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Synopsis

A  num ber o f fractionated and u nfractionated p o ly (v in y l ch lorides) have been char
acterized b y  light scattering, osm om etry, and solution  viscom etry . F rom  the results on 
fractions it is concluded  that the larger m olecules contain  long branches. F o r  linear 
fractions the relation betw een intrinsic v iscosity  in  tetrahydrofuran  at 25 °C . and w eight- 
average m olecular w eight m easured b y  light scattering is: [?;] =  1.63 X  1 0 _4Af,„0-766 
d l./g .

INTRODUCTION

A number of workers have measured number-average molecular weights 
for vinyl chloride polymers and have related these to solution viscosity.1-9 
However, very little has been published on the weight-average molecular 
weight, which is more directly related to solution viscdsity than the number- 
average molecular weight.10-13 In this paper an account is given of the 
relationships between weight-average molecular weight, number-average 
molecular weight, and solution viscosity for fractionated and unfrac
tionated poly (vinyl chloride). The paper is particularly concerned with 
the measurement of weight-average molecular weights by the light-scat
tering technique.

EXPERIMENTAL 

Sample Preparation

Vinyl chloride is commonly polymerized in ermdsion or suspension and, 
as a result, the polymers often contain small quantities of water-soluble 
dispersing agents. These may be insoluble in tetrahydrofuran, which 
is used as solvent for the polymer, and if they are not removed are liable 
to form colloidal aggregates which cannot be entirely removed by filtration 
and so greatly distort the light-scattering results. However, purification 
can be effected by repeated precipitation from tetrahydrofuran solution 
into water, filtering the solution through a No. 1 or No. 2 filter paper 
prior to each precipitation. Four precipitations are usually sufficient. 
The conditions for precipitation are fairly critical. If too dilute a solution 
is used, unrecoverable colloidal material is formed, while too concentrated 
solutions give lumps of solvent-swollen polymer which trap impurities and
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are difficult to dry. A suitable concentration for most commercial poly
mers is 12—1A g./l. A tenfold excess of water over tetrahydrofuran is used. 
The water should be stirred with a partially immersed paddle so as to 
splash against the sides of the beaker and so keep the drops of solution 
falling into it separated. This method produces the precipitated polymer 
in a good physical form which is easily filtered off on a fine nickel gauze. 
After the final precipitation the polymer is washed with distilled water 
and methanol, and dried in a vacuum oven for 24 hr. at 35°C.

To prepare fractions, purified polymer was dissolved at 5 g./l. in tetrahy
drofuran and placed in a thermostat at 25°C. Distilled water was then 
run slowly into the stirred solution until a slight persistent turbidity was 
noted. The addition of a further small quantity of water then brought 
the fraction out of solution as small viscous droplets. Stirring was con
tinued for 4-5 hr. to facilitate equilibrium between the phases and the 
fraction left to settle overnight. Most of the solution was then siphoned 
off. In the case of the higher molecular weight fractions the precipitated 
phase was in the form of a gelatinous mass attached to the walls of the 
flask and the solution remaining after siphoning could be simply poured 
off. With the lower molecular weight fractions it was necessary to cen
trifuge the residue after siphoning to effect a complete separation. Sub
sequent fractions were obtained by adding further water to the residual 
solution. This relatively crude fractionation procedure gave samples 
which are thought to be sharp enough to determine the intrinsic viscosity- 
weight-average molecular weight relation with reasonable accuracy, this 
not being sensitive to polydispersity.14 A few high molecular weight 
samples were prepared in a two-stage fractionation. The precipitated 
fractions were diluted with tetrahydrofuran, precipitated in water, and 
dried in the same way as purified polymers.

Solvent Purification

Tetrahydrofuran as received contained some peroxide and a stabilizer. 
It was refluxed over potassium hydroxide pellets for 3 hr. and then distilled 
through a very short column and stored in dark bottles. This solvent was 
used for polymer purification, viscometry, and osmometry, and was never 
used after more than three weeks in case fresh peroxide had formed. 
Solvent for light scattering was further purified by fractionation through 
a 20-plate column at a reflux ratio of 10: 1, the distillation again being- 
over possium hydroxide pellets. This process produced solvent with a 
remarkably constant water content of 0.15%.

Light Scattering

The light-scattering instrument based on the design of Peaker et al.16-16 
and constructed by Polymer Consultants Ltd. was modified in our own 
workshops to facilitate the accurate adjustment of the periscope device 
which rotates the light beam, and to reduce the chance of stray light 
reaching the photomulipliers. The 4358 A. mercury line was isolated
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by using the solution filters given by Bowen.17 Calibration was by an 
elaboration of the method used by Ovenall and Peaker16 which took the 
nonuniformity of intensity of the beam and polarization at the mirrors in the 
periscope system into account.18 This calibration gave the 90° Rayleigh 
ratio of benzene at 20°C. and 4358 A. as (43.3 ±  1.8) X 10"6 cm.“ 1, and 
the excess turbidity of 0.5 g. of the Cornell polystyrene in 100 ml. of 
toluene as 3.28 X 10-3 cm.“ 1. These compared with published values 
in the ranges (44-50) X 10“6 cm .“ 1 and (3.25-3.70) X 10“ 3 cm ."1, re
spectively, quoted by Kratohvil et al.19 the lower half of the range for 
benzene being favored by more recent work. A cylindrical block of 
turbid glass the same size as the scattering cell was used as a secondary 
standard. Polymer solutions were filtered through a No. 5 porosity 
sintered glass disk directly into the optical cell. Measurements were 
made at room temperature, which was 20 ±  2°C., over the angular range 
30-90° for several concentrations and the molecular weight calculated 
from extrapolation to zero angle and concentration on a Zimm plot. 
Standard deviations on the molecular weight were estimated from a least- 
squares fit to the zero angle line.

The use of dry tetrahydrofuran was not found to be necessary in this 
work, though Laker10 found it to be so in his. This may be because we 
removed water-soluble impurities before preparing solutions for light 
scattering, these possibly being more liable to form colloidal dispersions 
which interfere with light scattering when a small quantity of water is 
present in the solvent.

Differential Refractometry

The refractive index increment for poly(vinyl chloride) in tetrahydro
furan at 4358 A. was measured on a Hilger Rayleigh differential refractom- 
eter. Measurements were made at room temperature when this was 
stable to 20 ±  0.5°C., the cell being shielded from drafts and radiation by 
two layers of metallized plastic film. Tetrahydrofuran is volatile so it 
was necessary to close the open top of the cell supplied with the instrument. 
This was done by polishing the top of the cell optically flat and then using 
a plate of optically polished glass as a lid. There was a very slight tend
ency for the polymer solution to creep into the solvent side of the cell, 
but the effects of this could be made quite negligible by changing the 
solvent whenever the polymer solution was changed. The refractive 
index increment, measured on several fractions and whole polymers, was 
found to be 0.1124 ±  0.00044 ml./g. at 4358 A. and 20°C.

Osmometry

The osmometers were very similar to those used by Zimm and Myerson,20 
the main difference being the application of the clamping pressure through 
a ball-and-socket joint at the center of one of the side plates to ensure that 
the pressure was evenly distributed. The membranes were Ultracella 
feinst grade (Membranfilter Gasellschaft) conditioned from water to
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tetrahydrofuran through ethyl alcohol. The osmometers were mounted 
in a water thermostat controlled to better than ±  0 .02°C.

Viscometry

Intrinsic viscosities were measured in tetrahydrofuran at 25 °C. in a 
modified Ubbelohde21 viscometer. For most samples concentrations up 
to 5 g./l. can be used, but solution of some high molecular weight fractions 
is incomplete above 1 g./l.

RESULTS AND DISCUSSION 

Fractions

A number of fractions were characterized by both light scattering and 
osmometry. The results are shown in Table I, the errors being standard 
deviations. As would be expected from the simple fractionation procedure 
there is appreciable polydispersity, especially at higher molecular weights, 
though the fractions are narrower than the polymers from which they 
were made, the latter having Mw/Mn ratios of about 2.5.

T A B L E  I
M olecu lar W eights o f P o ly (v in y l C h loride) Fractions

Fraction

M olecu lar w eight X  10 -3

M J M nW eight-average, M w N um ber-average, M n

2 P /2 214 ±  6 .6 134 ±  7 .6 1 .60  ±  0 .1 0
1P /3 198 ±  5 .5 102 ±  7 .6 1 .94  ±  0 .1 6
2 P /3 149 ±  4 .0 104 1.43
5 P /4 138 ± 2 . 6 112 ± 8 . 5 1 .2 4  ±  0 .1 0
1 P /4 102 ±  1 .3 9 0 .2  ±  1 6 .7 1 .13  ±  0 .21
2 P /4 79 .1  ±  2 .1 7 0 .6  ±  1 .8 1 .12  ±  0 .0 4
1 P /5 7 1 .3  ±  0 .5 5 0 .3 1 .4 2

A double logarithmic plot of weight-average molecular weight against 
intrinsic viscosity is shown in Figure 1. All fractions with Mw below
170,000, and a few of higher molecular weight, lie about a straight line 
from which most of the upper fractions deviate substantially in the direc
tion of low viscosity. By making a least-squares fit of a line through the 
points indicated in Figure 1 the following Mark-Houwink equation is ob
tained :

log M w =  (4.945 ±  0.0.38) +  (1.306 ±  0.027) log fo] (1) 
or

[ v ] t h f  =  1.63 X 1 0 -W /.™  dl./g. (2)

Linear polymers usually obey the Mark-Houwink equation over a wide 
range of molecular weight, and the molecular weight exponent of 0.766
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observed here is a typical value for a polymer free of long branching in a 
good solvent. The deviations from eq. (1) at high molecular weight, and 
the greater scatter of points in that region require explanation. The

Fig. 1. W eight-average m olecular w eight vs. intrinsic v iscosity  for fractions: ( ------- )
b y  eq. (1 ) ;  ( • )  points used to determ ine eq. (1 ) ;  ( X )  points deviating from  eq. (1 ).

MOLECULAR WEIGHT X IO '3

Fig. 2. M olecu lar w eight and intrinsic v iscosity  relationships for fractions: (a )  
Katzer and N isch 2 b y  osm om etry ; (b ) G u y ot and B enevise8 b y  osm om etry ; (c )  K ra sov ec1 
b y  osm om etry , (d ) this paper b y  light scattering; ( • )  this paper b y  osm om etry.
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deviations are much too large to be accounted for by polydispersity,14 and 
the most likely explanation is that the upper fractions contain an appreci
able number of long-branched molecules, and so have a low solution vis
cosity for their molecular weight. Krasovec, using number-average 
molecular weights, also found deviations from his linear correlation at high 
molecular weights and attributed them to long branching.1 This inter
pretation is consistent with the kinetics of free radical polymerization, 
since long branches would be expected to be due to secondary reaction 
with preformed polymer and so to occur preferentially in the larger mole
cules.

There are no data in the literature directly comparable with eq. (1), 
other work being based on number-average molecular weights. Viscosity- 
molecular weight relations based on number-average rather than weight- 
average molecular weights are more sensitive to polydispersity. Figure 2 
compares eq. ff) with three equations based on number-average molecular 
weight measurement on fractions.1,2,8 Two of these are for solution vis
cosities measured at 20°C. rather than 25°C., but intrinsic viscosity is not 
sufficiently sensitive to temperature to invalidate the comparison. Num
ber-average data for the fractions in Table I are also plotted and lie on the 
other number-average correlations, suggesting that other authors’ fractions 
have been of similar width to ours and that the differences in the correla
tions is due to the sensitivity of the number-average relation to polydis
persity. This being so, eq. (1), being based on weight averages, gives the 
best estimate of the viscosity-molecular weight relation for linear monodis- 
perse fractions and should, in fact, give a close estimate to the monodis- 
perse line, since even the highest measured polydispersity is unlikely to 
alter the observed intrinsic viscosity for a given molecular weight by more 
than 5% .14

Unfractionated Polymers

A number of commercial and experimental polymers covering a wide 
range of molecular weight were also studied. Figure 3 shows the molecu
lar weights for these plotted against the intrinsic viscosity, together with 
the linear fraction line for comparison. As expected, the whole polymers 
have higher weight-average molecular weights than linear fractions of the 
same solution viscosity. Part of this displacement is due to polydisper
sity, but most of it is due to long branching. As the molecular weight in
creases, so the width of the molecular weight distribution as measured by the 
ratio of weight-average to number-average molecular weight increases. 
This is for molecular weights of about 40,000 and above; below this the 
accuracy of the light-scattering technique falls off, and the data are not 
sufficiently reliable for firm conclusions to be drawn.

Poly (vinyl chloride) polymers are commonly characterized by the Fikent- 
scher K  value derived from a solution viscosity measurement.22 Figure 4 
relates the K  value in ethylene dichloride at 25°C. for 0.5 g. polymer in 100
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Fig. 3. Intrinsic v iscosity  vs. m olecular w eight for unfractionated polym ers: ( X )  
num ber-average m olecular w eight b y  osm om etry ; ( • )  w eight-average m olecular 
w eight b y  light scatterin g ; ( ------- ) eq. (1 )  from  this paper.

Fig. 4. K  value vs. intrinsic v iscosity .

ml. of solvent to the intrinsic viscosity in tetrahydrofuran at 25°C. for the 
polymers studied here.

The line shown in Figure 4 is:

l o g  W t h f  —  1 - 9 1  l o g  ( / Q e d c ' —  3 . 3 8 ( 3 )
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Résumé

On a pu  caractériser, par diffusion lum ineuse, osm om étrie et viscosim étrie en solution, 
des chlorures de po ly v in y le  fractionnés et non-fractionnés. A  partir des résultats 
obtenus sur ces fractions, on  peu t conclure que les m olécules plus grandes contiennent 
de longues ram ifications. P ou r les fractions linéaires la relation entre la viscosité in
trinsèque dans le tétrahydrofuranne à 2 5 °C  et le poids m oléculaire m oyen  en poids 
mesuré par diffusion lum ineuse est donné par: (y )  =  1.63 X  1 0 -4(A fm)0'''66 d c l/g .

Zusammenfassung

E ine Anzahl fraktion ierter und unfraktionierter P olyv iny lch loridp roben  wurden durch 
Lichtstreuung, O sm om etrie und Lösungviskosim etrie charakterisiert. Aus den E rgeb 
nissen an Fraktionen  wird geschlossen, dass die grösseren M olekü le  lange Verzweigungen 
enthalten. F ür lineare Fraktionen  lautet die B eziehung zwischen der V iskositätszahl in 
T etrahydrofuran  bei 2 5 °C  und dem  aus der Lichtstreuung bestim m ten  G ew ichtsm ittel
wert des M oleku largew ichts: [?j] =  1,63 X  10_ i (M „)° -766d c l/g .

Received June 26, 1963



J O U R N A L  O F  P O L Y M E R  S C I E N C E :  P A R T  A  V O L .  2 , P P .  2 0 2 5 - 2 0 4 0  ( 1 9 6 4 )

The Use of Syton 2X  Colloidal Silica as a Calibration 
Medium for Light-Scattering Photometers
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University of Southampton, Southampton, England

Synopsis

D etails are given  o f  studies m ade on  a colloidal silica suspension know n as S y ton  2 X . 
T h e  studies were carried ou t to  investigate the possibilities o f S yton  as a calibration 
m edium  fo r  light-scattering ph otom eters. T h e  requisites o f a suitable calibration 
m edium  are discussed. T h e  sam e studies were m ade on  another silica suspension, 
L u dox, w hich  has been  m uch  used b y  others for  ca libration  and the results obtained for 
the tw o  substances com pared. Transm ission and angular scattering properties were 
studied using a spectroph otom eter and a light scattering p h otom eter respectively . T h e 
calibration  con stant J  o f  the latter instrum ent was determ ined using S yton  and L udox. 
T h e  values obta in ed  fo r  J  were a lm ost identical. T h e  instrum ent was used to determ ine 
the R ayleigh  ratios Rug o f  benzene, toluene, and carbon  disulfide for tw o w avelengths 
(4358 and 5641 A .) . T h e  values com pare fav ora b ly  w ith  those o f  other workers and 
are considered v ery  reliable. W eight-average particle sizes were fou n d  w ith  the use of 
an electron  m icroscope, an analytical u ltracentrifuge, and the light-scattering and trans
m ission data. T h e  electron  m icrographs show ed L u dox  and Syton  particles to  be 
alm ost spherical. T h e  particle  diam eters o f  L u dox  were foun d to  be 199 A . b y  th e e lec
tron  m icroscope, 174 A . b y  the ultracentrifuge, and 195 A . b y  light-scattering and trans
m ission m easurem ents. F or S yton  the corresponding values were 145 A ., 142 A ., and 
142 A ., respectively . D epolarization  ratios were also determ ined ; in  both  cases th ey  
were small. I t  is concluded  th at prov ided  oil-free samples are used, S yton  is a  good  
substitute fo r  L u dox. Its  particles are sm aller and the solutions are less polydisperse. 
I t  is th ou gh t that the ultracentrifuge gives low  values for particle  diam eters and th at 
this is p ossib ly  due to  an in correct assum ption  fo r  the frictional coefficient o f the sedi
m enting particles.

INTRODUCTION

The technique of light scattering is a well-established one for the measure
ment of molecular weight and anisotropy of large molecules.1 It is required 
to find the intensity of the light scattered at various angles, and this is ex
pressed in terms of the reduced intensity Re or Rayleigh ratio. In recent 
years a number of light-scattering photometers have been described in 
which the scattered intensity is detected by a photon multiplier.1-13 To 
obtain the absolute value of the reduced intensity from the photon multi
plier current it is necessary to calibrate the apparatus, and the most usual 
and best method is to make observations on a suitable scattering medium. 
The medium most frequently used is Ludox HS (supplied by E. I. du Pont
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de Nemours, Wilmington, Delaware, U.S.A.; English agents, Brown and 
Forth, London, England). This is a suspension of colloidal silica of amor
phous form with approximately spherical particles6’14’15 of diameter about 
200 A., and its suitability has been investigated by a number of work
ers.6’16-25 Another amorphous silica suspension is Syton 2X. This is 
easily obtained (Monsanto Chemicals Ltd., London, England) and has 
been used as well as Ludox to calibrate the light-scattering photometer em
ployed in this laboratory.13 The suitability of this material has been 
fully investigated and compared with Ludox by studies with an electron 
microscope, an ultracentrifuge and by light-scattering and turbidity meas
urements. The results of these studies, including the determination of the 
particle sizes of both Syton and Ludox, are presented in this paper.

REQUIREMENTS OF A CALIBRATION MEDIUM

Calibration may be effected in light-scattering photometers by using the 
instrument to find the Rayleigh ratio at 90° of a suitable solution and using 
a spectrophotometer to find the turbidity t . The latter is defined either by 
the equation I =  I 0 e~rL, in which I  is the intensity of light af
ter traversing a distance L in the medium, or, in terms of the op
tical density D , by the equation t =  2.303 D/L. If J is the cal
ibration constant of the light scattering photometer and S the reading 
corresponding to Ego, then

r = (167r /3)E 90 =  (16t/3  )JSe~Tl (1)

where e~rl is a correction term for the attenuation20’21 which will arise when 
there is a difference l in the paths traversed in the solution by the direct and 
scattered beams. Evaluation of t thus enables J  to be found. The method 
is absolute but certain qualities are required of the solution. Thus (1) all 
the light lost while traversing the solution must be due to scattering and 
none through absorption, (2) the scattering particles must be small com
pared to the wavelength of light, (3) the particles must be optically isotro
pic, (4) the solution must be stable and not prone to aggregation for as 
long a period as is required to perform the calibration, (5) the particles 
should be sufficiently dense to give reasonably high turbidity values at the 
low concentrations necessary for calibration. Low concentrations are 
necessary to avoid such adverse effects as secondary scattering and particle 
interaction.

Since the intensity of scattered light is dependent on the inverse of the 
fourth power of the wavelength in vacuo, X0, condition (1) will be fulfilled 
only if t  or D is proportional to X0-4 over the wavelength region required. 
If condition (f) is not satisfied, the light scattered in the forward direction 
exceeds that scattered in the backward direction as a result of interference 
of the scattered light so that a dissymmetric angular scattering pattern is 
obtained. Anisotropic particles will give rise to an additional horizontally 
polarized component in the scattered intensity which leads to an increase
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in R go, so that the isotropic condition is manifest by the requirement that the 
medium should possess a small depolarization ratio pu. This, for light 
scattered horizontally from a horizontal incident unpolarized beam, is the 
ratio of the intensities of the horizontally and vertically vibrating com
ponents. The requirement of stability is not coupled with that of repro
ducibility, for the solution acts only as a temporary link between the light
scattering photometer and the spectrophotometer so that it is sufficient 
only for the solution to remain stable for the time required to perform both 
sets of measurements. The method of suspending the silica in a dilute salt 
solution to achieve better reproducibility,22'24,26 although to be commended, 
is not a necessity.

MATERIALS AND RESULTS

Syton and Ludox are colloidal suspensions of silica in water. The 
manufacturers suppose the particles to be approximately spherical with a 
Gaussian distribution of sizes. Each is provided as a stock solution of 30% 
concentration at pH 9 with negligible amount of free electrolyte. The 
Ludox used was a technical sample and the Syton an oil-free sample (Batch 
No. R /V  3733).

The samples were made up for study to the approximate concentration 
required by adding fresh glass distilled water to the stock solution and 
were then centrifuged in an MSE preparative centrifuge at 15000 g for 
60 min. The supernatant was removed from the centrifuge tube without 
removing the latter from the centrifuge. This was done with the aid of a 
hypodermic syringe fitted with a separate inlet and an outlet nozzle on 
which was fitted a 1.2 p. Millipore filter unit (Millipore Filter Corporation, 
Bedford Massachusetts, U.S.A.; English agents V.A. Howe and Co. Ltd., 
London, England). Centrifugation and filtration were necessary to remove 
dust and large aggregates. For light-scattering measurements the solution 
was injected directly into the light-scattering cell through a serum-seal cap 
in the cell lid so that no dust could enter. Concentrations were determined 
by evaporating and drying to constant weight.

Transmission Measurements

Readings of optical density D over the wavelength range 4200-6000 A. for 
different concentrations of Ludox and Syton were taken with a Unicam SP 
500 spectrophotometer in which cells of length 4 cm. were used. The 
reference solution employed was freshly distilled water which had been fil
tered through a 1.2 m Millipore filter. Any possible errors which could oc
cur by the cells not being perfectly matched were eliminated by interchang
ing the solution and solvent and averaging the two results obtained. 
Care was taken to place the cells in the same position. Graphs of D against 
the reciprocal of the fourth power of the wavelength were drawn (Fig. 1) 
for different concentrations and wrere found to be linear except lor high
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Fig . 1. V ariation  o f  op tica l d en sity  w ith  the reciprocal o f  the fou rth  p ow er o f the w ave
length at fou r concentrations. L u d ox : ( a ) 3 .9 3 g./lO O  c c .; (6 ) 1.97 g ./lO O  c c .; (c )  0.984 
g ./lO O  c c .; (d) 0 .492 g ./lO O  cc. S y ton : (a )  14.23 g ./lO O  cc .; (6 ) 7 .1 2 g ./1 0 0  c c .;  ( c )3 .5 6  
g ./lO O  cc .; (d ) 1.78 g ./lO O  cc.

concentrations of Syton for which the graph is slightly curved (see dotted 
line). In general, therefore, the solutions are free from absorption.

Angular Scattering Measurements

Scattering observations were taken using an apparatus in which a null 
modulation method was used to measure the ratio of the intensity I e of the 
light scattered at an angle 9 to the direction of the incident light, to that 
(70) incident on the scattering volume. This is accomplished by attenuat
ing I o until it equals I e, the condition being found by an electronic detector. 
The angular distributions of intensity were obtained for both Ludox and 
Syton over the range 35° <  d <145° for two wavelengths. The measured 
values of intensity I e were multiplied by sin 6 to allow for the volume change 
seen by the viewing system as 8 changed and then by (1 +  cos2#)-1 to ac
count for the presence of light with its electric vector horizontal. The 
latter supplements the light with its electric vector vertical which exists for 
all values of 8. These experiments were carried out for four concentrations 
and typical results are shown in Figure 2, in which the ordinates are given 
in terms of Re which is proportional to I e. The absence of dissymmetry 
is clearly shown, and the standard deviations from the constant value of 
the ordinate are 0.15% and 0.38% for Ludox at 4358 A. and 5461 A., re
spectively, while the corresponding values for Syton are 0.26% and 0.23%.
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3 0

no 130
0 (d e g re e s )

Fig. 2. T y p ica l graphs o f Re sin 0 /(1  +  eos20) as a fun ction  o f angle o f scattering 0 at 
tw o w avelengths for (a) L u dox  (con cn . =  0.984 g ./1 0 0  cc .; and (6 ) S yton  (con cn . =  
3.558 g ./1 0 0  cc .).

The solutions therefore consist of particles which must be small compared 
to the wavelength of light.

The optical anisotropy of the particles will be reflected in the depolariza
tion ratio pa. The intensities of the horizontally and vertically vibrating 
components were measured at d =  90° for five concentrations at 4358 A. 
In all cases the intensities increased with concentration but had zero values 
when extrapolated to zero concentration which for this value of 6 indicated 
the absence of stray light. Graphs of pu against concentration are shown 
in Figure 3, from which the values of pu at zero concentration were found 
to be 0.0039 and 0.0053 for Ludox and Syton, respectively. These values, 
which give Cabanne’s factors27 (6-7 pu) /(6 +  6 pu) of almost unity, show 
that the particles possess negligible anisotropy, since pu for small isotropic 
spheres is zero.

Determination o f Calibration Constant

Thus far it has been shown that Syton, like Ludox, satisfies the first three 
requirements listed above. Requirements (4) and (5) are also met. The 
solutions were next used to calibrate the light-scattering photometer used 
by the authors. Of the two common methods of calibration available, one 
due to Goring et al.22 and the other to Maron and Lou,20 that of the former
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Fig. 3. Variation of depolarization ratio with concentration at 4358 A. for (a) Ludox and
(b ) Syton.

was used. This was because the correction term e~rl in eq. (1) was easily 
applied. An additional advantage is that the method gives data which 
enable particle sizes to be found. The details are as follows. The atten
uation, previously mentioned, of the transmitted intensity 70 is accom
plished by the insertion of a neutral filter to make the resultant transmitted 
light of the same order as that of the scattered light and then finally letting 
it pass through two linear polarizing devices Pi and IV The second of 
these, P2, is rotated to a position <j> read on a graduated circle so that the 
final transmitted intensity equals the scattered intensity. The reading S 
of eq. (1) is then a function of </>, i.e .,/(0) 9o, so that eq. (1) reads

t  — ( I 671-/.3) R ,w  =  (H i7 r/3 ) •7 /'(0 )90C~

If /(0 ) 90 e~T' bo written as I'm 
then

./ =  7? go/I' 90 =  (3/16tt) (r//'*>) 

or

, /  =  (3/1671-) [ (c/ / ' 9„ ) / ( cA ) U  (2 )

By use of the data obtained with Ludox and Syton from the transmission 
and angular scattering studies described in the previous sections, graphs of 
c/'/'so and c /r  against c were drawn (Figs. 4 and 5). (The apparently 
greater scattering shown at the higher wavelength in Figures 4a and 5a, 
although corresponding to a smaller tubidity is due to the use of different
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neutral filters.) By extrapolation, values for zero concentration were 
found and J  calculated from eq. (2). The results are tabulated in Table I. 
The accuracies are about ±  1% so that good agreement exists and there ap -

C O N C E N T R A T I O N  C .  ( i O " 2 g . c n f 3 )  C O N C E N T R A T I O N  C .  ( I O ' 2 g . c m " 3 )

Fig. 4. Graphs of (a )  c/ I 'm and (b ) c/r against concentration c for Ludox at wavelengths
( i )  4358 A. and ( i i )  5461 A.

Fig. 5. Graphs of (a) c / I \a n d  (b ) c/r against concentration c for Syton at wavelengths
(f) 4358 A. and (v i) 5461 A.
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pears to be no significance in the Syton values being lower than those ob
tained with Ludox.

TABLE I
Calibration Constants J  Obtained with Ludox and Syton 2X

Xo = 4358 A. X„ = 5461 A.

(c/ T )c=0 { c / I ' 9o)c=0 J  X 10-2 (c/r)c_o (c/7'9o)c=o J  X 10-3

Ludox 0.191 0.163 5.10 0.469 0.063 7.98
Syton 0.455 0.382 5.04 1.117 0.147 7.87

As a check upon the validity of the calibration constants the Rayleigh 
ratio was determined for benzene, toluene, and carbon disulfide at 21 °C. 
using the mean values for J given in Table I. Readings were corrected for 
the refraction effect28 which arises from the difference in refractive index 
between the liquid and the calibration solution. Fluorescence was allowed 
for by placing a filter in the path of the scattered light before it entered the 
photometer. The Fresnel19 and volume cori’ections29 were negligibly small. 
The results, given in Table II, compare favorably with those listed by Kra- 
tohvil et al.26

TABLE II
Rayleigh Ratios Rm  for Some Pure Liquids

Rm X 10-6, cm.- 1

4358 A. 5461 A.

Benzene 46.8 17.5
Toluene 56.1 20.4
Carbon disulfide 244.6 82.9

DETERMINATION OF PARTICLE SIZES

Although the suitability of Syton as a calibration medium has been 
shown by the results described above, for completeness information on 
particle sizes was found. These were obtained by using an electron micro
scope, an analytical ultracentrifuge, and the results of the angular scattering 
and turbidity experiments.

Electron Microscope

If the diameters of a number k of particles are measured then the weight- 
average and number-average diameters dw and dn may be found. Assuming 
the particles are spherical, so that their molecular weight is given by M  = 
tv pNAd3/6, then



S Y T O N  A S  A  C A L I B R A T I O N  M E D I U M 2 0 3 3

and

dir

dn =

r k  -»/,
23 n4ii

k

^23 n4t3

r k ~ l/3
23 nidi3_1_

k

É1

(3)

(4)

where w* is the number of particles with diameter d(. From these equa
tions the diameters and degree of poly-dispersity dw3/dn3 (= M W/Mn) may 
be found.

The electron microscope used was a Philips Model EM 75. After the 
preparative centrifugation one drop of each of Syton and Ludox at a con
centration of about 1.5% was added to 100 ml. of freshly distilled, filtered 
water. Small droplets of these solutions were transferred to bronze grids 
covered by a thin Formvar film which had been stripped from glass slides. 
In Figure 6 are shown typical electron micrographs. Measurements of the 
particle diameters of some 100 particles were taken directly from the 
photographs by using a calibrated microscope. From eq. (3) the weight- 
average diameters were calculated to be 199 A. and 145 A., respectively, for 
Ludox and Syton. From eq. (4) the corresponding number-average diam
eters were 162 A. and 130 A. These figures give poly-dispersity ratios of
1.88 and 1.39.

(a)

r , ' %«
'* '  * • # ■ • * m- - - *• .
•f*. •*% 'A f ,  :

* . < ,v  » . v .  j* * *
v* V i ^ * ' 4 ;  ;

»* » $ . ** ■ -*,*-*.•

(6)
Fig. 6. Electron micrographs of (a )  Ludox and (b) Syton at magnification 51,300:1.
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Ultracentrifuge

For the centrifuge studies a Spinco Model E analytical ultracentrifuge 
v, as used. Schlieren optics was employed. By this means the passage of 
the maximum concentration gradient down the cell with time caused by the 
centrifugal force is seen as the movement of a curve having a pronounced 
peak. If x is tire distance of the peak at any time t from the axis of rotation 
and to is the angular velocity, then the sedimentation constant s given by

s =  x/to2.r =  (2.303/co2) [c)(log .r)/di] (5)
may be found from a graph of log x against t. When the particles are travel
ing down the cell without acceleration, the mass m is related to the frictional 
resistance /  and to s by the equation

sf =  m[ 1 -  (po/p) ]
in which pa and p are the densities of the solvent and solute respectively. 
For spherical particles of diameter d in a liquid of dynamic viscosity 
coefficient ?jo, according to Stokes, f =  3m>]od so that

d2 =  18 T)os/(p — po) (6)
from which d may be found.

( I )  ( 2 )  ( 3 )

F ig. 7. Schlieren u ltracentrifuge patterns fo r  (a )  L u d ox  and (b ) S yton  at tim es 0, 8, 
and 16 m in. after attaining an acceleration  of 13,060 g at various Schlieren angles: ( I )  
5 0 ° ; ( 2 ) 4 0 ° ;  ( 3 ) 3 5 ° ;  ( 4 ) 5 5 ° ;  ( 5 ) 4 5 ° ;  ( 6 )4 0 ° .  C oncentrations 1 a n d 0 .5 % ; tem pera
ture 20 °C .
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Owing to interaction effects s changes with concentration and so the 
value to be used in eq. (6) is that for zero concentration. Measurements were 
made at a number of concentrations varying from 1% to 0.1%. A cen
trifugal force of 1.3,060 g was used. Typical sedimentation-velocity pat
terns are shown in Figure 7. Graphs of s against c are given in Figure 8 
from which the values of s at zero concentration were found. Measure
ments were taken at a temperature of 20°C. If po is taken as 0.9978 g./cm .3

Fig. 8. Variation of sedimentation constant s with concentration for Ludox and Syton.

and the values of p for Ludox and Syton, respectively, as 2.278 and 2.2 g ./ 
cm.3, as given by the manufacturers, then with a value of 1.C019 X 10~2 
poise for r]o, a particle diameter of 174 A. was found for Ludox and 142 A. 
for Syton. The rate at which the concentration peaks broaden in Figure 
7 indicates that the Ludox suspension is more polydisperse than the Syt :n.

Light Scattering and Turbidity

From the Rayleigh-Gans theory the Rayleigh ratio at 90° is given by

R 9d = K c'M wP{6) (7)

where c' is the concentration (in grams per cubic centimeter of solution), 
M m is the weight-average molecular weight, K  is a constant, and P{6) a par
ticle scattering factor.

27r2wo2 (im/b'-y
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where N A is Avogadro’s number and n and n0 the refractive indices of the 
solute and solvent, respectively. For a sphere of diameter d

P(0) = — (sin x 
x3

" 2
X cos X)

in which x =  (2rr/X0) n0d sin (0/2)

Since

M = N Apird3/Q

and for dilute solutions

n = no +  (dn/dc)(p/po)

by eqs. (7) and (8) Rm/c =  (7r3d3/ 3X04) n02 (5n/dc)2 (p/p0) P  (6) (9)

In this equation c is the concentration in grams of solute per gram of solution 
i.e, c =  p0c'.

Similarly, from the turbidity equation.

r /c  =  (16ir4/9X04) d W  (dn/dc) 2 (p/p0)Q (10)

in which Q is the particle dissipation factor.1'30 The values of (r/c) and 
(Rm/c) in eqs. (9) and (10) must be those for zero concentration since the 
theory has not taken particle interaction into consideration. Values of 
P(0) and of Q are tabulated in the literature1'30 in terms of «od/X0. To 
determine d for both Ludox and Syton the following procedure was adopted. 
For a series of arbitrary values of n0d/X0 for which the tables gave the cor
responding values of Q and P(6), eqs. (9) and (10) were used to calculate 
values of (r /c )c=o and (Rw/c)c=o for Ludox at 20°C. in water and for a 
wave length Xo of 5461 A. From the results (Table III) reference curves of 
(r /c )c=o and ( A 9o/ c ) c= o against n0d/\0 were drawn. The appropriate 
curve was then used to find the value of n0d/\0 corresponding to the value 
found experimentally for either (A9o/c)c_o or (r /c )c=0 so that d could be 
calculated. To find d from experimental results obtained at a different

T A B L E  I I I
Values of Intrinsic T u rb id ity  (r /c )»_o  and Scattering Intensities (XÌ9o/c)c_o for values 
o f ?i0d/\o, calcu lated for p =  2.279 g . /c m .3, p0 =  0.9978 g . /c m .3, X0 =  5461 A ., ( àn/àc) =  

0.06203 cm .3/g . ,  and n0 =  1.3345.

nad/\o Q P (e) ( r / c ) c_o (i^9o/c)c=0

0 .0 4 1 .5 0 0 .0 8 9 “
0 .0 5 0 .9 8 6 0 .9 90 2 .5 7 0 .1 5 4
0 .0 6 4 .2 5 0 .2 6 “
0 .0 8 10 .50 0.63*
0 .1 0 0 .9 5 8 0 .961 19 .96 1 .2 0
0 .1 2 3 4 .2 3 2 .0 3 “
0 .1 5 0 .9 09 0 .9 1 7 6 3 .95 3 .8 6

E xtrapolated values.
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wavelength A0' or in a different solvent (density p0', refractive index n0') 
or for a different solvent (density p'), the same reference curve was used but 
with the experimental values corrected to the conditions under which the 
reference curve data were found. This meant multiplying by the factor Z, 
where

2 p Pa' no' A(/ 
p' Pa no Ao

in which the primed parameters refer to values when different from the 
reference curve data.

Values of (òn/òc) were found with a Rayleigh interferometer using cells 
1 cm. in length. To avoid any shift of the zero-order fringe, solutions of 
small concentration difference were compared. Five concentrations were 
used in the range 0.5-4% at a temperature of about 22°C. with the tem
perature held constant to within ±0.02°C. The results are shown in 
Table IV and the particle sizes in Table V.

T A B L E  IV
R elative  R efractive  Indices n/iio for L u dox  and Syton  2 X

X0 =  4368 A . X» =  5461 A.

ò n /ò c ,
n» cm .3/g .  n/rus

ò n /ò c ,
n0 c in .3/g .  n/no

L udox 1.3408 0 .0 62 5  1 .106 1 .3345 0 .0 62 0 1 .106
Syton 1 .3408 0 .0 64 3  1 .105 1.3345 0 .0 63 8 1 .106

T A B L E  V
Particle Sizes from  R ayleigh-G ans T h eory

Xo d,
A. ( I W cY c-o (R qo/c)'c=0 (Rw/c)c=o ( r / c ) ' c_o ( t / c ) c _ o A.

L u dox 5461 15 .94 0 .1 2 7 0 .1 27 2 .1 3 3 2 .1 3 3 195
4358 6 .1 2 8 0 .3 1 3 1 .577 5 .2 39 4 .1 56 195

Syton 5461 6 .7 89 0 .0 5 4 0 .5 2 9 0 .8 9 6 0 .8 7 5 141
4358 2 .6 1 5 0 .1 3 3 0 .6 6 0 2 .1 96 1.701 142

z  =
(òn/òc)
(òn/òc)'

DISCUSSION

Ludox appears to be the most widely used medium for the calibration of 
light-scattering photometers. Justification for its use has been amply 
demonstrated, particularly if a number of precautions are taken.25 In this 
paper it has been demonstrated that Ludox serves as a good approximation 
to a solution of Rayleigh (point) scatterers. The absence of any absorption 
or dissymmetry combined with a low depolarization ratio all recommend it. 
It is found that Syton also displays these qualities and is a good substitute 
for Ludox. The results obtained show Syton particles to be smaller than 
those of Ludox and the electron microscope and ultracentrifuge data indi-

*  ^ V
u M u m i& m u f l  f m r m t n i r M f t i»

f m m u e a m w m u  (
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cate that the Syton system is less polydisperse. Both these facts further 
commend the use of Syton. The depolarization ratio pu was slightly higher 
than the value for Ludox, which suggests a slightly greater optical anisot
ropy. l or both media however ,o„ is very small and they have Cabanne’s 
correction factors of almost unity, so that for practical purposes their ani
sotropies can be considered as being negligible. The principal defect of Sy
ton was the slight curvature in the absorption curve at high concentrations 
due possibly to slight contamination by mineral oil. It is essential there
fore to obtain oil free samples.

The values of the Rayleigh ratio for pure liquids (Table II) all come 
among the so-called “ high” values. The benzene results agree particu
larly well with those of Swenson3' et ah for both 4358 A . and 54(il A. and are 
in very close agreement with the values of Moacanin,32 Yaradaiah,33 and 
Oster.7

The accuracy of the values of d found from light-scattering measurements 
depend on the accuracy of the values of dn/dc. There is wide divergence 
in the reported values for Ludox —thus for a wavelength 5461 A., Alexander 
and Her give a value of 0.076 cm.3/g. at 27°C., Trap and Hermans 
give 0.066 cm. Vg. at 25°C., and Dezelic and Kratohvil obtain 0.061 cm.3/g. 
at 23 ±2°C . The latter claim their value as being the most reliable, and it 
agrees with the value, of 0.062 cm.3/g. reported here (Table IV).

The particle sizes found by the different methods are given in Table VI. 
As is to be expected, the values obtained by scattering and transmission

T A B L E  V I
Sum m ary of Particle Sizes for L udox and Syton  as Found b y  D ifferent M ethods

M ethod

Partic!

Ludox

e size, f1.

Syton

E lectron  m icroscope 190 145
U ltracentrifuge 174 142
Light scattering 195 142
T u rb id ity 195 142

measurements are the same because of the method of calibration but they 
are about 1.3% greater than those which would be obtained from simple 
Rayleigh theory. The reason for the low value obtained for Ludox by 
ultracentrifugation is uncertain—it may either be due to the expression 
assumed for the frictional resistance on the particles being too small because 
they are unlikely to be smooth spheres or to too low a value for s. The 
former would appear to make the major contribution. The same argument 
could apply to Syton but the particles are smaller and more monodisperse 
which may account for the effect being less.

The values found for Ludox and Syton are in general agreement with the 
sizes suggested by the manufacturers, although it is believed that no reliable 
value for Syton has been given previously.
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Résumé
On donne des détails concernant des études effectuées sur une suspension colloïdale 

de silice connu sous le nom de Syton 2X. Ces études ont été entreprises en vue d’ex
aminer les possibilités du Syton comme substance de calibrage pour les appareils de 
diffusion lumineuse. On discute des qualités requises diune substance de calibrage.
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Les mêmes études ont été effectuées sur une autre suspension de silice, le Ludox, qui a été 
beaucoup utilisé pour le calibrage et on compare les résultats obtenus pour les deux sub
stances. On a étudié les propriétés de transmission et de diffusion angulaire au moyen 
d’un spectrophotomètre et d’un appareil de diffusion lumineuse. La costante de cali
brage J  pour ce dernier instrument a été déterminé au moyen de Syton et de Ludox. Les 
valeurs obtenues pour J  sont tout à fait identiques. L ’appareil a été employé pour 
déterminér le rapport de Rayleigh Ä 90 pour le benzène, le toluène et le sulfure de carbone 
à deux longueur d’onde (4358 et 5641 A.). Les valeurs obtenues comparées à cellees 
d’autres auteurs peuvent être considérées comme tout à fait convenables. Le poids 
moyen des particules a été trouvé au moyen du microscope électronique, et d’une 
ultracentrifuge analytique et à partir des résultats obtenus par lumière diffusée et trans
mission. Les clichés obtenus au microscope électronique montrent que les particules 
de Ludox et de Syton sont presque sphériques. Le diamètre des particules de Ludox 
est de 199 A. par microscopie électronique, 174 A. par ultracentrifuge et 195 A. par les 
mesures de lumière diffusée et de transmission. Pour le Syton les valeurs correspon
dantes sont 145 A., 142 A et 142 A. Les rapports de dépolarisation ont également été 
déterminés, dans les deux cas, ils sont très petits. On peut conclure que, pourvu que les 
échantillons utilisés soient exempts d’huile, le Syton est un bon substitut du Ludox. 
Ses particules sont plus petits et les solutions sont moins polydispersées. On peut penser 
que l’ultracentrifuge donne des valeurs faibles pour les diamètres des particules et que 
cela est probablement du à une évaluation incorrecte du coefficient de friction des par
ticules subissant la sédimentation.

Zusammenfassung

Es werden eingehende Untersuchungen an einer unter dem Namen Syton 2X bekann
ten, kolloiden Kieselsäuresuspension beschrieben; Diese Untersuchungen dienten dem 
Zweck, die Verwendbarkeit von Syton als Eichsubstanz für Lichtstreuungsphotometer 
zu prüfen. Es werden die Bedingungen diskutiert, die eine geeignete Eichsubstanz 
erfüllen muss. Gleichartige Untersuchungen wurden an Ludox, einer zweiten Kiesel
säureususpension, die von anderen Autoren viel zur Eichung verwendet wurde, durchge
führt und die an beiden Substanzen gewonnenen Ergebnisse vergleichen. Durch- 
lässigkeits- und Winkelabhängigkeit der Streuung wurden mittels eines Spektropho
tometers bzw. eines Lichtstreuungsphotometers untersucht. Die Eichkonstante J  des 
letzteren Instrumentes wurde mit Syton und Ludox bestimmt. Die ermittelten /-W erte 
sind fast identisch. Das Instrument wurde zur Bestimmung des Rayleigh-Verhältnisses 
Ä 90 von Benzol, Toluol und Schwefelkohlenstoff bei zwei Wellenlängen (4358 und 5641 
A.) verwendet. Die Werte stimmen mit denen anderer Autoren gut überein und werden 
als sehr zuverlässig betrachtet. Zur Bestimmung des Gewichtsmittels der Teilchen
grösse wurden ein Elektronenmikroskop, eine analytische Ultrazentrifuge sowie di- 
Lichtstreuungs- und Durchlässigkeitsdaten verwendet. Die elekrtonenmikroskopischen 
Aufnahmen ergaben, dass die Ludox- und Syton-Teilchen kugelförmig sind. Der Teil
chendurchmesser von Ludox wurde mit dem Elektronenmikroskop zu 199 A. mit der 
Ultrazentrifuge zu 174 A. und durch Lichtstreuungs- und Durchlässigkeitsmessungen 
zu 195 A. bestimmt. Die entsprechenden Werte für Syton waren 145 A. bzw. 142 A. 
bzw. 142 A. Das ausserdem bestimmte Depolarisationsverhältnis war in beiden Fällen 
klein. Die Ergebnisse zeigen, dass bei Benützung ölfreier Proben Syton einer guten 
Ersatz für Ludox darstellt. Seine Teilchen sind kleiner und die Lösungen weniger 
polydispers. Die Ultrazentrifuge scheint zu niedrige Werte für den Teilchendurch
messer zu ergeben, was möglicherweise auf eine unkorrekte Annahme für den Ribungs» 
koeffizienten der sedimentierenden Teilchen zurückgeht.

Received March 28, 196.3
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Analysis of the Gases Evolved from 
Irradiated Polyethylene*

R. SALOVEY and J. V. PASCALE, Bell Telephone Laboratories, 
Incorporated, Murray Hill, New Jersey

Synopsis

Saturated hydrocarbons evolved during electron irradiation of polyethylene are 
characteristic of short side chains in the polymer. A convenient analysis is effected by 
programmed temperature gas chromatography. In order to minimize the relative con
centrations of extraneous hydrocarbons, i.e., those not arising from selective scission of 
complete side chains, it is necessary to irradiate at low temperatures and doses. Such 
analyses of a high pressure polyethylene (D Y N K ) indicates that the two methyls per 
100 carbon atoms detected in infrared absorption are probably equal amounts of ethyl 
and butyl branches. These arise by intramolecular chain transfer during polymeriza
tion. At a dose of 10 Mrad about 1 /4%  of the alkyl groups are removed. Methane is the 
only hydrocarbon detected on irradiation of polypropylene, indicating little combination 
of methyl radicals to form ethane during irradiation.

INTRODUCTION

The physical properties of solid polyethylene are sensitive to the presence 
of short branches on the polymer backbone. In polyethylene characteriza
tion, the total concentration of such branches is routinely determined 
by infrared absorption. In fact, from the infrared absorption character
istic of the methyl group (1378 cm.-1), it is possible to conclude that 
high pressure polyethylene may have three branches per 100 carbon atoms, 
whereas the physically different low pressure polyethylenes evidence 
methyl concentrations at least an order of magnitude lower. Aside 
from the major effects attributable to the number of branches, it is likely 
that physical properties reflect the lengths of these short side chains. 
Moreover, the presence of specific side chains is a reflection of the poly
merization process and their characterization may elucidate polymerization 
mechanisms.

Estimates of the nature of short branches in polyethylene may be 
obtained from an analysis of the gaseous hydrocarbons evolved during 
electron bombardment. Mass spectrometric studies of such gaseous 
products have demonstrated irradiation-induced detachment of complete 
alkyl units.1 In addition to saturated alkanes characteristic of the branches,

* Presented at the New York-North Jersey Metropolitan Regional Meeting of the 
American Chemical Society, Newark, New Jersey, January 28, 1963.
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small quantities of methane, other paraffins, and olefins were simultaneously 
evolved. It was suggested that “ extraneous”  paraffins result from cleavage 
of the main chain.1’2 In this communication, we point out that a con
venient analysis of the gaseous products of polymer irradiation may be 
effected by programmed temperature gas chromatography and indicate 
the effect of irradiation dose and temperature.

EXPERIMENTAL

Samples

The polyethylene samples examined included DYNK, a high pressure 
polyethylene produced by the Union Carbide Company and Marlex, 
6000 series, type 50, a Phillips Petroleum Company low pressure poly
ethylene. In addition, some preliminary research is reported on an 
isotactic polypropylene obtained from Avisun and an atactic polypropylene, 
designated Epolene and a product of the Eastman Company. All samples 
were molded into 10 mil sheets, sealed in thin-walled ( ’/ 2 mm.) Pyrex 
“ breakoff” tubes, evacuated to high vacuum for about 16 hr., and sealed in 
vacuum prior to irradiation.

Irradiation

Breakoff tubes containing 0.3 g. polyethylene or 0.1 g. polypropylene 
were irradiated in a beam of 1 m.e.v. electrons from a Van de Graaff gener
ator at a dose rate of about 2.5 Mrad/min.3 During bombardment, the 
sample tubes were supported in the ridges of a hollow copper block cooled 
by circulating cold water. Subsequent to irradiation all samples were 
annealed in the original tubes at 100°C. for 1 hr.

Chromatographic Analysis

Breakoff tubes were then sealed into a gas sampling system consisting 
of a mechanical pump, a sampling valve and a vacuum gage. The system 
was evacuated, isolated from the pump, and the breakoff tube was broken. 
After recording an equilibrium pressure, 25 ml. of the gas was injected into 
the carrier gas stream (helium) of an F & M Scientific Company Model 500 
gas chromatograph. The gases were separated and analyzed in duplicate 
on 3-ft.-long columns containing either molecular sieve 5A and programmed 
at 21°C./min. from 35 to 350°C. or activated alumina programmed 
similarly at ll°C ./m in. Retention times and ratios of injection pressure 
to peak area were determined by calibrating the system with known gases.

RESULTS AND DISCUSSION

In all the chromatographic analyses reported, hydrogen, oxygen, and 
nitrogen are detected, being well resolved on the molecular sieve column. 
Hydrogen is the major gas evolved on irradiation of polyethylene4 and



I R R A D I A T E D  P O L Y E T H Y L E N E  G A S E S 2013

Fig. 1. E volu tion  of ethane from  irradiated D Y N K  polyethylene.

polypropylene and is not sensitively indicated with helium carrier gas and 
a thermal conductivity detector. In large amounts the hydrogen is 
characterized by an alternately positive and negative deflection. Oxygen 
and nitrogen arise from trace air leakage into the gas sampling valve.

The high and low pressure polyethylenes differ markedly in the evolution 
of other gases on irradiation. At low doses, the high pressure polyethylene 
evidences only ethane with the molecular sieve column and ethane, propane, 
butane, and possibly pentane with the alumina column. At higher doses 
some methane is also separated on the molecular sieve column. The 
simultaneously irradiated low pressure polyethylene does not evidence 
hydrocarbons at 10 Mrad. However, at quite high doses, trace amounts 
of methane and ethane are observed. Figure 1 shows the evolution of 
ethane from the irradiated high pressure polyethylene on molecular sieve and 
alumina columns. Ethane determinations with either column are in good 
agreement, although better resolution of ethane and air is obtained with the 
molecular sieve. The pressure of ethane in millimeters (as derived from a 
previous calibration of peak area as a function of pressure with pure 
ethane) is given on the ordinate for a sampling system of about 25 ml.
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Fig. 3. E volu tion  o f m ethane and propane from  irradiated D Y N K  polyethylene.
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An analogous plot of evolved butane as resolved on the alumina column 
is given in Figure 2. Besides hydrogen, at low doses ethane and butane 
are overwhelmingly the main gases evolved from irradiated high pressure 
polyethylene. From 10 to 160 Mrad approximately equal quantities 
of ethane and butane are evolved. In Figure 3, we plot pressures of pro
pane and methane from irradiated high pressure polyethylene. The 
evolution of propane bears a linear relation to irradiation dose and is 
significant at higher doses. The rate of evolution of methane increases 
rapidly with dose. In addition, it was found that if the temperature of 
the irradiated sample was permitted to rise during irradiation, increasing 
amounts of various gases, including oxygenated products, were formed.

At a dose of 20 Mrad, it may be seen that there is about ten times as 
much evolved ethane or butane as methane or propane. From infrared 
absorption it is found that this high pressure polyethylene (DYNK) 
evidences two methyl branches per 100 carbon atoms whereas the low 
pressure material (Marlex) has less than 0.2 methyls per 100 carbons. 
We suggest that the short branches in the high pressure polymer are 
approximately one ethyl and one butyl per 100 carbon atoms. Based on 
this assumption and previous calibrations, a calculation of the absolute 
amounts of ethyl and butyl branches evolved indicate that at a dose of 10 
Mrad only about 1/4%  of the alkyl groups are detached. At 160 Mrad the 
corresponding figure is about 1%. Thus, in spite of the fact that relatively 
slight branch removal occurs, the evolution of ethane and butane is not 
linear with dose. It is possible that short chain scission involves a mobile 
free radical intermediate which perferentially produces cleavage at tertiary 
carbon atoms. Because of radiation-induced crosslinking, the proportion 
of tertiary carbon atoms associated with branches decreases during ir
radiation. Then, the rate of detachment of side chains falls also. That 
is, tertiary carbon atoms resulting from the crosslinking reaction may 
compete with tertiary carbons at short side chains in energy dissipation. 
Since hydrogen comprises at least 90% of the evolved gases from irradiated 
polyethylene, it is likely that at the higher doses in our study crosslinking 
(a source of hydrogen) becomes comparable with existing branching.

The presence of butyl branches is a natural consequence of the polymer
ization mechanism and was predicted to arise from intramolecular chain 
transfer via intermediate transient six-membered rings.6'6 An extension of 
this mechanism to include a second intramolecular transfer, following 
ethylene addition to the secondary radical, accounts for the presence of 
ethyl branches.7

Since the evolution of hydrogen, as well as that of propane, is a linear 
function of irradiation dose,8 perhaps both gases are formed at random 
in the polymer matrix. The propane may arise from the less frequent 
chain cleavage at secondary carbon atoms in the butyl branches. Methane 
evolution is probably associated with cleavage at chain ends. As a result 
of radiation-induced scission, the number of chain ends and the rate of 
methane evolution increases with increasing dose.
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Perhaps some comments are in order concerning the inconvenience 
of duplicate analyses on molecular sieve and activated alumina columns. 
In fact, we are presently examining the feasibility of single column analyses. 
However, it was initially necessary to examine the wide spectrum of gases 
which may be resolved on the two columns.

Corresponding studies of the gases evolved from irradiated polypropylene 
with molecular sieve 5A columns indicated that hydrogen (~ 90% ) and 
methane are the main gases evolved on irradiation. Equal amounts of 
methane, increasing linearly with dose, are detected with atactic and iso
tactic polymers. Again, side chain scission is inefficient—at a dose of 
150 Mrad less than 1 /4 %  of the methyl branches are removed by irradiation. 
In this case, there is no evidence of the combination of methyl radicals to 
form ethane.

Our contention that the short side chains in the high pressure poly
ethylene are equal amounts of ethyl and butyl is open to question. Using 
copolymers containing branches of a given type, evidence was adduced to 
show that ethyl branches are detected by irradiation scission with about 
twice the efficiency of butyl groups.1 In this interpretation, our data would 
indicate that butyl branches may be about twice as frequent as ethyl. 
These points should be examined at low doses and temperatures.

CONCLUSIONS

Saturated hydrocarbons evolved during electron irradiation of poly
ethylene are characteristic of short side chains in the polymer.1 A con
venient analysis is effected by programmed temperature gas chromatogra
phy. In order to minimize the relative concentrations of extraneous 
hydrocarbons i.e., those not arising from selective scission of complete 
side chains, it is necessary to irradiate at low temperatures and doses. 
Such analyses of a high pressure polyethylene (DYNK) indicates that the 
two methyls per hundred carbon atoms detected in infrared absorption are 
probably equal amounts of ethyl and butyl branches. These arise by 
intramolecular chain transfer during polymerization.5'7 At a dose of 10 
Mrad about 1/4%  of the alkyl groups are removed. Methane is the only 
hydrocarbon detected on irradiation of polypropylene, indicating, little 
combination of methyl radicals to form ethane during irradiation.

The authors acknowledge helpful comments by D. NY. McCall and infrared data by 
Mrs. L. Jassie.
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Résumé

Des hydrocarbures saturés issus de polyéthylènes irradiés par des électrons sont 
caractéristiques de courtes chaînes latérales dans le polymère. Une analyse adéquate 
est effectuée par chromatographie gazeuse avec programmation de températures. En 
vue de réduire les concentrations relatives d’hydrocarbures étrangers, c.à.d., ceux qui 
ne résultent pas d’une scission sélective de chaînes latérales complète, il est indispensable 
d’irradier à faibles température et concentrations. Des analyses semblables de poly
éthylène à haute pression ( D Y X K ) indiquent que les deux mét hyles par 100 atonies de 
carbones détectés par absorption infra-rouge, correspondent probablement aux groupes 
éthyles ou butyles. Ceux-ci se produisent par transfert de chaîne intramoléculaire au 
cours de la polymérisation. A une concentration de 10 Mrad environ 1/4%  de chaînes 
alcoyles sont déplacées. Le méthane est le seul hydrocarbure détecté par irradiation du 
polypropylène, ce qui indique une faible combinaison des radicaux méthyles pour former 
de l’éthane au cours de la polymérisation.

Zusammenfassung

Die Bildung gesättigter Köhlenwasserstoffe während der Elektronen-bestrahlung von 
Polyäthylen ist für die im Polymeren enthaltenen kurzen Seitenketten charakteristisch. 
Eine geeignete Analysenmethode ist die temperatur-programmierte Gaschromatographie. 
Es ist notwendig, die Bestrahlung bei niedrigen Temperaturen und Dosen durchzu
führen, um die relative Konzentration von “fremden” Kohlenwasserstoffen, d.h. solchen, 
die nicht durch selektive Abspaltung vollständiger Seitenketten entstanden sind, mög
lichst herabzusetzen. Eine derartige Analyse von Hochdruckpolyäthylen (DYNK) 
zeigt, dass die im IT-Spektrum gefundenen zwei Methylgruppen pro hundert Kohlen
stoff-Atome wahrscheinlich gleichen Mengen von Äthyl- und Butyl-Seitenketten ent
sprechen. Diese entstehen durch intramolekulare Kettenübertragung während der 
Polymerisation. Bei einer Dosis von 10 Mrad wird etwa ein Prozent der Äthylgruppen 
abgespalten. Bei der Bestrahlung von Polypropylen wird Methan als einziger Kohlen
wasserstoff gefunden, d.h. es tritt während der Bestrahlung nur geringfügige Kombina
tion von Methylradikalen zu Äthan auf.

Received March 28, 1963
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Absolute Propagation Rate Constants for the Radical 
Polymerization of Substituted Styrenes*

K. P. PAOLETTIf and F. W. BILLAIEYER, JR., Department of 
Chemistry, University of Delaware, Newark, Delaware

Synopsis

A bsolute propagation  rate constants were determ ined b y  app lication  o f the Sm ith- 
E w art kinetic theorjr to  the em ulsion polym erization  o f  styrene, o-m ethylstyrene, p- 
m ethylstyrene, and “ vin ylto luen e”  (D o w , 6 0 :4 0  m -:p -m eth y lstyren e). C onversion  
during polym erization  was fo llow ed b y  dilatom etry , and w eight-average m olecular 
weights o f the latex particles were determ ined b y  light scattering. T h e  m on om er - 
po lym er equilibrium  ratio was determ ined both  dynam ica lly  as the in flection  p o in t o f 
the rate curve and statically  b y  equilibrating m on om er w ith  polym er. F or styrene, the 
propagation  rate constant (300 l. /m o le  sec. a t 5 0 °C .)  and its a ctiva tion  energy (17.6  
k ca l./m o le ) are in good  agreem ent w ith  literature values. B oth  rates and activa tion  
energies are low er fo r  the other m onom ers (o-m ethylstyrene, 60 l ./m o le  sec. and 13.9 
k ca l./m o le ; p -m ethylstyrene, 140 l . /m o le  sec. and 7.7 k ca l./m o le ; v in ylto luen e, 
220 l ./m o le  sec. and 13.4 k ca l./m o le , all a t 5 0 °C .). T h e  differences are attributed  to 
increased radical stability  from  m ethy l group contributions to  resonance structures and 
to steric h indrance o f the ortfio-m ethyl group.

INTRODUCTION

The rate of propagation in the polymerization of a vinyl compound is 
determined by the reactivity of both the monomer and the radical derived 
from it. This reactivity is determined by the molecular structure of the 
monomer. While theoretical studies can be used to predict the effect of 
structure on reactivity, experimental data are necessary to provide a 
sound basis for these predictions. Relatively few data of this sort are 
available, however, since in the analysis of the kinetics of addition poly
merization by steady-state assumptions, the rate constant of propagation 
does not occur independently but as a ratio with the termination rate 
constant. Before the absolute value of the propagation rate constant can 
be determined, the rate of termination must be calculated from nonsteady- 
state experiments.

The purpose of this work was to determine the absolute propagation
* P resented at the 14th D elaw are Science Sym posium , New ark, D el., F eb . 23, 1963. 

T h is research was perform ed by  K . P . P aoletti in  partial fulfillm ent o f  the requirem ents 
for  the degree o f M aster o f Science, U niversity o f D elaware.

t Present address: T extile  F ibers D epartm ent, E . I. du P on t de N em ours & C o., 
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rate constants of some substituted styrenes and evaluate the effect of 
ortho and para methyl substitution on the reactivity of the styrene mono
mer. A  second objective of this work was to develop an experimental 
technique which would give accurate polymerization rate data using a 
minimum of sample.

While the absolute propagation rate constant of styrene has been 
measured by several investigators using a variety of methods,1-4 the study 
of the polymerization kinetics of substituted styrenes has been very limited.6 
Difficulties involved in the preparations of the pure compounds and their 
relatively low industrial importance have been given as the reasons for 
the lack of previous detailed investigations of such monomers.6 The in
creased availability of substituted monomers coupled with the more simple 
kinetic analysis of emulsion polymerization systems facilitates the use of 
homopolymerization data to relate structure with reactivity.

Absolute propagation rate constants, kv, can be obtained for emulsion 
polymerization systems by application of the Smith-Ewart theory,7 the 
major result of which states that

- dM/dt =  k„M (N /2 ) (1)

where — dM/dt is the polymerization rate, M  is the monomer concentra
tion in the polymerizing particles, and N  is the number of latex particles 
per ml. of aqueous phase in the emulsion.

While the rate of polymerization in emulsion systems has generally 
been followed by gravimetric methods,4'8 these techniques require relatively 
large amounts of monomer and frequent sampling if the rate curve is to 
be followed closely. On the other hand, the large volume change ac
companying polymerization makes dilatometry a very simple yet efficient 
means of following conversion.

Starkweather and Taylor9 used simple bulb dilatometers to follow the 
kinetics of vinyl acetate polymerization. Dilatometers with magnetic 
stirring were used by Bartholome et al.10 to test the Smith-Ewart theory 
for the emulsion polymerization of styrene and by Yurzhenko and Puchin11 
to explore polymerization at atmospheric and higher pressures. Corrin12 
used a more elaborate, high volume dilatometer to study the conversion of 
styrene in emulsion polymerization.

The monomer-polymer ratio, or the monomer concentration in the poly
mer particles, has been determined both by static equilibration of diluted 
latex and inhibited monomer4'8 and by the inflection point in the rate or 
heat of reaction curve.10,13 During actual polymerization, however, since 
the proportion of monomer in the particles is probably controlled by a 
dynamic balance between the rate of polymerization and the rate of dif
fusion of monomer from the large droplets acting as reservoirs, the mono
mer-polymer equilibrium ratio determined from the inflection point of the 
rate curve is preferred. In emulsion polymerization where the conversion 
is followed very closely, as by dilatometry, the dynamic monomer-polymer 
equilibrium ratio can be easily located in the rate curve.
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Application of either the dissymmetry14 or the Zimm extrapolation15 
technique to light-scattering data from the diluted latex gives the number 
of polymer particles per milliliter of aqueous phase. While both methods 
have been used, the Zimm technique is more widely accepted, since it 
involves no assumptions about the shape of the particles.

EXPERIMENTAL

Samples

The monomers used in this work were styrene (E. K. reagent grade), 
vinyltoluene 12T (60:40 m - :p-methylstyrene, Dow Chemical Co.), o- 
methylstyrene (Dow Chemical Co. and Monomer-Polymer Corp.), and 
p-methylstyrene (Monomer-Polymer Corp.). Inhibitor was removed from 
the samples by the accepted technique of alkali washing, drying over 
white Drierite, and vacuum distillation. Freshly distilled monomer sam
ples were stored at — 20°C. until use for periods of time not exceeding five 
days. No polymerization during storage was apparent when the monomer 
was checked periodically for refractive index.

Dilatometry

The rate of polymerization was determined using a specially designed 
small volume (20-30 ml.) dilatometer (Fig. 1), constructed by sealing a 
50 ml. length of 2 mm. i.d. capillary tubing to the bottom of a 20 ml.

2 X 8  mm 
C A P I L L A R Y

F i g .  1 . S m a l l  s t i r r e d  d i l a t o m e t e r  f o r  u s e  i n  e m u ls io n  p o ly m e r i z a t io n .
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round-bottomed flask. The ground glass stopper was securely held in 
position by a spring clamp during the run. The dilatometer was placed in 
a constant temperature bath regulated to within ±0.01 °C. The emulsion 
was stirred by rotation of a magnetic stirring bar in a vertical plane against 
the side of the bulb by means of a large magnetic stirrer located outside 
of the constant temperature bath. An initial dilatometer check was per
formed by filling the bulb with distilled water at room temperature, im
mersing it in a 50°C. bath, and observing the water column height. Satis
factory dilatometer performance was indicated by an initial rapid volume 
increase during temperature equilibration followed by a constant height.

Light Scattering

Light-scattering measurements were made with distilled water, filtered 
through an ultrafine sintered glass filter, as the solvent. The intensity of 
the scattered light was automatically recorded in a photoelectric turbidime
ter16 as a function of observation angle, the angular range extending from 
30° to 140°. Satisfactory alignment of the apparatus was insured by 
observation of the intensity of fluorescent light from a methanol solution 
of sodium fluorescein. The intensity of the fluorescent light, when cor
rected by the sine of the angle of observation, varied less than 1%  in the 
angular range investigated. The calibration constant of the instrument 
was determined by  measuring the scattering from a standard polystyrene 
sample dissolved in freshly distilled 2-butanone. Plane-polarized light of 
5461 A. wavelength and vertical electric vector was used in all measure
ments.

The specific refractive increment of the diluted latex was determined 
on a Brice-Phoenix differential refractometer.17 The instrument was 
calibrated with a water solution of sodium chloride.18

Procedure

The compositions of the various polymerization runs are summarized 
in Table I. The aqueous phase (soap solution) was prepared by adding 
the tabulated amounts of soap (sodium lauryl sulfate), initiator (potassium 
persulfate), and buffer (sodium hydrogen phosphate) or other ingredient 
(sodium sulfite) to filtered, distilled water. This soap solution was stored 
until use at 0°C. for periods not exceeding 48 hr. In runs 1-3, 12, and 13, 
sodium sulfite was added to reduce the induction period. This was shown 
to be unnecessary, however, and a buffer was used in other runs.

Approximately 7 g. of the monomer and 20 g. of the soap solution were 
added to the dilatometer bulb. The exact weights were determined by 
difference from previously weighed samples. The top of the bulb was 
flushed with nitrogen and the glass stopper inserted and secured. The 
dilatometer was transferred to the constant temperature bath and the 
magnetic stirrer started (zero time). If necessary, the height of the water 
column in the capillary was adjusted with a hypodermic syringe to a level
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just below the bath surface. Water heights were recorded to the nearest 
0.2 mm. during the polymerization.

After the polymerization had proceeded almost to completion, three 
weighed latex samples were taken from the bulb, shortstopped with hydro- 
quinone, and evaporated to dryness. These samples were dried for 10 hr. 
at 35°C. and 25 in. Hg vacuum, then for 6 hr. at 70°C. and 25 in. Hg 
vacuum. From the weight of these samples, their total conversion was

T A B L E  I
Com position of Polym erization Runs

Run M onom er

Com position of polym erization  runs 
(based on monomer equal to  100 parts)

Parts
w ater

Parts
soap

Parts
initiator

Parts
buffer

Parts
other“

1 Styrene 374 5 .7 0 .4 1 — 0.04
2 “ 388 6 .7 0.49 — 0.09
3 CC 331 6.0 0.44 — 0.08
4 CC 209 8 .5 0.36 0.55 —

5 CC 181 7 .4 0.32 0.48 —

6 1C 218 8 .9 0.38 0.40 —

7 V inyltoluene 194 8 .7 0.46 0.52 —

8 Cl 177 7 .9 0.42 0 .4 7
9 Cl 180 8 .1 0.43 0.48 —

10 Cl 194 8 .7 0.46 0.52 —

11 Cl 180 8 .1 0.43 0.48 —

12 o-M ethylstyrene 324 6 .2 0.47 — 0.09
13 Cl 365 7 .7 0.58 — 0 .1 1
14 “ 194 8 .1 0.36 0 .54 —

15 cc 202 8.0 0.39 0 .5 1 —

16 Cl 157 6 .6 0.29 0.44 —

17 cc 135 5 .7 0.25 0.38 —

18 p-M ethylstyrene 206 4 .3 0 .18 0 .56 —
19 Cl 176 3 .7 0 .15 0 .4 7 —

20 CC 171 3 .6 0 .15 0.46 —

21 cc 193 4 .1 0 .1 7 0.52 -----

22 cc 191 2 .2 0 .10 0 .55 —

23 cc 179 2.0 0.096 0 .5 1 —

24 Cl 179 2.0 0.096 0 .5 1 —

25 cc 190 2 .2 0 .10 0 .54 —

“ Sodium sulfite.

determined with respect to the initial monomer-soap solution charge. A 
per cent polymerization scale was then prepared from the per cent conver
sion of the latex samples and the corresponding decrease in capillary 
height.

The latex was diluted 10,000- to 100,000-fold and the turbidity of these 
solutions measured by light scattering for angles of observation between 
30° and 140°. The light-scattering data were plotted graphically as Zimm 
plots.16
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Fig. 2. T y p ica l conversion curves for the emulsion polym erization of styrene. T he 
polym erization of vinyltoluene gave sim ilar results.

Fig. 3. T y p ica l conversion curves for the emulsion polym erization of p-m ethylstyrene. 
T h e polym erization of o-m ethylstyrene gave similar results.
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Arrhenius p lo t for the absolute propagation rate constant for styrene.

Fig. 5. Arrhenius p lot for the absolute propagation rate  constant for vinyltoluene.
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F ig. 6. Arrhenius p lot for the absolute propagation rate  constant for o-m ethylstyrene

Fig. 7. Arrhenius p lot for the absolute propagation rate  constant for p-m ethylstyrene.

The monomer-polymer equilibrium ratio was determined both graphi
cally and by static equilibration using the method of Smith4 and Morton 
et al.8 Since dilatometry allowed the conversion to be followed as closely 
as desired, the monomer-polymer equilibrium ratio could generally be
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determined from the per cent conversion at which the rate curve showed 
an inflection. Such curves of conversion versus time, typical of the results 
obtained with styrene and vinyltoluene, are shown in Figure 2, while 
curves typical of the experiments with o-methylstyrene and p-methyl- 
styrene are shown in Figure 3.

RESULTS

The experimental results leading to evaluation of the absolute propaga
tion rate constants are listed in Tables I I -V  for styrene, vinyltoluene, 
o-methylstyrene, and p-methylstyrene, respectively. The propagation 
rate constants for these monomers are plotted as a function of temperature 
in Figures 4-7, and the activation energies calculated from these Arrhenius 
plots are summarized in Table VI.

Table III also compares values of the equilibrium monomer-polymer 
ratio determined from the point of inflection of the rate curve (graphical 
determination) and by static equilibration. Generally these two methods 
gave similar results.

T A B L E  II
Sum m ary of Styrene Polym erization D ata

Run

Tem per
ature,

°C.

No. of 
particles/ 

ml. of 
H 20  

X  1014

M ,

m ole/m l. 
X  IO“ 3

Conversion
rate,

wt. fraction/ 
sec. X  

10~5

k p ,

l./m ole
sec.

k p ,

(literature), 
l./m ole sec.

1 30.5 6.879 4.860 5 .5 5 5 1 .0 48 (2 5 °C .)a
2 40.5 7.79 2 5 .15 4 16 .34 120.5 139 (40 °C .)a

3 5 1 .0 8 .9 17 5.763 46.33 3 1 1 .1
4 50.2 13 .6 1 6.491 48.44 300.3 390 (50 °C .)b

5 50.2 13.39 5.036 3 1 .1 0 291.0

6 70.9 40.18 5.683 185.2 357.9

a D a ta  of M orton et al.8
b D a ta  of Smith. 4

T A B L E  III
Sum m ary of V inyltoluene Polym erization D ata

M .  mole/m l. X  10 3
N o. of Conversion

Tem pera- particles/ G raphical Static rate, wt. k p ,

ture, ml. of H 20 determina- equilibra- fraction/sec. l./m ole

Run °C. X o tion tion X  10_s sec.a

7 40.0 12 .34 5.593 5.926 1 1 .9 1 8 5 .0 1(9 0 .0 7 )

8 50.0 18 .79 5.035 5.963 40.65 202.0 (239.2)

9 50.0 18.36 5.208 5.426 45.54 2 55.9  (266.6)

10 59.8 3 1.4 2 3.455 5.062 10 3.7 336.6 (4 3 9 .1)

11 68.2 4 4 .16 — 4 .9 71 122 .5 309.1

a V alue in parentheses calculated from  M  determ ined graphically.
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T A B L E  IV
Sum m ary of o-M ethylstyrene Polym erization D ata

Run

Tem pera
ture,
°C.

N o. of 
particles/m l. 

of H 20  
X  1014

M ,

mole/ml. 
X  10~3

Conversion 
rate, w 1. 

fraction/sec. 
X  IO "6

k v ,

l./m ole
sec.

12 30.0 1 1 .7 4 7.4 73 4.467 15.98
13 50.0 17.98 5.50 1 2 1.5 3 60.59
14 60.0 43.38 3.68 7 32.64 10 7.2
15 60.0 44.68 4.339 53.08 138.0
16 69.6 57.20 3.887 65.61 18 7.4
17 69.6 6 9.14 5 .13 7 122 .5 2 3 1 .4

T A B L E  V
Sum m ary of p-M ethylstyrene Polym erization D ata

No. of Conversion
Tem pera- particles/m l. M , rate, wt.

ture, of H 20  mole/ml. fraction/sec. k v ,

R un °C. X o X o cl X  10 l./m ole sec.

18 40.2 3 .7 1 2  7 .5 10 5 .8 27 10 2.7
19 50.5 9 .13 4  5.4 10 11.9 6 13 4 .7
20 60.1 17.8 0  5 .8 16 33.0 7 18 7 .5
21 69.8 24.76  4.260 53. OS 265.4
22 49.8 4.872 6.225 1 2 .15 2 1 1 .6
23 6 1 .1 9.965 5 .5 2 1 2 1.5 9 2 19 .1
24 69.4 14 .4 5  3.881 33.0 7 335.6
25 74.6 15 .4 1  3.882 38.76 338.9

T A B L E  V I
T em perature D ependence of Absolute Propagation  R ate  Constants

for R adical Polym erization of Substituted Styrenes

M onom er k v , l./m ole sec. k p  (literature), l./m ole sec.a

Styrene 2.24 X 1014 exp J - 1 7 ,5 7 0 /ä t ! 2. 71 X  1014 exp |! - 1 7 ,5 7 0 / Ä T }
Vinyltoluene 2 .5 7 X 1011 exp { - 1 3 ,4 2 0 / K T }

o-M ethylstyrene 1 .6 7 X 1011 exp { - 1 3 ,9 2 0 / ß T }
p-M ethylstyrene 2 .2 7 X 107 exp { — 7,663 / R T ]

a C alcu lated from  reported values of S m ith4 and M orton et al.8

Table II and Figure 4 compare the results of this work to values de
termined by Smith4 and Morton et al.8 for styrene polymerizations.

DISCUSSION

Experimental Procedure

The excellent agreement between the values previously reported for 
styrene4,8 and the results of this work show that dilatometry is well suited 
for the kinetic study of emulsion polymerizations. Since dilatometry
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lends itself to miniaturization very well, this technique allows intensive 
investigation of monomers more difficult to prepare. While emulsion 
volumes in the order of 25 ml. were used in this work, the dilatometer could 
be reduced further in size to allow volumes of 5-10 ml. to be used without 
impairing the accuracy of rate measurement. These dilatometers would 
require only 2-4 ml. of monomer.

Determination of the monomer-polymer equilibrium ratio requires 
additional investigation in kinetic studies of emulsion polymerization. 
While the values of the monomer-polymer equilibrium ratio were in general 
agreement when determined by the equilibration and the graphical tech
nique, some scatter was still observed at the higher temperatures, as may 
be seen in Table III. If the conversion curves as shown in Figure 3 are 
examined, it is noted that the per cent conversion corresponding to the 
monomer-polymer equilibrium ratio is generally higher for the static 
equilibration than for the departure of the curve from the constant rate. 
While the experimental error in the static technique may account for the 
discrepancy, additional investigation into procedure and equipment is 
necessary to improve the agreement between methods.

The following interpretation of the rate curve as described by Bartholome 
et al.10 has been assumed: a short period of increasing rate followed by 
a linear portion corresponding to a first-order reaction. This portion is 
where the Smith-Ewart kinetics are followed. The linear portion ends 
when the monomer reservoirs are depleted and the reaction rate decreases. 
Later, however, gel formation may take place, especially at higher tem
peratures, with a corresponding temporary increase in rate.

Results

There was good conformance of the kinetic studies of this work to the 
Smith-Ewart theory7 for temperatures below 70°C. However, the propaga
tion rate constant for both styrene and vinyltoluene showed atypical 
behavior in the 70°C. range. Values of kp were much lower than expected 
and did not lie on the log k„ — l/T  line established at lower temperatures. 
The o- and p-methylstyrene studies, however, gave straight line Arrhenius 
plots up to a temperature of 70°C. Two possible explanations of this 
behavior are: (1) the presence of a rate determining step, other than radical 
formation and propagation, which becomes dominant at approximately 
70°C. in emulsion systems where kp is excess of 350-400 l./m ole sec.; or 
{2) failure of emulsion systems to follow the Smith-Ewart theory at these 
higher temperatures. One possible cause of this failure might be that 
proposed by Smith,4 that diffusion of monomer cannot keep pace with 
polymerization. However, Flory19 concluded from theoretical considera
tions that monomer can easily be supplied to the polymer.

Another possible explanation of the decrease in rate may involve the 
larger number of particles per milliliter of water at high temperatures. 
Van der Hoff20 deduced that the rate per particle was proportional to the
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0.83 power of the number or volume of the particles when in the range of 
5 X  1014 to 5 X  1016/m l.

Since the data appear to agree with the Smith-Ewart theory in all cases 
except the polymerizations at 70°C. for styrene and vinyltoluene, conform
ance to this theory is assumed in the discussion of results.

The absolute propagation rate constants and activation energies of the 
methyl substituted styrenes are lower than the corresponding quantities 
for styrene. Reduction of the activation energy may be attributed to the 
methyl substitution. The reduced rates are assumed due to steric effects 
of the ortho substitution and to increased radical stability.

Vinyltoluene has an activation energy 4.1 kcal./m ole below that for 
styrene. This may be attributed to the increased radical stabilization in 
vinyltoluene due to resonance. Kennedy and M orton21 reported a decrease 
in activation energy of 2 -4  kcal./mole on going from m-methylstyrene or 
p-methylstyrene to styrene, in good agreement with the results of this work.

Values of kv for o-methylstyrene and p-methylstyrene are lower than 
that for styrene, as are the activation energies by 3.6 and 9.9 kcal./mole, 
respectively. p-Methylstyrene has a propagation rate constant between 
those of styrene and o-methylstyrene. Reduction of the activation energy 
of both substituted monomers with respect to that of styrene is attributed 
to the increased resonance stability of the radicals formed during propaga
tion. The unpaired electron of the newly formed radical is assumed 
delocalized by hyperconjugation:22

This stabilization reduces the potential energy of the transition state with 
a corresponding lowering of the activation energy.

The increased activation energy and reduced rate constant of the o- 
substituted styrene with respect to the p-substituted monomer is attributed 
to steric factors. Kennedy and Morton explained the difficulty of poly
merizing 2,4,6-trimethylstyrene by the steric effect of the ortho methyl group, 
which formed a barrier to the free rotation of the vinyl group. Hence, the 
attainment of the coplanar configuration necessary for resonance of the 
vinyl group with the benzene nucleus is hindered. The presence of a 
similar energy barrier is indicated in this work by the increase of 6.3 
kcal./mole in activation energy between the para- and ori/io-substituted 
monomers.

T h e authors wish to express their appreciation to the m anagem ent of the Carothers 
Research Laboratory, T extile  Fibers D epartm ent, E . I. du Pont de Nem ours and Com 
pany, Inc., for the use of the facilities of th at Laboratory and to  the D ow  Chem ical Com 
pany for the monomers which th ey  supplied.

Effect o f Molecular Structure on Rate Constants
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H H-
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Résumé

On a déterm iné les constantes absolues de vitesse de propagation en appliquant la 
théorie cinétique de S m ith -E w art à la polym érisation en émulsion du styrène, de l ’o- 
m éthylstyrène, du p-m éthvlstyrène e t du “ vinyl-tolu ène”  (D ow , 60:40 m - ,  p-m éthyl- 
styrène). Le conversion est suivi en cours de poK m érisation par dilatom étrie, et le poids 
moléculaire m oyen en poids des particules de latex  est déterm iné par diffusion lumineuse. 
L e  rapport à  l ’équilibre m onom ère-polym ère a été établi d ’une p art dynam iquem ent 
grâce au point d ’inflexion de la courbe de vitesse et statistiquem ent en m ettant le mono
mère en équilibre avec le polym ère. D ans le cas du styrène, la constante de vitesse de 
propagation (300 l./m ole/sec. à  50 °C ) et l ’énergie d ’activation  (17.6  kcal/m ole) con
cordent bien avec les valeurs de la littérature. P ar contre les vitesses et les énergies 
d ’activation  des autres monomères sont inférieures (l’o-m éthylstyrène 60 1/ms et 13.9 
kcal/m ole; le p-m éthylstyrène 140 1/m s et 7.7 kcal/m ole; le “ vinyl-tolu ène”  220 
1/m s e t  13.4 kcal/m ole, to ut cela à 50°C ). Les différences sont attribuées à une aug
m entation de la stabilité du radical, due à la contribution aux structures de résonance 
du groupe m éthyle e t à  l ’encom brem ent stérique du groupe m éthyle en ortho.

Zusammenfassung

D urch Anw endung der kinetischen Sm ith-E w art-T heorie auf die Em ulsionspolym eri
sation von Styrol, o-M ethylstyrol, p -M eth ylstyrol und “ V in ylto luo l”  (D ow ; 60:40 m-: 
p-M eth ylstyrol) wurden absolute W achtum skonstanten bestim m t. D er prozentuelle 
U m satz während der Polym erisation wurde dilatom etrisch verfo lgt und das G ew ichts
m ittel des M olekulargew ichts der Latexteilchen durch Lichtstreuung bestim m t. D as 
M onom er-Polym er-G leichgew ichtsverhältnis wurde sowohl dynam isch als W endepunkt 
der G eschw indigkeitskurve als auch statisch durch Gleichgew ichtseinstellung von M ono-
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merem m it Polym erem  erm ittelt. B ei S tyro l stim m en G eschwindigkeitskonstante (300 
L iter/M o l sec bei 50 °C ) und A ktivierungsenergie (17,6  kcal/M ol) der W achstum sreak
tion gut m it der in der L iteratu r angegebenen W erten überein. B ei den anderen M ono
meren sind sowohl G eschw indigkeit als auch Aktivierungsenergie niedriger (o-M ethyl- 
styrol: 60 1/M s, 13,9 kcal/M ol; p -M e th y lsty ro l: 140 1/M s, 7,7 kcal/M ol; “ V in y l
to luol” ; 220 1 /M s, 13,4 kcal/M ol; alle W erte bei 50°C ). D iese Unterschiede werden 
einer durch den B eitrag der M ethylgruppen zu Resonanzstrukturen erhöhten R ad i
ka lstabilität sowie einer sterischen H inderung durch die ortho-M ethylgruppen zuge
schrieben.

Received March 28, 1963
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K i n e t i c  S t u d y  o f  t h e  A u t o x i d a t i o n  o f  C e l l u l o s e  

S u s p e n d e d  in  S o d i u m  H y d r o x i d e  S o l u t i o n

R. I. C. M ICH IE ,* Polymer and Fibre. Science Department, and S. M. 
NEALE, Chemistry Department, College of Science and Technology,

Manchester, England

Synopsis

A n  apparatus has been designed to  measure sm all extents of gas absorption b y  a rela
tiv e ly  large volum e of liquid under conditions of vigorous agitation. W ith  this appa
ratus a stud y has been made of the absorption of oxygen by finely divided cotton cellu
lose suspended in sodium  hydroxide solution a t 40°C. over a range of alkali concen
tration, cellulose content, and oxygen pressure. In  one series of experim ents cellulose 
depolym erization was also determ ined and in another experim ent the alkaline autoxida
tion of /3-methyl cellobioside was followed. D uring the early stages the reaction is auto- 
cata lytic  w ith alkali concentrations above 8N .  In  the absence of diffusion effects, th at 
is w ith alkali concentrations below approxim ately I0.V, the steady rate of oxygen absorp
tion is given b y  the equation,

-  ^  =  K [ C e ll] ‘ -as flNaOH
at A  +  [O;]

where [Cell] refers to the w eight of cellulose immersed in the solution, [O2] the partial 
pressure of oxygen, ONaOH the molal a ctiv ity  of the sodium hydroxide, </>[M] a function 
of the m etal ion content and K  and K ’  are constants. T h e known characteristics of the 
autoxidation are consistent w ith a modified G ee-Bolland mechanism. T hu s a cellulose 
radical form ed as a result of peroxide decom position reacts w ith oxygen to form a radical 
of the ty p e  ROi>. T h e  last nam ed is lik e ly  to  be unstable and split off the 0  2 radical 
ion which is com paratively  unreactive bu t m ust nevertheless be capable of attackin g an 
ionized cellulose molecule, thus com pleting one oxidation cycle. In principle a chain 
reaction could follow bu t the evidence indicates th at a long chain mechanism  is not 
involved, particularly  a t the stage of attainm en t of the steady rate.

INTRODUCTION

The autoxidation which cellulose undergoes in presence of alkali is a 
process of considerable importance in the rayon industry and has been the 
subject of widespread investigation during the last three decades.1 In the 
main, however, attention has been directed to questions of immediate 
technical concern and comparatively little information is available with 
direct bearing on the reaction mechanism. The problem is complicated by 
the insolubility of the substrate, which precludes a study of the reaction

* Present address: Colum bia Cellulose L td ., Research and D evelopm ent D ivision, 
Prince R upert, B .C ., Canada.

2 0 6 3
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under strictly homogeneous conditions: previous workers have, with few 
exceptions, confined their attention to what is termed “ alkali-cellulose,”  
that is, cellulose impregnated with an alkaline solution, the excess liquor 
having been removed by pressing or centrifuging. Recently2 we described 
some experiments using a modified system in which cellulose was kept in 
suspension in a large volume of alkaline solution and exposed to the action 
of oxygen. It was considered that this technique should afford an approach 
to homogeneous reaction conditions. The results obtained appeared of 
sufficient interest to justify a more detailed examination of the system and 
the present work was undertaken. This is an investigation of the absorp
tion of oxygen by finely divided cellulose dispersed by vigorous agitation in 
solutions of sodium hydroxide.

EXPERIMENTAL

Materials

The cellulose was in the form of scoured bleached cotton yarn cut by hand 
to an average length of 0.5 mm. The intrinsic viscosity in cuprammonium 
hydroxide solution was 8.22 dl./g. at 20°C. and the iron content 0.002%, 
estimated colorimetrically by the addition of thioglycollic acid to an acid 
solution of an ashed specimen. The moisture content was standardized at 
7.5% on the dry weight, as described previously.2 The /3-methyl cellobio- 
side was kindly supplied by Dr. G. F. Davidson of the British Cotton 
Industry Research Association.

The sodium hydroxide solutions were made up quantitatively from 
AnalaR pellets and the composition checked by titration, with the exception 
of the least concentrated which was obtained by dilution of the 8.28N  
solution (thus establishing the iron content). The oxygen was obtained 
compressed from the British Oxygen Co. The cuprammonium hydroxide 
solution was of the British Standard composition.5

Apparatus

The apparatus developed to measure small extents of oxygen absorption 
by a relatively large volume of liquid under conditions of vigorous agitation 
is shown diagramatically in Figure 1. The reaction vessel (1) was con
structed from a 500 ml. bolt head flask, reshaped as shown to prevent 
cellulose being deposited on the sides above the level of the solution. The 
vessel was connected to the socket of a spherical ground glass joint (2) via 
a B45 standard taper joint (3), and to the manometric system via a B10 
joint (4). The stirrer shaft (5) was held firmly inside the ball of the spher
ical joint by a rubber collar (6) and supported at about midpoint by another 
collar (7), firmly attached to the shaft and fitting loosely in a glass tube 
acting as a bearing: lubrication was effected with a drop of the reaction 
medium. Since the whole apparatus was to be immersed in a water bath, 
a bell-jar device (8) was fitted over the ball shaft with rubber tubing to
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keep water away from the spherical joint. The spherical seal was lubri
cated with three or four drops of Dow Corning silicone high vacuum fluid 
(DC 703) which gave satisfactory service over the longest period investi
gated (50 hr.).

A reciprocating motion was found to give optimum stirring efficiency. 
The motion was transmitted from a cam to an endless belt and from the 
belt to the stirrer shaft, using a sprocket and chain, the last named forming- 
part of the endless belt. The stirrer described one and a half revolutions 
for one stroke of the cam-shaft and the same in the opposite direction for the 
reverse stroke: the speed was normally 100 cycles/min., which gave the 
most effective mixing.

The spherical seal was entirely free from leakage and functioned smoothly 
at pressures down to 600 mm. of mercury. Below this figure the joint 
became stiff and tended to seize up, so that observations at reduced oxygen 
pressure required to be carried out in presence of nitrogen.

Procedure

With 100 ml. alkaline solution in the compensating vessel (10) and 400 
ml., together with cellulose, in the reaction vessel, the apparatus was 
charged with oxygen, thermostatted in a water bath at 40°C., and the 
pressure adjusted to the required value; nitrogen was then added to bring 
the total pressure to 700 mm. of mercury. Not more than 0.1 ml. oxygen 
was absorbed per gram of cellulose in this preliminary period. After com
mencement of stirring, oxygen absorption was measured by following the 
decrease in pressure in the reaction vessel relative to that in the compensat
ing vessel by means of a dibutyl phthalate manometer (9) read with a
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traveling microscope. The overall pressure drop during an experiment 
was generally in the order of 1% of the total pressure and never more than 
2% . In the high pressure region, where accurate measurements are pos
sible, the rate of oxygen absorption is relatively insensitive to oxygen pres
sure, so that the latter may be taken as effectively constant in any absorp
tion run. The oxygen pressures quoted are mean values over the period of 
the reaction.

Calculation o f Oxygen Absorption

The relationship between oxygen absorption (in milliliters at S.T.P.) and 
pressure change has been given by Entwistle, Cole, and W ooding3 for a 
manometric system similar to that used here. The following details 
are relevant: volume of dead space on reaction side, 303 m l.; volume of 
dead space on compensating side, 606 m l.; cross-sectional area of manom
eter tube 0.0314 cm .2; density of dibutyl phthalate at 40°C., 1.0287 
g ./cm .3.

Determination o f Molecular Weight

After oxidation, specimens for molecular weight determination were 
acidified with acetic acid, filtered, washed, and dried. The number-average 
degree of polymerization was then calculated from the solution viscosity 
(0.5%) in cuprammonium hydroxide solution, as described previously.2

Determination o f Iron

The iron content of the alkaline solutions was determined colorimetrically 
by a method suggested by Davidson,4 depending on the fact that traces of 
iron impart a yellow-orange coloration to concentrated solutions of sodium 
hydroxide in presence of saturated sodium sulfide solution. The optimum 
alkali concentration was found to be 7N ; with cobalt blue glass filters in 
the colorimeter the method was satisfactory for iron contents up to 10 
m g./l. The following iron contents were found at the alkali concentrations 
noted: 1.3 m g./l., 5.791V; 1.6 m g./l., 6.441V; 1.8 m g./l., 8.281V; 3.7 m g./l., 
9.581V; 4.8 m g./l., 11.801V; 4.4 m g./l., 13.441V; 3.5 m g./l., 16.55N.

RESULTS

Oxygen Absorption under Static Conditions

When cellulose is immersed without agitation in sodium hydroxide solu
tion the rate of oxygen uptake is very low and is almost certainly diffusion- 
controlled. In Table I are given the steady rates of oxygen uptake by 2 
g. of cellulose lying approximately 3.6 cm. below the solution surface.

Effect o f Diffuse Daylight

It was found that the laboratory daylight was without detectable effect 
on the rate of oxygen absorption. Thus, although the majority of the
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T A B L E  I
S teady R a te  of R eaction under S tatic  Conditions

N orm ality, N aO H 0 £ press., mm.
O 2 absorbed, 

m l./g. cellulose/hr.

5 .1 7 698 0.0052
5 .1 7 430 0.0036
9.58 698 0.00103

experiments were not carried out in total darkness, it is clear that only a 
“ dark”  reaction was involved.

Effect o f Stirring Speed

The solubility and diffusion coefficient of oxygen in sodium hydroxide 
solutions decrease with increasing alkali concentration,6 and so it was 
anticipated that the rate of stirring would be more important at higher 
alkali concentrations. This proved to be the case: in 181V sodium hy
droxide the rate of oxygen absorption depended markedly on the rate of 
stirring, whereas with alkali concentrations of 8N  and lower the rate was 
unaffected by a 60% variation in stirring speed about the standard rate of 
100 cycles/min., even at the lowest oxygen pressure and highest cellulose 
content.

General Features o f the Oxygen Absorption

Typical absorption curves at different alkali concentrations are shown in 
Figures 2 and 3. At the lower concentrations the rate soon attains a 
constant value, whereas above 81V alkali a prolonged period of autocatalysis 
is evident. This contrasts with the autoxidation of alkali-cellulose pre
pared from cotton, which is autocatalytic at all alkali concentrations.4 
The curves also show the effect of interrupting the stirring for a period of 
12 hr. At lower alkali concentrations the rate soon regains the steady 
value observed on the first day: at higher concentrations the reaction 
begins again at the rate observed just before the stirring was stopped at the 
end of the first day. It seems clear that when stirring is stopped and the 
cellulose separates out in a layer well below the surface, any further reaction 
is largely arrested by a barrier of stagnant alkali solution. Medvedev7 
made a similar observation in the autoxidation of tetralin: if the system 
were purged with nitrogen and allowed to stand for several hours the reac
tion ceased, but recommenced at the same rate as before the interruption 
when oxygen was readmitted.

Dependence o f Rate on Cellulose Concentration

The term, Cellulose concentration, is here used to denote the weight of 
cellulose suspended in the alkaline solution (g./400 ml.). For a given 
alkali concentration the shape of the absorption-time plot was substantially 
the same at all cellulose concentrations studied. Thus in 5.791V sodium
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Fig. 4. Variation of reciprocal rate w ith reciprocal extent of oxidation: 8 . 2 8 N  N aO H , 695
mm. oxygen pressure.

Fig. 5. Variation of reciprocal rate with reciprocal extent of oxidation: 11.80A' N aO H ,
696 mm. oxygen pressure.
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hydroxide the rates soon attained steady values: these were 0.035, 0.042, 
0.049, and 0.055 ml. oxygen at S.T.P. per gram of cellulose per hour cor
responding to cellulose concentrations of 0.5, 1, 1.5 and 2 g./400 nil. 
These values are consistent with the following empirical relationships:

rate =  K  [cellulose]1-36

or

rate =  Ki [cellulose] +  K 2 [cellulose]2

At higher alkali concentrations the situation is rather more complicated 
owing to the protracted autocatalysis. However, it has been found that a 
linear relationship exists between reciprocal rate and reciprocal oxygen 
absorption. The plots are shown in Figures 4 (8.28N) and 5 (11.81V) in 
which the dashed lines indicate the relationship to be expected if the power

Fig. 6. V ariation  of reciprocal rate, relative to rate a t infinite oxygen pressure, with 
reciprocal oxygen pressure: 2 g. cellulose.

dependence on cellulose concentration is 1.35 at all extents of oxidation. 
The agreement between the predicted and the observed rates confirms the 
above kinetic dependence on cellulose concentration up to 11.8A  sodium 
hydroxide. With higher alkali concentration the relationship breaks down, 
most probably due to interference from diffusion effects; this will be further 
considered in what follows.
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Dependence o f Rate on Oxygen Pressure

The effect of variation in oxygen pressure on the rate of oxygen absorp
tion was studied by carrying out successive absorption measurements on 
one assemblage of the apparatus. As has been found with certain other 
autoxidation processes,10 the plot of reciprocal (steady) rate versus re
ciprocal oxygen pressure is linear with a positive intercept on the rate axis 
giving the rate at infinite oxygen pressure r inf. To facilitate comparison 
of results at different alkali concentrations the rates have been calculated 
relative to the values at infinite pressure: the reciprocal plots are shown in 
Figure 6. The slopes increase quite markedly as the alkali concentration 
increases above 8N, showing the increasing dependence of rate on oxygen 
pressure. In 16.55A sodium hydroxide, an ordinary plot of rate versus 
oxygen pressure, not given here, reveals a first-order dependence on pres
sure over the whole pressure range; this is probably a further manifesta
tion of the incidence of diffusion effects at higher alkali concentrations.

Dependence o f Rate on Alkali Concentration

The variation in steady rate of oxygen absorption with alkali concentra
tion at 695 mm. oxygen pressure is shown in Figure 7. Only with the high
est cellulose content does the rate pass through a maximum similar to that 
observed in the autoxidation of alkali-cellulose3’4 (that is, cellulose in wad 
form). Again this is most probably due to diffusion effects at high alkali 
concentration. The condition under which diffusion will become im-

Fig. 7. E ffect of alkali concentration on the measured steady rate of oxygen absorption;
695 mm. oxygen pressure,
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Fig. 8. Variation  of steady rate of oxygen absorption per gram  of cellulose with N aO H  
a ctiv ity : 2 g. cellulose, 695 mm. oxygen pressure.

portant is that the concentration of oxygen in solution should be signif
icantly lower than the solubility. This condition will be fulfilled more 
readily with higher concentrations of cellulose, corresponding to higher 
overall rates of oxygen absorption.

In an earlier study2 it was found that the rate of depolymerization of cel
lulose immersed in aerated sodium hydroxide solution was proportional to 
the molal activity of the sodium hydroxide. In Figure 8 the steady rate of 
oxygen absorption is plotted against the sodium hydroxide activity8 for the 
highest cellulose concentration and for alkali concentrations below \ ON; 
within this range the plot indicates a direct proportionality. At higher 
alkali concentrations there is considerable divergence from linearity, but 
the divergence becomes less pronounced as the cellulose content is decreased 
(Fig. 9). It does not seem unreasonable to suppose that in the absence of 
diffusion effects the rate might be proportional to the alkali activity over 
the whole concentration range.

Depolymerization o f the Cellulose

A series of reactions was carried out over a range of alkali concentration 
with 2 g. cellulose and at 145 mm. oxygen pressure for a standard time of 11
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Fig. 10. Com parison of autoxidation characteristics of cellulose and /3-methyl cello- 
bioside; variation  of reciprocal rate w ith  reciprocal extent of oxidation: 8.281V N aO H , 
695 mm. oxygen pressure.

hr. Molecular weight determinations were then carried out on the oxidized 
specimens. The results, summarized in Table II, show that, from the 
point of view of chain scission,2 the absorbed oxygen acts most efficiently 
at high alkali concentration.

T A B L E  II
Com parison of O xygen A bsorption w ith Cellulose C hain  Scission (Original Num ber- 

A verage D .P . of Cellulose-2750)

4.75X
N aO H

9 . 5 S N

N aO H
13.441V
N aO H

16.551V
N aO H

Intrinsic viscosity, dl./g. 5 .5 7 2 .78 1.8 1 2 .68
Scissions per original molecule 
O l> absorbed per gram  cellulose

0.62 2.82 5.49 3.00

S tead y  rate, ml. /hr. 0.025 0.065 0.093 0.051
T o ta l in 11 hr., ml. 0.360 0.620 0.985 0.530

M olecules 0 2 per chain scission 1 1 .5 4 .4 3 .6 3 .5

Autoxidation o f /3-Methyl Cellobioside

The autoxidation of /3-methyl cellobioside (1 g.) in 8.281V sodium hy
droxide was followed by the procedure used for cellulose. As with cellulose, 
reciprocal rate varies linearly with reciprocal oxygen absorption (Fig. 10). 
The steady rate, obtained by extrapolation, is 0.43 ml. oxygen per gram 
per hour which compares with the value of 0.19 for cellulose. The dif
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ference would be accounted for on the assumption that the cellulose is 40% 
accessible, which is a plausible figure, taking into account the nature of the 
medium in which the reaction is carried out. Assuming the cellulose to be 
40% accessible at all degrees of oxidation, a theoretical plot for 1 g. of com
pletely accessible cellulose has been calculated and is shown for comparison 
in Figure 10. This is not identical with the plot for the simple sugar, but 
the difference is not such as to suggest any essential difference in the mech
anism by which the two materials autoxidize.

DISCUSSION 

The Role o f Diffusion

In deriving a kinetic equation it is clearly necessary to establish that the 
observed rate of oxygen absorption is a true measure of the reaction rate, 
free from any influence of diffusion. With alkali concentrations of 8.28N  
and lower, the rate was found to be independent of stirring speed, showing 
diffusion in the solution phase to be unimportant here. With higher alkali 
concentrations, particularly in the presence of large amounts of cellulose, 
diffusion becomes increasingly important and is apparently the rate-de
termining step in 17W sodium hydroxide. Thus the results at higher alkali 
concentrations have not yielded meaningful kinetic data. However, below 
approximately 10A sodium hydroxide there is good reason to believe that 
authentic rates have been measured. It is not possible to show directly 
that diffusion within the cellulose phase is unimportant at low oxygen pres
sure, where the rate is strongly pressure-dependent. However, indirect 
evidence stems from the observation that the reaction order with respect 
to oxygen pressure is practically the same in 8.28N  alkali as in 5.79N  (Fig. 
6). Since diffusion must have a greater potential influence at the higher 
alkali concentration the only reasonable conclusion to be drawn is that the 
influence is negligible in both cases.

The Rate Equation

The experimentally determined kinetic equation for the steady rate 
of oxygen absorption by cellulose immersed in alkaline solution is of the 
form

rate =  K [cellulose]1-36 aNaoH </>[M]

where [cellulose] refers to the quantity of cellulose suspended in sodium 
hydroxide of molal activity aNaoH under a partial pressure P  of oxygen, and 
K  and K ' are constants. <£ [M ] is a function of the heavy metal content of 
the solution, studied in the case of copper catalysis in an earlier investiga
tion.2
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The Initial Reaction

The autoxidation of alkali cellulose was investigated in some detail by 
Entwistle, Cole, and W ooding,3 who put forward a radical chain mechanism 
analogous to that established for the autoxidation of certain simple olefins.9-10 
The initial rate of oxygen uptake was found to be proportional to the reduc
ing power of the cellulose, and it was suggested that radical chains are ini
tiated by reaction of reducing groups with oxygen. In certain processes 
such direct attack by oxygen apparently does occur.11 However, the 
kinetic evidence indicates that in the present system this mode of initia
tion is not important, since it would lead to a power dependence of rate on 
oxygen pressure, whereas the rate is found to become pressure independent 
at high pressure. The significance of the initial rate in relation to the sub
sequent steady rate is, furthermore, in some doubt on another count. 
Bamford and Collins12 found the rate of alkaline autoxidation of glucose to 
be unaffected by the presence of free radical generating substances or of 
radical chain inhibitors, which contrasts with the case of alkali-cellulose 
autoxidation.3 Furthermore, the rates are very different for the two sub
strates: in 6N  sodium hydroxide and at infinite oxygen pressure, glucose 
was found to autoxidize nearly 100 times more rapidly at 25°C. than “ com
pletely accessible”  cellulose does at 40°C. In addition, the rate with glu
cose was found independent of alkali concentration above about IN, 
whereas no such independence is observed with cellulose. Obviously, the 
two processes do not proceed by the same mechanism, and so it is unlikely 
that direct initiation of cellulose autoxidation takes place at reducing end 
groups in the cellulose molecule. A  similar argument can be leveled 
against direct initiation at a-ketol groups in the 2-3 position, based on the 
known characteristics of a-ketol autoxidation.13 Thus reducing groups 
initially present may be expected to autoxidize rapidly before the main 
reaction causing cellulose depolymerization is established, although some 
chain scission would occur with certain types of reducing oxycelluloses.14 
This would reconcile the known dependence of initial rate on reducing 
power3 with the manifestly differing mechanisms by which reducing groups 
and cellulose autoxidize. Also explained would be the observation3 that 
while organic autoxidants such as 1,4-naphthaquinone markedly reduced 
the steady rate of oxygen absorption by alkali cellulose, the initial rate was 
entirely unaffected in all cases.

Although the presence of reducing groups is probably without direct 
influence on the main autoxidative reaction, there may well be an important 
indirect connection. Under alkaline conditions, glucose12 and a-ketols13 
react with oxygen with the initial formation of a peroxide, probably hy
drogen peroxide; there is evidence that this entity is responsible for ini
tiating cellulose oxidation. Entwistle, Cole, and Wooding observed a per
oxide formed during the autoxidation of alkali cellulose and their results 
show that the peroxide content reached a constant value at approximately 
the stage of attainment of the steady rate. Furthermore, it is known that
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addition of glucose does not affect the initial rate of depolymerization of 
alkali-cellulose3 whereas hydrogen peroxide markedly increases the rate.16

The decomposition of a hydroperoxide is complex and generally gives 
some free radicals16 which would be expected to attack the cellulose. Metal 
ions are thought to play an important part in the decomposition, possibly 
through complex formation with the peroxide.17 Variation in metal con
tent and species might be expected to influence the proportion of radicals 
formed during peroxide decomposition, which would explain the known 
dependence of rate on transition metal content.3'4

Subsequent Reactions

Cellulose autoxidation could be effected through hydrogen transfer or 
electron transfer: in either case the result is essentially the same16 and for 
the sake of simplicity it will be arbitrarily taken that hydrogen transfer is 
involved. Assuming that the successive steps follow the basic pattern 
common to most other autoxidations, initial formation of a cellulose radical 
will be followed by uptake of oxygen to give the corresponding peroxy 
radical. If attack originally takes place on carbons 2, 3, or 6 the structure 
of the latter will be

GO-
I

R — C— OH

X
(I)

where the identity of R and X  depends on the particular position of attack. 
Structure I is likely to be extremely unstable in view of the known tendency 
of hydroperoxides to hydrolyze in alkali18 and in view of the inherent in
stability of compounds containing a perhydroxyl group and a hydroxyl 
group on one carbon atom .16 Rapid scission may therefore be expected 
with the formation of a carbonyl group and the radical H 0 2. Scission of 
the cellulose molecule is not directly involved in this sequence, but the in
troduction of a carbonyl group at positions 2, 3, or G may be expected to 
confer alkali sensitivity to a glycosidic link in the /3-position.20 Under the 
alkaline conditions of the reaction H( )2 will be almost completely dis
sociated21 to the radical ion OT. Whether or not a chain reaction of the 
Gee-Bolland type9 ensues will depend on the reactivity of the mobile 
radical ion rather than of the relatively immobile cellulose peroxy radical. 
The redox potentials for electron transfer22 show that H 0 2 is less reactive 
than the HO- radical: it is apparently incapable of abstracting hydrogen 
from an unionized alcohol molecule.23 The ionized form 0 ^  would seem 
to be an even less powerful oxidizing agent and may itself undergo oxida
tion under certain circumstances.24 Normally the radical ion O 2 would 
not be expected to oxidize an organic substrate, but the situation may be dif
ferent in the strongly alkaline environment of the present system. In
deed, taking into account that bimolecular reaction between cellulose mole
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cules in different fibers would almost certainly be precluded, it has not 
been found possible to explain how the order of reaction with respect to 
cellulose can be greater than unity without assuming that O ; does attack 
the cellulose. It is not, however, necessary to postulate the occurrence of 
long reaction chains. Tobolsky and co-workers25 have shown that in the 
limiting case of a Gee-Bolland mechanism in which the rate of formation of 
peroxide is equal to the rate of decomposition, the autoxidation rate will 
attain a constant value proportional to the square of the substrate concen
tration and that under these conditions the chain length is unity. Cer
tainly the low reactivity of 0 7  would make the occurrence of long reac
tion chains unlikely; also the addition of inhibitors to alkali cellulose3 does 
not cause the spectacular decrease in rate observed in processes where the 
uninhibited reaction proceeds by a long chain mechanism.26

Some indication of the point of attack in the anhydroglucose unit follows 
from the relation between rate and alkali activity. The most probable 
function of the alkali is to promote ionization of hydroxyl groups in the cel
lulose molecule; in addition, for proportionality with alkali activity the 
ionization must be small. The first dissociation constant27’28 is in the 
region of 10 ~14 so that the first ionization, which presumably takes place 
at the 2,3 a-glycol,29 will be more than half complete in 1 ON sodium hy
droxide and is thus eliminated. The second ionization will be much smaller 
and may occur at C6 or again at the glycol: by analogy with the case of 
ascorbic acid13 a double negative charge might be expected to render the 
glycol particularly susceptible to oxidation.

Kinetic Analysis

The preceding discussion can be formalized in the simplified reaction 
scheme of eqs. (1)—(7) relating to the steady rate of oxygen absorption by 
cellulose in presence of alkali.

h
H02 (initiation) —*■ ‘/ 20 2 (1)

ki
O, +  R—CHX—0 -  — R—CX—0 -  +  HO; (2)

R—CX—0 “ +  0, — R—C X = 0  +  07 (3)
. k*

R—CX—0 -  +  07( +  H+) ->• R—C X = 0 +  h o ; (4)
ki

2 0 7 ( +  H+) — h o ;  +  o 2 (5)
ka

R—CHX—OH +  OH -  ^  R—CHX—0 -  +  H20 (6)

R—CX—OH +  OH- vi R—CX—0 -  +  H20 (V)

Decomposition of (ionized) peroxide by reaction (1) gives one-half equiv
alent of radicals which subsecluently attack the cellulose; these are taken 
to be 0 ;  for convenience of treatment. In practice less than half may 
attack the cellulose, but this does not affect the form of the derived rate
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equation. Oxidation of ionized cellulose takes place in two stages by reac
tions (2) and (3), and radicals suffer mutual destruction by reactions (4) 
and (5). It is assumed that interaction of two cellulose radicals would be 
precluded because of steric hindrance. For constant peroxide concentra
tion, corresponding to the steady rate, the rate of formation by reactions 
(2), (4), and (5) is equal to the rate of decomposition by reaction (1). Then 
by the method of stationary states the following relationships are found for 
the steady rate of oxygen absorption :

rf [O2 ]
dt

= [r c x o ~] [O2] -  y 2fc5[o ip  = y , M H O ï ]

4 /c22fc3 [RCH XO ~ ]2 [02 ]

I 2 /C2M R C H X O -] +  9k3k6 [02] +
3fcifc4/c6 [HO 2] 

4A:2 [RCH XO - ]

(8)

Expression (8) cannot be verified as it stands because of the presence of the 
peroxide-concentration term in the denominator. However, it can be 
shown that this term is at the most relatively small. At high oxygen pres
sure, where reaction (4) can be neglected, the rate equation simplifies to

-  d[Qh]/dt =  (4fc22/9/c6)[R C H X O “ ]2 (9)

while at low oxygen pressure, neglecting reaction (5), the equation be
comes

-  d[Ch\/dt =  ( W 3 h ) [ R C H X O - ] [0*] (10)

so that in these extreme cases the term in peroxide concentration vanishes. 
At a certain oxygen pressure between these extremes, expression (8) can be 
simplified by equating the terms 12ft2fc4[R C H X O - ] and 9fc3fc6[0 2]. Here it 
can be shown by successive approximations that effect of the peroxide con
centration term is to reduce the calculated rate by 9.9%. This would in
troduce slight curvature in the plot of reciprocal rate versus reciprocal 
oxygen pressure, too small to detect in the present experiments. Thus 
the peroxide concentration term may be disregarded, and the dependence 
of rate on oxygen pressure becomes of the form found experimentally.

For a given alkali concentration the concentration of ionized cellulose 
will be proportional to that of the original cellulose, since the alkali is 
present in large excess. Thus at infinite oxygen pressure the rate should 
vary with the square of the cellulose concentration, according to eq. (9). 
Under the oxygen pressure used experimentally the power dependence 
would be slightly less— approximately 1.9. The observed power depend
ence of 1.35 is significantly lower than the theoretical value and this prob
ably results from an oversimplification in the reaction scheme. It can be 
shown that the calculated power dependence of rate on substrate concentra
tion is equal to the order of reaction by which the 0 1  radicals are de
stroyed. Thus for example at low oxygen pressure these radicals are de
stroyed by reaction (4), which is first order with respect to 0 1 ;  the over
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all rate is then first order with respect to substrate. It is not difficult to 
imagine other radical terminating reactions which would give the same 
kinetic result at high oxygen pressure; electron transfer between a radical 
and a metal ion is one obvious possibility.

B y eq. (6) the concentration of ionized cellulose is given as K a [RC H- 
X O H ][O H - ], where K a is the acidic dissociation constant of the reactive 
position and [OH“ ] the hydroxyl ion concentration (or, at high concentra
tion, the activity). For low degrees of dissociation [RCH XO H] will be 
sensibly equal to the total cellulose present and independent of [OH- ]. 
The rate should then show the same power dependence on alkali activity 
as on cellulose concentration. The results are in fact consistent with a pro
portionality between rate and alkali activity to the power 1.35, up to 8.31V 
sodium hydroxide. Above this concentration the plot (not shown here) 
diverges from linearity rather more abruptly than does the first power plot 
of rate versus activity (Fig. 9). It is not possible to say to what extent 
this divergence may be due to diffusion effects since if the cellulose dissocia
tion becomes significant at higher alkali concentrations some divergence 
would be expected anyway. The results up to 101V alkali are in fact con
sistent with a dissociation constant of 7 X  10-16 at 40°C. for the reactive 
position.

T h e authors wish to  thank D rs. H . R . C ooper and T . P . N evell for helpful discussions 
during the preparation of the m anuscript. One of us (R . I. C . M .) is indebted to the 
trustees of the Courtauld  Scientific and Educational T ru st Fund for the award of a 
Research Scholarship.

References

1. C f. M üller, H . G ., T e x t i l - R u n d s c h a u ,  12 , 622, 671 (1957); i b i d . ,  13 , 67 (1958).
2. M ichie, R . I. C ., and S. M . N eale, J .  P o l y m e r  S e i . ,  A 2 , 225 (1954).
3. E ntw istle, D ., E . H . Cole, and N . S. W ooding, T e x t i l e  R e s .  J . ,  19 ,5 2 7 , 609 (1949).
4. D avidson, G . F ., J .  T e x t i l e  I n s t . ,  23, T 95 (1932).
5. B ritish  Standard Specification 2610:1955
6. G effcken, G ., Z .  P h y s i k .  C h e m . ,  49, 257 (1904); W . W . Ipatieff, W . P . Teodoro- 

vitsch, and S. I. D ruschina-A rtem ovitsch, Z .  A n o r g .  C h e m . ,  216, 66 (1933); M . I. L evina 
and N . P . S tsibarovskaya, J . P h y s .  C h e m .  ( U . S . S . R . ), 12 , 653 (1939), per C h e m .  A b s t r . ,  

34,30 6(1940 ).
7. M edvedev, S., and A . Podyapolskaya, J . P h y s .  C h e m .  ( U . S . S . R . ) ,  12 , 719 (1939).
8. A kerlöf, G ., and G . Kegeles, J .  A m .  C h e m .  S o c . ,  62, 620 (1940).
9. B olland, J. L ., Q u a r t .  R e v . ,  3 , 1  (1949).

10. B atem an, L., Q u a r t .  R e v . ,  8 ,1 4 7  (1954).
11. Cooper, H . R ., and H . W . M elville, J .  C h e m .  S o c . ,  19 5 1,19 8 4 .
12. B am ford, C . H ., and J. R . Collins, P r o c .  R o y .  S o c .  ( L o n d o n ) ,  A 20 4 ,62 (1950).
13. W eissberger, A ., J. E . Luvalle, and D . S. Thom as, J .  A m .  C h e m .  S o c . ,  65, 1934 

(1943); A . W eissberger and J. E . L uvalle , J .  A m .  C h e m .  S o c . ,  69, 1567 (1947).
14. C orbett, W . M ., J .  S o c .  D y e r s  C o l o u r i s t s ,  76 ,2 6 5  (1960).
15. K lein ert, T . N ., T e x t i l - R u n d s c h a u ,  14 , 249 (1959).
16. Ingold, K . U ., C h e m .  R e v . ,  6 1 ,5 6 3  (1961).
17. K rem er, M . L ., T r a n s .  F a r a d a y  S o c . ,  58, 702 (1962): see also D i s c u s s i o n s  F a r a d a y  

S o c . ,  N o. 29 (1960).
18. W aters, W . A ., T h e  C h e m i s t r y  o f  F r e e  R a d i c a l s ,  Clarendon Press, Oxford, 1946, 

p. 244.



2 0 8 2 M I C H I E  A N D  N E A L E

19. Cooper, H. IL, private communication.
20. Corbett, W. M ., in R ecen t A d va n ces  in  the C h em istry  o f  C ellu lose and  Starch, 

J. Honeyman, EcL, Heywood, London, 1959, p. 106 et seq.
21. Uri, N., C hem . R evs., 50 ,375 (1952).
22. Mead, J. F., in A u to x id a tio n  and  A u tox id a n ts , Vol. I, W . O. Lundberg, Ed., 

Interscience, (W iley), New York- London, 1961, p. 302.
23. Bolland, J. L., and H. R. Cooper, P ro c . R o y . S oc. (L o n d o n ), A 225 ,405 (1954).
24. Barb, W . G., J. H. Baxendale, P. George, and K . R. Hargreave, T ra n s . F a ra d a y  

S oc., 47, 462 (1951).
25. Tobolsky, A. V., D . J. Metz, and R . B. Mesrobian, J . A m . C hem . S oc., 72, 1942 

(1950): see also ref. 22 p. 115.
26. Bolland, J. L., and P. ten Hâve, T ra n s . F a ra d a y  S oc., 43, 201 (1947).
27. Neale, S. M ., J . T ex tile  In s t ., 21, T225 (1930).
28. Pennings, A. J., and W . Prins, J . P o ly m er  S c i ., 58, 229 (1962).
29. Cf. Hine, J., and M . Hine, J . A m . C hem . S oc., 74,5266 (1952).

Résumé

On a dessiné un appareil pour mesurer de petites quantités d ’absorption de gaz pour 
un volume relativement grand de liquide dans des conditions d ’agitation énergique. A 
l’aide de cet appareil, une étude d ’absorption d ’oxygène a été faite sur du coton cellulo
sique finement divisé, suspendu dans une solution d ’hydroxyde de sodium à 40°C  pour 
une série de concentrations en alcalis, de contenu en cellulose et de pression en oxygène. 
Dans un série d ’expériences, la dépolymérisation de la cellulose a aussi été déterminée 
et dans une autre expérience on a suivi F auto-oxydation du /3-méthyl cellobioside. 
Durant les étapes initiales, la réaction est autocatalytique pour des concentrations en 
alcali au-dessus de 8N .  En absence des effets de diffusion, c.a.d., pour des concen
trations en alcalis approximativement inférieures à 10V, la vitesse stationnaire d ’absorp
tion d ’oxygène est donnée par l ’équation :

-  ^  =  lL[Cell]1-35 aNaon
dt K  +  |02]

où [cell] désigne le poids de la cellulose dans la solution, [0 2] la pression partielle en 
oxygène, ONnOH l’activité molaire de l ’hydroxyde de sodium, 0 [M ] une fonction de la 
teneur en ion métallique et K  et K '  sont des constantes. Les caractéristiques connues 
de l ’autoxydation sont en accord avec un mécanisme modifié de Gee-Bolland. Ainsi 
un radical cellulosique formé par décomposition de peroxyde réagit avec l ’oxygène pour 
former un radical du type R O 2 . Le dernier nommé est vraisemblablement instable et 
se sépare en un ion radical O 2 lequel est comparativement non réactionnel mais doit 
néanmoins être capable d ’attaquer une molécule de cellulose ionisée, complétant alors 
un cycle d ’oxydation. En principe un mécanisme en chaîne en suivrait mais l’évidence 
montre qu’un mécanisme à longue chaîne n ’est pas indu, en particulier lorsqu’on atteint 
la vitesse stationnaire.

Zusammenfassung

Es wurde ein Apparat zur Bestimmung kleiner, von einem relativ grossen Flüssig
keitsvolumen unter heftigem Rühren absorbierter Gasmengen entwickelt. M it Hilfe 
dieses Apparates wurde die Absorption von Sauerstoff durch fein verteilte, in Natrium- 
hydroxydlösung suspendierte Baumwollcellulose bei 40°C über einen grossen Bereich 
der Alkalikonzentration, des Cellulosegehaltes und des Sauerstoffdruckes untersucht. 
In einer Versuchsreihe wurde ausserdem die Cellulose-Depolymerisation, in einem 
anderen Versuch die alkalische Autoxydation von /3-Methyl-Cellobiosid verfolgt. Im  
Anfangsstadium verläuft die Reaktion bei Alkalikonzentrationen über 8 n autokataly
tisch. Treten keine Diffusionseffekte auf, was bei Alkalikonzentrationen unter et-wa 10
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n der Fall ist, so ist die stationäre Geschwindigkeit der Sauerstoff-absorption durch die 
Gleichung

rf[Os]
dt

=  K  [Celll'-^aNaon [0.1
X '+[02]

gegeben, wobei [Cell] das Gewicht der in der Lösung enthaltenen Cellulose, [0 2] der 
Sauerstoffpartialdruck, aNaOE die molare Aktivität von Natriumhydroxyd, 4>[M] eine 
Funktion des Metallionengehaltes (frühere Untersuchungen2) und K  und K '  Konstanten 
sind. Die bekannten Charakteristika der Autoxydation stehen mit einem modifizerten 
Gee-Bolland-Mechanismus im Einklang. Demnach reagiert ein durch Peroxydzersetzung 
gebildetes Celluloseradikal mit Sauerstoff unter Bildung eines Radikals vom  T yp RO;. 
Dieses ist wahrscheinlich instabil und spaltet das Radikalion O T  ab, welches imVergleich 
dazu wenig reaktionsfähig ist, aber dennoch fähig sein muss, ein ionisiertes Cellulose
molekül anzugreifen und so einen Oxydationszyklus zu schliessen. Im  Prinzip könnte 
zwar eine Kettenreaktion folgen, doch die Befunde zeigen, dass, besonders bei der 
Erreichung der stationären Geschwindigkeit, kein Mechanismus mit langer Kette 
wirksam ist.

Received March 28, 1963
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Photodegradation of Poly (methyl Acrylate)*

R. B. FO X, L. G. ISAACS, S. STOKES, and R. E. KAGARISE, U. S. 
Naval Research Laboratory, Washington, D. C.

Synopsis

Thin films of poly(m ethyl acrylate) at room  temperature have been photodegraded 
in air and in vacuum by radiation from a low-pressure mercury source. Changes in 
intrinsic viscosities, ultraviolet absorption, and volatile products were followed as a 
function of the energy absorbed. Crosslinking occurs in both air and vacuum, but at a 
slower rate in air. The apparent quantum yield for random scission in air was 0.013 
scissions per quantum absorbed. In air, carbonyl groups are formed along the backbone 
chain. M ost of the volatile products studied appear to originate from the ester groups 
in the polym er; formaldehyde, methanol, and methyl formate evolved at a constant 
rate for doses up to at least 2 X  10® quanta/g.; quantum yields for each were deter
mined. Carbon dioxide forms in amounts increasing exponentially with dose. Small 
amounts of carbon monoxide, methane, and hydrogen were detected qualitatively, but 
monomer was not observed. A  mechanism com patible with these findings is suggested.

INTRODUCTION

Previous reports from this Laboratory on the photodegradation of thin 
polymer films have been concerned with poly-a-methylstyrene1 and 
poly (methyl methacrylate)2 (PM M A). These studies have allowed us to 
compare under similar conditions linear polymers having chains contain
ing alternating quaternary carbon atoms but different chromophores. In 
the solid state, this type of polymer has usually been found to undergo 
degradation without significant crosslinking. On the other hand, poly
mers having tertiary hydrogen atoms along the carbon chain are notable 
for their tendency to crosslink under the influence of radiant energy.3’4 
It is of interest, therefore, to compare the photodegradation of polymers 
having the same chromophores but differing backbone structures. For 
example, films of poly (methyl vinyl ketone) and poly (methyl isopropenyl 
ketone) have been photolyzed in vacuum, but the temperatures for the 
photolyses of the two materials were quite different.5 Wide variations in 
experimental conditions for the photodegradation of other polymers6 
makes further comparisons difficult.

As a companion to our investigation of PM M A , we have undertaken a 
study of the photodegradation of films of poly(methyl acrylate) (PM A) in 
air and in vacuum at room temperatures under irradiation by a low-

* Presented in part at the 142nd meeting of the American Chemical Society, Atlantic 
City, N . J., September 1962.
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pressure mercury source. PM A has been observed to crosslink during both 
radiolysis7 and thermolysis,8 whereas in PM M A  crosslinking is usually 
absent during degradation except under special conditions such as photoly
sis in the presence of specific sensitizers.9 An analog of PM A, poly (ethyl 
acrylate), has been found to undergo extensive crosslinking during 
photolysis.10

EXPERIMENTAL 

Materials and Apparatus

PM A was prepared under helium by adding, over a period of 90 min., 
a solution of 0.166 g. of azobisisobutyronitrile in 132 g. of a freshly distilled 
and degassed heart cut of methyl acrylate to 320 g. of refluxing ethyl 
acetate. Refluxing was continued an additional hour. The polymer was 
isolated by pouring the mixture into methanol. After two reprecipita
tions from tetrahydrofuran solution with methanol, the material was 
dried in vacuum at room temperature. The yield of PM A was 68 g. 
The polymer had an intrinsic viscosity of 1.036 dl./g. in benzene at 30 °C.

All solvents were spectroscopic or redistilled reagent grade materials. 
Tetrahydrofuran was treated with lithium aluminum hydride before dis
tillation under nitrogen.

Ultraviolet spectra were measured with a Perkin-Elmer Spectracord 
Model 4000 recording spectrometer. Mass spectrometric analyses were 
carried out with a Consolidated Electrodynamics Model 21-620 mass 
spectrometer.

Irradiation Cell, Source, and Actinometry

Films were exposed in a quartz irradiation cell similar to that described 
previously.1'2 The radiation source was a Hanovia 93A-1 low-pressure 
mercury lamp which emits 88%  of its energy at 2537 A. Since longer 
wavelength radiation is not significantly absorbed by the PM A films used 
here, and energy emitted at shorter wavelengths (principally 1849 A.) 
is absorbed by the quartz cell, the 2537 A. radiation has been assumed to 
be the only photolytically active energy in this work. Wire screens were 
used to vary the incident intensity of the radiation. Actinometry was 
carried out by the ferrioxalate method11 before each exposure.

Viscosity Measurements

Intrinsic viscosities of the polymer samples before and after irradiation 
were determined in benzene solution at 30 ±  0.01 °C. by extrapolation of 
risp/c versus c plots to zero concentration. Huggins constants for both 
degraded and undegraded samples were the same within experimental 
error. Ubbelhode-type dilution viscometers having running times of 
about 170 sec. for benzene were used, and kinetic energy and shear cor
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rections were not made. Number-average molecular weights were re
lated to intrinsic viscosities by the equation of Sen and co-workers:12

M  =  3.09 X 10-5d?n0-72 (1)

Procedure

Approximately 50 cm .2 films were prepared in flat rectangular quartz 
or Pyrex dishes by slow evaporation over a 24 hr. or longer period of a 
methylene chloride solution containing 200 mg. of PM A. After evapora
tion, most of the remaining solvent was removed at room temperature at 
1 mm. pressure. For air exposures, the dish containing the film was 
irradiated in the cell with the top removed. The cell was evacuated 
(mercury diffusion pump) continuously for 24 hr. at room temperature 
and sealed off at 10 ~6 mm. pressure in the vacuum runs. All runs were 
made at room temperatures, 22 ±  2°C.

After irradiation, spectra of the degraded films were measured in air; 
in vacuum runs, the films were re-evacuated after each such measurement. 
Degraded films were dissolved in benzene for viscosity determinations. 
Insoluble material was removed by filtration and weight losses thus in
curred were always less than 1% of the total sample. Volatile products 
condensable by liquid nitrogen were collected in a series of traps during 
successive periods of irradiation by the following procedure. The evac
uated cell containing the film was heated for 6 hr. at 80-85°C. prior to 
irradiation to remove traces of volatiles. Products were trapped during 
a given irradiation period and a subsequent 3-hr. heating period, the trap 
was sealed off, and the process repeated with the same film. Longer 
heating periods or higher temperatures did not yield additional products.

Films having thicknesses within 10% of 30 ¡x were used. Over a thick
ness range of 15-40 ¡i, a constant absorbed dose per gram of polymer pro
duced the same number of scissions per polymer molecule within experi
mental error. In both air and in vacuum, an absorbed dose of 2 X  1019 
quanta/g. of polymer resulted in the same number of scissions whether 
the dose was absorbed in one interval or over a series of intervals inter
rupted by six 10-min. periods of darkness; to this extent, dark reactions 
were absent.

RESULTS AND DISCUSSION

The apparent molecular weight changes based on a random scission 
process taking place in PM A films during photodegradation by 2537 A. 
radiation in air and in vacuum are shown in Figures 1 and 2, respectively. 
In vacuum runs in which more than 3 X  1019 quanta/g. had been absorbed 
by the sample, crosslinking was indicated by the formation of benzene- 
insoluble material. In air exposures, no visible insoluble material was 
formed. However, a qualitative comparison of the sedimentation pat
terns of undegraded and degraded samples of PAIA showed that cross- 
linking was occurring under either set of exposure conditions. This is in
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(Q U A N T A  A B S O R B E D /g  P O L Y M E R ) *  I 0 ' 19

Fig. 1. Pliotodegradation of P M A  in air.

■0.2

“ 0.0

-0.1
(Q U AN TA  A B S O R B E D /g  PO LYM ER ) * 10"

Fig. 2. Photodegradation of P M A  in vacuum.

marked contrast to a similar comparison with PM M A, in which no cross- 
linking could be detected. Since PM M A  and PM A possess the same ester 
groups and give rise to similar volatile products, it may be inferred that 
crosslinking in PM A occurs through radicals formed by abstraction of the 
tertiary hydrogen atoms along the polymer chain. This assumes similar 
molecular configurations for both polymers and the absence of any form of 
steric hindrance to crosslinking in PM M A. It is likely that in PM A gela
tion during air exposures is retarded by oxygen acting as a radical scaven
ger, the effect of which would be to inhibit crosslinking without affecting 
gcission,
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In contrast to the results with PM M A, molecular weight changes in 
photodegraded PM A cannot be assessed quantitatively on the basis of 
viscosity measurements. If no crosslinking occurred, apparent quantum 
yields for random chain scission, $ s, could in principle be evaluated from 
Figures 1 and 2 by the equation

=  (A / M J  [ ( M / M ) 17“ -  1]/Ittt (2)

where A  is Avogadro’s number and I at is the number of quanta absorbed 
per gram of polymer. It has been assumed that the number of scissions 
per polymer molecule, ( M nJ M n) — 1, is equivalent to (fro ]/fa ])17“ -  1, 
where the subscript zero refers to undegraded polymer and a is the Mark- 
Ilouwink equation exponent, 0.72, in eq. (1). With an average value of 
6.5% for the proportion of incident radiation absorbed by the film, the re
sults for air exposures lead to $ s =  0.013 scissions per quantum absorbed. 
This should be regarded as a minimum value in view of the probable scav
enging role played by oxygen. No evaluation of <i>s in vacuum can be made 
on the basis of the data plotted in Figure 2.

As in the case of P M M A ,2 the apparent number of scissions per PM A mole
cule in air was independent of the intensity of the incident radiation, as 
shown in Table I.

TA B L E  I
Effect of Intensity on the Photolysis of P M A  in Air

Rate of energy 
absorption X  10-16, 

quanta/g./sec.
Absorbed energy X  10 19, 

quanta/g. Scissions /  molecule

1.20 1.10 0.068
4.29 1 .10 0.065
8 .7 1.10 0.063

This is taken as evidence that the termination of polymer radicals is pri
marily through combination with small, relatively mobile, radicals in the 
vicinity of the chain break rather than through recombination of polymer 
radicals.

Spectral changes in PM A during photodegradation in both air and 
vacuum are shown in Figure 3 and are similar to those found in PM M A. 
The increased absorption in the region usually associated with the carbonyl 
chromophore again indicates the possible formation of aldehyde groups 
along the polymer chain, at least in the air exposures.

Since only liquid nitrogen-condensable volatile products were collected 
during the photolysis of PM A in vacuum, a complete analysis could not be 
made. The major products evolved and studied were formaldehyde, 
methanol, methyl formate, and carbon dioxide; carbon monoxide, meth
ane, and hydrogen were also observed, but no quantitative collection was 
attempted. At no time was methyl acrylate detected. Depolymerization
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absorbed by the sample. The results for carbon dioxide are entirely dif
ferent. As seen in Figure 4, the amount of carbon dioxide formed in
creased exponentially with the number of quanta absorbed, indicating a 
first-order dependence on a species being formed in, but not removed from, 
the polymer film.

All of these products can be visualized as originating from the ester 
groups in the polymer. The possible major homolytic pathways are

—  !’ • +  -COOCH3 

P— c o o c h 3 - — PCO- +  -OCHs

L—  PCOO- +  - c h 3

where P represents the polymer molecule. Combination of hydrogen atoms 
with the carbomethoxy and methoxy radicals would yield methyl formate 
and methanol, respectively. Formaldehyde may be a major product 
through one of the following reactions:

•OCH3 —  H,CO +  H -

•OCH3 +  -COOCH, H,CO +  HCOOCH3

Although a quantitative analysis for methane was not carried out, the 
absence of dimethyl ether among the products is notable in view of the 
presence of methoxy radical-derived products.

Both carbon dioxide and carbon monoxide have been observed in the 
photolysis of methyl formate,13 and carbon dioxide was a major product in 
the methyl radical-sensitized decomposition of this ester.14 These types 
of reactions are insufficient to account for the observed rate of formation of 
carbon dioxide during the photolysis of PM A, however. It is suggested 
that most of the carbon dioxide is associated with the formation of chain 
ends through random scission, since the cumulative number of chain ends 
is increasing rapidly with time. An example of such a decomposition is

~ C H ,C H ^ C H  —  ~ C H 2CH— CH oCH3 - *  ~ C H ,C H C H ,C H 3 +  CO,
C  1
CO CH3 CO
\  /

o  o -

A similar six-membered ring “ back-biting”  reaction might also be en
visioned. Such reactions, it will be noted, would not give rise to small 
molecules derived from methyl radicals. On the other hand, the decom
position of the acyloxy radical to carbon dioxide should be efficient15 and 
relatively uncomplicated in such a viscous environment.16

The authors are indebted to Dr. T . F. Ford and Mr. Owen Nichols for the sedimen
tation pattern determinations.
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Résumé

On a dégradé à la lumière en présence d ’air et sous vide par irradiation au moyen d ’une 
source de mercure à faible pression des films minces de polyaerylate de métlyde à tem
pérature de chambre. On a suivi des changements de viscosité intrinsèque, l ’absorption 
ultraviolette et les produits volatils en fonction de l ’énergie absorbée. Le pontage se 
produit aussi bien à l ’air et sous vide, mais plus lentement à l ’air. Le rendement 
quantique apparent de la rupture statistique à l ’air est de 0.013 scissions par quantum 
absorbé. Dans l ’air, les groupements carbonyles sont formés le long de la chaîne prin
cipale. La plupart des produits volatils semblent provenir des groupes esters du poly
mère; les formaldéhyde, méthanol et formiate de méthyle sont formés à une vitesse 
constante pour des doses atteignant au moins 2 X  1020 quantum par g. Le rendement 
quantique de chacun de ceux-ci est déterminé. L ’anhydride carbonique est formé en 
quantités augmentant exponentiellement avec le dosage. On constate qualitativement 
des faibles quantités d ’oxyde de carbone, de méthane et d ’hydrogène, mais on n ’observe 
pas de monomère. Un mécanisme com patible avec ces résultats est proposé.

Zusammenfassung

Dünne Polymethylacrylatfilme wurden bei Raumtemperatur in Luft und im Vakuum 
durch Bestrahlung mit einer Niederdruck-Quecksilberlampe photochemisch abgebaut. 
Die Veränderung der Grundviskosität, der UV-Absorption und der flüchtigen Produkte 
wurden in Abhängigkeit von der absorbierten Energie untersucht. Sowohl in Luft als 
auch im Vakuum tritt Vernetzung auf, in Luft jedoch mit kleinerer Geschwindigkeit. 
D ie scheinbare Quantenausbeute für die statistische Spaltung war in Luft 0,013 Spal
tungen pro absorbiertes Quant. In Luft werden längs der Hauptkette Carbonylgruppen 
gebildet. Die meisten der untersuchten flüchtigen Produkte scheinen aus den Ester
gruppen des Polymeren zu entstehen. Bis hinauf zu Dosen von wenigstens 2 .1 0 27 
Quanten pro Gramm war die Bildungsgeschwindigkeit von Formaldehyd, Methanol 
und M ethylform iat konstant; für jede dieser Substanzen wurde die Quantenausbeute 
bestimmt. Die gebildete Kohlendioxydmenge nahm exponentiell mit der Dosis zu. 
Kleine Mengen von Kohlenm onoxyd, M ethan und Wasserstoff wurden qualitativ 
nachgewiesen, dagegen wurde kein Monomeres gefunden. Ein mit diesen Befunden 
übereinstimmender Mechanismus wird vorgeschlagen.

Recieved March 11, 1963
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Intramolecular Hydride Shift Polymerization by 
Cationic Mechanism. II. Spectroscopic Analysis 

of Poly-3-methylbutene-l
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and R. M . THOM AS, Chemicals Research Division, Esso Research 

and Engineering Company, Linden, New Jersey

Synopsis

The structures of cationically obtained poly-3-m ethylbutene-l, isotactic poly-3- 
methylbutene- , and hydrogenated 3,4-polyisoprene have been investigated by nuclear 
magnetic resonance and infrared spectroscopy. These studies corroborate the previously 
proposed structure of an a,a '-dim ethylpropane repeating unit for the cationic polymer 
and they confirm the conventional 1,2 head-to-tail enchainment for the isotactic polym er 
and for the hydrogenated 3,4-polyisoprene. The N M R  spectra of cationic poly-3- 
methylbutene-1 and polyisoprene are very similar and show only two peaks. They are 
quite different from the spectra of isotactic poly-3-m ethylbutene-l and hydrogenated 
3,4-polyisoprene. The isotactic product was solubilized by  careful pyrolysis to render 
it amenable to spectroscopic studies. Unfortunately, present-day N M R  spectroscopy 
does not possess high enough resolution to be useful in the quantitative investigation 
of mixtures of 1,3 and 1,2 enchainments. The N M R  spectrum of polyisobutylene oxide 
can be used to distinguish cationic poly-3-m ethylbutene-l from the isotactic modification 
and from the hydrogenated 3,4-polyisoprene. The more important bands have been 
analyzed and assigned. Isotactic poly-3-m ethylbutene-l and hydrogenated 3,4-poly
isoprene both have a conventional 1,2 structure, and their infrared spectra are essentially 
identical.

I. INTRODUCTION

In the first paper of this series we discussed a thoroughly docu
mented case of an intramolecular hydride shift polymerization.1 This 
resulted when 3-methylbutene-l was polymerized cationically at low 
temperatures. Structure analysis of the product revealed an unusual 
repeat unit, viz., a,a'-dimethylpropane, which was explained by postulating 
the intramolecular hydride migration polymerization. Our conclusions 
were based on results obtained by careful pyrolysis combined with frag
ment analysis using gas chromatography, infrared spectroscopy, and mass 
spectroscopic studies.

At this time we report further results from nuclear magnetic resonance, 
infrared, and x-ray diffraction studies. These findings are in agreement 
with earlier conclusions. They substantiate the proposed unusual struc-
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ture of cationically obtained poly-3-methylbutene-l and the concept of 
intramolecular hydride shift polymerization.

II. EXPERIMENTAL 

A. Polymerizations

The source and purity of materials used has been reported.1 3-Methyl- 
butene-1 was polymerized at — 96°C. in methyl chloride diluent with 
aluminum chloride catalyst dissolved in methyl chloride. Amorphous, 
rubbery poly-3-methylbutene-l was thereby obtained. Isotactic polymer 
was prepared by using an alkyl metal transition halide catalyst system 
(Ziegler-Natta type). The synthesis of hydrogenated 3,4-polyisoprene 
has been described.1 Polyisobutylene oxide was obtained by polymerizing 
isobutylene oxide monomer with titanium tetrachloride.2 Isobutylene 
oxide was obtained from Farchen Research Laboratories. Gas chro
matographic analysis indicated that the material was 96.4% pure; nine 
impurities were present; the nature of impurities was not defined except 
that every one of them were isomers of isobutylene oxide (mol. wt. 72).

B. Analytical Techniques

The N M R  spectra were obtained with a 60 A Varian X  AIR spectrometer 
at 60 Mcycles. Tetrachloroethylene was used as solvent.

The infrared spectra were obtained on a Baird Model 4-55 instrument. 
With one exception, all scans were made on film cast on a XaCl window 
from CS2 solution, followed by solvent evaporation. The isotactic poly-3- 
methylbutene-1 sample, being insoluble, was prepared as a hot pressed 
film.

III. RESULTS AND DISCUSSION 

A. N M R Spectroscopic Studies

The N M R  spectra of polyisobutene and various poly-3-methylbutene-1 
samples have been compared. Figures 1 and 2 show results for poly
isobutene and poly-3-methylbutene-l, respectively. Both samples were 
obtained by low temperature cationic polymerization technique (e.g., 
AICI3 catalyst in methyl chloride at — 96°C.).

Qualitatively these spectra are quite similar. Both show only two sharp 
peaks, one at higher field representing ̂ em-dimethyl hydrogens, and another 
at lower field due to methylene hydrogens.

Based on this similarity and other qualitative considerations, Edwards 
and Chamberlain3 concluded that cationic poly-3-methylbutene-l consists 
exclusively of 1,3 structure, e.g.,

C H 3
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Fig. 1. Polyisobutylene: 60 M cycle N M R  spectrum. TM S denotes the tetramethylsilane
reference spike.

Another view is to regard the polymer as a succession of “ neopentyl”  
groups, e.g.,
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Fig. 2. Cationic poly-3-m ethylbutene-l: 60 M cycle N M R  spectrum; pptm*.denotes parts 
per 10 million measured from benzene.

A detailed quantitative analysis of these spectra has indicated that the 
situation is far from being simple, and that present-day N M R  spectra are 
not well enough resolved to be used to decide whether cationic poly-3- 
methy]butene-1 represents exclusively a 1,3 structure,

C H 3
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or mixtures of 1,3 and 1,2 structures,

— CH 2— CH —

¿ h
/  \

c h 3 c h 3

Study of these mixtures is impeded by the fact that the tertiary hydrogens 
are not clearly resolved. At best one can consider only the ratio of CH3/  
CH2 +  CH protons. This makes it impossible to distinguish at present 
between mixtures of the unusual 1,3 and the conventional 1,2 structures by 
N M R  spectroscopy.

If cationic poly-3-methylbutene-l were, in fact, exclusively of the 1,3 
type, the N M R  spectrum would consist of two peaks corresponding to 6- 
methyl and 4-methylene hydrogens. Consequently, the area ratio of 
these peaks should then correspond to 1.5. On the other hand, if the true 
structure were of the conventional 1,2 type, a more complicated spectrum 
would be expected due to the presence of three kinds of protons.

Several samples of cationic poly (3-methyl butene-1) prepared at 
— 96 °C. have been examined by N M R  spectroscopy, and the ratio CH3/  
(CH2 +  CH) was determined. It was found that the area ratio varied 
between 1.78 and 2.09 (average 2.0). No completely satisfactory explana
tion of this can be given at present, but it may be due to difficulty in 
making the “ split”  between the methyl hydrogen peak area and that of 
the (methylene +  methine) hydrogens.

Notwithstanding this difficulty, it is of significance that it has been 
possible to shift this ratio of CH3/(C H 2 +  CH) by employing more extreme 
polymerization conditions (e.g., working at — 130°C). Such products 
have given the expected N M R  area ratio of 1.5. Also these low tempera
ture products are crystalline as judged by their x-ray diffraction patterns 
in contrast to polymers obtained at —96°C.4 We believe that crystalline 
cationically obtained poly-3-methylbutene-l represents the closest ap
proach so far to pure 1,3 structure.

As for the other samples made at — 96 °C., we regard them as mixtures 
of about 70% 1,3 and 30% 1,2 structure based on independent analytical 
studies reported earlier.1

It has been pointed out already1 that no authentic polymer structure 
exists with a bona fide 1,3 enchainment which would correspond to the 
structure of cationic poly-3-methylbutene-l. Consequently the N M R  
spectra in Figure 2 cannot be corroborated directly. However, for com
parison, the N M R  spectra of two polymers having authentic 1,2 structures 
can be examined.

Thus a crystalline isotactic polymer having a conventional bona fide
1,2 enchainment was obtained with an alkyl metal coordination catalyst 
of the Ziegler-Natta type. The iso tactic polymer is insoluble in solvents 
suitable for N M R  examination, but it has been solubilized by conversion 
to a heavy oil through vacuum pyrolysis.1 This is reasonably satisfactory
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Fig. 3. Ziegler-Natta poly-3-m ethylbutene-l (polym er converted to a heavy oil by  vacuum 
pyrolysis): 60 M cycle N M R  spectrum.

from an N M R  standpoint, since the amount of double-bond hydrogens 
introduced into the spectra is not more than 6%  of the total hydrogens. 
Figure 3 shows the N M R  spectrum of pyrolyzed, soluble Ziegler-Natta 
type poly-3-methylbutene-l.

Another approach is to obtain a conventional 1,2 structure by first 
polymerizing isoprene selectively through the 3-4 double bond and subse
quently hydrogenating the pendant isopropenyl groups.1 (The inter-
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Fig. 4. Hydrogenated 3,4-polyisoprene (W ilke-type catalyst) (not depolymerized):
60 M cycle N M R  spectrum.

mediary 3,4-polyisoprene showed a predominant infrared band for an iso- 
propenyl group at 11.29 n, indicating better than 95% of 3,4 enchainment.) 
Figure 4 shows the N M R  spectrum of this amorphous, soluble (tetrachloro- 
ethylene) polymer.

The N M R  spectra of Figures 3 and 4 are significantly different than those 
of Figures 1 and 2 for polyisobutylene and cationic poly-3-methylbutene-l.
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The 1,2 structures possess a doublet which is characteristic of an isopropyl 
group, and which is due to the interaction of methyl and methine hydro
gens (60.3 ±  0.1 and 61.3 ±  0.1 pptm. measured from benzene). The 1,3 
structure (Fig. 2) and polyisobutylene (Fig. 1) possess a singlet methyl peak 
which is consistent with a <7em-dimethyl structure.

There may be some unexplained differences in fine structure between the 
polymers represented by Figures 3 and 4, but based on studies of vacuum
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pyrolysis gas data and infrared studies,1 these possible differences do not 
seem to be associated with the isopropyl group in hydrogenated-3,4-poly- 
isoprene.

One further effort was made to provide a reference polymer which should 
possess some of the structural features of the 1,3 type cationic poly-3- 
methylbutene-1. Thus the oxygen homolog of this macromolecule was 
obtained by polymerizing isobutylene oxide:2

CHS c h ,
I !

CHj—C — -0O—CH,—CO-»
\  / I  I

O CH, CH,

The N M R  spectrum of this product (Fig. 5) resembles Figures 1 or 2 for 
polyisobutylene and poly-3-methylbutene-l. All three polymers contain 
the singlet methyl peak. In Figure 5 the bands are found at 57.2 and 36.5 
pptm., and are assigned to r/em-dimethyl hydrogens and methylene hydro
gens, respectively. In this case the well resolved peaks approach the 
expected area ratios of 3.0 corresponding to 6-methyl and 2-methylene 
hydrogens. (As judged from the spectrum about 5%  of an unidentified 
structure is present also.)

B. Infrared Spectroscopic Studies

The infrared spectra of cationically obtained and isotactic poly-3-methyl- 
butene-1 samples as well as hydrogenated 3,4-polyisoprene specimens have 
been analyzed (Figs. 6-8). In addition Figures 9 and 10 show the spectrum 
of polyisobutylene and polyisobutylene oxide, respectively, which will also 
be discussed.

All the polymers examined showed the characteristic carbon-hydrogen 
stretching vibration in the region between 3000 and 2700 cm .-1 ; but, 
without high resolution, this region did not reveal features useful for distin
guishing between structures. Neither was the region from 2700 to 1500 
cm .-1 revealing, since it is relatively transparent in saturated hydrocarbons. 
The only significant absorption was noted at 1718 cm .-1 in hydrogenated
3,4-polyisoprene. Similarly, a weak band appeared at 1681 cm .-1 in iso
tactic poly-3-methylbutene-l. No assignment is made; however, it may 
be the result of a combination of frequencies. A  similar band is observed in 
a number of related hydrocarbon molecules.

For each polymer the CH2 and CH3 hydrogen bending vibrations were 
found at their assigned frequencies5 at about 1470 and 1455 cm .-1, respec
tively. The asymmetrical CFI3 bending vibration appeared as a shoulder 
on the CH2 bending band. No distinguishing features were expected in this 
region.

The region of significant qualitative differences begins with the sym
metrical CH3 hydrogen deformation frequencies. The characteristic split
ting of the symmetrical CH 3 deformation band, which occurs whenever two 
or more methyl groups are attached to the same carbon atom,6-11 was
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Fig. 10. Infrared spectrum of poly(isobutene oxide).

easily recognized. The spectra of isotactic poly-3-methylbuteue-l and 
hydrogenated 3,4-polyisoprene showed approximately equal intensities at 
1388 and 1370 cm .-1, indicating the presence of isopropyl groups. In con
trast, the intensity of the first band (1379 cm .-1) in cationic poIy-3-methyl- 
butene-1 was found to be less than the second (1359 cm .-1), possibly a 
feature of the (/em-dimethyl structure. This may be partially supported by 
the fact that the first CH3 vibration of a tertiary butyl group is about half 
the intensity of the second. The latter correlation has been reported,5 
together with a statement that the split (CH3)2C11—  and (CH3)2CR—  bands 
are of about equal intensity. Our observations indicate that an imbalance 
of intensities may also be characteristic of a ¡yem-dimethyl group. The 
spectra of at least two other such polymers, polyisobutylene and polyiso
butylene oxide,2 as well as 1,1-dimethylcyclohexane, support this conclu
sion. In these examples interference from other CH3 vibrations is excluded. 
On the other hand, the split methyl bands of polyisobutylene and polyiso
butylene oxide showed a greater difference in intensity than did those of 
cationic poly-3-methylbutene-l. This may be attributed to isopropyl 
groups which result from a small amount of 1,2 polymerization in a pre
dominantly 1,3-system. Alternately, it may be associated with interac
tions due to the relative proximity of the ^em-dimethyl groups or oxygen 
functionality.

The C ll (tertiary) bending vibration for isotactic poIy-3-methylbutene-l 
and hydrogenated 3,4-polyisoprene should be close to 1340 cm .-1 ; however, 
this band is not sufficiently intense to be easily located. In the presence of 
intense CH3 deformation vibrations the CH vibration is obscured.11
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The prominent band at 1297 cm .“ 1 in the cationic polymer is an impor
tant distinguishing feature which is not matched in intensity by any similar 
band in the iso tactic product and in hydrogenated polyisoprene. We have 
assigned this frequency to the — CH2CH2—  group which can occur only in the 
proposed a,a'-dimethylpropane type structure. This is consistent with 
numerous examples of multiple methylene group absorption in this area. 
The assignments for the CH2 wagging and twisting modes have been made 
in this region,8-9’11“ 17 which suggest a similar assignment here. Specifi
cally, the 1299 cm .“ 1 frequency of n-butane has been assigned to the CH2 
twisting mode,8'12’16 although Tschamler17 prefers the wagging mode. 
Others16 suggest mixing of the two modes in this region. Additional sup
port for the 1297 cm .-1 assignment is evidenced by the presence of cor
responding bands in 2,2,5,5-tetramethylhexane and 2,5-dimethylhexane, 
the former being most prominent. This may suggest that adjacent quater
nary structures enhance the — CH2CH2—  absorption. Finally, there are 
no comparable bands in 2,2,4,4-tetramethylpentane, 2,4-dimethylpentane, 
and polyisobutylene.

Sheppard and Simpson11 have reported that the ^em-dimethyl group and, 
in general, the internal quaternary carbon structure give a skeletal vibration 
at 1195 cm .“ 1. They also indicate that a second frequency near 1210 cm .-1 
may be active in some cases. This correlation may not be flexible enough 
in its application to polymers, in view of polyisobutylene’s absorption at 
1168 and 1230 cm .“ 1, respectively. The second band is quite strong. The 
band corresponding to the 1168 cm .“ 1 polyisobutylene frequency appears 
at 1166 cm .“ 1 in cationic poly-3-methylbutene-l, but only a shoulder is 
indicated in the 1200 cm .“ 1 region.

Relative to this discussion, we have found that polymers of the type 
—  [CH2C(CH 3)R ]„—  also have bands (shoulders) at 1168 cm .“ 1. The ivay 
in which R  influences the higher frequency is shown in Table I. It seems 
reasonable that the 1230 cm .“ 1 frequency of polyisobutylene results from a 
shift in the reported 1195 cm .“ 1 frequency. It should therefore correspond 
to the characteristic internal quaternary carbon frequency. It may be 
significant that this shift is toward a region assigned to the tertiary butyl 
group.

The fact that the 1195 cm .” 1 band is missing (or weak) in the cationic 
polymer may be related to the degree of separation, or the nature of the 
separating units between quaternary carbon atoms. It may be relevant 
that this band is either missing or has shifted considerably in polyiso
butylene oxide.

T A B L 1C  I

R F re q u e n cy , cm . 1

CH3—
C H 3C H 2—  
C H 3C H 2C H 2—

1230
1198
1195
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T A B L E  II
Summary of Infrared Findings“

Hydrogenated
Isotactic polyisoprene 

Cationic ---------------------------------------------
C — C— C—

— C— C— C—  C
Frequency, Group j /  \

cm .-1 assignment C C C

1297, 752 — CH.— CHo—  

C

m, s — —

1199, 1087 
931, 905

1
— c—c—c— 

1
c

w, vw, 
vw, m

1185, 956 — c
/ \  

c c “

m, w m, w

1112, 1057 
916

— c—c—c— 
1
c

/ \  
c c

m, m, w vw, w, w

“ vw  =  very weak; w =  weak; m =  medium; s =  strong.

It now appears that the 1168 cm .“ 1 absorption is associated with the 
quaternary carbon structure. However, this frequency is generally 
assigned to an isopropyl skeletal vibration. Inasmuch as some 1,2 poly
merization may have occurred in the cationic product, this band may also 
have an isopropyl component, although it is not resolved. Both isotactic 
poly-3-methylbutene-l and hydrogenated polyisoprene exhibit a frequency 
at 1185 cm .“ 1, which must be assigned to the isopropyl group. This, too, 
is abnormal, since 1175-1165 cm .“ 1 is the reported isopropyl assignment.5-11

The infrared region between 1170 and 900 cm .“ 1 is complex, but the ob
served frequencies are generally in agreement with assigned structures.5-10-11 
The band at 906 cm .“ 1 in the cationic polymer, for example, is character
istic of the ¡¡rem-dimethyl structure, while bands at 915 cm. in the isotactic 
modification and in the hydrogenated polyisoprene result from two adjacent 
tertiary carbon atoms. Polyisobutylene again deviates from assigned 
frequencies by absorbing at 925 cm .“ 1, which is more characteristic of a 
tertiary butyl group.

The methylene rocking frequency of the cationic polymer occurs as a 
strong band at 754 cm .-1 which is characteristic of the — CH2CH2—  
group.5-9-10-14 Related compounds with similar groups and frequencies are
2,2,5,5-tetramethylhexane (755 cm .“ 1) and 2,5-dimethylhexane (753
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TA B L E  III
Infrared Frequency Assignments for Cationic Poly-3-methylbutene-l

X
Frequency,

cm .” 1 Intensity“ Structural assignments

2.35 4255 w
3.17 3155 w
3 .3 7 -3 .4 6 2965-2890 vs C— H hydrogen stretching — CH, — CH 2, 

CH 3 ‘
3 .71 2695 w
3.81 2625 vw
6.81 1468 8 CH 2 hydrogen bending modes
6.88 1453 s (sh) CH 3 Asym. hydrogen bending modes
7.25 1379 s CH 3 Sym. hydrogen bending modes
7.36 1359 s CH 3 Sym. hydrogen bending modes
7.57 1321 vw (sh)
7.71 1297 m — CH 2CH 2—  twisting (or wagging) 

vibration
7.94 1259 vw (sh)
8.34 1199 w (sh) Internal quaternary carbon atom
8.58 1166 mw Internal quaternary carbon atom and/or 

isopropyl
8.96 1116 vw
9.20 1087 vw Internal quaternary carbon atom
9.97 1003 w (appears in 2,2,5,5-tetramethylhexane)

10.39 963 vw (an isopropyl region)
10.74 931 vw Internal quaternary carbon atom
11.06 905 m Internal quaternary carbon atom
12.25 817 vw (an isopropyl region)
13.30 752 s — CH 2CH2—  skeletal rocking mode
15.00 667 vw

“ vw  =  very weak; w =  weak; m  =  medium; ms =  medium strong; s =  strong; 
(sh) =  shoulder.

cm .-1). Where more than two methylene groups appear in series, the 
frequency shifts to about 725 cm .” 1, while a single methylene group gen
erally absorbs at about 770 cm .” 1. Consistent with this assignment, bands 
appear at 771 and 766 cm .“ 1 in the isotactic product. The spectra of 
hydrogenated polyisoprene is more complicated in this region, which is not 
surprising in view of its structure and physical state. It has weak bands at 
771 and 765 cm .” 1, but also absorbs at 755 and 735 cm .” 1.

The salient results of the infrared studies are summarized in Table II. 
Although it is not presently possible to completely assign all the infrared 
bands of the three polymeric samples investigated, they are listed and 
partially assigned in Tables III and IV. This qualitative treatment seems 
adequate to distinguish the structure of cationically obtained poly-3- 
methylbutene-1 from that of the isotactic modification or from the hydro
genated 3,4-polyisoprene. It is also apparent that by infrared spectroscopy 
the structures of isotactic poly-3-methylbutene-l and hydrogenated 3,4- 
polyisoprene are essentially identical. The differences in sharpness and in 
several of the frequency locations was expected in view of the highly crystal-
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line state of the isotactic polymer relative to amorphous hydrogenated 3,4- 
polyisoprene.
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Résumé

On a examiné les structures de poly(3-m éthylbutène-l), de poly(3-méthylbutène- 
1) isotactique et de 3,4-polyisoprène hydrogéné, obtenus cationiquement, au moyen 
de la résonance magnétique nucléaire et de la spectroscopie infra-rouge. Ces études 
corroborent la structure précédemment proposée d ’unités a,a'-dim éthylpropane se 
répétant dans le polymère cationique et confirmant l ’enchaînement 1,2 tête à queue 
pour le polymère isotactique et pour le polyisoprene-3,4. Les spectres N M R  du poly- 
(3-m éthyl-butène-l) et du polyisoprène-3,4 hydrogéné sont très similaires et ne montrent 
que deux pies. Ils sont complètement différents des spectres du poly(3-m éthylbutène-l ) 
et du 3,4-polyisoprène. Le produit isotactique fut solubilisé par pyrolyse prudente 
pour le rendre accessible aux études spectroscopiques. Malheureusement à ce jour, 
la spectroscopie de R M N  ne possède pas de résolution suffisament haute que pour être 
d ’utilité dans l ’étude quantitative des mélanges d ’enchaînements 1,3 et 1,2. Les 
spectres de R M N  de l ’oxyde de polyisobutylène a été pris et interprêté. On peut utiliser 
la spectroscopie infra-rouge pour distinguer le poly(3-m éthylbutène-l ) cationique de 
la modification isotactique et du polyisoprène-3,4 hydrogéné. On a analysé et assigné 
les bandes les plus importantes. Le poly(3-m éthylbutène-l) et le polyisoprène-3,4- 
hydrogéné ont tous deux une structure conventionnelle “ 1,2”  et leurs spectres infra
rouges sont essentiellement identiques.

Zusammenfassung

Die Struktur von kationisch hergestellten Poly-3-m ethylbuten-l, isotaktischem Poly- 
3-m ethylbuten-l und hydriertem 3,4-Polyisopren wurde mittels magnetischer Kern
resonanz und IR-Spektroskopie untersucht. Die Ergebnisse bestätigen die früher 
angenommene Struktur einer sich wiederholenden a,a'-Dim ethylpropan-Einheit für das 
kationische Produkt und die konventionelle 1,2-Kopf-Schwanz-Anordnung für das iso
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taktische Polymere und das hydrierte 3,4-Polyisopren. Die NM R-Spektren von 
kationischem Poly-3-m ethylbuten-l und Polyisobuten sind einander sehr ähnlich und 
weisen zwei Maxima auf. Sie unterscheiden sich deutlich von den Spektren von iso
taktischem Poly-3-m ethylbuten-l und hydriertem 3,4-Polyisopren. Um das isotak
tische Produkt der spektroskopischen Untersuchung zugänglich zu machen, wurde es 
durch sorgfältige Pyrolyse solubilisiert. Leider ist die Auflösung der NM R-Spektro- 
skopie derzeit noch nicht so hoch, dass eine quantitative Untersuchung von Mischungen 
von “ 1,3” - und “ l ,2 ” -Anordnungen möglich wäre. Das NM R-Spektrum  von Polyiso- 
butylenoxyd wurde aufgenommen und interpretiert. Die IR-Spektroskopie kann zur 
Unterscheidung von kationischen Poly-3-m ethylbuten-l von der isotaktischen Modifi
kation und dem hydriertem 3,4-Polyisopren dienen. Die wichtigeren Banden wurden 
analysiert und zugeordnet. Sowohl isotaktisches Poly-3-m ethylbuten-l als auch 
hydriertes 3,4-Polyisopren besitzen die konventionelle “ 1,2” -Struktur und liefern im 
wesentlichen identische Infrarotspektren.
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Polyesters of 1,4-Cyclohexanedimethanol1
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Synopsis

A series of polyesters of irans-1,4-cyclohexanedimethanol was prepared and the melting 
points compared with those of the analogous series of polyesters prepared from p-xylylene 
glycol. Only slight differences in melting points were noted between the corresponding 
pairs of polyesters prepared from a single aliphatic dicarboxylic acid and from the two 
glycols. However, polyesters derived from aromatic dibasic acids and tra n s- 1,4-cyclo- 
hexanedimethanol melt at a higher temperature than the corresponding polymer from p -  
xylylene glycol. The probable molecular configuration of polyesters based on iraras-1,4- 
cyclohexanedimethanol is discussed. It is suggested that the diol moiety in the poly
ester can adopt a slightly contracted conformation so that the oxygen-oxygen distance 
is less than in polyesters derived from p-xylylene glycol. This, together with the similar 
degree of rigidity and symmetry of the tra n s-1 ,4-cyclohexylene and p-phenylene ring 
systems, is employed to explain the observed melting points. Polyesters prepared from 
eis-1,4-cyclohexanedimethanol are also described. As expected from the lower degree 
of symmetry of the diol, these polyesters have lower melting points than the analogous 
compositions prepared from tra n s-1 ,4-cyclohexanedimethanol. Polyesters of cis-1,4- 
cyclohexanedimethanol and trimethylene glycol have similar melting points. It is sug
gested that a cis-1,4-cyclohexylene ring and a methylene group have a similar effect on 
the melting point of a polyester. Copolyesters of c is -  and tra n s-1 ,4-cyclohexanedi
methanol with terephthalic acid do not form a minimum melting composition. Instead, 
they show a continuous change of melting point from that of the polyester prepared from 
one stereoisomer to that of the polymer prepared from the other isomer.

There are frequent references in the literature which imply that the 
presence of aromatic rings in a polyester molecule raises the melting point 
of the polymer2-4 in comparison with the analogous polyester containing 
the cyclohexane ring. The evidence cited in support of this is that the 
melting point of polyethylene terephthalate) is 265°C.6’6 and that of 
polyethylene trans-1,4-cyclohexanedicarboxylate) is 120°C.3

This evidence is not considered reliable for two reasons. Firstly, the 
melting points of polyesters derived from 1,4-cyclohexanedicarboxylic acids 
may well be lowered by isomerization of the acids during preparation of 
the polyester.7 Such an isomerization would explain the discrepancies in 
melting points which have been reported by several investigators.3'8’9 
Recently, evidence has been published10 establishing such an isomerization 
during the preparation of poly (ethylene 1,4-cyclohexanedicarboxylate).

Secondly, the reduction in melting point caused by “ replacing”  the ben-
2 1 1 5
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zene ring of terephthalic acid by the cyclohexane ring of 1,4-cyclohexane- 
dicarboxylic acid may be caused not only by the substitution of a nonplanar 
cyclohexane ring for a planar, rigid, aromatic ring, but also by the elimina
tion of the resonance interaction of the carboxylate group with the aromatic 
ring.8,11'12

To isolate these two effects, that of the aromatic ring itself and that of 
the resonance interaction between an aromatic ring and the carboxylate 
groups, a comparison of the melting points of polyesters prepared from p- 
xylylene glycol and ¿rcms-1,4-cyclohexanedimethanol was made. Both of 
these diols possess cyclic, centrosymmetrical structures and differ only in 
the presence of an aromatic system in the former and a hydrogenated aro
matic system in the latter. Such a comparison should demonstrate the 
effect on a polyester’s melting point of an aromatic p-phenylene ring versus 
a trans- 1,4-cyclohexylene ring.

TABLE I
Polyesters of p-Xylylene Glycol and irans-l,4-Cyclohexanedimethanol

p-Xylylene glycol tran s- 1,4-Cyclo- 
hexanedimethanol

Reported 
m.p., °C.

Observed 
m.p., °C.Acid I’d m.p., °C. M

Oxalic 210-214 — — 210-215 0.77
Succinic 103-108 108-115 0.61 145-147 0.64
Glutaric 54-58 — — 45-50 0.78
Adipic 78-81 75-80 0.46 122-124 0.49
Pimelic 63-66 64-67 0.46 38-42 0.56
Suberic 76-79 79-82 0.44 94-96 0.61
Azelaic 74-79 72-74 0.41 45-50 0.66
Sebacic 86-88 88-93 0.82 72-78 0.82
Dodecanedioic — 90-94 0.61 80-85 0.87
£rans-l,4-Cyelo-

hexanedicarboxylic 50-60 85-106 0.25 244-246 0.86
Isophthalic 94-100 — — 190-197 0.26
Terephthalic 238-242 263-272 0.59 312-318 0.58
2,6-Naphthalene- 

dicarboxylic — 275-280 0.56 335-341“ 0.55

“ Prepared from a cis/ trans  mixture containing 68% trans isomer.

The melting points of these polyesters are listed in Table I. The composi
tions synthesized from p-xylylene glycol have been reported previously,13 
but, for comparison, were resynthesized here by using a titanium alkoxide14 
catalyst. In general, the reported melting points agree well with those 
determined in this work. The discrepancy in the melting point of the 
frans-l,4-cyclohexanedicarboxylate is probably due to different degrees of 
isomerization of the acid during the polymer preparation. Korshak13 used 
lithium hydroxide as a catalyst, and the basic nature of this catalyst would 
cause more isomerization than the neutral catalyst, titanium tetraiso- 
propoxide, used in this work.
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MELTING POINT 
OF POLYMER, ”C.

Fig. 1. Melting points of polyesters of aliphatic dibasic acids with p-xylylene glycol and 
with Znms-l,4-cyclohexanedimethanol.

A  comparison of the melting points of the polyesters from the two glycols 
shows that the polyesters of the £rans-l,4-cyclohexanedimethanol and the 
aliphatic dibasic acids with an even number of carbon atoms melt at a 
slightly higher temperature than the analogous polyesters from p-xylylene 
glycol. In the case of polyesters from aliphatic dibasic acids with an odd 
number of carbon atoms, the situation is reversed and the polyesters of 
trans- 1,4-cyclohexanedimethanol melt at a slightly lower temperature (see 
Fig. 1).

Insofar as polyesters from aliphatic dibasic acids are concerned, it must 
be concluded that the trans- 1,4-cyclohexylene and the p-phenylene rings 
are about equal in their ability to confer high melting points upon polyester 
molecules containing them. Furthermore, this ability must be due to the 
rigidity and symmetry of the rings, properties which are not uniquely 
characteristic of aromatic rings.

Polyesters prepared from aromatic dibasic acids and £rans-l,4-cyclo- 
hexanedimethanol or p-xylylene glycol contain a combination of rigidity 
and/or symmetry in the acid component with rigidity and symmetry in 
the diol component. In such cases £rons-l,4-cyclohexanedimethanol ap
pears to be superior to p-xylylene glycol insofar as the melting points of 
the polyesters are concerned. With irons-1,4-cyclohexanedimethanol, 
polyesters of exceptionally high melting points are formed.

Molecular models of the repeat units of these polyesters were constructed 
from Fisher-Taylor-Hirschfelder molecular models on the following as
sumptions. (I) That the carbonyl group of the ester linkage bisects the 
angle H-C-H of the methylene group of the diol which is attached to the
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ether oxygen in the ester group. Such an arrangement is found in poly
ethylene terephthalate).7b (2) That the cyclohexane ring is in the chair 
form and that the methanol groups are attached by equatorial bonds to 
the ring. Such a conformation is suggested by Boye in his examination of 
poly(/rans-l,4-cyclohexylenedimethylene terephthalate) by infrared spec
troscopy16 and x-ray diffraction.16 (3) That frans-l,4-cyclohexanedimetha- 
nol is in that conformation (I) which minimizes steric interaction of the 
substituent hydroxymethyl groups with the ring hydrogen atoms.

An examination of the molecular models reveals that the repeat unit of 
the polyesters from frans-1,4-cyclohexanedimethanol and from p-xylylene 
glycol are very similar in overall shape. However, the repeat distance, as 
measured on the molecular models, for a polyester from trans- 1,4-cyclo- 
hexanedimethanol is smaller than the repeat distance of the analogous 
polyester from p-xylylene glycol. This shorter repeat distance is due to 
the smaller distance that exists between the oxygen atoms of the trans-1,4- 
cyclohexanedimethanol than between the oxygen atoms of p-xylylene 
glycol. Consequently, a polyester of trans-1,4-cyclohexanedimethanol has 
a higher “ concentration”  of rigidity and symmetry per unit distance along 
the polymer chain than the analogous polyester of p-xylylene glycol. It 
would be expected, then, that the former polyester would melt at a higher 
temperature than the latter.

A  molecular model of poly(£rans-l,4-cyclohexylenedimethylene tereph
thalate) was constructed on the basis of the above assumptions as well as 
on the assumption that the terephthalate moiety was planar.12 The model 
so produced was found to have the benzene ring rotated about the axis of 
the polymer chain and set at 90° relative to the plane of the cyclohexane 
ring. The repeat distance measured on the model was found to be ap
proximately 14.3 A., a remarkably good agreement with that determined 
by Boye (14.2 A .).16

The expected higher melting point of trans-1,-4-cyclohexanedimethanol 
polyesters is realized to some extent in those polyesters derived from 
aliphatic dibasic acids containing 4, 6, and 8 carbon atoms. With a larger 
number of carbon atoms, the polyester chain becomes largely aliphatic 
in nature, and differences between the trans-1,4-cyclohexanedimethanol and 
p-xylylene glycol polyesters are diluted. This dilution is probably caused 
by the flexibility of the aliphatic acid moiety in the polymer chain, which 
allows a slight expansion of the repeat unit and so nullifies the effect of the
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TABLE II
Polyesters of «'s-l,4-Cyelohexanedimethanol and Trimethylene Glycol

Acid

m.p. of polyester 
from cfs-1,4- 
cyclohexane- 

dimethanol, °C. (-71

m.p. of polyester 
from

trimethylene 
glycol, °C.

Succinic 58-62 0.48 52“
Adipic 50-55 0.53 46“
Pimelic Liquid at 20°C. 0.52 51“
Suberic 45-50 0.44 52“
Azelaic 37-41 0.52 60“
Sebacie 47-50 0.74 58“
Dodecanedioic 43-46 0.27 —

¿rans-l,4-Cyclohexanedicarboxylic 203-205 0.82 ca. 110b
Terephthalic 251-256 0.85 220°
1,4-Benzenediacetic 40-55 0.62 54-58b
2,6-Naphthalenedicarboxylic 281-287 0.86 —

a Data of Doak and Campbell.18 
b Data of Korshak et al.8 
c Data of Hill and Walker.17

slightly smaller oxygen-oxygen distance in frans-1,4-cyclohexanedi- 
methanol.

In the case of the rigid aromatic dicarboxylic acids, however, there is 
little possibility for this type of flexibility to exist in the repeat unit. Con
sequently, the slightly smaller oxygen-oxygen distance of frans-1,4- 
cyclohexanedimethanol over that of p-xylylene glycol exerts its fullest 
effect and manifests itself in the appreciably higher melting points of the 
former polyester compositions.

The polyesters derived from aliphatic dibasic acids containing an odd 
number of carbon atoms melt lower than polyesters containing one more or 
one less methylene group. Such a behavior has been reported previously70■17 
for other series of polymers. Indeed, this behavior appears to be char
acteristic for most series of polyesters and is often termed the odd-even 
effect.

The surprising feature of these polyesters derived from the “ od d ”  
aliphatic dibasic acids is the lower melting points of the trews-1 ,4-cyclo- 
hexanedimethanol polyesters compared to the p-xylylene glycol polymers. 
The opposite would be expected in view of the shorter repeat distances 
estimated for the former compositions. Probably an explanation of this 
difference in behavior must await a satisfactory explanation of the odd-even 
effect.

A  series of polyesters was also prepared using various dibasic acids and 
the cis isomer of 1,4-cyclohexanedimethanol. The melting points of these 
polyesters are given in Table II. As might be expected from the reduced 
symmetry of the repeat unit, these polyesters in general melt at a lower 
temperature than their analogous trans derivatives. A  comparison of these
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MELTING POINT 
OF POLYMER, °C.

c i s - l , 4 - C Y C L 0 H E X A N E D I M  E T H A N O L ,  %

Fig. 2. Melting points of poly(l,4-cyclohexylenedimethylene terephthalates).

polyesters with similar compositions prepared from trimethylene glycol 
shows a rather close similarity in melting point. It is suggested that the 
cis-1,4-cyclohexylene ring may be regarded as equivalent to a methylene 
group insofar as its effect on the melting point of polyesters derived from 
aliphatic dibasic acids is concerned.

It is of interest to examine the melting points of the series of polyesters 
prepared from terephthalic acid and mixtures of the cis- and trans-1,4- 
cyclohexanedimethanol. The melting points obtained are summarized in 
Table III and presented graphically in Figure 2. In addition, some melting 
points determined by differential thermal analysis19 have been made availa-

TABLE III
Melting Points of Poly(l,4-Cyclohexylenedimethylene terephthalates)

cî's-Isomer, %

Polyester

m.p., °C. M

0 312-318 0.58
7 306“ 0.74

10 295-302 0.73
16 299“ 0.72
19 291-295 0.88
25 289-295 1.16
30 284-287 0.79
33 287* 0.84
40 283“ 0.70
45 274-282 0.83
50 278“ 0.73
60 262-267, (265)“ 0.75
70 260-264 0.97
80 250-254, (254)“ 0.74

100 251-256,(251)“ 0.85

a Melting point was determined by differential thermal analysis.
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ble to us.20 These are included in Table III and Figure 2 to provide an 
independent substantiation of the melting points determined here.

It can be seen that no minimum melting polyester composition is formed 
by the mixtures of isomers. Instead, a continuous increase in melting point 
occurs from the 100% cis to the 100% trans polyester. Apparently, the 
polyester molecules containing the cis diol can fit readily into the crystalline 
lattice of the polyester containing the trans diol (and vice versa). Boye has 
reported a continuous transformation of the x-ray diffraction pattern from 
that characteristic of the polyester containing the cis isomer to that char
acteristic of the polyester containing the trans isomer.16 Such a facile 
substitution of one isomeric polyester into the crystalline lattice of the 
other is unusual in view of the measured difference in repeat unit of the two 
isomeric polyesters.16

EXPERIMENTAL

Reagents

trans-1,4-CyclohexanedimethanoI. Th e irons-1,4-cyclohexanedimethanol 
can be isolated in the crude state by filtration of the semisolid commercially 
available mixture supplied by Tennessee Eastman Co.21 Recrystallization 
from ethyl acetate gave material which was shown by gas chromatographic 
analysis on a Celite column containing 20% Carbowax 20M at 195°C. to 
be 95%  or better trans isomer. This material had a boiling point of 283°C. 
at 735 mm.

ci's-l,4-Cyclohexanedimethanol. The mixture of isomers, available from 
Tennessee Eastman Co., was converted to the diacetate with acetic anhy
dride. The diacetate was distilled (b.p. 137-139°C. at 3.5 mm.) and dis
solved in five volumes of pentane. The solution was cooled with Dry 
Ice-acetone mixture to — 50°C. to effect crystallization of a gummy solid 
which contained a high proportion of ir<ms-l,4-cyclohexanedimethanol 
diacetate. The supernatant liquid was decanted and the solvent removed; 
the residue was treated a second time with five volumes of pentane and 
cooled to — 50°C. The supernatant solution was again decanted from the 
gummy solid which separated and was concentrated. The residue was 
hydrolyzed with aqueous sodium hydroxide, and the cis-\,4-cyclohexane- 
dimethanol was isolated by extraction of the aqueous solution with butyl 
alcohol. The butyl alcohol solution was washed with a small volume of 
water, dried over magnesium sulfate, and distilled. The material, b.p. 
118-120°C. at 1 mm. (286°C. at 735 mm.), was shown to be 92-95%  cis-
1,4-cyclohexanedimethanol by gas chromatographic analysis.

Other Reagents. p-Xylylene glycol was obtained from Diamond Alkali 
Co. and was recrystallized twice from 1,1,2-trichloroethane, m.p. 117-120°
C.

Diethyl oxalate and diethyl succinate were obtained from Eastman 
Kodak Co.
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Dibutyl glutarate was prepared from butyl alcohol and the glutaric 
acid-anhydride mixture available from Union Carbide and Carbon Co. 
Distillation gave the ester, b.p. 146°C. at 3 mm., 1.4315.

Diisobutyl adipate was obtained from Eastman Chemical Products, Inc.
Pimelic acid was obtained from the American Cyanamid Co., m .p . 

105-106.5°C.
Suberic acid was obtained from the Harchem Division of Wallace and 

Tiernan Co., m . p. 143-145°C.
Azelaic acid was obtained as a purified grade from Emery Industries, 

Inc., m.p. 100-105°C.
Dimethyl sebacate was Eastman Kodak Co., practical grade, redistilled, 

b.p. 160-162°C. at 0.2 mm.
Dodecanedioic acid was obtained from the Harchem Division of Wallace 

and Tiernan Co., m.p. 128-130°C.
Dimethyl terephthalate was obtained from Hercules Powder Co., Inc., 

m.p. 143-144°C.
Dimethyl isophthalate was obtained from Amoco Chemicals Corp., 

m.p. 68-69°C.
Dimethyl 2,6-naphthalenedicarboxylate was obtained from the Sun Oil 

Co., m.p. 194-195°C.
Diethyl 1,4-benzenediacetate (m.p. 55-56°C.) was prepared by the 

method described by Reynolds and Van der Beighe.22

Melting Point Determinations

The melting points were determined on a Fisher-Johns melting point 
apparatus. Near the melting point, the sample was repeatedly pressed 
gently with a pencil point, and the temperature at which the sample flowed 
freely under this pressure is reported as the melting point. Usually, there 
is a preliminary softening of the polymer sample approximately 5°C. 
below the melting point, but this softening is not accompanied by any 
liquefaction.

Preparation o f Polyesters
Melt-Phase Polymerization. Polyesters which melted below 200°C. 

were prepared by a melt-phase polymerization at 270-280°C. of the reaction 
product prepared from the diol and a dialkyl ester of the dibasic acid, or 
from the diol and the dibasic acid itself. A  typical procedure is described 
in detail below.

Preparation o f Poly(irans-l,4-cyclohexylenedimethylenc sebacate). The
reaction vessel was a test tube constructed from a T 34/ 4b joint. This test 
tube was capped with a head provided with a nitrogen inlet, an 18/ 9 socket 
joint for the stirrer shaft, and an outlet, connected with a condensing sys
tem, for condensation of the volatile compounds and for the application of 
a vacuum. Agitation was provided by a motor-driven paddle stirrer Avhich 
entered the reaction vessel through the socket joint and was equipped with 
a matching ball joint.
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The test tube was charged with 4.60 g. (0.02 mole) of dimethyl sebacate, 
3.60 g. (0.025 mole) of trans-1,4-cyclohexanedimethanol, and 4 drops of a
28.4 w t.-%  solution of titanium tetraisopropoxide in butyl alcohol. After 
the test tube was swept with nitrogen, the contents of the flask were stirred 
and heated to 200°C. by means of a W ood’s metal bath. A slow stream of 
nitrogen was permitted to flow through the reaction flask to remove the 
methanol as it formed.

The mixture was heated with stirring at 200°C. for 1 hr. (a reaction time 
of 90 min. to 2 hr. was adopted if the free dibasic acid was used). The 
temperature of the metal bath was then raised over a 30-45 min. period to 
275°C. When this temperature was reached, the nitrogen stream was 
stopped, and a vacuum was applied at such a rate that a pressure of at 
least 1 mm. of mercury was attained within 5 min. The molten reaction 
product was stirred at 275°C. and approximately 0.5 mm. for 1 hr. At 
the end of this polymerization period, the material was cooled in vacuo and 
removed from the tube. The plug of polymer was usually removed easily 
by rewarming the exterior of the glass tube until the outer layers of polymer 
softened. The remainder of the plug could then be lifted out with a spatula 
or forceps. The polymer had an inherent viscosity of 0.62 in 60/40 phenol/ 
tetrachloroethane solution at 25°C. (C =  0.25).

Solid-Phase Polymerization. Polyesters which melted above 200°C. 
were more conveniently prepared by polymerizing a low molecular weight 
polyester in the solid phase. The procedure described above was followed, 
except that the vacuum was applied for only 5-10 min. A  low molecular 
weight polyester, termed a prepolymer, was obtained. For very high 
melting polyesters, such as the terephthalates or 2,6-naphthalenedi- 
carboxylates, bath temperatures as high as 300-310 °C. were necessary to 
keep the polyester molten. The procedure for polymerizing the prepolymer 
is described in detail below.

Preparation o f Poly(irans-l,4-cyclohexylenedimethylene oxalate). The
prepolymer obtained was a brittle, clear solid having an inherent viscosity 
of 0.20 and a melting point range of 190-197°C. This material was ground 
to pass a 40-mesh screen, and 0.5 g. of this material was placed in the bottom 
of a 19-mm. diameter test tube. The test tube was evacuated to a pressure 
of less than 0.1 mm. of mercury, and the tube was placed in a heated (ther
mostatically controlled) aluminum block whose temperature was 190°C. 
The prepolymer was heated at 190°C. for 2 hr. The temperature of the 
block was then raised to 210°C. and heating was continued for an additional 
2 hr. The final polymer was cooled in vacuo, then removed from the tube. 
The polymer had an inherent viscosity of 0.77 and a melting point range of 
210-215°C.

For high-melting polymers, the temperature of solid-phase polymerization 
was 240°C. or 260°C.

The authors are indebted to Miss S. Joelle Rush and W. A. Arnold, who have prepared 
many of the polymers described in this work.
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Résumé

On a préparé une série de polyesters de tra n s-1 ,4-cyclohexanediméthanol et les points 
de fusion ont été comparés à ceux des séries analogues des polyesters préparés à partir 
de p-xylylène glycol. On a seulement noté de légères différences dans les points de 
fusion entre les paires correspondantes de polyesters préparés à partir d’un simple acide 
aliphatique dicarboxylique et de deux glycols. Cependant, les polyesters dérivés des 
acids aromatiques dibasiques et du tra n s-1 ,4-cyclohexanediméthanol fondent à une 
température plus élevée que le polymère correspondant provenant du p-xylylène glycol. 
On discute la configuration moléculaire probable des polyesters basés sur le tra n s-1 ,4 - 
cyclohexane-diméthanol. On suggère que la fraction diol dans le polyester peut adopter 
une conformation légèrement contractée de sorte que la distance oxygène-oxygène est 
moindre que dans les polyesters dérivés du p-xylylène glycol. Cela, ainsi que le degré 
de rigidité et de symétrie des systèmes cycliques tra n s-1 ,4-cyclohexylène et p-phénylène 
est employé pour expliquer les points de fusion observés. Les polyesters préparés à 
partir du ci«-l ,4-cyclohexane diméthanol sont également décrits. Comme on peut s’y 
attendre à partir du degré plus faible de symétrie du diol, ces polyesters ont des points 
de fusion plus bas que les compositions analogues préparées à partir de tran s- 1,4-cyclo- 
hexane-diméthanol. Les polyesters de cis-l,4-cyclohéxanedimethanol et de triméthylène
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glycol ont des points de fusion semblables. On suggère qu’un cycle as-l,4-cyclohexylène 
et un groupe méthylène ont un effet semblable sur le point de fusion d’un polyester. 
Les copolyesters de c is - et ir<ros-l,4-cyclohexanediméthanol avec l’acide téréphtalique 
ne forment pas une composition à point de fusion minimum. Au lieu de cela, ils présen
tent un changement continu du point de fusion depuis celui du polyester préparé à 
partir d’un stéréoisomère jusqu’à celui du polymère préparé à partir de l’autre isomère.

Zusammenfassung

Es wurde eine Reihe von Polyestern aus fraws-l,4-Cyclohexandimethanol hergestellt 
und deren Schmelzpunkte mit denjenigen der aus p-Xylylenglykol hergestellten analogen 
Polyester verglichen. Die Schmelzpunkte der aus derselben aliphatischen Dicarbon- 
säure und den beiden Glykolen hergestellten Polyester unterscheiden sieh nur wenig. 
Dagegen schmelzen die aus aromatischen zweibasischen Säuren und tra n s- 1,4-Cyclo- 
hexandimethanol hergestellten Polyester höher als die entsprechenden, von p-Xylylen- 
glykol abgeleiteten Polymeren. Es wird die wahrscheinlichste molekulare Konfigura
tion der aus lro?is-l,4-Cyclohexandimethanol hergestellten Polyester diskutiert. Man 
nimmt an, dass der Diol-Teil des Polyesters eine leicht kontrahierte Konformation 
annehmen kann, so dass der Sauerstoff-Sauerstoff-Abstand kleiner ist als in den von p -  
Xylylenglykol abgeleiteten Polyestern. Auf Grund dieses Umstandes und des ähnlichen 
Starrheits- und Symmetrie-grades des fraras-l,4-Cyclohexylen- und des p-Phenylen- 
Ringsystems können die beobachteten Schmelzpunkte erklärt werden. Die aus c is -  
1,4-Cyclohexandimethanol hergestellten Polyester werden ebenfalls beschrieben. Wie 
auf Grund der niedrigeren Symmetrie des Diols zu erwarten ist, haben diese Polyester 
niedrigere Schmelzpunkte als die aus ¿mns-l,4-Cyclohexandimethanol hergestellten 
analoger Zusammensetzung. Die Polyester von c is - 1,4-Cyclohexandimethanol und 
Trimethylenglykol haben ähnliche Schmelzpunkte. Man nimmt an, dass ein cis-1,4- 
Cyclohexylenring und eine Methylengruppe den Schmelzpunkt eines Polyesters in 
ähnlicher Weise beeinflussen. Copolyester von c is - und iraws-l,4-Cyclohexandi- 
methanol mit Terephthalsäure bilden keine Zusammensetzung mit Schmelzpunkts
minimum. Der Schmelzpunkt ändert sich vielmehr kontinuierlich von demjenigen 
des aus dem einen Stereoisomeren bis zu demjenigen aus dem anderen Isomeren her
gestellten Polyesters.

Received April 5, 1963
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The Reaction between Dicumyl Peroxide 
and Butyl Rubbers

L. D. LOAN, Rubber and Plastics Research Association of Great Britain, 
Shawbury, Shrewsbury, England

Synopsis

The reaction between dicumyl peroxide and butyl rubbers has been followed by means 
of molecular weight measurements. In all cases except that of the rubber with highest 
unsaturation the molecular weight falls, and the scission efficiency of the peroxide is 
found to depend quite markedly upon the unsaturation. For the rubber of highest 
unsaturation a small overall crosslinking reaction was observed. The results are in
terpreted as showing that cumyloxy radicals react with isoprene units in the chain about 
300 times as fast as with isobutylene units. The molecular weight depen dance upon 
time during the reaction has been investigated but has not been satisfactorily explained.

INTRODUCTION

Previous work in these laboratories has shown that the reaction between 
dicumyl peroxide and rubbers varies widely depending on the rubber used. 
The observed behavior varies from that observed with polyisobutylene 
(P IB ),1 where the peroxide is found to give one carbon-carbon scission 
reaction for each molecule decomposed, to that observed with styrene- 
butadiene rubber,2 where the peroxide shows a crosslinking efficiency of 
about 12. Between these two extremes lies natural rubber3 and some other 
synthetic rubbers2 where the crosslinking efficiency is in the region of 
unity.

W ith this wide range of observed behavior it is of interest to investigate 
the reaction between dicumyl peroxide and butyl rubbers where a be
havior between that of natural rubber and PIB would be expected. Such 
a polymer, where the amount of isoprene units copolymerized into the 
PIB may be varied, should enable some measure to be made of the relative 
reactivity of the two types of monomeric unit toward the radicals formed 
from the peroxide.

EXPERIMENTAL

Materials

The butyl rubbers used were obtained from Polymer Corporation and had 
unsaturations in the range 0.6-3 mole-%. The PIB used was Oppanol B

2127
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200. In each case the polymers were thoroughly extracted with acetone 
and dried in vacuo before use.

Squalene was purified by passing through an alumina column immedi
ately before use. Infrared analysis showed that this procedure removed 
all carbonyl absorption initially present.

Dicumyl peroxide was obtained from Hercules Powder Company and was 
recrystallized from methanol and water.

Methods

The peroxide was milled into the rubber on a 6 X  2 in. two-roll mill 
at room temperature, and the reaction was normally carried out by heating 
in a press for 70 min. at 153°C. to give virtually complete decomposition 
of peroxide. Experiments to determine the rate of scission were carried 
out by heating the compound in a sealed tube in vacuo.

The PIB compounds containing squalene were prepared by allowing the 
required amount of squalene to swell into the rubber and then refining 
the mixture on a mill.

Molecular weights were determined viscometrically in diisobutylene 
at 20°C. from the equation:4

to] =  3.60 X lO“ 4 M 0-64

This equation was obtained with PIB and its use here assumes that the 
small amount of unsaturation present has no effect on the intrinsic viscosity 
of the polymer.

The peroxide content was normally checked by an ultraviolet analysis 
of the uncured compound.

Product analyses were carried out by dissolving the degraded polymer 
in carbon tetrachloride immediately after heating and measuring the 
optical density in the infrared region at 3520 cm .-1 and 1730 cm .-1 . The 
extinction coefficient of cumyl alcohol at 3520 cm .-1 is unfortunately rather 
low, and since the polymer gives bands interfering in this region, no 
accurate measurements have been possible.

RESULTS AND DISCUSSION 

a. Scission Efficiency

W ith only one exception the peroxide was found to produce a more or 
less marked decrease in molecular weight similar to but less than that pre
viously observed with PIB. The results obtained are shown in Figure 1 
as a graph of l/M  versus peroxide content. In each case the point at 
zero peroxide concentration was obtained from the milled rubber. The 
dotted line shows the line for unit scission efficiency. The points shown for 
the rubber of highest unsaturation indicate a line of negative slope; points 
at higher peroxide concentrations could not be obtained since the polymer 
became insoluble as further crosslinks were introduced.
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Dicumyl Peroxide (%).
Fig. 1. Reciprocal molecular weight vs. initial peroxide concentration for butyl rubbers of

different unsaturations. The mole per cent unsaturation is shown on each line.

It is a little surprising that straight lines result from these plots since 
the unsaturation in the rubbers is quite low and in some cases could have 
been markedly reduced by reaction with peroxide. W ith 5%  peroxide in a 
rubber having 2.09 m ole-%  unsaturation the peroxide concentration is
1.4 m ole-% , and thus a noticeable increase in the scission efficiency over 
that observed at, say, 1%  peroxide might have been expected. That this 
does not occur suggests that there are around each unsaturated bond more 
than one labile hydrogen atom which can react. A  single experiment at 
8%  peroxide (corresponding to 2.24 m ole-% ) shows that an increase in 
scission efficiency does occur at these much higher concentrations.

The slopes of the lines in Figure 1 are proportional to the scission ef
ficiency of the peroxide in the reaction, that is, to the average number of 
main chain cuts produced by each molecule of peroxide decomposed. This 
efficiency has been calculated and is shown plotted against unsaturation 
in Figure 2. The scission efficiency falls very quickly as the unsaturation is 
increased. Such an effect will result if the radicals from the peroxide react 
with the isoprene units without giving chain scission. Such a reaction 
between radicals and isoprene units may conceivably cause no change in 
the size of the polymer molecule concerned or it may lead to crosslinking. 
To try and separate these two possibilities a set of experiments, similar 
to that above, using mixtures of PIB and squalene were carried out. The 
results are again shown in Figure 2. In this case the effect of any cross-
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Fig. 2. Scission efficiency of butyl rubbers of various unsaturations and PIB containing 
various concentrations of squalene as a function of unsaturation.

linking is removed since it would occur only between small molecules and 
therefore have no effect on the viscometrically measured polymeric molec
ular weight. The close similarity of the two curves in Figure 2 shows 
that the crosslinking reaction occurs only to a minor extent, the main drop 
in scission efficiency being caused by some reaction between radicals and 
isoprene units which causes no direct change in polymeric molecular 
weight.

Small amounts of crosslinking do occur, however, as is shown in Figure 2, 
and would be expected to change the constants of the intrinsic viscosity- 
molecular weight equation. In our present work, however, we have 
assumed that such changes would be slight, and the same constants have 
been used for all the polymers examined.

The full kinetic scheme including all the reactions which probably occur 
in the system under discussion is very complex and incapable, at this 
stage, of simple solution. It is however of interest to consider a greatly 
simplified scheme such as

RO- +  B -»  B +  B '- (1)
RO- +  P — P '- (2)

2B '- B (3)
2P'- — P (4)

P '- +  B '- PB (5)

where RO • is a peroxy i*adical, B and P are isobutylene and isoprene units, 
and B- and P'- are the radicals derived from them. From such a system, 
assuming fc25 =  k3kt, we find that the scission efficiency when P is a small 
molecule is

^ - M B J / C M B l  +  M P ])

or

+  ( ¿ 2 [ P ] / A h [ B ] )
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Plotting the present results for PIB and squalene according to this relation
ship leads to a value for k2/k, of 300, this being the ratio of the reactivities 
of isoprene and isobutylene units towards cumyloxy radicals.

It is difficult to obtain other estimates for this ratio but previous work 
here6 in which ketone and alcohol produced during the reaction between 
dicumyl peroxide and several hydrocarbons was measured shows that a 
ratio of the order quoted is reasonable. For example in the reaction of
2,2-dimethyl-butane the low molecular weight products are cumyl alcohol 
0% , acetophenone 85% ; with natural rubber3 they are alcohol 90%, 
acetophenone 10%. These products arise from the cumyloxy radicals by 
the reactions,

CaH, C(CH3)20 -  +  RH -*  C6H6 C(CH3), OH

C6H5 C(CH3)20 -  — C6H3 CO CH3 +  CHs-

where RH  is the hydrocarbon, and it may be seen therefore that the ratio 
of alcohol to ketone gives a measure of the ease of hydrogen abstraction. 
Thus treating the butane as a model for an isobutylene unit the reaction 
of cumyloxy radicals with isoprene units (natural rubber) would be ex
pected to be much faster than with isobutylene units.

Evidence for the relative inertness toward peroxy radicals of the hy
drogen atoms in substances such as PIB is also given by Wibaut and 
Strang,6 who show that the rate of oxidation of isooctane is negligible when 
compared with that of the isomeric straight chain hydrocarbon.

b. Rate o f Scission

The linear dependence of the number of scissions upon the intial peroxide 
concentration shown in Figure 1 suggests that the elementary scission re
action is of the first order' with respect to radical concentration. To 
check that this is so, the molecular weights of butyl rubber-dicumyl per
oxide, and PIB-squalene-dicumyl peroxide mixtures were measured after 
various times of heating. The results are shown in Figures 3 and 4. In

Dicumyl Peroxide decomposed C%)

Fig. 3. Reciprocal molecular weight as a function of the fraction of peroxide decom
posed during the reaction of 1.5 %  peroxide with butyl rubber of 0.65 mole-% unsatura
tion at140°C.
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Dicumyl Peroxide decomposed (%)

Fig. 4. Reciprocal molecular weight as a function of the fraction of peroxide decomposed 
during the reaction of 2%  peroxide with PIB containing 1.5% squalene at 140°C.

calculating these results, decomposition half lifetimes of 48 min. and 117 
min. at 140°C. and 130°C., respectively, were used.

These results show that the scission efficiency rises very rapidly toward 
the end of the reaction. On each of the two figures the lower point at full 
decomposition is derived from the experimental data shown in Figures 1 
and 2 and is therefore well substantiated. The shape of this curve is 
somewhat unexpected and rather difficult to explain. It cannot be due to 
a retarder in the rubber since with a given rubber the same scission ef
ficiency is observed over a range of peroxide concentrations. Likewise, 
it cannot be explained as due to the decay of unsaturation during the 
reaction as such a decay would have been shown by the earlier experiments 
plotted in Figure 1. One further possibility is the presence of an inter
fering impurity in the peroxide; this can however be discounted on several 
grounds, the material is supplied in high purity and is carefully recrystal
lized before use. Its estimation by ultravoiolet spectroscopy shows a 
purity of 100% within experimental error, its melting point is sharp, and 
it shows a unit crosslinking efficiency when used to cure purified natural 
rubber.

To explain the observed dependence it therefore seems necessary to 
postulate the existence of an intermediate compound which is formed 
during the reaction and is capable of producing a chain scission by a further 
reaction some time after the initial radical attack. There is at present no 
evidence upon the nature of this intermediate and further work, preferably 
using low molecular weight model compounds, is required to identify 
it.

The ratio of /c2//ci =  300, which is of course only a rough value based on 
an incomplete kinetic scheme, indicates that the cumyloxy radical reacts 
with the isoprene units (by hydrogen abstraction) much faster than with 
the isobutylene residues. It is now well known that the reaction of dicumyl 
peroxide with natural rubber leads predominantly to the production of 
cumyl alcohol by an hydrogen abstraction by the cumyloxy radical, but
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some acetophenone resulting from decomposition of the cumyloxy radical 
is also formed. Where the primary reaction of the cumyloxy radicals is 
slower than that with natural rubber an increase in the amount of aceto
phenone produced would be expected. This increase is shown in Thomas’s 
work with hydrocarbons,6 but in his study of the PIB-dicum yi peroxide 
reaction no acetophenone or cumyl alcohol were found within the limits of 
experimental accuracy.1

The mechanism suggested by him for this reaction involves immediate 
scission of the polymer chain

C R 3 c h 3 c h 3 c h 3
RO-  I I  I I

(or CHa-) +  ~ C H 2— C— CH2— C ~  —  ~ C H ,— C— CH2OR +  - C ~
I I I (or CH3) |

c h 3 c h 3 c h 3 c h 3

and allows for no unstable intermediate such as appears necessary to 
explain the scission-time dependence. This mechanism rests mainly 
upon a failure to find appreciable amounts of cumyl alcohol and or ace
tophenone among the products. Further work here on this point has 
indicated yields of up to 50%  acetophenone with uncertain amounts of 
cumylalcohol while yields of 46%  acetophenone and 27%  cumyl alcohol 
have been found elsewhere.7 It is also relevant that the reaction between 
peroxide and 2,2-dimethylbutane yields around 90%  acetophenone.6 
Thus it seems that Thomas’s mechanism is open to some doubt.

An alternative mechanism, in accord with the presently reported prod
uct analyses would be

Peroxide —* 2RO-
CH3 c h 3 c h 2 c h 3

r o - T T i l
(or C H ,-) +  ~ C H 2— C— CH2— C ~  — ROH -|---- CH2— C— CH2— C ~

I I (or CH4) | |
CH3 CHa CHa CH3

followed by

CH2 CHa CH2 CHa
I I  II I

~ C H 2— C— CH2— C -----* ~ C H 2— C +  -CH2— c ~
I I  I I

CHa CHa CHa CH3

together with the usual inter-radical termination steps and or depoly
merization steps. A further alternative to this involves a primary ab
straction of a secondary hydrogen when the radical rearrangement would 
be

CHa CHa
I I

~ C H 2— C— CH— C -----*
I ' I

CHa CH,

CHa CHa
I I

~ C H 2- +  C = C H — C ~
I I

CHa CHa

The secondary hydrogen atoms are, however, heavily shielded by the 
adjacent methyl groups which are packed very closely together and must
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make the chain very rigid. The abstraction of a primary hydrogen atom 
is therefore considered to be more probable, and although such an ab
straction has not often been reported, it has been found that the relative 
reactivity of secondary to primary hydrogen atoms toward alkoxy radi
cals is only 3 or 4.8 This mechanism does not, however, explain the way 
in which the amount of scission depends upon the time of heating (Figs. 
3 and 4) as none of the radicals involved would be expected to have a life
time long enough to lead to this type of scission dependence. Thus at 
the moment no kinetic scheme can be confidently suggested for the reaction 
studied in this paper and further work would seem to be necessary before 
a full understanding of it appears.

The author wishes to thank Hercules Powder Company for their support of this work 
which forms part of the Research Association’s general program.
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Résumé

La réaction entre le peroxyde de dicumyle et les caoutchoucs butyliques a été suivie 
au moyen de mesures du poids moléculaire. Dans tous les cas excepté celui du caout
chouc possédant l’insaturation la plus élevée, le poids moléculaire tombe, et l’efficacité 
de scission du peroxyde dépend fortement de l’insaturation. Pour le caoutchouc possé
dant l’insaturation la plus élevée on a observé une petite réaction de pontage. On inter
prète les résultats en montrant que les radicaux cumyloxy réagissent avec les unités 
isoprène dans la chaîne environ 300 fois aussi vite qu’avec les unités isobutylène. On a 
étudié la dépendance du poids moléculaire vis-à-vis de la durée de la réaction mais on 
n’a pas pu trouver d’explication satisfaisante.

Zusammenfassung

Die Reaktion zwischen Dicumylperoxyd und Butylkautschuk wurde durch Mole
kulargewichtsmessungen verfolgt. Das Molekulargewicht sinkt in allen Fällen mit 
Ausnahme des am stärksten ungesättigten Kautschuks und die Spaltungswirksamkeit 
des Peroxyds hängt deutlich von der Zahl der Doppelbindungen ab. Im Falle des am 
stärksten ungesättigten Kautschuks wurde eine geringe Brutto-Vernetzungsreaktion 
beobachtet. Die Interpretation der experimentellen Befunde zeigt, dass das Cumyloxy- 
radikal mit den Isopreneinheiten der Kette etwa dreihundertmal so schnell reagiert wie 
mit den Isobutyleneinheiten. Die Zeitabhängigkeit des Molekulargewichts während 
der Reaktion wurde zwar untersucht, konnte jedoch nicht befriedigend erklärt werden.
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Radiation-Initiated Copolymerization of Styrene 
with Unsaturated Esters

W . BURLAN T and J. HINSCH, Scientific Laboratory, Ford Motor Company,
Dearborn, Michigan

Synopsis

The kinetics of the 7 -ray-initiated, gel-forming copolymerization of styrene with the 
unsaturated ester containing 1.5 double bonds per molecule of number-average molec
ular weight of 890 (derived from maleic anhydride, phthalic anhydride, and propylene 
glycol) have been studied with initial ester concentrations ranging from 65% to 2.4%. 
From experimentally determined gel fractions, rates of disappearance of styrene and 
ester unsaturation (measured up to complete conversion of ester unsaturation), and the 
degree of polymerization of the growing chains, a model is suggested based on a free 
radical copolymerization, assuming a single effective propagation and termination rate 
constant (k v and kt, respectively), and bimolecular chain termination except between a 
pair of immobile gel radicals. Three ester concentration ranges were considered. At 
high ester concentrations (^ 5 0 % ), styrene and ester enter the gel at a constant rate 
(molar ratio of styrene:ester double bond of 2 :1 ), precluding application of conventional 
copolymer composition theory. The rate at which overall unsaturation, a , disappears, 
is given by d a/ dt =  {k p2/ k , ) M F , where M F  is the initial molar concentration of ester 
unsaturation. The rate at which styrene, on, disappears is given by don/dt — 2/z{.kp2/ 
k t ) M t ° ( M i °  +  M -i° )/ M i° . The rate at which styrene is consumed in the dilute ester- 
styrene solutions (< 4 .6% ), where M C  is negligibly small, is given by don/dt =  k fik i/  
2k t )/ '1 Polymerization rates of the intermediate ester concentration ranges (10% to 
30% ) are higher than predicted from the simple model. An empirical rate expression 
is presented which describes these systems to 40% conversion of styrene: da\/dt = 
(k p2/ kt) M i°  {[(1 +  M ) ( r i  +  M )]/(ri -f- 2M )}, where M  is the ratio of ester unsaturation 
to styrene in the starting mixture and n  is the reactivity ratio for styrene, defined in the 
usual manner. For initial conversions of ester unsaturation (to 10%) d a/ dt =  (kp2/

INTRODUCTION

Most data on vinyl-divinyl copolymerizations, in which gel formation 
accompanies chain growth, describe either the kinetics of the reaction 
in the pregel region, or emphasize the role of conversion at which gelation 
occurs. Kinetics of the polymerization in the gelling region have been 
studied only briefly: For a range of polyethylene fumarate-methyl meth
acrylate mixtures (molar ratios of fumarate unsaturation to methyl 
methacrylate of 1.8 to 0.1; peroxide-initiated), Gordon and McMillan 
report1 that the conventional radical scheme obtains up to the gel point, 
which occurs at less than 4%  conversion. Beyond this stage there is 
noted an increase in rate, attributed to the well-known gel effect on the

2 1 3 5
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termination step; and at higher degrees of crosslinking even the propaga
tion step, therefore the overall rate, also slows down. The conclusions are 
based on overall conversions measured dilatometrically in the pregel 
region, densitometrically after gelation, and assuming applicability of the 
copolymer composition equation throughout the concentration range.

The present paper describes in greater detail the kinetics at 33°C. of 
the 7 -ray-induced gel-forming copolymerization of styrene with the un
saturated ester (I) derived from maleic anhydride, phthalic anhydride

and propylene glycol. Starting ester concentrations employed ranged 
from 65%  to 2 .4% ; molar ratios of ester unsaturation to styrene from 
0.327 to 0.004. Gelation occurs at a few per cent conversion of unsatura
tion, which is the point at which kinetic runs were begun; monomer 
consumption and gel fractions then were measured up to complete reaction of 
ester double bonds.

This system is amenable to analysis because: (1) disappearance of ester 
and styrene unsaturation can be followed separately in most cases by high 
resolution infrared spectrometry; (2) the isolated gel is hydrolyzable to a 
tractable styrene-maleic acid copolymer, so that the average degree of 
polymerization of the growing chains is estimable; (S) initiation by 7 -rays 
at 33°C. obviates experimental difficulties inherent in the use of conven
tional chemical initiators requiring somewhat higher polymerization 
temperatures; (4) the observed absence of dark or autoaccelerative 
reactions simplifies the kinetic treatment.

Based on gel fractions, rates of disappearance of monomers, and the 
applicability of the steady state treatment, a simple kinetic scheme is 
proposed. Free radicals are produced by the 7 -radiation and are assumed 
to initiate network copolymerization independently at each ester double 
bond. Gelation occurs at about 1% unsaturation conversion; at this stage 
the system is comprised of a gel, highly swollen with the mixture of mono
mers, in which are incorporated pendant vinyl groups. Growing copoly
mer radicals attain only short chain lengths before adding to gel, as propa
gation and gel formation continue. If chain termination is bimolecular, 
but cannot occur between two gel radicals because of their large size, and 
employing a single effective propagation and termination rate constant to

COOCH,— CH— CH.

I
1.5 double bonds/molecule; M „ ,  890

O
J n

APPROACH
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describe the copolymerization, the concentration of radicals separately 
in the sol and gel is approximated b y :

“  =  M l  -  g) -  fc,[S-](2[S-] +  [G-]) -  M S - ]  M , =  0 (1)

and

=  h(g) -  fc«[S-][G-] +  k ,[8 -]M t =  0 (2)

where [S-] =  concentration of soluble radicals at time t (in m ole/liter); 
fci =  initiation rate constant (in mole/liter-minute); g =  gel fraction; 
(1 — g) =  sol fraction =  S; kt =  termination rate constant (in liter/mole- 
minute) ; [G - ] =  concentration of radicals in the gel phase (in m ole/liter); 
kp =  propagation rate constant (in liter/mole-minute); M2 =  overall 
concentration of ester double bonds at time t (in mole/liter).

The term M l  — g) in eq. (1) describes the rate at which radicals are formed 
in the sol phase. The last two terms in this equation represent the several 
rates at which radicals are removed from the sol phase: by combination 
with another sol or gel radical, or by incorporation into the gel via a propa
gation step.

The rate at which overall unsaturation disappears is

da/dt =  fc„(l — a) ( [S- ]  +  [G-])  (3)

where a is the fraction of initial unsaturation that has reacted.
When eqs. (1) and (2) are solved for 1/[S  • ] and ([S ■ ] +  [G • ]), there is 

obtained:

and

1 kvM  2 ( kvM2 2 2k, )
[S- ] ”  M l - 2 g) l _M1 -  2g)_ M l  -  2g)j

(4)

a s - ]  +  [g - d =
kpMi

2 /c /l  -  2g)
+

( kPM 2 2 , \
lL2/c,(l -  2g)\ ' 2 M l - 2 f f ) /

(5)

When radical concentrations in eq. (3) are eliminated by using equation
(5), the rate at which overall unsaturation disappears in the copolymeriza
tion of the styrene-ester mixture is given by the general expression:

dot. _  k p *  { i ) f 2 ( l  -  a )  / p f 2( l  —  a )  2 2 /CiA~,(l —  a ) 2)
d t  ~  2 k ,  l  (1 -  2 g )  +  \ L  (1 -  2 g )  J +  V ( 1  - 2 g )  f

RESULTS AND DISCUSSION

It is convenient to divide applications of the rate equation, eq. (6), and 
discussion of results into three sections, depending on the ester con
centration of the solutions.
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I. Concentrated ( >  50% ) Ester Solutions

Figure 1 represents the measured rates at which styrene and ester un
saturation disappear in the irradiated mixtures. It is seen that each 
component enters the gel at a constant rate, and at a molar ratio of styrene 
to ester double bond of 2:1. Not only is such linearity not predicted from 
copolymer reactivity ratios determined from the more dilute ester solu
tions (see below), but established theory predicts a ratio of about 1.5 at 
these conversions. Molecular models indicate that while both configura
tions are attainable, the one with only a single styrene unit between ester

Fig. 1. Conversion of styrene and ester unsaturation with time for initial mixtures 
containing (O) 65% ester and (• ) 50% ester.

molecules is sterically hindered. Since the glass transition temperature of 
the gel is about2 100°C., it is suggested that the 2:1 ratio results from the 
fact that the y-initiated reaction occurs in the glassy state, where limited 
segmental mobility of the gel prohibits incorporation of only one styrene 
molecule between chains. In any case, these experimental data preclude 
use of the conventional copolymerization composition scheme to obtain 
the required relation between M 2 and a. This information, however, can 
be calculated from Figure 1: for each system, M 2 =  M 2 — a /3  (M i +  
M°2), and Mi =  M\ — 2a/3(M [ +  M°2), where M\ and M°2 are the initial 
molar concentrations of styrene and ester, respectively.

If we let A 3 =  (kv2/2kt)M°2 and An =  (M\ +  M°2)/3M°2, eq. (6) can be 
rewritten in terms of the initial concentrations of components :

da A /(I  — x46a )(l  — a) |
( 1 - 2 , )  +

/|” (1 — ^-6a )( l  — a) 2 2 k M l  -  a )2 |
(L U - 2 0 )  J K K M lY ii -  2ff) f ( 7 )
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Fig. 2. Dependence of sol fraction on conversion of unsaturation for (O) 65% and (• )
50% ester solutions.

where

2 kikt 1
kv\M lY ~~  D P 2 ~  1000

From experimentally determined gel fraction-conversion data (Fig. 2), 
the first term under the square root sign is approximately 1 and according 
to the measured degree of polymerization, DP, of the reaction (about 30), 
the last term under the square root sign in eq. (7) is much smaller than 1; 
eq. (7), therefore, can be simplified:

da H i -  ^6«)(1 — a)
—  =  2A-, ----------------------------
dt L (1 -  2g) J

This can be integrated analytically if (1 — 2g) can be expressed in terms of 
a .  Curve fitting of gel fraction-conversion data (Fig. 2) indicates that

(1 -  2g) =  1 -  2Aia +  2A 2a 2 (9)

where A\ =  1.48 and 2.10 and A 2 =  0.85 and 1.85 for the 65%  and 50%  
ester solutions, respectively.

If eq. (9) is substituted into eq. (8) and the resulting expression in
tegrated :

2^2«* ~2A\ -  2A , -  1 
_ ¿6  -  1

+

j [l +  (2-42M 62) -  (2 d i/.4 6)] 
\ A , -  1

A,t (10)

Equation (10) can be evaluated for different values of a ,  using values of 
A h A 2) and As measured for both the 65% and 50%  ester solutions (Fig. 3).
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Fig. 3. Plot of overall conversion vs. 2A3t, according to eq. (10) for (O) 65% and (• )
50% ester solutions.

For conversions up to about 30%, eq. (10) is approximately a =  2.4 3t. 
The rate at which overall unsaturation disappears, therefore, is given b y :

da/dt =  2 A z (11)

an expression consistent with the experimental observation (Fig. 1) that 
da/dt is constant.

If the relation between M i and M  1; a, and M 2 derived from Figure 1 
together with eq. (11) is used, the rate at which styrene disappears is given 
by dai/dt =  4 /3  As [(M i +  Ml)/M\).

II. Dilute (2.4% , 4.6% ) Ester Solutions

The consumption of styrene with time for the dilute ester systems is 
shown in Figure 4. For these cases, since M 2, which is less than 0.008 
mole/1., is small, eq. (6) reduces t o :

d a / d t  =  kp(ki/2kt) ^ [(1 -  « ) / ( !  -  2g ) ' h ] (12)

The rate of disappearance of the already low initial concentration of 
ester cannot be estimated from infrared absorption spectra, i.e., a2 is not 
directly available. However,

d a
M \  d a i  T  M 2 d a 2 

M [ +  M l (13)

and

(1 -  a )
[(1 —  a i ) M \  +  (1 —  a/) ]\I 2 ] 

M[ +  M l
(14)

Furthermore, reactivity ratios r 1 and r2, for styrene and ester, respectively, 
can be obtained since the dilute solution copolymerizations appear to
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Fig. 4. Conversion of styrene with time for (A) 2.4% and (A) 4.6% ester solutions; 
change in slope occurs about the time at which ester unsaturation disappears.

follow the conventional copolymer composition equation.3 For r2 =  0, 
the latter equation becomes :

M°2 doLi
( M 1 d a i ) M 2 ( l  —  a 2)  

[t 'iiJ fJ il — ai) +  M 2( 1 — « 2)]
(15)

where r is defined in terms of propagation rate constants for styrene 
radicals, M\, and ester radicals, M 2, toward M i or M 2 monomer molecules; 
n  =  and r2 =  ku°Mt/ku°,Mr If eqs. (13), (14), and (15) are sub
stituted into eq. (12), there is obtained:

d a !  ^ / i i \ 7 * (1 -  a i ) ( l  +  M d ) ( n  +  M e ) '0.aII

L ( 1  -  2 S ) , /2J ( r x +  2  M B )

where

M = M l / M l

and

8 =  (1 — «2)7(1 — ai)

For small values of M, and if n  is between 0.1 and 0.9 (n  =  0.16 for the 
present copolymerization) eq. (16) reduces to:

doil _  , /  ki \ ^ (1 — « 1)
~dt ~  P\2kJ  ( 1 - 2 g)l/*

(17)

Since it was found experimentally that dai/dt is constant, (1 — 2gr) 1/2 =  
5 (1  — <*i), whei'e B  is a constant. A  plot of gel fraction versus styrene 
conversion, of the form (1 — 2g) 1/2 versus (1 — « 0  in fact is linear with B =  
1 (Fig. 5). It is concluded consequently that for these dilute cases the 
rate at which styrene disappears, up to 40%  conversion is given b y :

dai/dt =  kv{ki/2kt) ih (18)
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Fig. 5. Plot of (l-2g)li2 vs. (1-ai) according to eq. (17) for (A) 2.4% and (A) 4.6%
ester solutions.

III. Intermediate Ester Concentrations (9.8%, 20% , 30%)

The simplification of rate equation, eq. (6), so convenient in treating the 
dilute solution copolymerizations (i.e., M 2 is negligible), cannot be effected 
for the intermediate ranges. Consequently, if eqs. (13), (14), (15) are 
substituted in eq. (6), there is obtained:

da\
~dt A , {

(1 ~  m )2 
(1 -  2g)

6 "(1 M6){n +  MO) 1 
'x +  2M\6) J

1 +  ^ 1  +

X

2fcifc,(l — 2 g)
(19)

i -

Since 2k-ik,/kvi{M^)i =  1 /D P 2, and the latter is very small,eq. (19) becomes:

da\
dt

=  2.4, (U  -  m )2 
1(1 -  2 g)

e " ( l  +  Md)(n +  MO)
n  +  2 Md

(20)

From the measured linearity of «x with respect to time, to about 40%  con
version of styrene (Fig. 6), eq. (20) should reduce to dai/dt =  constant. 
In fact, eq. (20) is not in accord with experimental data and predicts rates 
up to threefold slower than observed. The discrepancy is attributed to 
processes neglected in the present kinetic treatment. Thus, disappearance 
into the gel phase of branched sol copolymer containing several radical sites, 
propagation via addition of monomer or soluble copolymer to gel radicals 
and the increase with conversion of unreacted double bonds in the gel— 
all difficultly obtainable quantities— perhaps are responsible for the rate 
increase. For present purposes, the kinetics of this concentration range
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Fig. 7. Effect of initial ester concentration on rate of disappearance of styrene; concen
trations in weight-%  are given near symbols.



2 1 4 4 W .  B U R L A N T  A N D  J .  H I N S C H

Fig. 8. Plot of F  [eq. (21)] vs. a i ; lower curve is the correction factor for the 30% ester- 
styrene copolymerization; upper curve describes the 9.8% and 20% solutions.

are treated empirically. Multiplication of the right side of eq. (20) by F, 
where

r ( l  +  M )(ri +  M ) 1 (1 -  2g)(ri +  2Me)
J*! +  2 M _(i -  a i)2<?(l +  Me) in  +  Me)_

(21)

which completely describes the kinetics 
i.8% to 30% ester solutions up to 40%

(1 +  M) ( n  +  M)  I
. (n  +  2 M)  J 1 ]

A plot of dai/dt versus M 2 is linear in this concentration range (Fig. 7 ); 
kr*/kt is calculable from the slope of this line. Equation (22) is independ
ent of if 0 <  ?*i <  0.9 and states that ai is linear with time for a given 
initial feed mixture.

A  plot of a2 versus t is not linear; from initial conversions of ester 
unsaturation (to 10%), the rate at which overall unsaturation disappears is 
given by da/dt =  2A3.

Figure 8 describes the variation in the correction factor F  with conver
sion; while no significance is attached to numerical values, the shape of the 
curve suggests that the copolymerization rate increase is related to an 
inordinate increase in the number of free radicals and/or unreacted double 
bonds in the gel phase as reaction proceeds.

affords an expression [eq. (22)] 
of the copolymerization of the ' 
conversion of styrene. Thus:

dai
dt

=  2 A 3

Kinetic Parameters

No information about copolymerization rates of similar systems is 
available. Estimated value for k//kt for the different concentration 
ranges are summarized in Table I. Diffusion control of any of the rate 
processes is not noted, presumably because of the high diffusivity of the 
primary chains formed in this particular system, relative to the long ones 
in the reported1 methyl methacrylate copolymerization. Steric control of
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the kinetics of the concentrated ester solutions is reflected in the changing 
V / * I  f ° r the 65% and 50% cases. The presently derived k„2/kt for the 
most dilute ester-styrene solutions, 0.43 X  10-2 l./m ole-m in., might be 
compared with the reported one of 0.27 X  10-2 l./m ole-m in. for the radia
tion-initiated bulk polymerization of styrene under roughly similar ex
perimental conditions of dose rate and temperature.4

TABLE I
Kinetic Parameters for Styrene-Ester Copolymerizations

Initial
[ester]/[styrene]

k / / k t,
l./mole-min. X 102 How calculated

0.327 2.52 e q .(11)
0.175 0.79 e q .(11)
0.075 0.49
0.044 0.47 e q . (22)
0.019 0.43
0.008 Assuming values same as
0.004 0.43 that for the 9.8% polyester 

solution ( M  =  0.019)

The initiation rate constant for the dilute systems, approximated from 
the above value of kp2/kt together with eq. (18), is 3.6 X  10-6 m ole/l.-m in. 
Gradual (the number of initiating radicals formed by y-irradiation per 100
e.v. absorbed) calculated from this k\ is 4.2; G/adicai of 0.9 is reported for 
bulk styrene.4

EXPERIMENTAL

Materials

Starting ester was synthesized from reagent grade maleic anhydride, 
phthalic anhydride, and propylene glycol according to reported procedures.6

Anal. Calculated for two ester molecules comprised of a total of 3 maleic units, 6 
phthalic units and 9 propylene glycol units, less 7 water molecules and containing 2 free 
hydroxyl and 2 free carboxyl groups : C, 60.0%; H, 5.1%; M „, 870. Found: C, 60.1%; 
H, 4.8%; M n (cryoscopic in benzene), 890.

Double bond concentration of 1.5 per molecule was estimated from stoi
chiometric material balance ; monomer was distilled in vacuo before use.

Irradiations and Kinetics

Solutions of the required concentrations of ester in styrene were degassed 
and sealed in vacuo in small ampules the contents of which were transferred 
to fixed thickness (0.020-0.040 mm.) liquid infrared cells; the latter step 
was effected in a nitrogen atmosphere (<0.03%  oxygen). Irradiations 
were with y-rays from Co60 with dose rates ranging from 8.33 X 103 to
7.10 X  103 rad/min. at 33°C. It was assumed that a dose of 1 Mrad 
corresponds to the absorption of 62.5 X  1018 e.v ./g . of polymer.
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Analyses on a Perkin-Elmer Model 237 spectrophotometer were per
formed in the infrared cells within 1-2 min. after irradiation, using the
6.10 n and the 6.15 p peak to estimate ester and styrene unsaturation, 
respectively, by means of the standard base line technique. Previously 
calibrated styrene-ester solutions were found to obey Beer’s law over the 
ester concentration range from 0%  to 65%. Below initial ester concentra
tions of 30%, the absorption peak for this component was too weak for 
kinetic analyses. Reproducibility of styrene and ester concentration 
measurements is estimated to be 1.0% and 5.0%, respectively.

Gel Fractions

About 0.5 g. degassed samples were irradiated in vacuo, then placed in 
thimbles consisting of a 100-mesh copper screen within a second 200-mesh 
Monel screen. Soluble polymer was removed quantitatively by hot 
benzene in 170 hr. in a Soxhlet extractor and the gel dried to constant 
weight in vacuo at 75°C. Gel fractions were reproducible to ± 5 % ;  most 
to ± 3 % .

That no dark or post-irradiation reaction occurred was confirmed by 
noting that: (1) transmittances of both unsaturated peaks in the infrared 
and gel fractions were independent of time elapsed after irradiation and 
before analyses and (2) use of extraction solvents also containing the 
radical inhibitor ¿erf-butyl catechol did not alter the measured gel fractions.

Soluble Copolymer

The absence of soluble copolymer (from which it is concluded that co
polymer entering the gel phase is of short chain lengths) in the concentrated 
ester solutions (65-50% ) was confirmed from elemental analysis of the 
nonvolatile residue remaining after removal of the gel fraction; only 
starting ester was isolated at a total conversion of unsaturation of 16%. 
Additionally, the molar ratio of styrene : ester in the gel, estimated from 
elemental analysis of the gel, was identical with the ratio calculated from 
the fraction of styrene polymerized (measured from infrared), provided 
all the styrene disappearing enters the gel phase.

Hydrolysis o f Gel

About 60 g. of the rigid gel isolated from low conversion polymerizations 
(16%) of the 65% ester-styrene solution was hydrolyzed according to a 
modification of a described procedure.6 Refluxing in 500 ml. of a 10% 
potassium hydroxide-benzyl alcohol mixture was continued for 20 days in 
a stainless steel flask, after which several hundred milliters of benzene was 
added and the whole extracted with water. Acidification of the 
aqueous layer resulted in the white styrene-maleic acid copolymer which 
was purified by another reprecipitation by aqueous hydrochloric acid from 
methyl alcohol solution; total yield, 4.0 g. Since about half of the starting 
gel was attacked, this corresponds to 32%  of the theoretical yield. If
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bimolecular termination is assumed for the 7 -initiated copolymerization, 
the kinetic chain length contains 15 monomer units (where the monomer 
units are styrene and ester molecules). Its M n, measured cyroscopically

TABLE II
Experimental Data for Styrene-Ester Copolymerizations

Conversion of Rate of 
conversion

Initial
[ester]

[styrene], M
Styrene,

Oi\

Ester
unsaturation,

a  2
Time t, 

min.
Dose,
Mrad

of styrene 
dai/d t, 
min.-1

Gel
fraction g

0.327(65Y 0.094 0.14 3 . 8 0.030 0.0245 0.21
0.156 0.24 6 . 4 0.050 0.26
0.312 0.48 1 2 . 8 0.100 0.41
0.548 0.85 2 2 . 3 0.175 0.57

0.175(50) 0.052 0.09 1 0 . 0 0.071 0.0052 0.14
0.104 0.31 2 0 . 0 0.142 0.28
0.156 0.47 30.0 0.212 0.36
0.208 0.58 40.0 0.283 0.43
0.260 0.68 50.0 0.354 0.49

0.075(30) 0.043 0 .17b 20.0 0.142 0.0021 0.09
0.086 0.32 40.0 0.283 0.16
0.172 0.57 80.0 0.567 0.30
0.258 0.75 120.0 0.850 0.36
0.344 0.87 160.0 1.133 0.48

0.044(20) 0.027 0 .12b 20.0 0.142 0.0014 0.04
0.083 0.35 60.0 0.425 0.12
0.166 0.60 120.0 0.850 0.21
0.221 0.73 160.0 1.133 0.27
0.304 0.85 220.0 1.558 0.35
0.386 0 93 280.0 1.983 0.41

0.019(9.8) 0.056 0.27b 100.0 0.710 0.00056 0.06
0.112 0.48 200.0 1.420 0.14
0.224 0.76 400.0 2.830 0.27
0.336 0.90 600.0 4.250 0.37
0.448 0.97 800.0 5.670 0.50
0.560 0.99 1000.0 7.100 0.62

0.008(4.6) 0.045 160.0 1.133 0.00028 0.02
0.056 200.0 1.420 0.04
0.112 400.0 2.830 0.12
0.168 600.0 4.250 0.18
0.224 800.0 5.670 0.24
0.280 1000.0 7.100 0.28
0.350 1250.0 8.854 0.34
0.420 1500.0 10.625 0.40

0.004(2.4) 0.009» 330.0 2.337 0.00028 0.02
0.028 400.0 2.830 0.04
0.190 1000.0 7.100 0.15
0.244 1200.0 8.500 0.20
0.336 1540.0 10.907 0.24

a Per cent ester given in parentheses.
b For these ester concentrations, a2 was calculated from eq. (23).
0 The gel point, at which 8% of the styrene had disappeared, was taken as zero con

version.
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in dioxane, was 3000; D P =  30. Elemental analysis was in reasonable 
accord with the 2 :1 molar ratio of styrene: starting ester in the gel de
rived from infrared kinetic data. Calculated for (C2oH20C>4)io: C, 74.0%; 
H, 6.2%. Found: C ,73 .6% ; H, 7.2%.

Table II summarizes the experimentally measured parameters on which 
the kinetic scheme is based. In the figures given in this paper, reproduc
ibility of the measurement is indicated by the size of the symbols used.

Reactivity Ratios

For the dilute (< 3 0 % ) ester solutions, the product compositions of 
which are explainable in terms of normal copolymerization composition 
theory, approximate reactivity ratios ri and r2 for styrene and ester, 
respectively, were measured. Based on initial feed mixtures of 30%, 20%, 
and 9.8% ester solutions polymerized to 10% styrene conversion, and from 
concentrations of each component in the gel (calculated from infrared and 
gel fraction data), Fineman and Ross plots7 indicated r2 =  0 and =  0.29. 
A  better value of r\ then was obtained from the integrated form of the 
copolymer composition eq. (15), letting r2 =  0:

(1 -  ax) =
1 -  a2\ri/1~ri 
1 — Ot\

(1 -  n) -  M 1/1 — n

(l -  n) -  M
a2

1 - «1

(23)

For the 30% ester solution, at a sol fraction of 0.70 when cu =  0.17, 
n2 =  0.59, M l =  0.05, and M\ =  0.67, was found to be 0.16 ±  0.10. 
This value, used in the present work, is to be compared with reported 
values8 for styrene with diethyl fumarate (i\ =  0.30 ±  0.02, r2 =  0.07 
±0.007) and diethyl maleate (?i =  6.5 ±  0.5, r2 =  0.05 ±  0.01).

It is a pleasure to acknowledge the contributions of Dr. Serge Gratch, who suggested 
the kinetic scheme and offered valuable assistance throughout the course of this work.
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Résumé

On a étudié les cinétiques de copolymérisation initiée par les rayons gamma, avec for
mation de gel, du styrène avec l ’ester non-saturé contenant 1,5 double liaison par molé-



S T Y R E N E  C O P O L Y M E R I Z A T I O N 2 1 4 9

cule de poids m oléculaire m oyen  en nom bre de 890 (dérivé  de l ’anhydride m aléique, de 
l ’anhydride phtalique et du propylène g ly co l). Les concentrations initiales en ester 
varient de 6 5 %  à 2 .4 % . A  partir des fractions de gel déterm inées expérim entalem ent, des 
vitesses de disparition  du styrène et de l ’ester insaturé (m esurées ju squ ’à conversion  
com plète de l ’ insaturation en ester) e t du degré de polym érisation  des chaînes en crois
sance, on  a proposé un m odèle basé sur une copolym érisation  par radical libre, en adm et
tan t une propagation  effective sim ple, une vitesse de term inaison constante ( kp e t  kt, 
respectivem ent) et une term inaison de chaîne bim oléculaire excepté entre une paire de 
radicaux de gel im m obile. On a considéré trois dom aines de concentration  en ester. A  
des concentrations élevées en ester ( > 5 0 % )  le styrène et l ’ester pénètrent dans le gel à 
une vitese constante (rapport m olaire de styrène: double liaison ester 2 :1 ) ,  ce qui exclut 
l ’app lication  de la théorie conventionnelle de la com position  du copolym ère. La vitesse 
à  laquelle l ’ insaturation globale, alpha, disparaît, est donnée par da/dt =  (kp2/kt)M 2° 
où  M 2 est la concentration  m olaire initiale de l ’insaturation de l ’ ester. L a  vitesse à 
laquelle le styrène, a , disparaît est donnée par day/dt =  2/3(kp2/kt)M ,0(M i0 +  A f2°)/A fi° . 
La  vitesse à laquelle le styrène est consom m é dans les solutions diluées ester-styrène 
( >  4 .6 % ), où  MJ> est petit et négligeable, est donnée par dai/dt =  kv(ky/2kt)1̂ . Les 
vitesses de polym érisation  pour les dom aines de concentration  interm édiaire en ester 
(1 0 %  à 3 0 % )  sont plus élevées que celles prévues à partir du m odèle sim ple. U ne ex
pression em pirique de la vitesse est présentée et décrit ces sytèm es à 4 0 %  de conversion  
du styrène; da/dt — (kp2/kt)M  { [ (1  +  M )(n  +  M)]/(ry +  2M )\ , où  M  est la rapport 
de l ’ insaturation de l ’ester au styrène dans le m élange de départ et où  ry est le rapport de 
réactivité pou r le styrène, défini de la m anière habituelle. Pour les conversions initiales 
de l ’insaturation de l ’ester (ju squ e 1 0 % ) da/dt =  (kp2/kt)M-/‘ .

Zusammenfassung
E s wurde die K in etik  der durch y-Strahlen gestarteten, unter G elbildung verlaufenden 

C opolym erisation  von  S tyrol m it v on  M aleinsäureanhydrid bzw . Phthalsäureanlrydrid 
abgeleiteten ungesättigten Estern (1 ,5 -D opp elb indu n gen  pro M olekü l, Zahlenm ittel des 
M olekulargew ichts 890) bei E ster-A nfangskonzentrationen  v on  65 bis 2 ,4 %  untersucht. 
Aus experim entell untersuchten G elfraktionen, der G eschw indigkeit des Verbrauches 
von  S tyrol- und E sterdoppelb indungen  (M essungen  bis zum  vollständigen  U m satz der 
E sterdoppelb indungen) und dem  P olym erisationsgrad der w achsenden K etten  w ird 
unter der Annahm e einer einzigen effektiven  W achstum s- und G eschw indigkeitskon
stante ( k p bzw . k t) und eines bim olekularen  K ettenabbruches (ausgenom m en zwischen 
einem  Paar unbew eglicher G elradikale) ein M od ell auf der Basis einer radikalischen 
C opolym erisation  vorgeschlagen. Es werden drei B ereiche der E sterkonzentration  
getrennt b etrach tet: I . B ei hohen E sterkonzentrationen  ( > 5 0 % )  treten S tyrol und 
E ster m it einer konstanten G eschw indigkeit in das G el ein (m olares V erhältnis S tyro l: 
E sterdoppelb indungen  von  2 :1 )  und die konventionelle  T h eorie über die C op olym er
zusam m ensetzung kann n icht angew andt werden. D ie  G eschw indigkeit, m it der die 
B ruttonanzahl a der D oppelb indungen  abnim m t, ist gegeben durch  da/dt =  (k p2/ k t)- 
M 2°, w obei AL,0 die m olare A nfangskonzentration  der E sterdoppelb indungen ist. D ie  
G eschw indigkeit m it der S tyrol (a i )  verbrau cht w ird, ist durch  day/dt =  2/z(kp2/ kt)M J > 
( Mi° +  M ^ / M y0 gegeben. II . In  verdünnten  E ster-Styrollösungen ( > 4 ,6 % )  m it 
vernachlässigbar kleinem  ü f2° ist die G eschw indigkeit des S tyrolverbrauches dai/dt =  
kp(k i/ 2 k iY /'2. I I I . B ei dazwischen liegenden E sterkonzentrationen  (1 0 %  bis 3 0 % )  ist 
die P olym erisationsgeschw indigkeit höher als der E rw artung auf G rund des einfachen 
M odells  entspricht. E s w ird eine em pirische, für diese System e bis zu einem  Styrolu m 
satz v on  4 0 %  gültige B eziehung für die G eschw indigkeit angegeben, day/dt =  ( k v2/ k t)- 
M 2° { [ (1  -(- A f)()'i +  M)]/(ry +  2 M )\ , w obei M  das Verhältnis der Anzahl der D op p e l
bindungen von  E ster und Styrol in der A usgangsm ischung und ry das in üblicher W eise 
definierte Iteaktivitätsverhältn is für S tyrol ist. Für niedrige U m sätze der E ster- 
D oppelbindungen (bis 1 0 % ) gilt da/dt =  ( k p2/k i )M 2°.
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Synopsis

In  this set o f tw o papers the possib ility  o f chain  fo ld in g  occurring in  chain m olecules 
n ot m uch  longer than the presum ed fo ld  length was exam ined. T h e  present paper 
deals w ith  oligom eric am ides. F ollow ing  up the preceding w ork on the relation  betw een 
lon g spacing and chain  length b y  Zahn and P ieper on  the sam e com pounds, the relation 
betw een  long spacings and chain orientation  was exam ined in order to  assess h ow  far 
ob liqu e structures cou ld  present alternatives to  chain folding. I t  cou ld  be con clu d ed  
th a t th ey  cannot, th e chains rem aining straight up to  a certain length on ly  (80  A .) , be
y o n d  w hich chain  fo ld in g  offers the m ost p robab le  explanation . T h e  preparation  and 
exam ination  o f  oriented aggregates required for this conclusion  to  be reached are dis
cussed. In  add ition  the dependence o f the long spacings on  the crystallization  tem 
perature, and relation betw een m elting p o in t and long spacing are dem onstrated, and 
exam ples o f annealing behavior are given  all o f  w hich have their corresponding counter
part in  the ch a in -fo lded  high polym ers.

1. INTRODUCTION

Long chain polymeric molecules crystallize in a regularly folded con
figuration from solution, and there are indications that they may well do 
the same at least to some extent from the melt.1 The fold period makes 
itself apparent morphologically through the familiar lamellar type crys
tallization—the thickness of the lamellae being related to the fold period— 
and by diffraction effects giving rise to reflections at low angles. Long 
chain compounds, not yet classified as high polymers, as e.g., paraffmoid 
substances, are known to form lamellar crystals and give rise to reflections 
at low angles. In these cases, however, the features in question are related 
to the length of the extended molecule. Clearly the transition from the 
straight chain crystallization of oligomers to the folded crystallization of 
polymers is of central interest.

It has been suggested2 that oligomers may fold back on themselves once
* Present address: In stitu to  de F iscia  “ A lonso de Sta C ru z,”  C .S .I .C . Serrano 119, 

M adrid  6, Spain.
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the chain length exceeds a critical value, a point which would have im
portant structural and theoretical implications.1 A straight attack on 
this problem has been handicapped by the scarcity of materials of the 
relevant chain length. An early attempt was made by Keller and O’Con
nor3 by using degradation products and the lowest fractions of commercial 
low pressure polyethylene and the characteristic symptoms of chain folding 
(long periods shorter than the average chain length, and dependence of 
these long periods on crystallization temperature) was confirmed for all 
except the lowest fraction where the chain length (undoubtedly an average) 
coincided with the long periods measured. Since then oliomeric amides 
of uniform and well defined lengths were prepared by Zahn and co-workers,4 
and more recently the analogous urethane compounds by Kern and co
workers.6 It was found that8' 6 the long periods increase with the chain 
length up to a point only and remain constant thereafter (affected some
what by physical treatments,7 where this approximately constant value 
falls in the range of the long periods observed in the corresponding polymer. 
This seems to indicate that at a certain length a sharp transition between 
straight chain and chain-folded crystallization is reached in accordance 
with the aforementioned suggestion. *

However, this conclusion is not yet unambiguous on the evidence 
presented. The crucial long spacings were derived from powder photo
graphs, the relation between molecular orientation and the planes giving 
rise to the long spacings being unknown. It is known that paraffinoid 
substances can crystallize with structures of different obliquities (the 
chains having different inclinations to the basal planes) while retaining 
the same subcell (e.g., Keller8). This can give rise to different long spac
ings for the same chain length. Similar effects were noticed also in chain 
folded polymers9 This means that not the long period itself but only the 
value obtained by its division with the sine of the chain, or segment, 
inclination to the basal plane is equal to the length of the molecule in the 
former case and to that of the fold length in the latter (the comparatively 
small end-to-end gap or a part). Where significant conclusions depend on 
the accurate identification of these quantities clearly the chain inclination 
has to be assessed independently.

In the present two papers such assessments were carried out within 
limits which permit conclusions to be reached on the issue in question. 
In addition some further analogies between oligomers and polymers were 
found and those reported by Zahn and Pieper previously7 further extended 
and elaborated. The material is divided in two papers according to the 
substances used.

The first (present) paper deals with oligomeric amides. These were 
available with well-defined uniform chain lengths increasing by small 
increments up to relatively moderate chain lengths not much in excess of

* Zahn and G leitsm an (G D C h  m eeting, B ad  N auheim , 1962, n ow  in press) proposed 
the nam e “ pleinam er”  for  oligom ers w hich  show  long spacings unaffected b y  the m olecu 
lar w eight.
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the long periods normally recorded. The second paper10 which follows 
will be concerned with a series of poly (ethylene oxide)s covering a large 
range of molecular weights, including some very low ones which could be 
classed as oligomers. Here the chain lengths are not uniform and their 
mean values differ by much larger steps from one member of the series to 
the next.

2. MATERIALS AND TECHNIQUES

The samples for the amide work were received from Professor Zahn of the 
Technische Hochschule, Aachen, Germany. They were poly-e-caproa- 
rnides of the type Z-(Cap)„OH, where Cap stands for NH(CH2)5-CO, and 
Z for -COOCH2C6H5, n ranging from 1 to 12. Owing to the very small 
quantity of n =  12 available, mostly compounds only up to n =  11 were 
used. The compounds were received in powder form as obtained by 
recrystallization. The higher members were available as recrystallized 
from two solvents: ethyl alcohol and dimethylformamide (DMF). 
The compounds were examined by us as received, or were recrystallized 
again. Examinations were also carried out after annealing and fusion 
and subsequent recrystallization.

The samples were examined mainly by diffraction methods, primarily 
x-rays, at low and wide angles, and to some extent also by electron diffrac
tion under the electron microscope. For the first and major part of the 
work a Kratky-type collimator (slit collimation) was used, but later a 
focusing Franks11 camera giving point collimation became available.

3. THE DIFFRACTION PATTERN

As reported by Zahn and Pieper7 all except the two lowest members 
gave the two characteristic strong polyamide reflections at 4.5 and 3.7 A. 
These correspond to planes parallel to the molecules. In nylon 6 (the 
polymeric analog of our oligomers) they are indexed as 200 and the com
posite 002 and 202, respectively, where the 002 contains the hydrogen- 
bonded planes.12 Both reflections are equatorial in the drawn fiber (6 
being the fiber direction). These two reflections suffice for defining the 
molecular direction in our oligomers even if the crystal structure is not 
known. In addition a third reflection of variable intensity at 4.1-4.2 A. 
can become occasionally visible. This again has its counterpart in the 
polymer13 where it has been attributed to a lateral spacing arising from a 
less perfect form of chain packing. Further, there are the long spacings 
in the low angle region already referred to as the main object of our studies. 
Several reflections in the wide angle region have been identified as due to 
planes perpendicular to the chain direction (4.4, 5.5, 6.5, 7.8, and 8.5 A. in the 
different compounds). These have no counterparts in the polymer. 
While some of them could be the higher orders of the long spacings, (e.g.,
4.4 could be the seventh order of n =  4 or ninth order of n =  5), others 
could not. No further reference to these will be made.
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Reference will be made to three kinds of repeat unit. Firstly the true 
unit cell, comprising the whole molecule or straight part thereof, secondly 
the subcell, comprising the monomer repeat, and thirdly a smaller subcell 
defined by the repetition of the chain zigzag, ignoring the distinction 
between CH2, CO, and NH groups. This zigzag is essentially the paraffin 
subcell repetition along the chain and will be denoted by subscript s all 
through.

4. EXPERIMENTAL RESULTS AND THEIR INTERPRETATION 

4.1. Chain Length Long Spacing Relation in Samples as Received

The relation between chain length and long spacing of the different 
samples is shown in Figure 1. Apart from some details, the main trend 
is identical to that in the curves by Zahn and Pieper.7 Thus it rises

Fig. 1. X -ra y  lon g periods as a fun ction  o f m onom er units (see tex t).
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steadily till n =  8, beyond which it stays approximately constant. For 
brevity we shall call oligomers with n <8  “ low” and those with n> 8 
“ high.”  Figure 1 also gives the spacings expected from extended chains 
in a vertical structure (molecules perpendicular to basal plane) shown by 
the interrupted straight line. Its ordinates (L) are given by L =  8.5n 
+  11.5 in Angstroms, where 8.5 A. is the length of the monomer repeat, 
n is the number of monomer units, 11.5 is the length of the endgroups 
(8.5 A.) plus the end-to-end gap between molecules (3 A.).7

Among the low members only those with n =  2, 6, and 7 show long 
spacings corresponding to the fully extended length of the molecule. 
The values for those with n =  1 and 3 are higher, those with n =  4 and 5 
are lower. Beyond n =  8 all points are below the straight interrupted line 
but follow the approximately horizontal branches, recrystallization from 
alcohol giving the lower, that from DM F the higher, with considerable 
scatter about the horizontal in the latter, (n =  11 from DMF gave no 
clear reflection as received; the two points in Figure 1 resulted from sub
sequent recrystallization by ourselves under different conditions to be 
described in section 4.5.1.)

Spacings shorter than expected from the extended molecule could be 
due to oblique structures of appropriate obliquities. Where they are 
longer they could be the first-order reflections of a unit cell two molecules 
long, spacings shorter than the extended double molecule but longer than 
the extended single molecule being due again to oblique structures. These 
considerations could in principle be applied to all points in Figure 1; 
nevertheless the approximate constancy beyond n =  8 raises the pos
sibility of chain folding.7

The obliquities required to account for points in Figure 1 are listed in 
Table I, where the tilt angles 4> (angle between the chain direction and the 
normal to the basal plane are given by coscf> =  d/L (d =  long spacing). It 
will now be examined whether the tilt values in Table I are feasible or not.

It will be assumed that the adjacent chain atoms, irrespective of their 
chemical identity, stay in their original register, i.e., the smallest of the 
subcells defined above is maintained. As done previously in paraffins and 
polyethylene8’14 the obliquity will be expressed by defining the O/cO planes 
(basal planes) of the true unit cell in terms of the indices of the subcell 
with as =  9.5 A., bs =  2.5 A., cs =  8.0 A., /3S =  65°, a„ cs, and /3, being 
the cell parameters of nylon 6 normal to the chain direction (nylon 6 is 
monoclinic). The obliquity could be achieved by shear on any MSI plane. 
In polyamides, however, the shear plane (001) suggests itself as this main
tains the hydrogen bonds, the different obliquities arising from the dif
ferent displacements between the hydrogen bonded sheets. This lead to 
terminal planes of {0kl}s type. The preservation of the subcell requires 
displacements of (m/2)bs between adjacent sheets, where m is an integer 
and bs the zigzag repeat. (With odd m-s, an additional rotation through 
180° is required in alternate sheets (see Keller8).) This restricts k and l 
to values which roftke l/k integer provided that shear is uniform.
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The last column in Table I denotes the (01 l)s planes with inclination 
($', penultimate column) nearest to that observed and consistent with 
the preservation of the subcell, <f>', the angle between chain direction and 
basal plane normal, being given by tan </>' =  mbs/dm (where ¿002 =  002 
interplanar spacing). It is seen that for all low members a satisfactory fit 
can be achieved where <f> and <f>' agree within 1%. For the high members 
the fit is in general worse, only two tilts that of n =  12 from alcohol and 
n =  10 from DM F can be accounted for on the basis of (001) as shear 
plane. While some improvement could be achieved by other physically 
less realistic shear planes, the tilted structure explanation for long spacings

T A B L E  I
In terpretation  o f L on g  Spacings in  Term s o f C hain In clination  from  D isoriented

Specim ens

N um ber 
o f m onom er 
elem ents n E xp . tilt angle (<f>)

Tilt angle (<£') for nearest 
(01Z)S term inal plane 

(next colu m n ) T erm inal plane

L ow er O ligom ers
1 4 6 °3 0 ' 46° {013 }s
2 N o  tilt N o  tilt {0 1 0 }s
3 34° 3 4 °2 0 ' {0 1 2 }s
4 45° 46° {013 },
5 45° 46° {013 }s
6 N o  tilt N o  tilt ¡0 1 0 }s
7 N o  tilt N o  tilt {0 1 0 }s

H igher O ligom ers: C rystallized from  A lcoh ol
8 4 2 °3 0 ' 46° {0 1 3 },

10 57° 5 3 °5 0 ' {014 j.
11 5 6 °3 0 ' 5 3 °5 0 ' {0 1 4 },
12 5 4 °3 0 ' 5 3 °5 0 ' {0 1 4 } ,

H igher O ligom ers: C rystallized from  D im ethy lform am id e
8 N o  tilt N o  tilt {0 1 0 },
9 2 6 °3 0 ' 1 8 °5 0 ' { O i l } ,

10 3 3 °3 0 ' 3 4 °2 0 ' {0 1 2 },
11 4 7 °5 0 ' 46° {0 1 3 },
11 2 6 °3 0 ' 18 °5 0 ' { O i l } ,

does not appear to be as satisfying as for the low members. By relaxing
the condition of uniform shear terminal planes other than Olf could be
admitted. No doubt with a suitable choice of k and l indices, where
l/k need not be an integer, the observed obliquities could be closely 
matched. This possibility, while more complicated, cannot be ruled out 
based on data from disoriented system alone. To clarify this point some 
information on the molecular orientation with respect to the terminal 
planes is required, which only oriented systems can furnish.

In the following we shall concern ourselves with oriented systems. 
The ideal sample would be the macroscopic single crystal.
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4.2. Attempts to Grow Macroscopic Single Crystals

While attempts were only partially successful, they may nevertheless be 
of some interest. Polar solvents were used: water, ethyl, and methyl 
alcohol for the low members; ethyl alcohol, DMF, and formic acid for the 
high ones. The solutions were prepared by heating. Crystallization 
occurred partly on cooling and partly on evaporation of the solvent over 
days or weeks. The lowest members (n =  1,2,3) gave flat parallelepiped 
crystals suitable for taking x-ray rotation photographs. The higher 
members usually gave only spherulite type aggregates and polyhedral

F ig. 2. Single erj^stals o f Z— (C a p )i0— O H  grow n from  form ic acid . P h otom icrograph,
1000 X.

nearly uniformly extinguishing objects resembling some objects obtainable 
in polymers (“ hedrites” )-16 In one instance, however, the decamer gave 
clearly defined prismatic crystals from formic acid (Fig. 2). The melting 
point was near 200°C. which is the one expected.4 The interface angle 
65° is equal to ft in the nylon 6 structure, implying that the molecules are 
perpendicular to the basal planes. Spotty x-ray patterns and in one case 
recognizable layer lines were obtained. In principle, such crystals should 
permit a complete analysis; however, they were both too small and too 
clustered for this to be carried out with out x-ray facilities.
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4.3. Submicroscopic Single Crystals and Their Examination with Electron
Diffraction

Crystalline suspensions were prepared by cooling solutions partly in 
ethyl alcohol and DMF and sometimes in formic acid. The low members 
from DMF gave flat needles. Higher members both from alcohol and 
DMF and occasionally from formic acid gave thicker, sheaflike aggregates, 
often forming star-shaped objects (Fig. 3). (Similar observations were 
made recently by Pieper.16) An underlying lamellar structure could 
always be recognized, which, as in Figure 4, could closely resemble features 
encountered in polymers.

Fig. 3. Star-shaped aggregates o f  Z— (C a p )u — O H  crystals from  alcohol. E lectron
m icrograph, 3000 X .

The representative objects were, as a whole, too thick for electron 
diffraction, except for the thinner edges which produced patterns. With 
a large area being selected (containing sufficient number of thin edges) 
the two strong polyamide rings at 4.5 and 3.7 A. and occasionally the third 
ring at 4.1-4.2 A., mentioned earlier, could be observed. The spacings 
were identified by internal calibration with T1C1. By reducing the area 
selected, the rings became spotty, and occasionally single crystal patterns 
as in Figure 5 were obtained, revealing the 200, 002, and 202 reflections of 
nylon 6 with the correct spacings and monoclinic angle (/3 =  65°). This 
identifies the polyamide subcell, implying also that the molecules are 
perpendicular to the substrate.

Even when single crystal patterns were not distinguished, the molecular
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F ig. 4. L ayer crystals and aggregates therefrom  o f Z— (C a p )i0— O H  from  form ic acid.
E lectron  m icrograph, 7000 X .

F ig . 5. Single crystal electron diffraction  pattern  given b y  Z— (C a p )n — O H  from
alcohol.
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Fig. 6. E lectron  d iffraction  patterns given  b y  crystal aggregates o f Z— (C a p )5— O H  from  
dim ethylform am ide. T h e  substrate plane tilted  through  30°. T ilt  axis horizontal.

F ig. 7. E lectron  diffraction  patterns g iven  b y  crystal aggregates o f Z— (C a p )n — O H  from  
alcohol. T h e  substrate plane tilted  through 30°. T ilt  axis horizontal.

orientation could be assessed by tilting the specimen plane. This leads to 
arcing in the Debye-Scherrer rings. The inner 200 ring contracted to the 
tilt axis in all samples while the outer 002 and 202 composite ring behaved 
differently for the low and high members. In the case of the low members 
(n — 3 and 5 were studied) from alcohol and DMF, the outer ring in
tensified along the meridian up to tilts of 30-40° permitted by our tilting 
stage (Fig. 6). In the case of the high members (n  =  10 from DMF and 
n =  11 from alcohol were studied), also the outer ring intensified on the tilt 
axis (Fig. 7), but to a lesser extent than the inner 200. The arcs were 
more spread out, particularly in the case of n =  11 from alcohol where the 
outer arc was specially broad and could even become a uniform ring, the 
amount of spread varying from one locality to the other for the same 
specimen tilt.

Interpretation of these effects is as follows. Arcing of the rings on 
tilting means that the specimen has “ fiber”  symmetry around the specimen 
plane normal. The fiber axis cannot be determined from the presence of 
reflections alone, owing to large inherent disorientations. On tilting, 
reflections which are equatorial with respect to the fiber axis will develop 
arcs centered on the tilt axis for all tilts. The rings from nonequatorial 
reflections will intensify gradually normal to the tilt axis until the tilt is 
sufficiently large to bring the maximum of the intensity distribution in re
flecting position. Beyond this, the arc will split with the two maxima 
moving gradually towards the tilt axis (for details and quantitative treat
ment see Keller and Englman17).

Accordingly, in the above experiments the 200 planes are always parallel 
or nearly so to the fiber axis. In addition, in the low members the 002 
and 202 planes and thus necessarily the molecules are inclined to the 
fiber axis, in qualitative agreement with Table I. The fact that intensifica
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tion only but not splitting is observed perpendicular to the tilt direction 
for tilt angles up to ^40°, means that this inclination is appreciable. Bear
ing in mind that owing to disorientations the tilt must be considerably in 
excess of the theoretical value for splitting to become noticeable, the per
missible lower limit of the inclination is consistent with values in Table I.

For high members all three hOl reflections intensify on the tilt axis, 
implying a molecular orientation perpendicular to the substrate. Even 
if small inclinations may be concealed by the disorientations present the 
large values required by Table I are certainly excluded. The lower degree 
of orientation in the outer ring implies additional randomization around 
the 200 normal. The fact that the amount of this disorientation varies 
from one locality to another suggests that crystal lamellae which themselves 
possess perpendicular orientation of the molecules are more or less randomly 
disposed around the 200 normal (e.g., by curling up around this direction 
or by growing together in a paddle wheel fashion with the 200 normal 
as common axis). This situation has its counterpart in the sheaf forma
tion of nylons;17 further evidence for it is quoted below.

4.4. X-Ray Examination o f Sedimented Crystal Mats

Crystals from solution in alcohol and DM F appeared in the form of 
suspended particles which could be sedimented to’ give oriented crystal mats 
in analogy to the well-established procedure in polyethylene.18’ 19 Even 
if the spread of orientations in such mats is inherently broad, it permits a 
distinction to be made between structures of largely different obliquities.

In all cases the low angle reflections appeared on the meridian (along 
the mat normal), except for some high member preparations from alcohol

Fig. 8. W id e angle x-ray photograph  o f sedim ented m ats o f crystals o f Z— (C a p )5— O H  
from  dim ethylform am ide. X -ra y  beam  parallel to  the m at plane, w hich in the present 
m ounting corresponds to  the horizontal.

F ig . 9. W ide angle x -ray  ph otograph  o f sedim ented m ats o f crystals o f  Z— (C a p )n — O H  
from  alcohol. X -r a y  beam  parallel to  the m at plane, which in the present m ounting cor
responds to  the horizontal.
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where they could be completely disoriented. In the case of the low 
members they were present in many orders. Of the strong wide angle 
polyamide reflections, the 200 was invariably broadly arced about the 
equator; consequently these planes were parallel or at a small angle to the 
mat normal. In samples with n =  4 and 5 (the lowest ones used for these 
experiements) the outer 002, 202, ring was highly split (e.g., Fig. 8). In 
the other samples examined which were n =  6, 9, 10, and 11 also this ring 
was equatorial (Fig. 9), even if a slight splitting for n =  9 and 10, both 
from DMF, was just detectable (Fig. 10). For n — 10 and 11 from alcohol, 
the outer ring was usually very broadly arced (Fig. 9), (more than the inner 
200) and often formed a uniform ring (Fig. 11). These data are given in

Fig. 10. W id e angle x-ray ph otograph  o f sedim ented m ats o f  crystals o f Z— (C a p )i3 
— O H  from  dim ethylform am ide. X -r a y  beam  parallel to  the m at plane, w hich in the 
present m ounting corresponds to  the horizontal.

Fig. 11. W id e angle x-ray ph otograph  o f sedim ented m ats o f crystals o f Z— (C ap )n  
— O H  from  alcohol. X -r a y  beam s parallel to  the m at plane, w hich  in  the present m ou n t
ing corresponds to  the horizontal.

column five of Table II. The equatorial arcing of the outer ring in the 
n =  10 and 11 samples from alcohol was sometimes obtained by light 
pressure of the still moist sediment; without this pressure this would 
produce a uniform outer ring.

The interpretation is straightforward: the obliquity (a negligible 
correction apart) is given directly by the outer arc splittings observed, if 
tilt around an axis in the 001 planes is assumed. This is consistent with the 
observation of the broad single 200 arc as the small split expected therein 
(a fraction of 25°, the angle between the 200 plane normal and the postu
lated tilt axis) would remain unresolved. In case the components of the 
split were too broad to be resolved they would have to be within that 
region of the arc where the intensity is high. In view of this, the observa
tions are in agreement with the previous deductions. The low members 
are in a highly oblique form produced by shear on the hydrogen-bonded
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planes, while in the high members the obliquity is absent or slight. It is 
seen from'Table II that for n =  4, 5, and 6, the fold surface assignment 
agrees with that postulated from the long spacings above (Table I). It is 
of interest that the terminal planes for n =  4 and 5 correspond to a stagger 
of 3 /26S between adjacent hydrogen-bonded sheets This stagger is basic 
to all polyamide structures. In the nylon 66 and 610 structures, adjacent 
sheets are displaced by this amount always in the same direction, while 
in nylon 6 they are displaced alternately up and down by this amount12 
(hence the lateral doubling of the cell). Accordingly, the obliquities 
observed in the above short oligomers correspond to a nylon 66 type layer 
stacking, and it is very likely that the vertical structure in n =  6 is a 
nylon 6 type structure, both having the same 3/26* stagger between sheets 
but a different next nearest neighbor relation. (These alternative pos
sibilities have in fact been suggested for the nylon 6 polymer itself, where a 
second structure, termed /3, having all sheet displacements in the same 
direction has been proposed.12 It has been pointed out,19 however, that 
the diffraction evidence on which this structure is based could also be 
accounted for by a less ordered arrangement of the sheets which is more 
in line with the general experience that in the high polymer the diffraction 
effects in question are associated with a lower degree of crystalline 
development.)

In contrast to the low oligomers, the obliquity in n =  9 and 10 and if 
present at all in 11 from DMF cannot account for the observed long spac- 
ings in case of extended molecules, and the same holds even more con
spicuously for n =  10 and 11 from alcohol. In these latter, the spread of 
the arcs is large, yet the split required in order 'to account for the long 
spacings in column 3 of Table II should be clearly distinguishable, which it 
is not. If the spread of the outer arcs were due to a range of obliquities 
present simultaneously, this should be apparent from the corresponding 
multiplicity or broadening of the low angle reflections, which is not the 
case. On the other hand, the fact that the spread can be reduced on 
slight pressure lends strong support to the assumption— made already in 
connection with the electron diffraction patterns—that the lamellae which 
have a vertical structure are themselves disoriented when forming aggre
gates in a fashion which keeps the 200 plane normal in the plane of the 
mat. Accordingly, slight pressure would make these lamellae lie flat, 
with their internal structure unaltered. On any other picture, pressure 
is expected to bring the chains parallel to the substrate and not perpen
dicular to it (alignment of the chains with the substrate can in fact be 
achieved by increasing the pressure).

In summation, while in the low members the long spacings could be 
related to physically reasonable inclined structures, the existence of which 
was confirmed from patterns showing orientation effects, in the high 
members it was not possible to account for the long periods by means of the 
extended chains; these periods remained unaccounted for by inclinations 
which could still be accommodated by our diffraction patterns.
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4.5. Variability o f Long Spacings within the Same Oligomer

4.5.1. Temperature o f Crystallization and Long Spacing. Zahn and 
Pieper7 proposed that the long spacing differences between the higher 
members crystallized from DMF and those from alcohol could be due to 
differences in crystallization temperature, crystallization of the former 
occurring at the higher temperatures when the solution is cooled from the 
solvent of higher boiling point. This behavior would be analogous to the 
long spacing-temperature of crystallization dependence in high polymers.

no

100

9 0
1L
&
c  8 0

7 0

6 0  7 0  8 0  9 0  1 0 0  1 10

T e m p e r a t u r e  o f  C r y s t a l l i z a t i o n .  ° C

Fig . 12. V ariation  o f lon g  period  in  Z— (C a p )u — O H  from  dim ethylform am ide w ith  the 
tem perature o f  crystallization.

This suggests the same experiment which was used in high polymers, 
namely, isothermal crystallization at different temperatures from the same 
solvent. The compound n =  11 was chosen and crystallized from DMF 
(the low boiling alcohol offered too small a range of supercooling). The 
long spacing-temperature of crystallization curve obtained is given by 
Figure 12. It shows that the long period increases with crystallization 
temperature until 80°C., staying constant beyond. This constant value 
is close to the one expected from the fully extended chain in a vertical 
structure (straight dotted line). The left part of the curve is similar in 
shape to that found in polyethylene by Keller and O’Connor.2

The wide angle patterns all showed equatorial arcing. General dis
orientation was rather high in the sample crystallized at 60 °C. The 
one crystallized at 70°C., however, is that listed in Table II for n =  11 
from DMF. Those crystallized at the higher temperatures were essentially 
similar to this in respect of orientation. Thus oblique structures with 
varying obliquities could not account for the curve in Figui’e 12.
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Fig. 13. Melting points as a function monomer units (see text).

4.5.2. Annealing Behavior. Zahn and Pieper7 reported an increase of 
long spacing on heat annealing in the case of the high members. We 
carried out a few experiments along these lines. Samples were heated in 
an inert atmosphere of argon about 10°C. below their melting points and 
were examined after cooling. The low members showed no change in long 
spacing. The three higher members examined (n =  10 from alcohol and

TABLE III

Number
of

monomer

Crystals sedimented 
from the solvent

Crystals after 
annealing 10°C. 

below M.P.

elements
n Solvent

Long 
period, A.

Melting 
point, °C.

Long 
period, A.

Melting 
point, °C.

10 Alcohol 60 180 90 193-194
11 Alcohol 58 180 96 200
10 Dimethyl-

formamide
80 191 91 194
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DMF and n — 11 from alcohol), however, showed a significant irreversible 
increase (Table III, columns 3 and 5), accompanied by an increasing 
spread in the equatorial reflections.

4.5.3. Relation between Melting Points and Long Periods. The melting 
points were determined on a temperature gradient bar. The results are 
shown by Figure 13. This figure has some resemblance to Figure 1. There 
is only one curve till n — 8. Beyond this there are two branches, one at 
lower temperatures for samples from alcohol and another at higher tem
peratures for samples from DMF and alcohol. The duplication of the 
points for the alcohol arises in the following way. When heated, the sam
ples from alcohol melt first at temperatures along the lower branch (curve 
1 ), but when there they resolidify and melt again only at the higher tem
perature somewhat above those for the corresponding compounds from 
DMF (curve 2). Thus the melting points correlate with the long spacings, 
higher melting points belonging to higher spacings and vice versa. This 
is also borne out by Table III, where the appropriate melting points are 
also listed. The melting points quoted by Zahn and co-workers are 
always the highest ones, as only these were observed in the course of their 
slow heating during which the samples had a chance to anneal.*

5. DISCUSSION AND CONCLUSION

The present work substantiates the contentions of Zahn and Pieper;7 
we have examined and excluded those factors which left alternative inter
pretations open. Firstly the long spacings of the shorter oligomers have 
been quantitatively correlated with various inclined crystal forms contain
ing the molecules in an extended configuration. Significantly, the paraf- 
finoid type subcell is maintained in a way such as to leave the hydrogen 
bonds unaffected in the various inclined forms deduced from experiments.

For the high members the above interpretation fails. The possibility of 
molecular inclination accounting for the long spacing has been eliminated. 
While further work on individual crystals would still be desirable, our 
effects are clear enough for this conclusion to be reached. Accordingly, 
we are faced with the situation that a periodicity exists along the chain

* T h e  low er m elting o f the high oligom ers crystallized from  alcohol, fo llow ed  b y  sub
sequent resolid ification  m ay sugget th at the oligom ers cou ld  have co -crystallized  w ith  
a lcohol, th is a lcoh ol being given  off a t the first m elting poin t. T h is possib ility  was 
checked. A  sam ple o f undecam er was first kept in  high vacu um  at room  tem perature 
for m any hours in order to  rem ove any unboun d alcohol in  case such rem ained after the 
original crystallization. T h e  original tw o-stage m elting behavior was unaffected b y  
this treatm ent. T h en  the sam ple was heated to  187°C . in a closed container. As 
foun d  subsequently , the sam ple exh ibited on ly  the higher m elting p o in t at 200°C . after 
this treatm ent. C on sequ ently  the a lcohol should have been given off if th e co -crys- 
ta llization  explanation  had been valid . H ow ever, a gas-chrom atographic analysis 
failed to  d e tect any a lcohol in the gas filling the container in w hich the heat treatm ent 
had taken  p lace. U nder the given  experim ental circum stances this m eant th at the 
a lcoh o l/o lig om er m olar ratio was less than 1:1000. T h us the possib ility o f the original 
solven t having any e ffect on  th e m elting behavior can be discarded.
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direction which beyond the octamer is independent of the molecular 
length and cannot be accounted for by the extended molecule. Thus, in 
analogy with polymers, the idea of chain folding suggests itself as already 
proposed on evidence which was still assailable.5’6’7 (Kern and co-workers6 
in their urethane oligomers confirmed the constancy of the long spacing 
up to n =  16, which makes tilted arrangements less likely than Zahn and 
Pieper’s results going to n =  12. According to private communication by 
Pieper, an oligomer with n =  16 has been obtained lately also for the amide 
used in the present work, and this when recrystallized from alcohol gave 
the same long spacing as n =  8-12, i.e., 50-60 A.) The large periods thus 
attributable to the folded over molecule can be affected by physical treat
ments in the same manner as in the case of polymers. The effect of 
annealing has already been noted previously;7 to this we now add the 
confirmation of dependence of the long spacing on the crystallization 
temperature and that of the melting point. At this juncture the observa
tion of the reversible increase of the long spacing on swelling reported by 
Zahn and Pieper7 also needs mentioning.

The remarkable fact is that the folded-over part of the molecule would 
only be a fraction of the chain length on the present picture. The details 
of the folding mechanism and of the resulting structure are open to specula
tion. In the first place, if the hydrogen-bonded structure is to be main
tained, the folds must either be limited to certain discrete values or else 
folding must be restricted to that of the hydrogen bonded planes them
selves, which would uniquely define the fold plane. These alternatives 
are not specific to our oligomers but to all polyamides in general. In 
addition, our oligomers present the specific problem of accommodating the 
rather bulky endgroups. In one way, the inertness of the ring would 
not promote end-to-end association and thus would favor chain folding. 
However, when folded over it must cause a considerable disturbance in 
the polyamide structure. Perhaps the observation that beyond the 
octamer the low angle reflections lose their higher orders and become more 
poorly defined is a consequence of this fact. Even if the visualization 
of the details presents many difficulties, there seems to be no alternative 
proposition to the chain folding idea which could be expressed in any 
definite structural terms at present.

In  the first p lace we w ould like to  thank P rofessor H . Zahn (A ach en ), for k in dly  g iving 
us the specim ens w hich m ade this w ork possible, and for  advan ced  in form ation  o f results 
obtained  b j ’  him and collaborators. W e are obliged to  D r. E . W . P ieper (A ach en ), for 
im parting valuable experience concerning the handling o f these m aterials to  us per
sonally, to  M r. P. C . IJden (C hem istry  D epartm en t, B ristol), for the gas-chrom ato
graphic analysis, and to  P rofessor F . C . F rank for m any helpfu l com m ents. F . J. B . C . 
wishes to  acknow ledge the tenure o f  a R am sey  M em oria l F ellow ship and th at o f a 
C .S .I.C . Fellowship (S pain ) during this w ork,
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Résumé

D ans cette  série de deux articles, on  exam iné la possibilité de repliem ent de la chaîne 
dans les m olécules en chaîne qui ne sont pas plus longues que la longueur de rep liem ent 
présum ée. L e présent article  envisage les am ides oligom ères. F aisant suite au travail 
précédent sur la relation  entre l ’ordre à grande distance et la longueur de la chaîne par 
Zahn et P ieper sur les m êm es com posés, la relation  entre les ordres à grande distance et 
l ’ orientation  de la chaîne a été exam inée en vu e d ’évaluer com m en t des structures fort 
ob liques pourraient présenter des alternatives au repliem ent de la chaîne. On a pu 
conclure que cela  n ’ était pas possible, les chaînes dem eurant droites ju squ ’à une certaine 
longueur seulem ent (80  A ), au-delà de laquelle le repliem ent de la chaîne ofrre l ’ exp lica
tion  la plus probable . On discute de la préparation et de l ’ exam en des aggrégats orientés 
nécessaires pour arriver à cette conclusion . D e  plus l ’ influence de l ’ ordre à  grande dis
tance sur la tem pérature de cristallisation et la relation entre le p o in t de fusion et l ’ ordre 
à grande distance sont dém ontrés et des exem ples de com portem ent au recuit sont donnés, 
exem ples qui on t tous leur correspondant dans le chaîne repliée des hauts polym ères.

Zusammenfassung

In  den beiden vorliegenden A rbeiten  w urde die M öglichkeit einer K etten fa ltu ng  in 
K ettenm olekülen  untersucht, die n icht v iel länger als die m utm assliche Faltungslänge 
sind. D ie  erste A rbeit befasst sich  m it oligom eren A m iden. Im  Anschluss an frühere, 
v on  Zahn und Pieper an denselben Verbindungen ausgeführte U ntersuchungen über die 
B eziehung zwischen Langperiode und K ettenlänge wurde die B eziehung zwischen L ang
periode und K ettenorientierung untersucht, um  zu erm itteln, ob  schräggestellte Struk
turen eine A lternative zur K etten fa ltu n g  darstellen können. E s w urde gefunden, dass 
dies n icht der F all ist. D ie  K etten  liegen nur bis zu einer bestim m ten Länge (80  A ) 
gestreckt vor, v on  der ab das A u ftreten  einer K etten fa ltu ng als wahrscheinlichste 
E rklärung für die experim entellen  B efunde anzunehm en ist. Es w ird die H erstellung 
und U ntersuchung der zu diesem  E rgebnis führenden orientierten A ggregate diskutiert. 
Ausserdem  w ird die A bhängigkeit der L angperiode v on  der K ristallisationstem peratur
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sow ie die B eziehung zwischen Schm elzpunkt und L angperiode nachgewiesen und es 
werden Beispiele für das T em perungsverhalten  gegeben, von  denen alle ihr entsprechen
des G egenstück in den gefalteten  H ochpolym eren  haben.

Received April 15, 1963
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Synopsis
Poly(ethylene oxide)s, including low molecular weight Carbowaxes and high molecular 

weight Polyox resins were examined as regards their long period chain length relation
ship with reference also to chain inclination with respect to the long spacings. The re
sults show that the chains can only be straight up to a certain length (100-150 A.), 
beyond which chain folding needs to be invoked. Reference is made to single crystals 
required for these experiments. The long spacings (fold length) depend on the solvents, 
presumably by their effect on the crystallization temperature and on the heat treatment 
(annealing) of the samples, this providing the continuity between the behavior of the 
waxy low molecular weight compounds and that of typical high polymers. The general 
conclusion (based on Part I and II) is reached that in the light of present concepts there 
seems to be no acceptable alternative to chain folding beyond a certain critical length 
(dependent on physical factors) to account for the observations.

1. INTRODUCTION

Polyethylene oxide)s are available in a range of molecular weights. 
The lower ones (by trade name Carbowaxes, those used by us), range from 
liquids to waxy solids, while the high molecular weight ones (by trade name, 
Polyox resins), have the consistency of typical high polymeric substances. 
Recently Kiessig1 examined Carbowaxes 1000, 1500, and 4000 (the figures, 
while trade names, claim to denote the molecular weight), and reported 
discrete low angle reflections corresponding to spacings increasing with 
molecular weight. Kiessig claims agreement between spacings and molecu
lar length in the crystal, the latter being based on a chain configuration 
proposed by Sauter in 1932.2 While the agreement is by no means good 
there is no doubt about the trend. The reflections are sharp, which Kiessig 
considers remarkable in view of the fact that the molecular weight in a given 
sample is not uniform. In analogy to his earlier work on mixtures of fatty 
acids,3 he suggests that the molecules of different lengths fold up (not neces-

* Present address: Instituto de Fisica “Alonso de Sta Cruz,’’ C.S.I.C. Serrano 119, 
Madrid 6, Spain.

2 1 7 1
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sarily regularly) so as to yield molecular layers of uniform thickness. This 
possibility coincides with our present interest. In Kiessig’s case the 
spacings were in the range of the average chain lengths. In the present 
work we extended these studies to chain lengths beyond the range where 
Kiessig’s correlation could possibly pertain.

On the Crystallography o f Poly(ethylene Oxide)s

The crystal structure of polyethylene oxide)s has not yet been deter
mined. Closely similar unit cells have been assigned by Walter and 
Iteding4 with a =  8.02 A., b =  13.4 A., c =  19.25 A., /3 =  126°52' and 
Price and Kilb5 with a =  8.35 A., b =  13.11 A., c =  19.39 A., /3 =  126°.

Fig. 1. X -ra y  diffraction  pattern  from  a draw n fiber o f po ly (eth ylen e  oxide) (high 
m olecular w eight P o ly ox  resin). F iber axis vertical.

Our own redetermination from single crystal electron diffraction patterns 
leads to a* =  2b* =  0.230, which, by taking ¡3 =  126° would give a — 
8.39 A. and b =  13.40 A. A c  (molecular) axis fiber photograph on which 
the first two determinations4’6 are based is shown by Figure 1. This 
diffraction pattern and the above crystallographic data suffice to identify 
the orientation of the crystal axes, and this only is required for the purpose 
of the present paper. Additional crystallographic information which has 
emerged from this work will be published separately later.

The only further information we need here is the relation between the 
number of monomer units and the length of the chain in the crystal. Price 
and Kilb5 propose a 72 helix (seven monomer repetitions per two turns), 
where the monomer repeats at every 2.8 A. ; this seems to be in accord with 
some of the data to be presented here. Two alternative proposals will also 
be referred to: the much flatter helix by Walter and Reding4 with 1.27 A. 
for monomer repeat and the meander form by Sauter2 (2.17 A. per mono
mer) utilized by Kiessig.1
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2. EXPERIMENTAL

2.1. Materials and Techniques

The materials studied were Carbowax 1000, 4000, and 6000 and Polyox 
resins of 301 and coagulant grade. The latter two have molecular weights 
of hundred thousands and millions, respectively. The molecular weights 
of the Carbowaxes are as denoted by the numbers attached (Union Car
bide specification, type of average not explicitly stated) although Price and 
Kilb claim viscosity-average molecular weights of 5500 for Carbowax 
4000 and 12,000 for Carbowax 6000. We shall refer to both assignments.

Sample preparation and examination techniques were similar to those 
listed in Part I.6 Results on the morphological examinations, however, 
will be reported separately in a later paper.

2.2. Experimental Results and Their Interpretation

2.2.1. Materials as Received. The flaky materials of the Carbowaxes 
possessed characteristic texture patterns. The flake normals were axes of 
rotational (“ fiber” ) symmetry which usually coincided with c (molecules) 
but occasionally with b (details to be published). They gave rise to low

F ig. 2. Single crystal o f  p o ly (eth y len e  ox id e) (C arbow ax 6000) from  am yl acetate 
solution. E lectron  m icrograph. 14,000 X .
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Fig. 3. X -ra y  diffraction  pattern  from  sedim ented m at o f solution  crystallized p o ly 
e th y le n e  ox id e) single crystals (high m olecular w eight P o ly ox  resin). M a t norm al, ver
tical in the present m ounting, is perpendicu lar to  the x-ray beam .

angle patterns up to 4-5 orders, the maxima being along the fiber axis 
where this was parallel to c or perpendicular to the fiber axis where this 
was parallel to b. Consequently they are along the directions of the mole
cules in the former case; results in the latter are at least consistent with 
this conclusion. The magnitude of the spacing was 76 A. for Carbowax 
1000, 180 A. for Carbowax 4000 and (5000. For the powdery high molec
ular weight compounds there might have been a suggestion of a discrete 
reflection at around 180 A. but if present strongly masked by continuous 
scatter.

2.2.2. Single Crystal Mats Formed from Solution. Single crystals 
were formed by dissolution and subsequent cooling. In general these were 
square tabular crystals thickening by way of the screw dislocation mech
anism. While these will be described in a later publication we show here 
one example in Figure 2, as this will be referred to in the present paper. 
By sedimenting these crystals in the form of a mat oriented aggregates 
were obtained as shown by the wide angle x-ray patterns with the beam 
parallel to the mat plane (Fig. 3). Such orientations can be identified with 
a poorly oriented c axis fiber photograph (Fig. 1) with the molecules per
pendicular to the mat plane, which was the case in all the mats examined. 
Low angle x-ray reflexions from such mats were then recorded in the usual 
way.

Crystallization could not be readily conducted under controlled condi
tions, at least with the experimental procedure normally adopted for poly
ethylene. Precipitation of crystals occurred to a significant extent at or 
near room temperature over a period of days dependent on concentration 
and molecular weight. Consequently temperature of crystallization was 
not as readily controllable as in the case of polyethylene. Two solvents 
were used in preparations for low angle x-ray work; methyl ethyl ketone 
(MEK) and xylene. The former being the poorer solvent precipitation of
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T 0X  E t h y l  M e t h y l  K e t o n e  X M o n o m e r  r e p e a t  2  8 A

□  X y l e n e  H  "  ' '  2  1 7 A

A  V a l u e  o b t a i n e d  b y  K l e s s i g  H I  "  "  1 2 8 A

Fig . 4. E xperim ental lon g periods vs. m olecular w eight in poly (eth ylen e  oxides). 
Lines I, I I , and I I I  represent the chain length  accord ing  to  the three different chain 
con figurations.2'4,5 T h e  tw o arrows indicate the m olecular weights o f C arbow ax 4000 
and 6000, arrows 1 and 2, respectively , accord ing  to  the assignm ent of P rice and K ilb .5

crystals occurred from it sooner to a larger extent during cooling than on 
subsequent storage, while most of the crystallization from xylene occurred 
while standing at ambient temperature.

It was found that in the case of Carbowax 1000 the spacing was 70 A., 
independent of the solvent, just as in the case of the original flake. For 
the higher molecular weight compounds the spacings from the MEK prep
aration was higher (170-180 A.) than those from xylene (near 100 A.) 
whenever spacings from both preparations were obtainable. The figures 
from M EK coincide with values given by the samples as received already 
quoted. Unaccountedly Carbowax 4000 gave no distinguishable discrete 
low angle reflexion from xylene even after several attempts, but gave two 
different spacings simultaneously from MEK, one at 95 A., another at
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Fig. 5. L on g  periods o f high m olecular w eight p o ly (eth y len e  ox id e ) (P o ly ox  resin) vs.
tem perature o f annealing.

125 A. On heating to 50°C. these were replaced by a single spacing at 
170 A. The high molecular weight polymer was also crystallized from 
ethyl alcohol, giving a spacing of 95 A. These results are represented in 
Figure 4 showing also Kiessig’s1 value for Carbowax 1500 not available to 
us.

Figure 4 also gives the molecular length as a function of molecular weight 
based on the 72 model.5 Those corresponding to the other two alter
natives2'4 featured in the literature are also shown for completeness. The 
alternative positions of Carbowax 4000 and 6000 along the abscissa based 
on the data by Price and Kilb5 are also indicated by arrows. The 72 helix 
model accounts for the long spacings in Carbowax 1000 and 1500 in case 
the helical chains (72 helix) were straight and formed vertical structures, 
but neither this nor the other alternative chain configurations can account 
for the long spacings in the higher members. Here the spacings are all in 
the same range unaffected by molecular length dependent somewhat on 
the solvent, better solvent giving lower spacings. As already stated, the 
molecules were always perpendicular to the mats on the basis of the wide 
angle x-ray pattern.

2.2.3. Annealing Experiments. Single crystal preparations of high 
molecular weight were annealed at temperatures 10°C. below the melting 
point in an inert gas. The long spacings were observed to increase. The 
inci’ease was found to depend on the initial long spacings. Thus crystals 
of 95 A. initial fold length (grown from alcohol) increased their spacing to
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160°C. those with initial long periods of 115 A. (from xylene) to 125 A. 
after annealing at 53°C. for 30 min. Further annealing at 60°C. for 30 min. 
led to a spacing of 210 A. for both specimens. These effects are shown 
by Figure 5. The x-ray wide angle patterns showed no change on an
nealing.

3. DISCUSSION

The present results are in line with those in Part I6 and in some earlier 
works quoted there. The long spacings are accounted for by the extended 
molecule only up to a certain molecular length. Beyond that the long 
spacing becomes independent of molecular length. In the case of poly
ethylene oxide), this limit is reached just above the molecular weight of 
1500. The conclusions are unaffected by the alternatives of Union Car
bide’s or Price and Kilb's molecular weight assignment for Carbowax 4000 
and 6000. In the case of both assignments the next highest member beyond 
1500 should contain 2-3 fold segments. Our results demonstrate that the 
long spacings are along the molecular length; obliquities in the structure 
such as might be accommodated by the spread of the arcs must be small, 
if present at all. Beyond the molecular length where the correlation be
tween long spacings and chain length ceases to hold the long spacings are 
affected by the solvents from which the crystallization has occurred (pre
sumably through their effect on the crystallization temperature during 
cooling) and by heat treatments subsequent to crystallization. The small 
substeps parallel to the crystal faces in Figure 2 are analogous to those 
familiar from high molecular weight crystals,7 where they represent dis
continuities in the fold period due to a change in temperature during crys
tallization. In Figure 2 also incipient thickening effects near the crystal 
edge are noticeable leading to rounding of the outlines. Such effects were 
frequently observed also in more pronounced forms, in fact they were dif
ficult to avoid (details to be published). Again this behavior has its coun
terpart among polymers where it corresponds to a refolding of the molecule 
to greater layer thickness.8'9

All the above effects are consistent with the picture of the chains staying 
straight in the crystal up to a certain chain length only, beyond which 
they start to fold. Inclined structures with straight molecules would re
quire very large obliquities which are definitely excluded by the experi
mental facts, and thus offer no alternative to chain folding. The non
uniformity of the molecular length would in itself require chain folding, 
already proposed by Kiessig1 even if in a different context, unless improb
ably large number of vacancies are to be admitted. In contrast to the 
preceding work on oligomers (Part I6), the step between the last extended 
and first chain folded state (the nonuniformity problem apart), is here 
rather large, owing to the lack of available compounds in this range. In 
any case, in Carbowaxes small chain length differences could not be inter
preted in the same clear-cut way in view of the distribution in molecular
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weight. The first folded compound Carbowax 4000 would contain 1-2 
fairly complete hairpin folds. Again, beyond the molecular length where 
chain folding becomes a necessity, the material behaves as high polymers do 
as regards long spacing changes due to variation in crystallization tempera
ture and heat treatment.

4. GENERAL CONCLUSION

The present two studies provide further evidence and substantiate in
dications already in existence from previous work, that chain folding can 
occur with fold periods comparable to the chain length once a certain ap
parently critical molecular length is exceeded. This value is in the range 
of 80 A. for the oligomeric amides and of 100-180 A. for polyethylene 
oxide)s. The folded molecule need only be fractionally longer than the 
fold length. This fact should have important implications as regards the 
detailed structure of the crystals and theories on chain folded crystalliza
tion (see review by Keller10).

Evidence available so far is based on exclusion of alternatives. Direct 
confirmatory evidence would no doubt be preferable. Nevertheless the 
material in support of the present conclusion is quite extensive, embraces 
different compounds, preparations and different kinds of physical effects. 
It is fair to say that all the numerous observations recorded are in agree
ment with the point being made and none so far is against it, while no 
alternative explanation is in sight.

W e wish to  thank  D r. F . E . B ailey , U nion  C arbide Chem icals C o ., South  Charleston, 
for the supply  o f  specim ens and in form ation  concerning these, and P rofessor F. C . Frank 
for m an y discussions during the work. F . J. B . C . wishes to  acknow ledge the tenure o f 
a R am sey  M em orial Fellow ship and that o f  a C .S .I.C . Fellow ship (S pain ) during this 
work.
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Résumé
D es po ly oxyd es d ’ éthylène com prenant des C arbow axes de faible poids m oléculaire 

et des résines P o ly ox  de poids m oléculaire élevé, on t été exam inés du poin t de vu e de leur 
grande longueur de chaîne périodique en se référant égalem ent à l ’ inclinaison de la 
chaîne par rapport aux ordres à grande distance. Les résultats m ontrent que les chaînes
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peuvent seulem ent être droites ju squ ’ à une certain longueur (10 0 -1 5 0  Ä )  au-delà de 
lacquelle le repliem ent de la chaîne d o it être in voqué. On se réfère aux cristaux sim ples 
utilisés pour ces expériences. Les ordres à grande distance (longuer de repliem ent) 
dépendent des solvants, p robablem ent par leur effet sur la tém perature de cristallisation 
et dép end ent du  tra item en t therm ique des échantillons (recu it), celu i-ci fournissant la 
continuité entre le  com portem en t des com posés à faible poids m oléculaire et celui des 
hauts polym ères typ iqu es. A  la  lum ière des présents concepts, il sem ble que l ’ on puisse 
tirer com m e conclusion  générale (basée aur les parties I et II) q u ’ il n ’y  a pas d ’ alternative 
con cevable  au rep liem ent de la chaîne au-delà d ’ une certaine longueur critique (qu i 
dépend de  facteurs ph ysiques) si on veu t tenir com pte  des observations.

Zusammenfassung
P oly äth ylen ox yde  einschliesslich niedrigm olekularer “ C arbow achse”  und h ochm ole

kularer P oly ox -H arze  w urden hinsichtlich  ihrer Langperiode-K etten länge-B eziehung 
unter B erücksichtigung der N eigung der K etten  bezüglich  der L angperiode untersucht. 
W ie die E rgebnisse zeigen, können die K etten  nur bis zu einer bestim m ten L ä n g e (1 0 0 - 
150 A ) , von  der ab eine K etten fa ltu ng  angenom m en werden muss, gestreckt vorliegen. 
Es w ird über die zu diesen V ersuchen verw endeten  E inkristalle berichtet. D ie  Lang
periode (F altu ngsabstan d) hängt sow ohl v o m  Lösungsm ittel, verm utlich  wegen dessen 
W irkung auf d ie Kristallisationstem peratur, als auch von  der H itzebehandlung (T em p er
ung) der P roben  ab, was auf die K on tin u ität zwischen dem  V erhalten der w achsartigen 
niedrigm olekularen Verbindungen und dem jenigen  typischer H ochpolym erer hinweist. 
Aus den beiden A rbeiten  (T e il I und II) w ird geschlossen, dass derzeit keine andere 
M öglichkeit als die Annahm e einer beim  Ü berschreiten  einer bestim m ten, v on  physi
kalischen Faktoren  abhängigen kritischen Länge auftretenden K etten fa ltu ng zur D eu 
tung der B eobachtungen  herangezogen werden kann.

Received April 15, 1963
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T o p o c h e m i c a l  C o n t r o l  o f  S o l i d - S t a t e  P o l y m e r i z a t i o n

F. L. HIRSHFELD and G. M. J. SCHMIDT, Department of X-ray  
Crystallography, Weizman Institute of Science, Rehovoth, Israel

A  survey o f com pou nds that undergo polym erization  in  the solid state supports the 
top och em ica l postu late th at such  a reaction  is possible on ly  if the m onom er crystal 
structure affords close con ta ct betw een the reactive centers o f neighboring m olecules. 
E ven  w hen this con d ition  is fulfilled, chain propagation  m ay be diffusion-lim ited because 
o f the con traction  o f the chain  on  polym erization . W hen  the crystal structure makes 
such  con traction  unnecessary, polym erization  can proceed  w ith ou t diffusion and the 
crystal can exert a d irect con trol over the geom etric course o f the reaction. Several kinds 
o f structures are know n in w hich such behavior has been  dem onstrated or can b e  ex
pected .

Recent studies of photochemical and radiochemical polymerization in 
the solid state1 have led to discussion of the role played in these reactions 
by the crystal structures of the monomers. Evidence bearing on this 
question has been indirect and largely inconclusive, mainly because in only 
very few instances is crystallographic information available on the mate
rials reported to undergo solid-state polymerization.

Our topochemical studies on the ultraviolet-induced dimerization of 
frans-cinnamic acids in the solid state2 have disclosed a direct correlation 
between crystal structure and photochemical behavior. In all crystals of 
this series that were studied, the environment of the > C = C <  bonds was 
found to conform to one of three principal types : the a type, in which the 
double bonds of neighboring molecules make contact, at a distance of 
about 3.7 A., across a center of symmetry; the ¡3 type, characterized by a 
lattice having one axial length of 4.0 ± 0 . 1  A., implying contact, at this 
distance, between translation-related molecules; and the 7  type, in which 
the double bonds of neighboring molecules are nowhere less than 4.7 A. 
apart. On ultraviolet irradiation, a-type crystals give centrosymmetric 
dimers related to a-truxillic acid (I), /3-type crystals give dimers of mirror 
symmetry, related to /3-truxinic acid (II), while 7 -type crystals show no 
reaction.
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This correlation supports the general postulate that dimerization in these 
systems occurs, if at all, via the linking of neighboring molecules whose 
reactive sites are no further apart, in the monomer crystal, than about 4 A. 
A  tentative generalization of this postulate leads to the hypothesis that, in 
polymerizing systems too, suitable contact between the reactive centers of 
neighboring molecules in the crystal is a necessary condition for the initial 
dimerization step that must precede chain propagation. It is recognized 
that what constitutes suitable contact will depend on the type of system 
considered and may, in particular, vary with the chemical nature of the 
reacting species and with the choice of initiating radiation. Furthermore, 
the postulate implies that absorption of the activating radiation leaves the 
molecular shape essentially unchanged. If the activation process, in itself, 
were to alter drastically the dimensions of the monomer molecule, the 
crystallographically determined contact distances might not be relevant 
to the activated species.

In an attempt at a preliminary verification of the above hypothesis, we 
have surveyed the available crystal-structure data on compounds known to 
polymerize in the solid. The results of this survey are collected in the all 
too brief Table I. Columns 9 and 10 of the table list the contact distances 
between atoms that, on the chemical evidence, may be the sites of reaction. 
It must be admitted that for several of these compounds, notably diketene 
and thiophene acrylic acid, the actual sites of reaction have not been 
established on chemical grounds so that one has appreciable latitude in 
seeking crystal contacts of the proper type. At least, we may say that the 
data presented are consistent with the topochemical hypothesis proposed 
above.

To complete the argument it is necessary to consider the converse 
situation of compounds reported not to polymerize in the solid. A  selection 
of the relevant data appears in Table II. For the compounds listed, ab
sence of reaction may be plausibly, though not conclusively, attributed to 
the isolation of the potentially reactive regions from one another. As 
against these, there are, of course, numerous examples of unsaturated or 
cyclic compounds that display apparently favorable intermolecular con
tacts in the crystal and yet fail to polymerize on irradiation. In many 
cases, it is probable that this failure is one of propagation rather than of 
initiation. (We here understand initiation to include the primary dimer
ization step.) Again, geometric restraints may be a major factor.

Imagine a stack of monomer molecules so aligned in the crystal that the 
reactive site of each molecule is less than 4 A. from those of each of its two 
neighbors in the stack. Suppose that, on absorption of the activating 
radiation, the reactive monomer A* (which may, for the present argument, 
be a neutral excited molecule, a free radical, an ion, or a radical ion) reacts 
with its neighbor B to form the reactive dimer AB*. The covalent link 
formed between A and B pulls these two monomer units together and, in so 
doing, increases the separation between B and its other neighbor C. If this 
separation is still not too great to permit further reaction, formation of the
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trimer ABC* will open a still wider gap between C and D, so that eventually 
the orderly propagation of the polymer chain along the stack will be ar
rested. When this happens the reactive oligomer may be considered 
trapped. In this state it may be subject to a variety of deactivating 
processes, depending on the chemical nature of the species involved, 
which may terminate the chain before it has any opportunity for further 
growth. The compound will then be classified as incapable of solid-state 
polymerization or as yielding only low molecular weight oligomers. Alter
natively, the reactive chain end may remain indefinitely trapped until 
released by the melting or dissolution of the crystal. In such a case, the 
manner of handling the material after irradiation may be crucial because 
of the possibility of a post-irradiation polymerization, such as has been 
reported for several monomers. 1’ 3

As possible examples of the kind of arrested polymerization we have 
been considering, we cite the dimerizing cinnamic acids, referred to above, 
in which termination may be regarded as occurring by ring closure to a 
saturated cyclobutane derivative; dimethyl fumarate, which likewise 
dimerizes in the solid state , 4 in contrast to the polymerizable diethyl 
fumarate5; and 5-bromo-2-methoxy-cfs-cinnamic acid (see Table I), which 
yields two dimers along with some insoluble material of unknown but 
probably low molecular weight. In this last example, the C = C  bonds 
make, besides a translation contact of 4.0 A. between identically oriented 
molecules, a second contact, of 3.9 A., between molecules related by screw- 
axis symmetry .6 One of us has postulated elsewhere213 that the first type 
of contact leads via the trans isomer to a dimer of mirror symmetry 
while the second affords a mixture of centrosymmetric dimer and polymer. 
Maleic anhydride may also properly belong in this list; if the dimeriza
tion reported by Griffin et al. 4 does not involve a solid-solid phase transi
tion in the monomer, it may mean that the intermolecular separation of 
4.28A. (see Table II) is not too great for reaction, at least in this system.

Usually, however, we can expect some freeing of the trapped chains by 
diffusion of monomer toward the reactive sites at temperatures below 
the melting point. The rate of chain propagation will then depend on the 
mobility of the monomer molecules in the vicinity of the crystal defect as
sociated with the incipient polymer chain. This process requires a favorable 
molecular alignment combined with high mobility. Such a combination is 
evidently realized in the canal complexes of various monomers in urea7 or 
thiourea .8 Here, the monomer molecules are lined up in long rows inside 
the channels provided by the host crystal, while seemingly retaining ap
preciable freedom of motion along the channels. It is not surprising that
2,3-dimethyl-butadiene complexed with thiourea polymerizes with zero 
activation energy to yield a high melting, stereoregular, crystalline poly
mer.8 An extreme case of favorable geometry, provided by the crystal, 
combined with the mobility of the liquid is displayed at the surface of a 
melting crystal of acetaldehyde, where acid-catalyzed polymerization is 
exceptionally rapid and occurs far more readily than in either solid or 
liquid alone. 9
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In the more usual kind of solid-state polymerization, the overall reaction 
rate is governed by the competition between propagation and termination. 
Each of these processes is likely to be more or less diffusion-controlled and 
consequently more or less sensitive to the structure of the crystal. Further
more, each may vary in a somewhat irregular manner with such experi
mental parameters as temperature, dose rate, extent of reaction, and im
purity concentrations, leading to a kinetic behavior that is not simply 
interpretable. Thus it is difficult to obtain reliable data on rate constants 
and activation energies for the individual processes involved. Not only 
is it often impossible to decide whether a particular reaction proceeds by 
an ionic or a free-radical mechanism, or both ; the role of the crystal struc
ture is equally difficult to ascertain. This role is compounded of geometric 
factors as well as rigidity, number, and depth of trapping sites, etc. Con
sequently, the kinetics of diffusion-limited polymerization are not a promis
ing source of information on the topochemical aspects of solid-state poly
merization. It is far more useful to seek conditions under which diffusion 
does not play a crucial role in chain propagation so that one can expect the 
crystal structure to remain essentially intact in the neighborhood of the 
growing chain end.

A  necessary condition for diffusionless polymerization is the presence in 
the crystal of a stack of suitably oriented monomer molecules so spaced 
that no linear contraction of the stack is needed for polymer formation. 
For example, a molecule with two unsaturated centers may be so oriented 
in a stack of identical molecules that it can rotate in place to link up with 
both its neighbors without any linear displacement of the monomer units 
so joined. Such a process can be readily visualized for a compound like 
diacetylene dicarboxylic acid, which turns black and insoluble on exposure 
to x-rays . 10 The crystal structure of this material10 shows stacks of parallel 
molecules at a linear separation of 3.75 A., the length of the molecules 
being perpendicular to the stacking direction. While the chemistry of the 
reaction is not known, there is no great difficulty, from a geometric view
point, in imagining the molecules to turn so as to line up more nearly paral
lel with the stacking axis and thus link together to form a polymer chain 
having the same linear separation of monomer units as that present in the 
crystal.

A  second possibility is exemplified by the cyclic monomer trioxane. 
Here, the molecules are spaced 4.3 A. apart along the trigonal axis of a 
rhombohedral crystal, alternate molecules differing by nearly 60° in orienta
tion . 11 Polymerization occurs via the opening of the six-membered rings12 

which then readily expand to span the gap that would otherwise result 
when the van der Waals separation of 3.7 A. between carbon and oxygen 
atoms of neighboring molecules contracts to the length of a covalent C— 0  
bond. The result is a crystalline polymer composed of polyoxymethylene 
chains aligned in the direction of the trigonal axis of the monomer crystal. 13 

A similar process probably occurs in diketene, 14 /J-propiolactone, 16 and 
bischloromethyl oxacyclobutane , 16 which likewise polymerize by a ring
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opening mechanism to yield oriented crystalline polymers . 17 In these 
systems, the role of the crystal structure in providing a suitable alignment 
of the monomer molecules is evidenced by an abrupt drop in polymer yields 
on melting, by a negative effect on yields and on intrinsic viscosities of 
crystal defects produced by sudden chilling, and by a saturation effect, 
especially near the melting points, attributable to the disruption of the 
crystal structure attendant on polymerization. The high positive tem
perature coefficients displayed by some of these polymerizations suggest, 
nevertheless, that appreciable energy may be required to free the monomer 
molecule from its position in the rigid structure before it can attach itself 
to the polymer chain. Any attempt at generalization from the kinetic 
data must, however, contend with the fact that the overall activation en
ergy is positive for trioxane, negative for diketene, and either positive or 
negative for propiolactone and for bischloromethyloxetane depending, for 
the former, on the temperature range considered, and, for the latter, on the 
extent of reaction.

With vinyl monomers the conditions for diffusionless polymerization are 
less readily fulfilled. Nevertheless it is quite simple to construct hypo
thetical models of crystal structures in which each molecule makes contact 
with at least two neighbors, in different directions, so as to form a zigzag 
chain in which the movement of each molecule on bonding to its neighbors 
may be perpendicular to the axis of the chain. Such a chain can then link 
up by contracting radially rather than longitudinally, leading to no accumu
lation of strain and no severe disruption of the crystal structure at the 
growing end. That such a model may be capable of realization in practice 
is suggested by the crystal structure of acrylic acid . 18 Each molecule 
makes two different kinds of contact, to neighbors to which it is related by 
parallel but nonequivalent glide planes. The crystallography appears 
nicely suited to the formation of an oriented polymer chain, parallel to the 
b  axis of the crystal and having alternate head-to-head and tail-to-tail 
linkages. N itta 18 reports the production of unoriented polymer on exposure 
to Co60 7 -rays at 0°C. Experiments to check the chemical structure and 
possible crystallinity of polymer obtained by ultraviolet irradiation of solid 
acrylic acid at various temperatures are currently in progress.

W e are grateful to  Professor Judith Bregm an for an extensive literature survey and to 
D r. M . D . Cohen for several illum inating discussions and m uch useful criticism.
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Résumé

Un exam en des composés qui conduisent à  la polym érisation à l ’é ta t solide conduit au 
postu lat qu ’une telle  réaction n ’est possible que si la  structure du cristal de monomère 
offre un con tact étroit entre les centres réactifs des m olécules voisines. M êm e lorsque 
cette condition est rem plie, la propagation de la chaîne peut être lim itée par diffusion à 
cause de la  concentration de la chaîne par polym érisation. Lorsque la structure du 
cristal rend une telle contraction non nécessaire, la polym érisation peut avoir lieu sans 
diffusion e t le  cristal peut exercer un contrôle direct sur la géom étrie de la réaction. 
Plusieurs sortes de structures sont connues pour lesquelles un tel com portem ent a été 
dém ontré ou bien peur être attendu.

Zusammenfassung

Eine B etrachtun g der zur Polym erisation im festen Zustand fähigen Verbindungen 
bestätigt das topochem ische Postulat, dass eine derartige R eaktion  nur dann möglich 
ist, wenn die reaktiven  Zentren benachbarter M oleküle auf Grund der K rista llstru ktu r 
des M onom eren in nahem  K o n ta k t m iteinander stehen. Allerdings kann auch in Fällen, 
in denen diese Bedingung erfüllt ist, das K etten w ach stum  wegen der K on traktion  der
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K e tte  bie der Polym erisation diffusionskontrolliert sein. W enn eine derartige K o n trak 
tion auf Grund der K rista llstru ktu r nicht notwendig ist, kann die Polym erisation ohne 
Diffusion vor sich gehen und der K rista ll eine direkte K ontrolle über den geometrischen 
Verlauf der Reaktion ausüben. E s sind mehrere Strukturtypen  bekannt, an denen ein 
derartiges Verhalten nachgewiesen wurde oder erw artet werden kann.

Received April 15, 1963
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Poly(l,2-ilimethyl-5-vinylpyridinium Methyl Sulfate). 
Part I. Polymerization Studies

W. P. SHYLUK, Hercules Research Center, Hercules Powder Company,
Wilmington, Delaware

Synopsis

l,2-D im ethyl-5-vin ylpyrid inium  m ethyl sulfate is readily polym erizable in aqueous 
solution under m ild free radical conditions to  a  high m olecular w eight, cationic p o ly
electrolyte. A  three-halves order dependence of the rate of polym erization on monomer 
concentration is indicated for about 7 5 %  of the polym erization of l,2-dim ethyl-5- 
vinylpyrid inium  m eth yl sulfate in aqueous solution w ith potassium  persulfate as in iti
ator. A  norm al dependence of the polym erization rate on the square root of the in iti
ator concentration is also indicated b y  these data. T h e overall activation  energy is 
estim ated to  be about 17 kcal./m ole. Prelim inary experim ents related to  the effect of 
changing the ionic strength of the reaction medium  b y  addition of sodium  chloride led 
to a  change in the kinetics w ith a dram atic slowing-down of the polym erization. C op oly
m erization studies indicate th at the rea ctiv ity  of this cationic monomer is higher than 
th at of acrylam ide, m ethacrylam ide, and m eth yl m ethacrylate, but close to  th a t of 
m ethacrylic acid.

INTRODUCTION
Much attention has been given during the last eight years in the patent 

literature to the preparation of polycationics by free radical polymerization 
of monomers containing quaternary ammonium groups. One class of 
easily polymerizable cationic vinyl monomers that has received a great 
deal of attention includes quaternary ammonium salts derived from dialkyl- 
aminoalkyl acrylates and methacrylates. 1 - 8  A  similar class of mono
mers is obtained by the quaternization of Y-dialkylaminoalkyl acrylamides 
and methacrylamides.7 ' 9 ' 10 Other classes of cationic monomers which have 
been polymerized are vinyloxyalkyltrialkylammonium ,5 1 1 1 2  carbovinyl- 
oxyalkyltrialkylammonium , 13 carboallyloxyalkyltrialkylammonium , 14 p-vi- 
nylbenzyltrialkylammonium , 1 51 6  Y-allylammonium , 17■18 and vinylpyridin- 
ium .5 ' 1 9 - 2 3

Generally, very little basic information has been reported on the poly
merization of cationic monomers. The simplest cationic monomer, a vinyl- 
trimethylammonium salt, did not copolymerize, presumably because of 
the charge so near to the double bond . 24 Hart and Timmerman25 described 
the synthesis and polymerization of 4-vinylpyridine Y-butyl sulfobetaine. 
Jones26 reported the synthesis and polymerization of some p-vinylbenzyl- 
trialkylammonium salts. The important discovery that linear polymers

2191
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are formed by a cyclic polymerization mechanism from diallyl quaternary 
ammonium salts was reported by Butler and Angelo . 27 Copolymerization 
studies by Overberger and co-workers28 with 2-(methacryloyloxy)ethyl- 
trimethylammonium chloride and 4-vinylpyridine indicated that there is a 
tendency for alternation. Price and Duling29 have reported some of the 
polymerization characteristics of N -vinylpyridinium salts. This type of 
monomer apparently receives sufficient activation from the pyridine ring 
to overcome the effect of the charge next to the double bond.

This paper gives some of the polymerization characteristics of another 
cationic monomer, l,2-dimethyl-5-vinylpyridinium methyl sulfate or 
D M VP M S . 23

RESULTS AND DISCUSSION 

Spontaneous Polymerization

Concentrated aqueous solutions of D M VPM S (above 25%) tend to 
polymerize spontaneously. Reaction temperatures below 25 °C. give com
plete polymerization; above this temperature, the polymerizations appear 
to stop at about 70% conversion (Table I).

T A B L E  I
Spontaneous Polym erization  of l,2-D im ethyl-5-vin ylpyrid inium  M eth y l Sulfate in

Aqueous Solution

M onom er 
concen

tration, %

Tem perature,
°C.

R eaction  time, 
days

Conversion 
to  polym er, %

Intrinsic
viscosity

75 5 1 .0 97 10 .5
75 25 1 .0 93 7 .3
75 30 1.0 74 6.6
75 35 1 .0 69 6 .1
75 40 1 .0 73 5 .2
75 45 1 .0 73 4 .9
75 50 1.0 65 4 .2
75 65 1 .0 70 3.0
65 25 0.030 9 .2 5 .2
45 25 0.046 7 .1 4 .0
35 25 0 .1 1 13 3 .9
25 25 0 .18 11 3 .0

Preliminary data indicate a first-order dependence of the rate of polymer
ization on monomer concentration (Fig. 1). Table II shows that there is no 
significant change in the intrinsic viscosity with per cent conversion to 
polymer in these polymerizations.

Peroxides formed by the reaction of the monomer and oxygen are prob
ably involved in the initiation of these polymerizations. 30 31 A  very low 
initiation rate would maintain such a polymerization because of the de
creased termination rate in the viscous reaction mixture. That this
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T A B L E  II
Intrinsic V iscosities Versus C onversion for the Spontaneous Polym erization  of a 3 .1M  

Solution of l,2-D im ethyl-5-vin ylpyrid iniu m  M eth yl Sulfate in W ater 
(pH  =  2, H 2S 0 4)at 25°C .

C onversion to  polym er, % Intrinsic viscosity

25 7 .3
4 4 7 .3
5 3 8.0
68 7 .3
78 6.6
87 7 .1
92 6.6

100 6.8

Fig. 1. Spontaneous polym erization of a 3 .1A f solution of l,2-dim ethyl-5-vinylpyridin- 
ium  m eth yl sulfate in w ater a t 25°C .
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Trommsdorf effect32 appears to be operating is suggested by the small de
crease in the intrinsic viscosity with conversion (Table II) for the poly
merizations in Figure 1.

Spontaneous polymerization have also been reported with p-vinylbenzyl- 
trimethylammonium bromide26 and with an anionic vinyl monomer, so
dium ethylenesulfonate. 33

Polymerization in the Presence o f Initiators

The expected trends for free radical polymerizations occur when D M - 
VPMS is polymerized in aqueous solution in the presence of various initia
tors (Table III). Unlike the spontaneous polymerizations, these poly
merizations go to completion at higher temperatures and at very low 
monomer concentrations.

T A B L E  III
Polym erization  of l,2-D im ethyl-5-vin ylpyrid inium  

M eth yl Sulfate in Aqueous Solution

M onom er
concen
tration,

% Initiator, % a

R eaction  
tem per

ature, °C .
R eaction 

time, days

Conversion 
to  polym er,

%

Intrinsic
viscosity

75 0 .0 10 %  k 2s 2o . 25 3 .8 100 8 .4
75 0 .1 0 %  k 2s 2o 8 25 3 .8 100 5 .5
75 1 .0 0 %  K A O , 25 3 .8 100 3 .2
75 0 .5 0 %  K 2S20 , 

0 .5 0 %  N a 2S 20 ,
25-5S 1 .1 100 0 .5

55 0 .5 0 %  A I B N b GO 1 .7 100 1.8
50 0 .5 0 %  A IB N 45 2 93 2 .8
24 2 .2 %  K 2S20 , 55 1 100 1 .4
12 4 .4 %  K A O , 55 1 100 0 .6
3 .1 1 7 .6 %  K A O , 55 1 100 0 .1

a B ased on monomer. 
b a ,a '-A zobisisobutyronitrile .

According to the well-known kinetic scheme for radical chain polymeriza
tion of vinyl monomers, 34 a first-order dependence of the rate of polymeriza
tion on monomer concentration would be expected:

R ,  = = K A I ] ' h \M]at
where

AT =  kv (kdf/kt) ( 1 )

and I =  initiator, M  =  monomer, Rp =  rate of polymerization kv =  prop
agation rate constant, k„ =  initiator decomposition constant, kt =  ter
mination constant.

This, however, was not the kinetic result in the polymerization of 
D M VPM S in aqueous solution at 55°C. and at two concentrations of potas-
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Fig. 2. Three-halves-order p lot of the effect of monomer concentration in the poly
m erization of l,2-dim ethyl-5-vinylpyridinium  m ethyl sulfate a t 55°C . in w ater contain
ing 0.020M potassium  persulfate.

sium persulfate. Although the data will give a linear relationship when 
plotted in the usual way for first-order kinetics, the slopes are not con
stant for each concentration of initiator as required in the equation above.

It appears instead that there is a three-halves dependence of the rate of 
polymerization on monomer concentration for about 75% of the polymeri
zation and the data are plotted accordingly in Figures 2  and 3. These re
sults are similar to those reported for the benzoyl peroxide-initiated poly
merizations of styrene36’ 36 and vinyl acetate . 37

To explain this higher-order dependence on monomer concentration, it 
was postulated that the monomer is involved in the initiation step . 36~ 38 

Although the mechanism for this more complex initiation step has as yet 
not been established, 39 it can be written as:

I  +  M  - »  2  r a d ic a l s ( 2 )
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F ig. 3. Three-halves-order p lot of the effect of monomer concentration in the p oly
m erization of l,2-d im ethyl-5-vinylpyridinium  m ethyl sulfate a t 55°C . in w ater contain
ing 0.0050M potassium  persulfate.

This leads to the following expression for the rate of polymerization ac
cording to the scheme for the derivation of eq. (1 ):

Rp =  -d [M ]/ d t  =  Iu  [I]1/ 2 [M ]I/; (3)

Assuming that the initiator concentration remains constant in these 
polymerizations, integration of eq. (3) gives:

[M ] - 1/1 =  — y 2 Kd  +  a constant (4)

where
K i =  Iu  [I]‘A

The kinetic data in Figures 2  and 3 meet the two requirements of eq.
(4). There is a linear relationship between the reciprocal of the square root 
of the concentration of the unreacted monomer (Cm~ 'A) and the reaction 
time. Also, for each initiator concentration the slopes are essentially equal 
(given as Ki in Table IV).

Since the values of Ki (Ki/[IJ'A) in Table IV are nearly constant, the 
predicted proportionality between the rate of polymerization and the square 
root of the initiator concentration in eq. (4) is indicated. This result 
implies that the initiator concentration did not change appreciably during 
the experiments above, as might be expected because the first-order rate
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F ig. 4. Three-halves-order p lo t of the effect of tem perature in the polym erization 
of l,2-dim ethyl-5-vinylpyridinium  m ethyl sulfate in w ater containing 0.020AÎ potassium  
persulfate.

T A B L E  IV
E ffect of M onom er and Initiator C oncentrations on the Polym erization of 1,2-D im ethyl- 

5-vinylpyridinium  M eth y l Sulfate in Aqueous Solution at 55°C .

Initial 
monomer 
concen

tration, M

Potassium
persulfate

concentration,
M K -i K i

Conversion 
to  polym er 

in 19 hr.,

%

Specific
v iscosity“

0 .12 5 0.0200 0.034 0 .24 99 0 .0 17

0.500 0.0200 0.034 0.24 100 0.057

1.0 0 0.0200 0.032 0.23 100 0 .16

2.00 0.0200 0.036 0.25 100 6 .5

0.500 0.00500 0 .0 15 0 .21 98 0.086

1.00 0.00500 0.018 0.25 100 0 .19

a 0.50%  Polym er in 0 .31M  N a C l and 0.033M K 2S2O 8 a t 25°C .
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Fig. 5. Three-halves-order plot ol the effect of sodium chloride on the polym erization 
of l,2-d im ethyl-5-vinylpyridinium  m ethyl sulfate in w ater containing 0.020M potassium  
persulfate.

constant for the decomposition of potassium persulfate in the absence of 
any substrates in water at 50°C. is 0.0036 hr. - 1 . 40 Thus, even if the par
ticipation of monomer in the initiation step leads to a several-fold increase 
in the rate of polymerization, there would not be a significant decrease in 
initiator concentration for the reaction times which were used for the ki
netic measurements.

The effect of temperature on the rate of polymerization is given in Figure
4. From the slope of an Arrhenius plot of these data, the overall activa
tion energy was estimated to be about 17 kcal./mole.

In the propagation step of the polymerization, a positively charged 
monomer molecule must approach a positively charged growing polymer 
radical. As the ionic strength of the reaction medium increases, these
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Fig. 6. First-order p lot of the effect of sodium chloride on the polym erization of 1,2- 
dim ethyl-5-vinylpyridinium  m eth yl sulfate in w ater containing 0.020M potassium  
persulfate: (1 ) monomer =  0.50Ai; ( 1 A )  monomer =  0 . 5 0 M ,  N a C l =  1 .5 M ; ( 2 )  

monomer =  0.12M ;  (S T ) monomer =  0.12M , N a C l =  1.88M .

charge effects would be expected to decrease. Since the 17-fold increase 
in the concentration of this ionic monomer in Figure 2 also corresponds to an 
equivalent increase in ionic strength, it is surprising that there was no ap
parent effect on the kinetics.

Preliminary results on the effect of changing the ionic strength of the 
polymerization medium by addition of sodium chloride show some compli
cated effects (Figs. 5 and 6 ). Below a certain concentration of sodium 
chloride, there appears to be an increase in the rate of polymerization. 
Above this concentration of sodium chloride, the dependence of the rate of 
polymerization changes to first order with respect to monomer concentra
tion for about the first 25%  of the polymerization. After this, the poly
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merization slows down dramatically. This latter result might be explained 
by a removal of the anionic initiator from the solution during a salting out 
of the cationic polymer in a predominantly chloride form . 41 No precipi
tation was observed, but highly ionic polymers are known to separate in a 
colloidal state. 26

The viscosity data in Table IV  suggest that the viscosity of the poly
merization medium may have had an effect on the chain length for the high
est monomer concentration (2.0M ) . 32 As would be expected, there ap
peared to be a slightly higher rate constant (K 2) for this experiment. Dif
ferent experimental techniques will be needed for determining the effects 
of higher monomer concentrations because of the difficulty of controlling 
temperature and sampling from a viscous reaction mixture.

Copolymerization Studies

The reactivity ratios given in Table V 4 2 ' 43 suggest a high reactivity of 
D M VPM S with acrylamide, methacrylamide, and methyl methacrylate. 
Methacrylic acid, however, appears to be closer in its reactivity to that of 
the cationic monomer.

T A B L E  V
Copolym erization Characteristics of l,2-D im ethyl-5-vin ylpyrid inium  

M eth yl Sulfate  (M O

Com onom er (M 2) T\ r2 e i e t <2i Q 2

R ef
erence

Acrylam ide 2 .7 0 .19 1 .6 0 .78 “ 9 .6 0 .9 5 “ 48 ,49 ,50
M ethacrylam ide 1 .2 0 .14 — — — — —
M ethacrylic  acid 0.60 0.58 2.0 0 .9 7 12 2.62 48
M eth yl m ethacrylate 1 .8 0 .12 1 .6 0 .4 9.0 0 .74 41

A verage of 3 reported values.

These differences in reactivity are reflected in the solubility of the co
polymers at the different stages of the copolymerizations. With methacryl
amide, for example, the copolymers are initially soluble, but they become 
insoluble when the availability of the cationic monomer decreases at the 
later stages of the polymerization.

An average e value of + 1 .7  is indicated for this monomer by these data . 44 

A  high positive polarity of the vinyl group would be expected because of the 
adjacent pyridinium ring. The average Q value of 10 is higher than those 
which are generally found. It might be expected that the Q value might 
be higher than that for styrene (Q =  1.0), but not that much higher. The 
Q and e values for unquaternized 2-methyl-5-vinylpyridine are reported 
to average about 0 . 8  and —0 .6 , respectively . 46

EXPERIMENTAL 

Preparation o f Monomer

Distilled dimethyl sulfate was added to an acetone solution of an equi
molar quantity of distilled 2-methyl-o-vinylpyridine (Phillips Chemical
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Co., 1 g ./5  ml. of acetone). The reaction temperature was maintained at 
25-35 °C. by the rate of addition of the dimethyl sulfate, by stirring, and 
by cooling. Fresh portions of acetone were used for several washes of 
the crystalline monomer which was then dried under vacuum at 35 °C. 
Generally, the product was obtained in about 90%  yield after about a
3-hr. reaction time.

The monomer was recrystallized by dissolving it in boiling absolute 
ethanol (4 m l./g.) and immediately stirring the solution in an ice water 
bath. Absolute ether was used to wash the crystals. When the dry crys
tals were placed in a preheated bath, melting occurred at 137 °C. With 
slow heating, polymerization took place before the melting point was 
reached.

A n a l . C alcu lated  for C i0H 15O4N S : C, 49.0% ; H, 6 .16 % ; 0 , 2 6 .1% ; N , 5 .7 1 % ; 
S, 13 .1% ; O C H 3, 12 .7% . F ound: C , 49.2% ; H, 6 .19 % ; O, 26 .5% ; N , 6.0 3% ; 
S, 12 .9 % ; O C H 3, 12.4% .

A t 25 °C., the monomer is soluble to about 75% in water, 50% in metha
nol, 20%  in dimethyl sulfoxide, and 10% in dimethylformamide. It is 
also soluble in other polar solvents such as glycerol, glacial acetic acid, and 
nitromethane; it is insoluble in ketones, esters, alcohols higher than etha
nol, and nonpolar solvents. The presence of small amounts of water in 
the polar solvents increases the monomer solubility markedly. Unlike 
many quaternary salts, this monomer is nonhygroscopic except at very 
high humidities.

Solution Polymerization

An aqueous monomer solution containing initiator was sealed in a pres
sure bottle with a Buna N-lined, two-holed, crimped cap. Generally, 10 
cycles of evacuation and repressurization to 10 psig of nitrogen (through 
hypodermic needles) were used to displace the air. The bottle was placed 
in a constant temperature bath until the desired amount of polymerization 
occurred.

The volume of each monomer solution was adjusted to the size of the 
bottle, so that it was possible for the heat of polymerization to be removed 
by diffusion through the reaction mixture. This was necessary because 
firm, rubberlike gels were generally obtained and therefore stirring could 
not be used in the control of the reaction temperature.

Because the polymer tended to be self-dispersible26 and the monomer 
tended to be insoluble, it was not possible to use quantitative reprecipita
tions for the purification of the polymer. When dry polymer was desired, 
it was obtained by the addition of about a 5%  polymer solution to enough 
acetone in order to finally give about 5%  water in the final mixture.

Generally, the reaction product was swollen and diluted with water to 
about 1.0% polymer solution. The extent of the polymerization was de
termined by ultraviolet analysis.

Most of the polymer solutions remained crystal clear, while others showed
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mold growth after a few weeks. 46 There were usually significant changes 
in the solution viscosities during storage at room temperature.

Rate Studies

The monomer was weighed into a pressure bottle which was sealed with a 
Buna N-lined, two-holed, crimp cap and evacuated for about 1 hr. A  
solution containing appropriate amounts of the other constituents to give 
a 50-ml. reaction mixture was weighed into another pressure bottle and 
cooled to 0°C. Both bottles were evacuated and repressured with nitro
gen (10 cycles). The two bottles were placed for 1 hr. in a bath at the reac
tion temperature. At zero time, the aqueous initiator solution was trans
ferred under nitrogen through a hypodermic needle into the pressure bottle. 
The reaction mixture was magnetically stirred under 10 psig of nitrogen. 
Appropriate volumes of the reaction mixture were removed with a hy
podermic syringe and immediately diluted to about 0.006% for ultraviolet 
analysis.

Copolymerization

Each copolymerization was accomplished by a solution polymerization 
similar to that described above. Recrystallized or distilled comonomers 
were used. When the viscosity of the reaction mixture indicated about 
1 0 %  polymerization, the copolymer was immediately precipitated by the 
addition of nonsolvent (acetone, isopropyl alcohol, or fert-butyl alcohol). 
At least one reprecipitation was made before analysis.

It was very difficult to devise precipitation conditions for the complete 
precipitation of the copolymer. At too high ratios of the nonsolvent, the 
cationic monomer tended to be insoluble. At all ratios of the nonsolvent, 
the copolymers tended to a self-dispersible, 26 and it was necessary to add 
an inert electrolyte in order to overcome their tendency to peptize. The 
use of l-methyl-2 -bromopyridinium methyl sulfate for this purpose pro
vided a common anion. Bromine analysis established that negligible 
amounts of this electrolyte were retained in the dry polymers.

Table VI gives the experimental details for the copolymerizations.

Ultraviolet Analysis

Analyses were made on aqueous solutions containing about 0.005% 
monomer and polymer. The following expressions were used to calculate 
the concentrations of monomer (x) and polymer (y) in grams per liter:

x =  O.O3 O8 A3Ï0 -  0.0344À246 

y =  0.0537 A310 -  0.004G3 A&

where A3Ï0 =  difference in absorbance between 274 m/r and 310 my, 
and AJ« =  difference in absorbance between 274 my and 246 mu.
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Viscosity Measurements

Intrinsic viscosity measurements were determined from measurements 
of reduced specific viscosities at 25 °C. in dilution type No. 1 Ubbelohde vis
cometers and extrapolation of the data to infinite dilution by the method 
of Martin.47 To overcome the problems of viscosity measurements on a 
polyelectrolyte in aqueous solution,34 0.200M sodium chloride was selected 
as solvent.

T h e author is v ery  grateful to  Professor C . C. Price for his valu ab le  suggestions in 
this work. T h e valu able  assistance of m any people at the Hercules Research C enter is 
also acknowledged, w ith  special m ention of D rs. H. M . Spurlin, D . C . Lincoln, and D . S. 
Breslow.
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Résumé

L e l,2-d im éthyl-5-vinylpyridinium  m éthyle sulfate peur être rapidem ent polym érise 
en solution aqueuse par un radical libre dans des conditions douces en un polyélectrolyté 
cationique de poids moléculaire élevé. Un ordre trois-demi pour la vitesse de polym érisa
tion par rapport à la concentration en monomère est indiqué pour environ 7 5 %  de la 
polym érisation du l,2-d im éthyl-5-vinylpyridinium  m éthyle sulfate en solution aqueuse 
avec du persulfate de potassium  comme initiateur. Une dépendance norm ale de la 
vitesse de polym érisation, racine carrée de la concentration en in itiateur est égalem ent 
m ontrée par des résultats. L ’énergie d ’activation  globale est estim ée à  environ 17 
kcal/m ole. D es expériences prélim inaires portant sur l ’effet du changem ent de la force 
ionique du milieu réactionnel par addition de chlorure de sodium , ont m ontré qu ’il y  
a v a it  un changem ent dans les cinétiques, ainsi qu ’un ralentissem ent dram atique de la 
polym érisation. D es études de copolym érisation m ontrent que la  réactiv ité  de ce 
monomère cationique est plus élevée que celle de l ’acrylam ide, du m éthacrylam ide e t du 
m éthacrylate  de m éthyle, mais égale à  celle de l ’acide acrylique.

Zusammenfassung

l,2-D im ethyl-5-vin ylpyrid inium m ethylsu lfat polym erisiert in wässriger Lösung leicht 
unter milden radikalischen Bedingungen zu einem  kationischen P olyelektrolyten  hohen 
M olekulargew ichts. F ü r etw a 7 5 %  der m it K alium persulfat gestarteten Polym erisation 
von l,2-D im ethyl-5-vin ylpyrid inium m eth ylsu lfat in wässriger Lösung wurde eine 
R eaktionsordnung von  3/2 bezüglich der M onom erkonzentration bestim m t. Ausserdem  
wurde eine norm ale A bh än gigkeit der Polym erisationsgeschw indigkeit von  der Q uadrat-
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Wurzel der Starterkonzentration gefunden. D ie B ruttoaktivierungsenergie wurde zu 
etw a 17 kcal/M o. bestim m t B ei vorläufigen Versuchen über den Einfluss einer Ver
änderung der Ionenstärke des Reaktionsm edium s auf die K in etik  wurde gefunden, dass 
ein Zusatz von N atrium chlorid die Polym erisation stark verlangsam t. W ie C opoly
merisationsuntersuchungen ergaben, ist die R eaktion sfähigkeit dieses kationischen 
M onom eren zwar höher als diejenige von Acrylam id, M ethacrylam id und M ethyl- 
m ethacrylat, jedoch ähnlich derjenigen von Acrylsäure.

Received April 10, 1963
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Electron Spin Resonance Studies of Irradiated 
Single Crystals of Methacrylamide*

HISASHI U E D A ,f Deparlment of Physics, Duke University, Durham 
North Carolina, and Department of Chemistry, The University of British 

Columbia, Vancouver, British Columbia, Canada

Synopsis

Irradiated single crystals of m ethacrylam ide were studied b y  electron spin resonance. 
Irradiations were m ade a t 77 and 288°K. and m easurements were made a t 77, 193, and 
293 °K . O n ly chem ical changes explain these spectra. T h e original scission is C — C 
breakage between (C O N H 2) and C H 2= C ( C H 3)— , and C — H breakage between C H 2= C -  
(C O N H 2)C H 2—  and H ; these sm all fragm ents react w ith m ethacrylam ide and finally 
produce tw o free radicals at room tem perature. These tw o free radicals are the ones 
which propagate or term inate the polym erization. T he free radical transform ation 
at the last period of polym erization is concluded to  be:

R C H 2(C H 3)C O N H 2 ->- R 'R " C ( C H 3)C O N H -

INTRODUCTION

It is extremely difficult to obtain a single crystal of a high polymer which 
is sufficiently large to permit observation of the electron spin resonance 
(ESR) after irradiation. Therefore, the only way to determine the exact 
nature of free radicals trapped in a vinyl polymer by polymerization or 
radiation damage seems to be to study an irradiated single crystal of its 
monomer. However, there are very few examples of ESR studies of 
irradiated single crystals of vinyl monomers. It is also difficult to prepare 
a single crystal of a vinyl monomer. This is partly because a monomer is 
readily polymerized during the evaporation of the solvent from its solution 
to make single crystals. The other difficulty is that most of vinyl monomers 
are liquid at room temperature. In this respect, acrylamide and metha
crylamide have their advantages, as both of them are solid at room tem
perature.

EXPERIMENTAL

It was difficult to grow a good single crystal from an alcoholic solution of 
methacrylamide, as it readily gave very thin and fragile plates. A  mixed

* This w ork was p a rtly  supported by the U . S. A ir Force, Scientific Research D evelop 
m ent Com m and, A F-A FO SR -62-327. 

f  N ishina M em orial Fellow.
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y - E
x -

a ’

Fig. 1. A  single crystal of m ethacrylam ide, x ,  y ,  and z are conventional axes selected 
for the measurements, a ' ,  b ' ,  and c ' are the directions of the principal values of the 
hyperfine tensors.

solvent of concentrated HC1 and ethanol gave, when the solution was 
warmed to 40 °C. and then cooled and evaporated, several satisfying crystals 
whose shape is shown in Figure 1. The result of an elementary analysis 
showed that no acid is bonded in the form of hydrochloride.

Crystals were irradiated at 77 and 288 °K., the ESR measurements were 
made at 77, 193, and 293 °K., all at a frequency of about 9,400 M cycles/sec.

The crystal structure and symmetry of this crystal is not known, but a 
conventional coordinate system was selected as shown in Figure 1. Meas
urements were made with the magnetic field perpendicular to one of these 
axes, at 15° intervals, or for 7.5° if necessary, of rotation about this axis.

RESULTS

1. Irradiation at 288°K.

The crystal irradiated with a dose of 3 X 106 r at 288 °K. was measured 
at 293 and 77 °Iv.

A. Spectrum Observed at 293° K. This spectrum is composed of two 
groups of lines: a quintet and a sextet, as shown in Figure 2. The quintet 
is isotropic with an equal spacing of 23 gauss and the same nature as already 
found in irradiated polymethyl-methacrylate.1-3 The sextet is anisotropic. 
From the angular dependence of the splitting, it is concluded that there 
are one nitrogen and one proton coupling with the unpaired electron. 
The proton interacts isotropically and its splitting factor, A ,, is 28.2 gauss.
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The nitrogen interacts anisotropically and its splitting factor, A a, is shown 
in Table I.

The term x-x in I denotes the A xx element of the hyperfine tensor, 
term x-y, the A xy element, etc. In the same way, in II, term a'-a' denotes

H  A ' h

Fig. 2. E S R  spectra for the m easurements a t 293 ° K . : (.4) Z  zH  = 90°, Z  j/H = 
0°; ( B )  Z  i H  =  90°, Z  y H  =  45°. A ,• indicates the isotropic splitting and A a in
dicates the anisotropic splittings.

Fig. 3. C arbon-13 lines of the spectrum  obtained from  an irradiated single crystal of 
m ethacrylam ide. Z  zH  = 90°, Z j/H =  30°. O n ly the left half of the spectrum  is 
shown. T h e 13C  splitting constant has been reported as 35 gauss.4
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one of the principal values A a-a'. I l l  shows the direction cosines for the 
transformation of I into II. These principal values can be divided into 
two terms, the isotropic and anisotropic terms. The isotropic part is 15.9 
gauss while the anisotropic principal values are —3.1, 6.2, and —3.1 gauss 
for a'a', b'b', and c'c' elements, respectively.

B. Spectra Observed at 77 and 193°K. These are identical with those 
at 293°K.

C. Spectra from the Crystal with High Dosage. The spectra obtained 
after irradiation with a dose of 10s r at 288°K. showed no anisotropy. 
This is because the methacrylamide had polymerized completely and was 
no longer a single crystal. Actually the spectrum was identical with that 
of polycrystalline material, and the hardness and brittleness of this crystal 
was different from that of sample irradiated with 3 X  106 r.

D. Carbon-13 Lines. Some anisotropic carbon-13 lines are observed 
when a strong signal is recorded, as shown in Figure 3.

2. Irradiation at 77°K.

The crystal irradiated with a dose of 3 X  106 r at 77 °K. was colored green, 
while the color of the crystal irradiated at 288 °K. is yellow. This crystal 
was first measured at 77°K., then warmed up to 193 °K. and measured,

Fig. 4. E S R  spectra for the measurem ents a t 7 7 °K . of a crystal irradiated a t 7 7 °K ., 
/ i  H  =  90° for all spectra: (A )  /  j H  =  75° w ith the incident power of 20 m w .; (B ) 

Z  y H  =  165°, the incident power is 1 m w .; (C ) Z  y H  =  75°, w ith the incident power of 
1 mw.
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Fig. 5. E S R  spectra of the crystal irradiated a t 7 7 °K . and then warmed to 193 °K ., 
Z  sH  = 90° for all spectra: (A )  measured a t 7 7 °K ., Z  j/H =  67.5°, the incident power 

is 20 m w .; (B )  a t the same orientation and w ith the same power as in A ,  b u t measured 
a t 1 9 3 °K .; ( C ) Z  i/H =  30°, the incident power is 20 m w ., measured a t 19 3 °K . A j  

indicates the isotropic splitting, and A a and A a '  indicate the anisotropic splittings, 
respectively.

then again cooled to 77 °K. and measured, and finally rewarmed to 293 °K. 
and measured.

A. Spectra at 77°K. The pattern of the spectra at 77°K. is strongly 
power-dependent. The spectra at a microwave incident power of about 
20 mw. is broadened by power saturation at any orientation in the mag
netic field, as shown in Figure 4A. However, when the power is reduced 
to a few milliwatts, the spectra can be split into about 16 lines, as shown 
in Figure 4B. When the conventional y-axis is near 90° to the magnetic 
field, the lines can further be split twice in its number, as shown in Figure 
4(7. It seems there are too many lines to be interpreted. However, the 
following analysis seems the most plausible one. There are three com
ponents; a sextet (l,3,5,7,5/,3/,l0> a quintet (2,4,7,4',2'), and a triplet 
(6,7,6')• If the total intensities of these different components are put as 
x, x  +  y, y respectively, the intensity of the central line, i.e., the line marked 
by 7, should be four times as strong as that of the nearest neighbor, 6 or 6'.

B. Spectra After Warming to 193°K. The shape of the spectrum when 
the crystal irradiated at 77°K. was warmed up to 193°K. and then meas
ured shows far smaller power saturation than that of the crystal before 
warming.
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The spectrum, however, fairly shows power saturation when the crystal 
is cooled to 77°K. again, as shown in Figure 5A . The spectra has a quintet 
with the equal splittings of 21.5 gauss, as is clearly seen in the power- 
saturated spectrum in Figure 5A. The other component is an anisotropic 
double quartet (sometimes double triplet) with an isotropic splitting of 28 
gauss, A t, and with two anisotropic splittings, A a and A a>.

C. Spectrum After Warming to 293°K. The spectrum thus obtained 
is identical with that obtained by irradiation at 293°K.

The number and the spacings of the spectral lines change according to 
the temperature of irradiation, not of measurement. The spectrum at any 
condition of measurement has more than two components.

The significant difference of this present compound from other already 
studied single crystals lies in that it has a C = C  double bond, which easily 
reacts with small fragments produced by the irradiation, e.g., the addition 
reaction of free radicals.

Abraham and co-workers2 explained the two species in irradiated 
P M M A  on the basis of configurational isomerism. If the two components 
of a spectrum are to be explained in that way in this case, they must have at 
least one common spacing in each of the spectra. In the present case no 
such common splitting was found.

The quintet of lines is found only in irradiated methyl-substituted vinyl

Fig. 6. The scheme of radiation decomposition of methacrylamide. At 77°K., 
(I), (II), and (III) are observed after irradiation, (I ) and (II) change to (IV ) between 
77 and 193°K. Then at 193°K., both (III) and (IV ) are observed. Between 193 
and 293°K., (IV ) changes to (V). Then at 293°K., both (III) and (V) are observed. 
From (V), a spectrum which is strongly anisotropic is expected. However, if there is a 
large contribution of the resonance structures R C (= N H )— O and R C (= N H )0-, the 
anisotropy will be substantially reduced. R  is either [CH2= C (C O N H 2)CH2— ] in 
(III) or [CH2= C (C H 3)— ] in (I II ')  groups. In (V), R„ and Rt are H, (— CONH2), 
and/or several monomer units. The figure (IV) shows only the species which is formed 
from (II); (IV ') referred to in the text is formed from (I).

DISCUSSION

o=c- nh2
(IV)

(V)
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monomers and polymers. Therefore, it is clear that two or three of the 
coupling protons for the quintet of lines are from this methyl group. If 
the methyl group is rotating at 293°K. and not rotating at 77°K., the 
spectrum of the crystal irradiated at 288 °K. and measured at 77 °K. must 
show great difference from that measured at 293 °K. In the present case 
they are the same.

From these facts, the difference in the present spectra at different con
ditions is to be interpreted by chemical changes in the structures of the 
free radicals. The fact that the crystal irradiated at 77 °K. gives the same 
spectrum as that of the crystal irradiated at 293 °K. when the former is 
measured also at 293 °K. shows that the radiation damage caused at 77 °K. 
is the more original process. As a matter of possibility several different 
bond scissions are expected at 77 °K. However, only two types of bond 
scissions were observed in this study.

As the sextet of lines has equal spacings and an approximate intensity 
ratios of 1 :6 :1 5 :2 0 :1 5 :6 :1 , there should be six equally coupling protons. 
Such spectrum can only be explained by the species I in Figure 6. It should 
be assumed that two methyl groups are rotating. The species I is formed 
by an addition of an emitted hydrogen atom from methacrylamide (M ).

M  —  H - +  C H 2= C ( C O N H 2)C H 2

H - +  M  —  (C H 3)2C C O N H 2 (1)

This species CH2= C (C O N H 2)C II2 was not observed in this experiment. 
This is interpreted in the way that this species adds to M  and forms a free 
radical, III. The species III gives a quintet by an equal interaction of the 
unpaired electron with the four protons H 0, H6, H„, and Hd, assuming the 
methyl protons and the proton Hd are identical. On the other hand, the 
triplet is to be explained by a species as shown in II. The ESR spectra of 
species II might show anisotropy; however, a tumbling motion of this 
species in the crystal lattice will cancel it. Actually, the width of the 
triplet is smaller than the other lines, as shown in Figure 4. The species II 
is formed by a C— C scission of M , and the expected counter fragment 
is CH2= C (C H 3). This latter species was not observed in this experiment, 
either. This is interpreted as follows: this species is too reactive to exist, 
and adds to M , forming III ', which also gives a quintet. Therefore, the 
primary radiation damage of M  is formulated as:

(x +  y)M -* zCH2=C(CONHi)CH2 +  xH +  t/CONH2 +  j/CH2=C(CH3)

The ratio of C— H scissions to C— C scissions is x :y  and equals to the in
tensity ratio of the lines from the species I and II, and is 3:2.

One component of the spectra observed at 193°K. (Fig. 5) is a quintet. 
This is to be assigned to the species III and III ', because these two frag
ments gave a quintent at 77 °K. The spacings have changed from 27 
gauss to 21.5 gauss. There will be some difference in the configuration of 
the free radical between 77 °K. and 193 °K. The other component is an 
anisotropic octet. This latter spectrum shows that there is one proton in-
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teracting isotropically and two protons equally and anisotropically. The 
expected structure for this fragment is IV . The species I and II  have disap
peared on raising of the temperature of the crystal from 77 °K . to 193 °K ., 
and the species V  has appeared instead. The reactions;

(CH3)2CCONH2 CH,=C(CH3)CONH +  H 

CONH2 — 0 = C = N H  +  H

H +  M CH2— CH(CH3)CONH2 (2)

are expected between 77 °K . and 193 °K . The reaction (H  +  M ) was like 
reaction (1) when it proceeded under irradiation at 7 7 °K ., but at 193°K . 
it is like reaction (2). This difference in the adding sides of the carbon 
atoms of a bouble bond, when a hydrogen atom adds to it, will be explained 
as a thermal effect.

The angle between the direction of the unpaired electron and the direc
tion of the C— H  bond interacting isotropically with this electron is 
calculated from the isotropic splitting of 28 gauss and is about 36 °.

After the crystal was warmed to room temperature, the free radical giving 
rise to the quintet was still present, with four equal spacings of 23 gauss. 
However, the free radical which gave the octet at 193 °K . decayed some
where below room temperature and instead the double triplet appeared. 
This double triplet indicates that there is one nitrogen nucleus and one 
isotropically interacting proton. The free radical as shown in V  of Figure 
6 will give the double triplet lines. Because the isotropic 28.2 gauss split
ting seems a reasonable value for the N — H  proton if a contribution of 
the structures R — C ( = N H ) — O- and R— C ( = N H ) — 0  to the species V  
is not small. The isotropic splitting of 15.9 gauss of the each triplet is also 
very probable as a nitrogen splitting. Then, the free radical change is:

CH3CH(CONH2)CH2 +  CH2=C(CH3)CONH2 -*

[CH2=C (C H s)CONH] • +  CH3CH(CONH2)CH3

This indicates that the R C H 2 • type free radical is not stable at room tem
perature, pei’haps because of its larger mobility than that of R — C H — R ' 
type radical, in which both sides of the free radical carbon atom is more or 
less fixed. Methacrylamide polymerizes with two different mechanisms.6 
The one is thermal polymerization occurring above 150°C . and the other is 
free radical polymerization occurring near 100 °C. In the spectrum ob
tained from polycrystalline methacrylamide the double triplet component 
disappears after the free radical polymerization has started. This indicates 
that the free radical V  has started another polymerization chain. This 
alternatively can be described that the free radical V  has been transformed 
into a polymerization end type radical R C H 2C (C O N H 2)C H 3. However, 
when the crystal is further heated, all the polymerization end is terminated 
by a chain transfer process to the amino group, leaving the free radical V , 
which cannot be further transformed because there is no monomer at this 
stage of the polymerization. Thus, the resulting spectrum is structure
less when observed in the polycrystalline state on account of its anisotropy.5
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From the polycrystalline study, it was shown that the free radicals stable 
at room temperatures begin to change their configuration near the melting 
point. However, the structures of the free radicals change very drastically 
at a far lower temperature.

M any experimental results have shown that polymethyl methacrylate 
undergoes C — C scission when irradiated. By a C— C scission, two dif
ferent fragments can be formed; however, only one of the fragments, 
R C (C H 3)C O C H 3 has been observed.1-3 Considering that the free radical 
IV  is not stable at room temperature, the unobserved free radical R C H 2- 
will exist in the transient state and will decompose immediately after its 
formation at room temperature.
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Résumé

On a étudié par résonance de spin électronique des cristaux simples de méthacrylamide 
irradiés. Les irradiations ont été effectuées à 77 et 288° K et les mesures effectuées à 
77, 193 et 293 °K. Ces spectres s’expliquent uniquement par des changements chimi
ques. La scission originale est la rupture C— C entre (CONH2) et CHf=C(CH3)— , et 
la rupture C— H entre CH2= C — (CONH2)CH2—• et H; ces petits fragments réagissent 
avec le méthacrylamide et finalement produisent deux radicaux libres à température de 
chambre. Ces deux radicaux libres sont ceux qui propagent ou terminent la polymérisa
tion. La transformation du radical libre à la période finale de la polymérisation est:

RCH2(CH3)CONH2 R'R"C(CH3)CONH-

Zusammenfassung

Es wurden Elektronspinresonanzuntersuchungen an bestrahlten Methacrylamid- 
Einkristallen durchgeführt. Die Bestrahlung erfolgte bei 77°K und 288°K, die Messun
gen bei 77°K, 193°K und 293°K. Eine Deutung der Spektren ist nur unter der Annahme 
chemischer Veränderungen möglich. Die ursprüngliche Spaltung besteht in einer C— 
C— Spaltung zwischen (CONH2) und CHî=C (C H 3)—  und einer C— H— Spaltung 
zwischen CH2=C(CONH2)CH2—• und H. Die dabei gebildeten kleinen Bruchstücke 
reagieren bei Raumtemperatur mit Methacrylamid unter Bildung zweier Radikale. 
Diese beiden Radikale sind von der Art der am Wachstum oder Abbruch der Polymeri
sation beteiligten Radikale. Man nimmt an, dass im letzten Schritt der Polymerisation 
folgende Radikalumwandlung vor sich geht:

RCH2(CH3)CONH2 R'R"C(CH3)CONH-
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Thermal Degradation of 
Poly (m-diethynylene Benzene)

A. E . N E W K IR K , A . S. H A Y , and R. S. M c D O N A L D , 
General Electric Research Laboratory, General Electric Company, 

Schenectady, New York

Synopsis

Powdered poiy(m-diethnylene benzene) can be dissolved in hot nitrobenzene, and 
thin clear sheets having a yellow color and a tensile strength approaching 9000 psi can be 
cast from this solution. When the polymer powder is heated rapidly in  vacuo, it ex
plodes gently at about 180°C. to yield carbon, but it can be annealed at 150°C. and then 
heated to form carbon without the explosive reaction. The major gaseous decomposi
tion products of the explosive reaction are methane and hydrogen. The polymer film 
can be crystallized in tetrahydrofuran and shows excellent spherulitic growth. The 
crystalline film as well as aged noncrystalline film degrades when heated rapidly, but 
without explosive decomposition. Some indication of the mechanism of decomposition 
is provided by infrared studies of the film pyrolyzed at 100 °C. intervals to 600 °C. X-ray 
diffraction studies show that the polymer may exist in amorphous and crystalline forms 
In the amorphous form, the diffraction maximum indicates an average interchain sep
aration of 4.28 A., substantially less than for other polymers. Chars prepared by heating 
the polymer give diffraction patterns similar to those for amorphous carbon blacks. A 
related substance, poly(p-diethynylene benzene), is an intractable crystalline powder 
having a hexagonal unit cell, a 0 =  7.74 A., c0 =  8.97 A., containing three monomer 
units.

IN TR O D U C TIO N

W e became interested in the study of the thermal degradation of the 
polymeric diethynyl benzenes because their unusually high carbon content, 
96 .7 5 % , should permit the preparation of carbon with a small weight loss 
and perhaps an unusual structure. The polymers are readily prepared 
by the application of the oxidative coupling reaction to to- and p-diethynyl- 
benzene.1-3 Poly(TO-diethynylene benzene) can be dissolved in hot 
nitrobenzene and cast into thin clear sheets having a yellow color. The 
para isomer is insoluble in all common solvents. Both polymers have the 
monomer unit + C 6H 4— C = C — C = C + .

In the present study, degradation of the polymer was studied by thermo- 
gravimetric, x-ray diffraction, and infrared spectroscopic techniques in 
order to obtain information about the general features of the decomposition.

2217
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E XPER IM EN TAL  

Preparation and Analysis

The general method of preparation has been described.3 The samples 
were analyzed for C and H  by conventional microcombustion techniques 
with the results shown in Table I.

TABLE I
Composition of Samples of Poly(ra-diethynylene Benzene)

Sample C,‘ % I I  07  a
/O Sum Infrared

Theory 96.75 3.25 100
1 94.9 2.8 97.7 weak C6H5N02, ~ 5 %  p-isomer, 

— C =CH , weak aliphatic CH
2 — — — C6H5NO2, ~ 5 %  p-isomer, 

— C=CH , aliphatic CH
3 96.0 3.5 99.5 ~ 1 0 %  p-isomer, — C=CH
4 94.6 3.1 97.7b no —  C =CH

a Limits ±0 .4% . 
b Slate grey residue in analysis.

Sample 1 was polymer powder obtained by reprecipitation of the crude 
polymer from hot nitrobenzene followed by drying under house vacuum  
at room temperature. Sample 2 was a film cast at 170°C . from a nitro
benzene solution of a portion of sample 1 dried at 100°C . under 10 microns 
pressure. Sample 3 was a powder prepared at temperatures not exceeding 
40°C ., and without using nitrobenzene as a solvent. Sample 4 was poly
mer powder as prepared. The infrared spectra were measured with a 
Beckman IR -7  spectrophotometer. The K B r disk technique was not 
satisfactory for the powdered polymers. Specimens were prepared by 
direct pressing of the powder in an 0.5 in. diameter evacuated die at 3500 
psi for 3 min. This caused a color change from yellow to brown and a 
reduction in intensity (sample 1 versus sample 2) of bands due to nitro
benzene and aliphatic C— H. W hen a portion of the powder was pressed 
1 min. at 200,000 psi, the sample became almost black and about half 
the acetylenic C H  groups disappeared. X -ra y  emission analysis gave the 
following results: Sample 1: Cu, 0 .0 0 0 7 % ; Br, present; N i and Fe, 
trace. S am ple:4 : C u ,0 .0 0 7 % ; Br,present; N i and Fe, trace.

Instrumental M ethods

Thermogravimetric studies were made with a Chevenard pen-recording 
thermobalance whose operation and performance have been described 
elsewhere.4 X -ra y  diffraction patterns were made with a G E -X R D -5  
spectrometer. The infrared studies of film degradation were carried out on 
a film sample between two cleaved rock salt plates. This sample was 
then heated in a stream of dry nitrogen (nominal dew point — 40°C ., H 2 
content < 1% ) , cooled in the nitrogen stream, and removed for infrared
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examination. This process was repeated at a series of increasingly higher 
temperatures. Ultraviolet and visible spectra were also measured on this 
film with a Cary model 14M S recording spectrometer. Tensile strengths 
were measured with an Instron tensile tester. M ass spectra were measured 
on a General Electric mass spectrometer.

RESULTS A N D  D ISCU SSIO N

The thermal decomposition behavior of the polymer depends on whether 
it is crystalline or amorphous. W e therefore describe first our observa
tions on the crystallization and crystallinity of the polymers.

Crystallization of Poly(m-diethynylene Benzene)

Clear transparent freshly prepared film (sample 2), 0.02 mm. thick, 
crystallized rapidly when submerged in tetrahydrofuran as indicated by a 
change from transparent to a frosted or milky translucent appearance. 
Dimethyl acetamide acted more slowly, and ethyl acetate still more 
slowly. M any solvents had no effect on the polymer in 24 hr. among 
them benzene, chlorobenzene, o-dichlorobenzene, toluene, dimethyl- 
formamide, tetrahydropyran, 1,4-dioxane, methyl isobutyl ketone, and 
dibutyl cellosolve. In nitrobenzene, a large number of small spherulites 
covering about 5 %  of the area of the sheet formed in 24 hr.

The specificity of tetrahydrofuran as a crystallizing solvent for the 
polymer seems quite surprising and further microscopic studies of its action 
were therefore carried out. The films used were several years old.

The untreated polymer film appeared quite rough at 25 X  magnification 
and contained a number of dark, roughly spherical areas. W hen placed 
between crossed nicols, it appeared to contain many bright fine needles 
(fibrils) on a dark background. A t 105 X ,  the roughly spherical areas 
were seen to consist of collections of fine bubbles or particles which, be
tween crossed nicols, showed as hazy areas. A t 2 1 0 X , the fibrils appeared 
curved and branched. Between crossed nicols, they were bright yellow  
on a dark background and showed a crude parallel extinction. W hen a 
550 m/u retardation plate was inserted in the optical path, half the fibrils 
appeared roughly parallel and green; the other half of the fibrils were 
roughly parallel to each other, yellow in color, and at right angles to the 
first set, all on a bright red background. Due to the parallel extinction, 
this general appearance was retained, regardless of the rotation of the 
stage, although any particular fibril went through a cyclic change yellow - 
dark green, etc. One spherulite was observed in the original polymer sheet.

W hen the sheet was placed in tetrahydrofuran, there was no change in 
the microscopic appearance for the first few minutes. Shortly thereafter, 
spherulites began to form. After i y 2 hr., about half the film consisted of 
spherulites, and after 5 hr., the film was more than 9 0 %  crystalline. 
Periodic rings in the spherulites were visible with difficulty at first, but 
very clear and definite in the later spherulites. The spherulites also 
showed the typical Maltese cross appearance between crossed nicols.
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The rate of crystallization of the sheet polymer varied from sample to 
sample. Thus, a piece of film 0.013 mm. thick made from sample 4 
appeared faintly frosted in a few minutes, and more strongly frosted and 
quite wrinkled in 15 min. A  piece of sample 1 film, 0.02 mm. thick, ex
posed simultaneously appeared unchanged after 15 min. exposure and 
showed only slight crystallization at one corner and along several cracks 
after 45 min. exposure. Both films decreased slightly in area after treat
ment for 24 hr. followed by air drying.

Structure

The x-ray diffraction patterns varied from one of a polymer film which 
contained no lines or bands thereby indicating completely amorphous 
polymer, to those containing a few narrow sharp lines indicating that 
highly crystalline regions are present in the polymer sample. The one 
sample of poly(p-diethynylene benzene) which was examined as prepared 
was the most crystalline of all the samples examined. This is not too 
surprising, since the p a r a  polymer can exist only as a rigid rod, whereas the 
m e ta  polymer chain can bend and assume a variety of configurations.

In addition to the sharp lines, all samples of the m e ta  polymer powder 
contained a strong broad band in the region of 3.5 A . This band may be 
taken as indicative of amorphous polymer, but the shortness of the spacing 
is surprising. Klug and Alexander5 list a range of 4 .0 -6 .6 A . for the strong 
amorphous band in fourteen polymers, and a typical polymer containing a 
benzene ring, polystyrene, has this band at 4.6 A . In the diethynylene 
benzene polymers, the spacing ranged from 3.6 A . in a sample of m e ta  
polymer as made to 3.48 A . in a sample of crystallized m e ta  polymer film.

It is generally considered that the noncrystalline x-ray diffraction 
maxima in polymers denotes the frequent occurrence of some average 
interatomic distance, and in vinyl polymers, it is thus attributed to the 
interchain carbon-carbon separation. This separation is not the d  value 
calculated from the Bragg equation, but is somewhat longer, being ap
proximately 1.25 d.5 In the diethynylene benzene polymers, therefore, the 
average interchain distance ranges from 4.50 to 4.28 A . and is substantially 
less than for other known polymers.

These facts lead to the speculation that in these polymers there is a 
considerable amount of ordering so that the plane of different benzene 
rings are roughly parallel. In going from amorphous to crystallized 
polymer, the ordering would be expected to increase and the average 
interchain distance shorten. This is observed experimentally, the crystal
lized film having a shorter spacing and more lines than the other m e ta  
polymer samples. Also, in accord with these speculations, the p a r a  
polymer has the shortest spacing. These distances are still considerably 
larger than those in related simple crystals. For example, the interplanar 
distance in graphite is 3.35 A .; and the distance of closest approach of 
carbon atoms in naphthalene is 3.60 A .
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The x-ray diffraction pattern from a sample of crystallized film of poly(m- 
diethynylene benzene) is given in Table II. The film as made showed no 
measurable lines or bands. For comparison, sample 4 as made gave a 
pattern of three lines, 6.8 A , weak and broad, 4.55 A . medium and broad, 
and 3.56 A . strong and broad.

TABLE II
X-Ray Diffraction Data for Poly(m-diethnylene Benzene), Crystallized Film,

CuKa Radiation

Observed interplanar spacing, A. Intensity

7.52 weak
6.50 v. weak
5.10 strong
4.35 medium
3.48 strong, broad
2.85 v. weak
1.82 v. weak

A  sample of poly(p-diethynylene benzene) gave a good diffractometer
pattern with nine lines (Table III). Attem pts to obtain more lines with
this sample by using photographic techniques and C rK a or C u K a radia-
tion were unsuccessful. Several attempts to prepare a more crystalline
polymer were unsuccessful.

TABLE III
X-Ray Diffraction Data for Poly(p-diethynylene Benzene), Hexagonal Unit Cell,

cto =  7.74 A., Co =  8.97 A.“

d, A.

h k l Obs. Calc. Intensity

10.0 6.71 6.70 ms
00.2 4.51 4.49 vs
11.0 3.87 3.87 vw
11.1 3.5 3.55 vvs
20.0 3.35 3.35 vvs
11.2 2.93 2.93 vw

30.0/00.4 2.25 2.23/2.24 w
22.0 1.94 1.93 vw
31.0 1.84 1.86 w

a Volume per unit cell =  46.52 X 10-23 cc.; calculated density =  0.430g./ce./mono- 
merunit(Ci0H4); measured density =  1.21 g./cc.; monomer unit per unit cell =  2.8.

The regularities observed in the original diffractometer tracing suggested 
that the sample might be hexagonal, and it was possible to index all the 
observed lines as shown in Table III . The value of a0 is averaged from 
all MO reflections and the value of c0 the average calculated from this 
value of a 0 and the observed spacings for 00.2 and 11.2. Although the
11.1 reflection was strong, it was not used for calculation of c0 because it
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was difficult to locate on the diffractometer tracing used, and results from  
other samples consistently gave larger spacings for this reflection.

The density of the sample combined with the molecular weight and 
size of the unit cell gives three monomer units per unit cell as the nearest 
whole number.

It is interesting to compare the c axis spacing with the calculated mono
mer unit chain length. Table IV  gives the calculated data, and it can be 
seen that even when the effects of neighboring bonds are allowed for, the 
calculated length expected is 9 .4 -9 .5  A . versus 8.97 A. for the c  axis. 
From this information and the number of molecules per unit cell we may 
speculate that the polymer chains are at an angle to the cell axes and are 
located one at the origin and one each in the center of the two triangles 
formed by the diagonal of the cell base.

TABLE IV
Calculated Monomer Unit Chain Length for Poly(p-diethynylene Benzene)

Bond

Bond distance, A.a Bond distance 
from diphenyl 
diacetylene, A.bSimple Special

1 +  7 C— C 1.541 CO -d CO 1.39
2 +  6 2(C=C) 2.408 2.412d 2.36
3 +  5 2(C— C) 3.082 2 .920e 2.88
4 2 X 1.395' 2.790 2.790 2.78

Chain length, calcd. 9.821 9.495 9.41

a Data of Sutton.6 
b Data of Wyckoff.7 
»In C = C — C =C. 
d Conjugated.
'  In C—C =C .
f 1.395 A. =  edge of benzene ring.

Thermal Decomposition

W hen a small portion of sample 1 was torched in an evaculated Pyrex 
tube attached to a mass spectrometer, hydrogen and methane were evolved 
in the ratio 9 /1  by volume along with traces of acetylene and ethylene. 
It was observed that small glowing particles were ejected from the sample 
by the decomposition. The amount of methane formed was equivalent 
to 2 %  of the carbon in the sample. A  test on sample 3 gave similar results, 
but with slightly more acetylene, about 2%  of the total gas evolved. 
Since this sample was quite a bit purer than sample 1, the observed behavior
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in both cases is characteristic of the polymer and not due to the impurities 
present in sample 1.

W hen a small piece of the polymer film was touched with a flame, it 
burned in less than a second, leaving a wrinkled sheet of carbon. A  poi'tion 
of sample 2 (Table I) thus treated showed a weight loss of 4 .7 %  and a 
residue composition C =  9 6 .2 % , H =  0 .8 % .

A  number of experiments were performed by heating the polymer 
in flowing nitrogen as summarized in Table V . Freshly prepared samples 
heated rapidly, decomposed abruptly at temperatures ranging from 160 
to 223°C . This abrupt decomposition could be circumvented by slow 
heating and by two-stage rapid heating, the first stage being stopped at 
160°C . for 40 min. or more. In one case, (expt. 11), this annealing did 
not work with a 900 mg. sample, although it had been successful with 
samples of 200 mg. or less. Crystallized or aged film did not show the 
explosive decomposition when small samples were heated at 2 .5 °C ./m in . 
Color changes in the film were noted as follows for experiment 4 : Room  
temperature, dull yellow; 150°C ., medium tan; 162°C ., light chocolate; 
165°C ., medium-dark chocolate; 173°C ., blackish-brown; 200°C ., sooty 
black.

Thermogravimetric experiments at a heating rate of 150°C ./h r . showed 
the following general behavior with some minor variations from sample to 
sample. The main weight losses occurred in two stages. The weight loss 
of the first stage, from room temperature to 200°C ., is probably due to 
loss of solvent from the polymer, and some first stage decomposition 
(see infrared studies). In nitrogen, the second stage loss was from 300 
to 800°C . In air, the sample burned in the range 300 to 500°C .

The observed weight losses in nitrogen of 5 -1 3 %  are consistent with the 
mass spectrometric results. Decomposition solely to carbon and hydrogen 
would cause a weight loss of 3 .2 5 % ; decomposition to carbon and methane 
would cause a weight loss of 12 .9% . Formation of higher hydrocarbons 
would cause a greater loss, but they are found in only small amounts and 
the weight loss is offset in part by the hydrogen remaining in the polymer 
as is known from analysis and infrared data.

A  piece of sample 2 was exposed to the ultraviolet fight from a 4-w. 
germicidal lamp at a distance of 1 cm. The sample and its infrared spec
trum were unchanged after exposure for 2 hr., but the infrared spectrum 
after 18 hr., exposure showed increased absorption in the region 1650 - 
1750 cm .-1 (carbonyl?) and 1150-1350 cm .-1 (ether oxygen). Aged 
films of samples 2 and 4 were exposed, partially masked with aluminum 
foil, for 20 days. A t the start, the former film was uniform in thickness 
and orange in color; and the latter film was thinner, irregular in thickness 
and yellow in color. After exposure, the films were darker. In  sample 4, 
the thinnest areas had completely disintegrated and become holes. In  
both samples, there appeared dark lines and bundles of dark lines not pres
ent in the original sample. N o other changes were visible microscopically 
at magnifications to 210 X .
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Optical Studies o f Thermal Decomposition

Chemical changes which occur as the polymer is converted to carbon 
were studied by measuring the absorption spectrum of a thin film after 
each of seven heat treatments at progressively higher temperatures up to 
600°C . in “ line” nitrogen.

Vibrational Spectra. Concentrations of various groups from infrared 
absorption spectra are summarized in Figure 1. The presence of groups 
containing oxygen is due to reaction of the specimen with the atmosphere 
during transfer from oven to spectrometer. The spectrum of the original 
sample is given in Figure 2, together with spectra after heating to 300 and 
600° C.

AROMATIC
CH
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CH tC ÍC-)2 -C = C- C=0

1 1
1
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(FREQUENCIES IN CM"

Fig. 1. Relative concentrations of functional groups in poly(ra-diethynylene benzene) 
as a function of heat treatment.

The overall rearrangement up to and including 600°C . consisted of 
reaction of diethynylene groups and aromatic rings to form fused aromatic 
ring systems (for the moment disregarding the oxygen containing groups). 
The following steps in the rearrangement can be distinguished: ( 1 )  elimina
tion of solvent, ( 2 )  elimination of diethynylene groups and ra-substituted 
rings, and ( 3 )  production of polycondensed aromatic ring structures. 
From the reduction of intensity of absorption bands during heat treatment, 
we estimate that 1%  of the monomer units were involved in chemical 
reactions on heating at 156°C . (note that this is below the film casting 
temperature), 5 %  at 171 °C ., 2 0 -4 0 %  at 200°C ., and progressively more 
at higher temperatures. After heating at 600°C ., all monomer units had 
reacted in some way.
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Both diethynylene groups and m-substituted aromatic rings react in at 
least two steps.

The first reaction of the diethynylene groups occurred at a relatively 
low temperature: all absorption by these groups at 2215 and 2155 cm .-1 
disappeared after heating at 200 °C . Simultaneously, two new broader 
bands appeared at 2200 and 2110 cm .-1 . These bands disappeared on 
heating at 400°C . On the basis of spectral frequency, these bands could 
be due to a cumulene type structure ( C = C = C = C ) ,  but such a structure 
would not be expected to exist in appreciable amounts after heating at 
300°C . It seems more likely that the bands are associated with triple 
bond stretching frequencies of two different kinds of groups. The great 
breadth of the 2200 cm ._1 band is probably due to strain. Thus, it appears 
that one triple bond of the diethynylene groups reacted at relatively low 
temperature, leaving at least two kinds of isolated triple bonds which were 
stable to relatively high temperature.

The absorption band at 683 cm .-1 decreased progressively on heating, 
and disappeared after heating at 300 °C . This band is due to an out-of
plane C H  bending vibration of the original m-substituted aromatic rings. 
Simultaneously, a sharp band at 700 cm .-1 increased in intensity. This 
band is probably a similar vibration of a new species of aromatic ring. 
The type of substitution is somewhat uncertain, but 1,3,5-trisubstituted 
is most likely. It  seems significant that one type of substitution predom
inates in this reaction between m-substituted rings and diethynylene 
groups. The 700 cm .-1 band, in turn, decreased in intensity at higher 
temperature and disappeared entirely after heating at 600 °C .

Condensation of a diethynylene group with an adjacent aromatic 
ring probably occurred to only a minor extent, since this would involve 
simultaneous loss of both triple bonds; thus, the initial reaction must form 
crosslinks between chains. Crosslinking was extensive after heating at 
156°C . This is probably responsible for the inhibition of the explosive 
decomposition by heat aging below 180°C . The crosslinks cannot be 
detected directly by spectroscopic means. However, the extensive 
crosslinking which occurs on heating at the higher temperatures is prob
ably responsible for the progressive broadening of the absorption bands.

There is indirect but clear evidence that 1 0 -2 0 %  of the chemical events 
which occurred below 500°C . produced chemically active groups. These 
groups were probably prevented from reacting with each other by the 
three-dimensional crosslinked polymer network which holds them rigidly 
in position. The groups reacted with atmospheric H 20 ,  0 2, or both, at 
room temperature to form O H  and C — O— C groups, several kinds of 
carbonyl groups, and aliphatic C H  groups. There is a possibility that the 
aliphatic C H  groups were formed by reaction with the hydrogen in the 
line nitrogen. Since we have not observed the spectra of the active 
groups directly, their identity is open to speculation.

It is well known that free radicals are formed copiously when other 
polymers are degraded at high temperature, and this polymer is probably
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Fig. 3. Short wavelength transmission limit of polyfm-diethynylene benzene) as a
function of heat treatment.

no exception. Some of the oxygen-containing groups are probably pro
duced by reaction with radicals.

From the number of different kinds of oxygen-containing groups which 
are formed, it seems that more than one kind of active site must be in
volved.
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It is unlikely that the diethynylene groups could react without forma
tion of any double bonds, but the spectra show no evidence for C = C  
groups at any stage of the reaction. Thus, any such bonds which may have 
been formed at high temperature must have reacted with atmospheric 
gases at room temperature. This indicates that any such bonds are 
under considerable strain.

The spectra indicate that all OH groups are hydrogen-bonded to electron- 
donating groups such as C = 0  and C— 0 — C groups or to other OH  
groups; thus, the donor oxygen is within 2 .8 -3 .0  A . of the oxygen of the 
OH group. This is unlikely unless there is a strong correlation between 
the location of the OH group and the donor. For example, both may 
originate in a reaction between atmospheric gases and one site such as 
a strained double bond.

The structure of the polymer after heat treatment at intermediate 
temperatures is probably dependent on whether heating below 180°C . 
is restricted to that barely necessary to prevent explosive decomposition, 
or whether heating is prolonged well beyond this point. The structure at 
intermediate temperatures is also dependent on the exposure to the at
mosphere. However, all of the groups which originated by reaction of 
active groups with atmospheric gases disappeared after heat treatment at 
600 °C .

Electronic Spectra. The limit for 1 %  short wavelength transmission 
as a function of heat treatment temperature is shown in Figure 3. There 
is little change in the limit after heating at 156°C ., but above this tem
perature changes occur rapidly at 156-200°C . and above 500°C . The 
simplest explanation for this result is to postulate two main degradation 
processes which overlap in the range 200-500°C . While it is obvious that 
the degradation cannot be this simple, it is, nevertheless, interesting that 
the gravimetric and optical data agree in revealing two temperature regions 
of rapid degradation.

The shift of the electronic absorption to longer wavelength is indicative 
of growth of conjugated systems. These are probably fused ring systems 
rather than polyphenyl systems. The length of the longest dimension of 
these systems after heating at 600°C . is of the order of 25 -50  A.

Aging

There were several other indications besides its thermal behavior that 
the polymer changes on aging. It had been noted on several occasions 
that the surface layer of the polymer powder darkened on standing. 
An attempt to dissolve sample 4 powder aged for several years, in order to 
prepare film showed that only a small amount of the polymer was soluble 
in hot nitrobenzene. A  brief comparison was therefore made of the in
frared spectra of fresh and aged films.

A  film of sample 4, aged several years, showed increased C = 0 ,  OH, 
H 20 ,  and aliphatic C H , the latter perhaps from surface contamination. 
The spectrum of the aged powder was very similar to that of the fresh
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powder, and film made from the soluble portion of the gaed powder gave 
spectrum resembling that of film prepared from the fresh polymer. From  
these latter observations, we might speculate that the aging reaction of 
the powder was mainly crosslinking. Solvent treatment would then 
extract the noncrosslinked portion. W hat is puzzling is that the film 
apparently reacted with the atmosphere on aging, but the powder did not. 
Is it possible that the film is under more strain and therefore more reactive? 
If so, the partial reaction with the atmosphere would certainly be consistent 
with its change from explosive to nonexplosive behavior on rapid heating.

Aging also affects the combustion behavior of the film; aged film, 
either amorphous or crystalline, bum s much more slowly than fresh film.

The physical properties of the film varied from sample to sample and on 
aging. The tensile strength of fresh sample 2 films was found to be 
4400 psi. Three samples of film were used ranging in thickness from  
0.6 to 1 mil. The films showed very small relaxation, about 1 .5 %  elonga
tion, and a very sharp break normal to the direction of pull. A  different 
preparation tested at the thicknesses of 1 .1 -1 .4  mils gave tensile strengths 
of 7320-8880 psi., and elongations of 1 7 -3 1 % . The fresh film was strong, 
easy to handle, and did not crack on folding. The aged film was much 
more brittle and cracked fairly easily when folded.

Properties o f the Carbon Residue

The carbon residue or char from experiment 9, formed by explosive 
decomposition at 182°C ., was analyzed; C =  9 6 .5 % , H  =  0 .9 % , sum =  
9 7 .4 % . It is assumed that the difference is oxygen and water vapor sorbed 
from the air. The electrical resistivity of the residue from experiment 5 
was 42.3 ohm-cm. This m ay be compared with ~ 0 .5  ohm-cm. for an 
acetylene channel black and 0.005 ohm-cm. for a baked carbon.8 A  num
ber of experiments were performed in an attempt to measure the resistance 
of the free pyrolyzed crystalline polymer film. In one experiment, a piece 
10 X  2 X  0.02 mm. was held between two small springs and its resistance 
monitored with a simple ohmeter while heating in nitrogen. After a few 
hours heating at 5 1 0 -52 5°C ., the indicated resistance changed from in
finity to 1,000 megohms at 515°C . On further heating overnight, the 
resistance dropped to 82 megohms at 5 1 1 °C .; and during the next day, it

TABLE VI
Comparison of X-Ray Diffraction Data for Chars with That for a Carbon Black and

Graphite

h k l

Spacing, A.

Char Carbon black Graphite

Long spacing 9-14 — —
002 4.1 -4 .2 3.56 3.35
100 2.1 1.97 2.13
110 1.1 1.20 1.23
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dropped to 41 megohms at 514°C . On further heating overnight, the 
sample broke. Although films carbonized at 1000°C. were coherent and 
“ rang” when struck, they were too fragile for easy handling. Their 
density was 1 .4 -1 .6 g ./cc .

The x-ray diffraction pattern for the chars consisted of a few very 
broad and weak rings. These are compared in Table VI with diffraction 
data for carbon black and graphite. The (002) peak of the chars had a 
shoulder on the side towards a smaller spacing that is absent in published 
data for carbon blacks. The patterns for the chars indicate a more dis
ordered and slightly different structure from that in carbon blacks.

Note Added in Proof. The synthesis of “poly(p-diethynylbenzene” and the changes 
in its electrical, magnetic, and crystallographic properties on heating from 200-600°C. 
have been reported by I. L. Kotlyarevskii, L. R. Fisher, A. A. Dulov, A. A. Slinkin, and 
A. M. Rubenstein, V yso ko m o le ku l. S oed in ., 4 (2), 174 (1962).

Mr. L. M. Osika provided us with x-ray diffraction patterns, and both he and Dr. 
J. S. Kasper gave helpful advice about their interpretation.

References

1. Hay, A. S., / .  O rg. C hem ., 25, 1275 (1960).
2. Hay, A. S., J .  O rg. C hem ., 2 7 ,3320 (1962).
3. Hay, A. S., in preparation.
4. Simons, E. L., A. E. Newkirk, and I. Aliferis, A n a l.  C hem ., 29,48 ( 1957).
5. Klug, H. P., and L. E. Alexander, X - R a y  D if f r a c t io n  P rocedures, Wiley, New York, 

1954, p . 631.
6. Sutton, L. E., Ed., In te ra to m ic  D is tan ce s, Chemical Society Special Publication 

No. 11, London, 1958.
7. Wyckoff, R. W. G., C ry s ta l S tru c tu re s , Vol. 5, Interscience, New York, 1948, pp. 

18-19.
8. Kirk, R. E., and D. F. Othmer, Eds., E n c yc lo p e d ia  o f C he m ica l Technology, Vol. Ill, 

Interscience, New York, 1949, pp. 19, 67.

Résumé

Le poly(m-diéthynylène benzene) en poudre peut être dissous dans le nitrobenzene à 
chaud et on peut couler à partir de cette solution des films minces et transparents possé
dant une couleur jaune et une force de traction approchant de 9000 psi. Lorsque le 
polymère en poudre est chauffé rapidement sous vide, il explose gentiment à environ 
180°C pour fournir du carbone, mais il peut être recuit à 150°C et alors chauffé pour 
produire du carbone sans réaction explosive. Les produits principaux de la décomposition 
sous forme gazeuse de la réaction explosive sont le méthane et l’hydrogène. Le film de 
polymère peut être cristallisé dans le tétrahydrofuranne et montre une excellente crois
sance sphérulitique. Le film cristallin aussi bien que le film non cristallin se dégradent 
lorsqu’on les chauffe rapidement, mais sans décomposition explosive. Certaines indica
tions sur le mécanisme de décompositions sont obtenues par des études infra-rouges du 
film pyrolysé à des températures entre 100° et 600°C. Des études de diffraction des 
rayons-X montrent que le polymère peut exister sous les formes amorphe et cristalline. 
Dans la forme amorphe, le maximum de diffraction indique une séparation moyenne entre 
chaînes de 4.28 Â nettement inférieure à celle des autres polymères. Les produits de 
pyrolyse préparés en chauffant le polymère fournissent des images de diffraction semb
lables à celles obtenues pour les noirs de carbone amorphes. Une substance voisine, le 
poly(p-diéthynylène benzène), est une poudre cristalline intraitable possédant une cellule 
unitaire hexagonale, a 0 =  7-74 A, cq =  8.97 À, contenant trois unités monomériques,
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Zusammenfassung

Aua einer durch Auflöaen von pulverisiertem Poly(jn-diäthinylbenzol) in heissem 
Nitrobenzol hergestellten Lösung können dünne Platten von gelber Farbe und einer 
Zugfestigkeit von annähernd 9000 Psi gegossen werden. Wird das Polymerpulver rasch 
im Vakuum erhitzt, so verpufft es bei etwa 180° unter Bildung von Kohlenstoff. Wird 
es jedoch bei 150° getempert und dann erhitzt, so erfolgt die Bildung von Kohlenstoff 
ohne Explosion. Die bei der Explosionsreaktion gebildeten gasförmigen Produkte 
bestehen in der Hauptsache aus Methan und Wasserstoff. Der Polymerfilm kann in 
Tetrahydrofuran kristallisiert werden und zeigt ein ausgezeichnetes Sphärolithwachstum. 
Sowohl der kristalline als auch der gealterte nichtkristalline Film wird beim raschen 
Erhitzen abgebaut, jedoch tritt keine explosive Zersetzung auf. Durch IR-Unter- 
suchungen des in 100“-Intervallen (bis 600°C) pyrolisierten Filmes wurden gewisse 
Hinweise auf den Mechanismus der Zersetzung gewonnen. Wie aus Röntgenbeugungs- 
untersuchungen hervorgeht, kann das Polymere in amorpher und kristalliner Form 
vorliegen. Aus dem Beugungsmaximum der amorphen Form wurde ein mittlerer 
Zwischenkettenabstand von 4,28 A bestimmt, der wesentlich kleiner als bei anderen 
Polymeren ist. Das Röntgenbeugungsdiagramm der durch Erhitzen des Polymeren 
hergestellten Verkohlungsprodukte ist demjenigen von amorphem Kohlenstoff ähnlich. 
Eine verwandte Substanz, Poly(p-diäthinylbenzol), ist ein reaktionsträges kristallines 
Pulver mit einer drei Monomereinheiten enthaltenden hexagonalen Elementarzelle 
(oo =  7,74 A, Co =  8,97 Ä).

Received April 25, 1963
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Radiation-Induced Copolymerization of 
Tetrafluoroethylene with Propylene at 

Low Temperature

Y O N E H O  T A B A T A , Department of Nuclear Engineering, and K E N K IC H I  
IS H IG U R E  and H IR O SH I SO BU E, Department of Industrial Chemistry, 

University of Tokyo, Tokyo, Japan

Synopsis

Radiation-induced copolymerization of tetrafluoroethylene with propylene was 
carried out at low temperature in the liquid phase. The resulting copolymers were 
found to range from viscous oils to rubberlike materials, depending on the polymerization 
conditions. It was observed that there are induction periods in these copolymeriza
tions, and that the rate of copolymerization is proportional to the square root of the 
dose rate. Fluorine contents of the copolymers were determined, and the monomer 
reactivity ratios in the copolymerization were found to be rc3H6 = 1 .0  and rc2F4 =  0.06. 
The viscosity of the copolymer was measured in tetrahydrofuran at 30°C. Infrared 
spectra of the copolymers were also measured. It was concluded from these experi
mental results that the copolymerization proceeds by a radical mechanism.

IN TR O D U C TIO N

Radiation-induced copolymerization of tetrafluoroethylene with ethylene 
was reported in a previous paper.1 In this paper, the copolymerization of 
tetrafluoroethylene with propylene by ionizing radiation is reported.

It was found from this investigation that the copolymerization could 
take place homogeneously in a wide range of monomer ratios to yield 
copolymers with a statistical distribution of the monomer units as in the 
case of copolymerization of tetrafluoroethylene with ethylene.

The copolymer is amorphous over the entire monomer composition 
range.

E XPER IM EN TAL

The tetrafluoroethylene used was a Nitto Kagaku product. Propylene 
containing 24.4 v o l.-%  of propane was used as the other monomer. These 
monomers were condensed into an ampule at liquid nitrogen temperature. 
The ampule containing solid monomers was evacuated to 10~2- 1 0 -3 mm. 
Hg. Irradiation was carried out by 7-rays from a Co6n source and electrons 
from a Van de Graaff generator at low temperature.

Fluorine content in the copolymers obtained was determined by a
2235
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colorimetric method.2 Viscosity and infrared spectra of the copolymer 
were determined.

RESULTS A N D  D ISCU SSIO N

Temperature Dependence of the Copolymerization Rate

The effects of temperature on the copolymerization are summarized in 
Table I.

TABLE I
Temperature Dependence of Copolymerization in the 

Tetrafluoroethylene-Propylene System3

Polymerization
temperature,

°C. Phase Radiation
Dose rate, 

r/hr. Product

-196 Solid 7-ray 2 X 105 Homopolymer of C2F4
-126 Liquid Electron 7 X 107b Homopolymer of C2F4
-7 8 Liquid 7-ray 1 X 105 Copolymer
-7 8 Liquid Electron 7 X 107b Copolymer

a The mole fraction of tetrafluoroethylene in the monomer mixture was 0.66. 
b Rad/hr.

It is apparent from the table that the copolymerization could not take 
place in solid state and liquid state at very low temperature. Therefore, 
the copolymerization was carried out mainly at — 78°C .

Polymerization Rate

The relations between per cent conversion and irradiation time at various 
dose rates are shown in Figures 1 and 2.

Irradiation Time Oirs)
Fig. 1. Relation between conversion and irradiation time (-y-ray irradiation) at various 

dose rates at —78°C. Tetrafluoroethylene content of the monomer mixture was 66.4 
mole-%.
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Fig. 2. Relation between conversion and irradiation time (electron irradiation) 
at various dose rates: (•) 2.0 X 105; (0)0 .8  X 105 r/sec. Tetrafluoroethylene content 
of the monomer mixture was 66.4 mole-%.

r/kr (* iO')
Fig. 3. Dose rate dependence of the rate of copolymerization.

The copolymerization is preceded by an induction period. The con
version increases linearly with the irradiation time.

The dose rate dependence of the copolymerization rate is given in Figure
3.

It is obvious from these results that the rate of copolymerization is 
proportional to the square root of the dose rate. It suggests that the ter
mination is a bimolecular reaction.

Relation of Conversion to Monomer Composition

The relations between the conversion and the mole fraction of tetra
fluoroethylene in the monomer mixture are shown in Figure 4.

It  is apparent from the figure that the rate of copolymerization increased 
rapidly with the molar concentration of tetrafluoroethylene in the monomer 
mixture.

A  marked gel effect was observed above a concentration of tetrafluoro
ethylene of 70 m ole-% .

It was observed that the homopolymerization of tetrafluoroethylene 
takes place at extremely high concentration of the monomer. The critical
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Tetrdfluoroetliy lene (mol*/«)

Fig. 4. Relation between conversion and tetrafluoroethylene content of the monomer 
mixture at various dose rates: (O) 1.0 X 104 r/hr.; (©) 2.3 X 10s r/hr. Total dose: 
2.1 X 107 r.

molar concentrations of tetrafluoroethylene monomer were 90.8 at dose 
rate of 1.0 X  10s ..........and 95.3 at 2.3 X  105 r /hr., respectively.

Effects o f Additives on the Copolymerization

l,l'-D iphenylpicrylhydrazyl(D PPH ) and p-benzoquinone are hardly 
soluble in the monomer mixture, but soluble in methylene chloride. On 
the other hand, the monomer mixture and the solvent are also hardly 
soluble in each other.

The effects of radical scavengers on the copolymerization in such hetero
geneous systems were examined. The results are shown in Table II.

TABLE II
Effect of Radical Inhibitors on the Copolymerization at an Irradiation Dose of 107 r

Concentration of 
tetrafluoro
ethylene in 

monomer mixture, 
mole-% Added compounds

Amounts 
of added 

compounds, 
wt.-%

Relative
yield"

/  p-Benzoquinone 1.4 0.20
[Methylene chloride 12

06.4 p-Benzoquinone 4.6 0.67
iDPPH 2.2 0.85
[Methylene chloride 17.5

" Relative to yield in absence of additives.
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It is apparent from the table that the radical scavengers inhibit markedly 
the copolymerization, in spite of the extremely small solubility of the scaven
gers in the system. This suggests that the copolymerization may proceed 
by a radical mechanism, as in the case of the copolymerization of ethylene 
with tetrafluoroethylene.

The effect of propane on the copolymerization was also examined. 
The results are presented in Table III .

TARLE III
Effect of Propane on the Copolymerization

Concentration of 
tetrafluoroethylene in 

monomer mixture, mole-%
Amounts of 

added propane, wt.-% Relative yield

51.3 24.7 1.45
64.5 27.8 1.33
62.4 29.2 1.30
46.6 33.6 1.42

It is evident from the table that the propane accelerates remarkably 
the rate of the copolymerization. This m ay be due to energy transfer 
among the monomers and the solvent.

Viscosity o f the Copolymer

The copolymer obtained is swelled to some extent by several solvents 
such as acetone, carbon tetrachloride, and benzene but is not completely 
soluble. On the other hand, the copolymer is completely soluble in tetra- 
hydrofuran at room temperature. The viscosity of the copolymer is 
determined in tetrahydrofuran at 30°C . The results are shown in Table
IV.

TABLE IV
Intrinsic Viscosity of the Copolymer Obtained in Various Conditions

Concentration of 
tetrafluoroethylene in 

monomer mixture, 
moie-%

Dose rate 
X 10 “6, hr. Dose X 10 7, r

Intrinsic 
viscosity 
hi, dl./g.

85.2 2.3 2.1 0.18
95.2 2.3 2.1 0.095
66.4 1.0 2.3 0.19
66.4 0.7 1.3 0.21

The degree of polymerization of the copolymers is relatively small. 

Infrared Spectra o f the Copolymer

The infrared spectra of one of the copolymers in the regions of N aCl and 
IvBr prism are shown in Figure 5.
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Fig. 5. Infrared spectrum of one of the copolymers.

Fig. 6. The effect of composition in the monomer mixture on the infrared spectra of 
the copolymers in the region of 1400-3000 cm.-1. Numbers to the right of the figure 
indicate tetrafluoroethylene content of the monomer mixture (mole-%).

It is evident from the figure that the spectrum of the copolymer is quite 
different from those of the two homopolymers.

The intensities of the absorption bands at 2948, 1468, and 1393 cm .-1 
increase with the content of propylene in the copolymer, as shown in Figure 
6.

Tentative assignments of the absorption bands of the copolymer are 
shown in Table V.
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TABLE V
Tentative Assignment of Propylene-Tetrafluoroethylene Copolymer

Wavelength, cm. 1 Intensity Assignment

3050 vw
2985 m x(CH3)
2948 m k(CH2)
2890 w KCH3)
2870 w KCFj)
1468 w 5(CH2)
1441 m 5(CH3)
1403 m S(CH3)
1393 m s(CH3)
1345 m 5(CH2)
1321 in
1275 m
1237 m
1180 s r(CF2)
1126 vs r(CF2)
1090 vs 5(CH2)
1030 s
1015
961 s S(CH3)
912 m
810 m S(CH2)
674 m(sh)
664 s 6(CF2)
648 m(sh)
630 w(sh)
616 w 5(CF2)
604 w(sh)
541 w(sh)
510 VS S(CF2)

M onom er Reactivity Ratio

The Composition curve of the tetrafluoroethylene-propylene copolymer 
is shown in Figure 7.

Tetraf I uoroethylene in. the 
Monomer Mixture (mo|%)

Fig. 7. Composition curves of tetrafluoroethylene-propylene copolymers at — 78 °C.
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It is well known that the propagation steps of the copolymerization can 
be represented as follows:

- C 3H6- +  C3H6^ -~ v c 3H6- 0 )
kn

'wvC3H6* “h C2F4 —► ,vwC2F4 ’ (2)
kn

— C2F4- +  C3H6 — — C3H6- 13)

~C2F4- +  c 2F , i f — c 2f4- (4)

I ' i  =  k i i / k \ 2 (5)

to* II to

m i f M i \ r i M i  +  M 2

m^ \ M 2)  r 2M 2 +  M i
(6)

where k  represents the rate constant, m i ,  m2 are contents of propylene and 
tetrafluoroethylene in the copolymer (mole per cent), respectively; M i ,  M 2 
are contents of propylene and tetrafluoroethylene in the monomer mixture 
(mole per cent).

The reactivity ratios were determined by eq. (6) from the results as 
?'i =  1, n  =  0.06, respectively.

It is well known that the rate of reaction (1) is very small. Therefore, 
the rate of reaction (2) is also very small from the results obtained above 
(Vi =  rii/Vi2). On the other hand, it is also well known that the rate of 
reaction (4) is extremely high.3 Then the rate of reaction (3) is much 
higher than that of reaction (4).

These facts indicate that the propagating propylene radical would be 
further more stable than the propagating tetrafluoroethylene radical. 
One can easily postulate from these results that the termination reactions 
would be the following process:

H H H
I |

— CH2— C- +  C— CH2— —
|

OH— CH— CIF:, +  C -C H ,™
II
c h 2

(7)| | 
c h 3 c h 3

H H H H

— CH2— C- +  C— CH2~v

| I

— — c h 2— C— C— CH,™ (8)
1 1 /  \

CH3 CH3 CH3 CH3
H

CH2— C- +  CHS— CH=CH 2-* — c h 2— c h 2 +  • CH->— c h = c h 2I (9)

c h 3 CHa

Reactions (7) (8), and (9) are disproportionation, recombination, and 
chain transfer processes, respectively. Since the allyl radical -0112011=
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C H 2 is very stable, process (9) would be an unimolecular termination 
(degradative chain transfer). If the termination is an unimolecular 
process, the rate of copolymerization must be proportional to the dose rate, 
under our experimental conditions. In this system, the rate of copoly
merization was proportional to the square root of the dose rate, as de
scribed in the previous section. Therefore, the contribution of process
(9) to the termination would be very small. The C = C  absorption band 
was observed in the copolymer obtained in a dilute range of molar con
centrations of tetrafluoroethylene. It is concluded from these experimental 
results that in the copolymerization of tetrafluoroethylene-propylene, the 
copolymerization would be mainly initiated by tetrafluoroethylene radical, 
and be terminated by the disproportionation and recombination of the 
propagating propylene radical.
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Résumé

On a effectué la copolymérisation à basse température et en phase liquide, du tétra- 
fluoroéthylène avec le propylène sous l’action des radiations. Suivant les conditions de 
polymérisation, les copolymères obtenus se présentent tantôt sous l’aspect d’huiles 
visqueuses, tantôt sous l’aspect de substances caoutchouteuses. Dans ces copolymérisa
tions, on a observé l’existence de périodes d’induction. On a également observé que la 
vitesse de copolymérisation est proportionnelle à la racine carrée de la dose. On a 
analysé le quantité du fluor contenu dans le copolymère et on a déterminé des rapports 
de réactivité rCâH6 =  1.0 et rc2F4 =  0.06. La viscosité du copolymère a été mesurée dans 
le tétrahydrofuranne à 30°C; les spectres infra-rouges des copolymères ont également 
été mesurés. Partant de ces résultats expérimentaux, on a pu conclure que le mécanisme 
de la copolymérisation était radicalaire.

Zusammenfassung

Die Strahlungscopolymerisation von Tetrafluoräthylen mit Propylen wurde bei tiefer 
Temperatur in flüssiger Phase durchgeführt. Die Eigenschaften der gebildeten Co
polymeren variieren je nach den Polymerisationsbedingungen zwischen denjenigen vis
koser Öle und denjenigen kautschukartiger Stoffe. Bei diesen Copolymerisationen 
wurden Induktionsperioden beobachtet. Die Geschwindigkeit der Copolymerisation 
ist der Quadratwurzel der Dosisleistung proportional. Es wurde der Fluorgehalt der 
Copolymeren durch Analyse ermittelt und die Monomerreaktivitätsverhältnisse bei der 
Copolymerisation zu rc3H6 = 1,0 und rCîF4 = 0,06 bestimmt. Die Viskosität der Copoly
meren wurde in Tetrahydrofuran bei 30°C gemessen. Ausserdem wurden die IR-Spek- 
tren der Copolymeren aufgenommen. Auf Grund dieser experimentellen Ergebnisse 
nimmt man an, dass die Copolymerisation über einen radikalischen Mechanismus ver
läuft.

Received April 26, 1963
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Heterophase Polymerization of 4-Vinylpyridine 
with Butyllithium

P. P. S P IE G E L M A N *f and G. P A R R A V A N O  Department of Chemical and 
Metallurgical Engineering, University of Michigan, Ann Arbor, Michigan

Synopsis

The butyllithium-initiated polymerization of 4-vinylpyridine in hydrocarbon media 
proceeded by an anionic addition mechanism. The colorless, soluble reactants rapidly 
formed a granular, intensely colored, polymer precipitate at temperatures below — 30°C. 
in heptane and toluene diluents. When the reaction was carried out in an impurity-free 
environment, the highly colored reaction mixture remained unchanged for indefinite 
periods of time, and further addition of monomer produced continued growth of polymer 
chains. A dilatometric technique was employed to follow the rate of polymerization 
in toluene media. The experimental methods that were used for manipulation of solu
tions i n  vacuo resulted in polymerization (30-50% conversion) during an initial unsteady 
temperature period followed by a constant temperature interval during which rate meas
urements were obtained. Initial monomer and initiator concentrations were varied 
over a fourfold range. Rate measurements were made in the temperature interval 
— 30°C. to +30°C. The dilatometric kinetic experiments together with additional, 
independent observations established that the rate was proportional to monomer concen
tration, and to the one half power of the initiator concentration, suggesting an equilibrium 
complex formation of growing polymeric anions. Rate constants were computed from 
the values of the rates obtained from the dilatometric kinetic experiments and the square 
root of the effective initiator concentration. A calculation of the temperature depend
ence of the rate constants produced an activation energy of 12.7 keal./mole. As pre
dicted by anionic polymerization theory, the polymer formed in these reactions had a 
number-average molecular weight equal to the ratio, (weight of polymer)/(equivalents 
of initiator). The polymer was fractionated by elution chromatography with le r t-  
butyl alcohol and benzene solvent-nonsolvent mixtures. The molecular weight distri
butions of the polymer, constructed from fractionation data, showed a bimodal distribu
tion in two fairly narrow molecular weight ranges. This uncommon molecular weight 
distribution is due to occlusion of a portion of the active growing chain ends in the poly
mer precipitate. These trapped reaction sites (which in these experiments amounted 
to 95% and up of the total initiator concentration) no longer produced chain growth due 
to the absence of available monomer. The remaining “effective” reaction sites thus 
grow to high molecular weight and are responsible for the observed kinetics.

IN TR O D U C TIO N

Upon the addition of butyllithium to a solution of 4-vinylpyridine in tolu
ene or heptane an intensely colored granular precipitate of polymer is

* National Science Foundation Predoctoral Fellow, 1959-60.
f Present Address: E. I. du Pont de Nemours, Elastomer Chemical Dept., Experi

mental Station, Wilmington, Delaware.
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formed. There is at present a relatively large amount of experimental 
observations on the kinetics and molecular weight distributions of homo
geneous anionic polymerizations. There is not a corresponding body of 
evidence on anionic heterophase polymerization. In this instance it is per
tinent to inquire whether or not the presence of a precipitation step during 
the polymerization reaction influences the overall rate of reaction, molec
ular weight and molecular weight distribution. Since the polymerization 
of 4-vinylpyridine initiated by butyllithium in hydrocarbon media in
volved such a precipitation step during polymerization, it seemed worth
while to determine by quantitative information whether this heterophase 
reaction possessed features different from the better known homogeneous 
anionic systems.

Previous work on the polymerization of 4-vinylpyridine includes bulk, 
bead, and emulsion polymerization,1 the study of the hydrodynamic proper
ties,2 and quaternization reactions3 of the polymer, and light-scattering and 
viscometric properties of polymer solutions.4

E XPER IM EN TAL

Materials

Solvents. Toluene (Baker, reagent grade) and heptane (Phillips, 9 9 % )  
were stirred with concentrated sulfuric acid, washed'with dilute sodium 
hydroxide solution, and distilled water and then dried by filtering through 
Drierite onto Drierite. For final preparation the solvents were dried over 
phosphorus pentoxide, frozen with liquid nitrogen, degassed on a high 
vacuum manifold and distilled i n  v a c u o  into a preweighed solvent ampule 
fitted with a breakseal side arm and containing a freshly prepared sodium 
mirror. Upon subsequent freezing and evacuation (10-s- 1 0 -6 mm. Hg) 
the ampule was closed by flame. The solvent ampules along with the Pyrex 
vacuum connection were weighed to determine the contents by difference 
in weight. Solvent weights were of the order of 6 0 -8 0  g., accurate to 
± 0 .0 3  g. The solvents, stored over sodium mirrors under their own vapor 
pressure, were kept at — 20°C .

M onom er. 4-Vinylpyridine (Reilly Coal Tar and Chemical, 9 5 %  
minimum purity) was dried over calcium hydride and fractionally distilled 
under dry nitrogen (Matheson prepurified grade, dried over Drierite) 
in an all-glass wetted-wall, vacuum-jacketed, concentric tube, fractional 
distillation column into a distribution flask connected to about five cali
brated breakseal ampules of known volume. The flask contained calcium 
hydride and was previously dried by brush heating. The distribution 
flask was transferred to the high vacuum manifold; the content was frozen 
with liquid nitrogen and degassed. After repeated melting and degassing, 
the monomer was refrozen and the distribution flask sealed off at a vacuum 
of 10-  -10 mm. Hg. The monomer was allowed to warm to room tem
perature and was then distilled from the vacuum distribution flask into the
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attached ampules, which were then detached by flame sealing. The mono
mer ampules were stored in the dark at — 20°C . and were used within a 
period of two to three weeks.

The monomer prepared on the fractional distillation column represented 
approximately the middle third of the initial charge with a boiling point 
range of no greater than y 2°C . A t 14 mm. Hg pressure the boiling point 
was 68°C . The refractive index measured at 25 .5°C . on an Abbé refrac- 
tometer was 1.5489, with a range between 1.5482 and 1.5492.

Butyllithium. Butyl chloride (Baker spectro grade) was dried over 
phosphorus pentoxide, degassed, and distilled on the high vacuum system  
into weighed breakseal ampules. Amounts of butyl chloride were deter
mined by weight.

Butyllithium was prepared by reacting butyl chloride with excess lithium  
metal in heptane solvent in an all-glass reaction vessel, flame-dried, and 
sealed off under high vacuum (10~6 mm. H g). M ixing of reagents and 
solvent and subsequent manipulations were carried out through the use of 
breakseal ampules. The reaction was allowed to proceed in an ice bath 
for 24 hr. The contents were filtered through a side arm into a receiving 
Vessel attached to the main reaction vessel. The receiving vessel was then 
sealed off at a constriction.

The contents of the receiving flask were transferred to a second vacuum  
distribution flask, via breakseal, and from the latter into seven volu- 
metrically calibrated ampules attached to it. The butyllithium solution 
was distributed into the ampules which were sealed off individually. Three 
of the samples were broken open in water and titrated with 0.04346./V hy
drochloric acid with phenolphthalein as indicator. The concentration of 
butyllithium was 0.470 ±  0.0031V (8 1 .1 %  yield based on butyl chloride).

One of the remaining butyllithium solution ampules was sealed onto 
another vacuum distribution flask for further dilution with purified hep
tane. After the usual evacuation and sealing off procedure, heptane and 
butyllithium ampules were broken open and mixed in the distribution flask. 
Seven side arm calibrated ampules were filled with the diluted butyllithium  
solution and sealed off. Three were broken open and hydrolyzed with 
water and titrated as before. The dilute solution was found to be 0.0271 ±  
0.00031V in butyllithium which compares with a theoretical value of 0.0277-
N .  The remaining four ampules were stored at — 20 °C . for use in kinetic 
experiments. The balance of the dilute solution was stored in the vacuum  
distribution flask for a repeat of the procedure. No further titrations were 
performed on the solution. The one batch of dilute solution of butyllith
ium was sufficient for the entire set of kinetic experiments and it remained 
clear and colorless.

Equipment

The kinetic experiments were performed in glass dilatometers (50 cc. 
volume) containing a Teflon-covered magnetic stirring bar. The reaction 
dilatometer with auxiliary mixing vessel assembly is pictured in Figure 1.
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V A C U U M  C O N N E C T I O N

The temperature bath for the dilatometrie experiments was filled with 
water for reaction condition above 0 °C . or isopropanol for the low tem
perature runs. Temperature variations were ± 0 .1 5 °C . at — 30°C . ±
0 .10°C . between — 15 and 2 °C ., and 0 .01°C . at 31.4°C .

Procedures

Polymerization. The reaction assembly system was flamed and evac
uated (10-6 mm. Hg) for 2 hr. and then sealed off at C. The contents of 
the solvent and initiator ampules were emptied into the mixing vessel and 
the ampules removed. The dilatometer bulb was filled to a predetermined
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filling level mark and the dilatometer with attached monomer ampule was 
sealed off at D.

The assembly was chilled at —78°C. for 15 min. The monomer ampule 
was broken open and the monomer allowed to drain into the dilatometer 
bulb which was kept at —78°C., and thoroughly stirred for 25-60 min. 
The empty monomer ampule was removed at E, and the dilatometer com
pletely submerged in the constant temperature bath and allowed to warm 
to bath temperature. The reaction mixture was colored a dull red and ap
peared turbid upon removal from the — 78 °C. bath. An orange-red fine 
particle precipitate formed rapidly during the warmup period. As the re
action mixture approached bath temperature, liquid expanded into the 
capillary stem. Since the density of the precipitate was greater than that 
of the solution, little or no polymer rose in the capillary. After the liquid 
in the capillary stem had reached a maximum height, measurements of the 
height of the liquid in the stem as a function of time were begun. Measure
ments were made by means of a Gaertner precision cathetometer (Central 
Scientific Company) with an accuracy of ±  0.005 cm.

At the end of the rate measurements, the dilatometer was chilled in a 
Dry Ice-alcohol slush and broken open, and the contents carefully trans
ferred into a beaker containing 100 ml. toluene and 1 ml. butyl alcohol 
(Baker reagent grade). The orange-red precipitate turned white im
mediately, although faint traces of color remained for 1-2 hr. The pre
cipitate was washed in successive portions of toluene and then filtered 
and placed in a tared vacuum flask, which was attached to the vacuum 
manifold for drying. The residual solvent and monomer were removed 
at room temperature. Evaporation of the toluene washings left no residue 
in those instances where conversion was high, and left an oily liquid (mono
mer) for runs stopped at low conversion. A check on the effective re
covery of the polymer was done by placing 1.672 g. of dried polymer in a 5 
vol.-% solution of 4-vinylpyridine in toluene. After following the pro
cedure used in recovering polymer from a typical reaction, 1.646 g. of poly
mer was recovered, or 98.4% of theoretical.

In one alternate procedure monomer and solvent were premixed in the 
vacuum mixing and reaction assembly. No trace of polymer was formed. 
When finally the initiator ampule was broken open, polymer formed rapidly 
and plugged the capillary stem of the dilatometer.

Polymer Fractionation and Molecular Weight. Polyvinylpyridine was 
fractionated by elution in an all-glass column, packed with a sand bed 
coated with polymer. Elutriants were mixtures of a solvent (¿erf-butyl 
alcohol, Eastman reagent grade) and a nonsolvent (benzene).

Eight fractions were usually taken which accounted for 95% and up of the 
total polymer. The solutions taken off at the bottom were poured into 
tared vacuum flasks and frozen. The solvent was removed by freeze dry
ing on the high vacuum manifold. The molecular weights of the frac
tionated samples and of the gross polymer were obtained by dilute solu
tion viscometry in an Ubbelohde viscometer. An intrinsic viscosity-
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molecular weight correlation for dilute solutions of poly-4-vinylpyridine in 
absolute ethanol is:4

h]e = 2.5 X 10- 4 M V°-6S

Since the available methanol reagent was of much better quality than the 
available absolute ethanol, and since the flow times of the pure methanol 
were much more suitable for measurements, the viscosity measurements 
were carried out in methanol solution. The value of the exponent of M v 
in methanol solutions was found by means of the following equation:

log b]m = (Om/ae, log [r/]e +  (flm/oe) (log Cm — log Ce)
which permits the computation of am and cm from a knowledge of the in
trinsic viscosities of the given polymer fractions in both methanol and 
ethanol. From five polymer samples whose intrinsic viscosity in methanol 
ranged from 0.40 to 7.45, the following relation

h]m = 2.4 X 10- 4 M „°-69 (1)
was obtained by a least-squares evaluation of the results. Equation (1) 
was used to calculate the viscosity-average molecular weights of polymer 
and polymer fractions.

Specific viscosities were measured for three different concentrations of 
polymer in solvent for each polymer sample. Values of the intrinsic vis
cosity, [ij], were obtained in the usual manner by extrapolation of dual 
linear plots of r\sv/c versus c and In {t}sp +  l)/c  versus c, according to the 
well known empirical equations, to zero concentration:

Vsp/c = [77] +  k '  [v ]2c ( 2 )

ln(?7Sj, +  l)/c  = In Tjrci/c  = [17] — k " [q ]2c

Values for k '  were calculated from the slopes of the upper plot and are re
ported elsewhere6 along with [7 ;] for the various samples.

Osmotic pressure measurements were made on two polydisperse poly
mers and one fractionated sample by means of a Zimm-Myerson osmometer 
(J. V. Stabin Company, model Ml) fitted with grade number 450 regener
ated cellulose membranes

The results of the measurements on the two polydisperse polymers were 
similar to results previously published.6 It is conceivable that lithium 
butoxide and butyl chloride remnants of the initiator could form quater
nary compounds with the nitrogen atom in the pyridine ring, and therefore 
contribute to the observable osmotic pressure. As a result the osmotic 
pressure could not be used to determine the number-average molecular 
weights of the polydisperse samples. The osmotic pressure measurements 
on the fractionated sample exhibited behavior more characteristic of un
charged macromolecular solutions. For a typical fraction (2-28-3), 
M n = 44,400, M „ = 47,000, and M J M n = 1.06.

Molecular Weight and Frequency Distribution. The cumulative weight 
distribution function was constructed by means of the viscosity-average
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Fig. 2. Infrared absorption spectrum of polyvinylpyridine.

molecular weights, since for a fraction having a very narrow distribution, 
M w =  M n = M v. This approximation may not hold true for the higher 
molecular weight fractions, since the resolution of higher molecular weight 
materials by elution chromatography may become increasingly more 
difficult.8 The construction of the distribution curve was performed ac
cording to the method proposed earlier.7 It is possible to show that the 
application of this procedure to a polydisperse fraction is legitimate.5

The unusual molecular weight distribution results that were obtained re
quired an arbitrary cutoff point between the low and high molecular weight 
materials. These cutoff limits on molecular weight were arbitrarily set 
approximately 100,000 above the last low molecular weight fraction and
200,000 below the next high molecular weight fraction.

In order to minimize the numerical error in the differentiation of the ex
perimental data, the differentiation of the cumulative weight distribution 
was accomplished by applying the law of the mean :

/(fr) ~ f ( a )
(b  -  a) =  / '  ( * i ) a <  Xi <  b

to various pairs of values of adjusted cumulative weight per cent. The 
values of /(6) and /(a) refer to the adjusted cumulative weight per cent at
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Fig. 3. Transmitted light photographs of polyvinylpyridine particles: (a) 660X ;
(6) 16,000 X .

molecular weights b and a, respectively. To the extent that the data are 
correct, the value of f ( x i )  is an exact value.

Infrared Absorption Spectra. Infrared absorption spectra of monomer 
and polymer were made from films of the polymer with a Perkin-Elmer 
Model 21 linear wave number infrared spectrometer or on a Baird Model B 
linear wavelength infrared spectrometer using a sodium chloride prism. 
The absorption pattern of polymer appears in Figure 2. The spectrum 
shows the complete absence of the band of the monomer at 923 cm.-1, re
lated to the vinyl group in vinylpyridines,9 thus excluding amounts of ring 
linkages in the backbone of the polymer. It should be noted that chain 
branching cannot be easily ruled out. However, the values of the constant 
k ' in eq. (2) did not show any apparent trend.10 On the basis of previous 
evidence,11 the side reaction of butyllithium with the nitrogen-carbon bond 
of 4-vinylpyridine can be neglected under the reaction conditions used in 
this specific set of experiments.

Particle Size and Shape. In order to determine particle size distri
bution of the polymer produced, photographs were taken of magnified 
random samples of the polymer. Magnification up to 660 X (Fig. 3a) 
was obtained with an optical microscope, while an electron microscope was 
used for magnifications 1500X to 16,000 X (Fig- 3b). From these photo
graphs, the particle size of the polymer was found to lie in the range 
0.2-5 n . More complete details on the preparation of materials and ex
perimental procedures, including the determination of the specific volumes 
of monomer and polymer, the elution fractionation column and elution 
procedure, the results of the osmotic pressure measurements, the construc
tion of the frequency distribution curves, and the errors involved in setting 
the arbitrary cutoff of the molecular weight distributions are found else
where.5

KINETIC STUDIES 

Anionic Polymerization Mechanism

A summary of the significant experiments is presented in Table I. The 
polymer produced had a highly intense, orange-red color which remained
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visibly unchanged for long periods of time (up to two months in vacuum). 
The results of experiments 2-17, 2-19, 2-22, and 2-28, when considered 
together, indicate the characteristics of an anionic polymerization. Ex
periments 2-22 and 2-28 were approximately the same as those of experiments
2-19 in which a 93.3% yield of polymer was obtained in a period of less than 2 
hr. Furthermore, the number of chains per unit volume, calculated from 
the formula: 105 M a X % yield/100 M n, agrees within experimental error 
with the initial concentration of initiator in the experiments 2-17 and 2-28 
(Table II).

TARLE II

Expt. [/ol, moles/1. X 103 [Chains], moles/1. X 103

2-17 1.11 1.19
2-28 1.09 1.07

These results imply that all of the initiator has been consumed in the for
mation of polymeric anions from the monomer available (Experiment 2- 
17), and that the polymerization which follows the addition of more mono
mer to a system of polymeric anions does not take place via generation of 
new chains (experiment 2-28), rather by addition to existing active chains. 
Hence, one can conclude that the butyllithium initiator generates one ac
tive chain end for each initiator molecule and that no chain transfer 
mechanism exists in this polymerization. Thus, the number-average 
molecular weight may be calculated by:

= polymer yield (grams) = [d/0] ^ d 
total initiator (equivalents) |/o ]

It should be noted, however, that these results do not preclude a partial 
termination of the active chain ends by any of several mechanisms. Evi
dence of such termination of active chain ends can be found in the molecular 
weight distribution of the polymer produced.

Monomer Concentration Dependence

The following relationship is known to be valid for the special case of 
rapid initiation: In [.M ]/ [M a1 = ~ k p[70], t, or in terms of the conversion:

In (1 — fraction of conversion) = — kp[I0]t (3)
As a typical example, the results of experiment 2-26 are plotted according 
to eq. (3) in Figure 4. The first nonlinear portion of the plot is due to the 
attainment of thermal equilibrium in the system and it has no significance 
for the interpretation of the kinetic results. The second nonlinear por
tion of the plot, which constitutes a decrease in rate from the expected over
all first-order reaction, is attributed to a decrease in the number of avail
able active ends. This slowing down of the rate of reaction usually takes 
place above 85% conversion. In the present instance such a result could
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conceivably be produced by several conditions: nonhomogeneous dis
tribution of the monomer at high conversions, occlusion of active chain ends 
inside the polymer matrix, or deactivation of chain ends by side reactions 
(branching on the nitrogen atom in the pyridine ring or termination with 
impurities). Further results, to be discussed in the subsequent section, 
suggest one of the first two mechanisms rather than the latter. Other 
investigators12 have reported a similar decrease in the expected overall 
first-order rate of anionic polymerization at high conversion. The com
plete summary of the rate results is collected elsewhere.6

Initiator Concentration Dependence

Kinetic runs performed at the same temperature and initiator concen
tration did not produce the same value of d ln [M ]/ d t as predicted by the 
theory (Fig. 5). A plausible interpretation of the discrepancy will be dis
cussed in the light of the results of the molecular weight distribution (see 
below).

EFFECT OF REACTION CONDITIONS ON POLYMER 
PROPERTIES

Analysis o f the Distribution Functions

As a typical example, the cumulative weight distribution functions for 
polymers 2-27 and 2-28 are plotted in Figures 6 and 7. The complete 
experimental data are summarized elsewhere.6 Examination of the frac
tionation results points out the existence of two distinct types of polymer 
in any given sample, one in the molecular weight range of 10,000-300,000

Fig. 6. Cumulative weight distribution for polymer 2-27.
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Fig. 7. Cumulative weight distribution for polymer 2-28.

and the second, covering a spread of 300,000, in the range from one to four 
million, depending on the experiment. No polymer fraction was ever ob
tained with a molecular weight between 300,000 and 900,000. This bi- 
modal distribution suggests the following model. Polymer particle for
mation at some critical chain length of the growing polymeric anion traps 
out varying amounts of the active ends, which can only grow with the 
amount of monomer trapped in the polymer particle. Furthermore, the 
diffusion of monomer through the particles or particle agglomerates is slow 
and only the reactive chain ends at the surface of the precipitate are avail
able for further growth. Since the rate measurements were made after 
the formation of large solids (30-50% conversion), it is reasonable to ex
pect that the rates observed were preponderantly due to the participation 
of these “surface” anions only. The observed, overall rates of polymeri
zation of the various experiments can thus be interrelated on the basis of 
the fraction /  of the original chains that in each experiment have con
tributed to the observed polymerization. The computation is performed 
with the help of the frequency distribution curves. In fact, the areas 
under these curves are equivalent to the number of chains present in each 
sample.

The frequency distributions of polymer samples 2-17, 2-18, and 2-24 are 
presented for comparison in Figure 8. From the value of the low molec
ular weight area, it can be calculated that the percentage of chains in the 
low end of the distribution represented 95% and up of the total chains in 
any one experiment. In other words, less than 5% of the initiator is re
sponsible for the observed kinetic. This is consistent with the calculated 
ratios, M J M nt, where M nt is the molecular weight average obtained by 
dividing the weight of polymer by the total initiator concentration (column
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10, Table I). The smallest ratio M v/ M nt is 8:1 and the ratio ranges as 
high as 23:1. These large ratios are indicative of broad molecular weight 
distributions which could only be produced by a pi’ocess in which a small 
percentage of the chains could grow to extremely large molecular weights.

The number-average molecular weight of each fractionated polymer was 
calculated from the values of the areas under the frequency distribution 
curve of each polymer. These values are reported in column 11 of Table I.

Moleculor Weight x IO"3

Fig. 8. Comparison of number frequency molecular weight distributions of polymers
2-17, 2-18, and 2-24.

Considering the error involved in the fractionation procedure and in the 
construction of cumulative and frequency distribution functions, the agree
ment between theoretical and measured values is considered satisfactory.

Rate Dependence on Available Sites

The values for the percentage of chains included in the high molecular 
weight portions of the fractionated samples can be used to calculate the 
concentration of the effective active ends, f l 0, and the value of kv [eq. (3) ]. 
The values, / / 0, are reported in column 13 of Table I. The values of k p at 
31.4°C. are not constant.

Previous kinetic studies of the polymerization of styrene,13 butadiene,14 
and isoprene,14'16 have shown that the rate of polymerization is dependent 
on the l/i order of the total organolithium concentration. To explain this 
result, it has been suggested that the growing polymeric chains are partly
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associated in dimeric chains in equilibrium with single chains and that only 
the single chains add monomer:

2 Bu(JI/„)- L i+ ^  (Bu(A /,)- Li+)2

Bu(M n) -  L i+ +  M -  B u(M ,+1) -  Li +

-  { l l ] n  =  k „  [Bu(M b) - L i+] [M ]

[Bu(M*)~ Li+] V 1

[Bu(.M,)~ Li + ] 
K e

Thus for large K „

— d [ M ] / d t  =  kp ( \ h \ / K ey h [ M ]  (4)

Furthermore, it was shown14'16 by measurements of the bulk viscosity of 
growing polymeric anion solutions that polystyryl lithium, polyisopropenyl 
lithium, and polybutadienyl lithium exist as paired chains in hydrocarbon 
solution.

In  view of the correlations obtained in these systems, a rate constant, 
k2, was calculated from the slopes of the plots of kinetic data and the corre
sponding concentration values of the available reactive chain ends by the 
equation

k2 =  — din [ M ] / d t / f / t [Io],/t (5)

Comparison with eq. (4) gives:

k2 = kv/ K e'h (6)

The values of k2, calculated from eq. (5) are collected in column 15 of 
Table I.

The activation energy and frequency factor, calculated from the slope 
and intercept of an Arrhenius plot of /c2 versus log 1 / T  (Fig. 9), were found 
to be 12.7 kcal./mole and 3.65 X 10s, respectively. These values com
pare favorably with the values reported13 for the polymerization of styrene 
in hydrocarbon solvents, 14.3 kcal./mole and 2.93 X 108. Values of the 
activation energy for the polymerization of isoprene and butadiene have 
been computed14 as 22 kcal./mole and 21.3 kcal./mole, respectively, in 
hydrocarbon solvents, and 7 kcal./mole and 7.2 kcal./mole, respectively, in 
tetrahydrofuran.

From eq. (6) one has:

E ai E ap /2 E ae

In  ether solvents, chain association is small or nonexistent and E a, =  
E ap. The intermediate value of 12.7 kcal./mole found in the present case 
can be taken as supporting evidence for the presence of chain association 
during the polymerization of 4-vinylpyridine in hydrocarbon media.
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Fig. 9. Arrhenius plot of rate constant A2.
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Fig. 10. Polymerization kinetic experimental data, Run 2-19.

The cumulative errors produced as a result of the fractionation experi
ments, the subsequent determination of a suitable cumulative weight dis
tribution, the differentiation of the cumulative distribution data, and the 
graphical integration of the function ( l / M ¡) (d W i/ d M t)d M * account for the 
scatter of /c2 values at 31.4°C. in experiments 2-17, 2-18, and 2-24, but not 
the extremely low value obtained for this constant in experiment 2-28, 
which was also carried out at 31.4°C.

Experiment 2-28 differed from the other experiments at 31.4°C. in that 
the monomer was added in two stages. The rate constant, kt, was ob
tained from the kinetic measurements during the polymerization of the 
second monomer portion and from a determination of the value, / / (, from 
the frequency distribution of the high molecular weight portion of poly
mer 2-28 [see eq. (5) ]. The error in the calculation of k2 results from the 
assumption that all of the active chain ends in the high end of the molec
ular weight distribution were contributing to the observed rate of poly
merization during the second stage of the experiment. The cumulative 
weight distribution of polymer 2-28 (Fig. 7) suggests a trimodal distribu
tion rather than the usual bimodal one. This distribution was not com
pletely characterized due to the presence of gellike polymer with molecular
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weight ca. 7,000,000. The value of f l 0 in this experiment was obtained by 
the difference between the total initiator and the chain ends represented by 
the low molecular weight species, and therefore includes all of the high mo
lecular weight chains from 3,000,000 on. Actually only a portion of these 
chain ends contributed to the polymerization.

Additional substantiation of this assumption can be found in a compari
son of the observed rate measurements of experiments 2-28 and 2-19. The 
conditions for the first half of experiment 2-28 were equivalent to those in 
experiment 2-19. The value of the product fc2 f ' /2[h } '/2 obtained from the 
slope at the tail end of the kinetic data for experiment 2-19 (Fig. 10) equals 
0.815 X 10-4 sec.-1. The value compares quite well with the value ob
tained for the logarithmic linear portion of the second half of experiment
2-28, which is 0.67 10-4 sec.-1

REACTION MECHANISM

Previous kinetic studies on the polymerization of vinyl and diene mono
mers by organolithium compounds have shown that in general a reaction 
scheme which includes initiation and propagation steps is adequate for the 
interpretation of the experimental results.

Based on the general set of equations:

|1\ +  M - P i+1}

the theoretical molecular weight distribution for the case of rapid initia
tion is:17

/o ( A > ) ' ■ v

’ ( ) ( ¿ - D !  6

where P t refers to the reactive nonassociated chains and r = f o  M dt. 
The association of chains can be represented by:

P i  +  P ,  5  [ P iP A

At time 0+ (for rapid initiation)

P i  +  P i  ^  [ P J W

K  = [P^
e ( P i ) 2

For K e »  1:

2 [PiPi] «  la

Pi  ( o + )  = ( h / K ey h

The corresponding rate expression for the 7th species is 

d [P i]/ d t = k P \P i-iW M ] = k , [ P t] [M ]
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The solution for the initial conditions:

P l ( 0 )  =  ( I o / K e ) ' /2 

P i {  0) =  0

i  7* 1

is:

i h \ h ( k , T ) -

P|(r)“ l k )  expl' * ’ '> <7>

where r  =  / , /  Afdt. The total number of active ends remains constant 
with time since

e  P i  =  ( h / k ey Ai = 1

Equation (7) represents the distribution of nonassociated chains. The dis
tribution of the total chains of length i  is :

<?i =  E  [ P i P A  +  p . (8)
y=i

The second term on the right of eq. (8) is negligible in the case of large 
K e. Since:

Q
. V*

¿ )  exp l

[ P i P j ]  =  K e[ P i ] [ P A

Q t ^  i K e[ P i ] [ P A
3-1

, , (kvr)'‘- ' / 7 „  \ ’A , , , ( V ) ’ - 1

{ k p T ) '~ l
Qi =  70 exp { —  A;pr 1 v P (8a)

The distribution of chain lengths obtained taking into account the equi
librium complex formation is still of the Poisson type with mean kv r.

Evaluation o f the Absolute Rate Constant, kP, and Association 
Equilibrium Constant, K e

For a simple experimental scheme in which initiation is rapid or per
formed by polymer anion “ seeds,” 18 one can easily obtain separate values 
for the rate constant, kP, and the association equilibrium constant, K e. 
The number-average molecular weight of the polymer in such an experi
ment has the value kpr according to eq. (8a). The value, r, can be ob
tained by a graphical or analytical integration of the monomer concentra
tion with respect to time (obtained from dilatometric measurements) and, 
therefore, the value of kp can be calculated. As shown previously, the 
slope of the rate of polymerization is equal to (kp/ K e~ ' / *)[I0]'/ \ One can,
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therefore, determine the value of the association equilibrium constant, 
K e, from the value of this slope and the value of k v.

Interpretation o f Actual Experiments

An actual kinetic experiment is schematically represented in Figure 11. 
The unsteady temperature interval included a “homogeneous” polymeriza
tion period, t\, during which all of the chains were growing, and a subse
quent heterophase period, U', in which only a fraction, /, of the initial

<--------- > 4 T2 X

Homogeneous H etero p hase H e te ro p h a se
S y s te m S y s t e m S y s t e m

R is in g  T e m p e ra tu re C o n sta n t T e m p e ra tu re

Fig. 11. Actual kinetic experiment.

chains continued growth. For the initial interval of rising temperature, it 
is possible to set

t =  f o '  kp( x ) M ( x ) d x

From eq. (7)

P.(r') ('r ' Y - 1 
( i -  D l

exp{ - r ' }

and the distribution for the total chains becomes:

Q i{r ) = h   ̂ ,, exp { -  r ' }
0  -  1)'

According to the model previously suggested, at the end of t i ,  a fraction, 
1-/, of the total chains, EQu becomes “unavailable,” and only the remain
ing f l 0 chains are capable of polymerization. Therefore, a portion of the 
total chains will have the final fixed distribution:

(i  - / ) / o ^ - — ¡ e x p i - r / }

where n ' is the fixed dimensionless time period for the homogeneous por
tion of the reaction:

r i '  =  /o'1’ kp( x ) M ( x ) d x

Denoting the remaining available associated chain ends by

E  R i =  f  f  Q t =  f h
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the remaining nonassociated active chain ends are:

E  A t  = U h / K e)'h
i  =  1

At the end of time l\ +  k ' the distribution of chains is:
( r '2y - '

R ,  =  / / ,

and

where

A t =

(i -  1)! exp{ — r2'}

K J  (t -  1) !
exp{ — n '} (9)

= f f  k v(x )M (x )d x  +  f t 1/  K (y )M (i j )d y  

During the constant temperature interval the rate expression is: 
d [A t

dt
= fc, [ A ^ \ [ M ]  -  kv [A i\ [M ]

Using eq. (9) to describe the initial conditions, the solution of the above 
rate expression is :

and:

„ , ( f h \ h  , , , , , , CK r Y
A  ‘ =  \ j ( )  exP * ~  r 2 1 exP * “  k * T 1 ( l  __ ^  ;

E  A ,( r )  = (.f!o / K e)1/!

1 +
T  2 

kpT

'\ i  —1

Furthermore

fit =  E  Ah [v M j
y=i

= / / 0 exp { — r72} exp { — fcp-r} ~(7vpr )1
1 +  —  

(* ~  1) ! \ K r

Let us now define cn as the mole fraction of the fth species:
A ,  R i

ai — CO 00

E  A t  E  R r
i = 1 i = 1

' \t—1

a,- = exp{ — r2'} exp{ — k pT
( k p T ) 1

1
(* -  1) ■

Then the number-average degree of polymerization, l, is :
T-2

r 2 

k p T

î  =  E  *a i =  ( i
h r

(10)
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Solution of eq. (10) for kv yields:
kvr = i — T2' (10a)

The monomer concentration during the constant temperature period can 
be calculated from the differential equation:

-  = k v [M ] |T U i] = kv [M ]{J Ia/ K S h

The solution is:
M  = il/i=o exp{— kP( f I 0/ K ey /2t\ (11)

and

r = . ,-v, [1 -  exp S- U f U / K ^ ' t )  ] (12)

Thus, a plot of eq. (11) as In (M / M t=0) versus time should produce a 
straight line with slope, (k v/ K e /2) ( f I o ) '/2 = k2 (Tigs. 4 and 5). The
only difficulty in applying eqs. (12) and (10a) in determining the absolute 
rate constant, k v, for this system, however, is the determination of the in
termediate value t2 .

The preceding molecular weight distribution derivation points out that 
even in the presence of equilibrium complex formation and partial inac
tivation of chain ends the theoretical frequency distributions for the low 
and high molecular weight polymer fractions are of the Poisson type. The 
mean and variance of the Poisson distribution are equal, by using a normal 
approximation to the Poisson distribution, one can determine the theoret
ical range of molecular weight that each of the two frequency curves 
should cover. The number-average molecular weight of the low molecular 
weight material is almost uniformly 32,000, (i =  300). The number- 
average molecular weights of the long chain fractions are between 1,000,000 
and 3,000,000 ( i = 10,000 to l  = 30,000). Since 99.7% of the chain 
lengths should be included in the range of — 3 y / i  to +  3 y / l  for the normal 
distribution approximation, it is possible to compute that the range of molec
ular weights should ideally be 10,000 molecular weight units for low weight 
species and 60,000 to 180,000 molecular weight units for the high end spe
cies. In no case does the range of the low molecular weight material fit the 
theoretical range. On the other hand, there is fair to good agreement with 
the expected values for the distributions of high molecular weight material 
in experiments 2-17, 2-24, 2-27, 2-29, and 2-30. Experiments 3-14 and 2- 
28 should not be expected to fit this correlation because of different ex
perimental conditions. On the basis of this correlation, as well as the con
stant slope of the rate data, we can conclude that all of the chain ends rep
resented by the high molecular weight species contributed to the observed 
rate.

The lack of a correlation with theory in regard to the range of the low 
molecular weight distribution suggests a continued slow growth of a por-
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Fig. 12. Comparison of number frequency molecular weight distributions of low molecu
lar weight fractions of polymers 2-27, 2-28, and 3-14.

tion of the low molecular weight material after precipitation. A compari
son of the low molecular weight distribution from experiments 2-27, 2-28, 
and 3-14 (Fig. 12) indicates negligible contribution of this slow growth to 
the observed rates of polymerization. Experiment 2-27 was terminated 
at approximately the end of the interval of unsteady temperature (12 min.) 
before the time of rate measurement. Yet the frequency distribution for 
the low molecular weight material in this experiment is broad and com
parable to that in experiments 2-28 and 3-14, which were allowed to run 
for periods of three days to two weeks. Thus, it is reasonable to consider 
that the spread of the low molecular weight distribution may be due to the



2268 P. P. SPIEGELMAN AND G. PARRA VANO

finite time required to trap out active chain ends, as well as continued 
growth of the trapped chain ends with occluded monomer. In either case, 
the fractionation data indicate that these chain ends do not contribute to 
the observable rate.

APPENDIX I

Solution o f Consecutive First-Order Differential Equations for the Initial 
Condition o f a Poisson Distribution

dt

with initial condition:

Then :

dAi/dt = — kvA\M

We define:
dr = M d t (dAi/dr) = — kvA\

The solution is :
A i = [Ai]0 exp{ — kpT\ 

d A î / d r  =  k p A i  —  k vA i

The solution is :

A i  = [Aj]0 kPT exp{—k vr\ +  [A 2]0 exp{—kvr\

The solution is:

+  [Ai\0 kvT exY>{— kvr\ +  [*4.3]0 exp{ — kvr\

By induction:
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Shift index j/ j  +  1

fe  =  ( f I 0/ K e) 1 / ! e x p { - T 2'} e x p  { - k vr} E  - ( V ) '~ Y ,  • ~
j =  o (* —  J  — 1) !

V»
= ( y t ) e x p {-r2'} exp j-fc.rK V )*-1 E

3=0

( - I ) f(i -  *)> ( r T v  
(z — 1) ! y! f e r /\K,

( I h \ h  , , , ( V ) 4- 1 ^  ( - l ) ’ ( l[ rr ) exp { -  T2 f exp - * ,r   -----— E  --------..------- - ,
\ K e /  (z —  1) ! i  = 0 J i  \ k p T /

(Sh
\K,

V»
e x p {-r2'} exp { ~ k vr } ^ ^ , iF0 |Y -  i, -

For notation see Rainville.18

Al  ‘  ( f )  expi- - ' >  “ p f - M  ( '  +
' \ t -l

E  fe  = ^ V /!
U J
/ 7 V A

e x p {-r2/} exp { - fe r }  E  T ^T T . (  1 +  r ~ )  » = 1 (z — 1) ! \ Ayr /
oo co

exp{-T2'} e x p j - V }  E  E ^ ^ Y ^ Y '( - * ) ,
■¿=0 ;=0 J '  \ f c p T /

= ( f ) V2e x p { - r / } e x p { - M  E  Ê
\ A - e /  i =  o y =0 J *  \ f c p T J  î -

( f h ,'A
= ( V  ) exp{ —r2'} exp{—i pr} E  E fe r )* -  (r*0'

=o y=o (f ~ j )  ! j'-

=  e x p {-r2'} exp{-fcpr} E  E  ^

\ K ,

( f i y h

i=  0 f! 3=0 J-

= e x p {-r2'| exp{— /c„t} exp{r2'} exp{fcj,r}

¿ - - ( S ’
a< = ï x , = “ p |- m  exp(- v i  Ît x i ï î  ( ' + v )  ’

Ï  =  ¿ 2  i0 L i 
i  =  1

-  “ pF ^ I  “ pF " ' l  I , f r y y l (> + ¿r;
' V - i

= exp{— /cP7-} exp{ — t2'} (*’ — l)fer)*‘ 1
Li = i ( » - ! ) !

+

r2
k p T

y  f e r ) 1" 1 /

1 ) ! \

r2
k p T

’  \ t -r
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exp{-fcpr} exp {-

i — 1

Shift index on the first sum i/ i +  2. 
Shift index on the second sum i/ i +  1. 
As shown

expjfcpT-} exp{r2'

l  =  k^T

APPENDIX II

Nomenclature

a, ae, am =  constant, subscript e and m refer to ethanol and methanol,

A t = molar concentration of the zth species, (ml.-1) 
c, c ie cm = constant, subscript e and m refer to ethanol and methanol, 

respectively
E a = activation energy 

/  = fractional number 
/(„) = frequency number, function of (n)

l  = number-average degree of polymerization 
[/], [/0] = initiator concentration (ml.-1), subscript zero refers to

ki, k v = rate constants of initiation and propagation, respectively 
K e = equilibrium constant for association of polymeric chains 

[M ], [Mo] = monomer concentration (ml.-1), subscript zero refers to 
initial value

A tn =  growing chain containing only monomer 
M  i =  molecular weight of a polymer chain containing i  units 

M n, M v, M m = average molecular weights, subscript n, v, and w refer to 
number, viscosity, and weight averages, respectively 

N i =  number or mole fraction of species i  
P i, P m =  molar concentration of polymer containing i  units, sub

script zero refers to initial value 
Qi = molar concentration of polymer containing i  units 
R i = molar concentration of polymer containing i  units 

t — time
T  = temperature

respectively

initial value
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W t =

W i =
x  =

Ÿ Ÿ Ÿ71) V) W

A =
V SP =

h l h k b l m

cumulât ive weight fraction including all species less than 
or equal to i

weight fraction of the fth specie 
degree of polymerization
average degree of polymerization, subscripts n ,  v, w  refer 
to number, viscosity, and weight averages, respectively 
difference 
specific viscosity
intrinsic viscosity, subscripts e and m refer to ethanol and 
methanol, respectively 
“dimensionless” time, equal to /o' g(t)dt
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Résumé

La polymérisation de la 4-vinylpyridine initiée par le butyllithium dans un milieu 
hydrocarboné se déroule suivant un mécanisme d’addition anionique. Dans l’heptane 
et le toluène les réactifs solubles et incolores forment rapidement un précipité de poly
mère granuleux et intensément coloré à une température inférieure à —30°C. Lorsque 
la réaction est faite dans un milieu exempt d’impuretés le mélange réactionnel intensé
ment coloré reste inchangé indéfinément et une addition ultérieure de monomères con
tinue la croissance des chaînes polymériques. On utilise la technique de la dilatométrie 
pour suivre la vitesse de polymérisation dans le toluène. Les méthodes expérimentales 
qui ont été utilisées pour la manipulation des solutions sous vide conduisent à une période
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de température initialement instable suivie par une période de température constante 
pendant laquel le sont faites les mesures de vitesses. On a fait varier les concentrations 
initiales en monomère et en initiateur dans quatre domaines. Les mesures de vitesse 
ont été faites dans un intervalle de température de —30° à +30°C. Les expériences de 
cinétique par dilatométrie combinées avec des observations indépendantes permettent 
d’établir que la vitesse est proportionnelle à la concentration en monomère et avec une 
puissance un demi pour la concentration en initiateur, suggérant la formation d’un 
complexe d’équilibre des anions polymériques en croissance. On détermine les valeurs 
des constantes de vitesse à partir des vitesses obtenues par les expériences cinétiques de 
dilatométrie et à partir de la racine carrée de la concentration effective en initiateur. Le 
calcul de la dépendence de la constante de vitesse en fonction de la température permet 
de déterminer l’énergie d’activation de 12.7 kcal/mole. Comme prévu dans la théorie 
de la polymérisation anionique le polymère formé dans ces réactions a un poids molé
culaire en nombre calculé égal au rapport (poids du polymère/équivalent en initiateur). 
Le polymère est fractionné par élution chromatographique utilisant l’alcool butylique 
tertiaire et des mélanges de benzène et de non-solvents. La distribution du poids molé
culaire des polymères, construit sur la base des valeurs de fractionnement montre une 
distribution bimodale dans deux régions très étroites de poids moléculaire. Cette distri
bution de poids moléculaires inhabituelle est due à l’isolement d’une partie de chaînes 
actives en croissance dans le polymère précipité. Ces sites réactionnels isolés (qui dans 
ces expériences atteignent 95% et plus de la concentration totale en initiateur) ne pro
duisent plus de chaînes polymériques en croissance ce qui est dû à l’absence de monomère 
disponible. Les sites réactionnels restant effectifs croissent donc en polymère à haut 
poids moléculaire et sont responsables des cinétiques observées.

Zusammenfassung

Die durch Rutyllithium gestartete Polymerisation von 4-Vinylpyridin verläuft in 
Kohlenwasserstoffmedien über einen anionischen Additionsmechanismus. Bei Tem
peraturen unter — 30°C bildet sich in Heptan und Toluol als Lösungsmittel aus den 
farblosen, löslichen Ausgangsstoffen rasch ein körniger, tiefgefärbter Polymernieder
schlag. Bei Ausführung der Reaktion in einem von Verunreinigungen freien Medium 
blieb das tiefgefärbte Reaktionsgemisch beliebig lange Zeit unverändert und bei weiterer 
Zugabe von Monomerem wurde das Wachstum der Polymerketten fortgesetzt. Die 
Geschwindigkeit der Polymerisation in Toluol als Lösungsmittel wurde dilatometrisch 
gemessen. Unter Anwendung der für die Handhabung von Lösungen im Vakuum 
üblichen Methoden erfolgte die Polymerisation (30-50% Umsatz) während emer an
fänglichen Periode nichtstationärer Temperatur, gefolgt von einem Bereich konstanter 
Temperatur, in dem die Geschwindigkeitsmessungen durchgeführt wurden. Die An
fangskonzentrationen von Monomerem und Starter wurden um das Vierfache variiert. 
Die Geschwindigkeitsmessungen wurden im Temperaturbereich von —30°C bis +30°C  
durchgeführt. Aus den dilatometrischen kinetischen Veruschen und aus anderen, 
unabhängigen Beobachtungen geht hervor, dass die Geschwindigkeit der Monomerkon
zentration und der Quadratwurzel aus der Starterkonzentration proportional ist. Dies 
weist auf eine Gleichgewichts-Komplexbildung der wachsenden Polymeranionen hin. 
Aus den bei den dilatometrischen Versuchen erhaltenen Geschwindigkeitsdaten und der 
Quadratwurzel der effekten Starterkonzentrationen wurden die Geschwindigkeitskon- 
berechnet. Aus der Temperaturabhängigkeit der Geschwindigkeitskonstanten wurde 
eine Aktivierungsenergie von 12,7 kcal/Mol berechnet. Das Zahlenmittel des 
Molekulargewichts des gebildeten Polymeren war gleich dem Verhältnis (Gewicht des 
Polymeren)/(Starteräquivalente). Dies stimmt mit der auf Grund der Theorie der 
anionischen Polymerisation gemachten Voraussage überein. Das Polymere wurde 
elutionschromatographisch unter Verweundung von Lösungsmittel-Fällungsmittel
gemischen aus tert-Butylalkohol und Benzol fraktioniert. Die aus den Fraktionierungs
daten ermittelte Molekulargewichts Verteilung ist eine bimodale Verteilung in zwei
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ziemlich engen Molekulargewichtsbereichen. Diese ungewöhnliche Molekulargewichts
verteilung geht auf eine Okklusion eines Teiles der aktiven Enden der wachsenden Katten 
im Polymerniederschlag zurück. Diese “eingeschlossenen” Reaktionsstellen (die in den 
vorliegenden Versuchen bis zu 95% und mehr der gesamten Starterkonzentration aus
machten) führen wegen des Fehlens an verfügbarem Monomerem zu keiner weiteren 
Polymerisation. Die restlichen “effektiven” Reaktionsstellen wachsen bis zu einem 
hohen Molekulargewicht weiter und sind für die beobachtete Kinetik verantwortlich.

Received April 26, 1963
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Theoretical Consideration of Linear Condensation 
Polymerization in a Dispersed Medium*

V. S. NANDA,f J Institute o f Theoretical Science, University o f Oregon,
Eugene, Oregon

Synopsis

The combinatorial approach to the problem of linear polymers, developed earlier, is 
applied in the present paper in order to study the statistical nature of condensation 
polymers obtained from a large number of v e r y  small systems. The results of the cus
tomary theory become inapplicable in such cases for sufficiently high degrees of poly
merization which should be attainable experimentally. The possibility of realizing 
homogeneous samples by direct polymerization is discussed from a theoretical stand
point.

1. It is not often noted that the customary theory of linear condensation 
polymerization becomes invalid at extremely high degrees of polymeriza
tion. It fails, for example, to predict the decrease in inhomogeneity which 
must inevitably occur when polymerization is carried beyond a certain 
stage. On the other hand, the combinatorial approach to the problem of 
polymers, employed earlier by us,1-2 gives results which are valid for all 
stages of the reaction. Taking the clue from exact results, we suggest 
in the present paper a procedure for obtaining linear condensation poly
mers with a high degree of homogeneity. Theoretical results are also 
given for the various statistical quantities when the actual conditions for 
the preparation do not conform to the ideal requirements.

2. Consider a polymer system with n monomers. If k denotes the 
number of independent entities (molecules) at any stage of reaction, the 
number fraction of f-mers in the polymerized material is given by2

This gives for n and k very large

F t = (1 -  V) P*"1 (2)
* Supported in part by the National Science Foundation (G 19518) and the Division 

of General Medical Sciences, Public Health Service (09153).
f On leave of absence from Physics Department, University of Delhi, Delhi, India.
J Mailing address: Chemistry Department, University of Southern California, Los 

Angeles, California.
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where
p  = 1 — k/n

This is the well-known expression for number fraction obtained from the 
probability considerations. Using eq. (2), one readily finds for the number- 
average chain length i H and the weight-average chain length i „  the expres
sions

in = 1/(1 -  V) (3)
iw = (1 +  p)/( 1 ~ V) (4)

Thus
iw/in = (1+7?) (5)

Since for high degrees of polymerization p —*■ 1, it is clear that the theory 
predicts progressive increase in inhomogeneity with increasing polymeriza
tion. Intuitively, however, one expects this trend to reverse itself after a 
certain stage of the reaction assuming that it can be carried forward to any 
desired extent.

The expression (1) for the size distribution is applicable for all stages of 
reaction, both when the system is undergoing polymerization or degrada
tion. One also has exact expressions for the moments through appropriate 
generating functions.1 For example, instead of eq. (5), we get

iw/in = 1 +  [1 — (k / n )][{k  — 1 )/ (k  +  1)] (5a)
a result which is exact right up to k = 1. This predicts a maximum in 
inhomogeniety for k = (2n)1' 2 and a rapid return to the homogeneous 
state when k is no longer very large as compared to unity. The size 
distribution expression itself can be simplified for large n to

F < = [(* -  l)/n ][l -  (»/»)]*-* (la)

a form which is suitable for numerical purposes and is applicable for all
k ^ 2 but <5C n

3. The failure of the usual results,* pointed out in the last section, has 
no impact on ordinary bulk polymerization. This is because in such 
systems it is not possible, because of thermodynamic reasons,3'4 to achieve 
the stages of polymerizations where the two sets of expressions will give 
significantly different results. Nevertheless, the exact treatment suggests 
the possibility of obtaining highly homogeneous polymers. The condi
tions under which the usual formulas no longer apply should be more easily 
obtainable.

When polymerization is carried out in small isolated systems, such as
* This is apparently one of the examples where the commonly made assumption in 

statistical mechanics, that the m ean  state of the assembly is the same as the most 
probab le  state, is not applicable. For another instance of this type, see C. B. Haselgrove, 
and H. N. V. Temperley, P ro c . Carnb. P h i l .  Soc., 50, 225 (1954).
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globules of the polymerizing material suspended in a suitable medium, 
it should be possible to have situations corresponding to small k for realiz
able values of average chain lengths. It may be noted here that it is 
primarily the ratio k/n which is determined by thermodynamics. For 
small suspensions, since n  can be quite small, the value of k can be lowered 
appreciably, which should help in increasing the homogeneity of the re
sulting polymer [c.f. eq. (5a)]. The feasibility of this procedure is dis
cussed in the last section.

4. We now find the polymer size distribution for the overall system 
made up of subsystems in the form of suspensions of monomer particles 
in a suitable medium. For the sake of simplicity, we consider first the 
case in which all the suspensions, v  in number, have the same size. Let 
k {  ^ v )  to the number of polymers in the overall system. For the maximum 
possible polymerization, obviously k  ^ v .  For incomplete reaction, the 
size distribution problem may be visualized as one of a statistical study of 
degradation of the homogeneous system consisting of v  chains which un
dergo k  v  cuts. Obviously here the way k  — v  cuts are assigned is of 
importance. Both the cases in which the cuts are distributed uniformly 
or randomly over the subsystems will be treated as they represent two 
extreme possibilities of what might actually happen in practice.

Case 1. E xactly  S im ilar Evolution o f Polym erization  in  Subsystems. 
The polymer size distribution is governed by eq. (1) or its simplified form 
eq. (la). Here the existence of thermodynamic equilibrium demands that 
k  be a multiple of v .  The expressions for moments and averages deduced 
previously1 apply. In particular, i n and i w are given by

where k is evidently equal to k /  v .
Case 2. R andom  E volution  o f Polym erization  in  Subsystems. In this 

case one defines the extent of the reaction for the overall system. Evi
dently k  = v  corresponds to the situation when all the subsystems have 
achieved complete polymerization. For k  >  v ,  the expressions for the size 
distribution and the averages are obtainable from our earlier work on the 
degradation of a homogeneous polymer system.5 The number fraction 
is given by

i n = n/k

i w — 1 +  2 [{n  — k)/ (k  +  1)]
(6)

(7)

a(l — a ) '  1 

1 +  a ( n -  1 )
[2 +  (n — i )a )

i  < n — 1 (8)

where a  is given here by (/c — v)/ [y (n  — 1) ]. The number-average and the 
weight-average chain lengths now have, respectively, the form
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(9)
n

[l +  a (n  -  1)]
1

'l'ID
n

[an -  1 +  (1 -  a)"] (10)

Comparing eqs. (6) and (9) we write
1 +  a (n  — 1) = k

where k is interpreted as the average number of polymer chains per sub
system. It appears worth while to compare the results from the two sets 
of expressions. In Figure 1 we have plotted the ratio of the values of i„ 
using eqs. (10) and (7) for the same number-average chain length. It 
appears that the maximum difference between the two cases occurs for 
k = 4 and dwindles for higher k values. The fact that the ratio is always 
greater than unity is understandable, for in case 2, in the language of 
degradation, the cuts are distributed randomly, where as in case 1 each of 
the subsystems gets the same number of cuts. For k large, naturally the 
difference whether a subsystem receives exactly k or on the average k cuts 
becomes irrelevant.

5. In this section we take account of the size distribution in the sus
pended particles. Let <t>(n)dn denote the fraction of suspensions contain
ing monomei’s in the range n to w +  dn. For complete reaction in the 
subsystems, obviously the polymer size distribution for the overall system 
would be described by the same function. For incomplete reaction it 
becomes difficult to treat the parallel of case 1 without introducing some 
subsidiary assumptions concerning the way the cuts can be assigned uni
formly to subsystems of nonuniform size. We therefore consider here only 
the case of random evolution of polymerization in the subsystems. The 
corresponding results for inhomogeneity would then give higher values if 
the actual process were not completely random.

Here the results for various quantities of interest are obtainable from our 
earlier work on degradation of a polydisperse polymer system.6 We have 
in our present notation

F
(1 - q)*-1

1 +  a(n  -  1)
<t>d) +  a f  +  (i

t > i
i  -  1)«} (11)

and

it

1 +  a(n  — 1)
(12)

2 — a  2(1 — a) ~
i w = ------------------------- [1 -  0 (0 (1  -  « Y d t ]a a n

The degree of degradations

(13)

a =  (k — v)/[v(n -  1)]
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Fig. 1. Variation with k  of R , the ratio of i w values obtained from eqs. (10) and (7) for 
the same number-average chain length.

while n  is the average number of monomers per subsystem. In the absence 
of any reasons for selecting a particular distribution we take for <£ the normal 
form in order to perform a few illustrative calculations. This gives

(1 -  a y - 1 _7V2
1 +  a (n  -  1)  \ 0 - ( 2 i r f A +  ( 2 t ) ' A  6

| (Ha)+  (1 ±  I y )
, . s oi a  *
(2 ~  l a )  ~  +  f t  —

2 —
1 — exp < — log2(l — a) +  ft log(l — a) (13a)

where

and

I y  =  (2/tt)'/2 fo* e ~ z‘/2dz 

7  =  |(* -  n ) / a \

while a2 is the mean deviation. The upper sign in eq. (11a) is to be used 
for i  < n and the lower one for i  > n. The expression, eq. (13a), is also 
obtainable from Montroll’s work6 as a special case. However, when a -*■ 0 
this form is not very convenient for numerical computations because of
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occurence of a in the denominator. Under these conditions expressing 
eq. (13a) as a series expansion in the form

iw = n (13 b)

is helpful provided a n < £  1.
In Figure 2 we have plotted the values of im/ in against k for different 

values of a/fi. It appears that the departure of the statistical results for 
polymerization in the dispersed form, from those expected of the usual 
theory, should be easily observable even when the reaction in the subsystems 
is far from complete.

Fig. 2. Variation of i j i n with k  for different values of a /n ,  using eqs. (12) and (13al: 
(------ ) <r/re =  0, (----- ) a / n  =  0.2; ( - . - )  a / f i  = 0.3.

6. The production of homogeneous polymers requires both a statistically 
narrow size distribution for the suspensions and also maximum possible 
polymerization in them. In this connection it is worthwhile to determine 
the order of size of suspensions which would be necessary so that the value 
of the characteristic quantity p  is not unduly close to unity, but maximum 
possible polymerization is obtainable. Taking p  =  1-5 X 10~6, which
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is not very unreasonable for bulk polymerization (it corresponds to i n 
= 2 X 104), one finds a radius of 10 m« for the case of polysulfide polymers. 
This is much smaller than the particle size obtained in commerical suspen
sion polymerization of this substance, but is well within the particle sizes 
reported in more extensively investigated addition polymerization in the 
dispersed phase.7 Suspensions with statistically narrow size distribution 
could be produced by using appropriate filters. Unless conditions of high 
degree of homogeneity are required, the removal of particles with size 
greater than the maximum in the size distribution curve of suspensions 
should be adequate.

In this preliminary study, we have not taken account of the pos
sibility of ring formation. These effects in the present case could 
become more important than in ordinary bulk polymerization because of 
confinement of chains over small volumes. It is also possible that the bi- 
molecular rate constant for the condensation of the reacting units in small 
suspensions is affected. However, it appears prudent to wait for some ex
perimental data before beginning to speculate in this connection as the 
effects might prove to be relatively unimportant.

I am thankful to Prof. M. Fixman for his interest in this investigation and for making 
some valuable comments.
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Résumé

L’analyse combinatoire du problème des polymères linéaires développée précédem
ment, est appliquée dans le présent article à l’étude de la nature statistique des polymères 
de condensation obtenus au départ d’un grand nombre de très petits systèmes. Pour 
les degrés de polymérisation suffisamment élevés qu’il serait possible d’atteindre expéri
mentalement, les données de la théorie usuelle deviennent inapplicables. La possibilité 
de préparer des échantillons homogènes par polymérisation directe est discutée d’un 
point de vue théorique.

Zusammenfassung

In der vorliegenden Arbeit wird die früher entwickelte kombinatorische Behandlung 
des Problems linearer Polymerer zur Untersuchung der statistischen Natur von aus einer 
grossen Anzahl sehr kleiner Systeme hergestellten Kondensationspolymeren herange-



2 2 8 2 V . S .  N A N D A

zogen. D ie Ergebnisse der üblichen Theorie sind in solchen Fällen für genügend hohe 
Polym erisationsgrade, die experim entell erreichbar sein sollten, nicht anwendbar. Es 
w ird die M öglichkeit, homogene Proben durch direkte Polym erisation herzustellen, von 
einem theoretischen G esichtspunkt aus diskutiert.

Received April 30,1963
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«-y Transition of Nylon 6

II. ARIM O TO , Research Institute, Nippon Rayon Company, Ltd., 
Uji, Kyoto, Japan

Synopsis

T he mechanism of the a - y  transition  of nylon 6  due to  iodine treatm ent and the struc
ture of the 7 -form of nylon 6  are discussed on the basis of results of x-ray diffraction and 
polarized m icro-infrared absorption measurem ents on doubly oriented and iodine- 
treated specimens. T h e plane of the amide group and th at of the m ethylene group are 
both parallel to the rolled plane, which is parallel to  the hydrogen-bonded m olecular sheet 
in th e a-form  of nylon 6 . T h e plane of the amide group is preferentially tw isted  to  a 
direction roughly perpendicular to  the rolled plane on coordination of iodine to  the oxy
gen of the amide group and this preferential orientation of the amide group is retained 
on the rem oval of iodine. T h e  preferential orientation of the amide group in the m ole
cule supports the pleated sheet structure proposed b y  K in oshita  for the y-form  of p o ly
amides. Infrared bands are examined, the preferential orientation of the amide group 
being taken into account. T h e structure of the y-form  of nylon  6  is com posed of pleated 
sheets of sim ilarly directed m olecular chains joined b y  hydrogen bonds betw een the 
adjacent molecules and in such a packing of sheets the directions of m olecular chains are 
altern ately  inverse along the direction of stacking of sheets.

INTRODUCTION

The usual a- and /3-forms of ordinary nylon 6  are easily converted to a 
new crystal form when treated with an iodine-potassium iodide aqueous 
solution followed by the removal of iodine with a sodium thiosulfate aqueous 
solution . 1' 2 This new crystal form was called the y-form by Kinoshita3 

on the basis of his study of the crystal structures of a series of polyamides.
In a series of our previous papers, 4 ~ 6 the structural change in nylon 6  

during the course of the a -y  transition caused by iodine treatment was 
studied by means of various measurements such as iodine-adsorption 
isotherms, x-ray diffraction, and ultraviolet, visible, and infrared absorp
tions. It becomes apparent that : (1 ) iodine enters into the crystalline part 
of nylon 6  and coordinates to the oxygen of the amide group to form a 
definite complex; (2) coordination occurring on the oxygen brings about 
dissociation of hydrogen bonds between amide groups; (3) the pseudo- 
hexagonal packing and configuration of polymer molecules in the complex is 
similar to that of polymer molecules in the y-form of nylon 6  ; (4 ) there are 
several infrared bands closely related to that of the crystal form of nylon 6 .

For the y-form of polyamides made from co-amino acids which have even 
numbers of carbon atoms, Kinoshita3 proposed the space group P2\ and
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the structure composed of parallel pleated sheets instead of the structure 
composed of antiparallel extended sheets usually seen in the a- and ,8 -forms 
of polyamides. The 7 -form of co-amino acid nylons, however, is not fully 
elucidated on account of complexities ascribed to the fact that the molecule 
of co-amino acid nylons is not symmetrical. Thus, from the view points of 
generality, it seems to be of interest to investigate the a -y  transition of 
nylon 6  caused by iodine treatment.

In the present paper a doubly oriented nylon 6  specimen was treated with 
iodine and studied by the methods of x-ray diffraction and of polarized 
micro-infrared spectroscopy. The purpose of this study is to present the 
results of the experiments and to obtain information on the a -y  transition 
and the structure of the 7 -form of nylon 6 . It is also one of the motives in 
this paper to examine the assignment of infrared bands of nylon 6 .

EXPERIMENTAL

Materials

1. Untreated Specimen. An extruded nylon 6  bristle (diameter about
3.6 mm.) was drawn 3.5 times and hot rolled at 130°C. (the direction of 
rolling is the same as that of drawing). The specimen which showed good 
orientation and crystallinity was obtained by pressing a piece of doubly 
oriented bristle between two stainless steel plates and crystallizing it in a 
steam bath maintained at 135°C. for 1 hr. The size of the section normal 
to the rolling direction was about 7.5 X  0.35 mm.

2. Iodine-Adsorbed Specimen. The untreated specimen was treated 
with a 1.23IV iodine-potassium iodide aqueous solution for a week.

3. Iodine-Desorbed Specimen. The iodine-adsorbed specimen was 
treated with a sodium thiosulfate aqueous solution for the removal of 
iodine.

Experimental Methods

Experimental methods used here were virtually identical with those 
described by Tadokoro et al.7 for the measurement of the infrared pleo- 
cbroism of polyvinyl alcohol. X -ray photographs were taken with nickel- 
filtered copper radiation, the x-ray beam being parallel to the direction of 
rolling.

Infrared spectra were measured with a section (about 5n thick for the
3-7 ¡I region and 2(V thick for the 7-15/x region) cut normal to the direction 
of rolling by use of a Perkin-Elmer Model 13 infrared spectrophotometer 
with a Model 85 infrared microscope attachment, a NaCl prism, and an 
AgCl polarizer. The section was prepared from a specimen embedded in a 
mixture of two parts of solid paraffin, one part of stearic acid, and one part 
of ethyl cellulose by using a microtome. The section of the iodine-adsorbed 
specimen used here, however, was prepared by treating the section of the 
untreated specimen or that of the iodine-desorbed one with the iodine solu-
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tion, because the iodine-adsorbed specimen suffered a loss of orientation 
due to its low melting point when heat was imposed upon it by embedding. 
The same experimental results were obtained in both cases.

The measurements were made so that the infrared beam was parallel to 
the direction of rolling just as in the taking of the x-ray photographs de
scribed above. The angle 6 between the rolled plane and the direction of 
the electric vector of the polarized beam was varied from 0° to 90° at in
tervals of 10°.

RESULTS

X-Ray Measurements

Figures la  and 16 are x-ray photographs of the untreated (a-form) and 
the iodine-desorbed (y-form) specimens, respectively. Figures 2a and 26

(a) (b)
Fig. 1. X -ra y  photographs of (a) the untreated (a-form ) and (6 ) the iodine-desorbed 

( 7 -form ) specimens of doubly oriented nylon 6 . T h e direction of the x-ray beam  is par
allel to  th at of the rolling.

Fig. 2. Schem atic diagram  of sections of (a) the untreated and (6 ) the iodine-desorbed 
specimens showing the relation of the m olecular sheet to the rolled plane. T h e arrows 
represent the direction of — N H — C — ; the broken line indicates the hydrogen bond.
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Fig. 3. Micro-infrared spectra of doubly oriented nylon 6 specimens. The direction of 
the infrared beam is parallel to that of the rolling: (------ ) 6 =  0°; (- -) 6 = 90°.

are given to facilitate visualization of the relation between the molecular 
packing and the rolled plane.

If the specimen were oriented not doubly but uniaxially, the spots on the 
x-ray photographs should be uniformly spread over the circles (the Debye 
rings). Thus, the localization of the spots shows that the specimens were 
doubly oriented and that the orientation was held throughout the course 
of the specimen preparation. It is also found that the a -y  transition 
occurs without an appreciable loss of the molecular orientation.

The location of the strongest spots which are indexed (002)8 in Figure la  
establishes that this crystallographic plane is oriented parallel to the rolled
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plane of the specimen. Thus, the hydrogen-bonded molecular sheet of the 
«-crystal form is parallel to the rolled plane as indicated schematically in 
Figure 2a, since the plane of molecules is parallel to the (002) plane in the 
cell. In Figure 16 spots are located at the apexes of a hexagon correspond
ing to the pseudo-hexagonal structure of the iodine-desorbed specimen 
(7 -form).

Micro-Infrared Measurements

The micro-infrared spectra of microtomed sections obtained at 8 =  0° 
(solid curve) and 6 =  90° (dashed curve) are shown in Figure 3 as extreme 
cases. Wave number, relative intensity, and polarization are listed in 
Table I. In the column of polarization the notations a and x denote the 
perpendicular and parallel bands, respectively, and the notations _L and || 
refer to the polarization with respect to the rolled plane.

The structures of the iodine-adsorbed and the iodine-desorbed nylon 6  

have been discussed and it has been conjectured that they are smectic . 2 

If the structures of these specimen were smectic, the infrared adsorption 
bands should show no definite polarization with respect to the rolled plane. 
On the other hand, almost all the absorption bands show polarization so 
clearly that the smectic structure for the iodine-adsorbed and the iodine- 
desorbed nylon 6  (7 -form) must be abandoned.

DISCUSSION

Preferential Orientation o f Amide Groups due to Iodine Treatment

A  polymer molecule of nylon-type polyamide alternately has amide 
groups and methylene groups along the molecular axis. It has been shown 
that the structures of the a- and /3-forms of the polyamide crystal are 
composed of sheets of fully extended planar chains joined by the hydrogen 
bonds between adjacent molecules.8,9 In such a sheet of the a- or /3- 
form of nylon 6  all hydrogen bonds between the adjacent amide groups are 
possible by inverting alternate molecular chains; such an arrangement 
has been suggested by previous workers.8,10 Thus, as illustrated in Figure 
2a the successive chains named A 1; A 2, . . . , and B ]; B2, . . . , are oppositely 
directed in the sheet. For convenience this molecular sheet is called the 
antiparallel sheet.

The infrared bands at 3290, 1642, and 1545 cm . - 1  in nylon 6  (not a-forrn) 
have already been assigned to the NH stretching mode, the amide I and 
the amide II bands, respectively . 11 These bands show parallel polarization 
with respect to the rolled plane. The planarity of the ¿rans-amide group is 
well established, and it may be concluded that the plane of the amide group 
is parallel to the rolled plane. The bands at 2930 and 2865 cm . - 1  have 
been associated with the CH 2 asymmetric stretching and the CH 2 symmetric 
stretching modes, respectively. It is expected that when the planar zig
zag hydrocarbon segment is parallel to the rolled plane the 2930 cm . - 1  

band shows perpendicular polarization and the 2865 cm . - 1  band shows
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parallel polarization with respect to the rolled plane. The observed polar
izations agree with the above consideration. These results indicate that 
the plane of the methylene group and that of the amide group both lie nearly 
in the same plane which is roughly parallel to the rolled plane (Fig. 2a).

The spectral change in nylon 6 due to adsorption and desorption of iodine 
has been studied.6 The amide characteristic bands at 3290, 1642, and 
1545 cm .-1 in the untreated specimen shift to 3350, 1635, and 1534 cm .-1, 
respectively, on adsorption of iodine. With the removal of iodine the 
former two bands revert to their original frequencies and the latter shifts 
to a slightly higher frequency (1562 cm .-1). In the iodine-adsorbed and 
the iodine-desorbed specimens, these amide characteristic bands show 
perpendicular polarization to the rolled plane( Fig. 3, Table I). The CH2 
stretching bands at 2930 and 2865 cm .-1 in the untreated specimen are 
present at 2930 and 2860 cm .-1, respectively, in the iodine-adsorbed and 
also in the iodine-desorbed specimens. The 2930 cm .-1 band shows per
pendicular polarization, and the other bands show parallel polarization to 
the rolled plane.

From these observations it may be noticed that the directions of the 
transition moments of these amide characteristic bands are changed on ad
sorption of iodine, but the directions of the transition moments of the bands 
ascribed to the methylene group are unchanged. Hence, it can be con
cluded that on coordination of iodine to the oxygen of the amide group the 
plane of the amide group is preferentially twisted to a direction roughly 
perpendicular to the rolled plane, and this preferential orientation of the 
amide group is retained on desorption of iodine. The orientation of the 
amide group, therefore, differs from that of the methylene group in the 
molecule as shown in Figure 2b.

Examination o f Infrared Bands

There are three bands in the CH2 rocking band region of nylon 6. The 
831 cm .-1 band in the a-form of nylon 6 has been assigned by Sandeman 
and Keller12 to the CH2 rocking mode. The polarization of this band is 
obviously perpendicular to the rolled plane, which is consistent with the 
direction of the transition moment predicted from the assignment of this 
band. The remaining two bands at 728 and 692 cm .-1 are attributed by 
Asai and his co-workers13 and by M iyake14 to the NH out-of-plane deforma
tion mode (the amide V band). The polarizations of these bands are both 
perpendicular to the rolled plane, and it appears that the directions of the 
transition moments of these bands are consistent with those predicted 
from the above assignments.

The 728 cm .-1 band shifts to 736 cm .-1 on adsorption of iodine and to 
730 cm .-1 on the removal of the adsorbed iodine. The 692 cm .-1 band 
shifts away from the NaCl region on adsorption of iodine and appears at 
708 cm .-1 on the removal of the adsorbed iodine. Furthermore, the 692 
and 708 cm .-1 bands disappear from the NaCl region on deuteration, but 
the 728, 736, and 730 cm .-1 bands remain almost unchanged.6 On the basis
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of these results, the 728, 736, and 730 cm .“ 1 bands have been assigned to 
the CH2 rocking mode and the 692 and 708 cm. - 1 bands have been assigned 
to the amide V vibration. The polarizations of the former three CH2 
rocking bands and one of the latter amide V bands at 692 cm .-1 are all 
perpendicular to the rolled plane, but that of the 708 cm .-1 band is parallel 
to the rolled plane. The directions of the transition moments of these 
bands agree with those predicted from the assignments6'6 and the prefer
ential orientation of the amide group discussed in the present paper.

Near 1000 cm .-1 two bands appear at 960 and 927 cm .-1 which have been 
attributed by Sandeman and Keller12 to the CONH in-plane vibration. 
These bands show polarization parallel to the rolled plane. The corre
sponding bands are found at 979 cm .-1 in the iodine-adsorbed specimen 
and at 977 cm .-1 in the iodine-desorbed one. The polarizations of these 
bands are perpendicular to the rolled plane. These results are consistent 
with the directions predicted from the assignments of these bands to the 
CONH in-plane vibration.6

The band at 1171 cm .-1 which is intensified by iodine treatment has not 
been assigned. Similar bands are found at 1147 cm .-1 in the nylon 5n 
and at 1181 cm. ~1 in nylon 6n, where 5 and 6 represent the number of carbon 
atoms in the diamines and n represents the number of carbon atoms in the 
dibasic acid. The frequencies of these bands depend only on the number 
of carbon atoms in the diamines.16 Sutherland et al.16 have assigned the 
bands which are present at 1160 cm .-1 in acetamide and at similar fre
quencies in other homologous monosubstituted amides to a skeletal motion 
involving the nitrogen atom and the carbon substituted on it. The change 
in polarization of the 1171 cm .-1 band to the rolled plane due to iodine 
treatment suggests that the assignment of this band closely resembles that 
of the 1160 cm .-1 band in monosubstituted amides.

At 1076 cm .-1 a doublet band is observed. From the change in the 
polarization to the rolled plane it is likely that this band is also ascribed to a 
skeletal motion related to the amide group.

Mechanism o f the a-y Transition o f Nylon 6

It has been reported that the y-form of nylon 6 is converted into the a- 
form by drawing followed by annealing17 or by treating with a phenol 
aqueous solution,3 and that the a-form obtained by such treatments is 
again converted into the y-form by iodine treatment.17 The reversible 
y - a  and a -y  transition described here suggests that the arrangement of 
molecular chain directions in the y-form is not different from that in the 
a-form as illustrated in Figures 2a and 2b, because it is hard to believe 
that a sorting out or a inversion of the chain molecules leading to a special 
sequence of chain directions occurred during drawing, annealing, phenol 
treatment, or iodine treatment.

Hence, the mechanism of the a -y  transition due to iodine treatment is 
assumed to be as follows. Iodine enters into the crystal lattice through the 
space between the hydrogen-bonded molecular sheets and coordinates to
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the oxygen of the amide groups to form a halogen-molecule bridge18 be
tween the amide groups lying in the adjacent sheets. Consequently, the 
hydrogen bond is broken, and the amide group is preferentially twisted to a 
direction roughly perpendicular to the molecular sheet. When iodine is 
removed, the amide group couples with the nearest amide group lying in the 
adjacent sheet instead of coupling with the original one. Thus, as illus
trated in Figure 2b, the molecules Ai, Bi, . . . , and A 2, B2, . . . , are joined 
by new hydrogen bonds between the adjacent molecules and new hydrogen- 
bonded molecular sheets are formed. Therefore, in such a sheet all the 
molecular chains are similarly directed. For convenience this molecular 
sheet is named the parallel sheet, corresponding to the antiparallel sheet in 
the a-form. The structure of the 7 -form is composed of parallel sheets, 
and in such a packing of the parallel sheets the direction of the chain mole
cules are alternately inverse along the direction of stacking of sheets.

The parallel sheet was first proposed by Ivinoshita3 for the 7 -form of 
polyamides made from co-ami no acids which have the odd number of methyl
ene groups. Because of the preferential orientation of the amide group 
in the molecule, the parallel sheet assumes the pleated configuration. In 
the case of the 7 -form, the hydrogen bond makes possible the pleated con
figuration; however, it may be expected that in the iodine-adsorbed nylon 
6  the halogen-molecule bridge between the amide groups forces the mole
cules to take a similar configuration. There is no direct evidence to support 
the halogen-molecule bridge between the amide groups but the x-ray data 
on the acetone-bromine system 18 and the change in the frequency of the 
amide I band (C =  0 stretching mode) on adsorption of iodine6' 19 suggest 
this bridge.

The 0 - 7  phase transition resembles that of cellulose I to I I20 in that a 
molecule of a high polymer forms a complex compound with a simple mole
cule and the structure of the high polymer is modified.

Derivation o f the Crystal Structure o f the 7 -Form

The features of the x-ray photograph revealed that the 7 -form has a 
pseudo-hexagonal cell with the plane of the polar group perpendicular to the 
chain axis as evidenced by the prominent meridian reflections. Hence, 
all the amide groups lie at about the same level in the cell, and the inter- 
molecular distance is about 4.8 A., a probable figure for the hexagonal 
close packing of the polyamide molecules. 12

The chain repeat distance of the 7 -form is shorter than that of the a- 
form. This phenomenon has been investigated in detail by Kinoshita3 

for a series of polyamides, and it has been noticed that the 7 -forms have 
shorter chain repeat distances by about a constant than those calculated 
for the fully extended forms, the difference being independent of the number 
of the carbon atoms involved. Kinoshita has ascribed this shortening of 
the repeat distance to the favorable orientation of the amide group. This 
orientation of the amide group is evidently confirmed in the present paper 
for the 7 -form of nylon 6 . Then, in the case of the 7 -form of nylon 6 , the
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Fig. 4. Structure of the 7 -form of nylon  G: ( a )  view ed along the fiber axis; (6) viewed 
roughly perpendicular to the c axis. T h e broken line indicates the hydrogen bond
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difference between 17.24 A. in the a-form and 16.88 A. in the 7 -form results 
in rotation of the amide group by about 60° around the C— C ' and C— N 
single bonds in

O

I
H

In addition to these consideration the N H ........ 0  hydrogen bond length
between the adjacent molecules in the parallel sheet is anticipated to be 
approximately 2.8 A. by considering the frequency value of the NH stretch
ing band.

Thus, the structure of the 7 -form may be roughly determined; however, 
the height of the molecular sheet is not decided because two models, in the 
one model the side-by-side packing of sheets involves a l/$ b staggered 
shear between sheets (where b is the fiber axis) and in the other model the 
shear is absent, satisfy the consideration discussed here. The crystal struc
ture is firmly established on the basis of intensity calculation. The crystal 
structure finally chosen has the space group C\K — P2\/a and the unit cell 
is monoclinic with a =  9.33 A., b =  16.88 A. (fiber axis), c =  4.78 A., /3 
=  121°. The model of the crystal structure is shown in Figure 4. The 
detail of the structural analysis will be soon reported in a subsequent paper.

T he author wishes to  express his sincere thanks to  Professor Shunsuke M urahashi 
and Professor Shuzo Seki of O saka U n iversity  for their kind encouragem ent in the course 
of this study. H e is also indebted to D r. H. T ad okoro of O saka U n iversity  for invaluable 
advice and criticism .
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Résumé

Le mécanism e de la  transition alpha-gam m a du nylon 6  causée par un traitem en t à 
l ’iode e t la  structure de la form e du nylon 6  sont discutés sur la base de mesures de dif
fraction des rayon s-X  et d ’absorption de radiations infra-rouges polarisées, effectuées sur 
des échantillons doublem ent orientés et traités par l ’iode. Le plan du groupe am ide et 
celui du groupe m éthylène sont tous deux paraleles au plan enroulé, qui est lui même 
parallèle à  la couche m oléculaire form ée par les liens hydrogènes dans la  form e alpha du 
nylon 6 . D u  fa it de la coordination de l ’iode à l ’oxygène du groupem ent amide, le plan 
de ce dernier subit une torsion dans une direction approxim ativem ent perpendiculaire au 
plan enroulé et cette orientation préférentielle se m aintient après l ’élim ination de l ’iode. 
L ’orientation préférentielle du groupe am ide dans la molécule confirme l ’hypothèse de la 
structure en feuilles plissées proposée par K in oshita  pour la form e gam m a des polyam ides. 
Les bandes infra-rouges ont été examinées en ten an t com pte de l ’orientation préférentielle 
du groupe amide. L a  structure de la form e gam m a du nylon 6  est constituée de feuillets 
plissés form és par des chaînes moléculaires sem blablem ent dirigées e t dont les m olécules 
adjacentes sont jointes par des liaisons hydrogènes; dans cet entassem ent de feuillets, les 
directions des chaînes moléculaires sont alternativem ent inverses le long de la  direction 
de l ’entassem ent des feuillets.

Zusammenfassung

D er M echanism us der durch Jodbehandlung bew irkten a-y-U m w an dlun g von N ylon  
6  sowie die S tru ktu r der -/-Form von  N ylon  6  werden auf der Basis von  Röntgenbeugungs
messungen und M ikroabsorptionsm essungen im polarisierten Infrarot diskutiert. Sowoh 
die Ebene der Am id-als auch diejenige der M ethylengruppe ist der gedrehten Fläche 
parallel, die der die W asserstoffbrückenbindungen enthaltenden M olekülebene in der 
a-Form  von N ylon  6  parallel ist. D ie  Ebene der Am idgruppe ist durch Koordination des 
Jods m it dem Sauerstoff der Am idgruppe bevorzugt in eine zur gedrehten Fläche senk
rechte R ichtun g verdreht. D iese bevorzugte Orientierung der Am idgruppe wird nach 
der E ntfernung des Jods beibehalten. D ie bevorzugte Orientierung der A m idgruppe im 
M olekül stü tzt die von  K in oshita  für die 7 -Form  von Polyam iden vorgeschlagene F a lt
b lattstruktur. E s wurden die auf die bevorzugte Orientierung der A m idgruppe zurück
gehenden IR -B an den  untersucht. D ie  S tru ktu r der 7 -Form  von N ylon  6  besteht aus 
“ pleated sheets,”  die von ähnlich gerichteten, durch W asserstoffbrückenbindungen zw i
schen den benachbarten M olekülen verbundenen M olekülketten  gebildet werden. D ie 
R ichtungen der M olekülketten  in einer solchen F altb latt-P ack u n g sind längs der P a ck 
ungsrichtung der Ebenen abwechselnd entgegengesetzt.

Received M ay 1, 1963
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The Polymerizing System: Vinyl Acetate—Diphenyl

H OW ARD C. HAAS and HELEN HUSEK, Chemical Research 
Laboratories, Polaroid Corporation, Cambridge, Massachusetts

Synopsis

T h e polym erization of v in yl acetate in  the presence of diphenyl has been studied. 
A  chain transfer constant for diphenyl of 6.4 X  10~4 was obtained from  conventional 
kinetic analysis and P „  data. T his valu e is in reasonable agreem ent w ith  values ob
tained from  an estim ation of the com bined diphenyl residues in the corresponding p oly
v in y l alcohols b y  u ltravio let spectroscopy. T h e conclusion, th a t diphenyl behaves in 
this system  predom inantly as a transfer agent and not as a comonomer, is supported b y  
an evaluation  of the data  in term s of a kinetic schem e for retarded polym erization. 
R etard ation  of the rate  of polym erization  of v in y l acetate is observed in the presence of 
diphenyl and it  is on this basis th a t abstraction of hydrogen from  diphenyl as being the 
transfer step is discarded in favor of addition of the v in y l acetate radical chain to  di
phenyl. T h e  u ltravio let dichroism  of an oriented p o lyv in y l alcohol film containing 
com bined diphenyl residues is presented.

The copolymerization of benzene with vinyl acetate was reported several 
years ago1’2 but recently refuted.3’4 During the interim period, we con
sidered that if diphenyl, with its high extinction K-band, could be co
polymerized with vinyl acetate, a useful film polarizer for the 250 m/u 
region of the ultraviolet might result. Reported polarizers for this ultra
violet range are not very efficient.5 Our thought was to prepare a vinyl 
acetate-diphenyl copolymer, convert it to polyvinyl alcohol (PVA), prepare 
a film of the latter, and then stretch this film to orient the diphenyl residues 
in the PVA chain. This paper reports the results obtained on the polarizer 
and describes a brief study which concludes that vinyl acetate chain transfers 
with diphenyl but that the extent of copolymerization is negligible.

Pure diphenyl in alcohol solution exhibits a single absorption peak at 
247 m/i with an extinction coefficient of about 2 X  104. The ultraviolet 
spectrum of an aqueous solution of PVA containing diphenyl residues 
(prepared from a polyvinyl acetate polymerized in the presence of diphenyl) 
has two absorption maxima at about 242 and 251 m/n Since radical 
attack, at least by phenyl radicals, has been shown to occur at all three ring 
positions of diphenyl6 the presence of more than one maximum is not too 
surprising. The ultraviolet dichroic behavior of a 1 mil oriented film of this 
PVA, diluted one to one with a commercial PVA (Gelvatol 2/75, Shaw- 
inigan Resins Co.), is presented in Figure 1. Dilution with normal PVA 
was desirable for reducing the optical density in the 250 m,u region. The

2 2 9 7
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Figure 1.

best results obtained yielded dichroic ratios of 2.40 and 3.14, respectively, 
for the 242 and 258 bands. The change from aqueous solution to PVA 
film resulted in a slight shift of the absorption maximum of the lower fre
quency band. After several polymerizations of vinyl acetate in the pres
ence of diphenyl, it was definitely established that diphenyl residues are 
present in the polymer, that they can be detected and estimated by ultra
violet absorption spectra, and that several species are present, since di
phenyl and mono- or dialkyl-substituted biphenyls all show a single ab
sorption maximum in this range.

To study the polymerization of vinyl acetate in the presence of diphenyl, 
the polymerizations described in Table I were carried out. The catalyst, 
a,a'-azobiscyclohexanecarbonitrile was prepared according to the pro
cedure of Thiele and Heuser7 and Dox.8

T A B L E  I
Polym erization  of V in yl A cetate  in the Presence of D iphem d, 59.6°C.

T ube

V in yl acetate D iphenyl C ata ly st, 
mole/1. 

X  102

P olym er
ization 

tim e, min.

P o ly v in y l 
acetate 

yield, g.g./25 cc. mole/1. g./25 cc. mole/1.

1 22.083 10.26 0 0 1.00 108 1.2 19 8
2 19.463 9.04 3.00 0 .78 0.750 397 0.8552
3 16.838 7.83 6.00 1.5 6 0.580 953 0.7843
4 14.225 6 .61 9.00 2.33 0 .4 15 2308 0.9950
5 11.630 5.40 12.00 3 .1 2 0.278 5328 1.0753
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Polymerizations were carried out at 59.6° in sealed glass tubes which were 
carefully evacuated prior to sealing. The mixtures were made up by placing 
the biphenyl in a 25 cc. volumetric flask, adding the catalyst, and diluting 
to volume at 59.6°C. with vinyl acetate monomer.

Figure 2.

Viscosity measurements were made on the polyvinyl acetates (PVAc) 
at 25 °C. with acetone as the solvent in a Cannon-Ostwald-Fenske viscom
eter. The viscosity data are plotted in Figure 2 as -qsv/c versus c. In 
Table II, the intrinsic viscosities are recorded together with the number- 
average degrees of polymerization calculated from the eq. (1) :'2

log P „ =  3.24 +  1.40 log [r,] (1)

T A B L E  II

Sam ple [r? ], acetone, 25 °C. P n

2 1.04 1836
3 0 .87 1512

4 0 .73 1269

5 0.68 1182

B y employing the conventional kinetic scheme,9 which includes chain 
transfer with monomer VI and solvent S, but excludes termination reactions 
involving solvent radicals, the chain transfer constant for diphenyl was 
obtained from eq. (2) by plotting l/ P n versus [S ]/[M ],

1
K

1J -_ x  ( ffa [C at]\1/2 
fc2[M] \ 2 /

(fa +  fa') f"
M S ]
M M ]

(2)

where x  is the fraction of termination reactions occurring by disproportiona
tion, /  is the fraction of catalyst radicals initiating polymerization, rate 
constants fa, fa, fa, fa', fa, and fc4are, respectively, for propogation, initiation,
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[s] /[fi]
Figure 3.

termination by combination, termination by disproportionation, chain 
transfer to monomer, and chain transfer to solvent. The [Cat]‘/!/ [M ]  
ratio was maintained constant for all values of [S ]/[M ] (see Table I) so 
that the first term on the right-hand side of eq. (2) remains constant. A 
chain transfer constant, /c4//c2 of 6.4 X  10^4 was obtained from the slope of 
Figure 3.

The polyvinyl acetates employed in the viscosity measurements were re
covered by evaporation of the acetone and converted to PVA by alkaline 
alcoholysis, care being taken to recover all the polymer. Quantitative 
ultraviolet absorption spectra were then obtained on aqueous solutions of 
the five samples. In Table III, the spectral data and the chain transfer 
constant for diphenyl as calculated from a copolymerization type treat
ment in which one of the r’s is zero are given.

d[M ] _  h [M )  _  fc[M ]
d[S] +  fc4[S] ~  fc4[S] 1 j

Several comments are necessary regarding Table III. Although there 
are two maxima in the ultraviolet, they are so close together that the as-

T A B L E  III

P V A
sample

P V A , 
g ./lO  cc.

O ptical 
density at 
254 mMa

D iphenyl
residues,
moles/

10 cc. X  106

D iphenyl 
residues, 

m ole/m ole 
of P V A c  

chains V f c ,  X  104

1 0 .2217 0 .44
(blank)

0 0 —

2 0.1886 1 .5 4 0.562 0.24 15 .2
3 0.1590 2.22 0 .914 0.38 1 2 .7
4 0 .110 6 1.9 0 0.808 0 .4 1 9 .1 5
5 0 .114 4 2.56 1 .1 2 0 .5 1 7 .4 5

C ell p ath  length is 1 cm.



V I N Y L  A C E T A T E - D I P H E N Y L  P O L Y M E R I Z A T I O N 2 3 0 1

sumption of a single maximum at 254 mg introduces very little error. Op
tical density measurements for samples 2 thru 5 were corrected for absorp
tion at 254 mg by diphenyl free PVA (sample 1). An extinction coeffi
cient of 20,800 was used to calculate the diphenyl content. This is a rea
sonable value for 2 of the 3 possible monoalkyl biphenyls and for 4 of the 
6 dialkyl biphenyls in which both rings are substituted and is somewhat 
high for the other mono or di substituted possibilities. Therefore, we 
might be tending slightly to minimize the amount of biphenyl residues 
present. We cannot account for the variation in /c4/fc2 values of Table 
III, but they are all certainly in reasonable agreement with the value of
6.4 X 10~4 obtained from P n measurements. The results imply that di
phenyl is behaving as a chain transfer agent and not as a comonomer. This 
behavior and the fact that various positions on the diphenyl are involved 
probably explain the low efficiency of the polarizer described previously.

Although the kinetic data are limited, we have taken the liberty of in
terpreting it in light of Kice’s10 scheme for retarded polymerization. We 
have used the symbolism of Peebles, Clark, and Stockmayer.2 The treat
ment leads to the equation:

q i  =  [S ]/[M ]
Qs2 a +  d Q s/[M ]  U

where

Q =  -  d In [M ]/dt

a =  kjcs/kjcf,

(3 =  k3/ k2k4

Qo = h  (fci[l ]/A'3) '/!

and Qa, Qs are values of Q in the absence or presence of solvent, respectively. 
The rate constants have the same meaning as before [eq. (2) ] and in addi
tion fc6 is for reinitiation by solvent radicals and k6 for termination by sol
vent radicals. Solvent dimerization k7, has been neglected in the treat
ment.

From the data of Table I, Q0 at 59.6°C. was found to be 0.5 X 10 “ 3 
min._1. This value is lower than that obtained by Peebles et al.,2 so it was 
necessary to establish a new dependence of Qo on initiator concentration. 
This is

Qo =  0.5 X 10-“ 2 [I]‘/! (5)

By employing eq. (5) and the data of Table I, values of Qo and Qs for 
various initiator concentrations were calculated (Table IV) and from a 
plot (Fig. 4) of Qs2 [S ]/[M ] (Qo2 — Qs2) -1 versus Q ,/[M ] a value for ¡3 
of 267 was obtained from the slope. With A’i =  2.1 X IO-5 min“ 1 for azo- 
biscyclohexanecarbonitrile at 59.6°C., it can be easily shown that kt/k2 =  
0.3 X  10“ 4. Unlike the results obtained by Peebles et al.2 for benzene,
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T A B L E  IV

Sam ple [C a t]1/2 X  102 m ole/liter Qo X  1(B Q s  X  104

2 8.68 0.43 1 .0 1
3 7.6 4 0.38 0 .5 1
4 6.46 0.32 0 .3 1
5 5.29 0.26 0 .18

this kinetic transfer constant is smaller than values obtained from the 
P n and analytical measurements. Although our kinetic data are ad
mittedly crude, the result certainly lends credence to the viewpoint that 
diphenyl is not copolymerizing with vinyl acetate.

In their recent publication, based on the ethylene-benzene system, M or
timer and Arnold4 conclude that the free radical copolymerization of ben
zene is impossible. They also state that benzene produces essentially no 
retardation in the rate of polymerization of ethylene and argue in favor 
for the transfer step as being

R • +  C 6H 6 - *  R H  +  C 6H 6• (6)

The polymerization of vinyl acetate by azonitrile catalysts should result in 
a rate equation involving [M] [Cat]m . The data of Table I readily dem
onstrate that diphenyl retards the rate of polymerization of vinyl ace
tate. It is therefore difficult to understand how in the vinyl acetate system, 
the transfer step can be of the type described by eq. (6), since Cells- or 
CeHeCeHs-, being active radicals, should not result in much rate diminu
tion. On the other hand, the postulate that the growing chain does add

O A c
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to diphenyl to produce a radical which is resonance-stabilized, has a longer 
lifetime, and finally either ejects H- or abstracts H- from vinyl acetate, 
is more in accord with the facts.

Experimental

A  mixture of 7 g. of vinyl acetate, 7 g. of diphenyl, and 7 mg. of azobisiso- 
butyronitrile were polymerized at 80°C. in an evacuated sealed glass tube. 
The polyvinyl acetate was isolated by precipitation into hexane and exhaus
tively purified to remove uncombined diphenyl by reprecipitations from 
acetone solution into hexane. PVA was obtained by dissolving the PVAc 
in methanol, adding a catalytic amount of sodium methoxide and refluxing 
for 20 min. The PVA was further purified by several reprecipitations from 
water into methanol. After casting a film on glass, drying, and stretching 
the film over a hot plate about 5 times its original length, its dichroic prop
erties (Fig. 1) were measured with a model 14 Cary spectrophotometer 
equipped with a Glan-Foucault prism.

The polyvinyl acetates of Table I were isolated and purified in the same 
manner as described above as was also the conversion to PVA. Although 
only one set of spectral data is given in Table III, two sets of measurements 
separated by an additional reprecipitation of the PVA were made to insure 
that no uncombined diphenyl was contaminating the PVA samples. It 
is assumed and reasonably so that diphenyl is present in the polymer as the 
aromatic species, since one transfer mechanism (loss of H -) produces that 
directly, and phenylcyclohexadiene types should be readily reoxidized by 
air during the prolonged workup.
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Résumé

On a effectué l ’étude de la potym érisation de l ’acétate de vinyle en présence de di- 
phényle. A  partir de l ’analyse cinétique ordinaire et des valeurs de P n, on a obtenu une 
constante de transfert de chaîne de 6.4 X  10 -4 pour le diphényle. C ette  valeur s’accord 
assez bien avec celles que fournit la spectroscopie u ltraviolette par l ’estim ation du nombre 
de groupem ent diphényles incorporés dans l ’alcool polyvin ylique correspondant. Une
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interprétation des résultats sur la base du schém a cinétique d ’une polym érisation re
tardée renforce l'hypothèse su ivan t laquelle le diphényle se com porte principalem ent dans 
ce systèm e comme un agent de transfert e t non comme un comonomère. On observe un 
retard dans la vitesse de polym érisation de l ’acétate de v inyle  en présence de diphényle 
et c ’est sur cette base que l ’on écarte l ’arrachem ent d ’un hydrogène du déphényle comme 
étape de transfert au profit d ’une addition de la chaîne radicalaire de l ’acétate de v inyle  
au diphényle. On m ontre égalem ent le dichroisme u ltraviolet d ’un film d ’alcool poly- 
v inylique contenant des groupes diphényles incorporés.

Zusammenfassung

E s wurde die Polym erisation von Y in y lace ta t in G egenw art von D iphen yl untersucht. 
Aus einer konventionellen kinetischen A nalyse und P „-D aten  wurde die Ü bertragungs
konstante von D iphenyl zu 6,4 X  10 -4 bestim m t. D ieser W ert stim m t m it dem durch 
U V-spektroskopische Bestim m ung der in den entsprechenden Polyvin ylalkoholen  einge
bauten D iphenylreste erm ittelten W ert gu t überein. D ie Annahm e, dass D ip hen yl in 
diesem System  in erster Linie als Ü berträger und n icht als Com onom eres wirksam  ist, 
wird durch eine E rm ittlun g der D aten  an H and eines kinetischen Schem as für verzögerte 
Polym erisation gestützt. In G egenw art von  D ip hen yl wurde eine Verzögerung der 
Polym erisation  beobachtet und man nim m t daher an, dass der Ü bertragungsschritt nicht 
in einer W asserstoffabspaltung vom  D iphenyl, sondern in der A ddition einer V in yl- 
acetatradikalkette  an das D iphen yl besteht. E s wfird der U V-D ichroism us eines orien
tierten Polyvinylalkoholfilm es m it eingebauten D iphenylresten beschrieben.

Received M ay 2, 1963



J O U R N A L  O F  P O L Y M E R  S C I E N C E :  P A R T  A  V O L .  2 , P P .  2 3 0 5 -2 3 2 6  ( 1 9 6 4 )

Fractionation of Polymers of Higher a-Olefins

D. L. FLOW ERS,* W. A. H E W E T T ,f and R. D. M U LLIN EAU X, Shell 
Development Company, Emeryville, California

Synopsis

F ractionation  of 1-10  g. sam ples of a series of poly-a-olefins in a glass bead column 
has been studied. A  therm al gradient was found to  decrease fractionation efficiency 
relative to  th a t obtained a t constant (am bient) tem peratures. A  “ stepw ise-continuous”  
solvent gradient technique was developed to  im prove fractionation of the high m olecular 
weight m aterial. F ractionation  efficiency decreased w ith increasing bead loading but 
was still good at polym er to  bead ratios of 0.1 com pared to  the ratio  of 0.01 usually used; 
efficiency is poorer in the absence of a  column, even when the latter is operated at con
stan t tem perature. T he K u hn -M ark-H ouw ink equation was used to  correlate intrinsic 
viscosities to  light-scattering m olecular weights. Values of th e constants were K  =

2.1 X  10 -1 and a  =  0.61. M olecular w eight distribution correlations show these p o ly 
mers to  have very  high M w/ M n.

INTRODUCTION

Fractionation of polymers, notably polyethylene, polypropylene, and 
polystyrene by stepwise or continuous elution techniques has been reported 
by a number of authors.1-9 The original work of Desreux,3 which provided 
for a number of possible solvent gradients, was modified and simplified 
by Francis et al.5 A further modification was introduced by Kenyon and 
Salyer,8 who reported that fractionation of certain high molecular weight 
polyethylenes was improved by “ selective precipitation”  of polymer on 
support. A  different approach was taken by Baker and Williams,2 who 
imposed a temperature gradient along the column and used a continuously 
varying exponential solvent gradient. Their success in fractionating a low 
conversion polystyrene by this technique led to the proposal that reprecip
itation of higher molecular weight species occurredi n the lower, cooler 
zones of the column. This method has been designated “ precipitation 
chromatography. ’ ’ 9

A comparison of elution fractionation and precipitation chromatography 
for the fractionation of polystyrene has been made by Schneider et al.10 and 
for the fractionation of polyethylene by Guillet et al.11 Precipitation 
chromatography was found to provide a better separation with polyethylene 
and with one low molecular weight sample of polystyrene, but the two 
methods were essentially equivalent for a majority of the polystyrenes.

* Present address: A m pex Corporation, R edw ood C ity , Calif.
f  Present address: IB M  Research L aboratory, San Jose, C alif.
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It was suggested that the surprising efficiency of the elution method could be 
accounted for by polymer adsorption in the lower section of the column. 
Such adsorption has been shown to increase with increasing molecular 
weight on smooth surfaces with poor solvents,12 which are just the condi
tions obtaining in elution fractionation.

A similar comparison of the two techniques was undertaken in these 
laboratories when inadequate separations were obtained by precipitation 
chromatography of the copolymers of 1-octadecene and 1-dodecene. These 
poly-a-olefins were prepared with Ziegler-type catalysts18 under a wide 
range of conditions which led to average molecular weights between 5 X  103 
and 1 X 107.

The results of the investigation of the effect of fractionation variables on 
the fractionation of these poly-a-olefins and a comparison of the molecular 
weight distributions of the fractionated polymers are reported in this paper.

EXPERIMENTAL AND RESULTS 

Fractionation Apparatus

Polymer fractionations were carried out using the techniques of precipita
tion chromatography1’2’9 and modifications thereof described in the follow-

Fig. 1. Precipitation chrom atography apparatus.
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ing section. To reduce manpower and improve reliability, numerous minor 
modifications of the apparatus were made. A  schematic diagram of the 
fractionation column, which is essentially the same as that of Jungnickel 
and Weiss,9 is shown in Figure 1. This column is both versatile and easy to 
operate; it has even been used to de-oil commercial polymeric additive 
concentrates. It consists of a 1-in. O.D. copper pipe, 36 in. long; copper is 
used because of its excellent heat and conductivity. Sketches of the upper 
and lower heads for the column are shown in Figures 2 and 3.

Chromalox, No. C-203, 100 W./115 v. heaters operated from Hallikainen 
Thermotrol Model 1053 electronic relays are used to thermostat the top 
(73°C.) and bottom (23 °C.) heads of the column when a thermal gradient is 
used. The bottom head block also has a cooling coil machined into it. 
This serves to assist temperature control in the lower head at ambient 
temperature or below. A  nearly linear temperature gradient throughout 
the column is obtained in this way as shown in Figure 4. The temperature 
gradient is continuously monitored with four evenly spaced thermocouples
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lU "  Deep Counter B ore to

Fig. 3. Low er head. Fabricate front 4-in. nom inal diam eter copper bar. C ounter 
bore for copper pipe, heater holes, and resistance therm om eter hole same as sltown for 
upper head.

attached to the column skin as shown in Figure 1. A permanent record is 
kept by use of a Brown recorder.

The column is wet-packed with fine glass beads, cleaned after Jungnickel’s 
procedure.9 The beads are a 200-235 mesh fraction (about 50%) of 
Superbrite pavement marking beads, Type 115 Regular, purchased from 
Minnesota Mining and Manufacturing Company. The solvent mixer, 
fraction collector, and micro bellows pump have been described elsewhere.9 
A typical precipitation chromatography curve obtained with this column 
at a 50°C. temperature gradient is shown in Figure 5, for one of the poly-a- 
olefins (PA 1).

Fractionation Procedure

Before addition of the glass bead-polymer sample, the column was 
flushed for 24 hr. with benzene, followed by 24 hr. with ethyl alcohol. 
The used glass beads (75 g.) from the previous experiment were then re
moved to accommodate the next sample. A  1-10 g. polymer sample to 
be fractionated was accurately weighed and dissolved in about 50 ml. of
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Fig. 4. Tem perature profile of fractionation column.

benzene. A  glass bead sample of 75-100 g. was weighed separately and 
added to the polymer solution. Benzene was evaporated on the steam 
bath with frequent stirring as the sample began to dry in order to obtain 
a uniformly dispersed polymer film on the beads. After drying, the sample 
to be fractionated was made into a slurry with 50 ml. of the nonsolvent, 
ethyl alcohol, and the mixture was introduced into the top of the column.

The flow rate was set by suitable adjustment of the micro bellows pump 
at approximately 20 ml. of eluant per hour. Ninety-minute fractions were 
collected in tared 1-oz. vials by a Microchemical Specialties Company 
fraction collector equipped with an electronic timer. Later, when the 
solubility and rate of solution properties of the polymer were known, 4- 
or 8-hr. samples were taken to save the time of recombining many small 
fractions. The mixing vessel contained a constant 735 ml. of an expo
nentially decreasing concentration of poor solvent while the dropping fun
nel contained the good solvent.2'9

Flow time for solvent entering the top of the column until it appeared 
in the eluant was approximately 4 hr. If monomer was present in the 
polymer, it appeared in the eluant in about 4-8 hr., but polymer fractions 
did not appear until about 18 hr. after the start of the fractionation. The 
bulk of the solvent was removed from the eluant fractions in a steam oven 
at 90°C. Final solvent traces were removed in a vacuum oven at 70°C., 
<  2 mm. Hg pressure, for 2 hr. The change in weight due to this last treat-
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Fig. 5. S olven t gradient and polym er elution curves for P A  1.

ment was usually negligible; therefore it was assumed that all solvent had 
been removed.

The viscosity of polymer samples in cetane was determined both before 
and after a week’s exposure at 90°C. in the steam oven. No resultant 
viscosity change was noted; thus no thermal degradation or other signifi
cant change would appear to have occurred to the polymers during frac
tionation and solvent removal.

In taking samples for viscosity measurement, a sufficient number of ad
jacent fractions were combined in the lower molecular weight ranges so that 
at least 0.1 g. of polymer in 10 ml. of cetane was provided. For higher 
molecular weight fractions, 0.04-g. samples were found to be sufficient. 
A total of around 10-20 fractions was ultimately obtained, each fraction 
being dissolved in about 5 ml. of benzene used to facilitate transfers. These 
were filtered through sintered glass with minimum washing into tared 10-mi. 
volumetric flasks and the solvent was removed as before. The flasks were 
reweighed to determine the weight of each combined fraction. This served 
as a check that all solvent had been removed and that no polymer was lost
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in the combination of smaller fractions. The samples were dissolved in 
about 5 ml. of ASTM  cetane with mild heating on the steam bath, cooled 
to room temperature, and the flasks were filled to mark. After thorough 
mixing, the solutions were filtered through millipore (SM) 5/z pore diame
ter filters into clean, dust-free vials for viscosity measurement. Viscosity 
was determined at 100°F. on the original sample and on samples diluted 1:1 
and 1:3 with cetane. A  semimicro capillary viscometer gave very satis
factory results with the 5- or 10-ml. samples available. Intrinsic viscosi
ties, [7 7 ] ,  were obtained from these data by the conventional double plot of 
Vsv/c versus c. and In q versus c. From these data, the distribution curves 
were constructed.

Fractionation Variables

Thermal Gradient. Baker and Williams2 added two innovations to 
previous elution fractionation techniques in the development of their pre
cipitation chromatography procedure, a solvent gradient and a tempera
ture gradient. The difference between the log-normal distribution of our 
poly-a-olefins and the normal distribution of the polystyrenes investigated 
by Baker and Williams led to difficulties in the application of their method.

T A B L E  I
F ractionation  of P A  6 w ithout Therm al Gradient,"

Solvent

B enzene concn., v o l.-%  Polym er
Elution  ------------------------------------------ ------------------------------

volum e per 
fraction, m l.b

A vg. colum n 
chg. per fract.

Good
solvent

C um ulative 
weight, %

Intrinsic 
viscosity, dl./g.

3420 50c 60 5 .9 0.036
55

1140 64 70 15 .8 0.065

1140 71 75 24.3 0 .120

380 75 80 3 3.4 0.180

100 7 7 80 4 1 .4 0.270
190 78 .5 80 5 1.0 0.350

05 7 9 .5 SO 59.0 0.460

05 80 80 64.9 0.560

95 SO 80 70 .5 0.670

05 so 80 7 4 .7 1 .2 5

05 80 80 78.4 0.96

05 80 80 82.4 1 .1 0

95 SO 80 8 5 .7 1 .2 5

190 81 85 8 9 .5 1 .6 5

190 S3 85 94.3 3 .5 5

380 90 100 98.2 4 .70

"F ractio n atio n  conditions: 23 °C .; stepw ise continuous solvent gradient; 1 g. p oly
mer on 75 g. beads. Polym er characteristics: M 'e tln i',  0.782; M w, 7.1 X  105. 

b F low  rate 23.8 ml./hr.
e Initial concentration in mixer.
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T A B L E  II
F ractionation  of P A  6 with Therm al G radient“

Solvent
Polym er

Elution  
volum e per 

fraction, 
ml.»

Benzene concn. , v o l.-%

C um ulative 
w eight, %

Intrinsic
viscosity,

dl./g.
A vg . column 

chg. per fract.
Good

solvent

1680 0° 75 1 .5 0.06
35

260 70 75 18 .7 0 .12

260 7 1 .5 75 37 .0 0.26
260 7 2 .5 75 4 2.4 0.33
260 7 3 .5 75 4 8 .5 0.40
175 74 .5 80 5 3 .1 0.46
175 7 5 .5 80 5 7 .1 0.53
175 76 .5 80 6 3 .1 0.68
175 78 80 7 1 .1 0.80
175 7 9 .5 80 78 .3 1 .1
175 80 80 84.2 1 .6
175 80 80 90.4 2 .4
175 80 80 92.9 —
350 80 80 94.5 2 .6
525 80 80 95.3 1 .5
250 85 100 — Lost

“ Fractionation conditions: T op  70 °C ., bottom  23°C .; stepw ise continuous solvent 
gradient; 1 g. polym er on 75 g. beads. Polym er characteristics: h]JetineF') 0.782; M w, 

7.1 X  106.
b F low  rate 23 ml./hr. 
c Initial concentration in m ixing vessel.

Consequently, we reinvestigated the effects of temperature and solvent 
gradients.

PA 6 with a molecular weight of 710,000 was fractionated in the column 
in the presence and in the absence of a thermal gradient. From the data 
of Table I and II, integral distribution curves of Figure 6 were constructed.

Figure 6 clearly shows that a better fractionation was obtained in the 
absence of a thermal gradient with this poly-a-olefin. Better resolution of 
low-from-high molecular weight components raised the level of the curve 
in the low and intermediate intrinsic viscosity range and eliminated the 
“ blacklash,”  i.e., the return to lower intrinsic viscosity of the final frac
tion. Furthermore, considerably better resolution of the high molecular 
weight tail occurred in the absence of the thermal gradient. This resulted 
in spite of the fact that a lower average concentration of good solvent was 
used with the thermal gradient than in its absence.

Solvent Gradient. The exponential change in solvent concentration 
with total volume of solvent introduced to the column produced by the 
Baker-Williams mixing technique was designed to match the exponential 
molecular weight change characteristic of the normal molecular weight
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F ig. 6. F ractionation  of P A  6 in presence or absence of a therm al gradient.

distribution of polystyrene. The rapid change in solvent gradient in the 
low molecular weight regions occurs well before the critical high molecular 
weight fractions are eluted for this type of distribution. Even so, both 
Schneider10 and Jungnickel9 report that the composition of the good solvent 
should be chosen carefully to be just capable of dissolving the least soluble 
portion of the sample.

The exponential solvent gradient obviously does not match the log
normal weight distribution characteristic of the Ziegler poly-a-olefins 
which has 80%  of the total weight concentrated in a narrow low molecular 
weight band and the remaining 20%  spread out over a broad high molecular 
weight band. Fractionation is particularly difficult in the transition be
tween the bulk and the high molecular weight tail. For some polymers 
separation in this region is made even more difficult by an extreme non
linearity of the relationship between molecular weight and solubility as 
shown in Figure 7. The rate of change of solubility with molecular weight 
of octadecene/dodecene copolymers, as measured by viscosity, decreases 
sharply with increasing molecular weight at an intrinsic viscosity of about 
0.5 d l./g. As a result, at lower molecular weights a change of 1% volume 
in the benzene concentration only changes the intrinsic viscosity of the 
eluted polymer by about 0.01 d l./g . For elution of higher molecular weight 
polymer, a change of 1% volume in the benzene concentration changes the 
intrinsic viscosity of eluted polymer by over 1.00 d l./g. Hence, a change 
in elution sensitivity of 100 is observed. Fractionation becomes increas
ingly difficult as the average molecular weight of a polymer with a log
normal distribution increases to the point where the transition between low 
and high molecular weight regions lies above the break point in the solu
bility-molecular weight curve.

As a consequence of the effects outlined above, fractionation difficulty 
increases with increasing molecular weight of the poly-a-olefins, even when
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Fig. 8. Stepwise-continuous vs. continuous solvent gradient, no therm al gradient.
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the thermal gradient is omitted. We have overcome this difficulty by 
using a stepwise-continuous solvent gradient. The mixing system of 
Baker and Williams2 is retained in this procedure. However, the good sol
vent used initially is a mixture of solvent and nonsolvent with insufficient 
solvency to dissolve any of the high molecular weight tail of the log-normal 
distribution. When no more polymer is eluted with this mixture, the sol
vent power of the good solvent is increased and further fractions are taken. 
In this way, the solvency change in the critical region can be controlled at 
a desired rate.

The improvement in fractionation efficiency obtained by this technique

TABLE III
Fractionation of PA 2a

Solvent

Benzene concn., vol.-% Polymer
Elution ------------------------------------------  ------------------------ -------------------------

volume per Avg. column Good Cumulative Intrinsic
fraction, ml.b chg. per fract. solvent weight, %  viscosity, dl./g.

0'
1020 34 00 Monomers

ISO 70 00 2 5 0.348
240 74.2 00 19 . 7 1.98
210 7!) 00 45 .9 1.53
218 82 00 66 .3 1.28
120 S3.4 00 78 .4 1 .51

1020 02 100 90 .9 1.36

i’ractiongition conditions: 23°C.; continuous solvent gr;«lient; 1 g. polymer
beads. Polymer characteristics : r 1100° F. \v Jcetane , 1.53; M w, 2.2 X 106.

b Flow rate; 13 ml./hr. 
c Initial concentration in mixing vessel.
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is shown graphically in Figure 8. Essentially, no fractionation of a 2 
X 106 average molecular weight poly-a-olefin (Table III) was obtained 
with a continuous solvent gradient using 90% benzene in ethanol as the 
good solvent. Good fractionations of both higher, PA 7 (Table IV), and 
lower, PA 6 (Table 1), molecular weight poly-a-olefins were obtained by 
using the stepwise-continuous gradient technique starting with 60% ben
zene in ethanol as the good solvent.

TABLE IV 
Fractionation of PA 7a

Solvent

Polymer
Elution 

volume per 
fraction, ml.b

Benzene concn., vol.-%

Avg. column 
chg. per fract.

Good
solvent

Cumulative 
weight, %

Intrinsic 
viscosity, dl./g.

50»
1500 61 75 3.8 0.08
1500 76 80 13.1 0.22
1000 80 80 23.4 0.47
600 81.5 85 32.4 0.70
600 83.5 85 40.0 0.92
100 84 85 50.2 1.45
100 84.5 85 67.6 3.70
100 85 85 84.3 5.80
100 85 85 92.2 5.80

1600 92 100 97.2 2.80

a Fractionation conditions: 23°C.; stepwise-continuous solvent gradient; 1 g. polymer 
on 75 g. beads. Polymer characteristics: [i?]oetanJ'> 2.56; ¥», 5.5 X  10.6 

b Flowrate 17 ml./hr.
0 Initial concentration in mixing vessel.

Large-Scale Column Fractionation

Narrow molecular weight fractions from the 1-g. analytical fractionations 
described above are too small to be of much use for further investigation. 
Fractionation of 10-g. samples by the stepwise-continuous solvent gradient, 
constant temperature, elution fractionation technique was investigated, 
therefore, as a means of preparing narrow molecular weight fractions which 
could be used in subsequent experiments.

The results from the fractionation of 10 g. of PA 3, a low molecular weight 
polymer (Mw =  270,000), are compared in Figure 9 (data in Table V) 
with the results from 1-g. precipitation fractionations. The desired solvent 
gradient was achieved in the 10-g. fractionation by very slowly approaching 
the critical concentration of 77.5% benzene in ethanol and then proceeding 
to the higher benzene concentrations necessary to elute the high molecular 
weight tail. The results indicate that the 10-g., stepwise-continuous sol
vent gradient elution fractionation was essentially equivalent to the 1-g. 
continuous solvent gradient/thermal gradient precipitation chromato
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graphic fractionation. The absence of a backlash is good evidence that the 
extensive elution at concentrations approaching 77.5% benzene in ethanol 
successfully removed the low and middle molecular weight polymer before 
the high molecular weight tail was eluted.

Further evidence of the efficiency of removal of low molecular weight 
components by this technique was obtained by combining and refractionating 
the last two fractions, [tj] =  1.50 and 3.53 dl./g., from the 10 g. fractionation. 
The results are tabulated in Table VI and plotted as the lower curve in Fig
ure 9. Considerably less than 10% of the material in these fractions had 
intrinsic viscosities below 1.06, the intrinsic viscosity of the next lower frac
tion in the initial fractionation. This compares to the 50% or more low 
molecular weight material required to produce a backlash.

Elution Fractionation Without Column

Even larger samples of narrow molecular weight polymers than those 
obtained by the technique described in the previous section are often 
desired. Fractions were obtained, at considerable sacrifice in fractionation 
efficiency, by batchwise elution of polymer from beads in ordinary Erlen- 
meyer flasks.

The following procedure was used. Polymer was deposited on beads in 
the normal fashion. The polymer-loaded beads were placed in Erlenmeyer 
flasks of suitable size and shaken at room temperature with the amounts and 
concentrations of solvents such that a slow approach to the critical concen
tration range was achieved. All of the resulting solutions were clear, in-

Fig. 10. Flask elution fractionation of PA 3.
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Fig. 11. Intrinsic viscosity-light scattering molecular weight correlation for poly-a-
olefins.

dicating that polymer gel strength was sufficient to prevent removal of 
polymer from the beads by abrasion during the shaking.

Integral fractionation curves from several exploratory fractionations 
of PA 3 by this technique are compared with the 10-g, fractionation of this 
same polymer in Figure 10.

These results indicate that flask fractionation is not equivalent to column 
fractionation even when considerably lower bead loadings are used in the 
former. As might be expected, separation of the high molecular weight 
tail from the middle range material was particularly poor in the flask frac
tionation. Extremely poor results were obtained at higher bead loadings.

Molecular Weight-Intrinsic Viscosity Relation for C:2—js Poly-a-olefins

The molecular weight of these Ziegler polymers was determined by light 
scattering, employing a Brice-Phoenix, series 1973 instrument. Zimm 
plots were used to correct for angular dissymmetry in these calculations. 
Thereafter, the Kuhn-Mark-Houwink equation

v = K M a

was used to correlate intrinsic viscosities to molecular weights. From 
the log-log plot, Figure 11, it was found that

K  =  2.1 X 10-4

a =  0.61
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C u m u la t iv e  W e ig h t  P e r c e n t

Fig. 12. Molecular weight distribution of poly-a-olefins.

This is somewhat in disagreement with Jungnickel’s value of «  being 1.04.9 
It should be pointed out that this study was made over a much wider 
molecular weight range and that Jungnickel’s measurements were carried 
out on very dilute solutions with the consequent problems of accuracy in 
the determination of r\sv and ijTei.

Comparison o f Molecular Weight Distribution o f Polymers Obtained with 
Different Catalysts and Conditions

A number of poly-«-olefins prepared under a variety of reaction condi
tions with TiCh“ 2AlEt3 and modifications thereof as catalysts were frac
tionated so that molecular weight distributions could also be compared. 
Properties of these polymers are given in Table VII, and log-normal plots 
of the molecular weights distributions are shown in Figure 12.

Five of the six polymers shown in Figure 12 present distributions that 
are almost parallel to each other. Thus, it appears, in general, that all of 
the catalysts and conditions employed in synthesis give similar molec
ular weight distributions.
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For a more quantitative comparison of these molecular weight distribu
tions, one makes use of the observations of Weslau. 1 4  From these observa
tions it can be shown that

Mw =  ([r]]o.i/K)1/a exp{<nv2/2 a 2}

where

aiv = In ( [ 7 7  ]o.84/ [■>?]o.bo)

and
M n =  ( M o V i Q ^ e x p j - ^ v V ^ a 2}

where

K  =  2.1 X 1( ) - 4

a  =  0.(>1

and Q, a conventional measure of the polydispersity of a polymer, is

M w/ M n =  e x p {o - i v 2/ “ 2i

These quantities as well as the viscosity-average molecular weight, as 
determined by viscosity-light scattering correlation, are shown in Table
VII.

The large amount of low molecular weight material and the very broad 
high molecular weight tail characteristic of this type of distribution is well 
illustrated by the extremely high value of Q(MW/Mn) obtained for these 
polymers.

DISCUSSION

These experiments clearly show a contribution of the column to frac
tionation efficiency even in the absence of reprecipitation resulting from 
a temperature gradient. The selective adsorption proposed by Schneider 
et al.10 could adequately account for such an effect. A 1 1  alternative ex
planation would invoke the exchange of lower molecular weight polymer 
on the beads for higher molecular weight polymer in the saturated solution 
as it flows through lower, as yet uneluted, zones of polymer-coated beads. 
This explanation requires that equilibrium be established rapidly relative 
to the rate of flow of solvent through the column. Such is apparently 
the case since the results of the “ flask” fractionations indicate that sat
uration is achieved in less than 10 min., which is the time required for the 
solvent to travel only approximately 1.5 in. of the 10-in. section of poly
mer-coated beads.

The finding by Schneider et al.10 that no improvement in fractionation 
resulted from spreading polymer over all the beads in a column as compared 
to concentrating it in the center l/ 3 of the column is evidence against the 
latter mechanism. However, a more thorough study is necessary to 
establish the mechanism by which fractionation occurs. Of particular
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interest would be an examination of the effect of increasing the length of 
the uncoated column of beads.

The present results demonstrate that the temperature gradient inherent 
in precipitation chromatography does not necessarily increase fractionation 
efficiency. The relative efficiencies of fractionation in the presence and 
absence of a thermal gradient may well depend on the relative effectiveness 
of temperature decrease and adsorption on beads for selective removal of 
the high molecular weight portion of polymer from solution as it moves 
down the column. The stepwise-continuous solvent gradient technique 
offers an advantage in either system whenever difficulty is encountered in 
resolving the high molecular weight fractions.

The similarity of molecular weight distributions for the different reac
tion conditions demonstrate the importance of good fractionation to the 
interpretation of experimental results. Early, inadequate fractionations 
had indicated that both average molecular weight and molecular weight 
distribution were strongly affected by the reaction variables. However, 
the apparent variations in the latter were found to be a function of frac
tionation efficiency rather than reaction conditions.

The authors wish to express their thanks to J. L. Jungniekel and F. T. Weiss for aid in 
construction of the apparatus and interpretation of the results and to R C. Jones for 
many helpful discussions.
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Résumé

On a étudié le fractionnement d’échantillons de 1 à 10 grs d une série de poly-alpha- 
oléfines dans une colonne de perles de verre. On a trouvé qu’un gradient thermique 
diminuait l’efficacité du fractionnement relativement à celle obtenue à des températures 
constantes (ambiantes). Une technique de gradient en solvant par étapes sucessives 
et continues a été développée pour perfectionner le fractionnement du matériel de haut 
poids moléculaire. L’efficacité du fractionnement décroît en augmentant la charge en
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perles mais elle était encore bonne pour des rapports polymère-perles de 0.1 comparé avec 
le rapport 0.01 habituellement employé. L’efficacité n’est pas si bonne en absence d’une 
colonne même quand cette dernière est effectuée à température constante. L’équation 
de Kuhn-Mark-Houwink a été employée pour relier les viscosités intrinsèques aux poids 
moléculaires obtenus par diffusion de la lumière. Les valeurs des constantes sont K  =
2.1 X 10-4 et alpha = 0.61. Des corrélations dans la distribution des poids moléculaires 
montrent que ces polymères ont un rapport M w/ M n.

Zusammenfassung

Die Fraktionierung von Proben von 1 bis 10 g einer Reihe von Poly-o-Olefinen mittels 
einer Glaskügelchenkolonne wurde untersucht. Dabei wurde gefunden, dass ein Tem
peraturgradient die Fraktionierungswirksamkeit gegenüber derjenigen bei konstanter 
Raumtemperatur herabsetzt. Zur Verbesserung der Fraktionierung von hochmole
kularem Material wurde eine Technik mit “schrittweise-kontinuierlichem” Lösungsmit
telgradienten entwickelt. Die Fraktionierungswirksamkeit nahm zwar mit steigender 
Beladung des Füllkörpers ab, war jedoch noch bei einem Verhältnis von Polymerem zu 
Füllkörper von 0,1 gut; vergleichweise liegt das üblicherweise verwendete Verhältnis bei 
0,01. Bei Abwesenheit einer Kolonne ist die Wirksamkeit geringer, auch wenn kon
stante Temperatur verwendet wrird. Zur Korrelation der Viskositätszahl mit dem durch 
Lichtstreuung bestimmten Molekulargewicht wurde die Kuhn-Mark-Houwink-Gleiehung 
mit den Konstanten K  =  2,1 X 10-4 und a  =  0,61 verwendet. Wie aus der Molekularge- 
wichtsverteilung hervorgeht, ist bei den untersuchten Polymeren M w/ M n sehr gross.

Received May 3, 1963
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Investigation of the Stereoregularity of 
Poly (vinyl Alcohol)*

KIYOSHI FUJII, TAKANI MOCHIZUKI, SABURO IMOTO, JUNJI 
UKIDA, and MASAKAZU MATSUMOTO, Research Laboratory, 
Kurashiki Rayon Company, Sakazu, Kurashiki, Okayama, Japan

Synopsis

Studies of the steric structures of poly(vinyl alcohol), as deduced from studies of the 
structures of its esters, particularly poly(vinyl formate) are described. Two types of 
tactic polyfvinyl formate) crystallize with different structures, coresponding to their 
different molecular structures. Therefore, the type of molecular stereoregularity in 
poly(vinyl formate) samples can be deduced from an examination of the crystals pro
duced by a given crystallization treatment. From the results of the study of the poly- 
(vinyl formate) crystals, some conclusions can be drawn concerning the steric structure 
of poly(vinyl alcohol). Crystallizabilities of other tactic poly(vinyl esters) have also 
been investigated.

Introduction

There has been much discussion1-4 of the stereochemical structure of 
poly(vinyl alcohol) (PVA), based on its x-ray diffraction pattern, before 
Natta’s work6a verifying the concept of stereospecificity in high polymers.5b 
Since then, there have been many attempts to prepare and characterize 
stereoregular PVA, with only limited success.

Except in some patents,6'7 no effective catalyst yielding stereoregular 
poly(vinyl acetate) (PVAc) has been disclosed. Attempts in our lab
oratory to reproduce the results claimed in these patents, moreover, have 
been unsuccessful. Haas et al.8 obtained a crystalline polymer from 
vinyl trifluoroacetate and, from this, a highly water-resisting PVA. De
tailed studies on this PVA gave evidence that it has a somewhat more 
ordered structure than does ordinary PVA.9-11 On the basis of the fiber 
axis repea t distance of 4.8 A. a syndiotactic structure has been proposed 
for the polv(vinyl trifluoroacetate) (PVTA) and the PVA derived there
from.10 However, Chatani et al.12 reported that PVTA derived from 
commercial PVA gave an x-ray pattern quite similar to that afforded by 
direct polymerization of vinyl trifluoroacetate. Moreover, a complete 
explanation of the fiber pattern of PVTA is rather difficult, and a repeat 
distance longer than 4.8 A. is needed to account for all layers which ap
pear.12-14 So far, x-ray investigations of PVTA and of PVA derived

* Presented at the 10th Symposium on Polymer Chemistry, Tokyo, November, 1961.,
2327
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therefrom have not led to definite conclusions as to their chain configura
tions.

A close relationship between the water-resisting ability of PVA and 
the conditions of polymerization of the original PVAc was first disclosed by 
Ukida et al.15 This work has been extended to detailed studies of the 
effect of the polymerization conditions of vinyl acetate on various other 
properties of the PVA derived therefrom. Those properties are the 
infrared absorption intensity of the crystallization-sensitive band at
8.74 ju.15’16 crystallinity measured by x-ray and density methods,17 glass 
temperature,18 melting point,18'19 rate of gelling of concentrated aqueous 
solutions,20 dependence of the viscosity of a dilute aqueous solution on the 
rate of shear,21 rate at which turbidity develops in dilute solution in a 
mixture of water and dimethyl sulfoxide,22 color reaction with iodine,11 
and molecular dimensions of poly(vinyl acetal) in solution.23 These 
properties all seem to be related, more or less, to the steric structure of 
PVA. However no conclusive results showing the steric structure—in 
particular, the predominant configuration— in PVA have been obtained 
so far.

Another approach to the problem has been taken in the preparation of 
closely related stereoregular (usually syndiotactic or isotactic) materials. 
The work first undertaken in this field was a conversion of isotactic 
poly(vinyl benzyl ether) to PVA by treatment with hydrogen bromide,24 
but a complete conversion was not attained. Recent progress in this 
field is remarkable.26-28 Also, model materials of low molecular weight, 
such as stereoisomers of 2,4-pentanediol have been announced.29

As for PVAc, polymers of vinyl formate, as usually prepared, have 
been known to be completely amorphous.30 We have, however, prepared 
crystallizable poly(vinyl formate) (PVF) by free radical polymerization of 
the monomer conducting at lower temperatures and have deduced a 
syndiotactic structure from the x-ray data.31 Detailed studies of the 
crystallizability of PVF led us to an examination of formates of PVA 
derived from isotactic polyvinyl ethers. These studies have led to some 
definite conclusions. Some of these have previously been briefly re
ported.28-33 In the present paper, details of the preparation and the 
characterization of the two types of stereoregular PVF, PVA, and other 
polyvinyl esters will be reported.

Preparation o f Syndiotactic PVF

In the course of our studies on various vinyl esters and PVA derived 
therefrom, an unexpected stereoregulating effect was observed in the 
polymerization of vinyl formate.32 PVA derived from PVF has a smaller 
amount of 1,2-glycol bonding and a higher water resistance than that 
derived from PVAc, prepared at the same polymerization temperature. 
All properties examined—iodine reaction, infrared absorption band at
8.74 ii, glass temperature, melting point, etc.—showed that PVA derived 
from the formate has a more ordered structure as compared with that
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derived from the acetate as exemplified in Table I. The cause of this 
effect was ascribed to an interaction (hydrogen bonding) between formyl 
groups in the monomer. The interaction between the formyl groups also 
produces a marked dependence of the properties of PVF—density, glass 
temperature, solubility, and gelling rate of solution—on the polymeriza
tion temperatures (see Table II). Moreover some crystallinity was 
shown in x-ray photographs of PVF samples prepared by polymerization 
at lower temperatures.

TABLE I
Properties of PVA derived from PVF and PVAe

Monomer

Polymer
ization
temp.,

°C. D.P.

1,2
Glycol-
content,

mole-%“

Degree of 
swelling 
in wate rb

Glass
temp.,

°C.c

Melting
point,
°C.d

Vinyl 60 4590 1.06 1.9 — —

formate
-7 8 1090 0.23 0.95 97 265

Vinyl 60 3530 1.82 3.1 90 240
acetate

-7 8 1590 0.42 1.6 92 -

a Consumption of periodic acid was determined polarographically. 
b Weight of water absorbed/weight of PVA at 30°C.; PVA film (0.15 mm. thickness). 
0 Determined dilatometrically. 
d Determined from temperature-elongation curve.

TABLE II
Properties of PVF Prepared at Different Polymerization Temperatures

Density
Polymerization temp., °C. (30°C.), g./cc.

Glass temp., 
°C.“

Solubility 
acetonitrile 

at room temp.

60 1.3444 — Soluble
30 1.3445 30.5 Soluble

-3 0 1.3466 34.0 Insoluble
-6 0

PVF derived from
1.3476 37.0 Insoluble

PVTA prepared at 
60°C.

1.347 Insoluble

Determined dilatometrically.

PVF, like PVAc,34 prepared by free radical polymerization of the mono
mer gives two amorphous rings in its x-ray diagram in amorphous state. 
However, when PVF prepared by polymerization at lower temperatures 
is cast from a solution in acetonitrile at room temperature a crystal
line peak appears at 26 =  13.5°, with reduction in the intensity of the 
inner halo, as shown in Figure 1. The intensity of the peak becomes 
higher as the polymerization temperature is lowered. When stretched,
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Fig. 1. Scanning curves for poly(vinyl formate) prepared by polymerization at —78°C.

the PVF sample gives a fiber pattern, such as that shown in Figure 2. 
The repeat distance along the fiber axis, 5.0 A., is consistent with that 
expected for an extended syndiotactic zigzag.36 The result strongly sug
gests that the regular sequences in the polymer chain possess a syndio
tactic configuration. However, the remainder of the pattern is not 
sufficient for a detailed analysis, hence the structure of PVF cannot be 
considered to be firmly established.

Although, as mentioned above, marked differences in various proper
ties exist for PVF samples prepared at different polymerization tempera
tures, no difference was observed in the x-ray fiber diagrams of PVA 
samples derived therefrom. PVAc derived from crystallizable PVF by
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(a )  (6)

Fig. 3. Fiber patterns of poly(vinyl ierf-butyl ether): (a) poljmierized by BF3.0(C2H5)3 
in toluene at —78°C.; (6) polymerized by SnCL in ethyl bromide at —50°C.

hydrolysis and acetylation shows only the amorphous halos typical of 
PVAc prepared directly.

Next, PVTA formed by polymerization of the monomer at 60 °C. was 
converted to P VF by hydrolysis, followed by formylation. The product ex
hibited crystallinity corresponding to that of PVF formed by polymeriza
tion of the monomer at —60 to — 40°C., as shown in Table II. On the 
other hand, PVF samples derived from PVAc formed by polymerization 
of the monomer at various temperature showed less crystallinity. How
ever, in this case too, the properties of PVF improved as the polymeriza
tion temperature of the original PVAc was lowered.

Finally, crystallizable PVF was converted to PVTA by hydrolysis 
and esterification in trifluoroacetic acid. A stretched sample of the

Fig. 4. Fiber pattern of isotaetic polyvinyl formate derived from isotactie poly(vinyl
¿erf-butyl ether).
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Fig. 5. Infrared spectra of poly(vinyl formate) samples having various tacticities.

resulting polymer gave a fiber pattern very similar to that of PVTA formed 
by polymerization of the monomer.

These data suggest that free radical polymerization of vinyl esters 
favors syndiotactic configurations, as predicted by Fordham.36 The 
sensitivity of the dependence of crystallizability on structural regularity 
for PVF is very impressive and suggestive.

Synthesis o f Isotactic PVF and Confirmation o f Its Isotactic Structure

This close relation between crystallizability and structural regularity 
in PVF led us to investigate with x-rays the model PFA derived from 
crystallizable (presumably isotactic) polyvinyl ethers. When we decided 
to take up this problem, polyvinyl benzyl ether—a parent polymer of the 
model PVA— obtained up to that time was of low molecular weight and 
of poor crystallinity.24'25 Therefore we tried the preparation of crys
tallizable polymer having higher molecular weight from vinyl ferf-butyl 
ether, with subsequent conversion of this polymer to PVA. The same 
procedure has been developed independently at the Department of Poly
mer Chemistry of Kyoto University.27 Vinyl teri-butyl ether was poly
merized by a method similar to that used in the stereospecific polymeriza
tion of other vinyl alkyl ethers.37-89 Fiber pattern of both crystalline and
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10 2 0  3 0  4 0
2 9 , deg.

Fig. 6. Scanning curves for poly(vinyl formate) samples having various tacticities.

Fig. 7. Effect of temperature on the infrared spectrum of isotactic polyfvinyl
formate).
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amorphous (atactic) poly (vinyl ierf-butyl ether) are shown in Figure 3. 
The ether bonds in polyvinyl ethers can easily be cleaved by treatment with 
hydrogen bromide24 or acetic anhydride and a Lewis acid25 to give PVA or 
PVAc.

The model PVA thus obtained was converted to PVF by treatment 
with formic acid containing a small amount of monochloroacetic acid. 
The product was identified as PVF by infrared and elemental analyses. 
It was insoluble in methyl formate or acetonitrile which dissolves PVF 
formed by free radical polymerization of the monomer, but was soluble in 
formic acid or dimethyl sulfoxide. It was cast from formic acid solution 
on a mercury surface and was stretched about ten times. The stretched 
sample gave an x-ray spectrum very rich in well oriented reflections 
(Fig. 4). The spectrum may be readily interpreted on the basis of a 
rhombohedral unit cell (only reflections with — h +  k +  l =  3n are present), 
with identity periods referred to hexagonal axis: a =  b =  15.9 A. and c 
=  6.55 A. (fiber period). The calculated density of 1.49 g./cc., based on 
the assumption of 18 monomer units per unit cell, is somewhat higher than 
the value of 1.35 g./cc. observed for the unstretched sample. Indexing 
of the reflections shows that the space group is R3c or R3c. The close 
similarity of the relative intensities of the reflections and the systematic 
extinctions to those reported for isotactic polystyrene40 suggests that the 
crystal structures of these two polymers closely resemble each other.

These results lead to the definite conclusions that crystallizable PVF 
formed by free radical polymerization of the monomer at low temperatures 
has a predominantly syndiotactic structure, whereas PVA derived from 
crystallizable polyvinyl ethers has a predominantly isotactic structure. 
Predictions24 that isotactic PVA could be synthesized from vinyl ethers 
have thus been verified.

Infrared Spectra o f Tactic PVF

Two types of tactic PVF possess different crystallization-sensitive 
bands, corresponding to their different steric structures. Figure 5 shows 
spectra of various PVF samples having different tacticities. The bands at 
1420, 1272, 1026, and 924 c m .'1 are characteristic of the syndiotactic 
structure, while bands at 1345, 1310, 1104, 970, 824, and 809 c m .'1 are 
those for the isotactic structure.

The order of tacticities shown by the infrared data is in good agreement 
with that from the x-ray data, as shown in Figures 5 and 6. Preparative 
conditions of these PVF samples are summarized in Table III. Intensities 
of these bands vary with the crystallinity; therefore, the tacticity of PVF 
can be estimated by examination of the spectra from samples which have 
been subjected to a given crystallization treatment. As shown in Figure 
7, these bands, measuring the crystallinity, do not disappear at a single 
sharp temperature, but begin to decrease at temperatures much below the 
temperature required to produce a completely amorphous spectrum.
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TABLE III
Preparative Conditions of PVF Sample

Source

Monomer
concn.,
voL-% Initiator Solvent

Polymer
ization
temp.,

°C.

Method of 
conversion 

to PVA

PVF 50 B(C2HS)3 Methyl
formate

-7 8 Methanolysis 
catalyzed by 
NaOH

PVF 100 AIBN“ — -1 2 0 Ditto
PVtBE 33 SnCh Ethyl

bromide
-5 0 Treatment by 

HBr
PVtBE 20 BF3-0(C 2H6|i ri-Hexane -7 8 Acetylation by 

acetic an
hydride and 
Lewis acid 
and methan
olysis, cat
alyzed by 
NaOH

PVtBE 5 BF3-0(C 2H6)2 Toluene -7 8 Ditto

a 2,2'-Azobisisobutyronitrile.

Characterization o f Isotactic PVA

Now we can discuss the properties of PVA on the basis of experimental 
facts relative to the steric structures of the corresponding formates.

As reported previously, when samples of isotactic and syndiotactic PVF 
were converted to PVA by heterogeneous hydrolysis they gave quite 
similar x-ray patterns.28’33 This is in striking contrast to the difference 
observed in the x-ray patterns of the original two tactic PVF samples 
(see Fig. 8).

When cast from aqueous solution, isotactic PVA gives an x-ray spectrum 
similar to that of ordinary PVA. When heated, however, the former 
shows no crystallization, while the latter exhibits a high degree of crys
tallinity (see Fig. 9). A similar trend can be observed in the infrared 
examination of the crystallization-sensitive band at 1141 cm.“ 1 in PVA 
shown in Figure 10. Thus, the crystallized state brought about by het
erogeneous hydrolysis of isotactic PVF is a rather exceptional case, in 
that the crystallization of isotactic PVA cannot be affected by heat- 
treatment.

In short, iso tactic PVA is less crystallizable than ordinary PVA and 
no new crystal structure characteristic of isotactic molecular components 
has been recognized. Strictly speaking, the observed spacings are some
what expanded in isotactic PVA, as shown in Figure 9, but this is beside 
the point. It might result from incomplete crystallinity.

Murahashi et al.41 have investigated the infrared spectrum of isotactic 
PVA, and found that the band at about 3.0 ¡x, assigned to the O-H stretch-
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Fig. 9. Effect of temperature on the X-ray diffraction curve of poly(vinyl alcohol): 
(a) conventional poly(vinyl alcohol); (6) isotactic poly(vinyl alcohol).
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Fig. 10. Effect of temperature on the infrared absorption band at 1141 cm.-1 of poly- 
(vinyl alcohol): (a) conventional poly(vinyl alcohol) cast from aqueous solution; 
(6) isotactic poly(vinyl alcohol) cast from aqueous solution; (c) isotactic polyvinyl 
alcohol made by heterogeneous hydrolysis of poly( vinyl formate).
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ing vibration, shifts toward somewhat higher frequencies and shows 
parallel dichroism. These data strongly suggest the formation of intra
molecular hydrogen bonds in isotactic PVA. In addition, the present 
results of x-ray and infrared examination apparently suggest that the

W a v e  N u m b e r ,  c m

Fig. 11. Infrared spectra of isotactic and sj'ndiotaetic poly(vinyl alcohol).

Fig. 12. X-ray diffraction curve of isotactic and syndiotactic poly(vinyl acetate).

conformation of the main chain isotactic PVA might be a planar zigzag. 
The cause of the lower degree of crystallizability of isotactic PVA might 
be ascribed to a possible preference of isotactic molecules for intramolecular, 
rather than intermolecular hydrogen bonding.
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Fig. 13. A portion of the infrared spectra of isotactic and syndiotactic poly(vinyI-
acetate).

Intensity o f the 916 cm .-1 Band and Syndiotacticity

Another singularity observed in the spectrum of isotactic PVA is that 
the band at 916 cm.-1 is practically undetectable (see Fig. 11). In the 
spectrum of ordinary PVA this band is observed distinctly.42’48 Because 
of this experimental finding, intensities of the band for PVA samples of 
various tacticity were examined. A close relation between the band in-

TABLE IV
Daie/Dsr.o for Various Types of PVA

Monomer Initiator Solvent

Polj-mer-
ization
temp.,

°C. -D9I6/ -̂ 850

Vinyl trifluoro-
acetate

BPO None 60 0.645

Vinyl formate B(C2H5)3 Methyl
formate

-7 8 0.567

Vinyl acetate AIBNb Methanol 0 0.437
Vinyl acetate AIBN Methanol 60 0.417
Vinyl benzoate AIBN None 60 0.305
Vinyl ¿erf-butyl 

ether
SnCl4 Ethyl

bromide
-5 0 0.17

Vinyl ¿erf-butyl 
ether

BF3-0(C 2H6)2 T oluene -7 8 0.02

4 Benzoyl peroxide. 
b 2,2'-Azobisisobutyronitrile.
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tensity and the amount of syndiotactic structure was found. The ratios 
of the infrared absorbance at 916 cm.“ 1 to that at 850 cm.“ 1 for various 
PYA samples are given in Table IV. Some of the samples in Table IV 
are those that have been examined in the form of formate. The order of 
the D9xi/Dgw ratios is the same as the order of tacticities deduced from the 
results shown in Figures 5 and 6. It can be concluded, therefore, that this 
absorbance ratio can be used as a measure of syndiotacticity in PVA. 
Since certain problems concerning the 916 cm.” 1 band will be discussed in 
other reports,44 further details will not be discussed here.

Acetate and Trifluoroacetate

Isotactic PVAc prepared by acetylation of isotactic PVA gives an x-ray 
diagram with only amorphous halos, as does ordinary PVAc. Scanning 
curves for two tactic PVAcs are showing in Figure 12.

Only slight difference can be observed in their infrared spectra in the 
region of 3000-650 cm.” 1. The order of the intensities of the two bands 
at 2970 and 2930 cm.“ 1, assigned to CH2 stretching, for syndiotactic 
PVAc is the reverse of that for isotactic PVAc, as shown in Figure 13. 
This relationship is apparently opposite to that observed for PVA.27-41 
Detailed analyses of these differences might be furthered by consideration of 
the conformations of the polymer molecules.

The results of these investigations have revived interest in PVTA, 
which had been the sole crystalline polyvinyl ester before the discovery of 
erystallizable PVF. (Polyvinyl esters of long chain fatty acids which show 
side chain crystallization45 are beside the point.) Problems concerning the 
x-ray examination of PVTA prepared by free radical polymerization were 
briefly described in the introductory part of this paper. Briefly, PVTA

.. ..... ................ _____j l .
10 15 20  25

2 0, deg.
Fig. 14. X-ray diffraction curves for poly(vinyl trifluoroacetate) samples of different

tacticities.
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Fig. 15. Fiber pattern of syndiotactic poly(vinyl trifluoroacetate).

cou ld  n ot be ju dged  to  be syn d iota ctic  from  x -ray  data  alone. N ever
theless, the va lue o f D ns/Dm  for  P V A  derived  from  this P V T A  and results 
o f  characterization  o f the form ates show  th at P V T A  form ed b y  p olym eriza 
tion  o f the m on om er has a predom in an tly  syn d iota ctic  structure.

X -r a y  diagram s o f three P V T A  sam ples h aving various tacticities 
are show n in Figure 14. Iso ta ctic  P V T A , w hen cast from  solu tions in 
acetone, gives an x -ray  d iagram  sim ilar to  th at o f syn d iota ctic  P V T A . 
H ow ever, the intensities o f  the rela tively  sharp inner ring increase w ith  the 
syn d iotactic  con ten t o f the p olym er. M oreov er , a m arked difference is 
observed  on  stretch ing the sam ple. X -r a y  ph otographs suggest that 
som e crysta llization  occurs, togeth er w ith  orientation , in syn d iotactic  
P V T A  (see F ig. 15). Iso ta ctic  P V T A  show s p oor orientation  on  stretching, 
and the large n um ber o f sharp d iffractions a long the equ ator w hich  appear 
in syn d iota ctic  P V T A  can not be observed . H ence the good  lateral order 
in P V T A  m igh t be con n ected  w ith  a syn d iota ctic  structure and the fiber 
p attern  o f P V T A  should  be interpreted on  the basis o f  a syn d iotactic  
con figuration . F urther consideration  o f the fiber pattern  o f P V T A  o f the 
chain con form ation  m u st aw ait m ore detailed  analysis.

Discussion

D efin ite  kn ow ledge o f the steric structures o f  P V A  has been obta in ed  for 
the first tim e b y  studies o f  related form ates. P V F  is the on ly  ester d eriv 
a tive  w hich  has been  show n to  be useful for  d istinguish ing clearly  b y  
x -ra y  data  betw een  d ifferent ta ctic  structures o f the parent P V A .

H igh polym ers o f  w h ich  tw o ta ctic  form s have been  synthesized and 
identified  are v ery  few . P o ly b u ta d ie n e ,46 p o ly (m e th y l m eth a cry la te ),47 
p o ly b u te n e 48 have been  reported  to  date . N ow  P V A  is added  to  this 
group. M oreov er , P V A  can  be con verted  to  various ester derivatives 
h avin g  various crystallizabilities. Its  form ate  takes tw o typ ica l co n 
form ation s correspon d in g  to  the tw o ta ctic  structures— in crystalline
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isotactic PVF the molecule is a 3i helix while in crystalline syndiotactic 
PVF the main chain is a planar zigzag. In PVAc one can investigate the 
effect of the steric molecular structure on various polymer properties with
out the influence of crystallization. The tacticities and crystallizabilities 
of PVA and its derivatives are summarized in Table V.

TABLE V
Tacticities and Crystallizabilities for PVA and Its Derivatives

Isotactic Atactic Syndiotactic

PVAc N oncrystallizable None r y stal 1 iz able N oncrystallizable
PVF Crystallizable Noncr3rstalizablea Crystallizable

(hexagonal; a  = 6 = 15.9 A., c =  6.55 A.) (c =  5.0 A.)
PVT A Crystallizableb Crystallizable 

(c = 4.8 A.?)
Crystallizable

PVA Crystallizable0 Crystallizable Crystallizable
(monoclinic; a  = 7.8, b = 2.5, c =  5.5 A.)

PVtBE Crystallizable 
(c = 7.58 A.)d

Noncrystallizable

a Shows little crystallizability. 
b Very weak. 
c Weak.
d Bassi et al.49 have recently reported c = 7.65 ±  0.05 A.

Although a large number of investigations have been made concerning 
the steric structure of PVAc and of PVA, the essential facts have previously 
remained in doubt. The discussions were focused on the relationships 
between these two polymers: PVAc is very difficult to crystallize even 
when the molecules have a tactic structure, so that definitely crystalline 
products have never been observed; whereas PVA has peculiar side groups

Fig. 16. Polymer transformations concerned with crystallinity and tacticity: 
previous research; (—-— ) present authors’ research.
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(OH), which are very small in size and capable of hydrogen bonding to 
each other.

Figure 1(5 relates our investigations to the previous studies, concerned 
with polymer transformations between these and related compounds. 
It has often been mentioned10’14 that there is no possibility of racemization 
in the hydrolysis or acetylation reaction. Results of the present study are 
completely in accord witli this.

Finally, relationships between tacticity and crystallinity in PVA re
main to be discussed. At first we tried direct estimation of the amount of

i

Fig. 17. Anisotropy in PVA films cast from aqueous solutions at 50°C. and heated at
215°C.

Fig. 18. Relation between density and Dsie/Rsso in poly(vinyl alcohol). Densities were 
measured by gradient tube method for PVA samples heated at 200°C.
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D916 /  D850

Fig. 19. Relation between density of PVF and D m / D Sw of PVA derived therefrom
(gradient tube method).

the crystalline part by x-ray methods. However, strong anisotropy60 was 
observed in PVA films cast from aqueous solution, as shown in Figure 17. 
This makes it very difficult to estimate the crystallinity. Therefore, 
densities of the samples, closely related to their crystallinity, were 
measured.

Densities of PVA and PVF are plotted against Dn6/DSbo in Figures 18 
and 19, respectively. The dependence of crystallizability on the steric 
structure is strikingly different in these two polymers. The density of 
heated PVA film is slightly greater, the greater the syndiotacticity. Atactic 
PVF shows little crystallizability, while PVA derived therefrom exhibits a 
considerable degree of crystallinity. These experimental findings seem to 
be consistent with Bunn’s51 interpretation of data on atactic PVAc and PVA 
derived therefrom. On the other hand, tactic PVAc can also not be 
crystallized. Moreover, crystallinity of PVA seems to be closely related 
to a syndiotactic structure. Consequently, complete explanation of the 
crystal structure of PVA in view of the structural configuration must 
await more detailed analysis. We suppose that the mutual relationships 
between inter- and intramolecular hydrogen bonding must be considered 
quantitatively for elucidation of this problem.

We wish to thank Prof. I. Sakurada and Prof. S. Okamura of Kyoto University for 
their interest and encouragement during the work, and Dr. M. L. Huggins and Mr. Y. 
Sakurada of the Stanford Research Institute for their help in translating the manuscript 
into English.
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Résumé

L ’ctude des structures stériques de l ’alcool polyvin ylique est déduite des études des 
structures de ses esters, particulièrem ent le form iate de polyvin yle. D eux typ es de 
form iate de p olyvin yle  tactiques cristallisent avec des différences structurales correspon
dant à leur structures moléculaires différentes. D onc le typ e  de stéréorégularité molé
culaire des échantillons de form iate de p olyvin yle  peut être déduit d ’un exam en de 
cristaux produits par une cristallisation donnée. A  partir des résultats de l ’étude des 
cristaux de form iate de polyvin yle, plusieurs conclusions peuvent être tirées concernant 
la structure stérique de l ’alcool polyvinylique. L e  pouvoir de cristallisation d ’autres 
esters polyvinylliques tactiques a égalem ent été étudié.

Zusammenfassung

E s werden LTntersuchungen über die sterische Stru ktu r von P olyvin ylalkoh ol auf der 
Basis von Strukturuntersuchungen an seinen Estern, insbesondere an P o lyvin ylform iat, 
beschrieben. Zwei T yp en  von taktischem  P o lyvin ylform iat kristallisieren entsprechend 
ihrer verschiedenen m olekularen S tru ktu r in verschiedenen Strukturen. D aher kann 
die A rt der Stereoregularität von Polyvinylform iatproben durch eine Prüfung der m ittels 
einer gegebenen Kristallisationsbehandlung hergestellten K rista lle  festgestellt werden. 
A us den Ergebnissen der LTntersuchung von Polyvinylform iatkristallen  können gewisse 
Schlüsse auf die sterische Stru ktu r von P olyvin yla lkoh ol gezogen werden. Ausserdem 
wurde das Kristallisationsverm ögen anderer taktischer Polyvin ylester untersucht.

Received M ay 6,1963
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Negative Spherulite o f  Poly-y-M ethyl-L-Glutam ate  

and Effect o f  A ging P olym er Solution on  

Spherulite Growth

SABURO ISHIKAW A, TOSHIO KU RITA, and E IK IC H I SUZUKI,
The Textile Research Institute of Japanese Government, Yokahama,

Japan

Synopsis

Poly-Y-m ethyl-L-glutam ate was obtained b y  the N C A  m ethod in a chloroform  solu
tion using trim ethylam ine as initiator. A fter polym erization, the solution was left 
alone for a long tim e at room tem perature before spherulites formed. A  film was casted 
v ery  slow ly from  this aged solution in a desiccator at room  tem perature. W e could then 
obtain spherulites in these thin films. T his aging treatm ent was one of the m ain factors 
in m aking the spherulites. T he m orphological structure, optical properties, and the 
m olecular orientation of the spherulites were exam ined b y  infrared spectroscopy, the 
x-ray m ethod, and electron m icroscopy. A fter short aging periods (1 -6  m onths), we 
could obtain positive spherulites. A fter m uch longer aging periods (6-10  m onths), 
negative spherulites were obtained. T h e conform ation of the molecules in both spheru
lites was the same— the so-called «-helical conform ation, bu t the orientation of the a-heli- 
cal axis in the spherulites wras ju st the opposite. In  the positive spherulites, the helical 
axes oriented along the radius, but in negative spherulites, the helical axes oriented 
along the tangential direction. These positive and negative spherulites were constructed 
w ith microfibriles the diam eters of which were about 45-67 A. T he orientation of 
these microfibriles in the spherulites was just the same as the a-helical axes’ orientation. 
These microfibriles oriented b y  side-by-side association in m aking the layer structure 
in the spherulites so th a t the «-helical axes were aligned parallel to  these layers. Also, 
no evidence was observed of the presence of the so-called folding orientation of these 
a-helical molecules or microfibriles, as was pointed out in the case of polyethylene. From  
these results, we know th at the crystallization  habits of helical molecules, such as poly
peptides, were different from  those of polyethylene. T h e helical axes of the polypeptide 
molecules w7ere not oriented perpendicular to  the layer surface of the spherulites, bu t 
parallel to  the layer surface. T he crystallization  mechanism of polypeptide was not 
b y  the so-called folding mechanism, but b y  the side-by-side crystallization  mechanism.

In a previous paper,1 we reported on the fine structure of spherulites of 
poly-y-methyl-L-glutamate (PM LG). At that time, we stated that only 
after long aging time could we obtain a fine spherulite and that the aging 
time is one of the main factors in formation of spherutites.

After a much longer aging time than that used in the previous paper, 
we obtained another type of spherulite. Some conclusions about these 
phenomena were also arrived at: namely, the crystallization mechanisms 
of these helical molecules was apparently different from that of random coil

2 3 4 9
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Fig. 1. Photographs of (a) positive and (6) negative spherulites of P M L G  made from 
chloroform solution a t room tem perature, in polarized light. 480 X .

molecules such as polyethylene or nylon. The crystallization of these 
helical molecules was carried out not by a folding mechanism2 but by a side- 
by-side orientation mechanism.

In the present paper, we wish to describe the results obtained in infrared 
spectra, x-ray diffraction and electron microscopy studies. The apparatus 
used in these studies were the same as that of previous paper, except using 
the electron microscope— the JEM 6A-Type.

The representative morphological structure of these positive and negative 
spherulites are shown in Figure 1. In the negative spherulite we observed 
many parallel stripes oriented to the tangential directions of the spherulites. 
The infrared spectrum obtained from the thinner part of the spherulite is 
shown in Figure 2. (For convenience in comparing with these two spectra, 
the spectrum of the positive spherulite is also shown.) The dichroism of 
these spectra is summarized in Table I. From the frequencies of these 
spectra and the results of Miyazawa,3 it is suggested that the PM LG 
molecules have a-helical conformations in both spherulites but the orienta
tion of the helical molecules is just the opposite. In the positive spherulite, 
as was mentioned in previous paper, the helical axes are oriented almost

T A B L E  I
Infrared D ichroism  of the Positive and N egative Spherulites at Characteristic

Frequencies

D ichroism  of the spherulite

Absorption band W ave number, cm. 1 P ositive N egative

N -H  Stretching 3280 II J_
Am ide I 1653 II 1
Am ide II 1545 i . II
Am ide II 1516 II
Am ide III 1254 ± II
Am ide V 617 — —
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Fig. 2. Polarized infrared spectrum  of the positive and n egative spherulite is just the 
opposite a t each of the characteristic frequencies. Photograph shows a p art of the nega
tiv e  spherulite from  which these spectra were obtained.

radially, but in the negative one the helical axes lie almost tangentially. 
Furthermore, the amide V band appears at 617 cm .-1 in the KBr region, 
and this band position is characteristic of the a-helical conformation,4

Further information on the conformation and the orientation of PM LG 
molecules in the spherulite was obtained by x-ray diffraction as shown in 
Figure 3. This photograph shows a typical fibrous pattern, very similar 
to that of Bamford et al.5 The spacings obtained from the photograph 
agree well with Bamford's results except for some new spots. More de
tailed investigation of these new spots will be discussed in future. How
ever, we know that the helical axes of PM LG molecules are oriented parallel 
to the stripes of the spherulite. Putting together the information from 
Figures 1 and 3, we know that the helical axes of PM LG molecules lie 
tangentially in the spherulite. These x-ray diffraction results agree very 
well with results of the infrared spectrum examination.

Additional evidence of the orientation of the helical axes was obtained 
from electron microscope observations, as shown in Figure 4. In Figure 
4a, a part of the positive spherulite is shown, and in Figure 46, a part of the 
negative spherulite. From these observations, we know that (1) the 
direction of microfibrils along the radius of the spherulite, is just the oppo
site of those between them; (2) the diameter of the microfibrils is just the 
same (about 45-67A.) in both cases; (3) the orientation of these micro- 
fibriles is carried out by side-by-side orientation; (4) the degree of orienta-
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Fig. 3. X -ra y  diffraction photograph of (right) negative spherulite and (left) a p art of 
the negative spherulite from  which the photograph was obtained.

tion or packing of microfibrils in the negative spherulite is much higher than 
in the positive one; (5) the form of orientation of microfibrils in the positive 
spherulite is somewhat different from that of the negative one and seems 
like that of a Japanese latami sheet. Some regular orientation pattern, 
about 900-1100 A. long spacings at right angles to the microfibril direction, 
are found in the positive spherulite but not in negative one. Some of these 
results especially (1) and (4), agree very well with the results of infrared 
spectral and x-ray examination.

The dimensions of the diameter of the microfibrils are an average of 
Pauling and Corey’s a-helix ABO cable model and Fraser’s (9 +  2) micro
fibril model. However, we could not find any evidence for a coiled coil 
structure within these microfibrils at present. Also we could not find any 
evidence for U-type folding of microfibrils. It seems more reasonable to 
assume that there is no U-type folding of the helical molecules within these 
microfribils. If this were true, we could suppose that the crystallization 
mechanism of these helical molecules were not like that in the case of poly
ethylene or nylon as proposed by Keller,2 but rather that it involved side- 
by-side orientation.

During long aging periods, these helical molecules associate with each 
other in a side-by-side manner, as was suggested by Flory5 and Wada.6 
Such aggregation becomes more marked with increasing aging time. A 
fairly oriented aggregation of solvated helical molecules is obtained already 
even in solution. This leads to formation of a highly oriented negative 
spherulite. . . -

This aging effect is also apparent from the data of Table II, in which 
some relations between aging time, morphological appearance, birefringence 
of the spherulite, and composition of the solvent from which the spherulite 
is obtained are shown. The birefringence of the negative spherulite is
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b

F ig. 4. E lectron  micrographs of the spherulite: (a) positive (direct); (6) nega
tive  (Pt-Pd-replica). 30,OOOX. ,

higher than that of the positive one. This result agrees well with the x-ray 
diffraction pattern as shown in Figure 3 and Figure 4 of the previous paper.1 
If the solution contained a poor solvent such as dioxane, we could not
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T A B L E  II
R elation between Aging Tim e and Some Properties of the Spherulite

Solvent composition
A ging tme, 

months
Optical

sign

M orphological 
appearance of 

spherulite“ A n  X  102

Chloroform 1 + f
Chloroform 2 + f
Chloroform 3 + ff
Chloroform 3 .5 +  - vf 0 .3
Chloroform 4 + v f 0.7'>
Chloroform 10 — v f 2 .4
Chloroform 0 .5 + f
Chloroform - 2 + vf

dioxane, 3 :1
C hloroform - 8 + vf

dioxane, 3 :1
Chloroform - 9 + v f

dioxane, 5 :1
Fiber + 1.9"

a f denotes fine or not in m orphological view  point; ff denotes fairly  fine; v f  denotes 
very fine.

b Original solution (about 2 %  concn.) was diluted about four tim es before casting.
0 T he conform ation of molecules in the fiber is alm ost an a-helical conform ation after 

drawing (draw ratio 2).

obtain a fine and fairly oriented spherulite. It seems that dioxane promotes 
poorer oriented aggregation than pure chloroform solution during aging.

W e wish to express our thanks to  the A jino-m oto C om pany for their kindness in 
supplying the P M L G .
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Résumé

L e p o ly-7 -m éthyl-n-glutam ate a été obtenue par la méthode N C A  en solution dans 
le chloroforme en em ployant de la trim éthylam ine comme initiateur. Après polym érisa
tion, la solution est laissée à tem pérature de cham bre pendant un long moment juste 
avan t la form ation de sphérulites. D e cette solution on a coulé un film très lentem ent à 
tem pérature de cham bre et en présence d ’un dessicateur. Ensuite nous avons pu obtenir 
une sphérulite dans ces minces films. C ette  sorte de traitem ent est un des principaux 
facteurs pour form er un sphérulite. L a  structure morphologique, les propriétés optiques 
du sphérulite et l ’orientation m oléculaire furent examinées en em ployant la spectroscopie 
IR , la m éthode au rayon s-X  et le m icroscope électronique. Après de courtes périodes 
de réactions (1 -6  mois), nous avons pu obtenir un sphérulite positif. Après de longues
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périodes de réaction (6 -10  mois) un sphérulite négatif a  été obtenu. L a  conform ation des 
molécules ches les deux sphérulites est la même et ils possèdent la conform ation en 
hélice-alpha. M ais l ’orientation des axes de l ’hélice-alpha dans le sphérulite é ta it exacte
ment opposés entre eux. D ans le sphérulite positif les axes hélicoïdaux sont orientés le 
long du rayon du sphérulite, mais dans le sphérulite négatif les axes hélicoïdaux sont 
orientés dans la direction tangentielle au sphérulite. Le sphérulite positif et négatif sont 
construits avec des microfibriles qui ont un diam ètre d ’environ 45-67 A. L ’orientation 
de ces microfibriles dans le sphérulite est exactem ent la même que l ’orientation des axes 
de l ’hélice-alpha. C ’est-à-dire que les m olécules de l ’hélice-alpha sont orientées dans ces 
microfibriles le long de leurs axes dans les sphérulites respectifs. Ces microfibriles sont 
orientées su ivan t une association “ côte-à-côte”  en form ant une structure en couche dans 
le sphérulite. Ainsi les axes alpha-hélicoïdaux sont alignés parallèlem ent à ces couches, 
et ainsi nous n ’avons pas pu trouver l ’évidence de la présence de l ’orientation dirigée de 
ces m olécules alpha-hélicoïdales ou microfibriles comme cela fut m ontré dans le cas du 
polyéthylène ou il en est ainsi. D e ces résultats nous savons que les habitudes de cristal
lisation des molécules hélicoïdales telles que les polypeptides sont différentes de celles 
du polyéthylène. Les axes hélicoïdaux des m olécules de polypeptides ne sont pas ori
entés perpendiculairem ent à la surface des couches du sphérulite, mais parallèlem ent à  la 
surface de cette couche. Le mécanism e de cristallisation de polypeptides n ’a  pas été 
appelé le mécanism e dirigé mais le mécanisme de cristallisation côte-à-côte.

Zusammenfassung

P oly-y-m ethyl-L-glutam at wurde nach der N C A -M eth od e in Chloroform lösung m it 
T rim ethylam in als S tarter hergestellt. N ach  der Polym erisation liess man die Lösung 
vor der H erstellung der Sphärolithe lange Zeit bei R aum tem peratur stehen. Aus diesen 
gealterten Lösungen wurde im E xsikkator bei Raum tem peratur sehr langsam  ein Film  
gegossen. In diesen dünnen Film en bildete sich ein Sphärolith aus. D ie beschriebene 
Alterungsbehandlung spielte bei der H erstellung der Sphärolithe eine wesentliche Rolle. 
M orphologische S tru ktu r und optische Eigenschaften des Sphäroliths sowie die mole
kulare Orientierung im Sphärolith wurde m ittels IR -Spektroskopie, Röntgenbeugung und 
Elektronenm ikroskopie untersucht. W ar die A lterungszeit kur (1 -6  M onate), so ent
stände in p ositiver Sphärolith, während bei bedeutend längerer A lterungszeit (6-10  
M onate) ein n egativer Sphärolith erhalten wurde. In  beiden Sphärolithen lagen die 
M oleküle in der sogenannten a-H elix-K onform ation  vor, jedoch war die Achse der a -  

H elix im  Sphärolith in den beiden Fällen entgegengesetzt orientiert. W ährend im 
positiven Sphärolith die H elixachse in R ichtun g des Sphärolithradius orientiert war, 
w ar sie im negativen Sphärolithen längs der tangentialen R ichtun g des Sphärolithen 
ausgerichtet. D iese positiven und negativen  Sphärolithe sind aus M ikrofibrillen m it 
einem Durchm esser von etw a 45-67 A  aufgebaut. D ie  Orientierung dieser M ikro- 
fibrillen im Sphärolith w ar gleich derjenigen der A chse der a-H elix, d.h. die a-helixför- 
migen M oleküle waren innerhalb dieser M ikrofibrillen längs ihrer Achse im entspre
chenden Sphärolith ausgerichtet. D iese M ikrofibrillen waren durch eine seitliche A s
soziation unter B ildung von Schichtstrukturen im Sphärolithen ausgerichtet, so dass 
die Achsen der a-H elices parallel zu diesen Schichten sind. E s konnte kein H inweis 
auf das Vorliegen einer sogenannten Faltungsorientierung dieser a-helixförm igen 
M oleküle oder M ikrofibrillen gefunden werden, wie sie etw a im Falle von  Polyäth ylen  
festgestellt wurde. A u f G rund dieser Befunde nim m t man an, dass das K rista llisa
tionsverhalten helixförm iger M oleküle wie der P olypeptide von dem jenigen von P o ly
äthylen  verschieden ist. D ie  H elixachsen der Polypeptidm oleküle sind nicht senkrecht 
zur Schichtoberfläche des Sphärolithen, sondern parallel dazu orientiert und die K rista l
lisation der Polypeptide erfolgt nicht nach einem  sogenannten Faltungsm echanism us, 
sondern nach einem Seite-an-Seite-Kristallisationsm echanism us.

Received May 6, 1963
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Synopsis

T he possibility of construction of tem perature-independent viscosity characteristics 
of polym er system s b y  means of a “ reduced variables’ ’ m ethod sim ilar to th at of F erry  
is discussed. I t  is stated  th at the v iscosity  as a function of tem perature and shear rate 
can generally be regarded as the product of tw o functions, one of which depends only on 
the tem perature and the other on ly on the shear rate. I t  is shown b y  dimension analysis 
and b y  assuming the flow of polym er system s to be viscoelastic in nature, th at the ratio 
of apparent v iscosity  to  initial N ew tonian v iscosity  is a tem perature-independent func
tion of the product of the shear rate b y  the initial N ew tonian viscosity. Hence, the latter 
(observed at shear rates tending to  zero) appears to be a m ost im portant physical pa
ram eter governing the flow properties of polym er system s. A t sufficiently low shear rates 
the apparent v iscosity  was found to be an exponential function of shear stress, so th a t the 
initial N ew tonian viscosity  can be determ ined b y  extrapolation. T h e above theoreti
cal considerations were checked for the m ost reliable published data  on the flow proper
ties of condensed polym er sytem s over a wide range of shear rates and tem peratures. 
Experim ental results obtained for polym er system s of different nature can be represented 
satisfactorily  b y  corresponding tem perature-independent v iscosity  curves.

Introduction

The steady viscosity of non-Newtonian polymer systems varies with the 
shear rate (or with the similarly dependent shear stress) and with the tem
perature. The relation between viscosity and temperature is most com
plicated and offers but little opportunity for theoretical analysis. This is 
why the problem of presenting viscometric data independent of tempera
tures deserves special attention.

The possibilities of temperature-independent presentation of the dy
namical characteristics of elastomers, i.e., of the real and imaginary parts 
of a complex modulus of rigidity, compliance, etc., have already been in
vestigated extensively. Ferry and his collaborators1 found first, empiri
cally, and later on the basis of the molecular theory of the high resilience of 
polymers, that experimental curves obtained at various temperatures can 
be matched by simple parallel shifting. A  similar study was performed by 
Tobolsky e ta l.2

Arveson,3 followed by Brunstrum et al.,4 investigating the rheological 
properties of lubricants, proved by exclusively empirical methods, that in

2357
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the materials investigated by them, the relative viscosity versus shear rate 
curves match well if shifted parallel along the shear rate axis. Relative 
viscosity is to be understood here as the ratio of the lubricant viscosity ip 
the experiment, to the viscosity of the dispersion media at the same tem
perature.

A number of papers5 give results of investigations on the possibility of 
presenting concentration-independent viscosity characteristics of polymer 
solutions, as well as empirically determined reduced coordinates, in which 
the relation of the solution viscosities versus shear rate can be given 
divorced from the polymer concentration in the system.

Philippoff and Gaskins,6 investigating the flow of polymer melts, con
cluded that experimental data cannot be confined to a single curve if a wide 
range of shear rates (up to 6 or 7 decimal orders) is concerned. In a narrow 
variation range of this factor, however (within 2 or 2.5 decimal orders), 
Ito7 who investigated melted polyamides, as well as Schott and Ivaghan8 
in their research on polyethylene flow, succeeded in matching their vis
cosity-shear rate curves obtained at different temperatures. Ito used an 
exclusively empirical method. Schott and Kaghan, attempting to set up a 
theoretical basis for their method, assumed that the effective viscosity is 
inversely proportional to the square shear rate (at adequately high shear 
rates), which, however, seems quite doubtful.

Thus, the now available data on temperature-independent characteristics 
of the viscosity of polymer systems appear to be rather incidental, and in 
some cases baseless.

A theory is suggested in this paper for establishing temperature-inde
pendent viscosity characteristics of polymer systems. The possibility of 
such a representation is confirmed by an analytical review of various 
earlier published data on the flow of high polymers. The method developed 
in this paper is similar to some extent to that employed by Ferry.1

Theory

The steady viscosity of polymer systems depends on the applied stresses 
(or on the shear rates unambiguously related to them at a given tem
perature) as well as on the relaxation spectrum, characteristic of the visco
elastic materials concerned. It can be assumed that

V =  Vm̂ J\6,D) (1 )

where q is the viscosity of the polymer system, D  is the steady shear rate, 
and 6 is the apparent relaxation time expressed in units of time and de
pending on the entire set of relaxation times of the investigated polymer 
system, i.e.,

6 =  *(01,08,- ■ • A )  (2)

In the simplest event, a single characteristic relaxation time can be sub
stituted for the entire spectrum. In eq. (1), denotes the initial 
Newtonian viscosity of the system at the given temperature, or
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î?max — lim  7] 
D—>0

and

lim f(B,D) =  1
D—>0

The following should be pointed out regarding the functions established 
above.

The function f(d,D ) is dimensionless, since it is simply the ratio of two 
viscosities V w x ,  and its arguments have mutually inverse dimensions. 
This can occur if and only if f(9,D ) is a function of a product of its argu
ments, i.e.,

rç/lîmax — Î(S,D) — f(6,D) (3)

The function <p(8t) is a homogeneous function of the first order. This is 
likewise the result of dimensional effects, since the dimensions of all argu
ments 6i are the same as that of the function 9 itself. Thus, multiplying all 
arguments by some coefficient means but a change in the 9l scale and 
should give no other result than a change of the scale in which function 
6 is expressed. Hence,

<p(A01) =  A<p(0i) (4)

Let us now consider the molecular theories concerning the temperature 
relations of those properties of polymer systems which interest us.

As far back as 1948 and 1949, Kargin and Slonimskil9 suggested a model 
for the mechanical behavior of polymers which most satisfactorily illus
trated the main characteristic features of relaxation in the deformation of 
amorphous, linear polymers. Later, Rouse10 studied the relationships be
tween the internal structure of polymers, the temperature, and the char
acteristic relaxation spectrum. It can be concluded from these molecular 
theories, in particular, that the fth relaxation time can be represented by 
the formula

0i =  at
rim ax (T)
p(T) T

(5)

where p is density.
The coefficient a,-, used in the theories of both studies,9,10 is expressed in 

different ways. This is not the subject of the present discussion, but one 
fact is important, namely, that in neither of these theories does the value of 
a-i depend on the temperature. The relaxation spectrum appears in the 
said theories9,10 as independent of the shear rate D ; hence, at does not de
pend on it either. Actually, however, this is not always the case. If dt is 
a function of D, this function can be taken into account for a general 
consideration, assuming that the influence of the shear rate is contained 
in the coefficient at. The exact form of this factor is of no interest for the
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theory presented herein, only its independence of the temperature being 
essential.

It can be seen from eq. (5) that the relation between the zth relaxation 
time at a given temperature and at an arbitrarily selected reference tem
perature (all values pertaining to this temperature being henceforth 
marked with primes), can be expressed as follows :

6i 77max (■/ ) 'p T r
e / W m z x  (?’) J I p T  J

Let us now substitute the values of 6t obtained from eq. (6 ) into eq. (4) 
resulting from the homogeneity of the function We obtain then a
formula for reducing the relaxation spectrum at any temperature T to the 
reference temperature T ’ :

TJ.nax (T) ---
-1

1*
0^ __
J

-V'max (T)_ L pT J
( 7 )

or

P77max (T)  1 ~p'(T)T'~

L'max (T) J L p ( T ) T  J

Introducing the expression (7) into the general viscosity formula (2) we 
get the following relation:

7? m a x
(? ’)

V r ~
_ pT _

e' 1\
_7?'max ( T ) j f

(8;

For a selected reference temperature the value of 9'/ mux(T) in eq. (8 ) 
will be constant; hence the ratio ri/t]max may be regarded as a function of the 
type

v/Vmsix =  f(Dllmaxp'T'/pT) (9)

Thus, the complicated argument in the initial relation ( 1 ) can be replaced 
by another argument consisting only of variables subject to direct experi
mental measurement. If we denote the ratio 77/ 77™ax by t)t (reduced vis
cosity, dimensionless), and the argument of function (9) by _Dr (reduced 
shear rate, but in dimensions of stress), the result will be 7?r =  f (D r). This 
is a single-valued function, which should not vary with the temperature.

Thus, the theory set forth herein is based on the main assumption that 
the zth relaxation time can be represented as a product of two functions, 
one of which is independent of the temperature and the other expressed as 
7?max/pT, as follows from some earlier publications. 9 ' 10 Hence, the above 
basic assumption is close to that used by Ferry1 in considering the tem
perature relation of the dynamical characteristics of the viscoelastic proper
ties of elastomers, Ferry having supposed that any relaxation time varies 
with the temperature in a similar manner,
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Experimental investigations of the relation between viscosity and shear 
rate are often conducted over a very wide range of shear rates. Logarith
mic graphs are therefore usually employed to present the experimental 
results. It becomes evident than that the relation between log 7?r and log 
Dr may be treated as a temperature-independent characteristic. If the 
selected reference temperature T' is between the melting or softening tem
perature on the one hand and perceptible incipient polymer decomposition 
on the other, the value of p'T'/pT  will differ but slightly from 1 (by not 
more than 6 -8%  for most commercial polymers), i.e., the value of log 
(p'T'/pT) will be within ±0.03. When the viscosity measurements are 
made over a shear-rate range covering several decimal orders (usually from 
3 to 7 or 8), the above correction is negligible. And, where the value 
of p'T'/pT  can be neglected, the reduced shear rate can be calculated by the 
simplified formula :

D r =  Dr]max(T)

or

log D r =  log D +  log ljmix

This means that the choice of reference temperature is immaterial, and 
no temperature-density correction need be made when setting up tempera
ture-independent viscosity characteristics.

The plotting method used for temperature-independent viscosity char
acteristics of condensed polymer systems may be applied to polymer solu
tions and gels as well. If the relation between the viscosity (ij0) of a sol
vent (or a dispersion media) and the temperature satisfies the condition

dpToAmax) _  . 
dT

the temperature independence of the function

v/vo =  f(D k T)

will be ensured at once. The symbol kT denotes here the experimentally 
determined temperature factor3’4 of parallel shift of the flow curves in 
logarithmic coordinates. The condition

S (W  ̂ max) _
dT

means also that kT =  t/0. As observed experimentally by Brunstrum 
et al.,4 the shift factor kT equals 770 only approximately. Consequently, the 
value of 7?oAmax varies somewhat with the temperature. For this reason, 
the temperature-independent viscosity characteristics of polymer solutions 
or gels may be represented by a graph in logarithmic coordinates obtained 
by shifting the relative viscosity versus shear rate curves for various tem
peratures along the shear-rate axis by
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J\t  —  Vo(,Vm ax/ i?o) — 7/inax

and along the relative viscosity axis by This was not taken into
consideration in previous studies.3,4

Experimental Data on the Temperature Relation o f the Viscosity o f
Condensed Polymers

In order to check the above theory and method of temperature-inde
pendent presentation of viscosity characteristics of polymer systems, 
special calculations were performed based on the most reliable experimental 
reports published on the flow curves of various condensed polymers.

Philippoff and Gaskins6 published data on the viscosity of two poly- 
ethylenes and plasticized polyvinyl butyral. These figures deserve special 
attention, as the experiments were here carried out in a very wide shear- 
rate range and with a high degree of reliability. Flow curves were ob
tained within wide temperature limits, and initial Newtonian viscosities 
were directly measured. It should, nevertheless, be noted that the meas
urement results were widely scattered around the flow curves. Figure 1 
illustrates the temperature-independent viscosity curve of polyethylene 
(sample II of the original reference6); experiments with the said material 
were conducted within a maximum temperature range of about 140°C.). 
Similar data on plasticized polyvinyl butyral are shown in Figure 2.

The temperature-independent viscosity curve of polyethylene, obtained 
from Dexter’s experimental results11 can be seen in Figure 3. A particular 
feature of Dexter’s experiments is that the initial Newtonian viscosity re
gion was not reached at any of the temperatures. The problem of deter
mining 7/max will be discussed later.

The possibility of constructing the temperature-independent viscosity 
characteristic of a typical elastomer is a point of particular interest. To 
check this, the experimental data of Treloar12 on the flow properties of 
plasticized natural rubber have been plotted in log D r versus log r]T co
ordinates in Figure 4. No initial Newtonian viscosity values were given 
in this paper either.

The method of presenting temperature-independent viscosity char
acteristics may be of use in the following cases.

If experimental determinations of apparent viscosity are conducted over 
a wide range of shear rates and temperatures, plotting the temperature- 
independent viscosity curve makes it possible to check the compatability 
of the experimental results.

Where experiments cover a wide temperature range but remain within a 
limited range of shear rates (due to limitations of the apparatus used, for 
instance), application of the temperature-independent presentation method 
enables evaluation of viscosity values at shear rates, which were not reached 
in the experiments.

Finally, there is no longer any need for direct viscosity measurements at 
all temperatures if data are required on the viscosity changes with the
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Fig. 3. Tem perature-independent v iscosity  characteristic of polyethylene (based on data
of D e xter11).

F ig . 4. Tem perature-independent viscosity  characteristic of plasticized natural rubber
(based on data of T reloar12).

shear rate at various temperatures. For this purpose it is enough to ob
tain a flow curve, covering as wide a shear rate range as possible at any 
single temperature, preferably sufficiently remote from the melting point 
(for crystalline polymers), and to determine the initial Newtonian viscosi
ties after which their variation with the temperature may be obtained with 
an adequate degree of reliability. The actual viscosities at various tem
peratures and shear rates can then be evaluated with the help of the tem
perature-independent viscosity characteristic.

Determining Initial Newtonian Viscosities

Initial Newtonian viscosities are of particular importance in the tem
perature-independent viscosity presentation method discussed. It is well
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known that this parameter appears generally as a most essential physical 
characteristic of the material concerned, closely related to the molecular 
weight and the features of internal structure of high-polymer molecules. 
In experimental work, however, it is not always possible to reach the shear 
rate regions of Newtonian flow of condensed polymers. For this reason 
a dependable method of extrapolating experimental data on viscosity 
versus shear rate relations to zero shear rates (or, which is the same, to 
shear stress values tending to zero r—»■ 0) should be regarded as a matter 
of particular importance. Spencer and Dillon13 suggested plotting log 
I / 7 7  against r and extrapolating to r  =  0. The value of 77max can then 
easily be computed from the length of the intercept on the ordinate axis. 
Such a method was applied by the authors mentioned for the case of 
polystyrene; it was then observed that the relation between log I /77 and 
r is linear at sufficiently low shear stresses, a feature which confirmed the 
feasibility of the above extrapolation.

We checked this method on the basis of the most trustworthy reports 
published so far. The extrapolated r/max values were compared with
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Fig. 6. D eterm ination  of initial N ew tonian viscosity  of polystyrenes (based on data  of R u d d 15).

directly observed experimental data. For this purpose a log 1/»? versus 
r coordinate system was used to represent Tung’s 14 and Rudd’s16 results 
(see Figs. 5 and 6 , respectively), both having conducted most exact meas
urements at low shear rates, and having reached the initial Newtonian 
viscosity regions. Tung made his investigations with narrow fractions

T A B L E  I
Initial N ew tonian V iscosity Values of Polyethylenes

Polyethylen e sam ple no.

log l?max

D a ta  of T u n g 14 From  Fig. 5

A3 5 .10 5 .1 7
C5 5.0 1 5.06
C6 4 .78 4.82
A4 4.44 4.46
A5 3.98 4.0 1
B 7 3.58 3.58
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T A B L E  II
Initial N ewtonian V iscosity Values of Polystyrenes

P olystyrene sample no.

log Vmax

D ata  of R u d d 15 F rom  F ig. 6

S102 2.97 2 .97
S103 3.40 3.42
S105 3 .7 4 3 .76
SI 09 4.08 4.07

S i l l 4.28 4.33
S108 4.52 4 .55

of various polyethylenes, and Rudd with polystyrene. The sample 
symbols used in Figures 5 and 6 , as well as in Tables I and II, are the same 
as in the original references. 1 4 ,15

The extrapolated log 7/max values are compared with those found by 
experiment, in Tables I and II. The same method was used to determine

Fig. 7. D eterm ination  of initial N ew tonian viscosity  of polyethylene (based on data  of
D exter11).
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Fig. 8. D eterm ination of in itial N ew tonian viscosity  of plasticized natural rubber
(based on data of T reloar12).

the initial Newtonian viscosities (17,nax) required for constructing the 
temperature-independent viscosity characteristics of polyethylene from 
Dexter’s experimental data (see Fig. 7) and of plasticized natural rubber 
from Saunders and Treloar’s report12 in Figure 8 .

Discussion

A detailed treatment of experimental results obtained by various in
vestigators proved that temperature-independent viscosity characteristics 
can be obtained successfully even for polymer systems of widely differing 
chemical nature and structure. Consequently, the steady apparent 
viscosity can actually be represented as the product of two functions, one 
of which (j?max) depends on the temperature but not on the shear rate, 
and the other, f (D r), depends on the shear rate but not on the temperature. 
For polystyrene, in particular, this fact was proved by experiment. 13

The temperature relation of i/max appears similar to the temperature 
coefficient of shift in Ferry’s investigations , 1 usually denoted by aT. 
The widely used formula for computation of known as the W LF
formula, however, was found unsuitable for expressing the relation be
tween the initial Newtonian viscosity (̂ max) and the temperature over a 
sufficiently wide temperature range.

The problem of the temperature relation of 7?max is one of the most 
essential problems concerning the flow properties of polymers. At present, 
viscosity-temperature relations are usually expressed by Fraenkel-Eyring’s 
exponential law. According to this, the relation between log ?7max and 
l/T  should graphically be represented by a straight line whose slope is 
claimed to determine the activation energy of viscous flow. Figure 9 
illustrates the relation between log 1/,nax and l / T  for a number of polymer 
systems. It can be seen that only the curves plotted from Philippoff-



2 3 7 0 G .  V .  V I N O G R A D O V  A N D  A .  Y A .  M A L K I N

Fig. 9. Tem perature relation of initial N ew tonian viscosity  for various polym er 
system s: (I)  polyethylene I ;6 ( 2 )  polyethylene I I ;6 ( 8 )  p o lyv in yl b u ty ra l;6 (4) p oly
ethylen e;11 (5) plasticized natural rubber;12 (6 ) polystyrene, molecular w eight 360,000;13 
(7) polystyrene, m olecular weight 162,000;13 ( 8 )  alkathene 2.

Gaskins’ data” are actually straight lines. In all the other examples a 
noticeable curvature can be observed. Kobeko , 16 who examined vis
cosity-temperature relations for numerous products including most diverse 
ones, pointed out that whenever measurements covered an adequately 
wide temperature range, the log y =  F(1/T) graphs had a noticeable cur
vature. Hence, expressing the relation between 7/max and T in exponent 
form and determining the viscous flow activation energy by the slope of the 
log 7?max =  F(l/T) curve would not be exact. Shishkin17 supposed that 
the activation energy itself varies exponentially with the temperature. 
This means that the probability of “ jumps”  of molecular-kinetical units 
increases at rising temperatures not only as a result of their own elevated 
energy, but also due to a lowering of potential barriers to be overcome in the 
elementary kinetic act. This assumption permits a satisfactory inter
pretation of the experimentally observed viscosity-temperature relations 
of various materials. The same is true for the relation between r7max 
and T.

The ?;max extrapolation method suggested by Spenser and Dillon15 

and checked above is substantially an application of a formula proposed
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earlier by Gurevich17 representing the relation between apparent viscosity 
and shear stress:

V =  Vmaxe ar (10)
where ^max and a are constants.

Since the relation between log y and r can actually be represented in 
rectilinear form, it may be assumed that eq. (10) will be true for sufficiently 
low shear stresses. Detailed calculations, which confirmed the correctness 
of eq. (10) at low r values, lead to the following important practical con
clusion: experimental investigations of the relation between apparent 
viscosity and shear stress may be justifiably extended over low stress 
regions only until the test results plotted in log 1 / tj- t  coordinates begin 
to fall positively onto a straight line. Further decreasing of r would be 
impractical.
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Résumé

On a étudié la  possibilité de construire une courbe caractéristique de la viscosité de 
systèm es polym ères indépendante de la tem pérature avec utilisation du procédé des 
“ param ètres réduits”  analogue à celui de F erry. On a établi que la relation entre la 
viscosité en la  tem pérature ainsi que la vitesse de déplacem ent peut être représentée 
dans le cas général sous la form e d ’un produit de deux fonctions dont l ’une ne dépend 
que de la tem pérature et l ’autre ne dépend que de la  vitesse de déplacem ent. En par
tan t des procédés de l ’analyse dim ensionnelle e t des notions du caractère viscoélastique 
de la  déform ation des systèm es polym ères on a montré que le rapport de la  viscosité
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apparente et de la viscosité newtonienne m axim um  (initiale ) est une fonction indé
pendante de la tem pérature du produit de la vitesse de déplacem ent par la  viscosité new
tonienne m axim um  (initiale). Il s'ensuit que la  viscosité newtonienne m axim um  (dé
terminée à la vitesse de déplacem ent tendant vers zéro) joue le rôle d ’un param ètre 
physico-chim ique essentiel, caractérisant les propriétés visqueses des systèm es p oly
mères. D ans le domaine des vitesses de déplacem ent suffisamm ent basses, la viscosité 
apparente est une fonction exponentielle des contraintes de cisaillem ent ce qui perm et de 
trouver par extrapolation la  viscosité newtonienne m axim um  (initiale). C ette  théorie 
a été vérifiée sur les données publiées les plus sures relatives à la viscosité des systèm es 
polym ères condensés, dans de larges plages de vitesses de déplacem ent e t des tem péra- 
atures. Les données expérim entales sur des systèm es polym ères de nature différente 
coincident d ’une façon satisfaisante avec les courbes caractéristiques connexes, indé
pendantes de la tem pérature.

Zusammenfassung

D ie untersuchte M öglichkeit, die tem peratur-invariante C harakteristik  der Zähigkeit 
von Polym ersystem en unter Verw endung des Verfahrens der “ reduzierten Param eter” 
zu konstruieren, ist analog der M ethode von F erry. E s wurde festgestellt, dass die 
A bhängigkeit der V iskosität von der Tem peratur und der Verform ingsgeschwindigkeit 
im allgemeinen als das Produkt von zwei Funktionen dargestellt werden kann. Hierbei 
hängt eine Funktion nur von der Tem peratur, die andere nur von der Verform ungs
geschwindigkeit ab. A nhand der Dim ensionsanalysen-M ethode und den Vorstellungen 
über den elastisch-zähen C harakter der Polym ersystem -Verform ungen wurde gezeigt, 
dass das Verhältnis der scheinbaren (effektiven) V iskosität zur m axim alen N ew ton’schen 
Viskosität gleich der tem peratur-invarianten F unktion  des Produktes der Verform ungs
geschwindigkeit und der m axim alen N ew ton ’schen V iskosität ist. D eshalb ist letztere 
(die bei einer sich N ull nähernden Verform ungsgeschwindigkeit bestim m t wurde) ein 
wichtiger physikalisch-chem ischer Param eter, der die Viskositätseigenschaften von 
Polym ersystem en charakterisiert. D ie scheinbare V iskosität hängt im Bereich ge
nügend kleiner Verform ungsgeschwindigkeiten von der Schubspannung ab. D adurch 
ist es möglich, durch Extrapolation  die m axim ale N ew ton ’sche V iskosität zu finden. D ie 
Theorie wurde anhand der zuverlässigsten in der Literatur angeführten D aten  in bezug 
auf die Viskositätseigenschaften kondensierter Polym ersystem e in weiten Verform ungs- 
geschwindigkeits- und Tem peraturbereichen überprüft. D ie Versuchsergebnisse ihrer 
Eigenart nach verschiedener Polym ersystem  können m it genügender G enauigkeit in 
Form  von tem peratur-invarianten K u rven  dargestellt werden.

Received M ay 8, 1963
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Som e Considerations o f  the K inetics o f  the A cid  

H ydrolysis o f  P oly- and O ligosaccharides.

II. T h e Trisaccharides, Isom altotriitol, 
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Synopsis

On the basis of the rate data  of Jones, Dim ler, and R ist on the aeid-catalyzed hyd ro ly
sis of isom altotriitol it  is shown th at the kinetics can be described b y  rate equations 
derived b y  assuming a com bination of tw o interdependent sim ultaneous ( “ p arallel” ) 
and consecutive reactions according to  the schem e:

f o / (R) +  C —  B +  D
\/
A\k>

\ D )  +  E B *

where A  is isom altotriitol; (B ), B , and B *  are glucose; C  is isom altitol; D  and (D ) are 
sorbitol; and E  is isom altose present at any instant; fa and fa are specific rates at which the 
tw o glucosidic bonds are hyd ro lytica lly  cleaved in isom altotriitol; fa is the specific rate 
of hydrolysis of isom altitol (known); and fa is the specific rate of hydrolysis of isom altose 
(known). Values for the constants ki and k3 have been com puted from  the experim ental 
values of the com position of the hydrolysis reaction m ixture and the known values for 
k 3 and fa. T h e yields of glucose and sorbitol as well as the extent of hydrolysis have then 
been calculated using the values for ki and k3 (com puted) and fa and fa (know n) b y  
means of rate equations corresponding to  the above scheme. T h e y  are in v ery  good 
agreement w ith  the experim ental values.

T h e kinetics of the acid hydrolysis of isom altotriose can also be described b y  rate 
equations corresponding to  a kinetic scheme :

k / (B ") +  (C ") *  B "

A " /

\ B*" +  Q" J. B**"

where A " is isom altotriose; (B "), B ", B * ", and B * * "  are glucose; (C ")  and C "  are iso
maltose at any instant; fa and fa are the specific rates of hyd rolytic  cleavage of the tw o 
glucosidic bonds in isom altotriose, and fa is the specific rate of hydrolysis if isomaltose 
(known). Assum ing th at fa =  fa/1.3 and fa = fa/1.5, values for the extent of hydrolysis 
(expressed in term s of glucosidic bond cleavage for 100 bonds) have been calculated by 
means of rate equations derived on the basis of the above scheme. T h e y  show good 
agreem ent w ith  the experim ental values. H owever, transposing the values for fa

2 3 7 3
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and A-6 does not alter the calculated values. Thus, only the following conclusions seem 
to be permissible: the glucosidic bonds in isom altotriose most likely  hydrolyze at a 
lower rate than isom altose; the tw o bonds do not hydrolyze at the same rate; whether 
the rate of hydrolysis of the glucosidic link of the reducing unit is slower than th at of the 
nonreducing unit or the reverse, remains to  be established. A ttention  is drawn to  the 
role of the theoretical carbohydrate structural chem ist who m ay offer an explanation 
for the deductions of the kineticist in the field of both trisaccharide and disaccharide 
hydrolysis.

In a recent paper1 the validity of the “ statistical”  rate equation2 when 
applied to the rate data of the acid hydrolysis of cellotriose3 was examined. 
It was suggested that under the experimental conditions used2 (strong 
sulfuric acid) the measured rate may not have been entirely that of the 
hydrolysis of cellotriose. In support of this view it was shown that the 
rate constants of hydrolysis for cellobiose with dilute hydrochloric and 
sulfuric acid solutions at high temperatures fulfill the requirement of the 
Hammett acidity function, while those with strong sulfuric acid solutions 
are not in agreement with this requirement.

The present study is concerned with an examination of the kinetics of 
acid hydrolysis of isomaltotriitol, panitol, and isomaltotriose, based on pub
lished rate data.

Isomaltotriitol

Jones, Dimler, and Rist4 have determined the quantities of the hy
drolysis products of the action of 0.18iV H2S 0 4 at 80°C. on isomaltotriitol for 
three periods of time. Their rate data offer a splendid opportunity for 
comparing the rates of hydrolysis of glucosidic bonds in a trisaccharide with 
those of the disaccharides constituting the structural units in the trisac
charide. Such a comparison makes it possible to establish the effect of the 
position of the glucosidic bond in a trisaccharide on its stability towards 
hydrolysing acid solutions.

The course of hydrolysis of isomaltotriitol is illustrated by the reaction 
scheme shown in eq. (1);

H OH
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where A denotes isomaltotriitol ; (B) and B are glucose (formed in the first 
and second steps of the “ first route,”  respectively); B* is glucose (formed 
in the second step of the “ second route” ) ;  C is isomaltitol; D is sorbitol 
(formed in the second step of the “ first route” ) ;  (D) is sorbitol (formed in 
the first step of the “ second route” ) ; E is isomaltose.

The above reaction scheme represents a kinetic system consisting of 
a combination of two interdependent simultaneous (“ parallel” ) and con
secutive reactions.

Since the hydrolysis rate constants for isomaltitol (fa =  9.1 X 10~3/hr.) 
and isomaltose (fa =  12.3 X  10_3/hr.) have separately been determined 
by Jones, Dimler, and Rist4, the values for fa and k3 can be computed 
from the rate data on isomaltotriitol in the following way.

The rate of disappearance of A is

-dA / d t =  (fa +  fa) A  (2)

from which at t =  0, A  =  A B,

A =  A 0 e - (k,+k3)t (3)

The rates of formation and disappearance of C and E are

dC/dt =  fa A  -  faC =  fa A 0 e ~ (k'+kl)t -  faC (4)

and

d.E/dt =  k 3 A -  k4E  =  fa A 0 e ~ (kl+k,)t -  faE (5)

These two differential equations when solved by the “ integrating factor”  
method give for t =  0, C =  0, and E  =  0

(j — _____--------------  [e_(*>+*»)* _  e ~k-1] (6)
k2 — (h  +  fcj)

and

E  =  ------ ■U :i, , [e~ikl+k3)t -  e ~u ] (7)
ki — (/ci +  k3)

Evaluation of the rate data of isomaltotriitol hydrolysis by using eqs.
(6) and (7) results in ki =  9.8 X  10“ 3/hr. and k3 =  5.0 X 10~ 3/hr. These 
values are in good agreement with those computed by Jones, Dimler, and 
Rist (i.e., h  =  9.5 X 10~3/hr. and k3 =  5.0 X  10_3/hr.) using approximate 
equations. In a footnote of their paper it is mentioned that eqs. (6) and (7) 
were derived by L. F. AIcBurney.

Since the yields of glucose and sorbitol for three hydrolysis periods have 
also been determined by Jones, Dimler, and Rist, the correctness of the 
numerical values of kt and fa can be tested by using equations which express 
the glucose and sorbitol yields in terms of the initial isomaltotriitol con
centration, time of hydrolysis and the constants fa, fa, fa, and fa.
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Glucose yield in the first step of the first route is given by 

d(B)/dt =  M  =  M o  e~ (h+k3) 

from which for t =  0, (B) =  0

(B) =
- ( k i  +  k-s)

In the second step of the first route:

kiAoh _
~dt =  * ' =  h  -  (hi +  Asj |C

from which for £ =  0, B =  0

Aakiki

(fa+fe) _ e~ k‘l]

( 8 )

( 9 )

(10)

B = __ g  —  (^1 +  fa ) i j

(/ci +  ic3) [/î2 — (ki +  k3) ]

Afki
( 1  -  e - klt) ( 1 1 )

ki — (ki +  k3)

Half of the glucose yield in the second step of the second route:

dB* Mofcs
— k*E — ~ : 7

dt ki — (ki -f- k3)
j’g — (&1+&3ÎÎ _  ̂— Â4Î i— e (12)

from which for t =  0, B* =  0

A vk3ki
B* = |q  __  g  — (4 i +  f o ) f j

(&i +  *,) [fci — (&i +  ki) ]
Auks

( 1  -  e~ k'1) (13)

Then

D =

ki — (fci +  fcj) 

%  Glucose yield =  (B) +  B  +  2 /i*

for A 0 =  100.

Sorbitol yield in the second step of the first route is: 

Ank\ki
(k\ +  k3) [ki — (ki +  k3) ]

JJ _ g-Uri+AUij

Aoki
ki — (ki +  k3)

(1 -  e~ ktt) (14)

[Sorbitol yield D  in the first route is the same as the glucose yield B, eq
(11)]. _

Sorbitol yield in the first step of the second route is:

d(D)
dt

=  k3A =  k3 A o e - (k,+k3)' ( 1 5 )
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from which for t =  0, (D ) =  0

(D)
kzA$

— (fci +  k¡)
le — (kl +&3)¿

1J

Then

(16)

%  Sorbitol yield =  D  +  (.D)

for A 0 =  100.

The glucose and sorbitol yields per 100 moles of isomaltotriitol, calcu
lated by means of eq. (11), (13), (14), and (16) using the values for the 
constants ki and fc3 found and fc2 and as provided by Jones, Dimler, and 
Rist, are listed in Table I.

T A B L E  I
Com parison betw een H ydrolysis Products and E x ten t of H ydrolysis of Isom altotriitol 

Found Experim entally and Calculated

H ydrolysis tim e, hr.

7 24 53

H ydrolysis products, m oles/100 moles isom altotriitol
Isom altotriitol Experim ental 89.9 70.3 4 5.9

(unconverted)
C alculated 90.23 70.09 45.64

Isom altitol E xperim ental 6 .14 18 .2 2 7 .1
Calculated 6.36 17.8 9 28.10

Isomaltose Experim ental 3 .5 8 .4 13 .0
Calculated 3.02 8.64 12.96

Glucose Experim ental 7 .4 1 2 4 .7 54.0
C alculated 7.39 24.68 55.03

Sorbitol Experim ental 4 .1 2 1 1 .5 26.4
Calculated 3.65 12.22 26.58

%  H ydrolysed (N um ber of Experim ental 5 .46 16 .6 33.5
glucosidic bonds split 
per 100 glucosidic bonds 
=  50 moles of 

isom altotriitol)
Calculated 5.20 16.70 33.98

These authors have also measured the extent of hydrolysis of isomalto
triitol by determining the reducing group content of the reaction mixture 
after three hydrolysis periods. Using the per cent hydrolysis values they 
calculated the values for the overall hydrolysis constant, i.e., the simple 
first-order rate constant, designated as 7vm. It should be noted that the 
true hydrolysis rate constant which is the specific rate of splitting the 
glucosidic bonds (formation of reducing ends) in isomaltotriitol, in accord
ance with eq. (1) is

k\k% kjc  ̂
k\ T  ki k-i +  ki

( 1 7 )
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The numerical value of kn is, thus, 8.2 X  10_3/hr. and the average over
all hydrolysis constant computed by Jones, Dimler, and Rist is 7.8 X  10~3/  
hr. The simple first-order rate constant (K m ) obtained from the values 
for the hydrolysis represents the specific rate of hydrolysis only when both 
linkages in isomaltotriitol are split at the same rate, i.e., when ki =  k2 = 
fc3 =  ki =  K m . In this case eq. (17) degenerates to kn =  K m .

The extent of hydrolysis, expressed in terms of reducing ends formed 
per 100 glucosidic bonds (=  50 moles of isomaltotriitol) can also be com
puted by using the numerical values of kh k2, hs and kt and taking into ac
count that hydrolytic bond splitting occurs in the reactions:

ki
A -* (B)

kz
A - ( D )

&4
E -  B*

Thus,

%  Hydrolysis =  Number of glucosidic bonds split per

100 glucosidic bonds in isomaltotriitol
(B) +  (D) +  B +  B* 

2
(18)

The values for per cent hydrolysis calculated by means of eq. (18) for 
the experimental hydrolysis times are listed in Table I.

Inspection of the values calculated for unconverted isomaltotriitol, yields 
of isomaltitol, isomaltose, glucose and sorbitol as well as per cent hydrolysis 
shows that they are in very good agreement with the experimental values.

Panitol

According to Wolfrom, Thompson, and Galkowski in the hydrolysis of 
panitol6 the hydrolytic splitting of the glucosidic bond between the maltitol 
and glucose units (1,6-a link) occurs at the same rate as that in isomaltose; 
the splitting of the glucosidic bond between the sorbitol and isomaltose units 
(1,4-a link) also takes place at the same rate as that of maltose. In this 
hydrolysis rate study6 the change in optical rotation was measured with 
progress of hydrolysis. The composition of the reaction mixture was not 
determined but calculated from the known values for the hydrolysis rate 
constants of isomaltose (k') and maltose (k") by means of rate equations 
corresponding to the scheme shown in eq. (19), where A ' is panitol; (B '), 
B ' and B * ' are glucose; C ' is maltitol; D ' and (D '(  are sorbitol) and E ' is 
isomaltose. Excellent agreement was found6 between the optical rotation 
values observed for three hydrolysis periods and those computed from the 
calculated composition of the hydrolysis reaction mixture.
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CH2OH

(19)

c h 2o h

H OH H OH

Isomaltotriose

Jones, Dimler, and Rist4 have investigated the progress of hydrolysis of 
isomaltotriose (conditions the same as with isomaltotriitol) after three 
periods of time. While separation and quantitative determination of the 
hydrolysis products when isomaltotriitol is hydrolyzed are instructive for 
establishing the source of fragment formed, the same does not apply to 
isomaltotriose. Breaking either of the two glucosidic bonds in isomalto
triose yields the same products, glucose and isomaltose, as shown by the 
reaction kinetic scheme below [eq. (20)]. Thus Jones, Dimler, and Rist 
suggested two methods for assessing the rate constants for the hydrolysis 
of the two glucosidic bonds.

H OH

Where A" is isomaltotriose; (B"), B", B*" and B**" denote glucose; (C") 
and C" denote isomaltose.

It is assumed that: (1) both linkages hydrolyze at the same rate as iso
maltose, i.e., the specific rate of bond splitting is then the simple first-order 
rate constant (K m ) ; (2) reduction of isomaltotriose to isomaltotriitol
may lower the hydrolysis rate constant of the glucosidic bond of the reduc
ing unit by the same proportion as the rate constant for the hydrolysis of 
the glucosidic bond in isomaltose is lowered by reduction to isomaltitol, 
which was established in separate experiments. The hydrolysis rate con
stant for the nonreducing unit was calculated b}' the method of Kuhn and 
collaborators.6

CH2OH

(20)
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As to assumption 1, it is somewhat questionable that the overall first- 
order rate constant represents the true rate constant of hydrolysis, as dis
cussed above. In addition it increases even within the investigated range 
and the average value, as Jones, Dimler, and Rist point out, should only be 
considered as an approximation to the limiting rate constant.

As to assumption 2, these authors mention that changing the aglycone 
from an aldose (probably in the ring form) to the open chain sorbitol struc
ture lowers the hydrolysis rate constant in the case of isomaltose —► iso- 
maltitol, but it has the opposite effect in the case of maltose —*■ maltitol. 
These observations undoubtedly indicate that the direction and magnitude 
of the change in the hydrolysis rate of aldoses when reduced to alditols is 
dependent on the structure of the saccharide (cf. the generalization of 
Ivanov7). The values for the hydrolysis constants of the two glucosidic 
bonds computed by the second method by Jones, Dimler and Rist are:

k5 =  11.6 X  10_3/hr. and k6 =  6.8 X 10_3/hr.

The solutions of the rate equations, corresponding to the kinetic scheme 
shown in eq. (20) are:

4" =  4 (  ̂— (̂ 5 + &<0<

4 " k(Q'fS) — ____1 (' /1/5_____ I'g — (Al5 + ̂ 6)< _ /,—

C" =  

CB ") =  

B" =

k4 — (kb +  k%) 

A„"k 6
k4 — (kb -f- kß)

[e

— e

- (k b -\ ~ k b )t  ___

— (kb +  kb) [e - 1 1

(21)

(22)

(23)

(24)

Ao'kikb g —  ( k b - \ - k s ) t  _ | “ A 0"kikb \ (e ~ kd+  1\1
k4 — (kb +  kb) _ ~  (^5 +  kb) _ k4 — (kb +  kb) L\ /f4 /J

A " l -T )* " —  ' t'6 r — (ki +  kt)t
~ ( h  + k b )

ß * * i r  __

-  11

(25)

(26)

Ab'kjib ~g-{kb-\-kb)t _ j A 0'%kb 08 1 ft“ +

k4— (k6 +  kb) _ — (k& +  kb) _ k4 — (kb +  kb) L\ k4 )\

(27)
Glucose yield per 100 moles isomaltotriose (A0" =  100) is given as

Glucose yield =  (B")  +  2B" +  B*" +  2B**" (28)

Using the values for k4 =  12.3 X  KD3/hr., k6 =  11.6 X  10“ 3/hr. and 
h  =  6.8 X  10~3/h r .5 the glucose yield at t =  °° amounts to 318.3 instead 
of 300. This result indicates that the values for kb and /c6 computed by 
Method 2"5 are not entirely satisfactory.
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Assuming that k6 = fc4/ 1.3 and k6 = /c4/1.5 (the basis for this assumption 
is discussed below) the glucose yield at t = °° amounts to 300.4.

Using the values for k6 = 9.5 X 10~3/hr. and /c6 = 8.0 X 10“ 3/hr. the 
per cent hydrolysis values have been calculated by an equation corre
sponding to eq. (18), namely,
Number of glucosidic bonds split per 100 glucosidic

bonds in isomaltotriose = B "  +  B * * u +  (B " ) +  B * '  
2-

(29)

These are listed in Table II. When compared with the experimental 
values, the agreement is quite satisfactory.

TABLE II
Comparison between Extent of Hydrolysis of Isomaltotriose Found Experimentally and

Calculated

Hydrolysis time, hr.

5 24 55

%  Hydrolysis Experimental
Calculated

5 20 
4.4 21.2

30
40.5

Although the calculated values seem to agree with the experimental 
values for the extents of hydrolysis of isomaltotriose a word of caution 
may well be in order. In the first place, the equation used contains four 
constants which makes it suitable to “fit” a curve with three points, i.e., 
the three experimental values. Furthermore, transposing the values for 
ki, and h ,  i.e., assuming /c6 = 9.5 X 10-3/hr. and k6 = 8.0 X 10_3/hr., 
does not alter the calculated values for per cent hydrolysis. In the light 
of this argument the conclusions which may safely be drawn are as follows: 
the glucosidic bonds in isomaltotriose most likely hydrolyze at a lower rate 
than that in isomaltose; the two bonds do not hydrolyze at the same 
rate; whether the rate of hydrolysis of the glucosidic bond of the reducing 
unit is lower than that of the non-reducing unit or the reverse remains to 
be established. It seems also evident that the interpretation of the kinetics 
of acid hydrolysis of oligosaccharides based on measurements of reducing 
group formation is somewhat uncertain. Jones, Dimler, and Rist sug
gested that one suitable method to establish the true ratio between the 
two rate constants would be to study the hydrolysis of C14-labeled isomalto
triose. While the fruitfulness of such techniques has been shown by the 
results of enzymatic hydrolysis studies on oligo- and polysaccharides,8 
to the writer’s best knowledge the first acid hydrolytic rate study with a 
labeled trisaccharide has been published only recently in a short note.9 
On determining the hydrolysis products from 4a,6/3-bis-D-glucopyranosido- 
D-glucose by the isotope dilution technique and chromatographic separation 
it was found that at 100 °C. with 0.05A H2S04 the a-1,4 link hydrolyzes
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1.5 times slower than maltose and the /3-1,6 link hydrolyzes 1.3 times 
slower than gentiobiose.9 These ratios when applied to isomaltose give 
rate constants for isomaltotriose which—as mentioned above—when sub
stituted into eq. (29) have resulted in per cent hydrolysis values agreeing 
with the experimental values. It remains to be established whether this 
finding is coincidental or whether it may be used as a generalization.

The kinetics of acid hydrolysis of oligosaccharides is of considerable 
interest for both the structural carbohydrate chemist and for the industries 
using oligo- and polysaccharides. It is the task of the theoretical organic 
chemist to explain what the kineticist discloses. Here again work is 
still to be done in the field of disaccharides. The hydrolysis rate constants 
for some disaccharides are listed in Table III, and an explanation of the 
differences between these rate constants is probably an attractive target 
for the theoretical organic chemist.

TABLE III
Hydrolysis Rate Constants for Some Disaeeharides

Hydrolysis conditions Disaccharide Rate constant
Ref

erence

0.05A' H>S04; 100°C. Isomaltose 20.8 X 10-3/hr 5
a a a Maltose 84.6 “ “ “

0 .1 8 N  1LS04; S0°C. Maltose 51 X 10-3/hr. 4
a a a Maltitol 58 “ “ a
a a a Maltobionic Acid 56 “ “ “
“ a a Isomaltose 12.3 “ “ “
a a a Uso maltitol 9.1 “ “

4%  H2S04; 45°C. Cellobiose 0.7 X 10~3/hr. 10
“ “ 60°C. “ 6.2 "  “ “
“ “ 75°C. a 37.8 “ “
“ “ 45°C. Cellobionic Acid 0.83 “ “
“ “ 60°C. a a 5.6 “ “
“ “ 75°C. a a 33.4 “ “ a

8%  H2S04; 55°C. Maltose 6.12 X 10_6/sec. 10
“ “ 65°C. a 23.61 “
“ “ 75°C. a 64.0
“ “ 55°C. Cellobiose 2.84 “
“ “ 65°C. a 11.94 “
“ “ 75°C. 11 33.30 u

Thanks are due to Australian Paper Manufacturers Limited for permission to publish 
this paper and to Mr. D. W. Sharp for valuable assistance in the mathematical part.
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Résumé

On montre d’après les données cinétiques de Jones, Dimler et Rist sur l’hydrolyse par 
catalyse acide de l’isomaltotriitol que la cinétique peut être décrite par des équations de 
vitesses trouvées par la combinaison de deux réactions consécutives et simultanée (paral
lèle) et interdépendantes en accord avec le schéma suivant:

f o / (B) +  C -*  B +  D

k,
\ ü )  +  E —  B*

ou A: isomaltotriitol; (B), B et B*: glucose; C: isomaltotol; D et (D): sorbitol et 
E: isomaltose présent à chaque instant, k i et fe: vitesses spécifiques à laquelle les deux 
liaisons glucosidiques sont rompues par l’hydrolyse dans l’isomaltotriinol; k 3: vitesse 
spécifique d’hydrolyse de l’isomaltitol (connu); k , : vitesse spécifique d’hydrolyse de
l’isomaltose (connu). On déduit les valeurs des constantes k i et k 3 des valeurs expéri
mentales de la composition du mélange réactionnel d’hydrolyse et des valeurs connues 
de k> et iq. Les rendements en glucose et en sorbital dépendant du degré d’hydrolyse ont 
été alors calculés au départ des valeurs de k i et k 3 (trouvés) et fe et kA (connus) en utilisant 
les équations de vitesse correspondantes du schéma ci-dessus. Elles sont en bon accord 
avec les valeurs expérimentales. La cinétique de l’hydrolyse acide de l’isomaltotriose 
peut aussi être décrite par des équations de vitesse correspondant aux schéma réactionnel :

kb/A (B") +  (C") — B"

A"
\  k<

B*" +  C" — B**"

où A ": isomaltotriose; (B"), B", B*" et B**ê: glucose; (C") et C": isomaltose à 
chaque instant; h  et k 6 sont les vitesses spécifiques de la rupture hydrolytique des deux 
liaisons glucosidiques dans l’isomaltotriose et k 4 est la vitesse spécifique d’hydrolyse de 
l’isomaltose (connu). Admettons que fe =  k j  1.3 et k e =  k j  1.5, on a calculé les valeurs 
du degré d’hydrolyse (exprimé en fonction de la rupture de la liaison glucosidique pour 
100 liaisons) en utilisant les équations de vitesses provenant du schéma ci-dessus. Elles 
donnent un bon accord avec les valeurs expérimentales. Cependant, en transposant les 
valeurs pour h  et k 6 on ne modifie pas les valeurs calculées. C’est pourquoi il est seule
ment permis de tirer les conclusions suivantes: la liaison glucosidique de l’isomaltotriose 
s’hydrolyse vraisemblablement à une vitesse plus faible que l'isomaltose. De plus il 
reste à démontrer si la vitesse d’hydrolyse de la partie glucosidique de l’unité réductrice 
est plus faible que celle de l’unité non-réductrice ou l’inverse. On attire l’attention sur 
la structure chimique de l’hydrate de carbone théorique qui peut fournir une explication 
pour les déductions cinétiques dans le domaine de l’hydrolyse du trisaccharide et du 
bisaceharide.
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Zusammenfassung

Die Kinetik der säurekatalysierten Hydrolyse von Isomaltotriit kann unter Verwen
dung der Gesehwindigkeitsdaten von Jones, Dimler und Rist durch Geschwindigkeits
gleichungen beschrieben werden, die unter der Annahme einer Kombination zweier 
voneinander abhängiger simultaner (“paralleler” ) Reaktionen und Folgereaktionen 
gemäss folgendem Schema abgeleitet wurden:

h S (B) +  C-

tu
N(D) +  E -

B +  D 

B*

Dabei bedeuten: A: Isomaltotriit; (B), B und B*: Glucose; C: Isomaltit; D und 
(D); Sorbit; E: augenblickliche Konzentration der Isomaltose; k i und fc2: spezifische 
Geschwindigkeiten der hydrolytischen Spaltung der beiden glucosidischen Bindungen in 
Isomaltotriit; k 3: spezifische Geschwindigkeit der Hydrolyse von Isomaltit (bekannt); 
k t. spezifische Geschwindigkeit der Hydrolyse von Maltose (bekannt). Die Werte der 
Konstanten k i und k3 wurden aus der experimentell bestimmten Zusammensetzung des 
Hydrolysegemisches und den bekannten Werten von fe und k t  berechnet. Dann wurde 
die Ausbeute an Glucose und Sorbit sowie das Ausmass der Hydrolyse, unter Verwendung 
der berechneten Werte von k, und k3 und der Bekannten Werte von k 3 und k t  mittels der 
obigem Schema entsprechenden Geschwindigkeitsgleichungen berechnet und in sein- 
guter Übereinstimmung mit den experimentellen Werten gefunden. Die Kinetik der 
sauren Hydrolyse von Isomaltotriose kann durch Geschwindigkeitsgleichungen beschrie
ben werden, die folgendem Schema entsprechen:

kt

h S < P " )  +  (C") —► B"

V QU _  ̂jg**//

Dabei bedeuten: A ": Isomaltotriose; (B"), B", B*" und B**": Glucose; (C") und C": 
augenblickliche Konzentration der Isomaltose; k-„ und k 5: spezifische Geschwindigkeit 
der hydrolytischen Spaltung der beiden glucosidischen Bindungen in Isomaltotriose; 
k i.  spezifische Geschwindigkeit der Hydrolyse von Isomaltose (bekannt), hinter der 
Annahme k  = fei/1,3 und k 6 =  k b/ 1,5 wurden Werte für das Ausmass der Hydrolyse 
(ausgedrückt durch die Anzahl der gespaltenen glucosidischen Bindungen pro 100 Bin
dungen) mittels der aus obigem Schema abgeleiteten Geschwindigkeitsgleichungen 
berechnet und in guter Übereinstimmung mit den experimentellen Werten gefunden. 
Bei Vertauschung der Werte von k h und k b ändern sich allerdings die berechneten Werte 
nicht und man kann somit nur folgende Schlüsse ziehen: Die glucosidischen Bindungen 
in Isomaltotriose werden höchstwahrscheinlich mit einer niedrigeren Geschwindigkeit 
als Isomaltose hydrolysiert; die beiden Bindungen werden nicht mit gleicher Geschwin
digkeit hydrolysiert. Ob die Hydrolyse der glucosidischen Bindung der reduzierenden 
Einheit langsamer erfolgt als diejenige der glucosidischen Bindung der nichtreduzieren- 
den Einheit oder umgekehrt, muss erst festgestellt werden. Es wird darauf hingewiesen, 
dass ein Theoretiker auf dem Gebiete der Kohlehydratstruktur möglicherweise eine 
Erklärung für diese Ableitungen des Kinetikers bei der Hydrolyse sowohl von Tri- als 
auch von Disacchariden geben kann.

Received May 8, 1963
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Acrylic Anhydrides and Polymers Derived Therefrom*

JESSE C. H. HWA,f WILLIAM A. FLEMING, and LEON MILLER,
Research Laboratory, Rohm  and H aas C om pany, Philadelphia, P ennsylvan ia

Synopsis

The free-radical polymerization of four acrylic anhydrides— methacrylic anhydride, 
acrylic anhydride, acrylic methacrylic anhydride, and acrylic propionic anhydride—  
under a variety of conditions has been studied. The polymers and their polyacid and 
polyester derivatives were characterized by solubility, infrared spectroscopy, and x-ray 
diffraction. Methacrylic anhydride could be polymerized in bulk and in hydrocarbon 
solvents from — 50°C. to 80°C. to give soluble, linear cyclopolymers in high conversions. 
In a polar solvent such as dimethyl sulfoxide, gelation would result at high monomer con
centrations and at high conversions. Acrylic anhydride, however, appeared to become 
crosslinked more readily; soluble polymers could be obtained only by polymerization in 
nonpolar solvents. Most of the previous and somewhat conflicting results on the cyclo- 
polymerization of these two monomers can now be reconciled by the present findings. 
The phj'sical properties of cast poly(methacrylic anhydride) suggest that it has a stiff 
backbone with hindered functional groups and that the monomer itself was perhaps intra- 
molecularly associated. Some improvements in the aqueous hydrolysis of poly(meth- 
acrylic anhydride) and in the esterification of the derived polyacid by diazomethane were 
described. By these refinements, poly(methyl methacrylate), derived from a —50°C. 
poly(methacrylic anhydride), had previously been shown to possess a novel, mixed 
syndiotactic and syndioduotactic ( +  -|--------- M -------- ) configuration. Acrylic metha
crylic anhydride could be cyclopolymerized very much like methacrylic anhydride. The 
polyacid and polyester derived from this unsymmetrical anlrydride are expected to have 
unique structures; the acrylic or methacrylic units in the derivatives do not occur more 
than twice in succession. Acrylic propionic anhydride, when homopolymerized, readily 
changed to a soluble polymer and an unidentified, immiscible liquid. Its soluble co
polymer with methyl methacrylate, however, could be crosslinked by heating. An 
intramolecular and intermolecular disproportionation reaction was postulated to explain 
these two interesting observations, respectively.

INTRODUCTION

Many 1,6-heptadienes are known to undergo what is now known as 
cyclopolymerization by alternating intramolecular and intermolecular 
propagation step.1'2 Acrylic anhydride and methacrylic anhydride were 
early examples of such monomers.3-5 The polymers obtained by free- 
radical polymerization were soluble in certain polar organic solvents and 
were believed to consist of recurring six-membered anhydride rings. Re-

* Presented before the Polymer Division of the 144th Meeting of the American Chem
ical Societjy Los Angeles, 1963.

t Present address: Stauffer Chemical Company, Chauncey, New York.
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cently some apparently conflicting data have been reported by others. 
Both acrylic anhydride6 and methacrylic anhydride7'8 were shown to give 
insoluble, crosslinked polymers under certain conditions.

In 1957 we undertook a systematic study of the polymerization char
acteristics of acrylic anhydrides, the physical properties of the cyclopoly
mers, and the stereochemical configuration of the polymeric derivatives. 
In view of the current confusion it appears appropriate that our rather 
extensive experience on the preparation and behavior of the polyanhydrides 
be compared with those published. Hopefully some of the gaps in the 
current understanding of this system may be filled.

This paper therefore is concerned with: (a) a somewhat detailed descrip
tion of the experimental conditions of cyclopolymerization of acrylic an
hydrides so that the reasons for forming either soluble or crosslinked poly
anhydrides may be more firmly established ; (b) some improvements in the
preparation of polyanhydride derivatives; (c) some additional physical 
properties of the polyanhydrides and their derivatives hitherto not re
ported; and (cl) polymers and derivatives of unsymmetrical acrylic an
hydrides.

The stereochemical configuration of poly (methyl methacrylate) derived 
from poly (methacrylic anhydride) has already been described elsewhere.9 
This paper does furnish the experimental details underlying that work.

EXPERIMENTAL

Materials

Unless otherwise specified, commercially available reagent-grade chem
icals were used without further purification. Dimethyl sulfoxide (DMS)- 
was fractionated.10 Azobisisobutyronitrile (AIBN) was recrystallized 
from methanol and dried under vacuum at room temperature, m.p. 100°C.

Monomer Synthesis. Symmetrical and unsymmetrical anhydride 
monomers were prepared by the metathesis of an acyl halide and an alkali 
metal carboxylate.11 Table I lists the preparative conditions used and the 
results. As an example, the preparation of acrylic methacrylic anhydride 
which is apparently new is described below.

In a 1-1. three-necked flask equipped with a stirrer, separatory funnel, 
thermometer, and reflux condenser was placed a mixture of 108 g. (1 mole) 
sodium methacrylate, 0.6 g. methylene anthrone, and 500 ml. of reagent- 
grade benzene. While the contents were stirred, 115 g. (1.27 mole) of 
acrylyl chloride was added in a period of 20 min. followed by a 3-hr. reflux. 
Without removal of the precipitate, the benzene was stripped off under 
diminished pressure and the residue fractionally distilled with stirring 
through a 15-in. column packed with Cannon Packing (0.16 X 0.16). An 
oil bath was essential to avoid local superheating. Altogether 129 g. 
(92.3% yield) of a colorless liquid, b.p. 64°C./4 mm., 1.4516, was ob
tained.
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Polymerization

Cast Polymerization. Polyanhydrides were prepared in a sheet form 
between glass molds. A commercial dough inserted between the clamped 
glass plates served as the confining material.12 The inside walls of the 
plates were pretreated with G. E. Dry Film SC-87 or Triton X-100 as the 
mold release agent. After the acrylic monomer containing 0.5-1.0% of 
either azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO) was 
charged into the cavity of the mold by a syringe, the assembly was placed 
in a 50-65°C. oven for at least 16 hr. and then at elevated temperatures 
for several more hours. The exact heating cycle for each monomer is 
listed in Table II. Transparent cast sheets up to V8 in. in thickness could 
be obtained. Conventional cellophane12 should be avoided as a confining 
material because all the anhydrides would “popcorn” polymerize.

Precipitation Polymerization. A mixture of monomer (20-30 g.), 
azobisisobutyronitrile (1.0% based on monomer), and benzene (generally 
200-300 ml.) was charged to a 500-ml. three-necked flask equipped with 
stirrer, reflux condenser, and glass stopper. The contents were refluxed, 
by an oil bath, for 8 hr. or more. The polymer generally precipitated 
from the medium as swollen particles. The product was removed by 
filtration, washed with benzene, and then dried at 65°C. for 6 hr. The 
yield generally was 90-95%.

Solution Polymerization in Dimethyl Sulfoxide. Under a nitrogen 
atmosphere, 15-75% solutions of methacrylic anhydride in dimethyl 
sulfoxide containing 0.5% azobisisobutyronitrile (based on monomer) 
were heated, with stirring, in a suitable three-necked flask at 65°C. for 
64 hr. In two experiments where viscous amber solutions were obtained, 
the polymer was isolated by precipitation from excess (tenfold) methanol.

Room Temperature Polymerization. Some polymerizations were done 
with benzoyl peroxide-dimethylaniline as catalyst and a trace of thiophenol 
as activator (BPO/DMA/TP).13 At room temperature reasonably rapid 
polymerization rates were obtained.

Polymerization by Ultraviolet Irradiation at — 50°C. The acrylic an
hydrides have been polymerized by ultraviolet irradiation at — 50°C. 
About 10-30 ml. of the monomer or its solution in toluene was placed in a 
50-ml. glass ampule containing 5-50 mg. of benzoin as photosensitizer. 
The contents were degassed on a vacuum-line by conventional freeze-thaw 
techniques and then sealed off at 1 X 10-6 mm. while frozen by liquid 
nitrogen. The ampule was placed in a methanol bath in a transparent 
Dewar flask. A battery of 4 Sylvania Black Light tubes was placed about
2-3 in. from the ampules. The methanol bath was maintained at —50 ± 
1°C. by means of a Dry Ice-acetone cold finger and by a combination of a 
Therm-O-Watch and a Jack-O-Matic (Instruments for Research and 
Industry, Cheltenham, Pa.) which automatically regulated the immersion 
of the cold finger. After 6-7 hr. of irradiation, the contents generally 
became a rigid, transparent plug. The tube was then opened and the plug
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broken up. The swollen polymer was washed twice with 300-ml. portions 
of re-hexane. The white polymer was then dried in vacuum at 55°C. for 
16 hr.

Characterization o f Polymers

Infrared Spectroscopy. Infrared absorption spectra of the monomers, 
polymers, and derivatives were obtained with a Perkin-Elmer infrared 
spectrophotometer model 21. The polvanhydrides and their acid deriva
tives were examined in the form of a Nujol mull. The polyesters were 
either deposited as a film on silver chloride or examined in chloroform 
solution with compensating chloroform cells.

Solubility. All the polyanhydrides were insoluble in common organic 
solvents, either at room or elevated temperatures within a period of several 
hours. Many samples, as indicated in Table II, however, were soluble in 
dimethjdformamide or dimethyl sulfoxide at room temperature overnight,

TABLE III
Some Characterization of Polyacids and Polyesters Derived from Poly(acrylic

Anhydrides)

Parent
sample

Notable infrared
Polyanhydride and its derivatives absorption bands, cm.-

X-ray
1 diffraction

1750, 1815
5 Poly(methacrylie anhydride) Weak band at 1640 Asymmetrical

Poly(methacrylic acid) 1170, 1265“ Asymmetrical
PoIy(methyl methacrylate) J  value 93b Asymmetrical

Poly(ethyl methacrylate)
1735, 1800

Asymmetrical

13 Poly(acrylic anhydride) Weak band at 1620 —
Poly (acrylic acid)d 1155, 1230“ Asymmetrical
Poly (methyl acrylate) — Amorphous
Poly (ethyl acrylate) — Amorphous

16 Poly(acrylic methacrylic 
anhydride)

1735, 1800 
Weak band at 1620

Polv(acrylic acid-co- 
methacrylic acid)

3500, 1290, 955-915«.'

Polv(methyl acrylate-co
methyl methacrylate)

955».*

* Infrared spectrum almost identical to that of the corresponding polyacid prepared 
directly from the monomer by free radical polymerization; absence of anhydride absorp
tion.

b Described in ref. 9; gelm.p.: 40°C. (see ref. 24).
c Intermediate between the spectra of syndiotactic and isotactic polyfethyl methac

rylates) (unpublished information); absence of residual anhydride or acid bands.
J Without separating the polvanhydride from the toluene solvent, the mixture was 

boiled with deionized water for 1.5 hr., steam-distilled, and then freeze-dried. The poly
acid reacted with diazomethane and diazoethane readily.

6 These are not major absorption bands, but are bands having greater intensity than 
those of the random copolymer.

' Absence of a band at 1050 cm. -1.
« In chloroform solution and as film on silver chloride.
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or at 110-135°C. almost instantly. On the other hand, some other sam
ples listed in Table II as well as some known crosslinked copolymers of 
methacrylic anhydride and methyl methacrylate11 were found to be in
soluble under the same conditions, even with prolonged heating periods. 
The infrared absorption spectra of poly (methacrylic anhydride) (sample 5, 
Table III), for example, remained essentially unchanged before and after 
precipitating the polymer in dimethyl sulfoxide solution from methanol. 
Hence the dissolution is believed to be a genuine property of a linear, un- 
crosslinked cyclopolymer, and is not a result of severing or “ reshuffling” 
the anhydride crosslinks of an otherwise crosslinked polyanhydride.

Ammonolysis. Poly(methacrylic anhydride) (sample 3, Table II) 
dissolved readily in excess aqueous ammonia at room temperature. On 
freeze-drying, the product had 7.96% N which corresponded to the com
position of a 1:1 poly(methacrylic acid-co-methacrylamide).

Hydrolysis. Poly (acrylic anhydride) and poly (acrylic methacrylic 
anhydride) were readily hydrolyzed by boiling water, while poly(metha- 
crylic anhydride) was not. It was found that an aqueous solution con
taining 15-25% dioxane was particularly effective in hydrolyzing the latter. 
The following examples illustrate this simple modification.

A mixture of 2.0 g. of poly(mcthacrylic anhydride) (sample 4, Table II) 
and 50 ml. deionized water was refluxed in a flask previously rinsed with 
dilute hydrochloric acid and excess deionized water. After 26 hr. of boiling, 
the powdery polymer remained unchanged! Dioxane (10 ml.) was then 
added. After 1 hr. of reflux, the polymer dissolved.

In a similar manner, a mixture of 10.5 g. of — 50°C. poly (methacrylic 
anhydride) (sample 5, Tables II and III), 15 ml. of freshly distilled dioxane, 
and 120 ml. of deionized water was refluxed for 2.5 hr. The polymer did 
not dissolve. After additional 15 ml. dioxane and 45 min. reflux, complete 
solution resulted. The solution was refluxed for 4 hr. more, filtered, and 
steam-distilled. The distillate, amounting to 300 ml., was discarded. The 
solution was filtered and freeze-dried. After drying in vacuum at 50°C. 
for 16 hr., the polyacid derivative weighed 11.3 g.

Esterification o f Polyacids Derived from Polyanhydrides. The pro
cedure of esterifying a polyacid with diazoalkane was essentially that of 
Katchalsky and Eisenberg.14 In preparing the methyl esters of some 
samples, the esterification apparently was complete in 1 hr. by mixing the 
polyacid and excess diazomethane16 in benzene.

In many cases, however, complications were observed in this esterifica
tion step. It was found that often a substantial portion of the polyacid 
remained insoluble in benzene even with repeated additions of the reagent. 
This partial solubility, also noted by others,3 was more pronounced when 
the polyacid was obtained by alkaline hydrolysis followed by ion-exchange.16 
Possibly a small fracion of alkali metal salts in the polyacid, either in
advertently formed or incompletely converted by ion exchange, could 
cause this solubility problem. A related undesirable effect was that in 
using large excess of diazomethane, for example, some polymethylene was
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also formed. This polymeric impurity, if not removed, would interfere 
with subsequent x-ray characterization of the polyester.

An effective purification step was worked out. The following procedure 
is an example. To 5.8 g. (68 meq.) of poly(methacrylic acid) (derived from 
sample 5, see Table II and Table III) was added an estimated 160 meq. of 
freshly prepared and dried diazomethane in benzene.16 After 1 hr. of stand
ing at room temperature, the solution was filtered. An insoluble residue 
of 0.2 g. remained. The filtrate was freeze-dried, yielding 6.4 g. of poly
mer. Infrared absorption spectra of this product showed weak bands cor
responding to water, and carboxylate salt; residual carboxylic acid groups 
were absent. All the polymer was now dissolved in about 200 ml. of di- 
oxane. The solution was added to 2 1. of '~0.05A' hydrochloric acid with 
stirring. After standing overnight, the polymer was isolated by filtration 
and allowed to stand with another charge of the dilute acid for 2 hr. Fi
nally the polymer was washed free from acid with deionized water. The 
dried polymer, weighing 5.3 g., was dissolved in benzene and mixed with 
approximately 40 meq. of diazomethane in benzene. The yellow color 
remained even on warming. The resulting solution (ca. 100 ml.) was 
precipitated from 1 1. of hexane. After filtration and repeated washings, 
the dried polymer weighed 4.8 g. (some mechanical loss). Infrared spec
troscopy now showed the absence of water and carboxylate groups. X-ray 
diffraction also showed the absence of poly methylene. The viscosity- 
average molecular weight of the polyester was 213,000.9

Ethyl esters of the polyacids were prepared by reacting the polyacid 
with diazoethane in ether-benzene mixture, followed by freeze-drying. 
Diazoethane was freshly prepared from ethyl X-nitrosoethylcarbamate by 
a known procedure.17’18

Table III lists the polyacids and polyesters derived from the polyanhy
drides and the results of some x-ray diffraction and infrared spectroscopy.

DISCUSSION 

Monomer Synthesis

Four monomers—acrylic anhydride, methacrylic anhydride, acrylic 
methacrylic anhydride, and acrylic propionic anhydride—have been syn
thesized by coupling the appropriate acyl halides with alkali metal 
acrylates (Table I). The constancy of boiling points and the correctness of 
elementary analysis of the first three monomers were believed sufficient to 
establish the purity of these monomers. Acrylic propionic anhydride was 
prepared under very mild conditions. From its C, H content, and refrac
tive index this monomer probably contained some disproportionated 
propionic anhydride as impurity. But the authenticity of the assigned struc
ture was based on the correct shift of 20-25 cm.-1 in the C = 0  absorption 
and the expected intensity of the C=C absorption in the infrared spec
trum of this compound.19
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Synthesis of several other unsymmetrical acrylic anhydrides was at
tempted but not successful. These monomers—methacrylic isobutyric 
anhydride, dimethacrylic fumaric anhydride, methacrylic benzoic anhydride, 
and methacrylic cinnamic anhydride (sodium methacrylate and the cor
responding acyl chlorides used in all cases)—could not be isolated in a rea
sonable pure state by vacuum distillation. In all cases the disproportion- 
ated, symmetrical product, or a mixture of it and the desired product, was 
obtained.

Polymerization o f Symmetrical Anhydrides

Both methacrylic anhydride and acrylic anhydride have been polymerized 
by free-radical catalysts (Table II). By bulk or solution polymerizations 
at —50°C. to 80°C., about 50-99% conversions have been achieved. Also, 
depending on the conditions used, the polymers obtained could be either 
soluble or insoluble in dimethyl sulfoxide or dimethylformamide. (Based 
on the evidence described in the Experimental section, solubility of the 
polyanhydrides in these polar solvents was a sufficient criterion to deter
mine if the cyclopolymer was crosslinked or not.)

These findings are in reasonable agreement with those reported by most 
other workers. Based on the results shown in Table II, methacrylic an
hydride is seen to be readily polymerized to give soluble, linear cyclopoly
mers either in bulk of in nonpolar solvents.5 In a polar solvent such as 
dimethyl sulfoxide or dimethylformamide,8 crosslinked “popcorn” 20 poly
mers were obtained at high monomer concentrations and at high conver
sions. Acrylic anhydride appears to be more readily crosslinkable;6 
soluble polymers were obtained only by solution polymerization.

A reasonably consistent picture of the cyclopolymerization of acrylic 
anhydrides can now be arrived at. There is little doubt that linear poly- 
(acrylic anhydrides) having recurring cyclic anhydride units can indeed 
be obtained by Butler’s mechanism.1 The preponderance of the cycliza- 
tion step, however, would depend on the nature of the monomer and its 
environment. Evidently occasional pendent vinyl groups may result as 
evidenced by weak infrared absorption bands at 1620-1630 cm.“ 1 (see 
Table III) for the soluble polyanhydrides. The formation of pendent 
vinyl groups by noncyclization apparently is appreciably less severe with 
methacrylic than acrylic anhydride; the former is capable of surviving 
bulk polymerization without gelation. The difference between the be
havior of methacrylic anhydride in a nonpolar and a polar solvent suggests 
that the monomer is intramolecularly associated in bulk or in nonpolar 
solvents. This point, brought up in an earlier publication,10 does not seem 
to be unreasonable. Polar solvents very likely could break up the as
sociation to a large extent and the monomer then is more liable to undergo 
crosslinking. High monomer concentration and high conversions ac
centuate gelation.10

The reason why Tiers and Bovcv obtained crosslinked poly (methacrylic 
anhydride) by bulk and solution polymerization (toluene as solvent)7
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remains unclear. Since these workers did not describe the purity of the 
monomer used, it is not possible to resolve the discrepancy at this time.

Polymerization o f Unsymmetrical Anhydrides

Acrylic methacrvlic anhydride has been homopolymerized and copoly
merized with methacrylic anhydride to give soluble cyclopolymers. The 
behavior of this unsymmetrical divinyl monomer is similar to that of metha
crylic anhydride itself. The derivatives of poly(acrylic methacrylic an
hydride) are of some interest and will be described later.

Acrylic propionic anhydride has been homopolymerized in bulk at first 
to a linear polymer, which, at room temperature and even at — 50°C., 
spontaneously changed to a rigid gel and a separate liquid phase (samples 
19-21, Table II). The gel was soluble in dimethyl sulfoxide, and the 
liquid, though not positively identified, was believed to be propionic an
hydride. This facile change may be interpreted by an intramolecular dis
proportionation reaction :

"CIT /C H 2x
\  /  \

CH CH™
! I

c = o  c = o
I I

OCCTL OCC2H6
I! II
o  o

vCH2 ,CH2n
\  /  \

CH DH'

o = c

0  o
II

C = 0  +  C2H„COCC2H5

A sample of soluble 4:1 poly (methyl methacrylaie-co-acrylic propionic an
hydride) (sample 22, Table II) exhibited an interesting second-stage cross- 
linking induced by heat (see Table II, footnote k). The difference between 
the behavior of the homopolymer and the copolymer is that in the latter 
case, many anhydride units were flanked by methyl methacrylate units on 
both sides. Possibly because of these isolated anhydride units, an inter- 
molecular disproportionation could now cause gelation.

Properties o f Cast Poly (methacrylic Anhydride)

After many attempts, a clear poly (methacrylic anhydride) sheet was 
successfully obtained by conventional techniques12 and by using an ap
propriate mole releasing agent (sample 1, Table II). The physical prop
erties of this bulk polymer, shown in Table IV, have several interesting- 
aspects.

The density of the cyclopolymer points to a clue of the driving force of 
cyclopolymeri/ation. From the specific gravity of its polymer, the molar 
shrinkage (based on each double bond) of methacrylic anhydride is very 
small. The value of 13.7 ml./mole of unsaturation which is one-half of
27.4 ml./mole for the divinyl monomer is very much smaller than the 22-23 
ml./mole of unsaturation for many acrylic esters and glycol diacrylates.21 
In fact, from volume shrinkage standpoint, methacrylic anhydride is more 
like a monomer with one double bond than two. The density data lend
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TABLE IV
Physical Properties of Cast Poly(methacrylie Anhydride)

Test Result

Specific gravity, 25°/25°C. 1.256“
Refractive index, n~D 1 .520
Vicat softening temperature (10 mils), °C. 159b
Barcol hardness 64
Water sorption at 23°C., 4 hr., % 0.11
Water sorption at 23°C., 24 hr., % 0.41
Water sorption at 23°C., 7 days, % 2.16
Residual monomer, % 0.46
Decomposition temperature, °C. 172-175"

* Corresponding to a molar shrinkage of 27.4 ml. (25°C.)
b Correctable to ASTM D647 heat distortion temperature of 140°C. Vicat softening 

temperature of commercial cast poly(methyl methacrylate): 113-115°C.
0 Evolution of an unidentified gas.

some support to the hypothesis that the two vinyl groups of methacrylic 
anhydride are associated. It has been postulated22 and supported by 
others21 that the volume shrinkage accompanying the polymerization of a 
vinyl monomer is the result of the exchange of a double bond and a van 
der Waals bond for two covalent bonds. The low volume contraction 
suggests that methacrylic anhydride does not seem to possess two independ
ent double bonds. If the volume shrinkage hypothesis were indeed cor
rect, it would appear that the van der Waals bond between the two vinyl 
groups belonging to methacrylic anhydride is not the same as that between 
one methacrylic anhydride molecule and another. This inferred intra
molecular association could be the driving force of cyclopolymerization.10

Poly(methacrylic anhydride) is a brittle, hard polymer having a Yicat 
softening temperature of 159 °C. which is estimated to correspond to a 
glass temperature of about 144°C. Direct determination of the glass tem
perature by conventional dilatometry was not reliable because the polymer 
could not be degassed at elevated temperatures without decomposition. 
The relative inertness of the cast poly (methacrylic anhydride) toward water 
is also noteworthy. These properties are consistent with those expected 
linear polymers having a stiff backbone and hindered functional groups.

Stereochemical Configuration o f Poly (methyl Methacrylate) Derived from 
— 50°C. Poly (methacrylic Anhydride)

One of the aims of this work, as explained in the Introduction, was to 
determine the stereochemical configuration of poly (methacrylic anhydride) 
and its derivatives. It was thought that the formation of the cyclic an
hydride rings during polymerization would improve a steric control over 
the configuration of the backbone different from that experienced during 
the free-radical polymerization of ordinary vinyl monomer. This anticipa
tion was also arrived at independently by Butler.23
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Some careful experiments designed to convert the poly(methacrylic 
anhydride) successively to the polyacid and then to the corresponding poly- 
(methyl methacrylate) were carried out. A low temperature ( — 50 °C.) 
polymer (sample 5) was selected for this study because it was felt that 
whatever steric control there was would be enhanced at low temperatures. 
Improvements in the hydrolysis and esterification steps have already been 
described in the Experimental section. The final polyester was character
ized by a variety of methods and was compared to syndiotactic and iso
tactic poly (methyl methacrylates).

Based on primarily the NMR data, the stereochemical configuration of 
the poly (methyl methacrylate) derived from — 50 °C. poly (methacry lie 
anhydride) was believed to be composed of a random run of syndiotactic
(H----- 1---- 1— ) and svndioduotactic (+H--------- M------ ) blocks of various
lengths.9 The basis of this conclusion has already been described else
where by one of us (J. C. H. H.) and will not be repeated here.9

There is, however, one new piece of evidence with respect to the stereo
chemical nature of this poly (methyl methacrylate): the gel melting point 
of this polymer with Type II poly(methyl methacrylate) was 40°C.24 
(see footnote b, Table III). This gel melting point corresponds to that for 
an atactic poly(methyl methacrylate) prepared thermally at 165°C.26 
This comparison seems contradictory, since the present sample was derived 
from poly(methaerylic anhydride) prepared at — 50°C. One is led to 
conclude, therefore, that the stereochemical configuration of the poly- 
(methyl methacrylate) derived from the anhydride is not the same as that 
of an ordinary atactic analog, even though the gel melting point of both 
polymers may be the same.

Other Polyacid and Polyester Derivatives o f the Polyanhydrides

Because of the interest in stereochemical aspect of the polyanhydrides, 
several polyacids and their methyl and ethyl esters have been prepared. 
The derivatives and their infrared and x-ray data are listed in Table III.

The parent polyanhydrides were characterized by the doublet C = 0  
absorption and by a minor weak residual double bond absorption. Poly- 
(acrylic acid) showed an asymmetrical x-ray diffraction but its methyl and 
ethyl esters had only amorphous patterns. These findings are in agree
ment with those by others.3'4’8

The polyacid and polyester derivatives of poly(acrylic methacrylic 
anhydride) are of some special interest. Since the recurring cyclic an
hydride unit consisted of an acrylic and methacrylic group, the polyacid 
and polyester derived from the cyclopolymer must have one of the following 
three structures:

~vARABARARABABAB~v

~~ABBAABBAABBAAB~v

-ABBABAABABABBA-w
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where A and B are, respectively, acrylic acid and methacrylic acid (or 
their corresponding methyl esters). The first two structures have regular 
structural (not to be confused with stereochemical configuration) se
quences, while the third has a random one. In any event these derivatives 
are 1:1 copolymer of monomers A and B where no monomer unit occurs 
more than twice in succession. Such a structure can not be obtained 
directly from A and B under ordinary conditions of polymerization.

The infrared absorption spectra of poly (acrylic acid-co-methaerylic 
acid) and poly (methyl acrylate-co-methyl methacrylate) derived from 
poly (acrylic methacrylic anhydride) were compared with a random co
polymer of acrylic acid and methacrylic acid and its methyl ester prepared 
by using diazomethane. The random copolymer (1:1 by weight) was 
prepared from aqueous solution using a free-radical catalyst. The spectra 
of the polyacid set and the polyester set were practically identical except 
for several bands where significant differences were observed. These 
differences, noted in Table III, did not appear to be due to the slightly 
higher methacrylic content (by weight) of the cyclopolymer derivatives. 
One is tempted to attribute them to the sequential difference between the 
regular copolymer and the random copolymer.

The NMR spectra of the same two sets of polyacids and polyesters 
were determined at room temperature in ca. 10% chloroform solutions with 
a Varian HR-60 spectrophotometer. No differences in the spectra were 
observed at obtainable resolution levels.

The authors wish to express their appreciation to Mr. 0 . H. Loeffler who encouraged 
the undertaking of this work, to Mr. W. Schaffer for his assistance in portions of the ex
periments, and to many members of the Rohm and Haas Research Laboratories for 
determining some of the physical data reported herein.
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Résumé

On a étudié la polymérisation radicalaire de quatre anhydrides acryliques: l’anhydride 
méthacrylique, l’anhydride acrylique, l’anhydride acrylique méthacrylique et l’anhydride 
acrylique propionique. Sous différentes conditions on a caractérisé les polymères et leurs 
dérivés polyacides et polyesters par solubilité, spectroscopie infra-rouge et diffraction 
aux rayons-X. On peut polymériser l’anhydride méthacrylique en bloc et dans des 
solvants hydrocarbonés de —50°C à 80°C, ce qui fournit des copolymères solubles, 
linéaires à haute conversion. Dans un solvant polaire tel que le diméthylsulfoxide, la 
gélification devrait être atteinte à concentration élevée en monomère et à conversion 
élevée. L’anhydride acrylique, cependant, commence à former des pontages plus rapide
ment; on obtient seulement des polymères solubles par polymérisation dans des solvants 
non-polaires. On a remanié la plupart de ces résultats prévus et quelque peu contradic
toires sur la copolymérisation de ces deux monomères à partir des présentes recherches. 
Les propriétés physiques de polyanhydrides méthacryliques précipités suggèrent la 
présence d’une chaîne principale rigide portant des groupes fonctionnels stériquement 
empêchés et le monomère lui-même peut être associé intramoléculairement. On décrit 
quelques améliorations dans l’hydrolyse aqueuse de polyanhydride mathécrylique et dans 
l’estérification des dérivés de polyacides par le diazométhane. Par ces raffinements on a 
montré précédemment que le polyméthacrylate de méthyle dérivé de polyanhydride 
méthacrylique à — 50°C possédait une nouvelle configuration, mélange de syndiotactique
et syndioduotactique ( +  -|----------PH------- ). L’anhydride acrylique méthacrylique peut
facilement cyclopolymériser comme l’anhydride méthacrylique. Les polyacides et poly
esters dérivés de ces anhydrides non symétriques sont tels que les unités acryliques ou 
méthacryliques dans les dérivés ne peuvent pas se succéder plus de deux fois. L’an
hydride acrylique propionique, homopolymérisé, se transforme rapidement en un poly
mère soluble et en un liquide immiscible non-identifié. Son copolymère soluble avec le 
méthacrylate de méthyle peut cependant former des pontages par chauffage. On en
visage une réaction de disproportionnement intramoléculaire et intermoléculaire respec
tivement pour expliquer ces deux observations intéressantes.

Zusammenfassung

Die radikalische Polymerisation von vier Acrylanhydriden— Methacrylsäureanhydrid, 
Acrylsäureanhydrid, Acrylsäure-Methacrylsäureanhydrid und Acrylaäure-Propionsäure- 
anhydrid— wurde unter verschiedenen Bedingungen untersucht. Die Polymeren und 
ihre Polysäure- und Polyesterderivate wurden durch Löslichkeit, Infrarotspektrum und 
Röntgendiagramm charakterisiert. Methacrylsäureanhydrid konnte in Substanz und 
in Kohlenwasserstofflösung bei — 50°C bis 80°C bei hohem LTmsatz zu löslichen, linearen 
Cyclopolymeren polymerisiert werden. In einem polaren Lösungsmittel wie Dimethyl
sulfoxyd erfolgt bei hoher Monomerkonzentration und hohem Umsatz Gelbildung. 
Acrylsäureanhydrid zeigt hingegen grössere Neigung zur Vernetzung; lösliche Polymere 
konnten nur durch Polymerisation in nichtpolaren Lösungsmitteln erhalten werden. 
Die meisten früheren, etwas widerspruchsvollen Ergebnisse über die Cyclopolymerisation
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dieser beiden Monomeren können durch die jetzigen Befunde in Einklang gebracht 
werden. Die physikalischen Eigenschaften von gegossenem Polymethacrylsäureanhydrid 
sprechen dafür, dass es eine steife Hauptkette mit gehinderten funktionellen Gruppen 
besitzt und dass das Monomere selbst vielleicht intramolekular assoziiert ist. Einige 
Verbesserungen bei der wässrigen Hydrolyse von Polymethacrylsäureanhydrid und bei 
der Veresterung der abgeleiteten Säure mit Diazomethan wurden beschrieben. Mit 
Hilfe dieser Verfeinerungen wurde schon früher gezeigt, dass Polymethylmethacrylat aus 
einem — 50°C-Polymethacrylsäureanhydrid eine neuartige, gemischt syndiotaktische
und syndioduotaktische ( +  H----------bH------- )-Konfiguration besitzt. Das gemischte
Acrylsäure-Methacrylsäureanhydrid verhielt sich in bezug auf die Cyclopolymerisation 
dem Methacrylsäureanhydrid sehr ähnlich. Die von diesem unsymmetrischen Anhydrid 
abgeleiteten Polysäuren und Polyester lassen eigenartige Strukturen erwarten: die
Acrylsäure- oder Methacrylsäurereste folgen in den Derivaten nicht öfter als zweimal 
aufeinander. Acrylsäure-Propionsäureanhydrid gibt bei der Homopolymerisation leicht 
ein lösliches Polymeres und eine nicht identifizierte, nicht mischbare Flüssigkeit. Seine 
löslichen Copolymeren mit Methylmethacrylat konnten hingegen durch Erhitzen ver
netzt werden. Zur Erklärung dieser beiden interessanten Befunde wurde das Auftreten 
einer intramolekularen bzw. intermolekularen Disproportionierungsreaktion angenom
men.

Received April 24,1963
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Electron Exchange Polymers. XX . Preparation and 
Polymerization of Vinylbis (1 -ethoxyethyl) - 

hydroquinone
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HARTMANN, and HAROLD G. CASSIDY, Sterling Chem istry L aboratory, 

Yale University, N ew  H aven, Connecticut

Synopsis

The monomer vmylbis(l-ethoxyethyl)hydroquinone, [vinylhydroquinonefeis( ethyl 
acetal)], was prepared by reacting bromohydroquinone with vinyl ethyl ether, a-chloro- 
ethyl ethyl ether being used as catalyst with great care to exclude moisture. The result
ing bromohydroquinonebis(ethyl acetal) was subjected to lithium-bromine exchange 
followed by reaction with ethylene oxide. The resulting 0-hydroxyethylhydroquinone 
bis(ethyl acetal) was dehydrated to the desired monomer over potassium hydroxide at 
235°. The overall yield from bromohydroquinone to purified monomer averaged 42%. 
The monomer polymerized under radical or anionic initiation. Polymer produced under 
radical initiation showed (in most instances) an intrinsic viscosity in benzene of the 
order of 0.32 at 29.7°C. The polymer is readily cleaved by dilute methanolic hydro
chloric acid to give a polyvinylhydroquinone. A polyvinylhydroquinone prepared under 
anionic initiation showed an intrinsic viscosity of 0.34 in 90% methanol at 29.7°C. The 
polymer showed redox properties.

The investigation of polyvinylhydroquinone1 has been hindered by lack 
of a completely suitable monomer. An ideal monomer would be a 
vinylhydroquinone, the phenolic hydrogens of which have been replaced 
with groups that do not retard polymerization, that can be removed easily 
from the polymer when it has been prepared, and that yield unreactive 
byproducts. Stern’s vinyl bis(methoxymethyl)hydroquinone2 comes close 
to fulfilling these requirements, but acid hydrolysis of this diacetal yields 
formaldehyde, which can react with the hydroquinone residues and which, 
in actual use, produces crosslinking.

Acetaldehyde is known to attack phenols under acid conditions,3 and at 
the same time it undergoes self-condensation. However, the former 
reaction is more sluggish than that of formaldehyde, and the self-condensa
tion polymers are water-soluble when of low molecular weight so that they 
are readily separated out. Thus it seemed reasonable to investigate the 
behavior of the acetaldehyde acetal as a protecting group for vinylhydro
quinone. Acetals of this kind have been made with phenols,4 and it 
remained to adapt the technique to a hydroquinone, using a suitable acid 
catalyst. The acid catalyst of choice is a-chloroethyl ethyl ether, a very

2401
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reactive substance that yields a relatively stable carbonium ion. This 
appears to be reactive species:

CH3CHOI—O— C2H5 ^  CH3®CH— 0 — C2H5 <-> c h 3c h = o— c 2h 5
Cle Cle

This ion, reacting with the hydroxyl group, yields an acetal and H® Cle. 
The latter, in the presence of vinyl ethyl ether, continues the reaction:

CH3
I

c h 3

CH3CH—0 —C2H5 +  ROH ^  R—O—CH—OC2H6 ^  ROCH—O C Ä  +  Hs

H

CH2=CHOC2H5 +  HC1 CH3CHCI— O— C2Hs

When bromohydroquinone is reacted with vinyl ethyl ether, with suitable 
precautions, in the presence of a small ratio of a-chloroethyl ethyl ether, the 
reaction goes essentially to completion in a short time. (Methyl vinyl 
ether could probably be used,6 but this is a gas and may be less convenient 
to handle.) By halogen-lithium exchange,6 followed by treatment with 
ethylene oxide, the /3-hydroxyethyl derivative is prepared in good yield.7 
This is dehydrated with potassium hydroxide at 235°C., taking advantage 
of the acidity of the benzylic hydrogens, to yield the desired vinyl compound:

? C2Hs (R)
0-C H C H 3

?i-BuLi

0—c h c h 3

0C2H5

CiHaBr +
(1) c h , - c h 2
(2) ice water

No attempt was made to separate the optical isomers of the vinylbis(l- 
ethoxyethyl)hydroquinone. Acid cleavage yields the known vinylhydro- 
quinone.8

The acetal is very easily cleaved by acid. The ready cleavage with acid 
explains why no polymerization ensues with boron trifluoride etherate 
catalyst: the mixture yields a brown color but no polymer. The monomer 
is polymerized by free-radical and anionic catalysts. Polymerization 
occurs with lithium dispersion, which is considered to act chiefly as an 
anionic initiator in tetrahydrofuran.9 The resulting polymers behave 
toward oxidation as, and show the ultraviolet and infrared characteristics 
of, polyvinylhydroquinone prepared from other monomers.
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EXPERIMENTAL 

1. a-Chloroethyl Ethyl Ether4

Vinyl ethyl ether (E.K.C. Pract.) was dried and purified by letting it 
stand over anhydrous calcium chloride for several days and distilling it 
from dried glassware. A 5-g. portion of the dried, distilled vinyl ether was 
placed in a small dried flask equipped with a gas inlet tube and a calcium 
chloride-protected outlet. The temperature was lowered to 0°C. and an
hydrous hydrochloric acid gas was bubbled slowly through the liquid until 
no more gas was taken up by the ether. It is essential that the ether be 
thoroughly dry to begin with. If it is not dry, the liquid in the flask 
darkens, as the gas is passed in, and becomes an explosive mixture (poly
merizes explosively). If this should occur, then the bulk of the vinyl 
ether should be redried. The flask was stoppered and kept at 0°C. 
until used. No further purification of the catalyst was required. Upon 
warming to room temperature, the chloroether becomes very unstable: it 
may hydrolyze explosively in the presence of moisture and it may poly
merize when anhydrous. It should be made fresh just before use. Any 
small excess can be disposed of by pouring into running cold water.

2. Bis (1 -ethoxyethyl) bromohydroquinone [Bromohydroquinonebis (ethyl
acetal)4]

Bromohydroquinone, 15.0 g. (0.079 mole) which had been prepared from 
the E.K.C. (Pract.) material by recrystallizing from n-heptane and vacuum 
drying over phosphorus pentoxide, was dissolved in 50 ml. anhydrous ether 
in a flask equipped with a small dry addition funnel and an outlet protected 
with a drying tube and a nitrogen inlet. In the addition funnel was placed
19.0 ml. (15.8 g., 0.21 mole) purified vinyl ethyl ether and 1 ml. freshly 
prepared a-chloroethyl ethyl ether. When the catalyst is added to the 
vinyl ether, caution should be observed for it was at this point that a 
violent reaction began when the reagents were not sufficiently dry. The 
bromohydroquinone solution was cooled to about 11°C. (tap water tem
perature) and the vinyl ether catalyst mixture added dropwise, with con
tinuous stirring over a period of about 1 hr. The mixture was held at 
about 11°C. with stirring for 2 hr., then allowed to warm slowly to room 
temperature, with stirring for 6 hr. more. Throughout the reaction, 
moisture was excluded from the flask by maintaining a slight positive 
pressure of dry nitrogen. As the reaction proceeded, the initially formed 
brown solution gradually became yellow.

The reaction mixture was then poured into 50 ml. of 10% aqueous sodium 
hydroxide with vigorous stirring. The resulting layers were separated 
and the aqueous portion was extracted with ether. The combined ethereal 
solution was washed with 2% aqueous sodium hydroxide and then with 
water and was dried over anhydrous sodium carbonate. After filtering, 
the solvent was removed in  vacuo, leaving a viscous yellow liquid. Vacuum 
distillation of the liquid yielded 20.30 g. (0.061 mole) of faintly yellow
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liquid product, b.p. 125°C. 0.5 mm. Hg (77.1% of theory). The product, 
which gave a positive Beilstein test, was identified by infrared analysis 
(CCh solution) showing C—H stretching peaks at 2980, 2934, and 2900, 
benzene in-plane vibrations at 1600, 1485, 1440, and a broad C—O band 
centered at 1120 cm.-1. Hydrolysis with dilute aqueous hydrochloric 
acid yielded bromohydroquinone quantitatively.

A n a l . Calcd. for CuH2iBr04: C, 50.50%; H, 6.35%; Br, 23.94%. Found: C, 
50.36%; H, 6.41%; Br, 24.17%.

3. 2-Hydroxyethylbis(l-ethoxyethyl)hydroquinone6

This compound was prepared from 22.47 g. (0.068 mole) of the bro- 
modiacetal dissolved in 75 ml. anhydrous ether under dry nitrogen. The 
ethereal solution was cooled to 0°C. and 4.80 g. (0.075 mole) of n-BuLi 
(16.2 g. of 29.7% n-BuLi in heptane, Lithium Corp. of America) was 
added rapidly with stirring. The resulting clear yellow mixture was 
stirred for 1-3 hr. at 0°C. while the lithium exchange took place. Then 
4.44 g. (0.10 mole) of liquid ethylene oxide was added slowly, with constant 
stirring, from a dropping funnel equipped with a Dry Ice finger condenser. 
The resulting mixture was stirred for 5 hr. at 0°C. and overnight at room 
temperature until it gave a negative Michler’s ketone test.10 (This test 
is applicable to organolithiums as well as Grignard reagents.) The mixture 
was poured rapidly with stirring into 100 ml. of ice water and the resulting 
layers were separated. The aqueous layer was extracted with ether and 
the combined ethereal solution was washed with water and dried over 
anhydrous sodium carbonate. Removal of solvent in  vacuo on the steam 
bath left 19.81 grams of viscous yellow oil which upon vacuum distillation 
yielded two fractions.

Fraction 1, b.p. 90°C. 0.5 mm. Hg, consisted of 1.81 g. of a colorless, 
viscous liquid which gave a negative Beilstein test, showed no hydroxyl 
absorption in the infrared and hydrolyzed to hydroquinone in dilute aqueous 
HC1. On this evidence it was identified as bis(l-ethoxyethyl)hydroquinone.

Fraction 2, b.p. 145°C. 0.2 mm. Hg, constituted 18.00 g. (0.06 mole, 
89.5% of theory on bromodiacetal) of viscous yellow liquid, which gave 
a negative Beilstein test and showed OH absorption at 3630 cm.-1 (un
bonded) and 3520 cm.-1 (broad bonded), C—H stretching at 2989, 
2940, and 2890, benzene in-plane vibration at 1490, and a broad C—O 
ether band centered at 1115 cm.-1 (CCL solution) was identified as 2- 
hydroxyethylbis(l-ethoxyethyl)hydroquinone, which may also be named 
d-hydroxyethylhydroquinonebis(ethyl acetal).

4. Vinylbis(l-ethoxyethyl)hydroquinone [Vinyl hydroquinonebis(ethyl
acetal)]2'11

KOH pellets (60 g.) and a few boiling chips were placed in a 300-ml. 
round-bottomed flask equipped with an addition funnel, Claisen head, and 
vacuum adapter Dry nitrogen gas was passed through the system to rid
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it of oxygen. The flask was then evacuated to 0.6 mm. and the KOH was 
heated on a Wood’s Metal bath to 235°C. The KOH liquified and evolved 
water vigorously (caution). When completely dehydrated, the KOH solidi
fied. Then 17.80 g. (0.06 mole) of d-hydroxyethylhydroquinonebis(ethyl 
acetal) was added dropwise over a period of 3 hr. to the KOH at 230 -10°C. 
at 0.6 mm. As the addition proceeded, 9.82 g (0.035 mole) of faintly yel
low liquid distilled out, b.p. 125°C./0.6 mm., and was collected, for a yield 
of 58.4% based on /3-hydroxyethylhydroquinonebis (ethyl acetal), or an 
overall yield of 44.4% based on bromohydroquinone. On redistillation, the 
product had b.p. 100°C./0.2 mm., [??]□ 1.4971.

A n a l . Calcd. for CuIW h: C, 68.40%; H, 8.63%. Found: C, 67.70%; H, 8.70%.

The product showed vinyl absorption at 3100 and 3030, alkane C—H 
stretching at 2989, 2940, and 2890, benzene in-plane vibrations at 1502 and 
1486, C=C stretching, phenyl conjugated at 1626, =C H 2 and —CH 
out-of-plane deformations at 905 and 990, respectively, and a broad C—O 
ether band centered at 1115 cm.-1 (CC14 solution). It was identified as 
vinylbis(l-ethoxyethyl)hydroquinone. Hydrolysis at room temperature 
to vinyl hydroquinone, m.p. 111°C.8 supported this identification.

Seven repetitions of the synthetic route yielded, on the average, 92.5% of 
theory for the crude product of step 2. The yield of purified product was 
89.2% in one case, from 96.5% of crude, but we did not redistill the crude 
in other instances. Step 3 also gave good yields of the order of 89% from 
the bromodiacetal. Step 4 is the low-yield step at present, the average of 
twelve runs was 66.8% of crude on the basis of the alcohol, and 51% of 
purified monomer. The overall yield of purified monomer was of the order 
of 42% on the average. The acetal is readily cleaved by dilute acid. Per
haps the method of choice is to employ the acid form of a cation exchange 
resin. A 7-g. portion of acetal in a mixture of 5 ml. water and 25 ml. 95% 
ethanol, stirred for 2 hr. at room temperature with 2 g. Dowex 50- X 8 (acid 
form) yielded 80% of vinylhydroquinone.

5. Polymerization o f Monomeric Vinylbis(l-ethoxyethyl)hydroquinone

Radical Initiation. The freshly distilled monomer, and azobisisobutyro- 
nitrile (AIBN) initiator were weighed into small tubes, and the solvent 
(if employed) was added. The mixture was cooled with Dry Ice and the 
tubes alternatley evacuated and flushed with purified nitrogen for five 
cycles, then evacuated and sealed at about 0.2 mm. pressure. Poly
merization was carried out at 60°C. and the resulting colorless, viscous 
solutions were diluted with benzene, poured into a large excess of methanol, 
and the polymer that separated was collected as a soft solid. The polymer, 
dissolved in benzene and freeze-dried, yielded white, fluffy product. Table 
I contains examples of conditions and yields. Absence of solvent com
bined with long duration of heating led to crosslinking in the case of No. 8. 
In Table II are reported the results of viscosity measurements on one of the 
soluble polymers.
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TABLE I
Radical Polymerization of Vinylbis(l-ethoxyethyl)hydroquinone (VHBE) at 00°C.

No.
VHBE,

g-

Solvent
(benzene),

ml.
AIBN,

mg.
Time,

hr.
Yield,

07/o

8 1.90 0.0 20 18 Gel, insoluble
9 1.919 0.0 10 6.5 13

10 2.100 2.0 10 112 64
14 4.198 5.0 20 94 70
15 4.213 10.0 15 100 03

TABLE II
Viscosity Measurements on Polymer from Run No. 14, of Table Iil

c, g./100
ml. of fa, h Mo, v ,P/c ,

benzene sec. sec. sec. Vsp 100 ml./g.

0.258 91.7 99.34 7.64 0 0834 0.324
0.401 91.7 104.3 12.6 0.1375 0.342
0.664 91.7 112.8 21.1 0.230 0.347
0.800 91.7 118.1 26.4 0.288 0.360
0.996 91.7 125.0 33.7 0.367 0.368

a The solvent is benzene, and the temperature, 29.7 °C. The viscometer is a Cannon 
75/V19.

Anionic Initiation. A 0.5-g. portion of freshly distilled monomer, 1 ml. 
of tetrahydrofuran, and 0.01 g. of lithium dispersion (30% lithium, 69% 
mineral oil, and 1% oleic acid, Lithium Corp. of America) were placed in a 
small tube. It is essential that air and moisture be completely absent 
from this polymerization system. The tetrahydrofuran solvent was 
refluxed for several hours with lithium, and distilled from lithium wire 
just before use. The tube was cooled with Dry Ice and evacuated to 0.1 
mm. Hg and sealed. The polymerization was carried out at room tem
perature (ca. 20°C.) for 72 hr., during which time the color of the solution 
changed first to yellow, then to light green, then to yellow again. The re
sulting viscous yellow solution was diluted with a small amount of tetra
hydrofuran and poured into a large amount of methanol to precipitate white 
polymer. The polymer was freeze-dried from benzene with a yield of some
what over 50%. In one case a conversion of 80% was obtained.

The ultraviolet spectrum of this polymer in chloroform shows a strong- 
absorption at 286 mg as compared with that of the monomer at 310 mg. 
Its infrared spectrum has CH-stretching bands due to —CH3 at 2990 and 
2900 cm.-1, while the alkane CH2- band is recognized at 2940 cm.-1. A 
broad C—O stretching band which is attributed to the ether linkage can be 
seen around 1100 cm.-1; C = C skeletal in-plane vibrations due to the ben
zene ring are observed at 1600, 1570, 1480, and 1440 cm.-1.
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6. Acid Hydrolysis o f po)y[vinyIbis(l-ethoxyethyl)hydroquinone

The polymer (0.2 g.) was dispersed in 25 ml. methanol solution containing
2.5 ml. 37% hydrochloric acid. The mixture was stirred for 3 hr. at room 
temperature (ca. 20°C.) under nitrogen. Most of the polymer dissolved 
immediately after the addition and the color of the solution became gradu
ally yellow. The yellowish solution with some insoluble residue was poured 
into a saturated sodium sulfate solution to precipitate polymer. The crude 
polymer was obtained by centrifugation. It was then reduced with 
aqueous sodium hydrosulfite solution, which was kept slightly alkaline with 
sodium bicarbonate. The polymer thus obtained was washed with water 
and centrifuged. This operation was repeated at least three times. It was 
then freeze-dried from teri-butyl alcohol. A white fluffy product was ob
tained. It gradually became pink in the air. If the polymeric acetal is 
brought into solution, it can be hydrolyzed, though slowly, by an acid form 
of a cation exchanger. Unlike the case with the monomer, this is not the 
method of choice.

The ultraviolet spectrum of the polymer in 90% aqueous methanol shows 
a characteristic absorption at 293 my. which corresponds with that of poly- 
vinylhydroquinone. Its infrared spectrum also corresponds with that of 
polyvinylhydroquinone: the —CH3 absorptions at 2990 and 2900 cm.-1 
which are characteristic of the acetal are no longer present. The intrinsic 
viscosity [rj] was found to be 0.34 dl./g. (90% methanol, 29.7°C.) which is 
of the same order as that of a polymer prepared from polyvinylhydro
quinone dibenzoate, and that reported in Table II. In one case a viscosity 
[p ] of 0.99 dl./g. was obtained.

A n a l . Calcd. for (C8Hs0 2)„: C, 70.57%; H, 5.92%. Found: C, 66.75%; H ,6.46%.

The difference between the calculated and found analytical values may be 
due to the presence of water which is difficult to remove. Oxidative titra
tion of the polymer in 90% acetic acid, with O.liV bromine in the same sol
vent as titrant, gave a typical oxidation-reduction curve, the midpoint po
tential of which is around +0.45 v. against the saturated calomel electrode 
at 29.7°C. In the titrations, the color of the solution first changes to red- 
brown with some precipitate and, at the end of the titration, to yellow with 
an increasing amount of precipitate. The stoichiometry is not satisfactory, 
since the partially oxidized polymer precipitates out during the titration.

We wish to thank Professor James English, Jr., for advice with respect to the protect
ing group. We are pleased to acknowledge that this work was supported by a grant 
from Research Corporation and a PHS research grant, G M 10864-10, National Institute 
of Arthritis and Metabolic Diseases.
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Résumé

La vinyl-bis-(l-éthoxyéthyle)-hydroquinone monomère, (l’acétal de bis-éthylvinyl- 
hydroquinone), a été préparée en faisant réagir la bromohydroquinone avec le vinyl- 
éthyl-éther, en présence d’éther éthyl c-chloroéthylé comme catalyseur en évitant toute 
trace d’humidité. L’acétal de la bis-éthyl-bromohydroquinone résultant est soumis à 
l’échange lithium-brome suivi de la réaction avec l’oxyde d’éthylène. L’acétal de la bis- 
éthyl-bèta-hydroxyéthylhydroquinone est transformé en monomère désiré par déshydra
tation au moyen d’hydroxyde de potassium à 235°. Le rendement global en monomère 
purifié à partir de bromohydroquinone s’élève à 42%. Le monomère polymérise par 
initiation radicalaire ou anionique. Le polymère produit par initiation radicalaire 
montre (dans la plupart des cas) une viscosité intrinsèque dans le benzène de l’ordre de 
0.32 à 29.7°. Le polymère fournit rapidement sous l’action d’acide chlorhydrique dilué 
en solution méthanolique la polyvinylhydroquinone. La polyvinylhydroquinone pré
parée par initiation anionique montre une viscosité intrinsèque de 0.34 dans le méthanol 
à 90% et à 29.7°. Le polymère présente des propriétés rédox.

Zusammenfassung

Das Monomere Vinyl-bis-(l-äthoxyäthyl)-hydrochinon (Vinylhydrochinon-bis-äthyl- 
acetal) wurde durch Umsetzung von Bromhydrochinon mit Vinyläthyläther unter Ver
wendung von a-Chloräthyl-äthyläther als Katalysator unter sorgfältigem Ausschluss von 
Feuchtigkeit hergestellt. Das so hergestellte Bromhydrochinon-bis-äthylacetal wurde 
einem Lithium-Brom-Austausch und anschliessend der Reaktion mit Athylenoxyd 
unterworfen. Das dabei gebildete 0-Hydroxyäthylhydrochinon-bis-äthylacetal wurde 
durch Wasserabspaltung mit Kaliumhydroxyd bei 235° in das gewünschte Monomere 
übergeführt. Die Gesamtausbeute an gereinigtem Monomeren, bezogen auf das Brom
hydrochinon, betrug durchschnittlich 42%. Das Monomere polymerisierte sowohl 
radikalisch als auch anionisch. Das radikalisch hergestellte Polymere hatte (in den 
meisten Fällen) eine Viskositätszahl von 0,32 (29,7°, Benzol). Das Polymere wird durch 
verdünnte methanolische Salzsäure leicht zu einem Polyvinylhydrochinon gespalten. 
Ein anionisch hergestelltes Polyvinylhydrochinon hatte eine Viskositätszahl von 0,34 
(29,7°, 90% iges Methanol). Das Polymere besass Redox-Eigenschaften.
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Electron Exchange Polymers. X X I. Polymerization 
Behavior o f 2,5-Dimethoxystyrene

HIROYOSHI KAMOGAWA and HAROLD G. CASSIDY,
Department of Chemistry, Yale University, New Haven, Connecticut

Synopsis

It was shown that 2,5-dimethoxystyrene polymerizes under free-radical, cationic, and 
anionic initiation. The less bulky character of the ortho  substituent in the benzene ring 
makes the behavior of this monomer more normal than that of the previously reported 
vinylhydroquinone dibenzoate. Thus, a linear relationship is observed between specific 
extinction coefficients of copolymers in the ultraviolet absorption spectra and copolymer 
compositions. Q-e values are also normal (Q  =  1.76, e =  —1.04). The copolymeriza
tion behavior is well understood through these values.

2,5-Dimethoxystyrene is one of the useful monomers for the preparation 
of redox polymers.1 It has been synthesized by Williams, Borden, and 
Laakso2 through the pyrolysis of a-(2,5-dimethoxyphenyl)-ethyl acetate, 
and by Zapevalova and Koton3 through the reduction of 2,5-dimethoxy-l- 
acetylbenzene with aluminum isopropoxide followed by dehydration over 
potassium acid sulfate. These authors polymerized the monomer by 
peroxide initiation. Our purpose was to investigate the polymerization 
behavior of this monomer in relation to its chemical structure in order to 
obtain information useful in preparing various redox polymers.

EXPERIMENTAL

Materials

/3-(2,5-Dimethoxyphenyl)ethanol was prepared according to the method 
of Barnes.4 To a solution of 195 g. 1,4-dimethoxybenzene (1.41 mole) in 800 
ml. dry ether was added, with stirring under nitrogen, in one portion, 417.5 
g. (1.44 mole) of 3.45A n-butyllithium in heptane (Lithium Corp. of Amer
ica) mixed with 500 ml. dry ether. The mixture was allowed to stand 
overnight at room temperature under nitrogen. The brown solution was 
then cooled in an ice bath for several hours, with stirring. Ethylene oxide, 
70 ml. (1.41 moles) was dripped in, from a funnel equipped with a Dry-Ice 
finger condenser, over a period of about 1 hr. After standing for 6 hr. the 
solution was poured into 2 1. crushed ice and water. The yellow ether layer 
was separated, and the yellow aqueous layer was extracted twice with 
ether, removing most of the color. The ether was distilled off, and the

2409
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resulting viscous product steam distilled, to remove unreacted 1,4-dimeth- 
oxybenzene (ca. 50 g.), extracted with ether, dried with anhydrous sodium 
sulfate, the ether removed, and fractionated to yield 120 g. (0.658 mole, 
46%) of pale yellow product, b.p. 130-142 °C./0.7 mm.

2,5-Dimethoxystyrene was prepared by the method of Marvel and Hein6’1 
in which the acidity of the benzylic. hydrogen is taken advantage of and 
the alcohol is dehydrated by dropping it on potassium hydroxide at 250°C. 
under reduced pressure. The product was distilled in the presence of a 
small amount of picric acid to yield ca. 50 g. (55%) of a colorless liquid 
boiling at 78-80°C./0.01 mm.

A n a l . Calc, for Ci0H12O2: C, 73.17%; H, 7.32%. Found: C, 73.09%; H, 7.12%.

Styrene and methyl methacrylate were commercial products. They 
were purified by distillation just before use.

Lithium dispersion and n-butyllithium were from the Lithium Corp. of 
America. The former contained 30% lithium, 69% mineral oil, and 1% 
oleic acid; the latter, 30% lithium in heptane.

Lithium naphthalene was made in the conventional manner6 from 
naphthalene in tetrahydrofuran and lithium dispersion, to yield a mixture 
containing ca. 20% lithium naphthalene.

Polymerization Procedures

Free-Radical Polymerization. Monomers and a, a'-azobisisobutyro- 
nitrile (AIBN) as initiator, with or without the addition of a suitable sol
vent, were put into a pyrex tube. It was cooled in Dry Ice, evacuated, 
and sealed under 1 mm. Hg. A typical reaction mixture consisted of 0.5 g. 
of each monomer, 5 mg. AIBN, and I ml. solvent. Polymerization was 
carried out in an air bath kept at the desired temperature. After poly
merization, the tube was opened up, the viscous solution diluted with a 
suitable amount of benzene, and the mixture poured into hexane. Precipi
tates thus formed were freeze-dried from benzene. In most cases white 
fluffy polymers were obtained.

Ionic Polymerization. Almost the same procedures as in the free-radical 
case were used, although more careful purification of solvents was done. 
For example, tetrahydrofuran (THF) for the solvent in the anionic poly
merization was refluxed with sodium for several hours and then distilled 
from lithium wire just before use. In some cases polymerizations were 
carried out under purified dry nitrogen. Polymer solutions thus obtained 
were quenched with methanol, thereby precipitating white polymer. All 
polymers were freeze-dried from benzene.

Characteristics o f Polymers

Viscosity Measurements. All viscosity measurements were carried out 
with a Cannon-Fenske-Ostwald type viscometer in a thermostat kept at
29.7 ±  0.02°C. Toluene was used as solvent.
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Measurements of Ultraviolet Spectra. Ultraviolet absorption spectra of 
polymers were taken by means of a spectrophotometer, Spectronic 505 
(Bausch & Lomb Co.). Chloroform was used as solvent.

RESULTS AND DISCUSSION 

Homopolymerization of 2,5-Dimethoxystyrene (DMS)
2,5-Dimethoxystyrene undergoes polymerization not only with free- 

radical initiators, but also with ionic ones, such as boron trifluoride etherate, 
alkali metals, and organometallic compounds. The results are shown in 
Table I. Under some conditions, crosslinked and insoluble polymers are 
obtained. In the case of boron trifluoride etherate, a typical cationic 
initiator, a low temperature is required to obtain a soluble polymer, since 
the polymerization reactions are violent at higher temperatures. For the 
same reason lower concentrations are favorable. In the case of lithium, 
the functioning of which is somewhat ambiguous, the effect of solvent is 
marked, and the use of tetrahydrofuran may be necessary to get soluble 
polymers at or under room temperature. In this case, the color of the 
solution first changes to yellow and then to bright red with the progress of 
polymerization, indicating the presence of the DMS anion. This red color 
persists for long periods of time and disappears on quenching with methanol. 
The same red color is also observed in the case of typical anionic initiators, 
such as ii-butyllithium and lithium naphthalene.

TABLE I
Homopolymerization of 2,5-Dimethoxystyrene

..Initiator, % /D M S Solvent

DMS
Conen.,

%
Temp.,

°C. Time, hr.

Con
version,

%

AIBN, 1% Toluene 33 70 24 0.21 67
BF3U(C2H5)2, CHoCL 20 -7 8 3 0.33 58

10%
BF3-0(C2Hä)2, CH2C12 20 -7 8 20 Gelation —

4%
BF3-0(C2H5)2, c h ,ci2 9 -7 8 20 Soluble polymer —

10%
Li, 10% THF 33 25 18 0.08 90
Li, 10% THF 33 -2 0 72 Soluble polymer —
Li, 10% Hexane 33 70 24 Crosslinked,

insoluble
re-Butyl Li, THF 20 -7 8 0.5 0.20 90

14%
Li-naphthalene, THF 20 -7 8 0.5 0.10 64

4%

Copolymerization by Free-Radical Mechanism

Analytical Method for Copolymer Compositions. As shown in Figure 1, 
DMS homopolymer and its copolymers show strong ultraviolet absorptions
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Fig. 1. Ultraviolet spectra of dimethoxystyrene copolymers: ( I )  homopolymer, 
0.0347 g./l.; ( I I )  DMS-St (mole fraction DMS 0.249), 0.0377 g./l.; ( I l l )  DMS- 
MMA (mole fraction DMS 0.0284), 0.0320 g./l. The solvent is chloroform.

Fig. 2. Relationship between copolymer composition and specific extinction coef
ficient e: (------ ) e = 20.3 (DMS); (O) DMS-St (292 mji); (O) DMS-MMA (maximum
values at 292-297 m/j.).

between 292 and 299 npa. In the application of ultraviolet absorption to 
analysis of polymer, Meehan7 obtained a linear relationship between specific 
extinction coefficient at 262 m/x and styrene content in copolymers in the 
styrene-butadiene copolymer system. He reported the following equation :

E a - b  — x E a  +  (1 — x ) E b  (1)

where E a - b is the specific extinction coefficient of the A-B copolymer at a 
given wavelength; E a and E B are specific extinction coefficients of the A 
and B homopolymer; respectively, and x  is the fraction of the copolymer 
which is the A monomer. We obtained different relations for the vinyl- 
hydroquinone-dibenzoate copolymer systems.8 Specific extinction coeffi
cients in these systems had maxima at approximately 0.5 mole per cent of 
copolymer compositions. We attributed this to steric effects, i.e., the bulky 
character of vinylhydroquinone dibenzoate groups. If this is tenable,
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DMS, which carries a less bulky substituent than the benzoate group in the 
orth o  position of the benzene ring, should show more tendency toward a 
linear curve. The values of the specific extinction coefficient at the maxi
mum absorption were plotted against copolymer compositions calculated 
from the results of the elementary analysis (Fig. 2). Although the data 
are somewhat diffused, a linear tendency can be recognized in the diagram, 
supporting the above explanation. This linear relationship is indifferent of 
the kind of the comonomer used, since in this wavelength range specific 
extinction coefficients of both polystyrene and polymethyl methacrylate 
can be neglected as compared with that of polydimethoxystyrene.

Another interesting phenomenon in the spectrophotometric data is the 
shift of absorption maximum with the increased amount of the comonomer 
in the copolymer. In Table II are shown absorption maxima in relation 
to copolymer compositions. The extent of the shift is greater in the 
DM S-m ethyl methacrylate (D M S-M M A ) series than in the DM S-styrene 
(D M S-St), showing that interactions between neighboring groups in a 
polymer molecule are stronger in the former. In spite of these shifts, it 
seems that no appreciable change of absorption coefficient accompanies the 
shift, as in the case of usual hydrogen bonds,9 since a linear relationship 
holds with the values of the maximum absorption coefficient, as shown in 
Figure 2.

TARLE II
Shift of Absorption Maximum with Copolymer Composition

Kind of copolymer
Composition, 

mole fraction DMS
Absorption 

maximum, m¡i

DMS homopolymer 1.000 292
DMS-St 0.719 292
DMS-St 0.369 293
DMS-St 0.091 295
DMS-MMA 0.733 294
DMS-MMA 0.548 296
DMS-MMA 0.284 297

Monomer Reactivity Ratios and Q - e  Values. Relationships between 
monomer and initial copolymer compositions are indicated in Figure 3. 
Some of the values of copolymer compositions were calculated from their 
specific extinction coefficients using the relationship in Figure 2. Monomer 
reactivity ratios and Q - e  values calculated from the data in Figure 3 are 
also shown in Table III. As regards Q h i.e., “ resonance term,”  its value is 
rather similar to that of 2,5-dimethylstyrene (2.16) which carries electron- 
donating groups in the or th o  and m e ta  positions.10 The “ polarity term,”  
e h  on the other hand, is more negative than for styrene, and also corresponds 
with those of 2,5-dimethylstyrene ( — 0.84) and p-methoxystyrene ( —1.11). 
Therefore, it can be safely said that copolymerization behaviors of DM S 
are normal, and that the “ ortho effect,”  which has been considered the cause
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Mole troction (DMS) in Monomers

Fig. 3. Initial copolymer compositions in relation to monomer compositions: (3)
DMS-St; (O) DMS-MMA.

of anomalous behavior of vinylhydroquinone dibenzoate,8 is negligible. 
This also corresponds with the result in Figure 2. This being the case, this 
monomer is considered to be more reactive and more susceptible to cationic 
initiators than styrene, although its polymerization behavior is very similar 
to that of styrene in many respects. This is the reason why this monomer 
undergoes polymerization not only with free-radical initiators, but also 
with both cationic and anionic initiators, as in the case of styrene, and 
especially violent polymerization with cationic initiators such as boron 
trifluoride.

TABLE III
Monomer Reactivity Ratios (r,,r2) and Q -e  Values for 2,5-Dimethoxystyrene

(Mj) at 70°C.

Comonomer
m 2

Comonomer DMS

Ti r2 Q2 62 ei

Styrene
Methyl

1.13 ± 0 .1 3 0.77 ±  0.07 1.00 -0 .8 0 1.76 -1 .1 7

methacrylate 0.72 ±  0.04 0.25 ±  0.01 0.74 0.40
Mean

1.76
1.76

-0 .9 1
-1 .0 4

Copolymerization by Ionic Mechanisms

The results of copolymerization of DM S with boron trifluoride etherate 
a typical cationic initiator, as well as lithium dispersion, the character of 
which is somewhat ambiguous, are given in Table IV.

In the DM S-styrene system with boron trifluoride etherate as initiator, 
initial copolymer compositions obtained contain relatively much more 
DM S component than those with a free-radical initiator since, as shown 
above, DM S is more electronegative (e  =  —1.04) than styrene (e =  —0.80). 
It is only natural that methyl methacrylate, which has an electropositive 
character ( e  =  +0.40) does not enter the cationic copolymerization.
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TARLE IV
Copolymerization of DMS (Mi) with Ionic Catalysts

Second monomer

Mole fraction 
DMS

in monomers

Polymeriza
tion time, 

min.
Conversion,

%
Mole fraction 

DMS in polymer

2%  Boron trifluoride etherate/monomers, 20% 
-10 °C .

monomers in ethylene dichloride,

Styrene 0.563 10 34.9 Homopolymer
(DMS)

Styrene 0.318 5 14.2 0.824
Methyl

methacrylate
0.463 1 37.8 Homopolymer

(DMS)
Methyl

methacrylate
0.294 1 8.7 Homopolymer

(DMS)

2% Lithium dispersion/monomers, 33% monomers in tetrahvdrofuran, 30°C.
Styrene 0.503 240 26.3 0.453
Styrene
Methyl

0.293 60 9.9 0.237

methacrylate
Methyl

0.484 1140 2.7 0.083

methacrylate 0.298 1320 4.7 0.039

In the case of lithium dispersion, on the other hand, the data imply an 
anionic mechanism. O ’Driscoll and Tobolsky11 have proposed the “ rad
ical-ion”  mechanism in the lithium-initiated copolymerization of styrene 
and methyl methacrylate, in which the radical-ion, • CH2 — C X Y : _ L i+, 
is formed by the exchange of an electron from lithium into the unoccupied, 
antibonding 7r-orbital of the vinyl group. Its anionic end would add methyl 
methacrylate mainly, whereas the radical end would add both styrene 
and methyl methacrylate. According to this theory, the use of tetra- 
hydrofuran, which solvates the carbanion very well and prevents its ter
mination,12 would be expected to favor the anionic growth. This would 
favor the methyl methacrylate component in the DMS methyl meth
acrylate copolymer to the extent that more than 90% of initial copolymer 
is the methyl methacrylate component at approximately 0.5 mole per cent 
of monomer composition. In the DM S-styrene system, it would slightly 
decrease the DM S component which is more electronegative. That the 
anionic growth is the main mechanism of the copolymerization may be 
endorsed by the formation of the red DM S anion in the homopolymerization 
as mentioned above.

We acknowledge with pleasure that this work was supported by a research grant 
GM 10864-10 from the National Institutes of Health, U. S. Public Health Service.
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Résumé

On a montré que le 2,5-diméthoxystyrène polymerise par initiation radicalaire cation
ique et anionique. Le caractère moins volumineux du substituant ortho sur le noyau 
benzénique rend le comportement de ce monomère plus normal que celui du dibenzoate 
de vinylhydroquinone précédemment décrit. Donc on observe une relation linéaire 
entre les coefficients d’extinction spécifiques des copolymères dans les spectres d’absorp
tion ultraviolet et dans les compositions du copolymère. Les valeurs Q -e  sont aussi 
normales (Q  =  1.76, e =  —1.04). Ces valeurs traduisent bien le comportement de la 
copolymérisation.

Zusammenfassung

Die Polymerisation von 2,5-Dimethoxystyrol kann radikalisch, kationisch oder anion
isch gestartet werden. Wegen der geringeren Sperrigkeit des ortho-Substituenten am 
Benzolring weicht dieses Monomere weniger als das früher beschriebene Vinylhydro- 
ehinondibenzoat vom normalen Verhalten ab. So wurde eine lineare Abhängkeit der 
spezifischen UV-Extinktionskoeffizienten der Copolymeren von der Copolymersusam- 
mensetzung beobachtet. Die Q - und e-Werte sind ebenfalls normal (Q =  1,76; e =  
1,04). Das Copolymerisationsverhalten wird durch diese Werte gut wiedergegeben.
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Decomposition of Asymmetric Peranhydrides

G. SM ETS and W. VAN  R IL L A E R  L a b o r a to r y  o f  M a c r o m o le c u la r  
C h e m is tr y ,  U n iv e r s i ty  o f  L o u v a in ,  B e lg iu m

Synopsis

The synthesis of a peranhydride copolymer was carried out in three steps: (a) copoly - 
merizaiton of acrylyl chloride with methyl methacrylate, (b) reaction of the acid chloride 
copolymer with perbenzoic acid, (c) treatment with aqueous methanol and méthylation 
with diazomethane, in order to avoid free carboxylic groups. The polymer contained
18.1 wt.-% peranhydride groups. The stability of this peranhydride copolymer (Per- 
Bz02) has been compared to that of acetylbenzoic peroxide AcBz02; the overall energies 
of activation of thermal decomposition in toluene solution are 24.6 and 33.2 kcal./mole, 
respectively. The relative importance of first-order decomposition with respect to the 
induced decomposition has been determined. The first-order rate constants are 3.8 X 
10-4 sec.-1 for PerBz02 at 59.7°C. and only 5.8 X 10-5 sec.-1 for AcBz02; conse
quently the peranhydride copolymer is much less stable than the low molecular weight 
anhydride. This unexpected result must be related to chain structural effects.

The synthesis of graft copolymers is very often based upon the presence of 
reactive side groups attached on the backbone polymer, which on de
composition give rise to macromolecular free radicals. As reactive group 
we have used peranhydride groups which were introduced on the backbone 
by reaction of perbenzoic acid with acid chloride functions. Their use for 
graft polymerization will be considered in a. subsequent paper;1 in the 
present paper, however, we will first considér the mechanism of their 
thermal decomposition, because it is the primary initiating step for the 
subsequent grafting reaction. We will compare it to that of a low molec
ular weight homologous anhydride.

At the same time, the synthesis of these copolymers and the determina
tion of their composition will be described.

RESULTS AND DISCUSSION

The decomposition of an asymmetric peroxide, acetylbenzoyl peroxide 
I (AcBz0 2), has been compared to that of peranhydride groups built into 
an acrylyl perbenzoate copolymer II (PerBz02), used for further grafting 
experiments:1

CH3— CO—O— O— CO—C6H6 
I

2417
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CH3

— CH2— C—CH2—CH— CH2—CH—
I 1 ICOOCHj COOCHs CO— O— 0 — CO—C6H6 

II

The decompositions were followed iodometrically by using the method of 
Silbert and Swern.2 The reactions were carried out in toluene and in 
dioxane solutions for A cB z02 and in toluene only for PerBzO? at concentra
tions and temperatures similar to those for the graftings.

By plotting the logarithm of the residual peranhydride concentration 
against the time, apparent first-order rate constants and the activation 
energies were evaluated; the results are summarized in Table I.

TABLE I
Rate of Decomposition of Acetylbenzoyl Peroxide and Polymeric Peranhydride

Peranhydride

Peran
hydride 
concn., 

g./100 ml. Solvent Temp., °C.
h ,

sec.-1 X 104
E a, kcal./ 

mole

AcBz0 2 0.75 Toluene 70.1 0.09
79.9 0.38 33.2
88 1

AcBz0 2 0.8 Dioxane 69.7 0.73
79.7 2 25
85.7 3.5

PerBz02 3“ Toluene 53.4 0.95
60.8 2.2 24.6
66.7 4.3

h 18.1 wt.-% peranhydride.

As can be seen from these results, the polymeric peranhydride decomposes 
much more rapidly than the low molecular weight asymmetric peroxide, 
of which the rate constants are intermediary between those of benzoyl 
peroxide3-10 and acetyl peroxide.11-14 The nature of the solvent influences 
strongly the rate of decomposition, being much higher in dioxane than in 
toluene. It was therefore assumed that asymmetric peroxides undergo a 
pronounced induced decomposition, as has been found previously for ben
zoyl peroxide,6-8-10 and that the total rate of decomposition can be repre
sented by eq. (1)

— d [p e r ]/ d t  =  k i [per] +  k '  [per]1-5 (1)

where k '  is equal to /c3 (fci/fei)0-6, k h k 3, and being the rate constants of 
the first-order decomposition, the induced decomposition, and the recom
bination of radicals, respectively.

By using the method of Nozaki and Bartlett6 the values of the first- 
order rate constant fci and k '  were determined for A cB z02 and PerBz02 in 
toluene solutions. The following values were found: for acetylbenzoyl
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peroxide at 80.7°C., /ii =  5 .8X 10-5sec.-1, fc' =  3 .lX lO -4sec.-1 [M ]-0-5; 
for peranhydride copolymer at 59.7°C., A*i =  3 .8X 10-4sec.-1 , =  3.3X10 3
sec.-1 [M ]-0-6.

The peranhydride copolymer is not only less stable than the correspond
ing low molecular weight asymmetric peranhydride but the relative im
portance of the induced decomposition over the first-order reaction is also 
higher. The very high rate of decomposition cannot be due to the presence 
of free carboxyl groups in the polymeric chain; indeed the copolymer was 
methylated with diazomethane before isolation (see experimental). It 
must therefore be related to the chain structure, (microtacticity and loca
tion of groups; and the high steric hindrance existing along it. This 
problem was already pointed out with copolymers containing 1er 1-butyl 
perester groups; in that case however k '  was only about twice the value of 
that for first-order decomposition.15 These aspects will be considered in a 
future paper.

EXPERIMENTAL

1. Preparation and Composition o f Copolymers

A 33% solution in dry toluene of the two monomers, acrylyl chloride16 
and methyl methacrylate was polymerized at 70°C. for 1-2 hr. in the pres
ence of 0.5%  azobisisobutyronitrile as initiator. The copolymer was pre
cipitated in petroleum ether, dissolved in dry dioxane, and treated with a 
dioxane solution of perbenzoic acid17-18 following the method of Hahn and 
Fischer.19 The copolymer was precipitated in petroleum ether, and twice 
redissolved in dioxane containing a small amount of methanol and water, 
and reprecipitated in a large excess of a mixture methanol/water (5/ 1) ; in 
this way the unreacted acid chloride units are converted to methyl ester 
and free carboxylic groups. Thereafter the copolymer was treated in 
dioxane solution with diazomethane, and isolated by freeze drying. This 
treatment affords an acid-free copolymer carrying peranhydride groups 
(18.1 w t.-% ) besides methyl acrylate and methacrylate groups; the per
anhydride content was determined iodometrically.

The absence of free carboxylic groups, as well as acid chloride units, was 
ascertained by titration in dry dimethylformamide with sodium methoxide 
in benzene, in the presence of thymol blue as indicator. On infrared 
analysis (Perkin-Elmer 112C with rock salt prisms) no H— 0  absorption 
bands could be detected. The infrared spectra of the C = 0  double bond 
region of the copolymer in chloroform solution (2.5%) show three absorp
tion bands, one corresponding to the ester groups (1732 cm .-1) and a doub
let of the peranhydrides (1768 and 1802 cm .-1). Similarly acetylbenzoyl 
peroxide absorbs at 1769 and 1808 cm .-1, while benzoyl peroxide absorbs 
at 1764 and 1787 cm .-1 . The frequency differences of peranhydrides 
(Ay 23-39 cm -1) are much smaller than for usual anhydrides (Ay 60-75 
cm .-1); these results agree with those obtained in carbon tetrachloride 
solution by Davison.20 The content of peranhydride units can also be



2420 G. SMETS AND W. VAN RILLAER

evaluated by infrared spectrometry in dioxane solution (700 cm .-1) with 
A cB z02 as reference material.

Acetylbenzoyl peroxide was prepared by air oxidation of benzaldehyde 
in the presence of acetic anhydride.21 After crystallization from petroleum 
ether its degree of purity was 99.6%.

2. Rate Measurements

The rate of induced decomposition of A cB z02 and of PerBz02 was fol
lowed iodometrically. To find lc', A cB z02 was decomposed at 80.7°C. at 
two different concentrations (0.0179 and 0.055 mole/1.). Samples were 
taken at the same time intervals in the two runs; if [per]i and [per]2 in
dicate the respective peranhydride concentrations at a given time, the rate 
equation can be used.

1__________ C ___ C - 1
[per]!0-6 [per]20-6 ^  h / k '

(2)

By plotting [per]!0-6 against [per]20-6, a linear diagram is obtained whose 
slope and intercept on the ordinate give the values of C  and ( C - l ) / ( k 1/ k ' ) ,  
from which k i/ k ' can be calculated. The first-order rate constants of 
spontaneous decomposition can then be calculated by using the following 
integrated equation:

In
(fci/ k ')  +  [per]1 

[per]0-5
(A-i/fc') +  [per ]pc 

[per]o0-5
— k\t (3)

In the case of the peranhydride copolymer the reaction temperature was 
59.7°C., and the two concentrations were 0.019 and 0.0474 mole/1. The 
experimental data are given in Table II.

TABLE II
Decomposition of Peranhydride

Peran
hydride

Temp.,
°C.

[perh, 
mmoles/l. [per] i —05

Time,
min.

[peris,
mmoles/1. [per] 2—0-5

AcBzOo SO. 7 55.0 4.26 0 17.9 7.46
46.6 4.63 25 15.5 8.17
40.6 4.96 45 14.1 8.42
33.5 5.46 72 12.1 9.09
28.7 5.89 95 10.7 9.67

PerBzth 59.7 47.4 4.59 0 19.0 7.25
37.4 5.17 10 15.5 8.03
29.8 5.79 20 12.0 9.11
25.4 6.27 25 10.9 9.56
23.4 6.54 30 9.4 10.30

From these results, there was found for A cB z02 at 80.7°C., C  =  1.35,

C - 1
h / k >

=  1.8

k i/ k ' =  0.19
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and for PerBz02 at 59.7°C., C  =  1.55,

C - 1
k i / k '

0.12

h / W  =  4.77

The authors are indebted to the Fonds National de la Recherche Scientifique for 
supporting this research and to the Institut pour l’Encouragement de la recherche 
scientifique dans l’Industrie et l’Agriculture for a fellowship to one of them (W. V. R. ).
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Résumé

La synthèse d’un copolymère contenant des groupes peranhydrides a été réalisée 
en trois étapes: (a) copolymérisation de chlorure d’acroyle avec du méthacrylate de 
méthyle, (b) réaction du copolymère chlorure acide avec l’acide perbenzoïque, (c) 
traitement par l’alcool méthylique aqueux et méthylation au diazométhane, en vue 
d’éviter la présence de groupes carboxyliques libres. Le copolymère contenait 18,1% en 
poids de groupes peranhydrides. La stabilité de ce copolymère peranhydride (PerBz02) 
a été comparée à celle du peroxyde d’acétylbenzoyle AcBz02; les énergies globales 
d’activation de la décomposition thermique en solution toluénique s’élèvent à 24.6 et
33.2 kcal/mole respectivement. L’importance relative de la décomposition de premier 
ordre par rapport à la décomposition induite a été déterminée. Les constantes de vitesse 
de premier ordre s’élèvent à 3,8 X 10-4 sec-1 pour PerBzO» à 59,7° et seulement à 5,8 
X 10-6 sec-1 pour AcBz02; en conséquence l’anhydride copolymère est beaucoup 
moins stable que l’anhydride de bas poids moléculaire. Ce résultat inattendu doit être 
attributé à des effects de la structure de la chaîne.
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Zusammenfassung

Es wurde ein Persäureanhydrid-Copolymeres in drei Stufen hergestellt: a) Copoly
merisation von Acrylylchlorid mit Methylmethacrylat; b) Reaktion des Säurechlorid- 
Copolymeren mit Perbenzoesäure; c) Behandlung mit wässrigem Methanol und 
anschliessende Methylierung mit Diazomethan zur Bindung freier Carboxylgruppen. 
Das Polymere enthält 18,1 Gewichtsprozent Persäureanhydridgruppen. Die Stabilität 
dieses Persäureanhydrid-Copolymeren (PerBzCb) wurde mit derjenigen von Acetyl- 
benzoylperoxyd (AcBzCh) verglichen. Die entsprechenden Bruttoaktivierungsenergie 
der thermischen Zersetzung in Toluollösung ist 24,6 bzw. 33,2 kcal/Mol. Ausserdem 
wurde das Ausmass der nach erster Ordnung verlaufenden Zersetzung im Verhältnis zur 
induzierten Zersetzung bestimmt. Die Geschwindigkeitskonstante erster Ordnung ist 
bei 59,7° für PerBzOo 3,8.1(R4 sec-1, für AcBz02 jedoch nur 5,8.10-5 sec-1. Das Per- 
säureanhydrid-Copolymere ist also viel instabiler als das Anhydrid niedrigen Molekul
argewichtes. Dieses unerwartete Verhalten muss den durch die Kettenstruktur beding
ten Effekten zugeschrieben werden.

Received M ay 13,1963
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Graft Copolymerization with Peranhydride 
Side Groups

W. VAN  R ILLA ER  and G. SMETS, L a b o r a to r y  o f  M a c r o m o le c u la r  
C h e m is tr y , U n iv e r s i ty  o f  L o u v a in , B e lg iu m

Synopsis

Several copolymers of methyl acrylate, methyl methacrylate, and acrylylperbenzoate 
of different peranhydride contents (5.35, 9.24, 12.6, 20.2, and 33.9 wt.-%) were prepared 
and used for initiating the graft polymerization of styrene. The overall rate of poly
merization and the grafting rate are proportional to the square root of the peranhydride 
concentration, while they are practically first order with respect to the monomer con
centration. The graft copolymers were separated from both homopolymers by pre
cipitation with methanol from the chloroform solution of the copolymer; the styrene 
content of the graft copolymer increases with monomer concentration (e.g., 32.4 and 
51.1% for monomer concentrations of 2.6 and 6.1 mole/1., respectively. The ratio of 
R g /R h , i.e., the weight of styrene bonded as graft to that as homopolystyrene has been 
taken as a conventional measure of the graft efficiency. At 80°C. this ratio never 
exceeds 0.46, independent of the composition of the initiating copolymer. It increases, 
however, markedly with decreasing grafting temperature; for a styrene concentration 
of 6.1 mole/1. it is equal to 0.64 and 1.27 at 72.1 and 55.6°C., respectively. The ratio 
R e/R b  depends also strongly on steric effects: when the copolymer contains only methyl 
acrylate and acrylyl perbenzoate units with exclusion of methylmethacrylate, R e/R h  is 
much larger than unity: at 74.9°C. it is equal to 1.68 and 2.31 for monomer concentra
tions of 2.6 and 4.35 mole/1., respectively, in the presence of a polymer containing 23.9 
wt.-% of peranhydride. This ratio is also enhanced by the viscosity of the solution. 
The results are compared to those obtained with similar copolymers containing ¿erf-butyl 
perester side groups.

The kinetics of graft copolymerization of styrene onto methyl acrylate 
and methyl methacrylate copolymers containing teri-butyl perester side 
groups have been described recently by one of us.1 We wish now to 
report similar kinetic studies, in which an analogous backbone copolymer 
was used but carrying another reactive side group, namely a peranhydride 
group. Similar copolymers have already been described by Hahn and 
Fischer.2 Although it is practically impossible to prepare two types of 
initiating copolymers with the same content of reactive side groups and 
same molecular weight, nevertheless the main difference between the two 
series lies in the nature of the small radicals; in the former study they were 
fert-butoxide radicals, in the present case they are benzoate radicals.

In the preceding paper the stability of the peranhydride groups was 
considered and their decomposition rate constants evaluated.2 In the

2423
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present paper particular attention will be paid to the grafting efficiency 
of these copolymers with respect to styrene additions; as previously,3 we 
will take as a conventional measure of this efficiency the ratio R g/ R h, 
i.e., the weight R s of the styrene bonded as graft taking due account of 
the composition of the graft copolymer, divided by the weight R h  of 
homopolystyrene produced simultaneously.

EXPERIMENTAL

1. Preparation and Composition o f Peranhydride Copolymers

The method described in the preceding paper3 has been used for the 
preparation of the different methyl acrylate-methyl methacrylate-acrylyl 
perbenzoate copolymers which were used as initiator for grafting experi
ments. The peranhydride content is given in Table I. 2

TABLE I
Peranhydride Content of Initiating Copolymers

Initiator Peranhydride, wt.-%

P. 12.63
P2 9.24
Ps 5.35
P, 9.25
P6 20.2
P6 33.9
Pai» 23.9

“ Copolymer Pa7 contained only acrylic units.

2. Graft Copolymerization and Isolation o f Graft Copolymers

Graft copolymerization was carried out in sealed tubes in the tempera
ture range 70-80°C. with toluene as solvent. After reaction the copoly
mers were twice precipitated from toluene solution by addition of petro
leum ether and dried in vacuum. The fractionation was carried out at 
25°C. by progressive precipitation on addition of methanol to a 2%  
polymer solution in chloroform.

All fractions collected between precipitant volume fractions y of 0.26 
and 0.45 are practically pure polystyrene; they were redissolved in buta- 
none and precipitated in methanol. Between y 0.75 and 0.8 the graft 
copolymer precipitated; they were isolated by freeze-drying of their 
dioxane solution. The remaining solution was evaporated to dryness, 
the polymer dissolved in dioxane, and isolated by freeze-drying; it was 
essentially unreacted initial copolymer.

Infrared analyses of the polymer fractions were determined by measur
ing the phenyl group absorption at 696 cm .-1 in dioxane.
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RESULTS AND DISCUSSION

1. Rate Dependence on the Peranhydride Copolymer Concentration

The rate of polymerization of styrene (2.614 mole/1.) has been measured 
at five different concentrations of initiating polymer Pi. The data are 
given in Table II.

TABLE II
Dependence of Rate on Peranhydride Concentration“

[Peran
hydride] 

X 103, 
mole/1.

Polymer Pi, 
g./100 ml.

Polystyrene, g./lO 
ml. solution

Degree of 
conversion, %

R r  X 10«, 
mole/1. sec.

3.3 0.5 0.105 3.87 3.43
6.6 1.0 0.145 5.34 4.74
9.9 1.5 0.182 6.70 5.94

13.2 2.0 0.203 7.47 6.63
16.5 2.5 0.224 8.25 7.33

“ Polymerization conditions: polymer Pi, 12.6 wt.-% peranhydride; styrene concen
tration 2.614 mole/1.; temp. 75.5°C.; time 490 min.; solvent toluene.

Plotting the square of the rates versus the peranhydride concentration 
yields a linear diagram, the small intercept on the ordinates being the rate 
of thermal polymerization. Consequently the polymerization follows the 
square-root law with respect to the initiator concentration, in agreement 
with the data of Hahn and Fischer2 and of Smets and co-workers1’4.6 (Fig. 1).

Fig. 1. Dependence of rate of styrene polymerization on peranhydride concentration 
(copolymer Pi). [M] =  2.614 mole/1.; temp. = 75.5°C.; solvent, toluene.

2. Dependence o f Rate on the Monomer Concentration

The influence of the monomer concentration on the overall rate of 
polymerization was first examined by experiments carried out at 80°C.
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Fig. 2. Influence of monomer concentration on the total rate of polymerization R v 
and the rate of grafting R s. Copolymer Pa (5.35 wt.-% peranhydride) =  5 g./100 ml.; 
temp. =  80°C.

in toluene solutions in the presence of a given amount of polymer P2. 
The results are summarized in Table III.

In all these experiments, the rate of thermal polymerization, R th in the 
absence of peranhydride initiating polymer but in isoviscous medium (by 
adding inert high molecular polystyrene to the monomer-toluene mix
ture) is about Vio of the rate of polymerization with initiator, R pcr (column 
5). If one considers that the overall rate of polymerization R tot is given by

R t o t  = (U M ]/fc /A) (A iper +  R ith Y /2

where k v and k , are the propagation and termination rate constants, 
respectively, and A iper and the rate of initiation in the presence and 
in the absence of peranhydride initiator, respectively, it becomes evident 
that

/¿per = (R t o t 2 -  A V ) 'A 

TARLE III
Influence of the Styrene Concentration on the Rate of Polymerization“

[M],
mole/1.

Time,
min.

Poly
styrene 

content in 
total 

polymer, 
%

Polystyrene, g./20 ml. 
solution Degree 

of con
version,

%

Rate Rtot 
X 105, 

mole/1. sec.
Total

amount Thermal13

1.744 540 42.2 0.444 0.050 12.4 0.66
2.614 435 52.2 0.667 0.061 12.1 1.24
3.485 375 59.4 0.880 0.103 12.1 1.88
4.356 315 63.2 1.032 0.120 11.4 2.62
5.227 260 64.5 1.093 0.124 10.0 3.36

“ Polymerization conditions: polymer P2, 9.24 wt.-% peranhydride; 3%  polymer 
solution; [peranhydride] = 0.0144 mole/1.; temp.80°C. 

b In absence of initiating polymer, but in isoviscous medium.
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Consequently the rate correction for the thermal polymerization amounts 
only to about 1% of the total rate; therefore it was further neglected in 
this paper.

From the data of Table III it can be seen that the rate increases pro
portionally with the monomer concentration, although some curvature 
at low concentration indicates an order higher than unity (Fig. 2). This 
behavior in dilute monomer solution can be interpreted in terms of chain 
termination reactions between growing chains and primary radicals.6

In order to evaluate the relative importance of the graft polymerization 
with respect to homopolymerization and its dependence on the monomer 
concentration, the reaction products were fractionated and the correspond
ing mean rates calculated, taking due account of the styrene content of 
the graft copolymers.

These experiments (Table IV) show in each series that both rates of 
homopolymerization R h  and grafting R s increase linearly with the styrene 
concentration over the whole range of concentration (Fig. 2); in a previous 
paper with copolymers containing ieri-butylperacrylic units as initiator, this 
proportionality between the amount of grafting and the monomer con
centration was only valid for low monomer concentration.1

As previously, the ratio of both rates of homoholymerization and graft 
polymerization was considered as a direct measurement of the efficiency 
of grafting; from Table IV it can be seen that this ratio R t / R h  is always 
low and never exceeds a value of 0.44. It must be admitted therefore 
that the macroradicals not only propagate by monomer addition, but 
also give chain transfer with the monomer, producing both graft polymer 
and homopolymer (page 2430).

The relative importance of reactions b, c, and d determines the value of 
the ratio R g/ R h. This ratio increases slowly with the monomer con
centration; chain transfer reactions with the solvent (toluene) can easily 
account for it.

3. Influence of Polymer Concentration and Peranhydride Content

From Table IV  it can be also seen that R g/R h  ratios increase slightly 
with the active polymer concentration. This small increase could be 
attributed to the increase of viscosity of the reaction medium; indeed the 
experiments of series F show the influence of the addition of 1% inert 
polystyrene on the grafting efficiency, if they are compared to the experi
ments of series E.

Although small, the effect is always directed in the same sense, cor
roborating the influence of the viscosity. It is admitted that an increase 
of the viscosity of the medium diminishes the rate of diffusion of the small 
primary radicals, which react more easily with their polymer chain giving- 
some new sites for grafting.

The effect of the peranhydride group content is unclear; indeed from the 
comparison of series C and E, and B and D an increase of R e / R h  would
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be related with an increase of the peranhydride content. This statement 
is however contradicted by the results of series A. This disagreement 
must be related to differences of inherent viscosities of the initiating poly
mer as well as to the viscosity of the solution.

Concerning the possibility of a degradation of the initiating polymer in 
the course of grafting polymer, P5 has been used as initiator for the poly
merization of styrene (6.099 mole/1.) at 72°C. The initial intrinsic 
viscosity was 0.6; after reaction and fractionation it was only 0.2, while 
that of the graft polymer was 0.95.

This experiment shows that degradation reactions occur even in the
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presence of high monomer concentration, which is a rather unexpected 
result.

4. Influence o f Temperature on Grafting Efficiency

The influence of the temperature on the efficiency of grafting can be 
shown by comparison of series D of Table IV  with series A of Table V, 
as well as from the results of series C, Table V.

The ratio R J R h  increases markedly with a decrease of grafting tempera
ture ; this can be interpreted as due to a decrease of chain transfer with the 
solvent, of which the activation energy is higher than that of the propaga
tion reaction. The increase of viscosity of the medium may also reduce 
the rate of diffusion of the small benzoate radicals away from the chain 
and favor the abstraction of an hydrogen atom of the main chain, with 
formation of a new site of grafting. Experiment C of Table V is par
ticularly noteworthy, with its R g/ R h  value equal to 1.27.

5. Influence o f Polymer Composition

With respect to the R e / R h  values a double comparison can be made 
with experiments described previously.

Figure 3 shows the dependence on the monomer concentration for two 
copolymers of methyl acrylate and methyl methacrylate, of which one 
contained fcrt-butyl peracrylate ester groups1 (formula A, Table VI), 
while the other one contained acrylyl perbenzoate groups (formula B).

On decomposition both copolymers give the same macroradical; they 
differ only by the nature of the small radicals which are produced simul
taneously of which one is a feri-butyloxy, the other one a benzoate (or 
phenyl) radical.

While the ratio R J R h  increases slowly with the monomer concentra
tion in the case of the peranhydride copolymer, it decreases appreciably 
for the perester copolymer (Fig. 3). This effect may be due to an increased 
efficiency of the tert-butyloxy radical in concentrated monomer solutions 
and has been discussed previously.

Fig. 3. Influence of the monomer concentration on the R J R h  ratio: ( d  ) methyl acry
late-methyl methacrylate-ieri-butyl peracrylate copolymer, 56.4-38-5.6 (85°C.); 
(O) methyl acrylate-methyl methacrylate-acrylyl perbenzoate copolymer, 57.2-40-2.8 
(80°C.).
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TABLE VI
Copolymer

type Structure Molar composition

CEL

A — CH2— CH—CH2— CH— CH2— C—

C = 0
1

c=o c=o 56.4/5.6/38

OCH3
1

0 — OC4H9
1

0CH3
c h 31

B — CH2— CH— CH2--C H — CH2-
1

1- c— 1
¿=0

1c=o 1c=o 57.2/2.8/40
I I I

OCHs o —O—C = 0  OCH3
I

c 6h 5
C — CH2— CH— CH2--C H — CH2— CH—

c = o ¿ = 0  c = o 47.7/12.3/401
0CH3

1 1 
0—0— c 4h 9 OCHs

D — CH2— CH— CH2- -CH — CH2------ CH—

c = o c = o  c = o 47.6/12.4/40

OCHs 0 —0 — C = 0  OCH3

c 6h 5

If these systems are compared to copolymers of type C (Table VI), in 
which methyl methacrylate units are absent, much higher R J R h  ratios 
have been obtained, even up to 5 (1). From this comparison it must be 
concluded that steric hindrance plays an important role in the graft 
initiation, not only by a decrease of accessibility of the sites of grafting, 
but likely also by a lack of space for grafting side chains. Conversely, 
if this interpretation is correct, a decrease of steric hindrance must increase 
the ratio of grafting. This has been borne out with grafting experiments 
in which an initiating methyl acrylate-acrylyl-perbenzoate anhydride 
copolymer (formula D) was used instead of a copolymer containing 
methacrylic units (formula B). The results are summarized in Table VII.

As can be seen from these data, the R J R h .  ratios are much higher than 
in the preceding case; they increase with increasing monomer concentra
tion, and with increasing viscosity of the reaction medium.

The last experiment listed in Table V II is especially interesting, because 
it was carried out in the presence of methanol instead of toluene. Because 
of the insolubility of polystyrene in the reaction medium, a change of the 
R J R h  could be expected. In fact, only a minor change has been stated, 
although the rates of homopolymerization and graft polymerization both 
decrease. The results of Table V II confirm completely the importance 
of steric hindrance with respect to grafting and agree with the interpreta-
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tion given above. R J I i\ , values higher than 2 (instead of about 0.5) 
are easily obtained.

CONCLUSIONS

The overall kinetics of polymerizations of styrene initiated by the 
thermal decomposition of polymeric peranhydrides are the same as fol
low molecular weight peroxides; the rate is practically first order with 
respect to the monomer concentration and proportional to the square root 
of the peranhydride concentration, the thermal polymerization being 
unimportant. The low R J R h  ratios (0.4-0.6) are mainly due to the steric 
hindrance existing along the polymeric chain, which contains appreciable 
amounts of methyl methacrylate; indeed in the absence of these units, 
the R g/ R h  exceeds unity considerably and may attain values of 2.2-2.3. 
R g /R h  increases weakly with increasing monomer concentration, but 
appreciably with a decrease of grafting temperature; chain transfer reac
tion with solvent can easily account for it. The small increase of R s/ R h  

with increasing viscosity of the reaction medium may be due to a transfer 
reaction of the low molecular primary radical with the polymeric chain, 
giving new sites of grafting.

The authors are indebted to the Centre des Hauts Polymeres I.R.S.I.A. Belgium for 
supporting the research and for a fellowship to one of them (W. V. R.).
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Résumé

Plusieurs copolymères d’acrylate de méthyle, de méthacrylate de méthyle et de per- 
benzoate d’acroyle ont été préparés à différentes teneurs en peranhydride (5,35; 9,24; 
12,6; 20,2; et 33,9% en poids) et utilisés pour l’imtiation de la polymérisation greffée du 
styrène. La vitesse globale de polymérisation, de même que la vitesse de greffage sont 
proportionnelles à la racine carrée de la concentration en peranhydride, et pratiquement 
de premier ordre par rapport à la concentration en monomère. Les copolymères greffés 
ont été séparés des deux homopolymères par précipitation progressive en ajoutant du 
méthanol à la solution chloroformique du copolymère. La teneur en styrène du co
polymère greffé augmente avec la concentration en monomère, par exemple 32,4 et 51,1 
à des concentrations de 2,6 et 6,1 moles/1, respectivement. Le rapport R e/R h , c.à.d. 
du poids du styrène lié comme greffon au homopolvstyrène formé simultanément, est 
pris comme mesure conventionnelle de l’efficacité de greffage. A 80°C ce rapport ne 
dépasse jamais 0,46, indépendamment de la composition du copolymère initiateur. Il 
croît toutefois notablement en diminuant la température de greffage; à une concen
tration en styrène de 6.1 moles/1 il est égal à 0,64 et 1,27 à 72,1 et 55,6°C respectivement. 
Ce rapport R i/R h  dépend également fortement des effets stériques: lorsque le copoly
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mère ne contient que des unités acryliques (acrylate de méthyle, perbenzoate d’acroyle) à 
l’exclusion de méthacrylate de méthyle, R s/ R i, dépasse considérablement l’unité: 
à 74,9°C il et égal à 1.68 et 2,31 pour des concentrations en monomères égales de 2,6 et 
4,35 moles/1 respectivement en présence d’un copolymère contenant 23.9% en poids de 
peranhydride. Ce rapport croît aussi par augmentation de la viscosité de la solution. 
Les résultats sont comparés à ceux obtenus avec des copolymères semblables porteurs de 
groupes latéraux peresters.

Zusammenfassung

Es wurden mehrere Copolymere aus Methylacrylat, Methylmethacrylat und Acrylyl- 
perbenzoat mit verschiedenem Peranhydridgehalt (5,35; 9,24; 12,6; 20,2 und 33,9
Gewichtsprozent) hergestellt und zum Start der Pfropfpolymerisation von Styrol ver
wendet. Sowohl die Bruttopolymerisationsgeschwündigkeit als auch die Pfropfungs- 
gesehwindigkeit sind der Quadratwurzel der Peranhydridkonzentration proportional 
und bezüglich der Monomerkonzentration praktisch von erster Ordnung. Die Pfropfco
polymeren wurden durch Fällung, u.zw. durch Zusatz von Methanol zur Chloroformlö
sung des Copolymeren, von den beiden homopolymeren getrennt. Die Styrolkonstante 
des Pfropfcopolymeren nimmt mit steigender Monomerkonzentration zu (z.R. 32,4 und 
51,1 für Monomerkonzentrationen von 2,6 bzw. 6,1 Mol/1). Als konventionelles Mass 
für die Pfropfungswirksamkeit diente das Verhältnis R J R h, d.h. das Gewichtsverhältnis 
von aufgepfropftem Styrol zu Homopolystyrol. Dieses Verhältnis überschritt bei 80°C, 
unabhängig von der Zusammensetzung des als Starter verwendeten Copolymeren, nie 
den Wert 0,46, stieg jedoch mit abnehmender Pfropfungstemperatur deutlich an und 
hatte bei einer Styrolkonzentration von 6,1 M bei 72,1° bzw. 55,6° die Werte 0,64 bzw. 
1,27. Das Verhältnis R „ / R k ist auuerdem stark von sterischen Effekten abhängig: 
Wenn das Copolymere nur Methacrylat-Acrylylperbenzoat-Einheiten enthält, ist R 0/ R k 
bedeutend grösser als eins. Z.B. war R a/ R k be 74,9°C in Gegenwart eines Polymeren 
mit 23,9 Gewichtsprozent Peranhydrid bei Monomerkonzentrationen von 2,6 bzw. 
4,35 Mol/1 gleich 1,68 bzw. 2,31. Dieses Verhältnis nimmt ausserdem mit steigender 
Viskosität der Lösung zu. Die experimentellen Ergebnisse werden mit denjenigen 
verglichen, die bei Verwendung ähnlicher Copolymerer mit tert.-Butylperester-Gruppen 
erhalten wurden.

Received May 13,196/
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Sorption and Diffusion of Water Vapor by Nylon 6

KOJI K AW ASAK I and YOSHIYASU SEKITA, E le c tr o te c h n ic a l  
L a b o r a to r y ,  N a g a ta -c h o , C h iy o d a -k u , T o k y o ,  J a p a n

Synopsis

The interaction between nylon 6 and water has been studied from water vapor sorption 
isotherms, diffusion of water vapor in the polymer, and nuclear magnetic resonance 
(NMR) properties. The variations in water sorption properties of various heat treated 
specimens seem to result from the difference in the degree of loose packing in the amor
phous regions. From the effect of water vapor on NMR narrow line intensity, it has 
been found that there are two characteristic sorption types of water vapor in nylon 6, 
that is, water molecule is comparatively immobile at the lower water content, and con
siderably mobile at water contents above 4 wt.-%. Furthermore, it may be supposed 
that there is in addition another sorption state of water vapor below 2 wt.-% that cor
responds to the monolayer capacity of water vapor in the polymer.

1. Introduction

The sorption of water vapor by polyamides has been studied by several 
investigators.1'-6 While the effects of water on the dynamic mechanical, 
dielectric, and nuclear magnetic resonance (N M R) properties of poly
amides6' 12 has been attributed to the disruption of interchain bonding in 
the amorphous regions, the mechanism of water sorption in polyamides is 
not incompletely understood.

In order to obtain further information on the interaction, we consider 
the water vapor sorption isotherms, diffusion of water vapor in the polymer, 
and N M R  properties.

2. Experimental

The specimens used were polycaproamide (nylon 6) in the form of a 
uniaxially oriented film (300% elongation) with a film thickness of 40 ,u.

A dry-heat-treated specimen was obtained by heating the oriented film 
at 150°C. for 3 hr. under vacuum, and an aqueous-heat-treated specimen 
was obtained by heating the dry-heat-treated specimen in boiling distilled 
water for 1.5 hr.

The water vapor sorption equilibria and kinetics were determined by 
weighing with a sensitive quartz spring (36.7 /xg./div.) in an evacuated 
glass chamber and measuring the spring’s elongation with a cathetometer.

For sorption measurement, water vapor was admitted into the chamber 
at the desired pressure, controlled by saturated salt solution, and the 
temperature of the chamber was maintained to within ±0 .2 °C .

2437
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The density of the specimen was determined by the flotation method, 
using CCI4 and C6H5CH3.

Proton magnetic resonance absorption measurements were made at 40 
Mcycles/sec. with a Japan Electron Optics J.N.M.S. broadline spectrom
eter of a bridge arrangement and a 12 in. J.N.M.S. electromagnet for high 
resolution use. The specimen was placed in a thin-walled glass tube fixed 
to a sample coil in a center of the magnet. The sample tube was evacuated 
and water vapor admitted into this tube. The dry specimen was main
tained in vacuum at 25°C. for 5 days and the water-containing specimen 
was in equilibrium with various partial pressures of water vapor for 3 
days; N M R  spectra for these samples were determined with constant weak 
radiofrequency field at constant modulation amplitude about 1 gauss.

3. Results

The sorption isotherms of water vapor for nylon 6 treated under various 
conditions are shown in Figure 1.

Sorption isotherms of polymers have usually been treated by the Bru-

Fig. 1. Sorption isotherms of water vapor by nylon 6 at 25°C.: (O) untreated; (A) 
dry-heaKtreated; (•) aqueous-heat-treated.
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nauer-Emmett-Teller (BET) equation.13 From this equation, the mono- 
layer capacity mo and the constant C  related to the heat of sorption were 
determined.

The graphs of the BET equation yield rather good straight lines in the 
region of 10-60% R .H T 4'12

From these isotherms, mo and C  are 1.98% and 5, respectively, for the 
untreated specimen, 1.86% and 7 for the dry-heat-treated specimen, and 
1.77% and 8 for the aqueous-heat-treated specimen.

The densities for the specimens used are shown in Table I. From the 
density scale, the per cent crystallinity is calculated by well known meth
ods,14’15 the crystalline and amorphous density being taken as 1.212 and 
1.115, respectively.16

Fig. 2. Variation of diffusion coefficient with water content in nylon 6 at 25°C.: (O) 
untreated; (A) drv-heat-treated; (•) aqueous-heat-treated.

According to the Clausius-Clapeyron equation, the differential heat of 
sorption is about 11 kcal./mole for nylon 6 with 0.5 w t.-%  water.

Even when the diffusion coefficient D  is dependent on the concentration 
of the FFO penetrant in the film, it has been obtained from a slope in the 
initial linear portion of a plot of Q / Q e versus \ /  t / L  for the sorption or 
desorption,17 where Q  is the weight of H20  gained or lost by sorption or 
desorption by time t, Q e is that weight of ILO when equilibrium is attained, 
and L  is the film thickness.

In our case, D  was only calculated from the initial slope for sorption.
Figure 2 shows D  for water in the oriented nylon 6 of Figure 1 with the 

water content at 25°C. In Figure 2, the concentration of water is the
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Fig. 3. Nuclear magnetic resonance spectra of nylon 6 at 25°C. at various relative
humidities.

mean value of initial and equilibrium water content of the specimen for 
each range in progressing sorption process.

Figure 3 illustrates the N M R  line-shapes for dry and water-containing 
nylon 6 at 25°C. In the present case, let us consider the variation of peak 
intensity with water content, since the NAIR line-width measurements of 
the narrow component are biased by modulation broadening.

The ratio, R , of the maximum meter reading of the narrow line, E n, to 
that of the broad line, E„, as shown in Figure 3, is expressed as follows:

^  _  E n ^  _  $ n $ x " n / Z > v) _  rTiAr0B[dff„(r)/dy]max 
E b  ri)fVoi.[d^j(r)/dr]mjix

where the subscripts n  and b denote the narrow components and the broad 
ones, respectively, f  is a filling factor, x =  x '  — i x "  is the nuclear magnetic 
susceptibility, v is the frequency, g(v) is the shape function, and N 0 is the 
number of magnetic nuclei in the specimen under observation per cubic 
centimeter of the substance.18'19

If water vapor is not sorbed in the crystalline portion of polymer, eq. (1) 
becomes:

R  =  a t nNt)n (2)

where a is a constant.

J m a x
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If the spin-spin relaxation time T 2 is a constant, it is expected that the 
intensity ratio R  increases linearly with the water content m  of polymer.

The plot of R  against water content is shown in Figure 4. This graph 
indicates a marked variation in the region above 3 -4% . This increase 
of the peak intensity ratio seems to result from the change of g (v )  which is 
a function of T 2.

Fig. 4. Variation of intensity ratio R  with water content for nylon 6 at 25°C.: (O) 
untreated; (A) dry-heat-treated; (•) aqueous-heat-treated.

From the line-width measurement, it has been observed that at low 
water content the N M R  width for sorbed water is broad, and this width 
decreases with increasing water content.20 The patterns for these widths 
are not clear, however, because of the uncertainty of splitting to narrow 
and broad lines.

4. Discussion

The water sorption isotherm for the untreated nylon 6 of Figure 1 is in 
agreement with the results obtained by several authors.3’4

In general, it has been considered that water vapor is sorbed in the 
amorphous regions of a polymer, but the sorption properties for nylon 6 
treated with various conditions are somewhat different (Table I and Fig. 1).
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TABLE I
Crystallinity of Nylon 6 with Various Heat Treatments

Specimen

Film
thickness,

M Treatment
Density,
g./em.3

Crys
tallinity,

%  ’

Oriented 40 Untreated 1.141 30
Oriented 40 Dry-heat-treated 1.146 36
Oriented 40 Aqueous-heat-treated 1.151 39

These properties are also found in the diffusion characteristics of water in 
nylon 6. Figure 2 shows that D  for water is dependent on concentration of 
water in the film and increases rapidly in the region above 4%.

It is of interest that water content and diffusion coefficient for the aque
ous-heat-treated nylon 6 are larger than those of the dry-heat-treated 
nylon 6, contrary to the results for per cent crystallinity. This seems to 
result from the difference in the degree of “ loose packing”  in the amorphous 
regions.

R , as shown in Figure 4, has an inflection in the slope at 3-4 wt.-% . 
This result indicates that there are two characteristic sorption types of 
water in nylon 6, i.e., the nuclei are comparatively immobile at the lower 
water content and considerably mobile at water contents above 4% .

It has been considered that the water in the region below 4%  is principally 
sorbed as a consequence of the breaking up of an interaction of amide 
groups between chains in the amorphous regions of the polymer.

From the effects of sorbed water on the density16’5 and the Young’s modu
lus21 of polyamides, however, it may be supposed that there is further 
another sorption state of water vapor below 2%  that corresponds to the 
monolayer capacity of water vapor in nylon 6.

In this region, free amide groups either weakly or not bonded to neighbor
ing chains, may be included in the sorption mechanism.

This also was suggested from the extension of nylon 6 as a function of the 
extent and nature of sorbed water that was already reported in our pre
vious work.12

We would like to thank Mr. Oka for his measurements of the sorption isotherms.
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Résumé

On a étudié l'interaction entre le nylon 6 et l’eau à partir des propriétés des isothermes 
de Sorption de la vapeur d’eau, de la diffusion de vapeur d’eau dans le polymère et de la 
résonance magnétique nucléaire (NMR). Les variations dans les propriétés de sorpt.ion 
d’eau de différents échantillons traités à la chaleur résultent de différence dans le degré 
de tassement libre dans les régions amorphes. A partir de l’effet de la vapeur d’eau sur 
l’intensité de la bande étroite du spectre NMR, on trouve qu’il y a deux types carac
téristiques de Sorption de vapeur d’eau dans le nylon 6; cela signifie que la molécule 
d’eau est comparativement immobile à de faibles teneurs en eau, et considérablement 
mobile à une teneur en eau au-dessus de 4%  en poids. De plus, on peut supposer qu'il 
y a un autre état de sorption de vapeur d’eau en-dessous de 2% en poids, qui correspond 
à la capacité de la couche monomoléculaire en vapeur d’eau du polymère.

Zusammenfassung

Die Wechselwirkung zwischen Nylon 6 und Wasser wurde an Wasserdampforptions- 
isothermen, an der Diffusion von Wasserdampf im Polymeren sowie durch magnetische 
Kernresonanzmessungen (NMR) untersucht. Die Unterschiede der Wassersorptionsei
genschaften verschiedener hitzebehandelter Proben gehen anscheinend auf Unterschiede 
im Ausmuss der lockeren Packung m den amorphen Bereichen zurück. Wie der Einfluss 
von Wasserdampf auf die Intensität der schmalen NMR-Linien zeigt, gibt es zwei 
charakteristische Type der Wasserdampfsorption in Nylon 6: Während im Falle
niedrigen Wassergehaltes das Wassermolekül relativ unbeweglich ist, zeigt es bei Wasser
gehalten von über 4 Gew.% eine beträchtliche Beweglichkeit. Ferner kann angenom
men werden, dass bei einem Wassergehalt von weniger als 2 Gewr.%  ein weiterer Sorp
tionszustand des Wasserdampfes entsprechend der Kapazität einer monomolekularen 
Schicht von Wasserdampf im Polymeren vorliegt.

Received May 13, 1963
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Copolymerization of Tetrafluoroethylene with 
Isobutene Induced by Ionizing Radiation

YONEHO TABATA, KENKICHI ISHIGURE, KEICHI OSHIMA, and 
HIROSHI SOBUE, Department of Nuclear Engineering and Industrial 

Chemistry, Faculty of Engineering, University of Tokyo, Tokyo, Japan

Radiation-induced copolymerization of tetrafluoroethylene with isobutene was carried 
out in the liquid state of the monomers at low temperature. The composition curve of 
the tetrafluoroethylene-isobutene copolymer was obtained. Infrared spectra, x-ray 
diffraction, and melling points of the copolymers obtained were also measured. I t  was 
concluded from these experimental results that an alternating crystalline isobutene 
tetrafluoroethylene copolymer can be obtained by a radical process induced by ionizing 
radiation. This seems to be the first case in which an alternating crystalline copolymer 
was obtained by a radical mechanism over an extremely wide range of molar concentra
tion of the components in the monomer mixture.

Radiation-induced copolymerizations of tetrafluoroethylene with ethyl
ene and propylene were reported in previous papers. 1' 2 In this paper, the 
copolymerization of tetrafluoroethylene with isobutene by ionizing radia
tion is reported.

It was found from this investigation that the copolymerization could 
take place in a wide range of monomer ratios to yield crystalline copolymers 
with an alternating structure:

The tetrafluoroethylene used was a Nitto Kagaku product. Purified 
commercial product of isobutene was used as the other monomer. These 
monomers were condensed into an ampule at liquid nitrogen temperature. 
The ampule containing solid monomers was evacuated to 10- 3-10 ~ 4 mm. 
Hg. Irradiation was carried out by 7 -rays from a Co60 source at low 
temperature.

Melting points, infrared spectra, and x-ray diffraction of the copolymers 
were determined.

Synopsis

INTRODUCTION

EXPERIMENTAL

2445



2446 TABÂTA, IS1IIG URE, OSHIM A, A N D  SOBUE

RESULTS AND DISCUSSION 

1. Copolymerization Rate

The relation between per cent conversion and irradiation time at various 
dose rates is shown in Figure 1. The copolymerization is preceeded by an 
induction period. The conversion increases linearly with the irradiation 
time. The rate of copolymerization is proportional to the square root of 
the dose rate. This suggests, that termination may be a bimolecular 
reaction. These results also indicate that the copolymerization proceeds 
by a radical mechanism.

The relation between the conversion and the mole fraction of tetra- 
fluoroethylene in the monomer mixture is shown in Figure 2.

Fig. 1. The relation between the copolymerization yield (weight per cent for total 
monomer mixture) and irradiation time at various dose rates at — 78°C. Tetrafiuoro- 
ethylene content of the monomer mixture was 71 mole-%.

Mol (Z) TetrafluoroetkyleTie in Monomers
Fig. 2. The relation between the copolymerization yield and the molar concen

tration of tetrafluoroethylene in monomer mixture. Irradiation dose was 9.3 X 106 r and 
the dose rate 1.9 X 106 r/hr.
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It, is apparent from the figure that the rate of copolymerization is con
stant below an equimolar concentration of tetrafluoroethylene and in
creases rapidly with the molar concentration of tetrafluoroethylene in the 
monomer mixture. The acceleration phenomenon appears to be due to a 
gel effect.

2. Effects o f Radical Inhibitors on the Copolymerization

It is well known that the polymerization of isobutene proceeds by a 
cationic and not by a radical mechanism in the liquid state of the monomer 
at low temperature. 3 On the contrary, as reported in previous papers, 4 

the polymerization of tetrafluoroethylene proceeds by a radical mechanism 
in the liquid state of monomer at low temperature.

In this experiment, it was observed that the copolymerization of tetra
fluoroethylene with isobutene was inhibited by several radical scavengers.

p-Benzoquinone and pyrogallol are only slightly soluble in the monomer 
mixture but p-benzoquinone is soluble in an acetone solution of the mono
mer mixture at low temperature.

The effects of the radical scavengers on the copolymerization examined 
both in the homogeneous and heterogeneous systems at — 78°C. are shown 
in Table I.

TABLE I
Effects of Inhibitors on the Copolymerization“

Molar
concentration of 
tetrafluoroethi'l- 

ene in the 
monomer 

mixture, %
Compounds

added

Amounts of the 
compounds 

added to the 
monomer 

mixture, %
Irradiation 
time, hr.

Relative
yield

Acetone 40 )
77.2 > 182 0

p-Benzo- 3.4)
quinone

90.6 p-Benzo- 2.0 120 0.08
quinone

91.6 Pyrogallol 0.88 120 0.44

“ Dose rates: 2 X 106 r/hr.

It is apparent from these results that p-benzoquinone inhibits completely 
the copolymerization in the homogeneous system, and that both pyrogallol 
and p-benzoquinone inhibit markedly the copolymerization in the hetero
geneous system, in spite of the fact that the solubility of the inhibitors in 
the monomer mixture is extremely small. It is obvious from both these 
results and the dependence of the copolymerization rate on the dose rate 
as dsecribed above that the copolymerization proceeds by a radical mech
anism.
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3. Monomer Reactivity Ratio

No isobutene homopolymer could be extracted by any solvent extraction 
technique; it was thus concluded that the homopolymerization did not 
take place in a wide range of monomer ratios.

The composition curve of tetrafluoroethylene-isobutene copolymer is 
shown in Figure 3.

Fig. 3. Composition curve of tetrafluoroethylene-isobutene copolymers at — 78°C.

Fluorine content in the copolymers was determined by elementary 
analysis. It is evident from the results that the composition of the co
polymer is always constant over the entire monomer composition range in 
the monomer mixtures, within experimental errors.

The copolymerization processes are described by eqs. (l)-(5 ) :

where

~vC4Hs- +  C4H8- (1 )

— C4Hs- +  C2F4 ^ ' vwQ.Fj- (2)

~~C2F4- +  C4H8^ ~ vC„H8- (3)

~vC2F4- +  c2f 4^ —  c2f ,- (4)

T\ = ku/ki2 (5)

?’2 ~ Æ22/ &21

and where k is the rate constant and r represents the monomer reactivity 
ratio.

From the composition curve of tetrafluoroethylene-isobutene copolymer, 
the reactivity ratios can be determined to be n  — 0 and r2 — 0. It is 
evident from the results that the rate constant of the propagation, kn,
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is much greater than kn, and also k21 is greater than k22, namely k12 y> kn, 
k2\ k22-

This indicates that the copolymerization could take place in an “ alter
nating” fashion. Let us consider the transition states for the reactions:6

CH3
I

vCF2— CF2- +  CH2= C  —*■ transition state —* product

CH,

CH3
I

wCH2— C ■ +  CF2=CF) —►  transition state —*• product

CH3

It is well known that the fluorine atom is a strong electron-withdrawing 
substituent, while, methyl group is an electron-donating substituent 
Therefore, it will be easily understood in this copolymerization system that 
strong interactions exist between the positively polarized tetrafluoroethylene 
radial and the negatively polarized isobutene double bond as well as 
between the negatively polarized isobutene radical and the positively 
polarized tetrafluoroethylene double bond.

The transition states for the reactions (2) and (3) are more stable than 
the transition states for the reactions (1) and (4).

The authors believe that the effect of polarity would play the most 
important role for the complete alternating propagation in this copolymer
ization system.

Fig. 4. Infrared spectrum of one of the copolymers in wave number cm. 1 (NaCl prism).

Fig. 5. Infrared spectrum of one of the copolymers in wave number cm. 1 (KBr prism).
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4. Infrared Spectra o f the Copolymers

The infrared spectra of one of the copolymers in the regions of NaCl 
and KBr prisms are shown in Figures 4 and 5, respectively.

It is evident from the figures that the spectra of the copolymer are quite 
different from those of the two homopolymers, and are not to be obtained 
by superposition of the spectra of the two homopolymers. It was reported 
in previous papers1' 2 that in the case of copolymerizations of the ethylene- 
tetrafluoroethylene and propylene-tetrafluoroethylene systems, almost

TABLE II
Tentative Assignment of Isobutene-Tetrafluoroethylene Copolymer

Wavelength, cm. 1 Intensity Assignment

2973 m r„(CH3)
2945 m r0(CH2)
2890 vw v8( CH3)
1482 m 5(CH2)
1460 vw 5„(CH3)
1440 w 8„(CH3)
1411 m
1384 m ¡¡s(CH3)
1329 w a(CH2)
1274 w (shoulder) o>(CH2) or KCH2)
1232 w (shoulder) o>(CH2)
1195 s r«(CF2)
1166 s Vs( CF2)
1110 vs *(CF2)
1062 s 5(CH2)
1028 m
1011 m
993 w
951 m 8(CH3)
899 m
875 m
849 m
786 vw (shoulder)
775 s 7 (CH2)
667 s 8(CF2)
587 s (CF2)
570 w (shoulder) <5(CF2)
522 w (shoulder) t(CF2)
508 s 8(CF2)

all the absorption bands of the copolymers obtained increases or decrease 
continuously with the molar concentration of one component in the mono
mer mixture. However, in the case of the isobutene-tetrafluoroethylene 
system, the absorption bands of the copolymer obtained remained always 
constant over an extremely wide range of molar concentration of the 
components in the monomer mixture.
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These experimental facts suggest that the alternative possibilities of the 
production of a mixture of homopolymers or a block copolymer can be 
definitely excluded and that the copolymer has always a highly definite 
regular structure, independent of the concentration of the components in 
the monomer mixture.

A tentative assignment of the absorption bands of the copolymer is 
shown in Table II.

5. X-Ray Diffraction o f the Copolymer

The x-ray diffraction curve of one of the copolymers is given in Figure G.
It is obvious from the figure that the copolymer is highly crystalline and 

that the diffraction curve is quite different from those of polytetrafluoro- 
ethylene and polyisobutene (only crystallizable under stretching at room 
temperature). It was also reported in a previous paper1 that the copolymer 
of ethylene-tetrafluoroethylene was crystalline, and that the crystalline 
structure varied continuously with the molar concentration of one com
ponent in the monomer mixture. In the case of the copolymer of iso- 
butene-tetrafluoroethylene, the crystalline structure of the copolymer 
remained constant in an extremely wide range of molar concentration, as 
well as the infrared spectra of the copolymer.

Fig. 6. X-ray diffraction intensity curves of one of the copolymers.

These facts indicate that the copolymer has a definite alternating 
crystalline structure.

6. Melting Point o f the Copolymer

The melting point of the copolymer which was obtained by polymeriza
tion at —78°C. was about 2 0 0 °C., and the copolymer decomposed at a 
temperature very near the melting point, while the melting point of the
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copolymer polymerized at —43°C. was appreciably higher (210-220°C.) 
The latter copolymer was decomposed by heating in a temperature region 
of 300-305°C, The decomposition temperature (probably depending on 
the degree of polymerization) is much higher than that of the former co
polymer.

The determination of the crystalline structure and the physical proper
ties of the copolymer are now progressing in our laboratory by measure
ments of x-ray diffraction, infrared spectra, and nuclear magnetic resonance.

SUMMARY

It was concluded from these experimental results that an alternating 
crystalline isobutene-tetrafluoroethylene copolymer can be obtained by a 
radical process induced by ionizing radiation. This seems to be the first 
case in which an alternating crystalline copolymer was obtained by 
a radical mechanism in an extremely wide range of molar concentration of 
the components in monomer mixture.
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Résumé

On a effectué la copolymérisation induite par radiation du tétrafluoroéthylène avec 
l ’isobutène, les monomères étant à l’état liquide et à basse température. On a obtenu 
la courbe de composition du copolymère du tétrafluoroéthylène-isobutène à partir des 
résultats expérimentaux. D’autre part, on a mesuré les spectres infra-rouges, la diffrac
tion aux rayons-X et le point de fusion des copolymères obtenus. On conclut de ces 
résultats expérimentaux et des discussions qu’un copolymère cristallin alterné di’sobu- 
tène et de tétrafluoroéthylène peut être obtenu par un processus radicalaire induit par 
radiation ionisante. Ceci semble être le premier cas d’un copolymère cristallin alterné 
obtenu par mécanisme radicalaire dans un domaine extrêmement large de concentration 
molaire des constituants du mélange des monomères.

Zusammenfassung

Die Strahlungscopolymerisation von Tetrafluoräthylen mit Isobuten wurde bei tiefer 
Temperatur mit den flüssigen Monomeren durchgeführt. Die Zusammensetzungskurve 
der Tetrafluoräthylen-Isobuten-Copolymeren wurde experimentell ermittelt. Ausser
dem wurden die IR-Spektren und Röntgenbeugungsidiagramme der Copolymeren auf
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genommen und der Schmelzpunkt bestimmt. Wie aus den experimentellen Befunden 
hervorgeht, kann in einem durch ionisierende Strahlung gestarteten radikalischen 
Prozess ein alternierendes kristallines Isobuten-Tetrafiuoräthylen-Copolymeres gebildet 
werden. Dies ist anscheinend der erste Fall, in welchem ein alternierendes kristallines 
Copolymeres über einen extrem weiten Bereich der molaren Konzentration der Kom
ponenten im Monomergemisch nach einem radikalischen Mechanismus gebildet wurde.

Received May 13, 1963
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Y-Radiation-Induced Changes in the 
Structure of Polyethylenes

W. C. SEARS, Department of Physics and Astronomy, University of Georgia,
Athens, Georgia

Synopsis

The concentrations of iroms-vinylene groups in Marlex 50 and DYNH polyethylenes 
were determined from infrared spectra before and after irradiation of polyethylene films 
with gamma rays. Values of G  for iraras-vinylene growth were found to be 2.2 and 1.7 
for Marlex 50 and DYNH polyethylenes, respectively, trans-Vinylene decay constants 
and concentrations at infinite dose were evaluated. The growth and decay of vinyl 
unsaturation and growth of vinylidene unsaturation in Marlex 50 are discussed. Assign
ment was made of polyethylene bands at 889 and 894 cm. -1 to vinylidene unsaturation 
and to ethyl groups in saturated paraffins, respectively, on the basis of different means of 
saturating the double bond. The frequencies of new bands produced in Marlex 50 and 
DYNH by irradiation were correlated with those of substituted eyelopentanes and cyclo
hexanes. I t  was concluded that a complex mixture of these cyclic compounds was 
formed in Marlex 50 and DYNH. There appeared to be no correlation between the 
frequencies of these irradiation-induced bands and frequencies known to be character
istic of conjugated double bonds.

INTRODUCTION

The kinetics of unsaturation growth and decay in polyethylene irradiated 
with 7 -rays have been studied by Dole et al. 1 They postulated a zero- 
order growth of irans-vinylene groups followed by first-order elimination of 
these groups. Dole et al. 1 and Lawton et al. 2 reported different G values 
for irans-vinylene production in linear and branched polyethylene. Law- 
ton et al. 2 incorrectly assumed that the rate of /rans-vinylene production 
was linear up to 50 M R (megaroentgen). Dole et al. 1 concluded that as the 
trans-vinylene concentration increases, the initial first-order elimination of 
vinyl and vinylidene groups becomes less than first-order. Formation of 
ring link compounds in irradiated polyethylene were reported by Dole et, al. 1 

Slovokhotova and Karpov3 attributed a very weak 938 cm . - 1  band in 
irradiated polyethylene to crosslinking.

One might expect growth of conjugated irans-vinylene groups during 
irradiation of polyethylene, especially at high doses. The objectives in 
the present work have been to: (a) resolve the differences in the rates of 
//•ans-vinylene formation reported by Dole et al. 1 and Miller et al. 4 for 
Marlex 50 and DYNH polyethylenes; (6 ) determine the evidence for and 
against the formation of conjugated double bonds and ring links in irra
diated polyethylenes.

2455
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EXPERIMENTAL

A. Spectroscopic and Irradiation Procedures

Infrared absorption spectra of pressed polyethylene film, roughly 0.188 
mm. thick, were measured with a Beckman IR-4 infrared spectrophotom
eter before and after irradiation. Each film specimen, 4.08 cm. long 
and 1.43 cm. wide, was weighed and cemented along two sides to a rectan
gular aluminum wire frame, which was mounted inside a cylindrical absorp
tion cell equipped with KBr windows for spectroscopic measurements. 
After initial measurement of the infrared spectrum, each mounted specimen 
was placed inside a Pyrex test tube and the open end of the tube was joined 
to a constricted tube. Following pumping on the sample at a minimum 
pressure of less than 1 n of mercury for two or three days, the evacuated 
sample tube was sealed off at the constriction. Evacuation of the sample 
tube prevented oxidation during irradiation at the Oak Ridge National 
Laboratory with 7 -rays from a Co60 source. To prevent oxidation after 
irradiation, the sample tubes were opened in an atmosphere of helium in an 
evacuable housing fitted with a Plexiglas top, arm ports, and Neoprene 
gloves. The irradiated specimen was transferred in this housing to the 
helium-filled absorption cell for another measurement of its infrared spec
trum, with the light passing through the same portion of the specimen as 
in the original spectrum.

Polyethylene films of uniform thickness were found to give undesirable 
interference bands between 1 and 16 a- Interference bands tend to dis
tort true polymer bands far more at long wavelengths, because the intensity 
of interference bands increases with increasing wavelength. Useful spec
troscopic film specimens, which were prepared by pressing the polymer 
between unpolished platens, exhibited no interference bands because of 
their rough surfaces.

B. Polymers

Marlex 50 polyethylene, which was obtained from the Phillips Petroleum 
Company, initially had a very low frans-vinylene concentration and a rela
tively high concentration of vinyl groups. Highly branched DYNH poly
ethylene from the Union Carbide Plastics Company had vinylidene and 
hans-vinylene unsaturation but little vinyl unsaturation initially.

C. Dosimetry

The dose rates for the Marlex 50 and DYNH irradiations were 1.3 X 106 

and 5.4 X 1 0 6 roentgen/hr., respectively. Ce(S04) 2 in 0.4M H2S0 4 solu
tion was used as a relative dosimeter, and its radiation yield was estab
lished by irradiation in a Co60 source which had been carefully measured 
with FeS04. The radiation yield for the FeS04 was accepted as (?(Fe+++) 
=  15.6 ±0.3 ions/100 e.v .5

Correction in dose was made for the difference in gamma ray absorption
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coefficient in air and polyethylene. Since absorption of gamma rays is 
due mainly to Compton scattering, the doses in air were corrected by 
multiplying by the ratio of the electron density per gram of polymer, 3.44 X 
1023 electrons/g., to the electron density per gram of air, 3.01 X 1023 elec- 
trons/g. The sample tubes were immersed in water at roughly 20°C. 
during irradiation. The uncertainty in dose of ±  10% is due largely to non
uniformity of flux over the whole film.

D. Analytical Method for Determining Unsaturation

The concentration of irans-vinylene groups in polyethylene films was 
determined on the basis of the measured absorptivity at 966 cm . - 1  of a 
polybutadiene polymer from Phillips Petroleum Company having 90% 
irans-vinylene unsaturation. The absorptivity, a, in liters per mole per 
centimeter was determined on the basis of the equation

a = As/ct =  A „M s/\000PsQs (1)

where A s =  log (To/T) is the absorbance of the polybutadiene standard 
at 966 cm.-1, c is the concentration of trans-vinylene groups in moles per 
liter, i is the film thickness in centimeters, M 8 is the gram-molecular weight of 
polybutadiene monomer, P s is the number of irans-vinylene groups per 
monomer unit of polybutadiene, and Qa is the surface density in grams per 
square centimeter, which was determined by weighing a portion of film of 
known area. Since surface density is polymer density times thickness, 
values for the polymer density and film thickness were not required in 
determining absorptivity from eq. (1). Using base line technique6 for 
measuring absorbance, the absorptivity of the irans-vinylene group was 
found to be 1 1 1  l./mole-cm. on the spectrophotometer used in this 
work. Binder7 reported a irans-vinylene absorptivity of 109 l./mole-cm. 
on another IR-4 spectrophotometer. Hampton8 reported an absorptivity 
of 139 l./mole-cm. for the irans-vinylene group. However, infrared 
absorptivities generally are not transferable from one instrument to 
another9 without sacrificing accuracy. Therefore, the irans-vinylene 
concentration reported by Dole et al. , 1 using Hampton’s absorptivity, and 
those by Miller et ah, 4 using Anderson and Seyfried’s10 absorptivity of 
Ko.i =  35.6, may be in error.

The number of irans-vinylene groups per ethylene unit, Px, can be de
termined from the equation

Px =  (AxM x)/ (lOOOaQx) (2 )

where A x is the observed absorbance of polyethylene at 966 cm . - 1  and M x 
is the gram-molecular weight of ethylene.

The irans-vinylene concentration C, in moles per gram of polyethylene, 
is given by the equation

C  =  [P x / ( d  -  f P x ) m N ] (3)
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where d is number of atomic mass units (amu) per ethylene group, /  
is the number of amu per hydrogen molecule, m is the mass of one amu, 
and N  is Avogadro’s number.

RESULTS AND DISCUSSION

A. irans-Vinylene Unsaturation

Infrared spectra of Mar lex 50 polyethylene before and after a dose of
2.5 X 1022 e.v./g. are shown in Figure 1. Base line A , which was used 
by Dole et al. , 1 was rejected because it did not compensate for absorption 
at 966 cm . - 1  by the 940 and 983 cm . - 1  bands. Base line B may not com
pensate enough for the 983 cm . - 1  band, whereas base line C appears to 
compensate too much. Base lines A  and B nearly merged together in 
both spectra of DYNH polyethylene in Figure 2 and also in Marlex 50 after 
a dose of 2.7 X 1021 e.v./g. Therefore, the irans-vinylene concentrations, 
which were determined in this investigation in Table I, were based on ab
sorbances from Figures 1 and 2 using base line B. Table I also gives the 
¿rans-vinylene concentrations reported by Dole et al. 1 for Marlex 50 and 
B-3125.

A concentration of 0.009 X HD4 mole/g. was observed in this work on 
Marlex 50 specimens prior to irradiation. Initial irans-vinylene concentra
tions were determined try the Phillips Petroleum Company11' 12 to be about 
0.014 X 10- 4  and 0.053 X 10~ 4 mole/g. for Marlex 50 sample No. OSS 
21,154 used in this investigation and a commercial production sample, 
respectively. The initial concentration in Marlex 50 was so low that its 
effect on determining tire decay constant, concentration at infinite dose, 
and initial growth rate was almost negligible.

Fig. 1- Infrared spectra of Marlex 50 polyethylene before and after 7 -irradiation.
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W A V E L E NG TH  I N  M I C R O N S

Fig. 2. Infrared spectra of DYNH polyethylene before and after 7 -irradiat.ion.

Using base line C the apparent trans-vinylene concentrations13 were 6 %  
and 10% lower than the concentrations determined with base line B  in 
Marlex 50 after doses of 2.7 X 1021 and 2.5 X 1022 e.v./g., respectively. 
The apparent concentration using base line A instead of B would have 
been the same after 2.7 X 1021 e.v./g. for Marlex 50 and DYNH, the same 
for 1)YX H after 2.5 X 1022 e.v./g. and 2.0% higher for Marlex 50 after
2.5 X 1022 e.v./g. Obviously, the difference in concentrations in this work 
and those reported by Dole et al. 1 were not the result of differing base 
lines. The uncertainty in dose in the present work was ±  10%, which 
would correspond to an uncertainty in concentration of roughly ± 8 %.

The ircms-vinylene decay constant, concentration at infinite dose, and 
the initial growth rate were evaluated by using the equations formulated 
by Dole et al. , 1 but in a different manner. The decay constant, fc2, was

TABLE I
Comparison of tra n s-V inylene Concentrations in Marlex 50, DYNH, and B-3125

Polyethylenes

Dose,
e.v./g. X 10~21

Observed concentrations, mole/g. X 10+ 4

This work Dole et al. 1 Miller et al.4

Marlex 50 DYNH Marlex 50 B-3125 DYNH

0 0.009 0.056 0.058 0.061 0. 11
2.7 0.84 0.70 0,53“ — —
2.9 — — — — 1.08

25 2.9 2.5 — — —
Infinite 3.1 2.7 0.707 0.42 —

a Value interpolated from Figure 5, reference 1.
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determined as follows: at two different doses, D , and Z>2, and correspond
ing concentrations, (VI) 1 and (VI)2, respectively, eq. (10) from their1 
work gives

(VI), -  (VI)o =  [ ( 7 0 .  -  < 7 0 o ]( l -  e~hDi) (4)

( 7 0 .  -  (7 0 o  =  1(VIU -  ( 7 0 o ] ( l  -  e~k'-D‘) (5)

where (VI)0 and (VI)„ are the trans-vinylene concentrations after zero 
and infinite dose, respectively. Dividing eq. (4) by eq. (5) gives

(VI)i -  (7Qo = 1 ~ e ~ hDi
( 7 0 .  -  ( 7 0 o 1 — e~kl Dl U

TABLE II
Comparison of Growth and Decay Constants for ¿raras-Vinylene Unsaturation in 

Different Polyethylene Types

Polyethylene
type

Decay constant 
k2, g./e.v. X 10+21 Initial growth rate G0

This work Dole et al.1 This work Dole et al.1
Lawton 
et al.2

Marlex 50 0.119 0.52 2.2 2.4 2.2
DYNH 0.105 — 1.7 — 2.2
B-3125 — 0.58 —  1.7 —

The decay constants shown in Table II were determined from eq. (6) 
by an iteration method using the concentrations and doses in Table I. 
The decay constants determined in this investigation for each polymer 
were less than one-fifth of the corresponding values reported by Dole et al.1 
A smaller decay constant allows the concentration to rise more rapidly 
and to a higher concentration than those given earlier.1

Dole et al.1 used a graphical method in evaluating their frans-vinylene 
decay constants, concentrations at infinite dose, and initial growth rates. 
The accuracy of their method is limited by inaccuracies inherent in measur
ing small concentrations. Evaluation of the concentration at infinite dose 
in this investigation was accomplished by eq. (10) in the work by Dole et
al.1 in the form

( 7 0 .  =  (7J)o +  [VI -  ( 7 0 o ] / ( l  -  e~hD) (7)

Table I gives the values of concentrations at infinite dose as determined in 
this work and by Dole et al.1

The Go value for frans-vinylene growth is defined as the number of groups 
formed per 100 e.v. at zero dose. By this definition

Go =  lOOATt' (8)
where $ ' is the initial growth rate in moles per electron-volt, Combining 
eq. (8) with eq. (9) from the work of Dole et al.1 gives

G o  =  K X W ( 7 0 J I* (9)
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The values of Go calculated from eq. (9) in this work are listed in Table II 
together with corresponding values reported by Dole et al. 1 and Lawton 
et al. 2

Dole et al. 1 determined their Go value from the equation

Go =  m N [d{V l)/dD ]o +  lOONk2(Vl)o (10)

taking the value of [d(Vl)/dD]0 from the slope of the broken curve in 
their Figure 5. 1 The Go value for Marlex 50 reported by Dole et al. 1 

was 2.4, 0 . 2  of which was the last term on the right in eq. (10). However, 
when Go was calculated by eq. (9) with the use of the values given by Dole 
et al. 1 for (FZ)„ and k2, the same value, 2 .2 , was obtained for Marlex 50 
as in this work. The present method of determining G0 appears to be 
more trustworthy than the slope method, because it is based on the whole 
curve rather than on low concentrations.

The kinetic constants for DYNH and B-3125 polyethylenes in Tables 
I and II indicate the same initial Zrans-vinylene concentrations and Go 
values. However, calculating G0 by eq. (9) by using the (FZ)„ and k2 
values reported by Dole et al. 1 yields the value 1.5 instead of 1.7 as re
ported for B-3125.

Lawton et al. 2 reported that Marlex 50 and DYNH each had G values of
2 . 2  for Zrans-vinylene on the basis of total unsaturation determinations by 
bromination. These values were based on incorrect assumptions that: 
(a) Zrans-vinylene formation was linear with dose up to 50 M R; (6 ) the 
initial vinyl and vinylidene concentrations decreased to zero at 50 MR. 
Therefore, their Zrans-vinylene concentration of 1.08 X 10~ 4 mole/g. 
after a dose of 50 M R should be about 1.0 X 10~ 4 mole/g. Their initial 
Zraws-vinylene concentration for DYNH polymer was 0.11 X 10~ 4 mole/g., 
which is higher than the concentrations 0.056 X 10~ 4 and 0.073 X 10- 4  

mole/g. determined in this investigation and by Smith, 12 respectively. 
Calculating the Zrans-vinylene concentration in DYNH at a dose of 50 
M R (2.9 X 1021 e.v./g.) from eq. (4) by using the constants determined in 
this work yielded the value 0.74 X 10- 4  mole/g., which is significantly 
lower than 1.08 X 10- 4  mole/g. reported by Miller et al. 4 After using 
the bromination method of Miller et al. , 4 Dole et al. 1 concluded that the 
infrared method was more reliable than the chemical method for several 
reasons. Although Miller et al. 4 favored bromination over infrared 
technique, because of uncertainty over the contribution of crystallinity, 
the same investigators2 in a later publication cited absorbance measure
ments on films as proof that DYNH and Marlex 50 had the same G 
values for Zrans-vinylene formation. Nevertheless, it is shown clearly in 
their2 Figure 4 that DYNH required a higher dose than Marlex 50 to give 
the same Zrans-vinylene absorbance. The effect of crystallinity merits 
further study. Eliminating crystallinity might lower the Zraws-vinylene 
concentrations by Dole et al. 1 and this investigation, making them farther 
below those obtained by Lawton et al. 2 Slovokhotova and Karpov3
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have shown that high electron beam doses almost completely eliminated 
crystallinity in polyethylene.

B. Vinyl Unsaturation

Dole et al. 1 postulated that the vinyl concentration during decay of these 
groups should depend on the frans-vinylene constants according to their 
eq. (14). Since the concentration of vinyl groups is directly proportional 
to the absorbance of the 909 c m v 1 band, this equation can be written

In ( A  o'\ h 1 - (VI) 0 1
\ A ! 909 &2 (VI)a J(1 -  e~ k2D) (11)

where A 0 and A  are the absorbances at 909 cm . “ 1 at zero dose and dose D, 
respectively, and kt is the vinyl decay constant. Since the vinyl absorb
ance at doses of 2.7 X 1021 and 2.5 X 1022 e.v./g. in Marlex 50 was the 
same, namely 0 .0 2 1 2 , it is apparent that eq. (1 1 ) will yield a different value 
of ki for each finite dose. For our low and high dose Marlex 50 samples 
the apparent k\ values were 1.0 X 10- 2 1  and 0.30 X 10- 2 1  g./e.v., respec
tively, as compared with Dole’s value of 1.61 X 10- 2 1  g./e.v. over the 
range of doses up to 3 X 1021 e.v./g. These data apparently indicate, 
by lack of constancy of fci with dose, that the theory does not hold at high 
doses. Nevertheless, a nearly constant limiting vinyl concentration was 
reached at the highest dose. On the basis of Dole’s data in their eq. (14) 
the vinyl concentration at infinite dose should be 0.058 times the initial 
concentration. From the vinyl absorbance observed in this investigation 
for Marlex 50 this ratio for both low and high dose samples was found to be 
0.094. This higher limiting concentration ratio indicates that vinyl groups 
were being formed probably by 7 -irradiation directly, as suggested by Dole 
et al. 1 Growth of vinyl groups is indicated, also, by increasing intensity 
of the 909 cm . “ 1 vinyl band during irradiation of polyethylenes containing 
little or no vinyl unsaturation initially. This growth was reported by 
Dole et al. 14 for pile irradiation of du Pont polyethylene PM -1 , and it is 
observed also in Figure 2 for 7 -irradiated DYNH. There appears to be 
little difference in the equilibrium vinyl concentration in linear and 
branched polyethylenes The rate of forming vinyl groups during 7 - 
irradiation probably is related to scission of the polymer chain. Although 
Miller et al. 4 incorrectly assumed that the vinyl concentration declined 
rapidly to zero during irradiation, they suggested two mechanisms of 
vinyl production, namely, disproportionation of radical chain ends and 
cleavage of the polymer radical.

C. frans-Vinylene and Crosslinking Correlations

The infrared spectra of irradiated Marlex 50 in Figure 1 clearly shows 
new bands at 940, 983, 1020, and 1075 cm.-1. These bands might be as
sociated with frans-vinylene unsaturation, crosslinking, branching, conju



t-RADIATION o f  p o l y e t i i y l e n e s 2463

gation, or ring link formation. Substantially weaker new bands at these 
same frequencies are indicated in Figure 2 for DYNH. Efforts to cor
relate these bands with those of molecules having irans-vinylene unsatura
tion in A.P.I. spectra18 were negative. Although a few olefins had very 
weak bands near 1020 and 1075 cm .-1, they also had stronger bands at 
other frequencies, which were not observed in irradiated polyethylenes.

The band observed by Slovokhotova and Karpov3 in fi-radiated poly
ethylene at 938 cm.-1 appears to be the band observed in this work at 940 
cm.-1. This difference agrees with their3 brans-vinylene band at 964 cm.-1 
and in this work at 966 cm.-1. Their3 assignment of the 940 cm.-1 band 
to R iCH2C(CH3)2CH2R2 and R iR2CHC(CH3)2CHR3R4 groups was made 
on the basis of correlations by McMurry and Thornton,16 who gave the 
range 932-934 cm.-1 for these structures. Clearly both 938 and 940 cm.-1 
are outside this specified range. If these structures were formed during 
irradiation, the methyl group doublet at 1367 and 1382 cm.-1 of nearly 
equal intensities should have been observed in Marlex 50 and DYXH. 
Slovokhotova and Karpov3 demonstrated that melting polyethylene in
creased the intensity of the methyl band and shifted its maximum in
tensity to 1367 cm.-1. They also found that irradiation decreased the 
polymer crystallinity. Hence, the radiation-induced increase in intensity 
of the methyl bending band in Marlex 50 and DYNH observed in this 
work has been attributed to decreased crystallinity instead of branch 
formation.

D. Conjugated Double Bonds

With so many ¿rans-vinylene groups being formed at the highest dose, 
it would be surprising if some of them were not conjugated. The out-of
plane hydrogen deformation vibration in /rans-vinylene groups was re
ported by O’Connor17 to be shifted by conjugation from 967 cm.-1 to 
983, 988, 989, 991, and 994 cm.-1 in (a) cis, trans, (b) trans, trans, (c) 
cis, cis, trans, (d) cis, trans, trans, and (e) trans, trans, trans, conjugated 
groups, respectively. Jackson et ah18 showed that the cis, fra??s-conj li
gated 983 cm.-1 band is accompanied also by a weaker band at 948 cm.-1. 
The observed 940 cm.-1 band appears to be too low in frequency and too 
weak in intensity to correspond to the 948 cm.-1 correlation band for the 
cis-trans conjugation.

Chapman and Taylor19 observed that in /3-carotene, having eight repeat
ing units of the form — C H =C H — C(CH3)= C H — in head-to-tail ar
rangement, the trans-vinylene band was observed at 968 cm.-1 and the only 
effect of conjugation was to make the 825 cm.-1 R iR2C = C H R 3 band un
usually weak.

Blout et ah20 found that conjugation in polymers shifted the C = C  
stretching band to lower frequencies, splitting it into more weak compo
nents as the number of conjugated groups increased. Allan et al.21 found 
that for isomers of CH3C H =C H — CH=CHOOCH3, the trans, trans-
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compound absorbed at 1642 and 1614 cm.“ 1 and the m,as-compound at 
1623 and 1587 cm.-1. Chapman and Taylor19 observed weak bands at 
1623 and 1565 cm.-1 in vitamin A palmitate for the conjugated double 
bonds.

The C = C  stretching bands observed in Marlex 50 and DYNH poly- 
ethylenes before irradiation were at 1643 cm.-1 (vinyl) and 1648 cm.-1 
(vinylidene), respectively. After irradiation these bands had nearly 
vanished and no new bands close to the frequencies for conjugated groups 
were observed. Likewise, there appeared to be no correlation suggesting 
conjugation of acetylenic groups or olefins with acetylenic groups.22 
Therefore, it was concluded that infrared spectra lend no support to for
mation of conjugated double bonds in polyethylene during irradiation.

E. Ring Link Formation

It may be assumed that some or all of the new or intensified bands ob
served in irradiated polyethylene in Figures 1 and 2 at 888, 940, 983, 1020, 
and 1075 cm.-1 are due to fians-vinylene unsaturation or ring links. The 
band reported by Dole et al.1 at 990 cm.-1, which they attributed to trans-
1,2-disubstituted cyclopentaues or cyclohexanes, apparently is the band 
at 983 cm.-1.

The observed infrared wave numbers and relative intensities of substi
tuted cyclopentanes and cyclohexanes from A.P.I. spectra15 are shown in 
Tables III and IV, respectively. The strongest band between 7.5 and 16 n 
is frequently one of the correlation bands. Possibly the best correlations 
for the 983 cm.-1 band are for l-fi-ans-2-dimethylcyclopentane and iso- 
butylcyclohexane. Monosubstituted cvclopentanes give the best correla
tion for the 940 and 1020 cm.-1 bands, whereas the monosubstituted cyclo
hexanes appear to contribute mainly to the 983 cm.-1 band. Significantly, 
l-irans-2-dimethylcyclohexane has a strong band at 991 cm.-1, no band at 
983 cm.-1, a weak band at 945 cm.-1, and bands of medium intensity at 
1003 and 966 cm.-1. Although the bands in Tables III and IV do not 
all correlate precisely with the observed frequencies, several of the bands 
in Figures 1 and 2 are sufficiently broad to make a mixture of them plausible. 
Ou the basis of the average of the correlation frequencies in Tables III and 
IV, it is concluded that a mixture of these compounds was formed in ir
radiated polyethylenes. Whereas Dole et al.1 postulated only 1,2-disubsti- 
tuted cyclopentanes and cyclohexanes, it appears that the substituent 
positions are more varied.

Ring link formation is cyclization or a kind of crosslinking in which loss 
of a hydrogen atom from each of two carbon atoms in the same molecule 
results in establishing a bond between the two carbon atoms. If the ter
minal carbon atom in the polymer chain bonds with the fifth or sixth carbon 
atom, a monosubstituted cyclopentane or cyclohexane would be formed. 
Curling of a polymer chain back on itself farther from the end of the chain 
could result in linking the chain to itself by a C— C bond, forming 1,2-
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disubstituted cyclopentanes or cyclohexanes, cfs-1,2-Substituents can
not be ruled out, as indicated by the frequencies of l-methyl-cfs-2 - 
ethylcyclopentane. If the end of a branched polymer chain curls back 
on itself and bonds by y-activation it could form 1,3- or 1,4-disubstituted 
ring link compounds similar to l-fi-ans-3-dimethylcyclopentane. For
mation of 1,1,3-trisubstituted ring link compounds appear improbable 
as compared with previous types. In all of these cases, except for branched 
chains, the substituents are almost certainly higher in molecular weight 
than those in Table I.

Comparison of absorbances per unit surface density at 983 cm . ' 1 in 
irradiated Marlex 50 and DYNH indicates that the concentration of ring 
links in Marlex 50 is nearly four times that in DYNH. One reason for 
more rapid growth of ring links in Marlex 50 could be that in the crystallites 
the polymer lies in a plane folded back and forth along itself. Therefore, 
the proximity of these segments of the same chain greatly enhances the 
probability of ring link formation. Since linear Marlex 50 is more crystal
line than branched DYNH, the former polymer would be expected to 
form more ring links than DYNH for the same dose.

F. Vinylidene Unsaturation

The origin of the 8 8 8  cm . - 1  band is of importance because of its bearing 
on the structure of polyethylene before and after irradiation. Nielsen 
and Holland23 assigned a very weak 8 8 8  cm . - 1  band in Marlex 50 to rocking 
of methyl endgroups, but they indicated some uncertainty in this assignment 
because of vinylidene groups absorbing also at 8 8 8  cm.-1. It is possible to 
resolve this uncertainty on the basis of different treatments used to remove 
unsaturation in polyethylene. 7 -Irradiation decreased the intensity of 
the initial 889 cm . - 1  band in DYNH, as indicated in Figure 2, revealing a 
band at 894 cm.-1. Dole et al. 14 had observed this phenomenon earlier 
after pile irradiation. Using bromination to remove unsaturation, Dole 
et al. 14 showed that the initial vinylidene band at 890 cm . - 1  was destroyed, 
leaving an 894 cm . - 1  band, which they attributed to ethyl groups. Like
wise, Bryant and Voter24 found that the initial vinylidene band at 889 cm . - 1  

was removed completely by hydrogenation, leaving a band at 894 cm.-1.
The average out-of-plane hydrogen deformation frequency for 12 pure 

vinylidene compounds in current A.P.I. spectra16 was found to be 889.0 
±  3 cm.-1, whereas the rocking methyl or ethyl vibration in fifteen liquid 
n-paraffins was found to have an average value of 890.7 ±  4 cm.-1. The 
average value of all solid paraffins in A.P.I. spectra was found to be 890.6 
±3.6 cm.-1. The methyl or ethyl band was very weak in all cases except
2 ,2 -dimethylhexane, but in six solid state paraffins no band was observed 
near 891 cm.-1. This band became more constant in intensity and fre
quency as the molecular weight of the liquid n-paraffins increased. Com
paring the spectrum of n-hexadecane with 2,6,11,15-tetramethylhexade- 
cane, it was found that the 891 cm . - 1  band intensity was lowered by in
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creasing the number of methyl groups. Bryant and Voter24 found that 
the ethyl group band at 891 c m r 1 in low molecular weight hydrocarbons 
was shifted to 894 cm.-1 in high molecular weight polyethylenes. There
fore, the conclusions from this frequency shift and the various treatments 
used to remove vinylidene groups in polyethylene is that the 889 ±  1 and 
894 cm.-1 bands had their origins in vinylidene unsaturation and ethyl 
groups in saturated hydrocarbons, respectively.

Marlex 50 polyethylene, having almost no initial vinylidene unsatura
tion, formed vinylidene groups during irradiation as shown in Figure 1. 
Whereas highly branched DYNH had a moderately intense ethyl band at 
894 cm.“ 1, highly linear Marlex 50 exhibited no ethyl band before or after 
irradiation.

This work was supported jointly by the United States Atomic Energy Commission 
and the University of Georgia. The author is grateful to Dr. W. W. Parkinson, Jr. at 
the Oak Ridge National Laboratory for irradiation of all samples, measurement of doses, 
and helpful discussions during this investigation. Appreciation also is extended to the 
Phillips Petroleum Company and to the Union Carbide Plastics Company for providing 
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Résumé

Les concentrations en groupement vinylène-hcms dans les polyéthylènes du type 
Marlex 50 et DYNH ont été déterminées au moyen des spectres de rayons gamma. 
Les valeurs de G  pour la croissance du vinylèüe-irans sont trouvées égales à 2.2 et 1.7 
pour les polyéthylènes du type Marlex 50 et DYNH, respectivement. Les constantes 
de dégradation du vinylène-frans et les concentrations à dose infinie ont été évaluées. 
La croissance et la dégradation de l ’insaturation vinylique et la croissance de l ’insatura
tion du vinylidène dans le Marie 50 ont été discutes. L ’insaturation du type vinylidène 
a été mise en évidence chez le polyéthylène par des bandes à 889 et 894 cm-1 ainsi que 
des groupes éthyle chez les paraffines saturées, sur la base de moyens différents de satura
tion de la liaison double. Les fréquences de nouvelles bandes produites hors de l’irradi
ation du Marlex 50 et du DYNH ont été mis en relation avec les bandes des cyclopen- 
tanes et cyelohexanes substitués. On peut conclure qu’un mélange complexe de ces 
composés cycliques était formé chez le Marlex 50 et le DYNH. I l est apparu également 
qu’il n’y avait pas de corrélation entre les fréquences de ces bandes induites par irradia
tion et les fréquences connues comme étant caractéristiques des doubles liaisons con
juguées.

Zusammenfassung

In Polyäthylen Marlex 50 und DYNH wurde die Konzentration der ¿rans-Yinylen- 
gruppen vor und nach der Bestrahlung der Polyäthylenfilme mit Gammastrahlen 
IR-spektroskopisch bestimmt. Die O-Werte für die Bildung von ircms-Vinylengruppen 
in Polyäthylen Marlex 50 und DYNH waren 2,2 bzw. 1,7. Die Zerfallskonstante der 
tran s-Vinylengruppen sowie deren Konzentration bei unendlicher Dosis wurden be
stimmt. Bildung und Zerfall von Vinyldoppelbindungen und Bildung von Vinyliden- 
doppelbindungen in Marlex 50 werden diskutiert. Unter Verwendung verschiedener 
Methoden zur Absättigung der Doppelbindung konnten die Polyäthylenbanden bei 889 
und 894 cm“ 1 der Yinylidendoppelbindunz bzw. den Athylgruppen in gesättigten Paraf
finen zugeordnet werden. Die in Marlex 50 und DYNH als Folge der Bestrahlung 
auftretenden neuen Banden stimmten in ihrer Frequenz mit denjenigen substituierter 
Cyclopentane und Cyclohexane überein. Das lässt suf die Bildung eines komplizierten 
Gemisches dieser cyclischen Verbindungen in Marlex 50 und DYNH schliessen. Dage
gen wurde keine Übereinstimmung der Frequenzen dieser strahlungsinduzierten Banden 
mit denjenigen der bekannten, für konjugierte Doppelbindungen charakteristischen 
Banden festgestellt.

Received May 13, 1963
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Synthetic Polysaccharides. I. Methyl Mono- and 
Methyl Di-O-allyl-a-D-Glucosides and Their 

Polymerization *

RICHARD G. SCHWEIGER, Research Laboratory, Kelco Company,
San Diego, California

Synopsis

M eth y l m on o- and m eth yl d i-O -allyl-a-D -glucosides are prepared b y  the reaction  o f 
m ethyl a-D -glucoside w ith  allyl chloride in  alkali in a tw o-phase system . T he m on o- 
allyl ether consists m ainly  o f a m ixture o f m eth yl 2-, 4-, and 6-O -allyl-a-D -glucosides, 
the d ia lly l com poun d  o f 2,6 - and 4 ,6 -di-0-a llyl-o:-D -glucosides in  approx im ately  a 1 :1  
ratio. B o th  com poun ds are h om opolym erized  w ith  ox j'gen  as the catalyst. T h e  p o ly - 
(m on oa lly l g lucoside) is a w ater-soluble, brittle, clear resin w ith  a soften ing p o in t o f 
1 0 0 -1 10°C . T h e  p o ly (d ia llv l g lucoside) is a brittle, clear, bu t com pletely  insoluble 
resin w ith  n o softening point. C opolym erization  w ith  acrylam ide under certain con d i
tions yields w ater-soluble polym ers, aqueous solutions o f w hich exhibit high viscosities 
and have the typ ica l appearance and consistencies o f those o f polysaccharides.

INTRODUCTION

In previous years increasing efforts have been made to synthesize poly
saccharides or similar polymers. Different sugar derivatives with un- 
saturated groups attached have been prepared in order to polymerize them 
subsequently. Vinyl ethers of glucose1 and galactose derivatives2 have 
been obtained by the reaction of acetylene with the corresponding sugars 
with only onp free hydroxyl group. Recently W-substituted acryl- and 
methacrylamides were synthesized and polymerized by Whistler et al.3 
They obtained both derivatives by the reaction of glucamine with acrylic 
and methacrylic anhydrides. Black et al. reported the esterification of 
hydroxyl groups of suitable sugar derivatives by using the same reagents.4

All of these monomers could be polymerized to high molecular weight 
products. However, usually the starting materials and reagents are not 
commercially available and difficult to synthesize. Besides, most of the 
polymers have to be partially hydrolyzed to exhibit the typical properties 
of pofysaccharides.

Other types of potential monomers are the allyl sugars. In the previous 
literature fully substituted sugars or polyalcohols such as methyl tetra-O-

* Presented before the Division of Carbohydrate Chemistry, 144th National Meeting 
of the American Chemical Society, Los Angeles, Calif., April, 1963.
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allyl-a-D-glucoside, liexaallyl mannitol, etc. have been described. These, 
of course, are water insoluble and, on polymerization, yield insoluble, 
brittle resins. As to allyl sugars with a lower degree of substitution (D.S.) 
only mixtures of various compounds which were not separated are reported.5

RESULTS AND DISCUSSION 

Methyl M ono- and Methyl Di-O-allyl-a-n-glucosides

This paper gives information on the preparation of water-soluble allyl 
ethers with uniform D.S. which may be suitable for homo- and copolymeri
zations. Methyl-a-n-glucoside was used as the starting material. If the 
reaction was carried out by the standard procedure with the use of allyl 
bromide in aqueous alkali, similar mixtures as described previously were 
obtained. However, if carried out in a two-phase system, for example, 
water-toluene, only methyl mono- and methyl di-0-allyl-a-i>-glucosides 
were formed. Apparently the reaction occurs in the aqueous phase and 
most of the diallyl ether, as soon as formed, is removed into the organic 
phase thus being protected from further substitution. By this procedure 
allyl bromide could be substituted by allyl chloride and the reaction be per
formed under normal pressure. The separation of both products was 
based on the difference of their solubility in ether and water. The crude 
diallyl compound was obtained by repeated ether extractions in a separatory 
funnel, the monoallyl ether by a subsequent continuous ether extraction of 
the aqueous layer. The crude products then were purified by distillation. 
The yields and analytical data are given in Table I. The D.S. was calcu
lated from the degree of unsaturation obtained by the addition of bromine. 
The ratio of the yields could be changed by varying the amount of allyl 
chloride. Usually the ratio became more in favor of extract II when the 
amount of allyl chloride was decreased.

Paper chromatographic examinations with twodifferent irrigants indicated 
one major compound for each fraction. Other spots were very faint due to 
impurities in small amounts. The quantities of these impurities were less

TABLE I

Boiling point 
(0.15 mm.), °C. Yield, g. D.S.

R f values

A B

Extract I 148-152 23.5 1.98 0.757b 0.015'1
0.919* 0,577“'c
0.966b 0.955u

Extract It 166-170 42.5 0.96 0.757a 0.015“
0.919b 0.577b

a Major spot. 
b Very faint spot.
'Showing as a streak on the ehromatogram; the I l f  value corresponds to the center 

of this streak.
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TABLE II
Consumption of Periodate and Formation of Formic Acid

Monoallyl glucoside Diallyl glucoside

Substance

NalCh con
sumption, 
mole/mole

HCOOH 
formation, 
mole /  mole Substance

NaI04 con
sumption 
mole/mole

HCOOH 
formation, 
mole/mole

Sample 1.4 0.34 Sample 0.9 0.02
6-0- 2.0 1 .0 2,4-0- 0 0
4-0- 1 .0 0 2,6-0- 1.0 0
3-0- 0 0 3,6-0- 0 0
2-0- 1 .0 0 4,6-0- 1 .0 0

than 1%, since removal of one trace compound (Rf  0.757 in A) from the 
diallvl fraction changed the degree of unsaturation only slightly.

In order to locate the position of the allyl groups both products were 
oxidized with periodate and the consumption of periodate as well as the 
formation of formic acid determined. The experimental values in com
parison to theoretical values for all possible isomers are shown in Table II. 
The results suggest that of the monoallyl glucoside fraction only about 
one-third consists of the G-O-allyl ether. As to the diallyl glucoside, the
2,6-, (I), and 4,6-di-O-allyl glucosides, (II), are to be considered. Major 
portions of the other isomers can be excluded.

I
H— C— OCH3

H— C— O®
I

HO— C— H
I

H— C— ()H

H— C--------------O
i

H— C— O®
I

H I
I

I
H—C—OCH3

IH—C—OH
IHO—C—H
IH—C—O®
IH—C----------- O
IH—C—O®
I

H
II

After periodate oxidation and subsequent hydrolysis only I would produce 
glyoxal. Glyoxal was isolated as its 2,4-dinitrophenylosazone in a 40% 
yield indicating that the diallyl fraction consists of both I and II in an 
approximate ratio of 1:1.

Since the monoallyl ether can be considered as the intermediate for the 
formation of the diallyl ether, the portion of the monoallyl fraction which 
is not substituted in the 6-position may be assumed to be a mixture of 2- 
and 4-O-allyl glucosides in approximately a 1:1 ratio. Similarly, the 
presence of an essential amount of 3-O-allyl glucoside is unlikely and, ac
cordingly, the monoallyl fraction consists of 2-, 4-, and 6-O-allyl glucosides 
in similar quantities.
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Homopolymerization

Botli allyl sugars were homopolymerized at 110-115°C. with the use of 
oxygen as the catalyst. The degree of unsaturation determined by the 
addition of bromine decreased as expected, leveling off after several hours 
(Fig. 1). The polymer from the monoallyl glucoside is a water-soluble, 
brittle, and clear resin with a softening point of 10R-110 °C, It appears

TIME,  HOURS

Fig. 1. Homopolymerization uf methyl mono- and methyl di-O-allyl-a-D-glucosides.

to be hygroscopic. A 10% aqueous solution has a low viscosity, probably 
indicating a low molecular weight. The poly(dia!lyl glucoside) is a brittle, 
glassy resin with no softening point. Although the monomer is soluble 
in water and alcohol, the polymer is completely insoluble in any solvent 
due to, assumingly, its matrix structure. The product starts darkening 
at temperatures of above 250 °G.

Copolymerization with Acrylamide

In order to test the possibility of copolymerizing with other monomers, 
mixtures of allyl sugar and acrylamide in methanol were initiated at ele
vated temperatures with methyl ethyl ketone peroxide. The amount of 
sugar in the polymer was calculated from the nitrogen content. Table III 
shows that copolymers are definitely obtained but that the amount of 
sugar in the polymer is comparatively low.

This amount apparently can be increased by increasing the concentration 
of allyl sugar in the monomer mixture. All copolymers of monoallyl ether 
and acrylamide are insoluble but highly swollen in water; the copolymers 
with diallyl glucoside neither dissolve nor do they swell appreciably in 
water.

In order to improve the method and especially to obtain a higher pro
portion of sugar in the polymer two major changes were made in the pro-
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TABLE I I I
Copolymerization with the Use of a Peroxide Catalyst

Sugar
Weight ratio, 

allyl sugar: acrylamide TsJ °7/0 Sugar, %

Monoallyl 2:1 11.06 42
1:1 13.30 30
1:2 14.56 23
2:1'* 12.88 32

Diallyl 2:1 11.35 40
1:1 12.65 33
1:2 14.15 25

“ Acetylated allyl glucoside having a D.S. of 1.07 (with respect to allyl) was used.

cedure. The acrylamide (as a solution in ethanol-water) was added drop- 
wise to the polymerizing allyl ether over an extended period of time. 
Thus, the concentration of allyl sugar was always kept as high as possible. 
Furthermore, oxygen instead of a peroxide was used as the catalyst. Oxy
gen is known to initiate allyl but not acrylic or vinyl polymerizations. 
The polymerization or copolymerization of acrylamide, however, may be 
initiated secondarily by the allyl radicals. Table IV shows that the per
centage of sugar was indeed, highly increased, usually being the higher, 
the longer the time required for the addition of the acrylamide. How
ever, the viscosity of an aqueous solution of the pure monoallyl glucoside- 
acrylamide copolymer was low indicating a low molecular weight. In the 
subsequent experiments increasing percentages of diallyl glucoside were 
added to the monomer mixture, the assumption being that this initiates 
branching and thus increases the molecular size. This happened, in
deed, as indicated by the drastic increase of the viscosity. The drop of 
the viscosity of the fourth sample was due to partial insolubility while 
the last sample was essentially insoluble.

Figure 2 shows a plot of the viscosity (logarithmic scale) against the 
concentration of aqueous solutions. Each sample is marked by the per
centage of diallyl glucoside in the initial monomer mixture (Table IV). 
Althougn the viscosity of the 4.4% sample was relatively low, it is remark
able that, especially at high concentrations, the solutions exhibited a high

TABLE IV
Copolymerization with the Use of Oxygen as the Catalyst

Monoallyl, Diallyl, Acrylamide, Viscosity (3%),
wt.-% wt.-% wt.-% N, % Sugar, % cpoise

66.7 0 33.3 7.65 60 5
63.4 3.3 33.3 9.55 50 10
62.3 4.4 33.3 9.35 51 104
51.9 5.3 42.8 8.65 55 920
60.0 6.7 33.3 7.90 58 234
50.0 16.7 33.3 9.25 51 Insoluble
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Fig. 2. Viscosities of aqueous solutions of copolymers at varying concentrations.

viscoelasticity, showing consistencies similar to those of psyllium or quince 
seed gums. In contrast, the 5.3% sample had a high viscosity, but its 
flow was shorter and without this distinct elasticity.

All of these polymers were saponified to split off the amide groups and 
form the corresponding sodium salts. These modified products are denoted 
in Figure 2 by Na. Surprisingly, all samples showed a tremendous increase 
of their viscosity. Also, the solubility of the partially insoluble polymers 
was highly improved. Solutions of sodium salts of the 3.3 and 5.3% 
samples exhibited a high elasticity, the latter showing stringy flow char
acteristics, somewhat similar to fucoidan. The 4.5% sample had a 
smooth flow, showed little elasticity, and no stringiness at high viscosities. 
The remaining two products were starchlike, clear pastes with extremely 
high viscosities. The sodium salt of one polymer obtained through poly-

GLUC.

Fig. 3. Presumed structure of copolymers.
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merization of acetylated allyl sugar with a D.S. of 1.07 (Table III ; actually 
a mixture of mono- and diallyl ethers with 7-8%  of the latter) had a vis
cosity of over 60,000 cpoise at a 1.5% concentration. Solutions of both 
products thinned out and formed tiny, gelatinous particles when diluted 
to 0.5-0.8%. However, if passed through a colloid mill, even at these 
low levels, smooth solutions were obtained.

The appearance and consistency of these solutions were characteristic 
for those of natural polysaccharides. However, unlike all natural poly
saccharides and most synthetic ones produced up to now, these copoly
mers exhibited a tremendous stability and very likely a great resistance 
to enzymatic attack. As shown in Figure 3, the presumed structure of 
these copolymers consists of carbon backbones to which the glucoside units 
are attached through ether bondings. The diallyl glucoside unit initiates 
two branches and, similarly, ether bondings form the bridge from the 
principal to the side chains. Both types of bondings are known to be 
chemically extremely stable; so, all of these polymers should resist treat
ments under most pH conditions, heat treatment, etc. Of course, under 
certain conditions the amide groups may be split off or the glucoside units 
may be demethylated to produce semiacetal groups. Such reactions, 
however, are not degradations but rather desirable modifications of these 
polymers.

EXPERIMENTAL 

Preparation of Allyl Ethers

A 100-g. portion of methyl a-D-glucoside was mixed thoroughly with a 
solution of 31 g. of sodium hydroxide in 35 ml. of water. A round-bottomed 
flask with three necks and equipped with mechanical stirrer, reflux con
denser, and dropping funnel was used as the reaction vessel. After adjust
ing the temperature to 85-90°C., a mixture of 68 ml. of allyl chloride 
(1.6 mole/mole of glucoside) and the same volume of toluene were added 
slowly within about 4 hr. Heating with stirring was continued for 3 hr. 
more. Then the mixture was neutralized with acetic acid, steam-distilled, 
and extracted five times with ether in a separatory funnel. The ether layer 
was dried over sodium sulfate and concentrated to a syrup. The water 
layer was extracted continuously with ether for 48 hr., and the extract 
concentrated to a syrup also. Both products were distilled under re
duced pressure. The first few grams of each distillate was discarded. The 
data are shown in Table I.

The determination of the D.S. was carried out by the addition of bromine 
to the double bonds. An excess of O.IA’ bromine solution was added to 
an aqueous solution of an aliquot of the sample to be determined. After 
keeping the mixture for 5 min., potassium iodide was added and the free 
iodine titrated with a 0.1IV sodium thiosulfate solution. The consumption 
of bromine per gram of product with a D.S. of 1 and of 2 (mono- and di-
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allyl ethers) was calculated and plotted on a curve against the D.S. The
D.S. of the samples to be determined was taken from this curve.

Chromatographic Examinations

Chromatographic examinations were carried out on Whatman #4 filter 
paper using (A), ethyl acetate-acetic acid-formic acid-water (18:3:1:4, 
v /v ), and (B), benzene-methyl ethyl ketone-2% aqueous formic acid 
(9:1:1 v /v ) ,6 as the irrigants, and permanganate-periodate7 as the spray 
reagent. The results, R r values included, are given in Table I.

Part of the diallyl ether fraction was separated on a cellulose column 
with B as the solvent. All fractions containing the two fastest moving 
ethers were combined, concentrated to a syrup, and the syrup distilled 
under reduced pressure. When reacted with bromine as described above,
14.4 meq. Br2./g. was consumed; the starting material consumed 14.3 
meq. Br2/g.

Oxidation with Periodate

For the oxidation with periodate 0.5-g. portions were diluted with 15 
ml. of water to which 10 ml. of a 1AT sodium periodate solution was added. 
Both the periodate consumption and the formic acid formation were 
determined every 10-20 min. on 1 ml.-aliquots. The periodate consump
tion was determined by reducing the residual periodate with 0.1 A7 arsenite 
solution and titrating the excess arsenite with 0.1W iodine, and the formic 
acid formation by direct titration with 0.1 A7 sodium hydroxide after decom
position of excess periodate with propylene glycol. The values reported in 
Table II were obtained by extrapolation to zero time.

A 1.015-g. portion of the diallyl ether was oxidized in 10 ml. of a 0.772W 
sodium periodate solution, and the solution then was extracted continu
ously with ether. The extract was concentrated to a syrup, the syrup 
diluted with water, then a hot solution of 2 g. of 2,4-dinitrophenylhydrazine 
in 400 ml. of IN  hydrochloric acid was added, and the mixture heated for 
2 hr. on a steam bath. The precipitate was collected on a fritted glass 
funnel, washed with water, and dried; yield 1.65 g., m.p. 230-235°C.; 
after extracting and washing with hot ethanol (about 150 ml.) and drying; 
0.67 g., m.p. 290-310°C. (dec.). This product was recrystallized from 24 
ml. of nitrobenzene, the precipitate filtered off, washed with 5 ml. of nitro
benzene and then with ethanol, and dried; yield 0.406 g., m.p. 324-327°C. 
(dec.), undepressed when admixed with authentic glyoxal-2,4-dinitro- 
phenylosazone.

Homopolymerization

Ten-gram portions of the mono- and diallyl ethers were placed separately 
in test tubes, heated in an oil bath to 110-115 °C., and a stream of oxygen 
was passed through them. At this temperature both substances were thin 
oils initially. The monoallyl ether started to thicken considerably after
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abou t 3 -4  hr. T h e  tem perature was raised to  1 3 0 -1 4 0 °C . and heating and 
treatm ent w ith  ox y g en  were con tin u ed  fo r  another 3 hr. T h e  p o ly m er 
retained its so lu b ility  in w ater. T h e  d ia lly l com p ou n d  was w ater- and 
m ethanol-soluble in itia lly  b u t lost its so lu b ility  in w ater a fter abou t 1 hr. 
A fter 2 hr. and 50 m in. it d issolved  on ly  in  bo ilin g  m ethan ol and abou t 
10 m in. later it solidified to  a  com p lete ly  insoluble resin. T h e  tem pera 
ture w as raised to  140 °C . a fter a b ou t 2 hr. in order to  be  able to  m aintain  
the stream  o f  oxygen .

T h e  degree o f  unsaturation  o f b o th  prod u cts was determ ined  during the 
p olym erization  and  p lo tted  on  a  cu rve  against the tim e (F ig . 1) . T h e  
m ethod  used, add ition  o f  brom ine to  the dou b le  bon ds, is described  a b ove .

C opolym erization  with A cry lam ide

(а) V aryin g  portions (0.5 to  1.0 g .) o f  the m on oa lly l ether and acry lam ide  
and, in another experim ental series, d ia lly l ether and  acry lam ide  w ere 
dissolved in abou t 5 m l. o f  m ethanol, a few  drops o f  m eth y l eth y l k eton e 
peroxide (6 0 %  in d im eth yl phthalate) were added , and the m ixture w as 
k ept at 5 0 -5 5  °C . for  48 hr. T h e  precip ita te  w as filtered off, w ashed w ith  
m ethanol, dried, and analyzed  for  n itrogen . R esults including the am ou n t 
o f sugar in the polym ers ca lcu lated  from  the n itrogen  analysis are g iven  in 
T ab le  I I I .

(б) M ixtu res o f  m on o - and d ia lly l g lucosides (3 g. to ta l), the ratios o f  
w hich  are g iven  in T a b le  IV , were p laced  in test tubes, the tem perature 
ad justed  to  1 1 5 -1 2 0 °C ., and a stream  o f  oxy g en  w as passed th rou gh  them . 
T h en  a so lu tion  o f  1.5 g. (in  on e sam ple som ew h at m ore) o f  acry lam ide  in 
e th a n ol-w a ter (7 :3 , v /v )  was added  dropw ise ov e r  a period  o f 3 0 -6 0  m in. 
As the so lven t evapora ted  it was rep laced  b y  w ater. T h e  m ixture w as 
stirred frequ en tly . A fter  2 -3  hr. it started  to  th ick en  con siderab ly . Som e 
m ore w ater was added  in order to  be  able to  m aintain  the stream  o f oxygen . 
T h e  p o lym eriza tion  was d iscon tinu ed  a fter 4 -5  hr., an aqueous solu tion  o f 
0.1 g. o f  am m onium  persulfate w as added , and the m ixture was k ep t at 
50 °C . for  15 hr. T h e  p o ly m er then  w as p recip ita ted  and w ashed th or
ou gh ly  w ith  m ethanol and dried. T h e  y ie ld  usually was 3 .5 -4 .0  g.
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R ésu m é

On a préparé des m éth y l-m on o- et m éthyl-d i-O -allyl-a-D  glueosides par la réaction  du 
m éthyle a-n -glucoside avec le chlorure d ’allyle en solution alcaline dans un systèm e à 
deux phases. L ’éther m onoally lique est constitué principalem ent d 'un  m élange des 
m éthyl, 2-, 4- et 6-O -allyl-a-D -glucosides, l ’éther diallylique contient des m éthyl, 2,6- 
et 4 ,6-di-O -allyl glueosides en quantités sem blables. Les deux substances sont hom o- 
polym érisées avec l ’ oxygène com m e catalyseur. Le p o ly (m on oa lly l glucoside) est une 
résine cassante, pure, soluble dans l ’eau avec un point d ’am ollissem ent de 1 0 0 -1 1 0 °; 
le po ly (d ia lly l g lucoside) est une résine cassante et pure aussi, mais elle est com plètem ent 
insoluble et ne possède pas de p o in t de ram ollissem ent. La  copolym érisation  avec de 
l ’ acrylam ide sous certaines conditions produ it des polym ères solubles dans l ’eau dont 
les solutions aqueuses sont très visqueuses et sont sem blables à celles des polysaccharides.

Z usam m en fassu n g

M eth y l-m on o- und M ethyl-di-O -ally l-a-D -glukoside werden durch R eaktion  von  
M ethyl-a -D -glukosid  m it A lly lch lorid  in A lkali in einem  Zw ei-P hasen-System  herges
tellt. D er M on oally lä th er besteht hauptsächlich  aus einem  G em isch  von  M eth y l-2 ,4 - 
und -6-O -allyl-a-D -glukosiden, der D iallyläther enthält M eth yl-2 ,6 - und -4,6-di-O -allyl 
glukoside im  Verhältnis von  etw a 1 :1 . B eide Substanzen werden m it Sauerstoff als 
K ata lysator hom opolym erisiert. P o ly (m on oa lly l-g lu k osid ) ist eine wasserlösliche, 
spröde, klare M asse m it einem E rw eichungspunkt von  100-116°. P oly (d ia lly l-g lu kosid ) 
ist ebenfalls eine spröde, klare, aber vollkom m en unlösliche M asse, die keinen E rw eich 
ungspunkt hat. C opolym erisation  m it A cry lam id ergibt unter gewissen Bedingungen 
wasserlösliche Polym ere, deren wässrige Lösungen z.T . hoch  viskos sind und wie typische 
Lösungen von  P olysacchariden  erscheinen.

R eceived  M a y  6 , 1963
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Polymerization Behavior of Aziridines with 1,2
Epoxides*

C. G . O V E R B E R G E R  and M A R T I N  T O B K E S , Depart
ment of Chemistry, Polytechnic Institute of Brooklyn, 

Brooklyn, New York

Synopsis

A  num ber o f Lew is acid catalysts have been investigated for  the copolym erization  of 
1,2-butylenim ine w ith 1,2-epoxides. T h e  m ost active catalyst, boron  trifluoride etherate, 
has been show n to  give polym ers contain ing a poly im in e backbone in w hich the residual 
N H  groups in the polym er chain are ¿3-hydroxyalkylated b y  the epoxide. I t  has been 
dem onstrated that the im ine is far m ore reactive than the epoxide under these conditions, 
regardless of the chain length of the epoxide m onom er. T h e p oly im in e chain appears 
to  grow  to  an appreciable extent before any epoxide enters the polym er. These results 
are in terpreted as being due to  the preferential com plexing of the catalyst b y  the basic 
im ine residues in the polym er, wThich renders the catalyst unavailable for polym eriza
tion  o f the epoxide. T h e  h om o- and copolym erization  behavior o f l-(p -to lu en esu lfon y l)- 
aziridine, A p V -d iph enyl-l-azirid inecarboxam ide and A yV -d ieth y l-l-azir id in ecarbox - 
am ide w ith  1,2-epoxides has been investigated under conditions o f catalysis b y  boron  
trifluoride etherate and by  triethylam ine. In  no instance cou ld  copolym ers be obtained.

IN T R O D U C T IO N

A lth ou gh  h om opolym ers o f  epoxides and aziridines are well d ocu m en ted  
in  the literature, copolym ers o f  these com p ou n ds w ith  each oth er have n ot 
been  characterized  and have been  m en tioned  on ly  in the paten t literatu re . 1’2 
T h e  nature o f  these p olym eric  p rod u cts  as w ell as the e ffects o f  variab les 
such as substituents and cata lyst system s thereon  form  the su b ject o f  the 
present paper.

R E S U L T S  A N D  D IS C U S S IO N

P olym ers D erived  from  2-E thylaxirid ine and  1 ,2 -E pox ides

A n  in itial evaluation  o f several ca ta lysts for  the cop o lym eriza tion  o f
2 -ethylazirid ine (bu ty len im in e) w ith  1 ,2 -ep oxyd od eca n e  gave the fo llow 
ing results. A c t iv e : B F 3-E t20 ,  A1C13, A lB r3, S n C l4; w eak  a c tiv ity : 
S n C l4-5 H 20 ,  T iC L , S b C l5, E t2Z n -a lu m in a ;3 in a ctive : HC1 (g ), F eC l3, 
ZnC lfj F e C l3-6 H 20 ,  A l ( / - l ’ r( ))3 Z iiC h d

* T aken  from  the dissertation subm itted b y  M artin  T obkes to  the F a cu lty  o f the 
P oly tech n ic Institu te of B rook ly n  in partial fulfillm ent o f the requirem ents for the degree 
o f D octo r  o f P h ilosoph y (C hem istry), 1963.
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F rom  the alum inum  isop rop ox id e -z in c  ch loride cata lyzed  reaction  there 
was isolated 1 7 %  o f l-(2 -h y d rox y d od ecy l)-2 -e th y la z ir id in e . T h e  form a
tion  o f  analogous produ cts upon  reaction  o f  aziridines w ith  epoxides under 
neutral con d ition s has been  prev iou sly  rep orted .6’6

B ecause o f its a ctiv ity , ease o f  handling, and solu b ility  in the polym eriza 
tion  system s, boron  trifluoride etherate was selected  as the ca ta lyst for  
m ost intensive stu dy . A  ty p ica l p o lym er prepared from  bu tylen im in e 
(59 m o le -%  m on om er feed) and  epoxyd od ecan e , using this ca ta lyst (2 
w t .-% ) ,  was fou n d  to  con ta in  67 m o le -%  o f  im ine and had a m olecu lar 
w eight o f  957, w h ich  corresponds to  a p rod u ct com p osed  o f  5 -6  inline and 
3 epoxide residues. H ow ever, analysis o f  the ph enylth iou rea  derivative  
o f  the p olym er indicated  th at 8 9 %  o f  the p olym eric n itrogens were tertiary , 
im ply in g  a sign ificant degree o f  branching. A  po lym er prepared under 
the sam e con d ition s  from  bu tylen im in e and ep ox y octa n e  was fou n d  to  
con ta in  8 0 %  tertiary  am ine residues. I t  is, therefore, believed  that these 
polym ers are n ot true copolym ers, bu t exist as structures sim ilar to

E t E t E t E t O H

N C H 0C H N C H 2C H N H C H 2C H N C H 2C H N H C H 2C H R '

CHo c h 2
|

C H O H1

|
C H O H1

R ' R '

in  w hich  a poly im in e b a ck b on e  is /3 -hydroxyalkylated  b y  the epox ide . 
T h is  con ten tion  was further substantiated  b y  the results o f  an a ttem p t to  
prepare a cop o ly m e r  o f  1-ethylazirid ine (w hich  ca n n ot form  branches) 
w ith  ep oxyd od ecan e . F rom  a 59 m o le -%  feed  o f  the aziridine there was 
obta in ed  a p olym er o f  m olecu lar w eigh t 788 con ta in in g  86  m o le -%  o f 
im ine residues. T h is  corresponds to  a p rod u ct consisting o f  8 im ine resi
dues and on ly  1 ep ox ide  residue. I t  is possible th at the epox ide  in the 
chain  (w hich  is p rob a b ly  term inal) acts as a ch a in -stopper.

T h e  e ffect o f  m on om er feed u p on  p o lym er com p osition  was studied in

T A B L E  I
E ffect o f B utylenim ine F eed  on P olym er C om position  (2  w t .-%  B F 3-E t20 ,  7 0 °C .)

C om onom er

Im ine
feed,

m o le -%
R eaction  
tim e, hr.

P olym er yield, % Im ine 
in polym er, 

m o le -%Crude Pure

E poxydod ecane 20 16 24 5 .0 61
l l 40 3 18 5 .1 7 7 .2
l l 59 3 29 2 .1 7 6 .6
I t 80 1 28 2 .5 82

E poxyhexane 20 10 25 3 .1 6 4 .6
l l 40 2 .5 36 11 .4 7 3 .4
I t 60 3 44 11 .9 7 5 .4
l l 80 1 30 12.1 8 5 .8
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the p o lym eriza tion  o f  bu ty len im in e w ith  ep oxyd od eca n e  and w ith  e p o x y 
hexane. T h e  results o f  these experim ents are show n  in T a b le  I.

T hese results sh ow  the greater rea ctiv ity  o f  the inline, regardless o f  the 
ch ain  length  o f  the epoxide com on om er. T h e  apparent in h ib itory  effect 
o f  epox ide  is dem onstrated  b y  the slow er p olym erization  rates observed  
at h igher epox ide  con cen tration s. W h en  these experim ents were carried 
ou t to  higher conversions, m ore epox ide  appeared  in the polym er, in d icatin g  
that the p o ly im in e b ack bon e is form ed  first, w ith  epoxide entering the 
p o lym er a fter the m ain  chain  has grow n.

T hese results are interpreted  as be in g  due to  preferential com plexin g  o f  the 
boron  trifluoride b y  the m ore basic p olym eric and m on om eric inline, w hich  
renders the ca ta lyst unavailab le  for  epox ide  chain  grow th . A  sim ilar 
p h enom enon  has been  observed  b y  Jones7 and  B a rb ,8 w ho observed  th at 
the rate o f  a c id -ca ta lyzed  p o lym eriza tion  o f ethylen im ine falls off w ith  
increasing con version . T h is w as in terpreted  as being due to  com petition  
for ca ta lyst b y  m on om eric and p olym eric  inline. T h e sam e observation  
and in terpretation  was m ade b y  E asth am 9 for  the case o f  the p o lym eriza 
tion  o f  eth ylen e ox ide b y  boron  trifluoride catalysis.

I f  the suggestion  o f preferential com p lexin g  o f  ca ta lyst b y  m on om eric 
and p olym eric inline is va lid , one w ou ld  exp ect th at increasing cata lyst 
con cen tra tion  in an im in e-epoxide system  w ou ld  lead to  po lym er con ta in ing  
m ore epoxide. Indeed , it was fou n d  th at raising the boron  trifluoride 
etherate con cen tra tion  from  1 to  4 w t .-%  in a system  con ta in ing  59 m o le -%  
o f bu ty len im in e and 41 m o le -%  o f  ep oxyd od eca n e  resulted in the low ering 
o f the inline con ten t in the polym ers obta in ed  from  73.3 m o le -%  to  67.12 
m o le -% .

P o lym ers  D erived  from  A '-S u bstitu ted  A zirid ines and 1 ,2 -E pox ides

Since the high b asicity  o f  the aziridines discussed so far relative to  the 
epoxides appears to  preven t true cop o lym eriza tion  from  taking place, it 
was d ecided  to  investigate  less basic aziridine derivatives, nam ely those 
h avin g  electron -w ith draw in g groups a ttached  to  the ring n itrogen . T his 
su bstitu tion  w ou ld  also preclude branch  form ation  in  the polym ers derived  
therefrom .

In itia l studies in v o lv ed  attem pts to  prepare copolym ers o f  l- (p -to lu e n e - 
su lfon yl) aziridine (tosy lazirid ine) w ith  1,2-epoxides. T h is m on om er 
is the on ly  aziridine deriva tive  reported  to  be polym erizab le  b y  basic 
ca ta ly s ts ; 10 traces o f  acids are, in  fa ct, cla im ed to  in h ib it polym erization . 
In  the present studies all a ttem pts to  cop o lym erize  tosy lazirid ine w ith  high 
levels o f  ep oxyd od eca n e  or  prop y len e  ox id e  b y  m eans o f  triethylam ine 
catalysis gave as the on ly  p olym eric prod u cts , tosylazirid ine hom opolym ers . 
U nder the sam e con d ition s  h om op olym eriza tion  o f the epoxides was suc
cessful. C opolym eriza tion s a ttem p ted  in benzene as a solven t (from  w hich  
p olym er precip ita ted ) led to  po lym ers o f  higher intrinsic v iscos ity  (0 .1 4 - 
0.21 in 7?i-cresol at 3 0 °C .) than  those ob ta in ed  under hom ogeneous co n 



2484 C. G. O V E R B E R G E R  A N D  M. TO BK ES

ditions in d im eth ylsu lfox ide (0 .0 6 -0 .0 7 ). M ixtu res o f  benzene and d i- 
m ethylsu lfox ide as solven t a fforded  polym ers in term ediate in intrinsic 
v iscosity  (0 .11) betw een  values obta ined  in the pure solvents, b u t w ith in  the 
range o f  experim ental error o f  the o th er determ inations. In  m -cresol no 
polym erization s occu rred . T h e  reasons for  these v iscos ity  phenom ena 
rem ain unclear. H ow ever, in the case o f  m -cresol, at least, the solven t 
p robab ly  is an acid ic p o lym eriza tion  inhibitor.

S ince tosy lazirid ine appeared to  be  con siderab ly  m ore reactive  than  
epoxides tow ards polym eriza tion  b y  basic cata lysis, it w as d e 
cided to  a ttem p t its cop o ly m eriza tion  b y  m eans o f acid  cata lysis, v iz ., 
boron  trifluoride etherate. N o  cop o lym ers  were ob ta in ed  w hen the c o 
polym erization  o f tosylazirid ine w ith  prop y len e  ox ide  was a ttem pted . T h e  
results o f these experim ents are show n in T a b le  II .

T A B L E  II
C opolym erization  of T osylazirid ine w ith  P ropylen e Oxide at 75°C .

T osylaziridine feed, m o le -% Y ield  of Polytosylaziridine, %

20 6L‘
40 8
60 20
80 69

100 97|J

° P oly prop ylen e  oxide of m olecular w eight 373 also isolated. 
b [ij] =  0.27 in m -cresol at 30°C .

T h e failure to  isolate cop o lym ers  from  tosylazirid ine led to the investiga
tion  o f other N -su bstitu ted  aziridines, v iz ., A ^ IV -d iphenyl-l-azirid ine- 
carboxam ide and iV ,iV -d ieth y l-l-aziridm ecarboxam ide. A ttem p ts  to  c o 
polym erize  these com pou n ds w ith  p ropy len e  ox ide b y  m eans o f  trieth y l- 
am ine or  boron  trifluoride etherate cata lysis led on ly  to  o ligom ers (D P  =
4 -8 )  o f  the aziridine derivatives.

E X P E R IM E N T A L

M ateria ls

S olvents were distilled from  m olecu lar sieves prior to  use. P ropylen e 
oxide, ethylen im ine, and ep oxyd od ecan e  were purchased from  M ath eson , 
C olem an  and Bell. T h e  preparations o f  2 -ethylazirid ine (b .p . 8 9 -9 0 °C ., 
» d  1 .4172; reported 7 b .p . 8 8 -8 9 °C ., »i® 1.4165) and 1-ethylaziridine (b .p . 
5 1 °C ., n\d 1 .3927; rep orted 11 b .p . 5 1 .2 -5 2 .3 °C ., n 1.3938) were carried  
ou t in 68%  and 5 5 %  yie ld , respectively , b y  the W en ker p roced u re12 
as m odified  b y  C am pbell et a l. 13 R ea ction  o f hexene-1 w ith p eroxytri- 
fluoracetic a c id 14 y ie lded  1,2 -ep oxy  hexane (b .p . 120-121 °C ., n2£ 1.4040; 
rep orted 14 b .p . 117 119° /'750 m m ., n~S 1.4060) in 8 7 %  yield . T h e  prep
aration  o f l-(p -to lu en esu lfon y l)-az irid in e  was carried ou t b y  the m ethod  
o f B erch et10 in 7 6 %  yie ld , imp. 6 4 .5 -6 5 °C . (6 4 -6 5 °C .10) T h e procedu re
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o f B estian 15 was em ployed  to  prepare -A ,A -d ip h en y l-l-a z ir id in eca rb ox - 
am ide, m .p . 7 7 -7 8  °C . (7 9 °C .) and A I,iV -d iethyl-l-azirid inecarboxam ide, 
b .p . 9 8 -1 0 0 °C ./4 3  m m ., n2£ 1.4625 (b .p . 7 9 °C ./1 1  m m .) in 68 %  and 
8 4 %  yields, respectively .

Preparation  o f  A lk y lazirid in e-E p oxide  P o lym ers

A  m ixture o f  m onom ers and ca ta lyst was heated in a sealed p olym eriza 
tion  tube. A t  the end o f the reaction  period  the con ten ts o f  the tu be were 
washed w ith alkaline-saturated sod iu m  ch loride, dried, and volatile  m ate
rial rem oved  at 1 8 0 °C ./0 .1  m m . in a ro tary  evaporator. T h e crude residue 
was taken  up in h ot aceton e and chilled, causing the p o ly m er to  precip itate  
ou t as a pale ye llow  gum . T h is process was repeated tw o m ore tim es 
to  afford  the pure polym er.

1 - (2 -H y d rox y d od ecy l) -2 -eth ylazirid in e

A  m ixture o f  18.4 g. (0 .100 m ole) o f  ep oxyd odecan e, 7.11 g. (0 .100 m ole) 
o f  butylen im ine, 225 m g. o f  alum inum  isopropoxide, and 225 m g. o f  zinc 
ch loride w as shaken in  a sealed tu be at 6 8 °C . for  a period  o f 14 days. 
W ork u p  as a b ove  afforded 4.30 g. (1 6 .9 % ) o f  a p rod u ct m elting at 37 -41  °C . 
R ecrysta lliza tion  from  aceton e gave the pure m aterial as w hite needles, 
m .p . 4 2 .7 -4 3 .3 °C.

A n a l . C alcd . fo r  CjeBhjNO: C, 7 5 .2 3 % ; H , 1 3 .02 % ; N , 5 .4 8 % ; neut. equiv ., 255; 
m ol. w t., 255. F ou n d : C, 7 4 .8 8 % ; H , 1 2 .75 % ; N , 5 .5 1 % ; neut. equiv ., 248; m ol. wt. 
(va p or phase osm om etry ), 264.

P hen ylth iou rea  D erivatives o f  Im in e -E y o x id e  “ C op o ly m e rs”

A  solu tion  o f  “ cop o ly m er”  in toluene was reacted w ith  excess ph enyl 
isoth iocyan ate  ( 1.10  m ole per m ole o f  n itrogen  in the p olym er) overn igh t 
at room  tem perature. S olven t and excess reagent were then  rem oved  
under high va cu u m  at m oderate tem perature in a ro tary  evaporator. 
T h e residue was thrice precip ita ted  from  ch loro form  in to hexane and then  
freeze-dried  from  benzene.

T rieth ylam in e-C ata lyzed  P olym erization s o f  T osylazirid ine

A  m ixture o f  0.01 m ole o f  tosy lazirid ine (plus 0.04 m ole o f  epoxide) 
and 88.4 m g. o f  triethylam ine in benzene (d im ethylsu lfox ide, m -cresol) 
was heated at 7 5 -80  °C . for 20 hr. I f  the p olym er precip itated  from  solu 
tion  (or a lternatively , solven t was rem oved  in vacuo and the residue sus
pended in benzene), it was filtered and w ashed w ith  benzene. T h e  p rod 
ucts obta ined  were p ow d ery  m aterials, m elting w ith  d ecom position  from  
213 to  295 °C .

B f3 Et20 -C a ta ly ze d  P olym erization s o f  T osylazirid ine

T o  a polym erization  tu be con ta in ing  a solu tion  o f  tosy lazirid ine (and 
propylene ox ide) in a m in im um  am ount o f benzene at 0 °C . there was added
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ca ta lyst and the tu be sealed. A fter  p e im ittin g  the con ten ts o f  the tube 
to  slow ly  com e to  room  tem perature, the tu be was inserted in a bath  at 
7 5 °C . for 48 hr. F iltra tion  a fforded  the polym er.

P olym erization s o f  A T A -D isu bstitu ted  1 -A zirid in ecarboxam ides

T o  an ice -coo led  p olym erization  tu be con ta in ing  a solu tion  o f  5 m m oles 
o f  the azirid inecarboxam ide (p lus 20  m m oles o f  propy len e  oxide) in 3 ml. 
o f  benzene there was added  64 mg. o f  ca ta lyst (E t3N  or B F 3-E t20 ) .  T h e 
tube was sealed and heated for 1 w k. at 76 °C .

P olym ers d erived  from  the d iph en yl d eriva tive  were purified b y  precip ita 
tion  from  benzene solu tions into hexane. T h e  correspon d in g  d iethy l 
derivatives were purified b y  successively  w ashing w ith  saturated sod ium  
ch loride, dry in g , rem ovin g  vola tile  m aterial in a rotary  evapora tor at 
1 0 0 °C ./0 .3  m m . and precip ita tin g  an eth yl acetate  solu tion  o f the residue 
into hexane.

T h e authors wish to  acknow ledge partial support o f this research b y  the Sugar R e 
search F oundation , Inc.
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R ésu m é

On a étudié un certain nom bre de catalyseurs acides de Lewis p ou r la copolym érisation  
de la 1 ,2-butylèneim ine avec les 1,2-époxides. On a m ontré que le catalyseur le plus 
actif, l ’éthcrate de trifluorure de bore, fourn it des polym ères contenant une chaîne 
principale poly im ine dans laquelle les groupem ents résiduels N U  dans la chaîne p o ly 
m érique sont h ydroxyalcoy lés en bêta  par l ’époside. On a dém ontré que l ’im ine est 
beaucoup plus réactive que l ’ époxide dans ces conditions, sans tenir com pte de la longueur 
de chaîne de l ’épox ide m onom ère. La chaîne de polym ère sem ble croître  appréciable- 
m ent avant que l'épox id e ne vienne s ’attacher sur le polym ère. On interprète ces ré
sultats com m e étant dus à la com plexation  préférentielle du catalyseur par les résidus 
inrine basiques dans le polym ère, ce qui rend le catalyseur inefficace pour la polym érisa
tion  de l ’époxide. On a étudié l ’h om opolym érisation  et la copolym érisation  de la l - (p -  
toluènesu lfonyl)-azirid ine de la A yV -d iph én yl-l-az irid in e-carboxam id e et de la N ,N -
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d ieth y l-l-azir id in ecarboxam id e aveo les 1 ,2-epoxides avec l ’ etherate de trifluorure de 
bore e t  la tr iethylam ine com m e catalyseurs. D ans aucun cas on n ’a pu  obten ir de cop o ly - 
meres.

Z u sam m en fassu n g

E ine Anzahl v on  Lew is-Säure-K atalysatoren  w urde hinsichtlich  ihrer W irksam keit 
bei der C opolym erisation  von  1,2-B utylenim in  m it 1 ,2 -E poxyden  untersucht. D er w irk
sam ste K ata lysa tor ist B ortrifluoridätherat. Seine V erw endung füh rt zur B ildun g von  
Polym eren  m it einer P oly im inhauptkette, inw eichen die N H -Clruppen in der P olym er
kette durch  das E p ox y d  /S-hydroxyalkyliert w urden. D as Im in  ist unter den gegebenen 
B edingungen unabhängig von  der K ettenlänge des E poxydm onom eren  viel reaktions
fähiger als das E p ox y d . D ie  P oly im in kette  w ächst offenbar schon zu einem  beträch t
lichen Ausm ass, b evor noch  ein E inbau  von  E p ox y d  stattfindet. D as w ird einer b ev or
zugten  K om plexieru ng des K atalysators durch  die basischen Im inreste zugeschrieben, 
so dass der K ata lysa tor für die Polym erisation  des E poxydes n icht verfügbar ist. D as 
H om o- und C opolym erisationsverhalten  v on  l-(p -T olu olsu lfon y l)a z irid in , Ar,Ar-D i-  
ph eny l-l-azirid in carboxam id  und A ^ W -D iäth yl-l-azirid in carboxam id  m it 1 ,2 -E poxyden  
wurde unter V erw endung von  B ortrifluoridätherat und von  T riäthylam in  als K ata lysa 
tor untersucht. In  keinem  der Versuche w urden C opolym ere gebildet.

R e ce iv e d  M a y  15, 1963
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A Series of Poly(methylene Acetals) Derived from 
Aliphatic Aldehydes

E D W A R  D S C H O N F E L D , Industrial Research and Development Laboratory, 
Nopco Chemical Company, Harrison, New Jersey

S ynopsis

A  series o f p o ly  (m ethylen e aceta ls) were prepared from  1,5-pentanediol b y  system 
atically  vary in g  the aldehyde. T h e  v iscosity  o f each po lym er was m easured, and, for 
the first fou r m em bers o f the series, show n to  vary  inversely w ith  the length  of the 
pendant chain  o f the aldehyde. A  com parison  of the v iscosity  o f a polyeth er (a  p o ly - 
oxyp ropy len e  g ly co l)  in which the ratio o f carbon  to  oxygen  in the chain is 2 /1  w ith  
that o f a p o ly  (m ethylen e aceta l) in w hich the carbon  to  oxygen  ratio is 3 /1  in dicated  a 
significant decrease in v iscosity with increasing con centration  o f ethereal oxygen.

In trodu ction

One o f  the structural features w hich differentiate polyeth ers from  m an y 
oth er typ es  o f  con densation  polym ers is the absence o f  polarizable groups 
at successive intervals a long the p o lym er chain. T h e presence o f  urethane 
groups in polyurethanes, for  exam ple, or am ide groups in polyam ides, 
b o th  o f w h ich  are capable o f exerting secon dary  valence forces th rou gh  
h yd rogen  bon d in g  results in polym ers h avin g  high values for  their m elting 
poin ts, viscosities, and secon d-order transition  points.

P o ly  (m ethylene aceta ls), form ed  b y  the reaction  o f an aldehyde w ith  a 
g ly co l , 1

H

H O — R — O H  +  R 'C  =  O

are a particu lar ty p e  o f polyeth er, and in com m on  w ith  other types o f 
polyethers, have the relatively  nonpolar C — O — C  b on d s recurring p eriod 
ica lly  as con n ective  links in the p olym er chain. C onsequ en tly , such 
polym ers have a m in im um  o f in term olecu lar association  because o f the 
absence o f  p oten tia lly  polarizable groups (such as ester, am ide, urethane, 
urea, or  carbon y l) on  the p olym er m olecule. Increased flex ib ility  o f the 
p olym er m olecu le and a low  secon d-order transition  poin t can be an
ticip ated  because o f the presence o f recurring ethereal oxygen  linkages 
w hich  activa te  the rotation  o f the n eighboring  carbon  linkages . 2 R o ta tio n  
abou t the C — C  b on d  in ethane, for  exam ple, is restricted  because o f m utual

2489

H O - - R —  O — C H — O - - R — OH (1 )
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repulsion  o f the h yd rogen  atom s o f one m eth y l grou p  for  those o f the other. 
W ith  the insertion  o f an oxygen  a tom  betw een  the tw o m ethy l groups, as 
in d im eth yl ether, a ph ysica l separation  o f the m eth y l groups occurs w ith  a 
resulting increase in the ease o f b on d  rotation . T h e fa ct that the m elting 
poin ts o f a liphatic polyesters lie b e low  th at o f  p o lyeth y len e  despite the 
polar nature o f  the ca rb on y l group  and the a ccom pan yin g  secon dary  valen ce 
forces resulting from  d ip o le -d ip o le  in teraction  is a ttribu ted  to  the flex ib ility  
im parted  to  the po lym er chain  b y  the ethereal oxygen  o f the ester linkage . 3

P o ly  (m ethylene acetals) w h ich  d o  n ot have polarizable  groups a long 
the polym er chain  and w hich  d o  have recurring ethereal oxygen  linkages 
m ight be exp ected  to  be low  m elting  solids or even  liqu ids at room  tem 
perature. A  system atic varia tion  o f the a ldeh yde was undertaken  in 
order to  v er ify  this assum ption . T h rou gh  a stepw ise increase in the 
m olecu lar w eight o f  the a ldehyde, it should  be possible to  observe the 
effect u p on  the v isco s ity  o f  the p o lym er resulting from  an h om ologou s 
series o f pendant groups occu rrin g  a t regular intervals. Such an effect 
w ou ld  presum ably  be caused b y  interference in  the sym m etry  and orien ta
tion  o f the p olym er chain. T h e  d io l chosen  for this stu dy  was 1,5-pen- 
tan ed iol because, as has been  p rev iou sly  rep orted , 4 it is the low est m o
lecular w eight a,co-glycol w h ich  polym erized  rather th an  cyclized  w hen 
reacted w ith  paraform aldehyde. T h e  advan tage o f using the low est 
m olecu lar w eight d io l capable  o f  form in g a p o lym er is th at the ratio o f 
ch a in -atom  ca rb on  to  ethereal oxygen  is k ep t at a m inim um . T h e structure 
o f the resulting p o lym er w ill d iverge from  th at o f  a h yd roca rb on , such as 
p olyeth ylene, and the e ffect o f  the oxygen  w ill be m ore apparent.

E xperim ental

P o ly  (m ethylene acetals) were prepared  b y  the m eth od  p rev iou sly  
d escribed . 1 T h e  a ldehydes used w ere: p a ra form aldeh yde; para ldeh yde; 
n -p rop ion a ld eh y d e ; p a ra -n -b u ty ra ld eh y d e ; and n -valera ldehyde.

A t  the com p letion  o f the con d en sation  step betw een  the a ldehyde and 
g lyco l, the solu tion  w as filtered and the solven t rem oved  b y  gentle heating 
at 20 m m . o f pressure. In  order to  rem ove the last traces o f solvent, the 
tem perature w as increased to  125°C . and the pressure reduced  to  2 m m . 
T h e on ly  p olym er stable under these con d ition s w as the p o ly  (m ethylene 
aceta l) derived  from  paraform aldehyde. T h e  other p o ly  (m ethylene 
acetals) d ecom posed  as the tem perature approached  125°C .

T h e  v iscosities o f  the p o ly  (m ethylene acetals) were determ ined b y  
m easurem ents m ade at 2 5 °C . in a B rook fie ld  v iscom eter.

M olecu lar w eights o f  the polym ers were determ ined by .en dgrou p  analysis 
fo r  h y d ro x y l .5 S ince the p o lym er is linear and is term inated  at each  end 
b y  h y d ro x y l , 4 the num ber-average m olecu lar w eight can be ca lcu lated  
from  the fo llow in g  e q u a tio n :

_  2 X  56.1 X  1000 
n h y d rox y l num ber



P O L Y (M E T H Y L E N E  A C E T A LS) 2491

w here the h y d rox y l num ber is defined as the n um ber o f m illigram s o f K O H  
equ iva len t to  the h y d rox y l con ten t o f  one gram  o f the p olyo l.

R esu lts

T h e m olecu lar weights and v iscosities o f  the p o ly  (m ethylene acetals) 
are listed in T a b le  I.

T A B L E  I
P roperties o f Polyacetals D erived  F rom  1,5-Pentanediol W ith  V arious A ldehydes

A ld ehyd e
H yd rox y l
num ber Mn

V iscosity,
cpoise

P araform aldehyde 112, 112 1000 .—

Paraldehyde 119, 122 930 880
n-P ropion aldeh yde 134, 139 825 715
Para-rc-butyraldehyde 76, 78 1460 470
n -V  aleraldehyde 90, 91 1245 630

T h e  p o lya ceta l form ed  b y  the reaction  o f para form aldehyde and 1,5- 
pen tan ediol w as a low  m elting  (3 2 -3 6 °C .) , w axy  solid. Its  v iscos ity  at 
2 5 °C . was, therefore, n ot m easured. F rom  the data  in  T a b le  I, it is 
ap p arent th at the p o lym er w ith  the low est v iscos ity  w as obta in ed  b y  
con densin g  para -n -bu tyra ldeh yde w ith  1,5-pentanediol. T h e v iscos ity  o f  
the polym ers decreases as the n um ber o f carbon  atom s in the a ldehyde 
increases. T h e presence o f  a bu lk y  group , pendant to  the polym er, 
interferes w ith  the sym m etry  and orien tation  o f the p olym er chain. In  the 
exam ple using valera ldehyde, the side chain  is sufficiently large to  ov e r 
com e the an ticipated  decrease in  v iscosity .

T h e p o ly  (m eth ylen e acetals) are considered  to  be the linear condensation  
p rod u ct o f  a g ly co l w ith  an a ldehyde. A ccord in g ly , the structure o f  the 
p o ly m er can  be w ritten  as fo l lo w s :

H O (C H 2)„— 0 — C H — 0 -  
I

R

- (C H 2)„— O H (2 )

where m  is the degree o f  p o lym eriza tion  o f the polym er, n is the num ber o f 
m ethylene grou ps in the starting g ly co l (n =  5 in the exam ples d iscussed in 
th is paper) and R  is H , C H 3, C 2H 5, etc.

T h e  con densation  o f an a lcoh ol w ith  an a ldehyde results in the form ation  
o f an aceta l accom pan ied  b y  the elim in ation  o f one m ole o f  w ater for  each  
aceta l linkage form ed. A ceta ls  are k n ow n  to  be unstable to  aqueous 
m ineral acid  and to  d ecom p ose  in to  the orig inal a lcoh ol and a ldehyde as 
sh ow n  b y  eq. (3).

O — C 2H 5 H



2192 F. SCH O N FELD

I f  the p o lya ceta l o f 1 ,5-pentanediol and form aldeh yde has the structure 
in d icated  b y  eq. (2 ), then  d ecom p osition  o f the p olym er w ou ld  y ie ld  the 
starting m aterials. A ccord in g ly , 25 g. o f p o ly  (pentam ethylene form al) was 
dissolved at room  tem perature in  350 m l. o f  aceton e and 100 ml. o f 3 %  
HCd added. T h e solu tion  w as refluxed for  1 hr. A ceton e  w as distilled at 
57 5 8 ° (i . A  strong sm ell o f  form aldeh yde w as n oted  in the acetone. A  
positive  form aldeh yde test, in d icated  b y  a deep red color, was obta ined  
u pon  add ition  o f phenylhydrazine h ydroch loride, potassium  ferricyanide, 
and con cen trated  HC1 to  the a ceton e .6 P ure aceton e does n ot g ive a red 
co lor under these cond itions. B enzene (150 m l.) was added, the solution  
azeotroped  to  rem ove the w ater, and the benzene distilled. T h e residue 
was a liqu id  boilin g  at 2 4 0 °C . and w ith  a no  o f 1.4493. T he literature 
values for  1 ,5-pentanediol are: b .p . =  239.4 °C . and =  1.4499.

T h e  d ecom position  o f the p olym er under con d itions o f acetal h ydrolysis, 
and the characterization  o f the h yd ro lyza te  as the starting g lyco l and 
a ldehyde h ave been  dem onstrated . T herefore , the structure o f  the 
p o ly  (m ethylene acetal) can be represented b y  eq. (2 ).

A  com parison  o f the v iscosity  o f  a com m ercia l sam ple o f  a polyether, 
a p o lyoxyp rop y len e  g lyco l having  a num ber-average m olecular w eight o f 
1025, w ith  the v iscosity  o f the p o ly a ceta l derived  from  paraldehyde and
1,5-pentanediol in d icated  a substantially  low er v iscosity  (130 cpoises) for  
the p o ly ox y p rop y len e  g lyco l. E xam in ation  o f the structure o f  the re
peating u nit o f the p o ly  (m ethylene acetal)

--------- (C H .)6— O— C H — O -----------
!L c h 3 J

indicates th at there are six chain  carbon  atom s for  every  tw o  oxygen  atom s, 
a 3 /1  ratio o f C /O , whereas in  the p o ly ox y p rop y len e  g ly co l repeating unit

r  C H 3 1

--------- C H — C H 2— O ----------

the C /O  ratio o f chain atom s is 2 / 1 . T h e  effect o f  ethereal oxygen  upon  the 
m elting p o in t has p rev iou sly  been  m entioned . A n  inversely  p roportion a l 
relationship  exists betw een  the ethereal oxygen  con cen tra tion  and the 
v iscosity  o f  a po lyeth er insofar as the structure o f a polyeth er and a p o ly - 
(m ethylene acetal) m ay  be ju d ged  to  be com parable.
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R ésu m é

On a préparé une série d 'acétals polym éthylén iques à partir du 1,5-pentanediol en 
changeant sj^stém atiquement l ’a ldéhyde. La viscosité de chaque polym ère a été mesurée 
et, pour les quatre prem iers m em bres des séries, on  a dém ontré q u ’elle varie inversém ent 
avec la longueur de la chaîne latérale de l ’aldéhyde. Une com paraison de la viscosité 
d ’un polyéth er (un p o lyoxypropylèn e g ly co l) dans lequel la proportion  carbone-oxygène 
de la chaîne est 2 /1 , avec celle d ’un p oly (m éth ylèn e acétal) dans lequel la proportion  
carbone-oxygène est 3 /1 , indique une dim inution im portante de la viscosité avec l ’aug
m entation  de la concentration  en oxygène éther.

Z usam m en fassu n g

E ine R eihe von  P oly (m eth ylen aeeta len ) wurde aus 1 ,5-Pentandiol unter system atischer 
V ariation  des A ldehyds dargestellt. D ie  V iskosität jedes P olym eren  wurde gem essen und 
zeigte bei den ersten vier G liedern der R eihe eine Ä nderung im  um gekehrten Sinne m it 
der Länge der A ldehydseitenkette. E in  Vergleich  der V iskosität eines Polyäthers (ein 
P oly oxyp rop y len g lyk ol), bei w elchem  das Verhältnis K oh lenstoff zu Sauerstoff in der 
K ette  2 :1  ist, m it der eines P oly (m eth ylen aceta ls), bei welchem  das K oh lenstoff- 
Sauerstoff-V erhältnis 3 :1  ist, spricht für einen charakteristischen V iskositätsabfall m it 
steigendem  G ehalt an Äthersauerstoff.

R ece ived  January  21, 1963 
R ev ised  June 21, 1963
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B O O K  R E V IE W

X . G . G a y l o r d , E d ito r

Q uantum  M e ch a n ics , V ols . I and II, A . M e s s ia h , E d ., In terscience, X e w  
Y o rk , N o rth -H o lla n d , A m sterdam , 1961. V o l. I, 576 p p ., 18 .00 ; v o l. I I , 
560 p p ., $8.50.

T h e tex tb ook  literature in quantum  m echanics contains m an y outstanding “ classics”  
treating this im portan t field from  every  con ceivab le  poin t o f view . In  addition , there 
has been, within the past few  years, a veritable flood  o f new textbooks in quantum  m e
chanics, m an y o f them  excellent.

I t  is therefore w ith  som e surprise that this reviewer finds him self able to  w elcom e, 
enthusiastically and a lm ost w ithout reservations, this new book  as not on ly  outstanding 
in itself, bu t as actu ally  filling a real gap.

B y  using roughly  tw ice the num ber o f pages o f the average textbook  while at the same 
tim e rigorously restricting the num ber o f m ain top ics treated, the author m anages to  
present w ith  extraordinary thoroughness all the fundam ental aspects o f the field in a w ay 
w hich is at once com prehensible to  the serious beginner and illum inating and useful 
to  the expert. M ath em atica l and conceptual difficulties, in w hich  the su b ject abounds, 
are n ot glossed over nor treated w ith  excessive, and forbidding, conciseness.

T h e exposition , though elegant and precise is leisurely and expansive; this is a b oon  to 
the less advanced student. A t the sam e tim e it is never verbose or circum locutory .

T h e author introduces a lm ost every chapter or m a jor subdivision w ith  a brief survey of 
w hat is to  be covered , o ften  giving an explanation  o f the relation o f the m aterial to  the 
general developm ent; this is an excellent dev ice for orienting the reader.

T h e  general approach  to  the su b ject is a m ixture o f the historical, heuristic, and form al 
ones; the coord ination  o f the different approaches is good  and confusion is m inim ized.

T h e first part, consisting of the first eight chapters of V ol. I, entitled “ T h e Form alism  
and Its  In terpretation ”  begins w ith  a brief historical survey o f the origin o f quantum  
th eory  and then develops v ery  th orou gh ly  the Schrodinger approach  and its form alism  
including the associated statistical interpretation. As exam ples, one-dim ensional system s 
are carefully and exhaustively discussed. One chapter is devoted  to a very  w elcom e and 
thorough exposition  o f the classical approxim ation  and the W K B  m ethod.

Part One ends w ith  an extensive discussion o f the general form alism  of quantum  theory 
m ain ly  based on D ira c ’s approach  (an d  using his n ota tion ); the m athem atical fram ew ork 
and physica l interpretation are discussed separately.

P art T w o , “ Sim ple System s,”  consists o f four chapters and includes, besides the top ics  
universally treated, a valuable chapter on scattering problem s.

V olu m e I I  is d iv ided  in to three parts: “ Sym m etries and In variance,”  “ M ethod s of 
A p p rox im a tion ,”  and “ Elem ents o f R elativ istic Q uantum  M ech anics.”

T h e  first o f these (P a rt T h ree) brings together in highly useful form , and treats from  a 
unified v iew point, top ics that are often  scattered or slighted. T h e chapter “ Invariance 
and C onservation  T h eorem s; T im e R eversa l”  is especially w elcom e.

P art F ou r discusses tim e-independent and dependent perturbation  th eory including 
m odern and pow erfu l form ulations o f it, variational m ethods (th is includes discussion of 
the usual m olecular m ethods and a lucid  and precise treatm ent o f their very  basis, the 
B orn-O ppenheim er approxim ation ), and collision  theory.

P art F ive  also includes an in trod u ctory  discussion o f field quantization  and radiation 
theory.

E ach  chapter contains an extensive set o f problem s w hich com plem ent the presentation 
o f the textual m aterial. F our m athem atical appendices com plete the b ook . T h e  index

2 4 9 5
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is adequate. T h e  printing is very  clear and legible though the m argins are som ew hat 
narrow.

T h e on ly  criticism s this reviewer feels he can m ake are relatively m inor: H e w ould 
have liked a m ore profou nd and extensive discussion o f som e basic conceptual and ph ilo
sophical aspects, including those that, like the “ hidden variables”  problem , still excite 
som e controversy . T h e  translation, especially in the first volum e, th ou gh  v ery  adequate 
and unam biguous, falls short o f the ideal; to o  often  the v ery  elegance o f a  phrase in the 
French original becom es clum sy in the translation. T h ere are quite a num ber o f m is
prints, especially in nam es, which are repeated again and again ("C o n d o n  and S h ortly ,”  
“ C lebsch -G ord on ,”  “ E ck h art” ). These, though  in them selves unim portant, m ake 
one w onder about the thoroughness of the proofreading.

B u t these are m inor m atters, the b ook  is to  be stron gly  recom m ended to  every serious 
student of this sub ject w hatever his prim ary interest and prior knowledge.

Ernest M . Loebl

P olytech n ic Institu te o f B rook lyn  
B rook lyn , N ew  Y ork
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