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Reactions of Polyunsaturated Fatty Alcohols. IX. Molecular- 

Weight Distribution of Some 
Vinyl Ether H o m o p o l y m e r s  1 

Conjugated Soybean 

H. M. TEETER, L. C. DORMAN, and L. HARRIS, ~ Northern Regional Research Laboratory, 3 Peoria, Illinois 

Tim molecular-weight distributions of several conjugated soy- 
bean vinyl ether homol)olymcrs were studied by means of the 
integral fractionation technique. Polymers having numbcr- 
average molecular weights ef 2,200, 4,800, and 10,000 prepared 
with stamdc chloride as catalyst as well as a polymer having 
a molecular weight of 3,400 prepared with boron trifluoride as 
catalyst were included in the study. The observed distribu- 
tions for all the i)olymers were found to approximate the so- 
called "most probable" distributions expected theoretically 
for polymers obtained by simple difunctional polymerization. 

T IIE MOLI,]CULAR-WEIGHT distribution of a polymer 
is an important  characteristic to which many of 
its physical and chemical properties are related. 

Polyunsatura ted  fa t ty  vinyl ether polymers and co- 
polymers (12) have been under investigation at this 
laboratory because of their promising properties as 
coatings, especially for metal. Knowledge of their 
molecular-weight distribution might contribute to a 
better unders tanding of their dry ing  behavior and 
of the properties of their films. Since the function- 
ali ty of a polyunsaturated fa t ty  vinyl ether polymer 
molecule towards oxygen varies with the number of 
monomer units in the chain, knowledge of the molec- 
ular-weight distribution would provide information 
on the maximum and minimum functionalities to oxy- 
gen available in the polymer and on the relative 
amounts of material having these and intermediate 
functionalities. 

This paper  reports the results of an investigation 
of the molecular-weight distribution of several conju- 
gated soybean vinyl ether homopolymers. These were 
selected to permit  comparison of polymers that  had 
different number-average molecular weights or that 
were prepared with different polymerization catalysts. 

Discussion of Fractionation Methods 
Because of the physical and chemical properties of 

polyunsaturated fa t ty  vinyl ether polymers, special 

1 Presented at annual  meeting, American Oil Chemists' Society, New 
Orleans, La., April 20-22,  1959. 

2 Present  address:  Knox College, Galesburg, Ill. 
a This is a laboratory of the Northern Utilization t tesearch and 

Development Division, Agricultural Research Service, U. S. Depart- 
ment  of Agriculture. 

l / roblems are e n c o u n t e r e d  in the i r  f r a c t i o n a t i o n .  
lr quantitative recovery of fractions is dif- 
ficult because these polymers are liquid. Because 
these polymers and the fractions separated from thenl 
are sensitive to oxygen and because this sensitivity 
increases with molecular weight, handling in all inert 
atntosphere is necessary. ]Yurthernlore the molecular 
weights of tile t/olynmrs and their fractions lie in 
ranges such that only very approximate vahlcs can 
be obtained. 

[n view of these problems, simple fractional pre- 
cipitation of the polymers was considered imprac- 
tical. The integral fraetionation method (10) and 
the cumulative volume technique (1,2) appeared more 
suitable for investigation. 

The principle of the integral fractionation method 
is illustrated by Figure  1. A very dilute solution of 
polymer is divided into a number of aliquots of equal 
volume. (For  simplicity only five aliquots are shown 
in the figure; in practice a large number are re- 
quired.) To each aliquot is added an increasingly 
large volume of nonsolvent. This results in precipi- 
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FIG. 1. Simplified representation of the integral fractionq- 
tion method. 
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TAB LE I 

l>reparl l t ion and Proper t i e s  of Con juga ted  Soybean Vinyl  Ether  Polyniers  

Prepara t imz  a t )olymer proper t ies  

Catalyst  

S n C I ~  .............................. 
S u C k  .............................. 
S n C h  .............................. 
BFa ................................. 

Mo~onler 
sai[ipie no. 

Solwmt 
ratio 

I 
4 

10 
3 

Viscosity 
( G a r d n e r )  

Z6 
Z3 
Z2 

Z 3 - Z 4  

Iod ine  
va lue  

90.9 
90.2 
89.1 
94.6 

Free v inyl  
ether 

% 
0.6l  
2.30 
4.95 
(I.23 

Conj U ~'ation 

])iene Tr i ene  

% % 

33.2 0.32 
34.6 0.26 
33.7 -Q0,10 

Mgoleeular 
weight  

10,000 
4,800 
2,200 
3.400 

'~ See. tex'~, 

tation of a series of polymer fractions. The fract ion 
precipitated by the least amount  of nonsolvent will 
have the highest molecular weight. As the amomit 
of nonsolvent is increased, the molecular weight of 
the precipitated polymer will approach the average 
molecular weight of the unfraet ioimted polymer. 

lilt each precipitation it is assumed that  all material 
having a molecular weight greater  than a certaiu 
value, M.~, is precipitated while all material  having a 
lower molecular weight remains in solution. I f  the 
weight fraet iou and number-average molecular weight 
for  each fract ion are designated by C aud M,,(., re- 
spectively, it can be shown that :  

M~ = dC/d (C/M,,e) 

By plotting values of C against C/M,,e for each pre- 
cipitated polynlerie f ract ion and by differentiating 
the resulting curve, values of Ms corresponding to 
any value of C eau be determinc(1. A tlhlt (1t! M, 
a g a i n s t  1 - C  e o r r e s p o l l d s  t o  t h e  i l S t l a l  illtegral o r  ( : l l -  

nuilative weight-distr ibution curve, l)iffercniiation 
of the iittegral curve yields the differential weight- 
distribution cutwe, showing, as it eold, inuous t'unetion, 
the weight fl'at4itut (Wx) of polymer eorrcspolidhig to 
all vlthlcs of nlolcc.u]ar weight (usuMly expressed as 
degree of I)olylnerization to facilitate comparison 
with tht;m'cticalty calculated curves).  

S S O l l r C e /  o f  e r r o r  in application (if the intcgral f r a t . . -  

tionation procedure include fai lure to achieve COln- 
l)lete set)aration and quanti tat ive rt>covery of ln'eeipi- 
tate(l polyiner, contamination of prccipi lated I)i)lynlt'r 
wit i t  sohlblo polymer, and l inl i tal ions ml nioh~cular- 
weight detcrmil iation. The, so sour(;es oI' er l ' t ) r  al 'e, i) f  
i ' .ourse, niagiiificd for t)olyuitsaturated fa l ty  v inyl  
ether polyiners for l h c  rcaso l is  deserihed, | l i l t  a l l  evc i i  
nit)pc serious source  o f  e r r o r  l ies  i l l tit(; r c ( l l l i r c l l lC l l l  
for douhie (tiffercntiation of a l l  exl)eriutenlal iy dcter- 
nlined ellrve. As such differentiation lilllSt he +tc,(,()l/i- 
1)lished gral)hieally, the reslllts lIlUSt bc regar(h,d as 
only approximate. 

The cumulative vohlme nlethod utilizes a singlc 
(d(Is('d vessel containing a dihdt, s(/hltion (tf poly- 
mer to which successive in(;rcmeut8 of ilonsoivent 
are added. After  the addit ion (tf each hlcrelnellt, the 
s y s t e l / l  i s  eltuilibrated a l l ( ]  t i l e  t o t a l  v o l u l n e  Of  the 
i)reeipitate(t polymer is deterniined. This lnetho(I 
offers several obvious advantages for  nsc with IIoly - 
ullsatllrate(t f a t ty  vinyl ether l)olyme.rs; for example, 
isolation of fractions is eliminated and mailitenance 
of an inert  atmosphere is simplified. However pre- 
l iminary experiments showed that  only a low per- 
(;enrage (30-50) of the fraetionation of vinyl ether 
polymers could be achieved hy this method before 
difficulties were encountered, result ing from the ad- 
herence of the precipi tated polymer to the walls of 
the vessel. Since relatively complete precipitation is 

needed for interpretat ion of the results, nil furth(,r 
s tudy was made of tills method. 

D i s c u s s i o a  o f  Results 

Four  conjugated soybean vinyl  ether homopolymers 
a r c  inehnled in the present s tudy (Table I ) .  Three 
of these were prepared with stamfic e, hloride as cata- 
lyst and bad number-average niolecular weights (M~,) 
of 2,200, 4,800, and 1(},0()0. The four th  was prepared 
with boron trifluoride as catalyst and had a number- 
average, molecular wright  of 3,400. 

eL. 

g 

~o . . ,  - 

, / / , /  

MITHANOL, 

Fi l l .  <2. R e s u l t s  o f  in t ( ,gz 'a l  f z ' ; , e l i o m , t i , m  o f  c o n j u g a t e d  soy-  
I)c';lli Viil.yl ethi'r honiollOlvin,'s. 

Al/l) l i(mlion of lhc ililCgl'ill t'racti/)nalion lCctlni(tilC 
to these l)l)lyniers reSllltc(1 in the ('lll'Vt'S shown in 
l~ ' ig l l l 'e 7. The  shnihu' i ly Ill ' the c l i r v c s  snggl~Sis l h a l  
t l i c  n i o l e c i l l a r - w o i g h t  i l i s t r i h u t i ( m s  f o r  the  f o i l r  l l o l y -  
lltel'S arc  the Sall le t y p e .  

M o h , l . u l a r  weighls w e r e  ( i b fa ined  (in f r a c t i o u s  f r o n t  
|he  th ree  i i o ] yn le l ' s  l l r e l l a re ( {  w i t h  s t a n n i e  e h l o r i ( l e  

as catalysl. Typical results for the polymer having 
M,, -- 4,800 arc glVm/ in Tabh, l l. Theoretically nlo- 

TA [I Llf] 1 [ 

Mu|ecalar  }Velgllts of ]0rlwtions Obtliine(l by Inle~crlll 
b~rltcii(mation (if a Vinyl Ether- Po lym er  a 

Moleeula r 
Fraction M ethilliOl weight 

( M,,,. ) 

22Ai} 
24.22 
24.80 
25.39 
26.49 
27.00 
27.53 

(~Ulilllllttivu 
weia'ht fra ('- 

ti,m ((!) 

6..9 
2:r 
a0.7 
35.4 
52.7 
59.7 
64.8 

! .............................. 
3 .............................. 
4 ............................... 
5 .............................. 
5' ............................... 
8 .............................. 
9 .............................. 

28.5(.) 
20.09 
29.5{) 
31.03 
3 1 . 5 0  
31.99 

l l  .............................. 
]2  .............................. 
13 ............................... 

17 ............................... 
18 ............................... i 

75.7 
75'.4 
81.4 
89,0 
91.8 
93.2 

2: | ,5o0 
I 4.5O0 

1 1 , 0 0 0  
I 0,000 
9,400 
7,600 
7,800 
7,800 
7,800 
7,000 
6,800 
6,000 

a M'r, = 4,800.  
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lecular weights for  the 18 fractions should decrease 
smoothly and approach the value of Mn for the whole 
polymer at C = 100. In  all experiments irregularities, 
such as are evident in Table II,  were encountered. 
These apparent ly  resulted f rom the inevitable diffi- 
culties in removing the solvent completely from frac- 
tions, avoiding oxidation, and determining molecular 
weights. In  plotting C vs. C/M .... since two points 
of the curve were known (i.e., the origin, correspond- 
ing to C = 0, and C/Mn, corresponding to C = 100), 
usually the irregulari t ies did not seriously complicate 
the problem of drawing a smooth curve to represent 
the experimental  data adequately. An exception was 
encountered with the polymer having M. = 10,000. 
Because a large percentage of this polymer was 
comprised of species with a molecular weight above 
10,000, only very  approximate results were possible. 

In tegral  weight distributions, obtained by plot- 
ting C vs. C/M .... for  each polymer and differentiat- 
ing the resulting curves, are shown in Figure  3. 

1.0 

~ 0.5 �9 

0 l I I I I 
5 10 15 20 25 

MOLECULAR WEIGHT (Ms) x 10 - 3  

Fro. 3. Integral weight distributions for conjugated soy- 
bean vinyl ether homopolymers. 

F rom these distributions it is evident that  by weight 
half  of the polymer of Mn = 2,200 consists of species 
having molecular weights above 5,000, that  half  of the 
polymer of Mn ---- 4,800 consists of species exceeding 
7,000, and that  half  of the polymer of M, = 10,000 
consists of species exceeding 18,000. 

Differential distributions for  the three polymers 
were determined by differentiation of the integral 
curves .  F i g u r e  4 shows a c o m p a r i s o n  of these  
differential distributions with the so-called "mos t  
p robab le"  distributions calculated for  polymers of 
corresponding values of M~ by means of F lo ry ' s  
equation (4) : 

w~ = x  ( 1 - -  p)2px-1 

In this equation p = ( ~ -  1)/Xn, w~ is the weight 
f ract ion of polymeric species composed of x mono- 
merle units, and Y~ is the number of monomeric units 
contained in the number-average molecular weight 
for  the whole polymer. 

F lo ry ' s  equation, originally derived for condensa- 
tion polymerization (e.g., polyester formation from 
an o-hydroxy acid),  is also applicable to vinyl poly- 
merization if near ly  all molecules are terminated by 
chain t ransfer  and if the rat io of concentration of 

chain t ransfer  agent to monomer concentration is 
constant. The latter condition will be met if conver- 
sion is low or if rates of propagation and t ransfer  are 
equal. 

Cationic polymerization, which is involved in poly- 
merization of vinyl ethers, does not appear  to have 
been analyzed mathematically to determine the theo- 
retical shape of the differential molecular weight dis- 
tr ibution curve. 

However proposed mechanisms for, and kinetic 
studies on, cationic polymerization (6) suggest that  
the relationstiip between reaction kinetics and molec- 
ular distribution should be analogous to that  for vinyl 
polymerization, terminated by chain transfer,  and 
also suggest that  F lo ry ' s  equation should therefore 
be applicable. 

This view appears to be confirmed by the agree- 
ment between experimental  and calculated distribu- 
tions (Figure  4) which, if limitations of the fraction- 
ation method are taken into account, is reasonably 
good. At  least as a first approximation, F lo ry ' s  equa- 
tion should be satisfactory for calculating molecular 
distributions for polyunsatura ted fa t ty  vinyl ether 
polymers. 

I f  the polyunsaturat ion of the f a t ty  vinyl ether is 
conjugated, a possibility exists that  the conjugated 
systems might part icipate in cationic polymerization. 
in  this event the vinyl ether could no longer be re- 
garded as a purely  difunctional  molecule, and the 
polymer produced would be cross-linked to some de- 
gree. Since the diene content of a monomeric vinyl 
ether is about the same as that  of its polymer, it is 
evident that  little part icipat ion of the die,m system 
in tile polymerization could have occurred. Thus, for 
the polymer of molecular weight 10,000, conjugated 
diene content was 33.2% compared with 35.4 for the 
monomer. This loss, which amounts to only 6.2% of 
the original diene content of the monomer, could have 
resulted f rom part icipation of the diene in polymeri- 
zation. I f  only 7.6% of the original diene had actu- 
ally entered into the polymerization, according to 
F lo ry ' s  equations (5) for  calculation of the extent 
of reaction at gelation in a polyfunetional  condensa- 
tion, gelation should have taken place at molecular 
weight 10,000. 

I t  has been observed in related work (13) that a 
polymer of molecular weight 24,500 containing 35.5% 
of conjugated diene was obtained from a monomer 
containing 39.5% diene. Since this loss in diene is 
far  in excess of the loss required to produce gela- 
tion at this high molecular weight it is probable 
that  the loss in diene dur ing  polymerization of a 
polyunsatura ted fa t ty  vinyl ether is not caused by 
part icipation in polymerization. In  considering the 
molecular-weight distribution of the polymer, effects 
caused by cross-linking through conjugated diene 
may therefore be neglected. 

E x p e r i m e n t a l  

Analyses. Vinyl ether content of polymers and 
monomer pu r i t y  were determined by an iodometrie 
method (11). Conjugated diene and triene were esti- 
mated spectrophotometrieally.  

Molecular Weights. Molecular weights up to 10,000 
were determined eryoscopically in cyclohexane. Mo- 
lecular weights above 10,000 were determined by 
extrapolation of the relationship between molecular 
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FIG. 4. Differential distributions for soybean vinyl ether 

homopolymers. 

weight and intrinsic viscosity of benzene solutions of 
polymers having molecular weights below 10,000 (7). 

Preparation of Monomer. Conjugated soybean vi- 
nyl ether was prepared by the nlethod of Mustakas 
et al. (8).  Two samples were used, having the fol- 
lowing analyses: 

Monomer Sample 1. Pur i ty :  98.2%. Conjuga- 
tion: diene, 35.4%; triene, 0.3%. 

Monomer Sample 2. Pur i ty :  99.5%. Conjuga- 
tion: diene, 36.0%; triene, 0.3%. 

Preparation of Polymers.  Polymerizations with 
stannic chloride as catalyst were conducted in ben- 
zene solution and init iated at 25~ as described by 
Dufek et at. (3).  The ratio of solvent to monomer 
was varied to obtain polymers of the desired molecu- 
lar weight. Polymerization with boron trifluoride as 
catalyst were conducted in methylene chloride solu- 
tion and init iated at --37 ~ as described by  Schneider 
et al. (9). Other experimental  details and properties 
of the polymers are given in Table I. 

Fraetionation of Polymers. The method of integral 
fractionation (10) was employed. In the following 
operations precautions were taken to minimize con- 
tact of the solutions and polymeric materials with air. 
Commercial C. P. solvents were used wi thout  fu r the r  
lmrifieation. Approximate ly  5 to 10 l. of a 1% sohl- 

tion of polymer in benzene were prepared.  Port ions 
(500 ml.) of this solution were t ransfer red  to a 
number of l - l i ter  Er lenmeyer  flasks (stoppered w i t h  
corks wrapped in aluminum foil;  re fer red  to here- 
af ter  as flasks 1, 2, 3, etc.). Flask 1 was t i t ra ted  with 
methanol unti l  permanent  tu rb id i ty  developed. The 
volume (V) of methanol was noted, and to each of 
the remaining flasks, Nos. 2, 3, 4, etc., increasing 
volumes, for  example, V + 5 ml., V + 10 ml., V + 15 
ml., etc., of methanol were added, respectively. The 
bottles were stoppered and allowed to stand (2 to 3 
days) unti l  the precipi tated polymer had settled to 
the bottom, leaving a clear supernatant  liquid. 

The supernatant  liquid in each flask was then care- 
ful ly  decanted, and the precipi tated polymer was im- 
mediately dissolved in benzene. About 20 to 50 ml. 
of benzene were required for each flask to insure solu- 
tion of all the polymer that  might  have adhered to the 
walls of the flask. The benzene solutions were then 
t ransferred quant i ta t ively with the aid of addit ional 
benzene to tared 100-ml., round-bottom, one-necked 
flasks. The bulk of the benzene was removed from 
each solution by  distillation in vacuo on a steam bath, 
and the final traces of solvent were removed in vacuo 
by means of a rotat ing evaporator.  ResidnM polymer 
from each flask was weighed. Fract ionation of each 
polymer is shown graphical ly in F igure  1. Molecular 
weights of selected fractions of each polymer were 
determined as described. Data  obtained on fraction~ 
of the polymer of moleeldar weight 4,800 (Table I I )  
a re typical. 
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E r r a t u m  

Eric  Jungermann  of Armour  and Company, Chi- 
cago, Ill., wri tes:  " I n  our article, 'Quant i ta t ive  Gas 
Chromatography of F a t t y  Derivatives, '  which ap- 
peared in tile September 1960 issue (37, 456) a line 
was omitted from the text. The error  occurs between 
the eighth and ninth  lines f rom the bottom of the 
right-hand column of p. 457, where the following 
should be inserted:  'methyl  esters have the relative 
magnitudes required. This line has the. '  " 


