n  th e  p o ly b u ta d ie n e s  d iscu sse d  th r o u g h o u t  
th is  p a p e r  th e  m a jo r  n o n c r y s ta ll iz in g  u n its  are  cis. S o m e  o f  o u r  re ce n t 
w o rk  sh o w s  th a t  tw o  p o ly b u ta d ie n e s , b o t h  o f  th e  sa m e  trans c o n te n t  b u t  
w ith  a  d iffe re n t s te reo  is o m e r  (cis, a n d  v in y l )  as th e  c o m o n o m e r  h a v e  d if 
fe re n t cry s ta llin e  p ro p e rtie s .

DISCUSSION

W e  h a v e  s h o w n  th a t  th e  c r y s ta llin ity  o f  h ig h  ¿ra n s -p o ly b u ta d ie n e s  w ith  
v a r y in g  a m o u n ts  o f  cis c o n te n t  b e h a v e s  v e r y  m u c h  lik e  th e  c r y s ta llin ity  
o f  b lo c k  c o p o ly m e r s . H o w e v e r , s in ce  th e  trans c o n te n t  w a s  a c h ie v e d  b y  
c h e m ica l m o d if ic a t io n  ra th e r  th a n  p o ly m e r iz a t io n  it  w a s  p o s s ib le  t o  
e s ta b lish  th a t  th e  d is t r ib u t io n  o f  cis a n d  trans u n its  a lo n g  th e  ch a in  is t r u ly  
ra n d o m . A  d e ta ile d  s tu d y  o f  th e  m e lt in g  b e h a v io r  s u p p o r ts  th is  v ie w . 
H o w  g e n era l th e se  e ffe c ts  a re , is s t ill u n k n o w n . T h e  e x is t in g  k n o w le d g e  
o f  th e  s te r ic  s tru ctu re s  o f  m a n y  p o ly m e r s  h as b e e n  d e te rm in e d  th r o u g h  
c r y s ta llin ity  s tu d ies . T h e  p re se n t w o r k  su g g ests  v e r y  s tr o n g ly  th a t  e r 
ro n e o u s  co n c lu s io n s  m a y  b e  m a d e  in  th o s e  cases  w h ere  tra n s it io n s  c a n  ex ist  
a n d  a re  n o t  in v e s t ig a te d  th o r o u g h ly . I t  is w e ll k n o w n  th a t  th e  s e c o n d a r y  
c ry s ta lliz a t io n  ex ists  fo r  m o s t  p o ly m e r  c ry s ta ls . W h e th e r  o r  n o t  th e  se c 
o n d a r y  c ry s ta ls  h a v e  th e  sa m e  s tru c tu re  as th a t  o f  th e  p r im a r y  c ry s ta ls  
h as n o t  y e t  b e e n  e s ta b lish e d . I t  is e x tr e m e ly  p e r t in e n t  t o  p o in t  o u t  th a t  
N a t t a 20 h a s  o b s e r v e d  th a t  th e  n a tu re  o f  th e  n o n c r y s ta ll iz a b le  m o n o m e r  
u n its  a ffe c ts  th e  c r y s ta l s tru ctu re  fo r m e d  b y  th e  c ry s ta lliz a b le  u n its  in  c o 
p o ly m e rs . I n  a d d it io n , th e  a m o u n t  o f  n o n c r y s ta ll iz a b le  u n its  a lso  a ffe c ts  
th e  c ry s ta l s tru ctu re . I f  a n y  o f  th e  la t te r  e ffe c ts  (s e c o n d a r y  c ry s ta lliz a t io n  
o r  n o n c r y s ta ll iz a b le  u n its ) a re  p resen t, th e n  a t te m p ts  t o  ch a ra c te r iz e  ch a in  
c o n fo r m a t io n  o r  d is t r ib u t io n  o f  m o n o m e r  u n its  in  c o p o ly m e r s  m u s t  ta k e  
th e m  in to  a c c o u n t .

APPENDIX

In  eq. ( 1 ) in th e text, the fixed conditional probabilities are stated. T h e  chance of a 
c is  unit going back  to  c is  is 0.25, and c is  going to  tra n s  is 0.75, tra n s  going to  c is  is 0.25 
and tra n s  going back  to  tra n s  is 0.75. In  an ensemble of dimeric molecules le t us con
sider th e u n it of tim e to  be th e average tim e it  takes for one of the dim eric m olecules to 
“ flip”  c is  or tra n s . Then, the chance of a T T  molecule going to  T T  in one u n it of tim e is 
0.75, of it  going T C  is 0.125, of going C T  is0.125, etc. T h e chance of m olecules which start 
out T C  going to  T T  is 0.375, of going to T C  is 0.5, etc. In  fa c t we can build up a so- 
called m atrix of transition probabilities for determ ining the fate  of all the dim eric mole-
cules in unit time. T his is shown in eq. ( A l)  w ith  proper values:

T T T C C T C C %  T ra n s %  C is
T T 0 .7 5 0 .12 5 0 .12 5 0 8 7 .5 12 .5

T C 0 .375 0.50 0 0 .12 5 6 2 .5 3 7 .5

P i =  C T 0 .375 0 0.50 0 .12 5 6 2 .5 3 7 .5

C C 0 0 .375 0 .375 0.25 3 7 .5 6 2 .5

In  addition, the to ta l tra n s  and c is  contents are shown. A  num ber shown in the m atrix 
represents the p ro bability  of the corresponding u n it in the v ertica l column T T ,  T C , C T ,
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or C C  being isoinerized to  the corresponding unit in the horizontal row T T ,  T O ,  C T , or V C  

in u n it time.
T o  calculate th e distribution in tw o units of tim e one m erely has to m u ltip ly  the

m atrix ( A l)  b y  itself. T h e  result is shown in eq. (A2)

T T T C C T C C %  T r a n s %  C i s

T T 0.656 0 .15 6 0 .15 6 0 .0312 8 1 .2 18 .8
T C 0.469 0.344 0.094 0.094 6 8 . 8 3 1 .2

P-2 =  C T 0.469 0.094 0.344 0.094 6 8 . 8 3 1 .2 (A2)

C C 0 .281 0.281 0.281 0 .15 6 5 6 .2 4 3 . 8

M ultip lyin g the m atrix of P 2 once again b y  itself gives the result in eq. (A3). C ontinua-
tion of the procedure gives the values in eq. (A4).

T T T C C T C C %  T r a n s %  C i s

T T 0.585 0 .179 0 .179 0.0547 76 .4 23.6
T C 0.540 0.2262 0 .164 0.0704 73 .5 26.5

}  < C T 0.540 0 .16 4 0.2262 0.0704 73 .5 26.5 (A3)
C C 0.492 0.2106 0.2106 0.0858 70 .2 19 .8

T T T C C T C C %  T r a n s %  C i s

T T 0.562 0 .189 7 0 .189 7 0.0618 7 5 .1 7 24.83
p _  T C 0.564 0.1894 0.1894 0.0618 7 5 .1 7 24.83
-*16 (7X7 0.564 0.1894 0.1894 0.0618 7 5 .1 7 24.83 (A4)

C C .557 0.1882 0.1882 0.0633 74.50 2 5 .5

Using the values in eqs. (A 1 )-(A 4 )  for eq. ( 3 )  of the text w e have for the case starting
w ith  an all-^mns ensemble of molecules the values shown in T ab le  A I :

T A B L E  A I

8 7.5 %  T r a n s 8 1.2 %  T r a n s 76 .4 %  T r a n s 7 5 .17 %  T r a n s

T T , 0.766 0.660 0.585 0.562
T C , 0.108 0 .15 2 0 .179 0 .190
C T , - 0.10 9 0 .15 2 0 .179 0.190
C C , 0.0156 0.035 0.055 0.062

Then we can calculate w , x ,  y ,  z using eqs. ( 4 )  of the text; the results are shewn in
T ab le  A l l .

T A B L E  A l l

8 7 .5 %  T r a n s 8 1.2 %  T r a n s 76 .4 %  T r a n s 7 5 .17 %  T r a n s

w 0.758 0.658 0.585 0.562
X 0 .117 2 0 .15 4 0 .17 9 1.19 0
y 0 .117 2 0 .15 4 0 .179 0.190
Z 0.0078 0.033 0.055 0.062

W ith these values and eqs. (5 )  in the text, it is possible to calculate the reactiv ity  
ratios 7 1  and y 2 shown in T ab le  I  of the text.
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Résumé
On a  isomérisé des polybutadiènes stéréoréguliers contenant un pourcentage élevé 

de segm ents c i s  et t r a n s ,  afin d ’obtenir des polym ères avec des taux différentes de seg
ments c i s - t r a n s .  Ces polym ères isomérisés ont été em ployées pour étudier les effets de la 
structure sur les propriétés physiques. Les isomérisations ont été effectuées par photo
sensibilisation en solution benzénique à 25 °C . L a  réaction fu t contrôlée afin d ’obtenir 
des polym ères qui contiennent des segm ents t r a n s  de 0 à 9 5 % . On a  choisi cette  gam m e 
ainsi pour produire des polym ères cristallins e t sem i-cristallins dont la  structure p ou vait 
être intupiètie p ar des techniques aux p etits rayons-x en term es de séquences ou de blocs. 
On a mesuré m éticuleusem ent le pourcentage des isomères par l ’infarrouge; les isom érisa
tions atteign aien t un équillibre de 7 7 %  trans indépendam m ent du fa it que la  réaction 
des polybutadiènes comm ence avec un taux élevé de t r a n s  ou de c i s .  L a  viscosité in
trinsèque augm ente régulièrem ent en fonction du pourcentage de t r a n s  conform ém ent à 
la  taille  plus grande d ’une unité t r a n s .  Les relations rt,v / c - c  ont une forme com pliquée et 
ce problèm e sera étudié plus tard. L a  cristallinité décroît régulièrem ent avec la  dim inu
tion du pourcentage en t r a n s  quand on s ’approche de l ’équilibre de 7 7 %  de t r a n s .  En 
continuant l ’isom érisation au m om ent de l ’équilibre, on obtenait un polym ère com plète
m ent amorphe. Les points de fusion des polym ères cristallins ont été étudiés en détail 
au m oyen d ’une cam éra à rayons-x courts. Ces polym ères possèdent deux form es cris
tallines. L a  première é ta it stable ju sq u ’à  60°C. e t ne varia it pas avec le rapport cis- 
t r a n s  dans le domaine 8 0 -95%  trans. Au-dessous de 80%  t r a n s  le point de fusion de 
cette  forme dim inuait quand le tau x  de t r a n s  décroissait. L a  tem pérature de fusion de 
l ’autre form e cristalline dépendait du pourcentage en t r a n s  et dim inuait lorsque le taux 
de trans décroissait jusqu ’à ce qu ’il coïncide avec le point de fusion de l ’autre forme. On a 
calculé les distributions des unités et des séquences t r a n s  e t  c i s  par des calculs m atriciels 
e t des probabilités de transition. On a eu recours à la  théorie des copolym ères pour cal
culer les rapports de la  pseudo-réactivité pour les formes c i s  et t r a n s .  Les points de fusion 
des deux form es cristallines su iven t les courbes théoriques pour des polym ères statistiques
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mais pas en même tem ps. On discute ee phénomène. L a  cristallinité des polym ères 
isomérisés à pourcentage en t r a n s  élevé est similaire à  celle de copolym ères à blocs bien 
que la  méthode de leur préparation suppose qu ’ils soient statistiques. L ’im portance 
d ’une transition au sein du cristal est soulignée e t mise en rapport avec la quantité e t le 
typ e  d ’unité non-cristallisable.

Zusammenfassung

Stereoreguläre Polybutadiene m it hohem I r a n s -  und cfs-G ehalt wurden isom erisiert um 
Polym ere m it variierendem  cfs-irans-G ehalt zu  erhalten. D iese Isom erisierungsprod
ukte wurden zur U ntersuchung des Struktureinflusses auf physikalische Eigenschaften 
verwendent. D ie  Isom erisierung wurde m it Photosensibilisierung in Benzollösung bei 
25°C . durchgeführt. D ie  R eak tion  wurde so geführt, dass Polym ere m it 0 bis 9 5 %  
ircms-Gehalt entstanden. D ieser Bereich wurde gew ählt, um  kristalline uud sem i-krist
alline Polym ere zu erhalten, deren A ufbau  aus Squenzen oder B löcken durch R öntgenauf
nahmen überprüft werden konnte. D er G eh alt an Isomeren konnte durch Infrarotm es
sungen genau bestim m t werden. D ie Isom erisierung erreicht bei 7 7 %  I r a n s  ein G leich
gewicht, gleichgültig ob von  Polybutadienen m it hohem ¿raras-oder c i s —G eh alt ausgegan
gen wurde. D ie V iskositätszahl zeigte eine regelmässige Zunahm e m it dem irans-G ehalt, 
was m it der grösseren A usdehnung der iraras-Einheit übereinstim m t. D ie  Beziehung 
■rhp/c gegen c  h atte  eine kom plizierte Form  und bliebt einer weiteren U ntersuchung über
lassen. D ie  K rista llin itä t nahm  m it fallendem  irans-G ehalt bei Annäherung an das 
G leichgew icht von 7 7 %  I r a n s  regelm ässig ab. Fortgesetzte  Isom erisierung beim  G leich
gew ichtspunkt führte zu  einem vollstän dig amorphen Polym eren. D ie  Schm elztem pera
tu r des kristallinen Polym eren wurde m it R öntgen- und Zählverfahren genau untersucht. 
D ie  Polym eren wiesen zw ie K ristallform en auf. Eine Form  war bis zu 60°C. stabil und im 
Bereich von 80 -95%  I r a n s  in variant gegen den cis-irans-Gehalt. U nterhalb 80%  t r a n s  

nahm  der Schm elzpunkt dieser Form  bei weiterer Verringerung des irans-G ehaltes ab. 
D ie  Schm elztem peratur der anderen K rista llform  w ar vom  frans-G ehalt abhängig und 
nahm  m it fallendem  iraras-Gehalt bis zum  schliesslichen Zusam m enfallen m it der 
Schm elztem peratur der ersten Form  ab. D ie Verteilung der c i s -  und irans-Einheilten und 
ihrer Sequenzen wurde durch K onstruktion  von  M atrizen  für die U m wandlungswahr- 
scheinlichkeit berechnet. D ie  Copolym erisationstheorie wurde zur Berechnung der 
PseudoR eaktivitätsverhältn isse für die t r a n s -  und cis-Form  herangezogen. D ie Schm elz
tem peratur der beiden K rista lle  folgte, wenn auch n ich t gleichzeitig, der für statistische 
Copolym ere berechneten K u rve. Dieses Verhalten  wird diskutiert. D ie  K rista llin itä t 
von Isom erisierungsprodukten m it hohem iraras-Gehalt war, u ngeachtet der T atsache, 
dass ihre H erstellungsm ethode eine Charakterisierung als ungeordnet verlangt, ähnlich 
der von Blockcopolym eren. D ie B edeutung einer K ristallum w andlung in diesem F all 
and die allegemeinen Einflüsse der M enge und A rt der nichtkristallisierbaren Einheit 
werden betont.

R e c e iv e d  J u ly  12, 1962
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Polymerization in Liquid Sulfur Dioxide. Part XIII. 
Polymerization of Styrene Derivatives in Liquid 

Sulfur Dioxide

N I I C H I R O  T O K U R A , M I N O R U  M A T S U D A , a n d  Y A S U O  O G A W A , 
The Chemical Research Institute of Non-Aqueous Solutions,

Tohoku University, Sendai, Japan

Synopsis

p-Brom ostyrene, p-m ethylstyrene and a-m ethylstyrene were subjected to  polym er
ization in liquid sulfur dioxide w ith  a,a '-azobisisobutyron itrile  as an in itiator at polym er
ization tem peratures of 0-60°C . In  case of polym erization of p-brom ostyrene, only 
polysulfones of 1 :2  m olar ratio betw een sulfur dioxide and p-brom ostyrene were ob
tained. N o  cationic polym erization w as observed. In  case of polym erization of p- 
m ethylstyrene polysulfone having 1 :2  com position, a radical polym erization  product, 
as well as poly-p-m ethylstyrene, a cationic polym erization product, as obtained, reveal
ing concurrent and com petitive occurrence of both polym erizations. T h e cationic 
polym erization was explained as the result of the electron-donating property of th e p a r a -  

m e t h y l  substituent and the cata lytic  action of sulfur dioxide or sulfurous acid form ed 
w ith a m inute am ount of w ater contained in liquid sulfur dioxide. In  liquid sulfur di
oxide, the cationic polym erization was p erfectly  inhibited b y  D M F  and th e radical 
polym erization was not affected b y  the presence of D M F . In  a  system  in w hich the 
radical polym erization alone proceeded in liquid sulfur dioxide, the overall rate  of the 
polym erization w as proportional to  the concentration of A IB N  in the order of 0.7. 
This was interpreted to  indicate th a t the strong solvation between sulfur dioxide and the 
term inal radical of the growing radical due to  hyperconjugation of the p-m ethyl group 
m ay stabilize the term inal radical, leading to  a unim olecular term ination. In  the 
polym erization of a-m ethylstyren e, th e addition of A I B N  did not give polysulfone, bu t 
gave p oly-a-m ethylstyren e alone as a result of cationic polym erization.

INTRODUCTION

R a d ic a l  p o ly m e r iz a t io n  o f  v in y l  m o n o m e r s  in  liq u id  su lfu r  d io x id e  is 
k n o w n  t o  g iv e  p o ly s i llfo n e s , e x c e p t  in  ca se  o f  a c r y lo n it r i le 1 o r  r e la te d  o le fin  
d e r iv a t iv e s . T h e  c o m p o s it io n  o f  th e se  p o ly s u lfo n e s  is  r e p o r te d  t o  b e  fix ed  
in  a ll ca ses  (e x c e p t  in  th e  resu lts  o f  o n e  in v e s t ig a t o r ) ,2 an d  th is  c o m p o s it io n  
c o r re sp o n d s  t o  a  r a t io  o f  1 :1  (e .g ., S 0 2 a n d  is o b u t e n e )3 o r  1 :2  (e .g ., S 0 2 a n d  
s ty r e n e )4 b e tw e e n  su lfu r  d io x id e  a n d  th e  v in y l  c o m p o u n d . T h e  d iffe re n ce  
o f  th e se  ra t io s  is  c o n s id e re d  t o  d e p e n d  u p o n  th e  d iffe re n ce  in  th e  c o m p o s i
t io n s  o f  th e  co m p le x e s  fo r m e d  b e tw e e n  su lfu r  d io x id e  a n d  th e  v in y l  m o n o 
m ers b e fo r e  p o ly m e r iz a t io n , w h ic h  is, in  tu rn , ca u se d  b y  th e  d if fe re n ce  in  
th e  d e g re e  o f  in te r a c t io n  o f  th e  m o n o m e r  w ith  su lfu r  d io x id e  a c c o r d in g  to  
th e  e le c t r o n  d e n s ity  in  th e  v in y l  g r o u p . T h e  fo r m a t io n  o f  p o ly a c r y lo n it r i le
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b u t  n o t  p o ly s u lfo n e  in  th e  ca se  o f  ra d ica l p o ly m e r iz a t io n  o f  a c r y lo n it r ile 2 
is a t t r ib u te d  to  th e  fa c t  th a t  th e  fo r m a t io n  o f  a  c o m p le x  is im p o s s ib le  b e 
cau se  o f  th e  s tr o n g  e le c t r o p h i l ic i ty  o f  th e  n itr ile  g ro u p  a n d  th e  re p u ls io n  
b e tw e e n  th e  p o s it iv e  c h a rg e d  v in y l  g r o u p  o f  th e  m o n o m e r  a n d  su lfu r  d i
o x id e  m o le cu le s . O n  th e  o th e r  h a n d , th e  c a t io n ic  p o ly m e r iz a t io n  o f  v in y l  
c o m p o u n d s  in  liq u id  su lfu r  d io x id e  g iv e s  p o ly o le fin s  w ith o u t  e x c e p t io n .6

T h e  p re se n t a u th o rs  h a v e  e x p e r im e n te d  o n  th e  p o ly m e r iz a t io n  o f  s ty re n e  
d e r iv a t iv e s  w ith  a ,a '-a z o b is is o b u t y r o n it r i le  as a n  in it ia to r , a n d  a  c o m p a r a 
t iv e  e x a m in a t io n  o f  th e  e f fe c t  o f  s u b s t itu e n ts  o n  th e  c o m p o s it io n  o f  th e  
p o ly s u lfo n e s  o b ta in e d  h a s  b e e n  u n d e rta k e n .

EXPERIMENTAL

Materials

L iq u id  su lfu r  d io x id e  a n d  a ,a '-a z o b is is o b u t y r o n it r i le  (A I B N )  w ere  p u r i
fied  b y  th e  u su a l m e th o d s  as r e p o r te d  e a r lie r .2 « -M e t h y ls t y r e n e  u sed  w as 
a co m m e rc ia l p r o d u c t  (D o w  C h e m ica l C o .)  w h ic h  h a d  b e e n  tw ic e  d is t illed  
in vacuo u n d e r  n itr o g e n  (b .p . 5 9 .5 ° C . /1 6  m m . H g ) .  p -B r o m o s ty r e n e  w a s 
p re p a re d  f r o m  b r o m o b e n z e n e  b y  a  series o f  r e a c t io n s : a c e ty la t io n , M e e r -  
w e in -P o n n d o r f  r e d u c t io n  a n d  d e h y d r a t io n .6

A n a l . C alcd .: C, 52.48% , H, 3.88% ; Found: C , 52.04% , H , 4.02% ; b.p. S9°C ./ 
13 mm. H g, «g 1.5931 (lit.:6 b.p. 8 9 °C ./13  mm. H g, rag 1.5933).

p -M e th y ls tv r e n e  w a s  sy n th e s iz e d  in  a  s im ilar  w a y .7

A n a l . C alcd.: C, 9 1.5 3 % , H, 8 .47% ; F ound: C , 91.3 5 % , H, 8.64%,; b.p.
58.5°C ./12  mm. H g, sf) 1.5393 ( lit.:7 b.p. 59 °C ./12  mm. H g, n!n' 1.5392).

Experimental Technique

T h e  ra te  o f  p o ly m e r iz a t io n  w a s  m ea su red  b y  th e  g r a v im e tr ic  m e th o d  in  a 
g lass p ressu re  tu b e . A  d e fin ite  a m o u n t  o f  th e m o n o m e r  c o n ta in in g  a  k n o w n  
a m o u n t  o f  A I B N  w a s p ip e t t e d  in to  th e  tu b e . T h e  tu b e  w a s  c o n n e c te d  to  a 
v a c u u m  lin e , flu sh ed  w ith  d r y  n itro g e n , a n d  filled  w ith  p u r ifie d  liq u id  su lfu r  
d io x id e  t o  a  d e fin ite  v o lu m e  a t  a  d e fin ite  te m p e ra tu re , as in  th e  u su a l w a y .1 
T h e  p o ly m e r iz a t io n  te m p e ra tu re  w a s 3 0 -6 0  ° C . A ft e r  th e  c o m p le t io n  o f  
p o ly m e r iz a t io n , th e  r e a c t io n  m ix tu re  w a s  p o u r e d  in to  a  la rge  a m o u n t  o f  
m e th a n o l; th e  p o ly m e r  p r e c ip ita te d  w a s  filte re d  o f f  a n d  d r ie d  u n d e r  re 
d u c e d  p ressu re  a t  4 5 ° C . u n t il a  c o n s ta n t  w e ig h t  w a s  o b ta in e d .

RESULTS AND DISCUSSION

I n  o rd e r  t o  m a k e  p o ss ib le  a  c o m p a r is o n  w ith  th e  ra d ica l p o ly m e r iz a t io n  
o f  s ty re n e  in  liq u id  su lfu r  d io x id e ,4 s im ila r  p o ly m e r iz a t io n  co n d it io n s  w ere  
u sed  as in  th e  ca se  o f  s ty re n e . T h e  t im e -c o n v e r s io n  cu rv e s  fo r  e a ch  r e a c 
t io n  are s h o w n  in  F ig u re  1. -
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P o l y t n . T i m e  ( M i a )

Fig. 1. Tim e-conversion  curves: (I)  p-m ethylstyrene; ( £ )  styrene; ( 3 )  p-brom o- 
styrene. Polym erization conditions: [monomer] =  36.36 v o l.-% ; [liq. S 0 2] =  63.64
v o l.-% ; [A IB N ’jo = 1.09 X 10 -a mole/1.; polym erization tem perature, 50°C.

Polymerization o f  p-Bromostyrene

T im e -c o n v e r s io n  c u rv e s  o b ta in e d  a t  v a r io u s  te m p e ra tu re s  in  th e  ra n g e  
3 0 -6 0 ° C .  a re  s h o w n  in  F ig u re  2, a n d  a n  A rrh e n iu s  p lo t  is  s h o w n  in  F ig u re
3. T h e  a c t iv a t io n  e n e r g y  o f  th e  o v e r a ll  r e a c t io n  is  fo u n d  t o  b e  13 .9  k c a l . /  
m o le . T h e  resu lts  o f  th e  e le m e n ta r y  a n a ly se s  o f  th e  p o ly m e r s  a re  g iv e n  in  
T a b le  I .

0  3 0  6 0  9 0  1 2 0  1 5 0  1 8 0

P o T i j m  T i m e  ( M i n )

Fig. 2. Tim e-conversion  curves obtained b y  polym erization of p-brom ostyrene. 
Polym erization conditions: [p-bromostyrene] =  36.36 v o l.-% , [liq. 1SO 2] =  63.64 
v o l.-% ; [AIRN ]o =  1.09 X  10 -2 m ole/L ; polym erization tem perature, 50°C.
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V j  x / 0 ?

Fig. 3. Arrhenius p lo t of th e overall reaction rate  obtained from  Fig. 2.

T A B L E  I
E lem en tary A nalyses of p-Brom ostyrene Polysulfone

[p-Brom ostyrene ], 
mole/1.

[Liq. SOs], 
mole/1.

Polym erization 
tem p., °C .

Conversion,
w t.-% c , % H , %

1.40 16 .53 50 0 .46 4 5 .6 1 3 .2 1
2.80 12.86 50 5 .78 46.26 3.20
2.80 11.0 2 50 0.36 46.25 3 .50
4.20 9 .1 9 50 5 .2 7 4 7.2 5 3 .5 4
5.60 5 .5 1 50 1.90 47.08 3.5 3

Fig. 4. T im e-conversion  curves obtained b y  polym erization of p-m ethylstyrene. 
Polym erization conditions: [p-m ethylstyrene] =  36.36 v o l.-% ; [liq. S 0 2] =  63.64 
v o l.-% ; [AIBNJo =  1,09 X  10~2 m ole/1,; polym erization tem perature, 50°C.
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Polymerization o f  p-Methylstyrene

T im e -c o n v e r s io n  cu rv e s  fo r  p o ly m e r iz a t io n s  a t  3 0 -5 0 ° C .  are  s h o w n  in  
F ig u re  4 , a n d  th e  resu lts  o f  e le m e n ta r y  a n a ly se s  o f  th e  p o ly m e r s  o b ta in e d  
are g iv e n  in  T a b le  I I .

T A B L E  II
E lem en tary A n alyses of Polym ers O btained b y  the Polym erization of p-M eth ylstyren e

[p-M ethylstyrene ],

mole/1-

[Liq. S 0 2], 

mole/1-

Polym erization  
tem p., °C .

Conversion,
w t.-% c, % H , %

1 .3 9 16 .5 3 50 3 .6 9 85.25 7 .6 6
2 .7 7 12.8 6 50 19.28 85.92 7 .7 2
4 .1 6 9 .1 9 50 1.0 2 74.20 6.85
5 .5 4 5 .5 1 50 1.4 4 7 1 .3 0 6 .6 1

A s  h a s  b e e n  m e n t io n e d  a b o v e , th e  ra d ic a l p o ly m e r iz a t io n  o f  v in y l  m o n o 
m ers c a p a b le  o f  e n te r in g  in t o  d o n o r -a c c e p t o r  in te ra c t io n s  w ith  liq u id  su lfu r  
d io x id e  m o le cu le s  g iv e s  p o ly s u lfo n e  w h e n  th e  r e a c t io n  is  ca rr ie d  o u t  in  liq u id  
su lfu r  d io x id e . A c c o r d in g  to  th e  t h e o r y  o f  D a in to n  e t  a l . ,8 is o b u te n e  o r  
c y c lo p e n te n e , w h ic h  fo r m  1 :1  co m p le x e s  w ith  liq u id  su lfu r  d io x id e , y ie ld  
p o ly s u lfo n e s  o f  1 :1  c o m p o s it io n .

I n  r a d ica l p o ly m e r iz a t io n  o f  s ty re n e  in  liq u id  su lfu r  d io x id e , th e  p re se n t  
a u th o rs  h a v e  a lw a y s  o b ta in e d  p o ly s u lfo n e  o f  th e  1 :2  c o m p o s i t io n ,4 e v e n  
w h en  th e  c o n d it io n s  o f  p o ly m e r iz a t io n  su ch  as  te m p e ra tu re , c o n c e n tr a t io n  
o f  ca ta ly s t , a n d  ra t io  o f  l iq u id  su lfu r  d io x id e  t o  th e  m o n o m e r  w a s  ch a n g e d . 
T h e  sa m e w a s  tru e  e v e n  w h e n  v a r io u s  s o lv e n ts  w h ich  h a v e  b e e n  p r o v e d  to  
sh o w  so m e  in te r a c t io n  w ith  liq u id  su lfu r  d io x id e 10 o r  v a r io u s  s a lt s 11 w ere  
a d d e d .

W h ile  B a r b 2 o b ta in e d  p o ly s u lfo n e s  h a v in g  a  ra t io  m o re  th a n  1 :2  in  th e  
p o ly m e r iz a t io n  o f  s ty re n e , it  is  su s p e c te d  th a t  th e  r e a c t io n s  w e re  ca rr ie d  
o u t  u n d e r  su ch  c o n d it io n s  o f  p o ly m e r iz a t io n  as a t  a  v e r y  lo w  r a t io  o f  liq u id  
su lfu r  d io x id e  t o  s ty r e n e ; h e n ce  th e  p o ly m e r iz a t io n  o f  s ty re n e  a lo n e  t o o k  
p la c e  a fte r  su lfu r  d io x id e  h a d  b e e n  c o n s u m e d . N o w , in  v ie w  o f  th e  re su lt  o f  
p o ly m e r iz a t io n  o f  p -b r o m o s ty r e n e , a n d  ta k in g  a c c o u n t  o f  th e  p o ly m o le c u la r  
n a tu re  o f  th e  p r o d u c ts , th e  resu lts  o f  a n a ly s is  o f  th e  p o ly m e r s  (T a b le  I )  can  
b e  re g a rd e d  t o  a gree  w e ll w ith  th e  c o m p o s it io n  o f  1 :2  (su lfu r  d io x id e  : p - 
b r o m o s t y r e n e ) , the ca lc u la te d  v a lu e s  fo r  th e  p o ly m e r s  o f  h a v in g  th e  s tr u c 
tu re :

/ C H 2— C H — SO 2 — C H 2— ÇH

Br B r

b e in g  C  4 4 .6 3 %  a n d  H  3 .5 2 %
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A n  a c t iv a t io n  e n e r g y  o f  th e o v e ra ll r e a c t io n  o f  13.9 k c a l . /m o le  is  a  v a lu e  
co m p a ra b le  t o  14 .7  k c a l . /m o le  o b ta in e d  in  th e  p o ly m e r iz a t io n  o f  s ty r e n e .4 
T h e  in tr o d u c t io n  o f  a  b r o m in e  at th e  para p o s it io n  o f  th e  v in y l  g r o u p  m a y  b e  
sa id  to  h a v e  n o  e ffe c t  o n  th e  c o m p o s it io n  o f  th e  p o ly s u lfo n e .

I n  th e  p o ly m e r iz a t io n  o f  p -m e th y ls ty r e n e , th e  a n a ly t ic a l v a lu e s  in  T a b le  
I I  d iffe r  c o n s id e r a b ly  fr o m  th e  ca lcu la te d  v a lu e s  fo r  a  1 :2  p o ly s u lfo n e  h a v in g  
th e s tru c tu re :

th e  ca lcu la te d  figu res  b e in g  C , 7 2 .0 0 %  a n d  H , 6 .6 7 % .
M o r e o v e r , in  p o ly m e r iz a t io n  at v a r io u s  te m p e ra tu re s  (F ig . 4 ) , the r e p r o 

d u c ib il ity  o f  th e  resu lts  w a s n o t  so  g o o d ;  h o w e v e r , th e  h ig h e r  w a s th e  y ie ld , 
th e  lo w e r  w a s  th e  te m p e ra tu re . T h e  rea son  fo r  th is  a n o m a ly  m a y  lie  in  
c o n c u r r e n t  o c cu rre n ce  o f  a  c o m p e t it iv e  c a t io n ic  p o ly m e r iz a t io n . T h e r e 
fo r e , th e  e x tr a c t io n  o f  th e  p o ly m e r  w as a t t e m p te d . E x t r a c t io n  w ith  b e n 
zen e  (T a b le  I I I )  p e r m it te d  e x tr a c t io n  o f  b o t h  p o ly -p -m e th y ls t y r e n e  a n d  a 
p a r t  o f  th e  p o ly s u lfo n e , b u t  th e  u se o f  c y c lo h e x a n e  as a n  e x tr a c ta n t  y ie ld e d  
p o ly m e rs  c o n ta in in g  v ir tu a lly  su lfu r , i.e ., p o ly -p -m e th y ls t y r e n e  a lon e  
(T a b le  I V ) .

T A B L E  III
A nalyses of Polym ers E xtracted  with Benzene

c ,  % H, % s

Polymer 85.58 7.92 +
Residue 76.51 7.13 +
E xtract 85.97 8.07 +

T A B L E  IV
A nalyses of Polym er E xtracted with Cyclohexane

c ,  % H o/ n i Zc ¡4  %

Polym er 82.53 7.85 4.80
Residuo 74.21 7.01 10.23
E x tract 91.19 9.05 0.26

T h is  in d ica te s  th a t  c a t io n ic  p o ly m e r iz a t io n  w a s  e v id e n t ly  ta k in g  p la ce  c o n 
c u r r e n t ly  a n d  c o m p e t it iv e ly . A c c o r d in g ly , p o ly m e r iz a t io n  in  th e  p resen ce  
o f  a  tra ce  o f  h y d r o q u in o n e , a n  in h ib ito r  t o  ra d ica l p o ly m e r iz a t io n , w a s  u n 
d e rta k e n . T h e  resu lt  is g iv e n  in  T a b le  V . T h e  resu lt  is  c o n s is te n t  w ith  th e  
th e o r e t ic a l v a lu e  c a lcu la te d  fo r  p o  I y -p -m e t h y  1 s t y  re n e . A lth o u g h  v e r y  sm all
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a m o u n ts  o f  su lfu r  w ere  p re se n t, th is  m a y  b e  re g a rd e d  t o  b e  su lfu r  d io x id e  
w h ic h  c o m b in e d  w ith  th e  p o ly m e r  m o le cu le s  d u r in g  re a c t io n , p o s s ib ly  in  th e 
fo r m  o f  su lftn ic a c id .

T h e  fa c t  th a t  a  c a t io n ic  p o ly m e r iz a t io n  ta k e s  p la ce  in  liq u id  su lfu r  d i
o x id e  in  sp ite  o f  th e  a b se n ce  o f  a  c a t io n ic  c a ta ly s t  su ch  as L e w is  a c id  m a y  b e  
a t t r ib u ta b le  t o  th e  s tro n g  e le c t r o n -d o n a t in g  p r o p e r ty  o f  th e  p -m e t h y l  g ro u p  
o f  th e  s ty re n e  d e r iv a t iv e  a n d  t o  the c a ta ly t ic  a c t io n  o f  su lfu r  d io x id e  i t 
se lf . A lte r n a t iv e ly , su lfu r  d io x id e  w ith  a  t r a c e  o f  w a te r  as a  c o c a ta ly s t  m a y  
a lso  b e  a  u se fu l so u rce  fo r  th e  ca ta ly s t , as h a s  b e e n  r e p o r te d  in  th e  p o ly m e r i
z a t io n  o f  is o b u t e n e .12 P e rh a p s  th e  less re p r o d u c ib le  resu lts  in  th e  s im u l
ta n e o u s  (ra d ica l a n d  c a t io n ic )  p o ly m e r iz a t io n  are  d u e  t o  th e  w ea k  a c id i t y  
a n d /o r  th e  f lu c tu a t io n  o f  th e  w a te r  c o n te n t  o f  su lfu r  d io x id e . (R e p r o d u c 
ib le  resu lts  w ere  o b ta in e d  i f  th e  r a d ica l p o ly m e r iz a t io n s  w e re  ca rr ie d  o u t  b y  
th e  su p p re ss io n  o f  th e  c a t io n ic  p o ly m e r iz a t io n .)

T A B L E  V
A nalyses of the Polym ers O btained in Presence of ILydroquinone“

Polym erization 
tim e, min.

Conversion,
w t.-%

c , % H, % s ,  %

Found Calcd. Found Calcd. Found C alcd .

50
90

8.24
5 .6 7

9 1 .1 5
91.2 3

9 1.4 7 8.37
8.58

8.53 1 .0 1  0 
0.32

° Polym erization conditions: [p-methylst.yrene ]0 =  2.29 mole A -î [liq. SOalo =  14.16
mole/L; [AIBN]o =  0; polym erization tem perature, 50°C.

I n  a d d it io n  to  p -m e th y ls ty r e n e , « -m e th y ls ty r e n e , m e t h y l  v in y l  e t h e r ,13 
a n d  fo r m a ld e h y d e 14 are know m  t o  b e  m o n o m e rs  w h ich  are  p o ly m e r iz e d  
c a t io n ic a lly  b y  su lfu r  d io x id e  a lon e .

I n  th e  n e x t  p la ce , ra d ica l p o ly m e r iz a t io n  a lon e  o f  p -m e t h y ls ty r e n e  w a s  
a rra n g ed  t o  o c c u r  b y  a d d in g  d im e th y l- fo r m a m id e  (D M F )  as a n  in h ib ito r  fo r  
th e  ca t io n ic  p o ly m e r iz a t io n . (A d d it io n  o f  b o th  h y d r o q u in o n e  a n d  D M T  
g a v e  n o  p o ly m e r  a t  a ll. A d d it io n  o f  D M F  h a d  n o  e ffe c t  o n  the ra te  o f  the 
ra d ica l p o ly m e r iz a t io n . W it h  reg a rd s  t o  th e m e ch a n is m  o f  in h ib it io n  b y  
D M F , th e  d e ta ils  w ill b e  re p o r te d  e lsew h ere .) T h e  resu lts  are g iv e n  in 
T a b le  V I .

T o  ju d g e  o n ly  fr o m  th e  resu lts  o f  e le m e n ta ry  a n a ly ses , it  c a n  b e  seen  th a t  
th e  c o m p o s it io n  o f  th e  p o ly s u lfo n e  h a s  a  d e fin ite  r a t io  o f  1 :2  b e tw e e n  su lfu r  
d io x id e  a n d  p -m e t h y ls ty r e n e . T h e  c a lcu la te d  v a lu e s  fo r  a p o ly s u lfo n e  o f  1 :2  
ra t io  are  C , 7 2 .0 0 % , FI, 0 .0 7 % , a n d  S, 1 0 .0 7 % . T h e  fa c t  th a t  th e  c o m p o s i
t io n  o f  th e  p o ly s u lfo n e  h a s  a  ra t io  o f  1 :2  as in  the ca se  o f  s ty re n e  p o ly s u l
fo n e  o r  p -b r o m o s t y r e n e  p o ly s u lfo n e  le a d s  t o  th e  c o n c lu s io n  th a t  th e  m e th y l 
g ro u p  a t  th e  para p o s it io n  h a s  n o  s ig n ifica n t  e f fe c t  o n  th e  c o m p o s it io n  o f  th e  
p o ly s u lfo n e . I f  th e  p o ly m e r iz a t io n  ta k e s  p la ce  th ro u g h  fo r m a t io n  o f  a 
c o m p le x  b e tw e e n  su lfu r  d io x id e  a n d  th e  s ty re n e  d e r iv a t iv e , th e  p a r a -m e th y l 
s u b s t itu e n t  m a y  b e  in te r p r e te d  to  h a v e  n o  e f fe c t  o n  th e  c o m p o s it io n  o f  th e  
c o m p le x . M o r e o v e r , th e  a d d it io n  o f  o th e r  s o lv e n ts  o r  sa lts  t o  th e  p o ly -
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m e riz in g  s y s te m  g a v e  n o  ch a n g e  o f  th e  c o m p o s it io n  o f  th e p o ly s u lfo n e s  
o b ta in e d  (T a b le  V I I ) .

T A R L E  V II
R esu lt of E lem en tary A nalyses of ¡»-M ethylstyrene Polym er O btained on A ddition  of 

Solvents or S alts in the Presence of D M F *

A dditive

A dditive
concn.,
mole/1.

Polym er
ization 

tim e, min.

Con
version,
w t.-% c,% H , % s, %

Benzene 2 .79 180 1.6 4 7 2 .3 1 6.96 9 .9 7
Toluene 2 .3 4 180 1 .7 7 7 1 .9 5 6.96 10.06
p-X ylene 2.03 180 1.8 4 7 2 .2 1 6 .73 10.30
Carbon tetrachloride 2 .5 6 180 1 .7 4 70.82 7 .1 0 9 .7 3
Tetraethylam m onium

bromide 2 .6 5  X  10~3 180 2.90 7 1 .1 8 6.79 10.84

a Polym erization  conditions: [liq. S 0 2]o =  6.74 mole/1., [p-m ethylstyrene]0 =  2.54
mole/1., [DMFJo =  1.08 mole/1., [A IB N ]0 =  1.09 X  10~2 mole/1., polym erization 
tem perature, 50 °C .

P o ly m e r iz a t io n s  w ere  ca rr ie d  o u t  in  th e  p re se n ce  o f  D M F  w ith  A I B N  o f  
v a r io u s  c o n c e n tr a t io n s  as th e  in it ia to r  t o  e x a m in e  th e  e f fe c t  o f  c o n c e n tr a 
t io n  o f  A I B N  u p o n  th e  o v e r a ll ra te  R v o f  th e  p o ly m e r iz a t io n . T h e  re 
su lts  are  s h o w n  in  F ig u re  5.

T h e  ra te  e q u a t io n  o b ta in e d  fr o m  F ig u re  5 is

R v =  fc [A IB N ]o '7

w h ere  [ A I B N ]0 is  th e  in it ia l c o n c e n tr a t io n  o f  th e  in it ia to r . F o r  re fe re n ce , 
th e re su lt  o f  th e  e le m e n ta ry  a n a ly se s  o f  th e  p o ly m e r s  o b ta in e d  is  s h o w n  in  
T a b le  V I I I .  T h e  n u m b e r  o f  th e  o rd e r , 0 ,7  w ith  re s p e c t  t o  A I B N  c o n c e n 
tra t io n , is  a  v a lu e  n o t  p r e v io u s ly  fo u n d  fo r  ra d ica l p o ly m e r iz a t io n  o f  a  
h o m o g e n e o u s  s y s te m , a n d  c o n s e q u e n t ly , th e  u n im o le cu la r  te r m in a t io n  
sh o u ld  b e  co n s id e re d  d u r in g  th e  p o ly m e r iz a t io n . H o w e v e r , th e  u n im o le c u -

Fig. 5. The log-log plot of overall reaction rate vs. concentration of A IB N .
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T A B L E  V i l i
Elem entar}’ A nalyses of the Polym ers

[A IB N  |o, mole/1. c ,  % H, % s , %

1 01 X  1 0 - ' 70.67 6.85 10 .47
3 .5 3  X  1 0 -2 7 1 .4 5 6.91 10 60
1.0 9 X 10“ 2 7 1 .0 5 6 .7 5 10.32
3 .5 9  X  IO -3 72.20 6.81 10 .13

lar te rm in a t io n  in  th e  h e te ro g e n e o u s  s y s te m  o f  a c ry lo n itr ile  ca n  b e  e x p la in e d  
as th e  o c c lu s io n  o f  th e  p o ly m e r  ch a in s ; in  th e  h o m o g e n e o u s  p o ly m e r iz a 
tion  o f  p -m e th y ls ty r e n e  a  s im ilar  v ie w  ca n  n o t  b e  a c c o m m o d a t e d . A  
p la u s ib le  e x p la n a t io n  m a y  b e  as fo l lo w s . T h e  te rm in a l r a d ica l o f  th e  g r o w 
in g  ch a in  m a y  h a v e  a n  in cre a se  in  e le c tr o n  d e n s ity  o w in g  t o  th e  h y p e r c o n 
ju g a t io n  e f fe c t  o f  th e  p -m e t h y l  g ro u p , a n d  as th e  resu lt , m a y  b e  s o lv a te d  
s tro n g ly  b y  liq u id  su lfu r  d io x id e  m o le c u le ; th e  te rm in a l ra d ica l is  th u s  
s ta b iliz e d , a n d  th e  p o ly m e r  ch a in  is  te rm in a te d  u n im o le c u la r ly :

H a-
• C H 2— C H  — S 0 2— C H 2— C-

t)

0 /

OH;, CH;,

E v e n  in  th e  p re se n ce  o f  A I B N , « -m e th y ls ty r e n e  in  liq u id  su lfu r  d io x id e  
d oes  n o t  g iv e  th e  p o ly s u lfo n e , a  ra d ica l p o ly m e r iz a t io n  p r o d u c t , b u t  p o ly -a -  
m e th y ls ty re n e  is fo u n d  as  a  resu lt  o f  a  c a t io n ic  p o ly m e r iz a t io n . S ter ie  
h in d ra n ce  s h o u ld  b e  ta k e n  in t o  a c c o u n t  to  e x p la in  w h y  p o ly s u lfo n e  is  n o t  
fo r m e d . A  s im ila r  m e ch a n ism  as  in  th e  ca se  o f  th e  p o ly m e r iz a t io n  o f  
p -rn e th y ls ty re n e  in  liq u id  su lfu r  d io x id e  m a y  b e  a d o p t e d  fo r  th e  p o ly m e r iz a 
t io n  o f  a -m e th y ls ty r e n e ; h o w e v e r  th e  ra te  o f  th e  p o ly m e r iz a t io n  seem s 
v e r y  la rge  in  th e  la t te r , th e  co n v e r s io n  re a ch in g  n e a r ly  9 0 %  a t  0 ° C .  fo r  30 
m in . in  liq u id  su lfu r  d io x id e .

T A B L E  I X
R esults of E lem en tary  A nalyses of P o ly-a-m eth ylstyrene O btained in L iquid  S 0 2

[a-M ethyl- 
styrene ]0, 

mole/1.
[Liq. S 0 2]„, 

mole/1.

C on 
version,
w t.-%

Polym er
ization 

tem p., °C .
[A IB N ],,
mole/1.

c ,
%

H,

%
s,
%

3 .5 8 10 .79 6 .4 1 50 7 .6 4  X  10~3 9 1 .7 3 8.62 0
3 .5 8 10 .79 7 .1 2 50 2.8 9  X  10 —2 9 1.3 2 8.53 0
3 .5 8 10 .79 1 .8 5 50 1 .6 5  X  10~2 90 .71 8.39 0
3 .5 8 10 .79 5 .5 6 50 1 .6 5  X  IO“ 2 9 1 .1 1 8 .54 0
3.58 10.79 17 .4 8 50 1 .6 5  X  1 0 -2 90 .77 8.42 0
5 .1 2 6 .7 4 2 .5 7 0 0 90.35 8.44 0
4 .10 9 .4 1 24.90 0 0 9 1 .1 6 8.66 0
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T h e  resu lts  o f  e le m e n ta r y  a n a ly ses  o f  p o ly -a -m e t h y ls t y r e n e  a re  g iv e n  
in  T a b le  I X .  P o ly m e r iz a t io n  in  th e  p re se n ce  o f  D M F  a lso  g a v e  n o  p o ly m e r

T A B L E  X
Polym erization of « -M ethylstyrene in the Presence of D M F ; Polym erization

Tem perature 50°C .

[a-M ethyl- 
styrene ]0, 
mole/1.

[Liq. S 0 2 ]o, 
mole/1.

[DMFJo, 
ni ole/l.

[A IB N  ]„, 
mole/1.

[B F 3-0 (C 2H 5)2]„,
mole/1. Polym er

2 .79 11.0 4 1 .18 2.28  X 10~2 0 None
2 .79 11.0 4 1 .1 8 2.28  X  10 " 2 0 None
2 .79 11 .0 4 1. 18 2 .2 8  X  10“ 2 0 None
2 .79 11.0 4 1 .1 8 2.28  X 10 “ 2 0 None
2 .79 11.0 4 1 .1 8 2 .2 8  X  10 “ 2 0 N one
1 .40 14 .71 1 .1 8 0 1 .1 4  X  10-2 None
4 .19 7.3 6 1 .1 8 0 3 .4 2  X  IO“ 2 None
5 .5 9 3.68 1 .1 8 0 4 .5 6  X  IO -2 None

(T a b le  X ) , (T h e  a d d it io n  o f  D M F  in h ib ite d  th e  c a t io n ic  p o ly m e r iz a t io n
e n tire ly , e v e n  w h e n  B F 3 e th e r a te  w a s  u se d  as  th e  ca ta ly s t .)

T h e  in tr in s ic  v is co s it ie s  o f  th e  p o ly m e r s  o b ta in e d  are  lis te d  in  T a b le  X I .

T A B L E  X I
Intrinsic V iscosities of Polym ers M easured in U bbelohde Viscom eter a t 30° C . in D M F

lv],
Polym er d l./g .

p-M eth ylstyren e polysulfone 0 .37
p-Brom ostyrene polysulfone 0.23

Poly-p-m ethylstyrene 0.04
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Résumé

On a  polym érisé les p-brom ostyrène, p-m éthylstyrène et alpha-m éthylstyrène dans du 
S 0 2 liquide utilisant l ’A IB N  comme catalyseur dans un dom aine de tem pératures de 0 
à  60°C. D ans le cas de la polym érisation du p-brom ostyrène on obtenait seulem ent des 
polysulfones a ya n t un rapport m olaire 0.5 entre le S 0 2 et le p-brom ostyrène. On n’a pas 
constaté de polym érisation cationique. D ans le cas de la  polym érisation du p-m éthyl- 
styrène on obtenait non seulem ent une polysulfone a ya n t une com position 0.5, donc le 
produit d ’une polym érisation radicalaire, mais aussi un produit d ’une polym érisation 
cationique, le poly-p-m éthylstyrène, ce qui v eu t dire que les deux genres de polym érisa
tions interviennent d ’une m anière concurrente et com pétitive. On a  interprêté la  p o ly
m érisation cationique comme étant le résultat de propriétés électro-donneuses du groupe
m ent m éthyle en position para e t l ’action catalytiq ue du S 0 2 ou de l ’acide sulfureux 
form é par des traces d ’eau contenues dans le S 0 2 liquide. D ans le S 0 2 liquide la  p o ly
m érisation cationique fu t parfaitem ent inhibée p ar le D M F  et la  polym érisation radi
calaire ne fu t pas influencée par la  présence de D M F . D an s un systèm e où la  p o ly
m érisation radicalaire se fa it toute seule dans le S 0 2 liquide, la  vitesse totale  de la  p oly
m érisation é ta it proportionnelle à  la  concentration d ’A IB N  à  la  puissance 0.7. C eci a 
été expliqué en adm ettan t que la  forte solvation  existante entre le S 0 2 et le radical term 
inal de la  chaîne en croissance due à  l ’effet d ’hyperconjugaison du groupem ent para- 
m éthyle, pourrait stabiliser le radical term inal, m enant aisni à  une term inaison mono
m oléculaire. E n  polym érisant l ’alpha-m éthylstyrène au m oyen d ’A IB N , on n ’obtenait 
pas de polysulfone, mais uniquem ent du poly-alpha-m éthylstyrène à la  suite d ’une 
polym érisation cationique.

Zusammenfassung

p-Brom styrol, p -M eth ylstyro l und a-M eth y lsty ro l wurden einer Polym erisation in 
flüssigem Schw efeldioxyd m it a ,a '-A zo bisiso bu tyro n itril als Starter bei T em peraturen 
von 0° bis 60°C unterworfen. B ei der Polym erisation von  p -B rom styrol wurden nur 
Polysulfone m it einem M olverhältnis Schw efeldioxyd zu p-B rom styrol von  1 :2  erhalten. 
E s wurde keine kationische Polym erisation beobachtet. Im  F alle  der Polym erisation 
von p -M eth ylstyrol wurden zugleich ein P olysulfon  m it der Zusam m ensetzung 1 :2 , ein 
P rod ukt der radikalischen Polym erisation  und Poly-p-m ethylstyrol, ein P rod u k t der 
kationischen Polym erisation, erhalten, was zeigt, dass beide Prozesse gleichzeitig und 
kom petitiv  verlaufen. D ie kationische Polym erisation wurde durch die Elektronendono
reigenschaft der in para-Stellung befindlichen M ethylgruppe und die katalytische 
W irkung von  Schw efeldioxyd oder von  der m it spurenweise in flüssigem Schw efeldioxyd 
vorhandenen W asser gebildeten schwefeligen Säure erklärt. In  flüssigem Schw efeldioxyd 
wurde die kationische Polym erisation durch D M F  völlig  verhindert; auf radikalische 
Polym erisation h atte  die G egenw art von  D M F  keinen Einfluss. In  einem System , in 
welchem in flüssigem Schw efeldioxyd allein radikalische Polym erisation  stattfan d, war 
die B ruttopolym erisationsgeschw indigkeit in bezug auf A IB N  von  der Ordnung 0,7. 
D as wurde dahingehend gedeutet, dass die durch den H yperkonjugationseffekt der 
para-ständigen M ethylgruppe hervorgerufene starke Solvatisierung der Radikalend- 
gruppe der wachsenden K e tte  durch Schw efeldioxyd eine Stabilisierung der R adikalen d
gruppe bew irkt, was zu  einem unim olekularen K etten ab bruch  führt. B ei der P o ly 
m erisation von  a-M eth ylstyro l verursachte der Zusatz von  A IB N  keine Polysulfon- 
bildung sondern es entstand als Ergebnis einer kationischen Polym erisation nur Poly-o:- 
m ethylstyrol.

R e c e iv e d  M a y  18, 1962
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Swelling of Highly Crosslinked Network Structure

T . K .  K W E I ,  Interchemical Corporation, Central Research Laboratories,
New York, New York

Synopsis

T h e sw elling of h ighly crosslinked epoxy polym er films b y  organic vap or w as in vesti
gated. T h e m olecular w eight per crosslinked unit obtained b y  ap plyin g the equation of 
rubber elasticity  to  sorption isotherm s is in good agreem ent w ith the valu e estim ated 
from  chem ical considerations. Therm odynam ic functions of so lven t-p olym er m ixing 
are also presented.

I. INTRODUCTION

R e c e n t ly  th e  sw e llin g  o f  n e tw o r k  s tru c tu re s  h a s  b e e n  th e  s u b je c t  o f  m a n y  
in v e s t ig a t io n s . M a n y  o f  th e  s tu d ie s  d e a lt  w ith  th e  sw e llin g  o f  sp a rse ly  
c ro ss lin k e d  p o ly m e r s  a n d  th e  e x te n t  to  w h ic h  th e  t h e o r y  o f  r u b b e r  e la s t ic 
i t y  ca n  b e  a p p lie d  to  h ig h  cro ss lin k e d  n e tw o r k  s tru c tu re s  h as n o t  b e e n  
c le a r ly  e s ta b lish e d . W e  w o u ld  lik e  t o  re p o r t  s o m e  d a ta  o n  th e  sw e llin g  o f  
e p o x y - t y p e  p o ly m e r  n e tw o rk s . T h e s e  h ig h ly  c ro ss lin k e d  s tru ctu re s , p r e 
p a re d  fr o m  4 ,4 '-b is g ly c id y lp h e n y l-2 ,2 '-p r o p a n e  a n d  v a r io u s  a lip h a t ic  
a m in es , a re  ch o se n  b e ca u se  th e  r e a c t io n  b e tw e e n  th e  tw o  c o m p o n e n ts  is 
w e ll u n d e r s to o d  a n d  th e  m o le c u la r  w e ig h t  p e r  c ro ss lin k e d  u n it  ca n  b e  e s ti
m a te d , in  so m e  cases, w ith  re a so n a b le  c e r ta in ty  fr o m  ch e m ic a l c o n s id e ra 
t io n s . A  c o m p a r is o n  o f  th e  e x p e r im e n ta l resu lts  w ith  t h e o r y  ca n  b e  c o n 
v e n ie n t ly  m a d e  w ith  th e se  sy s te m s .

I n  th e  p re se n t p a p e r , w e  sh a ll d is cu ss  th e  d e te rm in a t io n  o f  m o le cu la r  
w e ig h t  p e r  c ro ss lin k e d  u n it  M c a n d  th e  p o ly m e r -s o lv e n t  in te r a c t io n  p a r a m 
e te r  x  b y  th e  v a p o r  s o r p t io n  m e th o d . T h e r m o d y n a m ic  fu n c t io n s  fo r  
th e  m ix in g  o f  th e  s o lv e n t  w ith  th e  p o ly m e r  are  a lso  p re se n te d .

A c c o r d in g  to  th e  cu rre n t th e o r y , e q u ilib r iu m  sw e llin g  ca n  b e  re p re se n te d  
b y  e q . ( I ) : 1

ln  a\ =  ln  (1 — v2) +  v2 +  x % 2 +  p (V i /M e) [{«>§ v2llz — (2 /f ) v 2] (1 )

w h ere  < a > 0 is th e  d ila t io n  fa c t o r  a n d  th e  o th e r  te rm s  h a v e  th e ir  usu a l 
s ig n ifica n ce . I n  th e  p r e p a r a t io n  o f  o u r  p o ly m e r , a  m in im u m  a m o u n t  o f  
s o lv e n t  w a s  u sed  in  o rd e r  th a t  < a > o  =  TO. E q u a t io n  (1 ) ca n  b e  rear
ra n g e d  a c c o r d in g  to  th e  m e t h o d  o f  R o g e r s , S ta n n e tt , a n d  S z w a rc  :2

[In ( a , / « i )  — y2] / V  =  x  +  p (V i/v22) [v2in — (2 /f )v 2\ (1 / M c) (2 )
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I f  sw e llin g  d a ta  are  a v a ila b le  fo r  a  ra n g e  o f  s o lv e n t  a c t iv it ie s , as in  v a p o r  
s o r p t io n  e x p e r im e n ts , a  p lo t  o f  [In (d i/tfi) — Vi\/v<? v e rsu s  p(V i /y 22) \viin 
— (2 /f )v 2] w ill b e  lin ea r  w ith  a  s lo p e  o f  1 /M C a n d  a n  in te r c e p t  e q u a l t o  x- 

T h e  e n th a lp y  o f  m ix in g  o f  th e  s o lv e n t  w ith  th e  p o ly m e r  ca n  b e  d e r iv e d  
fr o m  th e  te m p e ra tu re  co e ff ic ie n t  o f  x , d x / d T ,  a c c o r d in g  to  th e  re la t io n 
sh ip :

A H m  =  - lc T \ d x /d T )niV2 (3 )

w h ere  ni is th e  n u m b e r  o f  s o lv e n t  m o le cu le s  in  th e  m ix tu re .
T h e  p a rtia l m o la r  e n th a lp y  o f  m ix in g  A ffi o f  th e  p o ly m e r  n e tw o r k  a n d  

th e  liq u id  s o lv e n t  ca n  b e  c a lcu la te d  f r o m  e q . (4 ) :

{ d \ n P / P , / d T ) n =  - A i h / R T 1 (4 )

w ith  th e  ta c it  a s s u m p tio n  th a t  th e  e n th a lp y  o f  n e tw o r k  e lo n g a t io n  is n e g 
lig ib le .

S in ce  th e  n u m b e r  n 2 o f  p o ly m e r  m o le cu le s  is a  m ix tu re  o f  c ro ss lin k e d  n e t 
w o r k  a n d  s o lv e n t  is t o  b e  e q u a te d  to  ze ro  o w in g  t o  th e  a b se n ce  o f  in d iv id u a l 
p o ly m e r  m o le cu le s  in  th e  n e tw o r k  s tru ctu re ,

AH M =  ni AHi +  n2A H 2 =  niAIp (5)

T h e  a b o v e  re la t io n sh ip  is  u sed  as a  te s t  fo r  th e  in te rn a l c o n s is te n c y  o f  th e  
e x p e r im e n t d a ta .

II. EXPERIMENTAL 

Materials

4 ,4 '-B is g ly c id y lp h e n y l-  2 ,2 '-p r o p a n e  (m .p . 4 3 .5 ° C .)  f r o m  S h e ll C h e m ica l 
C o m p a n y , 1 ,6 -h e x a n e d ia m in e  (m .p . 3 9 -4 1  ° C .)  f r o m  M a th e s o n  C o le m a n  
a n d  B e ll  C o m p a n y , a n d  V e rs a m id  125 (a m in e  v a lu e  2 9 8 ) fr o m  G en era l 
M il ls  C o m p a n y  w e re  u sed . R e a g e n t  g ra d e  so lv e n ts  w e re  used  w ith o u t  
fu r th e r  p u r if ica t io n .

Film Preparation

A  2 5 -g . p o r t io n  o f  4 ,4 '-b is g ly c id y lp h e n y l-2 ,2 '-p r o p a n e  a n d  a p p r o p r ia te  
a m o u n t  o f  a m in e  w e re  d is s o lv e d  in  b u ta n o n e -2  a n d  th o r o u g h ly  m ix e d . 
T h e  m ix tu re  p o ly m e r iz e d  s lo w ly  o n  s ta n d in g . W h e n  th e  so lu tio n  v is c o s ity

T A B L E  I

Polym er Am ine

A 1,6-H exanediam ine (H M D A ), 100%  
stoichiom etric am ount, 5  g .  butanone-2

B 1,6-H exanediam ine (H M D A ), 50%  
stoichiom etric am ount, 5 g. butanone-2

C Versam id 125, 7 5 %  stoichiom etric 
am ount, 10 g. butanone-2
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re a ch e d  a  d e s ira b le  le v e l, film s  w e re  d ra w n  o n  tin  fo i l  b y  m e a n s  o f  a  G a rd n e r  
g a u g e . T h e  film  w a s  a llo w e d  to  s ta n d  in  a  d e s ic c a to r  fo r  24  h r . a n d  th e n  
cu re d  a t  60 ° C . fo r  17 hr.

T h e  e x te n t  o f  r e a c t io n  b e tw e e n  th e  tw o  c o m p o n e n ts  is e s se n tia lly  c o m 
p le te  u n d e r  th e  a b o v e  c o n d it io n s 3’ 4 fo r  p o ly m e r s  A  a n d  B  (T a b le  I ) .  F o r  
p o ly m e r  C , s p e c t r o s c o p ic  resu lts  in d ic a te  th e  p re se n ce  o f  1 0 -1 5 %  u n re a c te d  
o x ira n e  rin gs .

S o lv e n t  e x tr a c t io n  in d ic a te d  n e g lig ib le  a m o u n t  o f  s o lu b le  m a te r ia l in  th e  
cu re d  film .

Preliminary Swelling Experiments with Liquid Solvents

E q u ilib r iu m  sw e llin g  v a lu e s  fo r  th e  p o ly m e r  w e re  o b ta in e d  b y  im m e rs in g  
re c ta n g u la r  p ie ce  o f  p o ly m e r  film s  o f  a b o u t  0 .5  g . in  a  s o lv e n t  a t  r o o m  
te m p e ra tu re  fo r  a t  le a s t  a  w e a k . T h e  p o ly m e r  film s  w e re  th e n  su r fa ce  d r ie d  
a n d  w e ig h e d  in  c lo s e d  v esse ls . T h e s e  m e a su re m e n ts  w e re  ca rr ie d  o u t  fo r  
th e  p u rp o s e  o f  s e le c t in g  su ita b le  s o lv e n ts  fo r  v a p o r  s o r p t io n  e x p e r im e n ts .

Fig. 1. Sorption isotherm s for polym ers A  and B  a t various tem peratures: (O) 30 °C .; 
( • )  40°C .; ( X )  50 °C .; (®) 50.2°C.; ( » )  60°C.
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A m o n g  th e  m a n y  s o lv e n ts  u sed , c h lo r o fo r m  a n d  d io x a n e  w ere  ch o se n  fo r  
v a p o r  s o r p t io n  s tu d y  b e ca u se  o f  th e  e x te n s iv e  sw e llin g  w h ich  resu lted .

Vapor Sorption Experiments

T h e  e q u ilib r iu m  v a p o r  s o r p t io n  b y  th e  cu re d  film  w a s  m e a su re d  b y  m e a n s  
o f  a  q u a r tz  h e lix  m ic r o b a la n c e  (1 0 0  m g . c a p a c it y , 1 m g . /m m . s e n s it iv it y )  
d e scr ib e d  b y  P ra g e r  a n d  L o n g .8 T h e  e q u il ib r iu m  p ressu re  a n d  th e  w e ig h t  
g a in  o f  th e  sa m p le  w e re  r e c o r d e d  a fte r  n o  fu r th e r  ch a n g e  in  th e  e x te n s io n  o f  
th e  sp r in g  w a s  o b s e r v e d  o v e r n ig h t . T h e  v o lu m e  fr a c t io n s  w ere  ca lcu la te d  
fr o m  th e  e x p e r im e n ta lly  d e te rm in e d  w e ig h t  fr a c t io n s .

I n  th e  ca lc u la t io n  o f  v o lu m e  fr a c t io n s  o f  s o lv e n t  a n d  p o ly m e r , th e  d e n s i
ties  o f  th e se  tw o  c o m p o n e n ts  a t  e a ch  te m p e ra tu re  are  u s e d :

v (p o ly m e r ) =  — — — *-------- --------
1 +  p (p o ly m e r )

— — :--------- —  Aw
p (s o lv e n t )

F ig. 2. Sorption isotherms for chloroform -polym er C .
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w h e re  Aw  is  th e  a m o u n t  o f  v a p o r  s o rb e d  in  g . / g .  p o ly m e r . T h e  d e n s ity  o f  
th e  p o ly m e r  w a s  m e a su re d  b y  d ila to m e tr y .

III. RESULTS

T h e  ra te  o f  s o r p t io n  o f  c h lo r o fo r m  a n d  d io x a n e  v a p o r  b y  th e  th ree  
p o ly m e r  film s  is, in  gen era l, v e r y  s lo w  a t  r o o m  te m p e ra tu re . A  p lo t  o f  
Q/Qe v e rsu s  / ‘ A  in d ica te s  th a t  th e  d iffu s io n  o f  th e  v a p o r s  th r o u g h  th ese  
film s  is  p r o b a b ly  a n o m a lo u s , in  th a t  P ic k ’s L a w  is n o t  o b e y e d . M o r e o v e r , 
h y ste re s is  w a s  o b s e r v e d  in  th e  e q u ilib r iu m  v a p o r  s o r p t io n  ex p e r im e n ts , 
n o t a b ly  in  th e  re g io n  o f  lo w  v a p o r  p ressu res . T h is  is p r o b a b ly  d u e  t o  th e  
fa c t  th a t  th e  d ila to m e tr ic  tra n s it io n  te m p e ra tu re s  o f  th e se  p o ly m e r  o c c u r  
a t  n e a r  6 0 ° C .,  w h ile  s o m e  o f  th e  e x p e r im e n ts  w e re  ca rr ied  o u t  a t  te m p e r a 
tu re s  b e lo w  6 0 ° C . I t  is  k n o w n , h o w e v e r , th a t  th e  in c o r p o r a t io n  o f  a  d il
u e n t o r  s o lv e n t  in to  th e  p o ly m e r  n o t ic e a b ly  re d u ce s  th e  tra n s it io n  te m -

O 0.2 0.4 0.6 08  1.0

P/ Po

Fig. 3. Sorption isotherm s for dioxane-polym er C  a t various tem peratures: ( +  ) 3 5 °C .; 
( • )  40°C .; ( X )  50 °C .; ( 3 )  60°C .; (0 )  70 °C .; ( © ) 7 5 ° C .
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p e ra tu re . S o m e  th e o r e t ic a l p r e d ic t io n s  as to  th e  e ffe c t  o f  d ilu e n t o n  tra n s i
t io n  te m p e ra tu re  a re  a v a ila b le  in  th e  lite r a tu r e .6'7 W e  th e re fo re  a t t e m p t  
t o  e lim in a te  th e  o b s e r v e d  h y steres is  b y  s o r p t io n  a t  h ig h  v a p o r  p ressu res  
fo l lo w e d  b y  s u b se q u e n t p a r t ia l d e s o r p t io n  t o  a  p o in t  w h e re  th e  p o ly m e r -  
s o lv e n t  m ix tu re  w ill h a v e  a n  e s t im a te d  tra n s it io n  te m p e ra tu re  b e lo w  th a t  
o f  th e  e x p e r im e n ta l te m p e ra tu re . S u b s e q u e n t  s o r p t io n  a n d  d e s o rp t io n

Fig. 4. P lot of vapor sorption data  according to  eq. (2) for the system s (7) chloro
form -polym er A , (77) dioxane-polym er A , and (777) chloroform -polym er B  a t various 
tem peratures: (O )3 0 °C .; ( • ) 4 0 ° C .;  ( X ) 5 0 ° C .;  (® )50 .2 °C .; (O )6 0 °C .

a re  fo u n d  t o  b e  rev e rs ib le . T h e  resu lts  r e p o r te d  in  th is  s tu d y  w e re  o b 
ta in e d  a fte r  h y steres is  w e re  e lim in a te d .

I n  th e  te m p e ra tu re  ra n g e  o f  3 0 -6 0 ° C . ,  th e  a m o u n t  o f  c h lo r o fo r m  v a p o r  
so rb e d  b y  p o ly m e r s  A  a n d  B  a t  e q u ilib r iu m  is in d e p e n d e n t  o f  te m p e ra tu re  
a t  a  g iv e n  p a r t ia l v a p o r  p ressu re  P / P 0 o f  c h lo r o fo r m  (F ig . 1 ). H e n c e  AHi  
is ze ro  fo r  th ese  th re e  sy s te m s . T h e  te m p e ra tu re  co e ff ic ie n t  o f  c h lo r o fo r m  
s o r p t io n  b y  p o ly m e r  C  (V e rsa m id  cu re , 8 0 %  S .A .)  is n e g a t iv e  in  th e  ra n ge  
4 0 -6 0 ° C .  (F ig . 2 ) .  F or  d io x a n e -p o ly m e r  C , h o w e v e r , th e  te m p e ra tu re
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c o e f f i c ie n t  o f  e q u i l ib r iu m  v a p o r  s o r p t io n  is  e s s e n t ia l ly  z e r o  b e l o w  5 0 ° C .  

b u t  is  p o s i t iv e  a b o v e  6 0 ° C .  ( F ig .  3 ) .
F ig u r e s  4 , 5 , a n d  6  s h o w  e x p e r im e n t a l  d a t a  p l o t t e d  a c c o r d in g  t o  e q .  (2 )  

I n  t h e  a p p l i c a t io n  o f  e q .  ( 2 ) ,  /  is  t a k e n  t o  b e  t h r e e  f o r  r e a s o n s  t o  b e  d is c u s s e d

Fig. 5. P lo t  o f vapor sorption  data  accord ing to  eq. (2 )  fo r  the system  ch lo ro fo rm -
polym er C.

la t e r .  L in e a r  p l o t s  a r e  o b t a in e d  in  a lm o s t  a l l  c a s e s , in d i c a t iv e  o f  t h e  c o n 
s t a n c y  o f  x  w i t h in  t h e  c o n c e n t r a t i o n  r a n g e  s t u d ie d . T h e  v a lu e s  o f  %, M e, a n d  
v a r io u s  t h e r m o d y n a m ic  f u n c t i o n s  a r e  l i s t e d  in  T a b l e  I I .  T h e  a g r e e m e n t  
b e t w e e n  A  H M a n d  A  H i  is  s a t i s f a c t o r y .

IV. DISCUSSION

T h e  m o le c u la r  w e ig h t  p e r  c r o s s l in k e d  u n it  d e t e r m in e d  b y  t h e  s o r p t io n  
m e t h o d  is  n o w  c o m p a r e d  w i t h  c a l c u la t e d  v a lu e  b a s e d  o n  s t r u c t u r a l  c o n 
s id e r a t io n s .  A  m o d e l  o f  p o ly m e r  A  c a n  b e  c o n s t r u c t e d ,  w i t h  t h e  a s s u m p 
t i o n s  t h a t  (1 )  t h e  p r e d o m in a n t  r e a c t io n s  in  t h e  f o r m a t i o n  o f  p o ly m e r  A  a re  
th e  o n e s  b e t w e e n  t h e  a m in e  a n d  th e  o x ir a n e  g r o u p s  a n d  t h e s e  r e a c t io n s  a re  
e s s e n t ia l ly  c o m p le t e  u n d e r  t h e  e x p e r im e n t a l  c o n d i t i o n s ,  a n d  (2 )  t r i f u n c 
t i o n a l  n i t r o g e n  a t o m s  a re  t h e  c r o s s l in k  ju n c t i o n s ,  i .e . ,  /  =  3 . I t  c a n  b e  s e e n
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Pig. 6. P lo t o f va p or  sorption  data accord ing to  eq. (2 )  for the system  d iox a n e -p o ly m er C.

f r o m  t h e  m o d e l  t h a t  th e  s e c t i o n  b e t w e e n  c r o s s l in k s  is  e i t h e r  a  4 , 4 '- b i s -  
g l y c id y lp h e n y l - 2 ,2 '-p r o p a n e  u n it  o r  a  1 ,6 -h e x a n e d ia m in e  u n it ,

E

- E — N (C H 2)6N — E -
I

E
!

!
E

-N ( C H 2 )6N — E —  

E

w h e r e  — E —  is  t h e  4 ,4 '- b i s g l y c i d y l p h e n y l - 2 ,2 '- p r o p a n e  u n it  w i t h  b o t h
o x ir a n e  r in g s  r e a c t e d .  T h e  a v e r a g e  m o le c u la r  w e ig h t  p e r  c r o s s l in k e d  u n it  
is  (2  X  3 4 0  +  1 1 6 ) / 3  =  2 6 5 , in  g o o d  a g r e e m e n t  w i t h  t h e  e x p e r im e n t a l ly  
d e t e r m in e d  v a lu e  o f  2 4 0 . T h e  d a t a  f r o m  d io x a n e  s o r p t io n  a ls o  y i e ld s  t h e  
s a m e  M Q v a lu e .

A l t h o u g h  o n l y  5 0 %  s t o i c h i o m e t r i c  a m o u n t s  o f  1 ,6 -h e x a n e d ia m in e  w e r e  
u s e d  in  t h e  p r e p a r a t io n  o f  p o ly m e r  B ,  9 3 %  o f  t h e  o x ir a n e  g r o u p s  h a v e  
r e a c t e d .3 T h e  e t h e r i f i c a t i o n  o f  o x ir a n e  g r o u p s 4 a p p a r e n t ly  p la y s ,  in  t h is  
c a s e ,  a n  im p o r t a n t  r o le  in  t h e  n e t w o r k  f o r m a t i o n .  A  c o m p le t e d  r e a c t e d  
s t r u c t u r e  w i l l  h a v e  a n  a v e r a g e  M a o f  a p p r o x im a t e ly  (4  X  3 5 0  +  1 1 6 ) / 3  =  
4 9 2 , in  c o m p a r is o n  w i t h  t h e  e x p e r im e n t a l  v a lu e  o f  4 5 5 .
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I t  is  p o s s ib le  t h a t  t h e  m in o r  d i f f e r e n c e  b e t w e e n  t h e  e x p e r im e n t a l  a n d  t h e  
t h e o r e t ic a l  M c v a lu e s  m a y  in  p a r t  b e  a s c r ib e d  t o  th e  f a c t  t h a t  th e  d i l a t io n  
f a c t o r  ( a )  0  is  a c t u a l l y  s o m e w h a t  la r g e r  t h a n  u n i t y ,  b e c a u s e  t h e  c r o s s l in k 
in g  r e a c t io n  t a k e s  p la c e  in i t ia l ly  in  t h e  p r e s e n c e  o f  s o lv e n t .  V e r y  c lo s e  
c o r r e s p o n d e n c e  o f  th e  e x p e r im e n t a l  a n d  t h e o r e t ic a l  M c v a lu e  c a n  b e  
a c h ie v e d  i f  ( a )  q is  a s s ig n e d  a  v a lu e  o f  a b o u t  1 .0 5 . T h e  c o r r e c t i o n  f o r  c h a in  
e n d s  w ill h a v e  v e r y  l i t t le  e f f e c t  o n  t h e  c a l c u la t e d  v a lu e s  in  t h e  a b o v e  s y s 
t e m s .

I n  t h e  s o r p t io n  o f  c h l o r o f o r m  b y  p o ly m e r  C  a t  4 0 - 6 0 ° C . ,  a  r a t h e r  s m a ll  
M c o f  1 0 0  w a s  o b t a i n e d  f r o m  t h e  p l o t  s h o w n  in  F ig u r e  4 .

A b o u t  o n e - t h i r d  o f  t h e  4 ,4 '- b i s g l y c i d y l p h e n y l - 2 ,2 '- p r o p a n e  m o le c u le s  
w i l l  r e m a in  a s  c h a in  e n d s  o f  t h e  n e t w o r k  C  b e c a u s e  a p p r o x im a t e ly  1 5 %  o f  
th e  o x ir a n e  g r o u p s  a r e  u n r e a c t e d ,  
s t r u c t u r e  c a n  b e  d r a w n  a s  f o l l o w s :

( E  H
! I

E '— N ( C H 2 )2N (C H 2 )2N  C— ‘

I 4

A  s c h e m a t i c  d ia g r a m  o f  t h e  n e t w o r k

0 A
Ft— CN(CH2)2N -

! I
H E

-(CH2)2N-

w h e r e  R  is
-(CH 2),CH----- CH— (CH2)t

\
CH
II

CH CH
/

CsH16

^Hig

CH

¿el

a n d  E '  is  t h e  4 ,4 '- b i s g l y c i d y l p h e n y l - 2 ,2 '- p r o p a n e  u n i t  w i t h  o n l y  o n e  o x ir a n e  
r e a c t e d .

I f  t h e  c h a in  e n d s  a n d  t h e  p e n d a n t  a l ip h a t i c  g r o u p s  o f  V e r s a m id ,  b e in g  
in e f f e c t i v e  in  e x e r c i s in g  c o n s t r a in t  a g a in s t  n e t w o r k  s w e l l in g , a r e  ig n o r e d  a s  
p a r t  o f  t h e  n e t w o r k ,  t h e  a v e r a g e  v a lu e  o f  M c is  (2  X  3 4 0  +  5 3 6 ) / 5  =  2 4 3 .

T h e  s m a ll  M a v a lu e  d e r iv e d  f r o m  c h l o r o f o r m  s o r p t io n  s e e m s  t o  s u g g e s t  
t h a t  e i t h e r  s e c o n d a r y  c r o s s l in k s ,  o r  p h y s i c a l  e n t a n g le m e n t s  o f  t h e  c h a in s , 
o r  b o t h ,  a r e  e f f e c t iv e  a s  c o n s t r a in t s  a g a in s t  n e t w o r k  e lo n g a t io n .

T h e  in fr a r e d  s p e c t r a  o f  V e r s a m id  1 2 5 , p o ly m e r  C ,  a n d  a  1 %  s o lu t io n  o f  
V e r s a m id  1 2 5  in  c h l o r o f o r m  e x h ib i t  c h a r a c t e r i s t i c  a b s o r p t i o n  m a x im a , a t  
3 2 7 5  c m . - 1 , c o r r e s p o n d in g  t o  t h e  - N H  s t r e t c h in g  f r e q u e n c y  o f  tra ns  h y d r o 
g e n -b o n d e d  s e c o n d a r y  a m id e .8 I t  a p p e a r s  t h a t  t h e r e  e x is t s  in  p o ly m e r  C  
in t e r c h a in  h y d r o g e n  b o n d s  w h i c h  v e r y  l i k e ly  r e m a in  in t a c t  in  t h e  p r e s e n c e  
o f  c h lo r o f o r m .  T h e s e  in t e r c h a in  h y d r o g e n  b o n d s  p r e s u m a b ly  m a y  a c t  a s  
s e c o n d a r y  c o n s t r a in t s  a g a in s t  c h l o r o f o r m  s w e l l in g . I f  a l l  t h e  a m id e  g r o u p s  
a r e  e n g a g e d  in  in t e r c h a in  h y d r o g e n  b o n d in g ,  t h e  a v e r a g e  m o le c u la r  w e ig h t  
p e r  c r o s s l in k e d  r m it  c a n  b e  c a l c u la t e d  t o  b e  a p p r o x im a t e ly  1 3 5 . A g a in ,  
th e  d i f f e r e n c e  b e t w e e n  t h e  t h e o r e t ic a l  a n d  e x p e r im e n t a l  M e v a lu e s  m a y  
a r is e  f r o m  t h e  f a c t  t h a t  (a )o  is  g r e a t e r  t h a n  u n i t y .  I n  f a c t ,  la r g e r  q u a n 
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t i t i e s  o f  s o lv e n t  w e r e  u s e d  in  th e  p r e p a r a t io n  o f  p o ly m e r  C  b e c a u s e  o f  th e  
h ig h  v i s c o s i t y  o f  t h e  r e a c t i o n  m ix t u r e ,  a n d  t h is  c o n c e i v a b l y  c o u ld  le a d  t o  a  
h ig h e r  v a lu e  o f  \ a ) t  A n  a s s ig n e d  ( a ) „  v a lu e  o f  a b o u t  1 .1 0  w o u l d  h a v e  
r e s u l t e d  in  v e r y  c lo s e  a g r e e m e n t  o f  e x p e r im e n t a l  a n d  c a l c u la t e d  M a v a lu e s .

T h e  s o r p t io n  o f  d io x a n e  v a p o r  b y  p o ly m e r  C  p r e s e n t s  a n  in t e r e s t in g  c a s e . 
A t  t e m p e r a t u r e s  o f  3 5 - 5 0 ° C . ,  A ll ]  is  z e r o  a n d  M c is  1 1 0 , w h i le  a t  t e m p e r a 
tu r e s  o f  6 0 - 7 5 ° C . ,  A H l is  a b o u t  1 .1  k c a l . /m o l e  a n d  M ,, in c r e a s e s  f r o m  1 7 2  t o  
2 0 5 . A p p a r e n t ly ,  r a t h e r  d i f f e r e n t  m e c h a n is m s  a r e  in v o l v e d  in  t h e  s o r p 
t i o n  o f  d io x a n e  a t  t e m p e r a t u r e s  b e l o w  a n d  a b o v e  5 0 ° C .  T h e  v a lu e  o f  
1 1 0  is  in  r e a s o n a b le  a g r e e m e n t  w i t h  t h e  c a l c u la t e d  v a lu e  b a s e d  o n  th e  a s 
s u m p t io n  o f  c o m p le t e  in t e r c h a in  h y d r o g e n  b o n d in g ,  w h i le  a t  h ig h e r  t e m 
p e r a t u r e s  th e  M e v a lu e s  b e g in  t o  a p p r o a c h  t h a t  c a l c u la t e d  o n  t h e  b a s is  f o r  
th e  a b s e n c e  o f  in t e r c h a in  h y d r o g e n  b o n d in g .  T h e  a b i l i t y  o f  d io x a n e  t o  
d is r u p t  a m id e  h y d r o g e n  b o n d s  c a n  b e  v e r i f i e d  f r o m  in fr a r e d  d a t a .  A t  
r o o m  t e m p e r a t u r e ,  a  5 %  a n d  a  0 . 5 %  s o lu t io n  o f  V e r s a m id  1 2 5  in  d io x a n e  
s h o w  in fr a r e d  a b s o r p t i o n  m a x im a  a t  3 3 4 0  a n d  3 4 8 0  c m . - 1 , r e s p e c t i v e ly ,  
b u t  n e i t h e r  s o lu t io n  e x h ib i t  a b s o r p t i o n  p e a k  in  th e  r a n g e  3 2 7 0 - 3 3 2 0  c m .  ~ 1 
T h e s e  s p e c t r o s c o p i c  r e s u l t s  d e m o n s t r a t e  t h e  c a p a b i l i t y  o f  d io x a n e  t o  d is 
r u p t  a m id e  h y d r o g e n  b o n d s  in  V e r s a m id  1 2 5 . I n  a  l i g h t ly  s w o l le n  n e t 
w o r k  o f  p o ly m e r  C ,  t h e  a m id e  h y d r o g e n  b o n d s  a p p a r e n t ly  r e m a in  i n t a c t  a t  

l o w  t e m p e r a t u r e s  b u t  a r e  d e s t r o y e d  a t  h ig h  t e m p e r a t u r e s .  I t  a p p e a r s  t h a t  
in  a  h ig h ly  c r o s s l in k e d  n e t w o r k  s u f f i c ie n t  p e r t u r b a t io n  o f  t h e  s e g m e n t s  is  
r e a l iz e d  o n l y  a t  c o m p a r a t i v e ly  h ig h  t e m p e r a t u r e s  s u c h  t h a t ,  d io x a n e ,  
p r e s e n t  in  r e la t iv e ly  l o w  c o n c e n t r a t io n s ,  b e c o m e s  e f f e c t i v e  in  b r e a k in g  
in t e r c h a in  a m id e  h y d r o g e n  b o n d s .

S m a lle r  M 0 v a lu e s  a r e  o b t a in e d  i f  t h e  s w e l l in g  e q u a t io n  b y  H e r m a n s 9 is 
u s e d  t o  c a lc u la t e  o u r  e x p e r im e n t a l  d a t a .

I t  is  a ls o  o f  in t e r e s t  t o  n o t i c e  t h a t  t h e  m a in  s t r u c t u r a l  d i f f e r e n c e  b e t w e e n  
t h e  H M D A - c u r e d  p o ly m e r  a n d  t h e  V e r s a m id - c u r e d  p o ly m e r  is  t h e  p r e s 
e n c e  o f  a m id e  g r o u p s  in  t h e  la t t e r  n e t w o r k .  I t  is  s u g g e s t e d  t h a t  t h e  n e g a 
t i v e  A N m  f o r  th e  m ix in g  o f  c h l o r o f o r m  w i t h  la t t e r  p o ly m e r  in  c o n t r a s t  w it h  
A H  =  d  0  f o r  t h e  s a m e  s o lv e n t  w i t h  t h e  H M D A - c u r e d  p o ly m e r  m a y  a r ise  
f r o m  t h e  s p e c i f i c  in t e r a c t io n  o f  t h e  s o l v e n t  m o le c u le s  w i t h  t h e  a m id e  g r o u p s , 
o f  t h e  p o ly m e r .  T h e  n a t u r e  o f  s u c h  p o l y m e r - s o l v e n t  in t e r a c t io n  m a y  b e  
s im ila r  t o  t h e  o r ie n t a t io n  o f  c h l o r o f o r m  b y  a c e t o n e  a s  p o s t u la t e d  b y  M ü n s 

t e r .10 T h i s  is  a ls o  r e f le c t e d  in  t h e  s m a lle r  A,$\ in  T a b le  I I .
I n  t h e  d e r iv a t io n  o f  t h e  e q u a t i o n  f o r  r u b b e r  e la s t i c i t y ,  t h e  e f f e c t iv e  c h a in s  

a r e  a s s u m e d  t o  o b e y  a  c e r t a in  p r o b a b i l i t y  d i s t r i b u t i o n .1-11 I n  t h e  a b o v e  
s y s t e m s  t h e  e f f e c t iv e  c h a in s  a r e  r a t h e r  s h o r t  a n d  a r e  n o t  e x p e c t e d  t o  c o n 
f o r m  t o  a n y  r e a s o n a b le  p r o b a b i l i t y  d i s t r ib u t io n .  N e v e r t h e le s s ,  f a i r  a g r e e 
m e n t  b e t w e e n  t h e  t h e o r e t ic a l  a n d  e x p e r im e n t a l  M c v a lu e s  c a n  b e  a t t a in e d .  
T h e  t h e o r e t ic a l  im p l i c a t io n  o f  t h is  f in d in g  is  n o t  c le a r  a n d  m e r i t s  f u r t h e r  
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Résumé

O n a étudié le gon flem ent de films d ’époxy-p olym ère hautem ent pon té  en presence de 
vapeurs organiques. L e poids m oléculaire par unité pon tée obtenu  par application  de 
l ’ équation  d ’ élasticité du  caou tch ou c aux isotherm es de la sorption  correspond bien à la 
valeur évaluée par des considérations chim iques. O n a présenté égalem ent des fonctions 
therm odynam iques du m élange po ly m ère-so lvan t.

Zusammenfassung

D ie  Quellung hochvernetzter E pox y -P olym erfo lien  durch  organische D ä m p fe  w urde 
untersucht. D as durch  A nw endung der G leichung für die K autschukelastizität auf die 
Sorptionsisotherm en erhaltene M oleku largew icht pro  Vernetzungsstelle stim m t gu t m it 
dem  auf chem ischen W eg  erhaltenen überein. T h erm odynam ische Funktionen  für die 
L ösu ngsm ittel-P olym erischu ng werden m itgeteilt.

R e c e i v e d  S e p t e m b e r  1 9 ,1 9 6 2



JOURNAL OF POLYMER SCIENCE: PART A VOL. 1, PP. 2989-3008 (1963)

Etude delà Polymérisation des Oléfines catalysée par 
les Oxydes métalliques. I. Méthodes expérimentales 

d’Etude cinétique; Résultats préliminaires sur la 
Polymérisation du Propylène par le Système 

catalytique Phillips

A L A I N  G U Y O T  e t  J E A N - C L A U D E  D A N I E L ,  In s ti tu t  de R ech erch es  
su r la  C a ta lyse , C .N .R .  S ., L y o n -V ille u r b a n n e , F ra n ce

Synopsis

T h e kinetics o f propylen e polym erization  cata lyzed  b y  chrom ium  oxide on an alu
m inium  silicate carrier was studied b y  a new  m eth od  in volvin g use o f gas ch rom ato
graphic analysis o f sam ples rem oved  from  the m onophase fluid m edium  surrounding 
solid ca ta lyst and contain ing m on om er and propane, w ith ou t an y  oth er solvents. T h e 
apparatus and experim ental m ethods are described in detail. T h e reaction  is first-order 
with respect to  m onom er, and also to  ca ta lyst if its concentration  is h igh enough. B e
tw een 80 and 120°C , the activation  energy is 16 k ca l./m o le . T h e  polym erization  rate 
depends on pressure on ly  w ith  respect to  m onom er concentration , but, w hen the pressure 
is low  and the tem perature high enough, a second  process occurs w hich  causes form ation  
o f volatile  oligom ers and retardation  o f norm al polym erization  process. T h e  influence 
o f ca ta lyst and carrier structure and texture will be the su b ject o f a subsequent study.

INTRODUCTION

C e r t a in s  s y s t è m e s  c a t a ly t iq u e s  à  b a s e  d ’ o x y d e s  d e  m é t a u x  d e  t r a n s i t i o n  
s o n t  c a p a b le s  d e  p r o v o q u e r  la  p o ly m é r is a t io n  d ’ o lé f in e s  e t  d e  d io lé ft n e s  
d a n s  d e s  c o n d i t i o n s  m o d é r é e s  d e  t e m p é r a t u r e  e t  d e  p r e s s io n .  J u s q u ’ à  
p r é s e n t ,  s e u le  la  p o ly m é r is a t io n  d e  l ’ é t h y lè n e  a  e u  d e s  a p p l i c a t io n s  i n d u s 
tr ie l le s .  L e s  p o ly m è r e s  d ’ o lé f in e s  p lu s  lo u r d e s  n ’ o n t  p a s  c o n d u i t  à  d e s  
p r o d u i t s  p o s s é d a n t  u n e  s t r u c t u r e  r é g u l iè r e ,  p a r  e x e m p le  i s o t a c t iq u e .  E n  
c o n s é q u e n c e ,  c e s  s y s t è m e s  c a t a ly t iq u e s  o n t  é t é  ju g é s  r e la t iv e m e n t  p e u  
in t é r e s s a n t s  e t  n ’ o n t  p a s  f a i t  l ’ o b j e t  d ’ u n  t r è s  g r a n d  n o m b r e  d e  t r a v a u x .  
I l  n ’ a  d o n c  p a s  é t é  p o s s ib le  d e  p r o p o s e r  u n  m é c a n is m e  r é a c t io n n e l  f o n d é  s u r  
d e s  o b s e r v a t io n s  e x p é r im e n t a le s  c e r t a in e s .

P a r m i  t o u s  le s  s y s t è m e s  c a t a ly t iq u e s  p o s s ib le s ,  le  p lu s  s im p le  e s t  in c o n 
t e s t a b l e m e n t  c e lu i  d e  la  s o c ié t é  P h i l l ip s ,  q u i  e s t  d e  l ’ o x y d e  d e  c h r o m e  
d é p o s é  s u r  u n  g e l  d e  s i l i c e -a lu m in e .  C e  c a t a ly s e u r  c o n v e n a b le m e n t  
a c t i v é  p a r  l ’ a ir  s e c  à  5 0 0 ° C  e n v i r o n ,  o u  s o u s  v id e  à  p lu s  b a s s e  t e m p é r a t u r e ,  
p e r m e t  d e  p o ly m é r is e r  le s  o lé f in e s ,  e n  p r é s e n c e  o u  n o n  d e  s o lv a n t ,  à  d e s  
t e m p é r a t u r e s  a l la n t  d e  7 0  à  3 0 0 ° C  e t  s o u s  d e s  p r e s s io n s  d e  l ’ o r d r e  d e  4 0  

a t m o s p h è r e s .1’ 2
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I l  a  é t é  p a r t i c u l ié r e m e n t  é t u d ié  p a r  l ’ é c o le  r u s s e  d e  T o p c h i e v 3-5  d o n t  le s  
t r a v a u x  o n t  p o r t é  s u r t o u t  s u r  l ’ a c t i v a t i o n  d u  c a t a ly s e u r .  S e lo n  c e s  
a u t e u r s ,  l ’a c t i v a t i o n  p r o v o q u e  t o u t  d ’a b o r d  la  d é s h y d r a t a t io n  d u  s u p p o r t ,  

p u is  la  r é d u c t io n  m é n a g é e  d u  c h r o m e  à  u n  é t a t  d e  v a le n c e  m o y e n  p e u  
in fé r ie u r  à  6 ;  e t  e n f in , u n e  r é a c t io n  e n t r e  l ’ o x y d e  d e  C r  e t  le  s u p p o r t  q u i  
c o n d u ir a i t  à  la  f o r m a t io n  d ’ u n  c h r o m a t e  d ’a lu m in iu m . L ’ in f lu e n c e  n é fa s t e  
d e  l ’ e a u  s u r  l ’ a c t i v i t é  c a t a ly t iq u e  a  é t é  m is e  e n  é v id e n c e  p a r  B o r e s k o v  e t  s e s  
c o l la b o r a t e u r s ,6 c e l le  d u  d e g r é  d ’ o x y d a t i o n  d u  c h r o m e  a  é t é  c o n f i r m é e  p a r  
d e s  é t u d e s  m a g n é t o c h im iq u e s  d e  M i h a i l 7 e t  p a r  d e s  t r a v a u x  u t i l i s a n t  la  
r é s o n a n c e  é le c t r o n iq u e  p a r a m a g n é t iq u e ,  d u s  à  C o s s e e 8 e t  P e c h e r s k a y a .9 
D a n s  u n e  é t u d e  r é c e n t e  s u r  la  p o ly m é r is a t io n  d u  p r o p y lè n e ,  T o p c h i e v 10 
a  m o n t r é  q u ’ il y  a v a i t  e n  f a i t ,  d e u x  p r o c e s s u s  c o n c u r e n t ie ls  d e  p o l y m é 
r i s a t io n :  l ’ u n , d û  a u  g e l  m ix t e  s i l i c e -a lu m in e ,  c o n d u i t  à  la  f o r m a t i o n  

d ’ o lé f in e s  s u p é r ie u r e s  d e  b a s  p o id s  m o lé c u la ir e  e n  C6, C 9, C 12, ■ • . ; l ’ a u t r e  
d û  à  l ’ e n s e m b le  d u  c a t a ly s e u r ,  c o n d u i t  a u x  h a u t s  p o ly m è r e s .  L ’ im p o r t a n c e  
r e la t iv e  d e  c e s  d e u x  p r o c e s s u s  d é p e n d  d e  la  c o m p o s i t i o n  d u  s y s t è m e  c a t a 
ly t iq u e ,  le  s e c o n d  é t a n t  f a v o r i s é  p a r  l ’ u t i l i s a t io n  d ’ u n  c o c a t a ly s e u r  o r g a n o -  
a lu m in iq u e .

I l  e s t  r e m a r q u a b le  d e  c o n s t a t e r ,  d a n s  t o u t e s  c e s  é t u d e s ,  q u e  l ’ a c t i v i t é  
n ’ e s t  d é f in ie  q u e  p a r  d e s  e s t im a t io n s  q u a l i t a t iv e s ,  o u  e n c o r e  p a r  la  q u a n t i t é  
d e  p o ly m è r e  s o l id e  p r o d u i t e  p a r  g r a m m e  d e  c a t a ly s e u r  a u  b o u t  d ’ u n  t e m p s  
f ix e  d e  l ’ o r d r e  d e  q u a t r e  h e u r e s .  L e s  d i f f i c u l t é s  t e c h n o l o g iq u e s  d u e s  a u x  
h a u t e s  p r e s s io n s  r é g n a n t  d a n s  le  r é a c t e u r  o n t  e m p ê c h é  j u s q u ’ à  p r é s e n t  la  
r é a l is a t io n  d e  v é r i t a b le s  é t u d e s  c in é t iq u e s .  A  n o t r e  c o n n a is s a n c e ,  s e u l  
F r ie d la n d e r 11 a  p u b l ié  q u e lq u e s  b r e f s  r é s u l t a t s  s u r  la  v i t e s s e  d e  p o l y 
m é r is a t io n  d e  l ’ é t h y lè n e  p a r  u n  s y s t è m e  c a t a ly t iq u e  à  b a s e  d ’ o x y d e  d e  
m o l y b d è n e ;  i l  n o t e ,  e n  f o n c t i o n  d u  t e m p s ,  la  q u a n t i t é  d ’ é t h y lè n e  q u ’ i l  f a u t  
in t r o d u ir e  d a n s  le  r é a c t e u r  p o u r  m a in t e n ir  c o n s t a n t e  la  p r e s s io n  d u  m o n o 
m è r e . F r ie d la n d e r  o b s e r v e  u n e  p é r io d e  d ’ in d u c t io n  d e  d u r é e  v a r ia b le ,  
p u is  e n s u it e  u n e  c o n s o m m a t i o n  d e  m o n o m è r e  p r o p o r t io n n e l l e  a u  t e m p s  e t  
à  la  c o n c e n t r a t io n  e n  c a t a ly s e u r .  E n  f o n c t i o n  d e  la  t e m p é r a t u r e ,  i l  o b s e r v e ,  
v e r s  2 3 5 ° C  u n  m a x im u m  d e  l ’ a c t i v i t é  c a t a ly t iq u e ,  q u i  e s t  à  r a p p r o c h e r  d e  
c e lu i  q u ’ a  r a p p o r t é  T o p c h i e v 10 à  1 0 5 ° C  d a n s  le  c a s  d e  la  p o ly m é r i s a t i o n  d u  
p r o p y lè n e  c a t a ly s é e  p a r  l ’ o x y d e  d e  c h r o m e .

L ’ a p p l i c a t io n  d ’u n e  m é t h o d e  o r ig in a le  d ’ é t u d e  c in é t iq u e  d o n t  n o u s  a v o n s  
r é c e m m e n t  p u b l ié  le  p r in c ip e ,12 n o u s  p e r m e t  d e  p r é s e n t e r  i c i  q u e lq u e s  
r é s u l t a t s  p r é l im in a ir e s  r e la t i fs  à  l ’ a c t i v i t é  c a t a ly t iq u e  d e s  c a t a ly s e u r s  
P h i l l ip s  d a n s  la  p o ly m é r is a t io n  d u  p r o p y lè n e .  N o t r e  b u t  e s t  d e  d é f in ir  e t  
m e s u r e r  e x p é r im e n t a le m e n t  la  v i t e s s e  d e  p o ly m é r is a t io n  e t  d e  r e l ie r  
q u a n t i t a t iv e m e n t  le s  n o m b r e u x  p a r a m è t r e s  e x p é r im e n t a u x  à  c e t t e  v i t e s s e .  
O u t r e  le s  c o n d i t i o n s  e x p é r im e n t a le s  t e l le s  q u e  t e m p é r a t u r e ,  p r e s s io n ,  
c o n c e n t r a t io n  e t  p u r e t é  d e s  r é a c t i f s ,  d e  n o m b r e u x  p a r a m è t r e s  p r o p r e s  a u  
c a t a ly s e u r  p e u v e n t  j o u e r  u n  r ô l e :  c o m p o s i t i o n  c h im iq u e ,  s u r fa c e ,  d is 
t r ib u t io n  d e  p o r e s ,  a c id i t é  d u  s u p p o r t ,  c o n c e n t r a t i o n  e n  c h r o m e ,  é t a t  
d ’ o x y d a t i o n  d u  c h r o m e , t e n e u r  e n  e a u  d u  c a t a ly s e u r .

D ’u n e  p r é p a r a t io n  à  u n e  a u t r e ,  la  r e p r o d u c t ib i l i t é  d e  c e s  p a r a m è t r e s  e s t



POLYMERïZATfON DES OLE El NES. ï 2991

d if f i c i le  à  o b t e n i r ,  a u s s i  a v o n s  n o u s  é t é  c o n d u i t s  à  r é a lis e r  u n e  s é r ie  d ’ e x p é 
r ie n c e s  a v e c  d e  p e t i t e s  q u a n t i t é s  d ’ u n  m ê m e  c a t a ly s e u r ,  c ’ e s t -à -d ir e  q u i  a i t  
é t é  p r é p a r é  p a r  u n  s e u l  c y c l e  d ’ o p é r a t io n s  d ’ im p r é g n a t io n ,  s é c h a g e  e t  
a c t i v a t i o n .

M ETHODES EXPERIMENTALES 

1. Matières Premières

L e  m o n o m è r e  e s t  u n  p r o p y lè n e  c o m m e r c ia l .  P o u r  d e s  r a is o n s  l ié e s  à  
n o t r e  m é t h o d e  d ’ é t u d e  c in é t iq u e  e x p o s é e  p lu s  lo in ,  le  d i lu a n t  u t i l i s é  e s t  le  
p r o p a n e .  L ’a n a ly s e  c h r o m a t o g r a p h iq u e  d e  c e s  p r o d u i t s  a  d o n n é  le s  
r é s u l t a t s  s u iv a n t s :  P r o p y l è n e  C F R :  p r o p y lè n e  9 2 , 7 % ;  p r o p a n e  6 , 2 % ;  
é t h a n e  1 ,1 ;  P r o p a n e  A N T A R :  p r o p y l è n e  1 8 , 4 % ;  p r o p a n e  8 0 , 4 % ;
é t h a n e  1 ,2 .

L e s  p r o d u i t s  c o n t ie n n e n t  e n  o u t r e  d e  l ’ é t h y lè n e  à  l ’ é t a t  d e  t r a c e s .

II. Catalyseur

S e lo n  le  p r o c é d é  P h i l l ip s  le  c a t a ly s e u r  e s t  p r é p a r é  p a r  im p r é g n a t io n  
d ’ u n  g e l  d e  s i l i c e -a lu m in e  a v e c  u n e  s o lu t i o n  d ’a c id e  c h r o m iq u e ,  s é c h a g e  à  
l ’ a ir  e t  a c t i v a t i o n  d a n s  u n  c o u r a n t  d ’ a ir  à  5 5 0 ° C  e n v i r o n .

L e  g e l  d e  s i l i c e -a lu m in e  e s t  u n  c a t a ly s e u r  d e  c r a c k in g  c o m m e r c ia l  
( K e t j e n ) .  I l  c o n t i e n t  1 2 ,9 %  d ’a lu m in e ,  0 ,0 1 1 %  d e  N a 20 ,  0 ,0 3 6 %  d e  f e r  e t  
0 , 6 0 %  d ’ io n s os u l fa t e .  S a  s u r fa c e  e s t  d e  5 0 0  m 2/ g .  L e s  p o r e s  o n t  u n  r a y o n  
m o y e n  d e  2 6 À  e t  s e  r é p a r t is s e n t  s u iv a n t  u n e  d i s t r ib u t io n  t r è s  é t r o i t e .

C e  g e l (2 0 0  g )  e s t  p la c é  d a n s  u n  b a l lo n ,  m u n i  d ’u n  a g i t a t e u r ,  d a n s  le q u e l

Fig. 1. Schém a de l ’ appareillage d ’a ctivation  du catalyseur.
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o n  in t r o d u i t  G 00 c m *  d ’ u n e  s o lu t io n  d ’a c id e  c h r o m iq u e  c o n t e n a n t  9 ,4  g  d e  
c h r o m e .  L ’e n s e m b le  e s t  p o r t é  à  l ’ é b u l l i t i o n  p e n d a n t  d e u x  h e u r e s .  L e  g e l 
im p r é g n é  e s t  e n s u it e  e s s o r é  s u r  B u c h n e r ,  s é c h é  p e n d a n t  2 4  h e u r e s  d a n s  u n e  
é t u v e  à  1 1 0 ° C ,  e t  t r a n s fé r é  d a n s  la  c e l lu le  d ’a c t i v a t i o n .  L ’a p p a r e i l la g e  
d ’a c t i v a t i o n  e s t  s c h é m a t is é  d a n s  la  f ig u r e  1. I l  c o m p r e n d  e s s e n t ie l le m e n t  
u n e  c e l lu le  e n  v e r r e  P y r e x ,  u n  f o u r  é le c t r iq u e  r é g u lé  à  ±  5 ° C  à  .r) 0 0 ° C  e t  u n  
s y s t è m e  d e  c i r c u la t i o n  d e  g a z  (a ir  o u  a z o t e ) .

L a  c e l lu le  e s t  u n  c y l in d r e  c o m p o r t a n t  d a n s  s a  p a r t ie  in fé r ie u r e  u n  d is q u e  
d e  v e r r e  f r i t t é  ( P y r e x  n u m é r o  0 )  s u p p o r t a n t  le  c a t a ly s e u r .  U n e  g a in e  
t h e r m o m é t r iq u e  p e r m e t  le  c o n t r ô l e  d e  la  t e m p é r a t u r e .  L e  c a t a ly s e u r  e s t  
e n  f a i t  m a in t e n u  e n  s u s p e n s io n  f lu id e  p a r  le  c o u r a n t  g a z e u x  q u i  c i r c u le  d e
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b a s  e n  h a u t .  L e  d é b i t  d e  c e  c o u r a n t  e s t  c o n t r ô lé  p a r  u n  d é b i t -m è t r e  p la c é  
e n  a m o n t .  P o u r  é v i t e r  q u e  le s  g a z  n ’e n t r a în e n t  u n e  t r o p  g r a n d e  q u a n t i t é  d e  
c a t a ly s e u r  h o r s  d e  la  c e l lu le ,  c e l l e - c i  c o m p o r t e  d a n s  s a  p a r t ie  s u p é r ie u r e  u n  
d is q u e  d e  v e r r e  f r i t t é  ( P y r e x  n u m é r o  2 ) .  C e  d is q u e  e s t  t r a v e r s é  d ’ u n e  p a r t  
p a r  la  g a in e  t h e r m o m é t r iq u e ,  d ’a u t r e  p a r t  p a r  u n e  t u b u lu r e ,  m u n ie  d ’ u n  
r o b in e t  e t  q u i  p e r m e t  l ’ i n t r o d u c t i o n  d u  c a t a ly s e u r .  P e n d a n t  l ’ a c t i v a t i o n ,  c e  
r o b in e t  R i  e s t  f e r m é  e t  le s  g a z  s ’ é c h a p p e n t  p a r  u n e  t u b u lu r e  la té r a le  a p r è s  
a v o i r  t r a v e r s é  le  v e r r e  f r i t t é .  L ’a c t i v a t i o n  e s t  e f f e c t u é e  e n  fa i s a n t  c i r c u le r  
d a n s  la  c e l lu le  u n  c o u r a n t  d ’a ir  s e c  à  5 0 5 ° C  p e n d a n t  4  h e u r e s ,  s o u s  u n  
d é b i t  d e  2 0  l i t r e s /h e u r e .  P u is  le  c a t a ly s e u r  e s t  r e f r o id i  a u  s e in  d e  la  c e l lu le  
s o u s  u n  c o u r a n t  d ’a z o t e  s e c .  L a  c e l lu le  e s t  e n s u it e  is o lé e  p a r  la  f e r m e t u r e  
d e s  r o b in e t s  d ’ e n t r é e  e t  d e  s o r t i e  d e s  g a z ,  p u is  s é p a r é e  d e  l ’ a p p a r e i l la g e  
d ’a c t i v a t i o n .

I l  e s t  a b s o lu m e n t , n é c e s s a ir e  d e  m a n ip u le r  le  c a t a ly s e u r  a c t i v é  à  l ’ a b r i  d e  
l ’ a ir  o u  p lu s  e x a c t e m e n t  d e  l ’h u m id i t é  a t m o s p h é r iq u e ,  c a r  l ’ e a u  a b a is s e  
f o r t e m e n t  l ’ a c t i v i t é  c a t a ly t iq u e  d e  c e  g e l  t r è s  h y g r o s c o p iq u e .  C ’e s t  
p o u r q u o i  le  c a t a ly s e u r  e s t  t r a n s fé r é  e t  s t o c k é  d a n s  d e s  a m p o u le s  s c e l lé e s .  
L a  f ig u r e  2  r e p r é s e n t e  l ’ a p p a r e i l la g e  d e  r e m p lis s a g e  d e s  a m p o u le s .  L a  
c e l lu le  d ’a c t i v a t i o n  c o m p o r t e  à  l ’ e x t r é m it é  d e  la  t u b u lu r e  d ’ i n t r o d u c t i o n  u n  
r o b in e t  la t é r a l  à  t r o i s  v o i e s  R 4 e t  u n  r o d a g e .  L ’a m p o u le  e s t  u n  t u b e  
P y r e x  à  p a r o is  m in c e s ,  r é t r é c i  d a n s  s a  p a r t ie  m é d ia n e  e t  t e r m in é  p a r  u n  
r o d a g e  s ’ a d a p t a n t  à  c e lu i  d e  la  c e l lu le .  A u  m o m e n t  d u  r e m p l is s a g e  la  
c e l lu le  d ’a c t i v a t i o n  e s t  r e t o u r n é e ,  l ’ a m p o u le  a s s e m b lé e  e s t  p u r g é e  g r â c e  a u  
r o b in e t  IL . E n  o u v r a n t  le  r o b in e t  R t u n e  c e r t a in e  q u a n t i t é  d e  c a t a ly s e u r  
(0 ,5  à  5  g )  t o m b e  d a n s  l ’ a m p o u le  p a r  g r a v i t é .  A p r è s  f e r m e t u r e  d e  R i  le  
v id e  e s t  r é a lis é  p a r  R 4 e t  l ’ a m p o u le  e s t  s c e l lé e .  E n v i r o n  t r e n t e  a m p o u le s  
s o n t  a in s i  r e m p lie s ,  e t  le u r  c o n t e n u  d é t e r m in é  p a r  p e s é e . E l le s  s o n t  
s t o c k é e s  e n  v u e  d ’e s s a is  d e  p o ly m é r is a t io n  e t  d e  d o s a g e  s u r  le  c a t a ly s e u r .

L a  t e n e u r  t o t a l e  e n  c h r o m e  d u  c a t a ly s e u r  d e  c o u le u r  v e r t  c la ir  e s t  
d é t e r m in é e  s e lo n  la  m é t h o d e  d e  S e lw o o d  e t  L y o n 13, p a r  f u s io n  a lc a l in e  e t  
m a n g a n i m é t r i e : e l le  e s t  d e  2 ,5 2 % .  P a r  e x t r a c t i o n  a u  S o x h le t  à  l ’ e a u  
b o u i l la n t e ,  4 0 ,3 %  d e  c e  c h r o m e  s o n t  d is s o u s .  C e t t e  p r o p o r t i o n  d e  c h r o m e  
h e x a v a le n t  e s t  a s s e z  fa ib l e ,  e t  e n  c o n s é q u e n c e  l ’ a c t i v i t é  c a t a ly t iq u e  d e v r a i t  

ê t r e  m o d é r é e .4

III. M éthode d ’Etude cinétique

S e lo n  le  p r in c ip e  q u e  n o u s  a v o n s  r é c e m m e n t  p u b l i é ,12 la  m é t h o d e  d ’ é t u d e  
c in é t iq u e  r e p o s e  s u r  l ’ a n a ly s e  p a r  c h r o m a t o g r a p h ie  g a z e u s e  d e  p r é lè v e m e n t s  
e f fe c t u é s  d a n s  la  p h a s e  g a z e u s e  s u r m o n t a n t  le  m i l ie u  r é a c t io n n e l ,  à  in t e r 
v a l le s  d e  t e m p s  c o n v e n a b le s .  L ’ a u t o c la v e  c o n t ie n t ,  o u t r e  s a  c h a r g e  
n o r m a le ,  u n  d i lu a n t  in e r t e  v i s - à - v i s  d e  la  r é a c t i o n  e t  d o n t  la  t e n s io n  d e  
v a p e u r  e s t  v o i s in e  d e  c e l le  d u  m o n o m è r e .  P o u r  c e t t e  r a is o n  n o u s  a v o n s  
c h o is i  le  p r o p a n e .  L e  p r é lè v e m e n t  c o n t ie n d r a  s u r t o u t  p r o p a n e  e t  p r o p y l è n e  
e t  le  c h r o m a t o g r a m m e  e n r e g is t r é  p r é s e n t e r a  d o n c  d e u x  p i c s  e s s e n t ie ls .  
L a  c o m p o s i t i o n  d u  p r é lè v e m e n t  s e r a  d o n n é e  p a r  le  r a p p o r t  d e s  s u r fa c e s  
s o u s  le s  p ic s ,  o u ,  e n  p r e m iè r e  a p p r o x im a t io n ,  p a r  le  r a p p o r t  d e  le u r  h a u t e u r .
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Fig. 3. Teneur en propylèn e de la phase gazeuse en fon ction  de la tem pérature pou r 
diverses com positions de la charge (tableau  I).

S i l ’ o n  a p p e l le  Ro  e t  R t le s  r a p p o r t s  d e  c e s  h a u t e u r s  d e  p i c  ( p r o p y l è n e /  
p r o p a n e )  à  l ’ in s t a n t  in i t ia l  e t  à  l ’ i n s t a n t  t, le  t a u x  d e  c o n v e r s i o n  p e s t  
d o n n é  p a r  la  r e la t io n  :

p %  =  1 0 0 (1  -  R ,/ R 0) ( 1 )

C e t t e  r e la t io n  s u p p o s e  s im p le m e n t , q u e  la  c o m p o s i t i o n  d e  la  p h a s e  v a p e u r  
p r é le v é e  e s t ,  à  c h a q u e  in s t a n t ,  p r o p o r t io n n e l l e  à  la  c o m p o s i t i o n  g lo b a le  
d u  m i l ie u  r é a c t io n n e l .

D a n s  u n e  s é r ie  d ’ e s s a is  p r é l im in a ir e s ,  n o u s  a v o n s  é t u d ié  la  c o m p o s i t i o n  d e  
la  p h a s e  g a z e u s e  p r é le v é e  d a n s  u n  a u t o c la v e ,  e n  f o n c t i o n  d e  la  c h a r g e  d e  c e t  
a u t o c la v e  e t  d e  la  t e m p é r a t u r e .  L e s  r é s u l t a t s  s o n t  i l lu s t r é s  p a r  le s  f ig u r e s  
3  e t  4 . D a n s  la  f ig u r e  3  o n  a  t r a c é  e n  t r a i t s  p le in s  le s  c o u r b e s  d o n n a n t  la  
p r o p o r t i o n  d e  p r o p y l è n e  p r é s e n t  d a n s  la  p h a s e  g a z e u s e ;  le s  p r o p o r t i o n s  d e  
p r o p y lè n e  in t r o d u i t e s  d a n s  l ’ a u t o c la v e  s o n t  d o n n é e s  p a r  le s  c o u r b e s  e n
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TABLEAU I
Composition de la Charge de l’Autoclave dans les Essais préliminaires de Chroma

tographie

Numéro 
de l’essai Ethane, % Propane, % Propylène, %

I 1 6,5 92,5
II 0 ,8 22 77

III 0 ,8 36 63
IV 0 ,8 61,5 37,8
V 0,9 83 16

t r a i t s  d i s c o n t i n u s .  L e s  c h a r g e s  d e  l ’ a u t o c la v e ,  d a n s  le s  c in q  s é r ie s  e f 
f e c t u é e s ,  s o n t  r e p o r t é e s  d a n s  le  t a b le a u  I .  D a n s  u n  t r è s  g r a n d  in t e r v a l l e  
d e  c o m p o s i t i o n  d e  la  c h a r g e ,  o n  p e u t  c o n s t a t e r ,  a u -d e s s u s  d e  8 0 ° C  l ’ id e n t i t é  
d e  c e s  p r o p o r t i o n s .  E n  f a i t ,  le s  c h r o m a t o g r a m m e s  c o m p o r t e n t  u n  t r o i 
s iè m e  p i c  c o r r e s p o n d a n t  à  la  f a ib l e  q u a n t i t é  d ’ é t h a n e  p r é s e n t e  d a n s  le s  
p r o d u i t s .  D a n s  la  f ig u r e  4 ,  la  t e n e u r  e n  é t h a n e  d e s  p r é lè v e m e n t s  g a z e u x  
e s t  a u s s i  é t u d ié e  e n  f o n c t i o n  d e  la  t e m p é r a t u r e  e t  d e  la  c h a r g e .  L e s  
c o u r b e s  o b t e n u e s  p r é s e n t e n t  u n  m a x im u m  s it u é  e n t r e  2 5  e t  5 0 ° C  e t  s e  
r e jo ig n e n t  a u -d e s s u s  d e  8 0 ° C  à  u n e  o r d o n n é e  c o r r e s p o n d a n t  à  la  p r o p o r t i o n

Fig. 4. Teneur en éthane de la phase gazeuse en fonction de la température pour diverses 
compositions de la charge (tableau I).
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r é e l le  d e  l ’ é t h a n e  in t r o d u i t e .  C e c i  c o n f i r m e  le s  r é s u l t a t s  d é c r i t s  d a n s  la  
f ig u r e  3 . L e s  t e m p é r a t u r e s  c r i t iq u e s  d u  p r o p y lè n e  e t  d u  p r o p a n e  s o n t  
r e s p e c t iv e m e n t  d e  9 2 ,3  e t  9 5 ,6 ° C ,  t a n d is  q u e  c e l le  d e  l ’ é t h a n e  e s t  d e
3 2 ,1  ° C .  I l  s e m b le  q u e  la  p r é s e n c e  d ’ u n e  p r o p o r t i o n  d ’ é t h a n e  d e  l ’ o r d r e  d e  
1 %  a b a is s e  la  t e m p é r a t u r e  c r i t iq u e  d ’u n  m é la n g e  p r o p a n e - p r o p y l è n e  a u x  
e n v ir o n s  d e  8 0 ° C .  A u -d e s s u s  d e  c e t t e  t e m p é r a t u r e  o n  p r é lè v e  e f f e c t i v e 
m e n t  u n e  p a r t ie  d u  m é la n g e  f lu id e  r é a c t io n n e l  e t  la  c o m p o s i t i o n  d é t e r m in é e  
p a r  c h r o m a t o g r a p h ie  e s t  c e l le  d u  f lu id e  e n v i r o n n a n t  le  c a t a ly s e u r  s o l id e .

L ’ in t e r v a l le  d e  t e m p é r a t u r e  o ù  la  r e la t io n  (1 )  e s t  d i r e c t e m e n t  a p p l i 
c a b le  p o u r r a i t  ê t r e  é t e n d u  e n  in t r o d u is a n t  u n e  p r o p o r t i o n  p lu s  im p o r t a n t e  
d ’ é th a n e .

L ’ a p p l i c a t io n  d e  la  r e la t io n  (1 )  s u p p o s e  e n  o u t r e  la  d é t e r m i n a t i o n  d u  
r a p p o r t  Ro d e  c o m p o s i t i o n  in it ia le ,  à  la  t e m p é r a t u r e  d e  l ’ e x p é r ie n c e ;  
c e c i  im p l iq u e  q u e  le  c a t a ly s e u r  e t  le  m é la n g e  f lu id e  n e  d o i v e n t  e n t r e r  e n  

c o n t a c t  q u e  l o r s q u e  la  t e m p é r a t u r e  d e  l ’ e x p é r ie n c e  e s t  e f f e c t i v e m e n t  
é t a b l i e ;  c e t t e  d e r n iè r e  c o n d i t i o n  e s t  d ’a i l le u r s  n é c e s s a ir e  p o u r  p o u v o i r  
m e n e r  à  b ie n  u n e  é t u d e  c in é t iq u e .

C e s  c o n s id é r a t i o n s  n o u s  o n t  a m e n é  à  é la b o r e r  l ’ a p p a r e i l la g e  q u e  n o u s  
d é c r iv o n s  d i -d e s s o u s .

IV. Appareillage de Polymérisation

L a  p o ly m é r is a t io n  e s t  c o n d u i t e  d a n s  u n  a u t o c la v e  à  b r id e s  e n  a c ie r  
in o x y d a b le ,  d e  2 5 0  c m 3 e n v ir o n  ( F ig .  5 ) .  I l  e s t  é q u ip é  d ’u n e  g a in e  t h e r m o 
m é t r iq u e  e t  d e  d e u x  v a n n e s .  L ’u n e  d ’ e l le s  p e r m e t  la  c o m m u n ic a t i o n  a v e c  
u n  r é c ip ie n t  d e  c a p a c i t é  é q u iv a le n t e ,  lu i -m ê m e  é q u ip é  d e  d e u x  v a n n e s .  L e  
r e m p lis s a g e  d u  r é c ip ie n t  e s t  e f f e c t u é  e n  p r e m ie r  l i e u :  le  p r o p y lè n e  e s t  
in t r o d u i t  p a r  p ié g e a g e  à  f r o id  e t  p e s é .  U n  v o lu m e  c o n n u  d e  p r o p a n e  l iq u id e  
e s t  e n s u it e  in t r o d u i t  s o u s  p r e s s io n ,  à  l ’ a id e  d ’u n e  b u r e t t e  e n  v e r r e .  U n e  
n o u v e l l e  p e s é e  p e r m e t  d e  c o n t r ô le r  la  c o m p o s i t i o n  d u  m é la n g e .  L e  r é 
c ip ie n t  e s t  a lo r s  a d a p t é  à  l ’ a u t o c la v e  d a n s  le q u e l  a  é t é  p la c é e  l ’ a m p o u le  d e  
v e r r e  m in c e  c o n t e n a n t  le  c a t a ly s e u r ;  c e lu i - c i  e s t  p u r g é  à  l ’ a id e  d e  la  s e c o n d e  
v a n n e  p a r  l ’ a p p l i c a t i o n  s u c c e s s iv e  d u  v id e  e t  d e  l ’ a z o t e  p u r i f ié e  ( t e n e u r  e n  
o x y g è n e  e t  e n  e a u  in fé r ie u r e  à  1 0  p p m ) .  P u is  s u r  le s  v a n n e s  V o  e t  V x s o n t  
a d a p t é s  d e s  r a c c o r d s  m é t a l l iq u e s  m u n is  d e  r o d a g e s  s p h é r iq u e s  q u i  p e r 
m e t t r o n t  le s  p r é lè v e m e n t s .  L ’ e n s e m b le  d e  c e s  a p p a r e i l la g e s  e s t  a lo r s  
m o n t é  s u r  le  p la t e a u  m o b i l e  d ’u n e  é t u v e  t h e r m o s t a t is e e  à  ±  1 ° C  j u s q u ’ à  c e  
q u e  la  t e m p é r a t u r e  d é s ir é e  r è g n e  à  l ’ in t é r ie u r  d e  l ’ a u t o c la v e .  L e s  v a n n e s  
r e l ia n t  a u t o c la v e  e t  r é c ip ie n t  s o n t  a lo r s  o u v e r t e s  e t  r e fe r m é e s  a u  b o u t  d e  
q u e lq u e s  in s t a n t s ,  d è s  q u e  le s  p r e s s io n s  s o n t  é q u i l ib r é e s .  L a  b r u s q u e  
a u g m e n t a t io n  d e  p r e s s io n  é c r a s e  l ’ a m p o u le  d e  c a t a ly s e u r  e t  la  r é a c t i o n  
c o m m e n c e .  L ’a g i t a t io n  d e  l ’ a u t o c la v e  e s t  m is e  e n  r o u t e ,  a u  m o y e n  d u  
p la t e a u  m o b i l e .

L e s  p r é lè v e m e n t s  s o n t  e f f e c t u é s  d ’u n e  p a r t  p a r  V 0 s u r  le  r é c ip ie n t  p o u r  
d é t e r m in e r  Ro, e t  d ’ a u t r e  p a r t  p a r  V i  s u r  l ’ a u t o c la v e  p o u r  d é t e r m in e r  le s  
d iv e r s e s  v a le u r s  d e  R ,.  O n  u t i l is e  d e s  c e l lu le s  e n  v e r r e 14 d o n t  la  c a p a c i t é
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u t i le  e s t  d e  l ’ o r d r e  d e  0 ,5  c m 3. E l le s  c o m p o r t e n t  d e u x  r a c c o r d s  à  r o d a g e s  
s p h é r iq u e s  fe m e l le s  d o n t  l ’u n  e s t  a d a p t a b l e  à  c e lu i  d e s  v a n n e s  V i  o u  V 0 
e t  l ’ a u t r e  p e r m e t  la  r e la t io n  a v e c  u n  c o m p t e b u l l e ,  p o u r  l im it e r  le  v o lu m e  
p r é le v é  a u  m in im u m  in d is p e n s a b le .  C e s  c e l lu le s  s o n t  e n s u it e  p la c é e s  d a n s  
le  c i r c u i t  d ’u n  c h r o m a t o g r a p h e 15 i l lu s t r é  s c h é m a t iq u e m e n t ;  d a n s  la  f ig u r e  6 . 
C e  d e r n ie r  c o m p o r t e  u n e  c e l lu le  d é t e c t r i c e  à  t h e r m is t a n c e s  e t  u n e  c o l o n n e  
d e  4  m m  d e  d ia m è t r e  e t  3 0  c m  d e  lo n g u e u r  r e m p l ie  d e  g e l  d e  s i l i c e  S e c a g e l .  
L e  d é b i t  d e  g a z  v e c t e u r  ( h y d r o g è n e )  e s t  d e  2  l i t r e s /h e u r e .  A in s i  le  c h r o m a -  
t o g r a m m e  e s t  o b t e n u  e n  10  m in u t e s  e n v i r o n .

L a  p o ly m é r is a t io n  p e u t  ê t r e  a r r ê t é e  à  v o l o n t é ,  p a r  é v a c u a t i o n  d e s  
p r o d u i t s  v o la t i l s .  I l  e s t  p o s s ib le  d e  c o n t r ô le r  le  r e n d e m e n t  f in a l  p a r  p e s é e :  
le  r é c ip ie n t  e s t  d é m o n t é  e t  p e s é  s é p a r é m e n t ,  c e  q u i  p e r m e t  d e  c o n n a ît r e  
la  q u a n t i t é  d e  f lu id e  m is  e n  r é a c t io n  d a n s  l ’ a u t o c l a v e ;  c e  d e r n ie r ,  a p r è s  
é v a c u a t i o n  d e s  g a z  e s t  lu i -m ê m e  p e s é .
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Fig. 6. Appareillage de chromatographie; (MD) manomètre à double détente; 
(M) manomètre à mercure; (C) colonne; (D) détecteur à thermistances; (Db) débit- 
mètre; (Th) thermostat à air; (I) circuit d’injection; (E) cellule de prélèvement.

D a n s  n o t r e  é t u d e  n o u s  n ’ a v o n s  p a s  c h e r c h é  à  c a r a c t é r i s e r  le s  p o ly m è r e s  
o b t e n u s ;  c e u x - c i  s o n t  g é n é r a le m e n t  s o l id e s  m a is  c o n t ie n n e n t  t o u jo u r s  u n e  
p r o p o r t io n  n o n  n é g l ig e a b le  d e  p o ly m è r e s  h u i le u x  a t a c t iq u e s .

RESULTATS ET DISCUSSION

A u  c o u r s  d e  c e t t e  é t u d e  p r é l im in a ir e ,  n o u s  n o u s  s o m m e s  b o r n é s  à  m e s u r e r  
la  v i t e s s e  d e  p o ly m é r is a t io n  e t  à  c h e r c h e r  le s  r e la t io n s  l ia n t  c e t t e  v i t e s s e  
a u x  d i f f é r e n t s  fa c t e u r s  e x p é r im e n t a u x :  c o n c e n t r a t i o n s  e n  r é a c t i f s ,  t e m 
p é r a t u r e ,  p r e s s io n  in it ia le .

D a n s  u n e  p r e m iè r e  s é r ie  d ’ e x p é r ie n c e s ,  n o u s  a v o n s  f a i t  v a r ie r  la  q u a n t i t é  
d e  c a t a ly s e u r ,  t o u t  e n  m a in t e n a n t  f ix e s  la  t e m p é r a t u r e  ( 1 0 0 ° C )  e t  la  c h a r g e  
d u  r é c ip ie n t  e n  r é a c t i f s  g a z e u x  ( p r o p a n e  1 5  g ,  p r o p y l è n e  2 2  g )  A  l ’ in s t a n t  
in it ia l ,  l ’ a u t o c la v e  c o n t i e n t  a lo r s  7 ,5  g  d e  p r o p a n e  e t  1 1 ,5  g  d e  p r o p y l è n e :  
la  p r e s s io n  c o r r e s p o n d a n t e  e s t  d ’e n v i r o n  4 0  k g / c m 2. L a  f ig u r e  7  d o n n e  le  
r é s e a u  d e s  c o u r b e s  c in é t iq u e s  o b t e n u e s .  I l  a p p a r a î t  q u ’ il  n ’ e x is t e  p a s  d e  
p é r io d e  d ’ in d u c t i o n  e t  q u e  la  r é a c t i o n  s e  p o u r s u i t  r é g u l iè r e m e n t  j u s q u ’ à  
c o n v e r s io n  t o t a l e  d u  m o n o m è r e .  N o u s  a v o n s  c h e r c h é  à  d é t e r m in e r  
l ’o r d r e  d e  la  r é a c t i o n  p a r  r a p p o r t  a u  m o n o m è r e .  P o u r  c e la ,  l ’ o n  p o r t e  le  
lo g a r i t h m e  d e  la  v i t e s s e  in s t a n t a n é e  d e  p o ly m é r i s a t i o n  e n  f o n c t i o n  d u  
lo g a r i t h m e  d e  la  c o n c e n t r a t io n  e n  m o n o m è r e .  L a  v i t e s s e  in s t a n t a n é e  
— d M / d t  e s t  l ié e  a u  t a u x  d e  c o n v e r s io n  p a r  la  r e la t i o n :

-dM/dl =  (M0/m )dP/dt

E n  c o o r d o n n é e s  l o g a r i t h m iq u e s ,  n o u s  a v o n s  t r o u v é  d a n s  t o u s  le s  c a s  u n e  
r e la t io n  lin é a ir e  d o n t  la  p e n t e  e s t  t r è s  v o i s in e  d e  l ’ u n it é -  E n  p o r t a n t
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Fig . 7. T au x  de conversion  ( % )  en fon ction  du tem ps, pou r divers poid s de catalyseur.

l o g  ( M 0/ M )  e n  f o n c t i o n  d u  t e m p s ,  o n  o b t i e n t ,  c o m m e  le  m o n t r e  la  f ig u r e  
8  u n  r é s e a u  d e  d r o i t e s  p a s s a n t  p a r  l ’ o r ig i n e ,  c e  q u i  é t a b l i t  q u e  la  r é a c t i o n  
a d m e t  l ’ o r d r e  1 p a r  r a p p o r t  a u  m o n o m è r e .  N o u s  a v o n s  d o n c :

- d M / d t  =  h  ( M )  (2 )

C h a q u e  e x p é r ie n c e  d e  p o ly m é r i s a t i o n  p e u t  ê t r e  c a r a c t é r is é e  p a r  la  p e n t e  
ki d e s  d r o i t e s  d e  la  f ig u r e  8 , p e n t e  d o n t  la  v a l e u r  a  la  s i g n i f i c a t i o n  d ’ u n e  
c o n s t a n t e  d e  v i t e s s e .

D a n s  la  s u it e ,  n o u s  a v o n s  c h e r c h é  q u e ls  s o n t  le s  f a c t e u r s  d é t e r m in a n t  la  

v a le u r  d e  kt .
L e s  e x p é r ie n c e s  p r é c é d e n t e s  p e r m e t t e n t  d e  d é t e r m in e r  la  r e la t i o n  e n t r e  

ki e t  la  c o n c e n t r a t i o n  e n  c a t a ly s e u r .  D a n s  u n  d ia g r a m m e  o ù  l ’ o n  a  p o r t é  
e n  o r d o n n é e  la  v a le u r  d e  ki  e t  e n  a b s c is s e  le  p o id s  d e  c a t a ly s e u r  u t i l is é ,  le s  
p o in t s  e x p é r im e n t a u x  s e  p la c e n t  s u r  la  c o u r b e  d é c r i t e  d a n s  la  f ig u r e  9 . 
C e t t e  c o u r b e  p r é s e n t e  u n e  p a r t ie  l in é a ir e  p o u r  le s  g r a n d e s  q u a n t i t é s  d e  
c a t a ly s e u r .  L o r s q u e  le  r a p p o r t  p o n d é r a l  c a t a ly s e u r /m o n o m è r e  e s t  
in fé r ie u r  à  0 ,2 5  le s  p o in t s  s e  p la c e n t  s u r  u n  a r c  r e j o ig n a n t  l ’ o r ig in e  d e s  
c o o r d o n n é e s .  I l  s e r a it  é v id e m m e n t  u t i le  d e  s a v o i r  p o u r q u o i  la  c o u r b e  n e  
p r é s e n t e  p a s  u n e  a llu r e  u n i f o r m e  d a n s  t o u t  le  d o m a in e  d e  c o n c e n t r a t io n .  
I l  p a r a i t  v r a i s e m b la b le  d ’a d m e t t r e  q u e  le s  im p u r e t é s  in h ib i t r i c e s  p r é s e n t e s  
d a n s  la  c h a r g e  f lu id e  s o n t  r e s p o n s a b le s  d e  c e t  é t a t  d e  c h o s e .  L e s  im p u r e t é s  
e n t r e n t  e n  c o m p é t i t i o n  a v e c  le  m o n o m è r e  d a n s  l ’ o c c u p a t i o n  d e s  s ite s
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F ig. 8. T ransform ées linéaires (ordre 1) des courbes cinétiques de la figure 7.

a c t i f s  d u  c a t a ly s e u r .  L e u r  c o n c e n t r a t i o n  e s t  f ix e  d a n s  c e t t e  s é r ie  d ’ e x p é r i 
e n c e s  e t  e lle s  n e  p e u v e n t  o c c u p e r  q u ’u n  n o m b r e  r e s t r e in t  d e  s i t e s .  D è s  q u e  
la  c o n c e n t r a t io n  e n  c a t a ly s e u r  e s t  s u f f is a n te  o n  o b t i e n t  u n e  l o i  l in é a ir e  
( d r o i t e  D ) .  E n  l ’ a b s e n c e  d ’im p u r e t é s  la  v é r i t a b le  l o i  p o u r r a i t  ê t r e  r e p r é 
s e n t é e  p a r  la  d r o i t e  D '  p a r a llè le  à  D  m a is  p a s s a n t  p a r  l ’ o r ig in e .

N o u s  r e t ie n d r o n s  s im p le m e n t  q u e ,  à  t e m p é r a t u r e  e t  p r e s s io n  in i t ia le  
c o n s t a n t e s ,  la  c in é t iq u e  d e  la  r é a c t i o n  p e u t  ê t r e  r e p r é s e n t é e  p a r  la  r e la t io n

- d M / d t  =  h ( C  -  C 0) ( M )  (3 )

lo r s q u e  le  p o id s  d e  c a t a ly s e u r  C  e s t  s u p é r ie u r  à  u n e  v a le u r  c r i t i q u e  C  
( f ig . 9 )  D a n s  u n e  s e c o n d e  s é r ie  d ’ e x p é r ie n c e s  n o u s  a v o n s  é t u d ié  l ’ in f lu e n c e  d e  
la  t e m p é r a t u r e  s u r  la  c in é t iq u e  d e  p o ly m é r i s a t i o n ;  la  c h a r g e  d e  l ’ a u t o c la v e
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Fig. 9. C onstante de vitesse ki en fon ction  du poids de catalyseur, et du rapp ort pon dé
ral: cata lyseu r/m on om ère.

e n  m o n o m è r e ,  p r o p a n e  e t  c a t a ly s e u r  é t a i t  m a in t e n u e  c o n s t a n t e  : le s  p o id s  
d e  r é a c t i f s  é t a n t  r e s p e c t iv e m e n t  d e  1 1 ,5 - 7 ,5  e t  3 ,6  ±  0 ,2  g .  L e s  c o u r b e s  
c in é t iq u e s  o b t e n u e s  s o n t  r e p r é s e n t é e s  s u r  la  f ig u r e  1 0 , t a n d is  q u e  le s  
t r a n s fo r m é e s  l in é a ir e s  ( o r d r e  1 ) s o n t  t r a c é e s  s u r  la  f ig u r e  1 1 . C e s  d e r n iè r e s  
s o n t  v a la b le s  d a n s  t o u t  l ’ in t e r v a l le  d e  c o n v e r s io n  é t u d ié  l o r s q u e  la  t e m 
p é r a t u r e  e s t  in fé r ie u r e  à  1 0 0  ° C ;  m a is  s i  la  t e m p é r a t u r e  e s t  s u p é r ie u r e ,  le s  
p o in t s  e x p é r im e n t a u x  s ’ é c a r t e n t  d e  la  d r o i t e  in it ia le  a u  b o u t  d ’ u n  t e m p s  d e  
r é a c t io n  v a r ia b le .  C e s  r é s u l t a t s s  o n t  à  r a p p r o c h e r  d e  c e u x  o b t e n u s  
a n t é r ie u r e m e n t  p a r  T o p c h i e v 10 q u i  a  o b s e r v é  q u e  le  r e n d e m e n t  e n  p o ly m è r e  
s o l id e ,  a p r è s  4  h e u r e s  d e  p o ly m é r is a t io n ,  p a s s a i t  p a r  u n  m a x im u m  v e r s  
1 0 5 ° C .  C e  m ê m e  a u t e u r  s ig n a le  a u s s i  q u e  le  p r o c e s s u s  d e  f o r m a t i o n  d ’ u n  
p o l y m è r e  s o l id e  s ’a c c o m p a g n e  d ’ u n  s e c o n d  p r o c e s s u s ,  d û  a u  s u p p o r t ,  e t  q u i  
c o n d u i t  à  d e s  o l ig o m è r e s .  N o t r e  m é t h o d e  c in é t iq u e  n o u s  p e r m e t  d e  s u iv r e  
la  d is p a r i t i o n  d u  p r o p y l è n e  s a n s  p r é c is e r  e n  q u e l le s  s o r t e s  d e  p r o d u i t s  c e  
m o m o m è r e  se  t r a n s fo r m e .  T o u t e f o i s ,  r a p p e lo n s  q u e  n o u s  a r r ê t o n s  le s  r é 
a c t i o n s  e n  la is s a n t  é v a c u e r  p a r  d is t i l la t io n  le s  r é a c t i f s  v o la t i l s .  S ’ il  s e  f o r m e
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F ig. 10. T au x  de conversion  ( % )  en fon ction  du  tem ps, pou r diverses tem pératures.

d e s  o l ig o m è r e s  v o la t i l s  d a n s  c e s  c o n d i t i o n s ,  ils  s o n t  d o n c  é l im in é s  e t  c e  p h é n o 
m è n e  p e u t  ê tr e  m is  q u a l i t a t iv e m e n t  e n  é v id e n c e  s i l ’ o n  c o m p a r e  le s  r e n d e 
m e n t s  f in a u x  d é t e r m in é s  p a r  c h r o m a t o g r a p h ie  e t  p a r  p e s é e . L e s  r é s u l t a t s  
c o n s ig n é s  d a n s  le  t a b le a u  I I  m o n t r e n t  b ie n  q u ’ il s e  f o r m e  d e s  q u a n t i t é s  
a p p r é c ia b le s  d e  p r o d u i t s  v o la t i l s  d è s  q u e  la  t e m p é t a t u r e  d é p a s s e  1 0 0  ° C  
p u is q u ’a lo r s  le  r e n d e m e n t  g r a v im é t r iq u e  e s t  n e t t e m e n t  in fé r ie u r  à  c e lu i 
d é t e r m in é  p a r  c h r o m a t o g r a p h ie .  C e  p r o c e s s u s  d ’ o l ig o m é r is a t io n ,  d o n t  
l ’ in f lu e n c e  e s t  r e la t iv e m e n t  f a ib l e  l o r s q u e  la  t e m p é r a t u r e  e s t  in fé r ie u r e  o u  
é g a le  à  1 0 0 ° C . ,  n ’ e s t  p a s  in d é p e n d a n t  d u  p r o c e s s u s  n o r m a l  d e  p o ly m é r i -

T A B L E A U  II
R endem ents filiaux déterm inées par C hrom atographie et par G ravim étrie, en  F on ction  

de la  Tem pérature de l ’Expérience

T em pérature, C atalyseur,

80 3 ,7 6
95 4 ,2 1

100 3 ,9 0
110 3 ,4 8
115 3 ,5 9
120 3 ,5 8

R endem ent, %  * 60

C hrom atograph ie Pesée

60 6 2 ,5
70 7 4 ,5
90 8 7 ,5
60 4 2 ,5
65 55
60 41
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F ig. 11. T ransform ées linéaires (ordre  1) des courbes cinétiques de la  figure 10.

s a t i o n ;  e n  e f fe t ,  l o r s q u ’ i l  s e  m a n i f e s t e ,  la  v i t e s s e  d e  c o n s o m m a t i o n  d u  
m o n o m è r e  e s t  in fé r ie u r e  à  s a  v a le u r  n o r m a le  c o m m e  le  m o n t r e n t  le s  
c o u r b e s  d e  la  f ig u r e  1 0 . E n  p r e m iè r e  h y p o t h è s e  n o u s  p e n s o n s  q u e  le s  
o l ig o m è r e s  p e u v e n t  s ’ in s é r e r  d a n s  le s  c h a în e s  d e  p o ly m è r e  e n  c r o is s a n c e  e t  
p r o v o q u e r  l ’ a r r ê t  d e  la  p o ly m é r is a t io n  e n  b l o q u a n t  le  c e n t r e  a c t i f  d e  la  
c r o is s a n c e .  N o u s  p e n s o n s  a u s s i  q u ’ u n  t e l  p r o c e s s u s  p o u r r a i t  e x p l iq u e r  le s  
r é s u l t a t s  c in é t iq u e s  d e  F r ie d la n d e r 11 q u i  o b s e r v e  u n  m a x im u m  e n  f o n c t i o n  
d e  la  t e m p é r a t u r e ,  d a n s  la  v i t e s s e  d e  p o ly m é r i s a t i o n  d e  l ’ é t h y lè n e  a u  m o y e n  

d ’u n  c a t a ly s e u r  à  b a s e  d ’ o x y d e  d e  m o l y b d è n e .  C e t  a u t e u r  t r o u v a i t  u n e  
é n e r g ie  d ’a c t i v a t i o n  p o s i t i v e  d e  1 8  k c a l /m o l e  p o u r  u n e  t e m p é r a t u r e  
in fé r ie u r e  à  2 3 5  ° C  e t  u n e  é n e r g ie  d ’a c t i v a t i o n  n é g a t iv e  (  — 1 4  k c a l )  e n s u it e .  
I l  a t t r ib u a i t  c e s  d i f f é r e n c e s  a u  f a i t  q u ’à  b a s s e  t e m p é r a t u r e ,  l ’ é n e r g ie  
d ’ a c t i v a t i o n  d e  l ’ i n i t ia t i o n  c o n t r ô le  la  r é a c t i o n  t a n d is  q u e ,  à  p lu s  h a u t e  
t e m p é r a t u r e ,  l ’ é n e r g ie  l ib r e  d ’ a d s o r p t io n  d e v i e n t  p r é d o m in a n t e .

L a  p o r t i o n  in it ia le  d e  n o s  c o u r b e s  c in é t iq u e s ,  e t  le u r s  t r a n s fo r m é e s  
lin é a ir e s  p e r m e t t e n t  d e  d é t e r m in e r  la  r e la t io n  e n t r e  la  c o n s t a n t e  ki e t  la  
t e m p é r a t u r e .  L a  l o i  d ’A r r h e n iu s  i l lu s t r é e  p a r  la  f ig u r e  1 2  d o n n e  u n e  
é n e r g ie  d ’ a c t i v a t i o n  d e  1 6  k c a l .  C e t t e  v a le u r  e s t  t o u t  à  f a i t  n o r m a le ,  p o u r  
u n e  p o ly m é r is a t io n .  L e  p o i n t  e x p é r im e n t a l  r e p r é s e n t a n t  l ’e x p é r ie n c e  
c o n d u i t e  à  8 0 ° C  s ’ é c a r t e  n e t t e m e n t  d e  la  d r o i t e .  N o u s  c r o y o n s  q u e  c e c i  e s t  
s im p le m e n t  d û  a u  f a i t  q u e  c e t t e  t e m p é r a t u r e  r e p r é s e n t e  la  l im i t e  d e  
v a l id i t é  d e  n o t r e  m é t h o d e  c in é t iq u e ;  t o u t e f o i s  l ’ a c c o r d  a s s e z  b o n  e n t r e  le s
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r e n d e m e n t s  f in a u x  d é t e r m in é s  p a r  c h r o m a t o g r a p h ie  e t  p a r  p e s é e  ( t a b le a u  
I I )  n o u s  in c l in e  à  p e n s e r  q u ’ il  d o i t  e x is t e r  d e u x  p h a s e s  f lu id e s  à  l ’ in t é r ie u r  d e  
l ’ a u t o c la v e  c e  q u i  f a v o r i s e  la  d i f f u s io n  d u  m o n o m è r e  v e r s  le s  c e n t r e s  a c t i f s  
e t  a u g m e n t e  la  v i t e s s e  d e  p o ly m é r is a t io n .

D a n s  u n e  d e r n iè r e  s é r ie  d ’ e x p é r ie n c e s  e n f in , n o u s  a v o n s  f a i t  v a r ie r  la  
p r e s s io n  in i t ia le  ( n o n  m e s u r é e )  e n  m o d i f ia n t  la  c h a r g e  t o t a l e  d e  l ’ a u t o c la v e ,  
s a n s  c h a n g e r  la  c o m p o s i t i o n  d e  c e t t e  c h a r g e .  L a  t e m p é r a t u r e  a  é t é  
m a in t e n u e  f ix e  à  1 0 0 ° C  a in s i  q u e  la  q u a n t i t é  d e  c a t a ly s e u r  à  2 ,7  ±  0 ,2  g . 

L e s  r é s u l t a t s  s o n t  i l lu s t r é s  p a r  le s  c o u r b e s  c in é t iq u e s  d e  la  f ig u r e  1 3 , o u  
c o n s ig n é s  d a n s  le  t a b le a u  I I I .
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Fig. 13. T au x  de conversion  ( % )  en fon ction  du  tem ps pour diverses valeurs de  la 
charge fluide tota le  de l ’ autoclave.

L à  e n c o r e ,  le  p h é n o m è n e  d ’ o l ig o m é r is a t io n  se  m a n i f e s t e  n e t t e m e n t  lo r s  
d e  la  p r e m iè r e  e x p é r ie n c e .  C e  p r o c e s s u s  e s t  d o n c  f a v o r i s é  n o n  s e u le m e n t  
p a r  u n e  é lé v a t io n  d e  la  t e m p é r a t u r e  m a is  a u s s i  p a r  u n  a b a is s e m e n t  d e  la  
p r e s s io n .

L e s  v a le u r s  d e  la  c o n s t a n t e  7ci o b t e n u e s  e n  u t i l i s a n t  le s  t r a n s fo r m é e s  
lin é a ir e s  d e  c o u r b e s  d e  la  f ig u r e  1 3  s o n t  in d é p e n d a n t e s  d e  la  p r e s s io n  
in i t ia le :  la  v i t e s s e  d e  p o ly m é r is a t io n  n e  d é p e n d  d e  la  p r e s s io n  q u e  p a r
l ’ in t e r m é d ia ir e  d e  la  c o n c e n t r a t i o n  e n  m o n o m è r e .  S e u l  le  p r o c e s s u s  
d ’ o l ig o m é r is a t io n  e s t  s u s c e p t ib le  d e  m o d i f i e r  c e t t e  lo i .  L e s  é c a r t s  e n t r e  le s  
v a le u r s  f ig u r a n t  d a n s  la  d e r n iè r e  c o l o n n e  d u  t a b le a u  I I I  s o n t  d u s  e n  f a i t  a u x  
d i f f é r e n c e s  e n t r e  le s  q u a n t i t é s  d e  c a t a ly s e u r  u t i l is é e s ,  e t  le s  p o in t s  e x p é r i -

T A B L E A U  I I I
Influence de la Pression initiale sur les R en dem en ts finaux e t  C onstante de V itesse

(O rdre 1)

Charge 
tota le , g

Catalyseur,
g

R en dem en t final, %
h  X  10*, 

se c -1C hrom atograph ie Pesée

1 1 ,6 2 .8 3 6 7 ,5 46 2 ,8 4
1 9 ,9 2 ,9 3 6 5 ,5 65 2 ,6 4
2 1 ,6 2 ,6 1 50 51 2 ,1 0
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m e n t a u x  c o r r e s p o n d a n t  à  c e s  e x p é r ie n c e s  se  p la c e n t  n o r m a le m e n t  s u r  la- 
c o u r b e  d e  la  f ig u r e  9  d o n n a n t  ki e n  f o n c t i o n  d e  la  q u a n t i t é  d e  c a t a ly s e u r  C .

CONCLUSIONS

L a  m is e  a u  p o in t  d e  n o t r e  m é t h o d e  c in é t iq u e  n o u s  a  p e r m is  d ’ é t u d ie r  la  
p o ly m é r is a t io n  d u  p r o p y lè n e  a u  m o y e n  d ’ u n  c a t a ly s e u r  d u  t y p e  P h i l l ip s ,  
s a n s  s o lv a n t ,  e n  p r é s e n c e  d e  p r o p a n e  c o m m e  d i lu a n t  e t  d a n s  d e s  c o n d i t i o n s  
o ù  i l  n ’ e x is t e  q u ’ u n e  s e u le  p h a s e  f lu id e  a u  s e in  d u  r é a c t e u r .  L a  r é a c t io n  
a d m e t  a lo r s  l ’ o r d r e  1 p a r  r a p p o r t  a u  m o n o m è r e ,  a in s i  q u e  p a r  r a p p o r t  a u  
c a t a ly s e u r  lo r s q u e  la  c o n c e n t r a t io n  d e  c e  d e r n ie r  e s t  s u f f is a n te .  D a n s  u n  
d o m a in e  d e  t e m p é r a t u r e  a l la n t  d e  8 0  à  1 2 0 ° C ,  la  r é a c t i o n  p o s s è d e  u n e  
é n e r g ie  d ’a c t i v a t i o n  g lo b a le  d e  16  k c a l /m o l e .  L a  v i t e s s e  d e  p o ly m é r i 
s a t io n ,  in d é p e n d a n t e  d e  la  p r e s s io n  p e u t  ê t r e  r e p r é s e n t é e  p a r  la  r e la t io n

- d M / d t  =  A  e x p  { — E / R T }  (C  -  C0) M  (4 )

o ù  E  =  16  k c a l /m o l e ,  R  e s t  la  c o n s t a n t e  d e s  g a z  p a r fa i t s ,  C  la  c o n c e n t r a t io n  
e n  c a t a ly s e u r ,  Co u n e  c o n c e n t r a t io n  e n  c a t a ly s e u r  l im it e  q u i  p o u r r a i t  
d é p e n d r e  d e  la  c o n c e n t r a t io n  d ’ im p u r e t é s  in t r o d u i t e s  d a n s  le s  r é a c t i fs ,  
a in s i  q u e  d e  la  n a t u r e  d u  c a t a ly s e u r ;  M  e n f in  e s t  la  c o n c e n t r a t i o n  e n  
m o n o m è r e .  L o r s q u e  la  p r e s s io n  b a is s e  j u s q u ’à  u n e  v a le u r  s u f f is a n te ,  
v a le u r  q u i  d é p e n d  d e  la  t e m p é r a t u r e ,  u n  s e c o n d  p r o c e s s u s  se  m a n i f e s t e ;  
i l  c o n d u i t  à  la  f o r m a t i o n  d ’o l ig o m è r e s  v o la t i l s ,  e t  r e t a r d e  le  p r o c e s s u s  
n o r m a l  d e  p o ly m é r is a t io n .

I l  c o n v i e n t  d e  r e m a r q u e r  q u e  c e s  r é s u l t a t s  o n t  é t é  o b t e n u s  e n  u t i l i s a n t  
d iv e r s  é c h a n t i l lo n s  d ’ u n  m ê m e  c a t a ly s e u r  e t  il  e s t  p r o b a b le  q u e  le s  p a r a 
m è t r e s  A , E  e t  Co d e  la  r e la t i o n  (4 )  d é p e n d e n t  d ’u n  c e r t a in  n o m b r e  d e  
fa c t e u r s  s t r u c t u r a u x  r e la t i fs  à  l ’ o x y d e  d e  c h r o m e  a in s i  q u ’a u  g e l  d e  s i l i c e -  
a lu m in e  u t i l is é  c o m m e  s u p p o r t .  D ’ a u t r e s  e x p é r ie n c e s  s o n t  e n  c o u r s  à  
l ’ h e u r e  a c t u e l le  d a n s  n o t r e  la b o r a t o ir e ,  p o u r  p r é c is e r  c e s  p o in t s  e t  p o u r  
m ie u x  c o n n a ît r e  le  p r o c e s s u s  d ’ o l ig o m é r is a t io n .  N o s  r é s u l t a t s  s o n t  e n  
a c c o r d  a v e c  le s  d e u x  t y p e s  d e  m é c a n is m e  d é j à  p r o p o s é s  p a r  N a t t a 16 e t  
F r ie d la n d e r 11 e t  q u i  im p l iq u e n t  r e s p e c t iv e m e n t  d e s  c a t a ly s e s  a n io n iq u e -  
c o o r d in é e  e t  p a r  io n -r a d i c a l .  P o u r  p o u v o i r  d is t in g u e r  e n t r e  c e s  m é c a n is m e s ,  
o u  é v e n t u e l l e m e n t  e n  p r o p o s e r  u n  t r o is iè m e ,  il  e s t  in d is p e n s a b le  d e  p o u r 
s u iv r e  s im u lt a n é m e n t  d e s  é t u d e s  s u r  la  s t r u c t u r e  e t  la  t e x t u r e  d u  c a t a ly s e u r ,  
la  c in é t iq u e  d e  p o ly m é r is a t io n  e t  la  s t r u c t u r e  d e s  p o ly m è r e s  f o r m é s .

Les auteurs tiennent à  exprim er leur gratitude à M . le P rofesseur Y . T ram bouze pou r 
les rem arques pertinentes q u ’ il a form ulées et à M M . L . de M ourgues, V . R och in a  et J. 
G u illot p ou r leur assistance dans la m ise au p o in t des analyses chrom atographiques.
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Résumé

L a  cinétique de polym érisation  du propylène, catalysée par l ’ oxyd e  de chrom e déposé 
sur un su p port de silice-alum ine, est étudiée au m oyen  d ’une nouvelle m éthode basée sur 
l ’ analyse par chrom atograph ie gazeuse de prélèvem ents effectués dans le milieu fluide 
m onophasé qui entoure le catalyseur solide et qu i con tien t le m onom ère et du propane, à 
l ’ exclusion de tou t autre solvant. Les appareillages et les m éthodes expérim entales sont 
décrits en détail. L a  réaction  adm et l ’ordre 1 par rapp ort au m onom ère, ainsi q u ’au 
catalyseur, lorsque sa con centration  est suffisante. E n tre  80 e t  120°C , l ’ énergie d ’ activ i- 
ation  est de 16 k ca l/m o le . L a  vitesse de p olym érisation  ne dépend de la pression que par 
l ’ interm édiaire de la con centration  en m onom ère. T ou te fo is , lorsque la pression est 
faible et que la tem pérature est assez élevée, un second processus se m anifeste; il p ro 
voq u e  la form ation  d ’ oligom ères volatils e t retarde le processus norm al de  polym érisa
tion . L ’influence des facteurs structuraux et texturaux relatifs au catalyseur et au 
support sera étudiée prochainem ent.

Zusammenfassung

D ie  K in etik  der P olym erisation  von  P ropylen  w ird m ittels eines K ata lysators von  
C h rom -O xyd  auf einem  T räger v on  A lum in ium -Silizium oxyd nach  einer neuen M eth od e  
untersucht, d ie  auf der A nw endu ng der G aschrom atographie durch A bnah m e der 
P roben  aus dem  fluiden einphasigen M edium , das den festen K ata lysa tor u m gibt, 
beruht und welches nur das M on om er und P ropan  enthält. D ie  A pparaturen  u n d  ex
perim entellen M eth od en  sind ausführlich  beschrieben. E s handelt sich  u m  eine R eak 
tion erster O rdnung, in  H in b lick  auf das M on om er sow ie den  K ata lysator, w enn dessen 
K onzentration  ausreichend gross ist. Zw ischen 80 und 100°C  beträgt die A ktivierungs
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energie 16 k ca l/m o l. D ie P olym erisationsgeschw indigkeit hängt n icht v o m  D ru ck  
sondern v om  M ittel der K onzentration  des M on om ers ab. D en n och  findet eine zw eite 
R eaktion  statt, w enn der D ru ck  zu schw ach ist und die T em peratur zu n iederig; es bil
den sich flüchtige O ligom ere, die den  eigentlichen P olym erisationsprozess verzögern . 
D er strukturelle sowie texturelle Einfluss des K ata lysators und Trägers w ird dem nächst 
untersucht.

R e c e i v e d  J u ly  2 3 , 1 9 6 2
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