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ABSTRACT: Experimental methods have been developed for thin-layer chromatographic (tlc) separation of bu- 
tadiene-styrene copolymers according to ( i )  composition and (ii) molecular weight. The technique of separation 
according to composition is based upon exploiting the adsorption of polymers from their solutions with less polar 
solvents through the greater adsorptivity of the relatively polar styrene units. The specific method involved is an 
elution gradient procedure based upon addition of a good relatively polar solvent for both polymers (CHCla) to 
the nonpolar solvent CC14. Adsorption onto silica gel during the development increases with styrene content so 
that high Rr values are associated with low styrene contents. The separation method for determining molecular 
weight distributions is based upon using solvents of marginal solubility and involves adding a highly polar non- 
solvent to an initial polar solvent which precipitates the polymer during the development. Specifically CH30H is 
used as the nonsolvent and a CHSOH-tetrahydrofuran mixture is the initial solvent. Methods of quantitatively 
interpreting the tlc smears to obtain compositional heterogeneity and molecular weight distribution are de- 
scribed. Detailed calculations for several copolymers are included. 

Thin-layer chromatography (tlc) is one of the older 
branches of chromatography dating back about 35 
years.2avb It has been widely used for separating mixtures of 
low molecular weight organic compounds and has been 
the subject of  treatise^.^ In the polymer industry, a com- 
mon use has been the separation of low molecular weight 
oligomers and various additives from commercial poly- 
m e r ~ . ~  The idea that tlc might be used to separate macro- 
molecules themselves can be traced to work reported on 
paper chromatography by Langford and Vaughn5 in the 
late 1950’s. However, the potentialities of tlc to separate 
polymer systems was not fully realized for another decade 
when a series of papers by Inagaki, Matsuda, and Kami- 
yama showed the ability of this technique to separate co- 
polymers on the basis of composition6 and extent of block- 
ing.? This was soon confirmed by other research groups8-11 
on a variety of copolymer systems. Other applications 
of tlc to polymer systems were soon forthcoming. Poly- 
(methyl methacrylates) were separated on the basis of tac- 
ticity12 and polystyrenes on the basis of molecular 
weight.13J4 The mechanism of tlc separations of macro- 
molecules which seems to involve a mixture of mechanisms 
of adsorption and phase separation has been studied by 
Kamiyama and Inagaki.15 

No commercial copolymer system is more important 
than that of butadiene and styrene and its many applica- 
tions need not be considered here.l6-l8 The very impor- 
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tance of butadiene-styrene copolymers has led to the 
commercial availability of materials of varying styrene 
content, butadiene microstructure, and extent of styrene 
blocking. Considerations of the polymerization kinetics 
(especially by anionic mechanisms) and reactor design for 
this system suggest that compositional heterogeneity may 
arise.lg They are thus an opportune system for study. 
From a purely scientific viewpoint, butadiene-styrene co- 
polymers present a considerable challenge in tlc for the 
difference in polarity between the structural units is con- 
siderably less than in the styrene-acrylate copolymers 
which have been previously successfully separated.6“ Not 
surprisingly the characterization of butadiene-styrene co- 
polymers has a long history, though most effort has been 
associated with the measurement of molecular weight dis- 
tribution and b r a ~ ~ t h i n g . ~ O - ~ ~  ,11 Investigations of composi- 
tional and microstructural heterogeneity in this copolymer 
system are of recent date and have utilized two different 
techniques, one based upon the analysis of the effluent 
from a gel permeation chromatograph (GPC)25,26 and a 
second involving tl~.9-1~32? The GPC method is based 
upon differences in molecular ~ i ze~~ ,28*29  and one is thus 
unable to determine compositional and microstructural 
heterogeneities at constant molecular size. In other words, 
for example, one is unable to distinguish a mixture of two 
homopolymers from a copolymer even with a dual-detec- 
tion system, when they are eluted a t  the same elution vel- 
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The stationary phase for the tlc experiments was Merck silica 
gel G which contains gypsum. One part (10 g) of this was slurried 
with two parts (20 ml) of water and applied as the stationary 
phase on a thick glass plate, A commercially available apparatus 
was used to adjust the thickness of the layer to 250 p. The gel 
phase was activated hy heating to 120' for more than one hour 
before use. Usually 20-50 pg of polymers was spotted on the gel 
layer at a 2-em distance from the edge, by means of drops of a 
stack solution from a microsyringe. The tlc stock solutions were 
1% by weight in toluene. The plate was dried for several minutes 
and then placed into B vessel containing the developing solvent. 
The developing solvent rose through the gel layer by capillary ac- 
tion. The solvent front was usually allowed to travel a distance of 
15 em from the edpe. The plate was then removed from the ves- 

t room temperature, and/or heated in an 
choice depended upon the solvents em- 

s, a gradient elution technique8 was used. 
was added after the front of an initial sol- 
ire) reached a distance of 5 cm from the 
n t  was added first rapidly and then gradu- 
a t  as the solvent front advanced 1 em, a 
of the second solvent was added and that 
front reached the distance of about 15 em 
.ed final composition has heen achieved. A 

byypLcaL rjluLlvll pmLb=nrr is shown in Figure la, in which 20 ml of 
CHCh was added to  50 ml of CCln during the total developing 
time of ahout 70 min. Figure l h  shows B chromatogram obtained 
... "...I I...__._. 

In order to visualize the polymer spots various solutions were 
sprayed onto the plates. These included: (i) a 1% Iz-methanol so- 
lution; (ii) a saturated solution of Thymol Blue in a 5050 volume 
mixture ?f ethanol and water followed by spraying with a 3 N 
H&On solution; (iii) 5% KMn04-8 N HzSOs solution; (iv) 3 N 
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HzS04 solution followed by charring a t  120°C. All of these tech- 
niques worked well for polybutadiene, butadiene-styrene copoly- 
mers, and poly(methy1 methacrylate). They were rather poor for 
polystyrene and not too good for polyisobutylene depending upon 
the developing solvent, drying conditions, etc. System ii (Thymol 
Blue-methanol-water + 3 N HzS04) was concluded to be the 
best for the polybutadiene-(butadiene-styrene copolymer)-poly- 
styrene system and was generally used. Visualized chromato- 
grams were recorded on high contrast film, each with a few differ- 
ent exposure speeds. 

For quantitative analysis of spot darkness (recorded on a film), 
we proceeded in the following manner. First we must establish a 
calibration of darkness intensity versus amount of polymer, which 
might not be a linear function over a wide range of polymer quan- 
tity. Secondly the darkness intensity of a specific amount of poly- 
mer may vary with styrene content. To investigate these, stock 
solutions each containing a known amount (5 g/li) of the poly- 
mers, polystyrene (PS), 48% styrene SBR (an-SBR-5), 25% sty- 
rene SBR (an-SBR-6), and polybutadiene (BR-3) were placed on 
chromatoplates in some cases to give spots having nearly the 
same size but different amounts of the polymers (e.g., Figure 2) ,  
and in some other cases to give spots having different sizes but 
nearly the same mass density (Le.,  the amount of polymer per 
unit area). The plates were dried, and the spots were visualized 
and photographed each with a few different speeds. Then the 
darkness of each spot was determined by photodensitometric 
tracings. In one trial each spot was scanned using a thin rectan- 
gular slit of relatively large width (comparable to the largest spot 
size). Then the intensity profile was graphically integrated to ob- 
tain the darkness of the spot. In the other trial, intensity deter- 
minations were made a t  several different positions on each spot 
with a square aperture sufficiently smaller than the smallest spot. 
Then the average value of the intensities was multiplied by the 
spot area to obtain the darkness of the spot. This latter method is 
essentially the same as the one employed earlier by Inagaki et al 
in the first successful attempt a t  quantitative analysis of compos- 
itionally heterogeneous (styrene-methyl acrylate) copolymers. 

Obviously absolute values of the darkness of a spot or a series 
of comparable spots varied somewhat from one tracing to the next 
depending on various factors such as visualization condition, ex- 
posure speeds, scanning procedures, etc. However we found that a 
series of tracings for each polymer species yield a fairly linear 
darkness us. amount of polymer relationship which does not level 
off until the spot density reaches to a very high level. Since the 
spot density on a film involves two factors, i e . ,  the actual mass 
density and the film density, the latter can be adjusted to accom- 
modate fairly high mass density spots (perhaps up to about 200- 
pg/cm2 level or more), by sacrificing the sensitivity toward very 
low-density spots. Furthermore we noticed that when the specific 
darkness ( -  the darkness/amount of polymer) is compared for 
different polymer spots in the same series of tracings, they invari- 
ably give nearly the same dependence on styrene content. The 
specific darkness us. styrene content relation is shown in Figure 2. 
In short the relation is relatively insensitive to the particular vi- 
sualization, photographing, and tracing procedures when the con- 
ditions are adequately chosen ( e .g . ,  adequate choice of sample 
size, uniform spraying of visualizing agent, adequate choice of ex- 
posure speed, etc.). As to the two tracing procedures we should 
give the following comments here. The tracing with a thin rectan- 
gular aperture shows poor response toward a spot of very high 
density and small size (compared with the aperture width). The ~ 

amount of polymer often tends to be underestimated. On the 
other hand, the multiple tracing with a very small aperture often 
shows poor performance for a spot with nonuniform blackness in 
the direction perpendicular to the scanning direction, which is 
often the case for spots or smears on an actual chromatogram. 
Neither of the methods works well for a spot of highly distorted 
shape and nonuniform density. This should be avoided by choos- 
ing adequate elution conditions, in the first place. We should add 
one more comment here. Namely, we have just mentioned that 
even fairly high mass density spots can be handled adequately by 
the photodensitometric tracing in the calibration experiments. 
This does not a t  all imply that one can place a large amount of 
sample in the actual tlc experiments. An overloading of a sample 
will surely result in an artifact yielding a highly irregular spot. 

Results and Discussion 
GPC A n a l y s i s  of Molecular Weight Distributions. 

The GPC traces for the different polymers and homopoly- 
mers s tudied  were converted to molecular weight distribu- 
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tions. For the polystyrenes investigated the conversion 
was carried out directly using the polystyrene calibration 
standards supplied by Waters Associates. For the polybu- 
tadienes and low styrene (25% or less)-butadiene copoly- 
mers, the conversion was carried out using a factor of 0.6 
of the polystyrene molecular weight as recommended by 
ow earlier work.ll No correction for axial d i s p e r s i ~ n ~ ~ - ~ ~  
was made. (It is our experience that such corrections are 
of the same order (or less) as the accuracy of measure- 
ments for molecular weight distribution in polydisperse 
polymers.) The results are summarized in Table I. Certain 
general but well-known conclusions can be drawn, in par- 
ticular, the broad molecular weight distributions of the 
emulsion-polymerized elastomers as opposed to those po- 
lymerized by alkyllithium catalysts, and the intermediate 
molecular weight distributions of the Ziegler catalyst po- 
lymerized high cis-polybutadienes.ll 

Tlc Studies with Single Solvents, General. The tlc 
data are expressed in terms of Rf  values which represent 
the movement of the polymeric species along the plate 
relative to the solvent front. Values of Rf are in the range 
from 0 to 1.0. Table I1 summarizes data for Rf  values of 
poly(methy1 methacrylate), polystyrene, butadiene-sty- 
rene copolymers (SBR) of different styrene content, poly- 
butadienes (BR) of different microstructure, and polyiso- 
butylene in single solvents. The list is more extensive than 
that of other works and we summarize the data in terms 
of the ordering of dielectric constant, C, and solubility pa- 
rameter 6 .33*34  

For all solvents above methyl ethyl ketone and below 
CC14 there is no development of any polymer except poly- 
isobutylene in the chromatogram. Intermediate solvents 
like tetrahydrofuran (Hlfuran), toluene, benzene, and xy- 
lene which are good solvents for both polystyrene and 
polybutadiene completely develop all polymers except 
poly(methy1 methacrylate) giving Rf values of about 1.0. 
Partial development is found for solvents in the upper sol- 
ubility parameter and dielectric constant range such as 
ethyl acetate. I t  is also seen to a lesser extent in cc14 on 
the low-solubility parameter side. Ethyl acetate is the 
best individual solvent for optimizing differential develop- 
ment of the polymers studied. 

Interpretation of Single Solvent Tlc Experiments. 
These results may be interpreted in the following manner. 
For a polymer to be completely developed (Rf l), two cri- 
teria must be satisfied. First the polymer must be soluble 
in the solvent. Otherwise the polymer spot will simply re- 
main at  its starting point. Secondly the solvent must be 
as polar or more polar than the polymer, so that the sol- 
vent molecules will be adsorbed to a greater extent on the 
silica gel substrate, releasing the polymer molecules from 
the substrate to be developed. Thus consider polystyrene 
in the series of solvents investigated. No development is 
possible in CH30H, acetone, or n-heptane because the 
polymer does not dissolve in these solvents. Polystyrene is 
soluble in cc14 but no development is possible because its 
greater polarity results in it being strongly adsorbed by 
the silica gel. In p-xylene, benzene, toluene, CHC13, Hlfu- 
ran, ethyl acetate, and methyl ethyl ketone, the polysty- 
rene is soluble and is fully developed because the solvents 
are as polar or more polar than the polymer. The same 
tendencies may be seen in the considerably more polar 

(30) F. W.  Billmeyer, G. W. Johnson, and R. N. Kelley, J .  Chromatogr., 

(31) M. Iwama, N. Tagata, and T. Homma, Kogyo Kagaku Zasshi, 73, 764 

(32) W. V. Smith, Rubber Chem. Technol., 45,667 (1972). 
(33) J. H. Hildebrand and R. L. Scott, “The Solubility of Non-Electro- 

lytes” 3rd ed, Reinhold, New York, N. Y., 1950. 
(34) J. Brandrup and E. H. Immergut, “Polymer Handbook,” Wiley, New 

York, N. Y., 1966. 

34,316 (1968). 

(1970). 

poly(methy1 methacrylate) which is (i) insoluble and un- 
developed in CH30H, n-heptane, and cyclohexane; (ii) 
soluble but is not developed in the less polar cc14, p-xy- 
lene, benzene, toluene, and CHC13; (iii) soluble and de- 
veloped in the very polar Hlfuran, ethyl acetate, methyl 
ethyl ketone, and acetone. An extreme case showing the 
same behavior is the very nonpolar polyisobutylene which 
is insoluble and undeveloped in CH30H, methyl ethyl ke- 
tone, and ethyl acetate; but is fully developed in every 
listed solvent in which it dissolves for these are all as 
polar or more polar. 

Two criteria may be seen to exist for choosing devel- 
oping solvents to separate different polymeric species 
spotted on a thin silica gel layer. These are distinctions in 
solubility and distinctions in polarity. The choice of sol- 
vents for the different types of separation may be based 
upon classifying them (relative to each polymer) in the 
following four groups: (1) more polar (larger dielectric 
constant, C )  and nonsolvent (large difference solubility pa- 
rameter Jbsolv  - dpolymerl = A6);  (2) more polar (larger e )  
and solvent (moderate A6);  (3) less polar (smaller C) and 
solvent (moderate 16); (4) less polar (smaller C) and non- 
solvent (large A6). Tlc separations based upon phase sepa- 
ration due to solubility would use solvents which are in 
group 1 (or 4) for one of the polymers and group 2 for the 
other. Separations based upon adsorption would involve a 
solvent in group 2 for one polymer and group 3 for the 
other. The us: of solubility may be seen in separation of 
polystyrene and poly( methyl methacrylate) with acetone, 
which is in group 1 for the former and group 2 for the lat- 
ter and polystyrene and polyisobutylene with n-heptane 
which is in group 4 for the former and in group 2 for the 
latter. The adsorption mechanism may be used in sepa- 
rating the same two pairs of polymers with benzene and 
CC14, respectively. Benzene is in group 2 for polystyrene 
and group 3 for poly(methy1 methacrylate) while cc14 is 
in group 3 for polystyrene and group 2 for polyisobutylene. 

The problem of separating the butadiene-styrene co- 
polymer system should now be very clear. There are only 
very minor differences in solubility and polarity between 
polystyrene and polybutadiene. Methyl ethyl ketone and 
ethyl acetate are in group 2 for polystyrene and group 1 
for polybutadiene and thus allow solubility based separa- 
tions. The copolymers are partially developed by ethyl ac- 
etate, but exhibit no development in the methyl ethyl ke- 
tone. cc14 which is in group 3 for polystyrene and in 
group 3 but near the group 2 interface for polybutadiene 
allows some adsorption based separation. 

There is a serious possible aberration of solubility based 
tlc separations of copolymers according to composition for 
the solubility of copolymers varies considerably with mo- 
lecular weight as well as composition. Indeed solubility 
has long been known as method of fractionation of poly- 
mers on the basis of molecular weight35 and this tech- 
nique has been frequently used on polybutadienes and bu- 
tadiene-styrene copolymers.20-22 Kamiyama and Inagakils 
have argued that tlc separations of polystyrene according 
to molecular weight proceed by a solubility-phase separa- 
tion mechanism. In our earlier paper we proposed ethyl 
acetate based systems to separate butadiene-styrene co- 
polymers according to cornposition.ll However our in- 
creased realization of possible molecular weight effects 
has led us to be wary of problems in this procedure. 

What may we say about adsorption mechanism schemes 
for tlc separations according to composition. While there 
have been some studies3640 of molecular weight effect in 
adsorption onto various adsorbents including silica37 ,39,40 

(35) H. Staudinger and H. F. Bondy, Ann.,  488, 153 (1931). 
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Table I1 
Rf Values for Single Solvent Systemso 

Values of Rf 

Solu- an-SBR-5 an-SBR-6 
Dielectric bility PS B-S = B-S 
Constant, Param- PMMA 8.5 - 52:48 76:24 BR-3 PIB 

CHsOH 3fl. 6 14.5 0 (N). 0 (N) 0 (N) 0 (N) 0 (N) 0 (N) 0 (N) 
0 (N) 

(N) 0 (N) 
Acetone 21.. 3 9.9 0.9-1.0 0 (N) 0 (N) 0 (N) 0 (N) 
Methyl ethyl 18.5 9.3 0.9-1.0 1.0 0 (N) 0 (N) 0 (N) 0 (N) 

Ethyl acetate 6.02 9.1 1 . 0  1.0 0.7-0.gd 0-0.4d 0 -+ (N) 0 -+ iN) 0 (N) 
Tetrahydro- 7.42 9 . 4  1.0 1.0 1 . 0 d  1.0d 1.0' (?) 1 . 0 d  i?) 1 . 0  (?) 

CHCL 4.62 9.3 0 1.0 0.8-1.0d 0.8-1.0' 0.7-1.0' 0.8-1.0d 1.0 
Toluene ;!. 38 8.9 0 1.0 1.0d 1.0d 1 . 0 d  1 . 0 d  1.0 
Benzene $! .28 9.2 0 1.0 1.0d 1.0d 1.0d 1.0' 1.0 
p - X  ylene 2! ,  27 8.8 O ( 6 )  1.0 1.0d 1 . 0 d  1.0d 1.0d 1.0 
CCla 2!.238 8.6 0 (N) 0 0 0 0-0.4 0 + O . l  1.0 
Cyclohexane 2!.023 8.2 0 (N) 0 (6 )  0 0 0 0 1 . 0  

Solvent e eter,b 6 8.9 N 12.7e 113.6~ 8.5 N 9.0' 8.1 N b.6E 8.1 N 8.13 cis-BR-4e 7.1 - 8.3e 

ketone 

furan 

n-Heptane 3. . 9 7 .4  0 (N) 0 (N) 0 (N) 0 0 0 0.8-1,O 

a Materials are: Ph![MA = DuPont Lucite 147; PS = Dow Styron 678; PIB = Enjay Vistanex L100. b Solubility parameter 
(N) indicates the polymer is not soluble; (e) indicates 6 solvent. d Also spot a t  zero. e Solubility values were taken from ref 34. 

parameters of polymers studied. 

Table I11 
Rf Values for CHCla-CClr and H$uran-CHIOH Systems with Fixed Composition 

an-SBR-5 an-SBR-6 
Solvent (v/v) PMMA PST B-S = 52:48 B-S = 76:24 BR-3 cis-Br-4 P IB  
CHClpCCla 

10: 90 
20 : 80 
40:60 

H4furan-CH80H 

80:20 
75 : 25 

0:lOO 

100: 0 

0 0 0 0 
0 0 0 0-0.24 
0 0 0.1-0.35a 0.6-1. Oa 
0 0.9-1.0 0.9-1, OQ 0.7-1. Oa 

1.0 1.0 1 . o a  1 , O Q  
0.9-1.0 0.8-1.0 0.6-0.7' 0,5-0. 6a 
0.9-1.0 0.8-1.0 0.6-0.P 0.4-0. 6a 

0 .  2tia 70: 30 0.9-1.0 ? 0.4a 
60:40 0.9-1.0 0.1-0.3 0 
50: 50 0.9-1.0 0 0 
30:70 0.9-1.0 0 0 

0 :  100 0 0 0 

a Also spot a t  zero. 

the situation is not entirely clear because of molecular 
sieving  effect^^^.^^ arid apparent differences in molecular 
weight dependence u.pon adsorption rates and equilibri- 

However after a study of the literature, one can 
only conclude that the dependence of adsorption upon 
molecular weight is considerably weaker than that of solu- 
bility, as far as the tlc separation is concerned. 

Tlc Separation of Styrene-Butadiene Copolymers, 
Preliminary. It was clear to us that no individual solvent 
that  we studied was good enough to carry out a separation 
of butadiene-styrene copolymers according to composi- 
tion. Ethyl acetate 01' methyl ethyl ketone based schemes 
seem questionable because of the solubility mechanisms 
involved. Only cc14 hlas the proper level of polarity to dis- 
tinguish a t  all between the polymers with respect to ad- 
sorption. However the adsorption of the polymers is too 
strong. It thus seemed reasonable to look at mixtures of a 

(3s) J .  S. Binford and A. M .  Gessler, J.  Phys. Chem., 63,1376 (1959). 
(37) G. J .  Howard and P. McConnel1,J. Phys. Chem., 71,2974 (1967). 
(38) G. J. Howard and P. MaConnell, J. Phys. Chem., 71,2981 (1967). 
(39) J.  M .  Herd, A. J.  Hoplkin, and G .  J. Howard, J.  Polym. Sei., Part C, 

(40) G. J .  Howard and S. J. Woods, J.  Polym. Sci., Part A-2, 10, 1023 

(41) J.  L. White and G. W. Kingry, J. Appl .  Polym. Sci., 14,2723 (1970). 
(42) G. S. Sadakne and J .  L. White, J.  Appl.  Polym. Sci., 17,453 (1973). 

34,211 (1971). 

(1972). 

0 
0.66-0. ga 
0.8-1. Oa 
0,7-1.On 

1 . o a  
0.3-0.5' 
0.25-0.5" 
0.25-0. 6a 

0 
0.8-0.9' 
0.8-1.0' 
0.8-1. Oa 

1 . o a  
0.3-0. 6a 
0.25-0.5' 
0.25-0, 6a 

1.0 
1.0 
1.0 
1.0 

1.0 
0 
0 
0 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

solvent in group 3 (e.g., cyclohexane or cc14) and a sec- 
ond solvent which is in group 2 with respect to both poly- 
styrene and polybutadiene. Such a second solvent should 
decrease the strength of adsorption of both styrene and 
butadiene units. 

From Table I1 we selected several binary solvent 
mixtures to check the adequate level of composition for 
separating the polymers. They included Hlfuran-cyclo- 
hexane, toluene-cyclohexane, benzene-cyclohexane, H4fu- 
ran-CC14, and CHC13-CC14. From these systems we have 
chosen CHC13 as a suitable second solvent to add to a first 
solvent cc14. Table I11 summarizes R f  values for the sev- 
eral reference polymers developed with CHC13-CC14 
mixtures with varying compositions. 

Tagata and Hommalg have applied a system based 
upon cyclohexane and benzene to butadiene-styrene co- 
polymers. Here cyclohexane plays a role similar to cc14 as 
the low polarity solvent and benzene a role equivalent to 
CHC13. We have tested this solvent system and found that 
the Rf values of polystyrenes are slightly dependent on 
molecular weight. Empirically this seems to be related to 
the small difference in dielectric constant between the 
two solvents and has been observed by InagakP  in other 
systems. The reasons for this are not obvious. 

To devise a tlc scheme to separate polymers according 
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Figure 3. Establishment of calibration of tlc plate with narrow 
compositional and molecular weight distribution samples for the 
purpose of studying compositional heterogeneity. 

to molecular weight rather than composition, one must 
use a solubility mechanism. Polystyrenes have been sepa- 
rated by different researchers on the basis of molecular 
weight using mixtures of group 1 and group 2 solvents. 
Otocka and Hellman13 have used acetone-CHCl3, while 
Kamiyama, Matsuda. and Inagaki14 have shown that ace- 
tone-benzene has utility. The latter authors have shown 
that a much better separation is possible using a quater- 
nary system acetone-ethanol-butanone-benzene, all of 
which are group 1 or group 2 solvents with respect to poly- 
styrene. Separations might also be possible using group 2 
and group 4 solvents. However adsorption phenomena 
would certainly become involved. As the molecular weight 
dependence of adsorption is as we have mentioned much 
weaker than solubility, such a solvent mixture would 
probably not be effective. Our interest in this paper is in 
copolymers where we may have compositional as well as 
molecular weight heterogeneity and thus adsorption phe- 
nomena are to be avoided. Again we tested several binary 
mixtures from Table 11 and have chosen to use CH30H, a 
group 1 solvent together with Hsfuran a group 2 solvent. 
Table 111 also summarizes R f  values for the reference 
polymers developed with H~furan-CH3OH mixtures of 
varying compositions. 

A crucial problem which arises during the development 
of the diene polymers is that usually two (or more) spots 
were observed, one always located at  the origin (R ,  0). 
The same observation was made earlier by Quisenber- 
rylo,ll who argued that the spot at  zero is an impurity, prob- 
ably gels. Exposure to light during the development was 
suspected to be a cause of such gels. Therefore develop- 
ment was attempted in a darkroom to avoid exposure to 
light. The attempt however did not help reduce the spot 
at  zero. The presence of this spot may cause difficulty in 
making a quantitative analysis, in the sense that the poly- 
mer eluted to form the main spot might not be represen- 
tative of the whole polymer samples placed initially at  the 
  rig in.^ 

Another interesting detailed observation in the develop- 
ment using H4furan-CH3OH systems was that polystyrene 
migrated toward the interface between the glass plate and 
the silica gel layer and often becomes hardly visible from 
the silica gel side, but you can locate the spot by looking 
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Figure 4. Integral compositional distribution curves for some alk- 
yllithium-polymerized SBRs from tlc experiments. 
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Figure 5. Integral compositional distribution curves for some alk- 
yllithium-polymerized SBRs of block or tapered structure from tlc 
experiments. 

from the reverse side. This could be a drawback for using 
this eluting system. Similar behavior has been found for 
other systems. 

Tlc Method for Determining SBR Compositional 
Heterogeneity. We will now attempt to apply this tech- 
nique as an analytical tool to study compositional hetero- 
geneity in the copolymers investigated. A limited number 
of narrow compositional and molecular weight distribu- 
tion copolymers were available to us. These included 
Pressure Chemical anionically polymerized polystyrenes 
(PS-10, 36, 355) of varying molecular weight and butadi- 
ene-styrene copolymers (SBR-1, 2, 3, 4) kindly supplied 
to us by G. Kraus of Phillips Petroleum. Three fractions 
of a commercial polybutadiene were supplied to us by N. 
Donkai of Kyoto University who prepared them by frac- 
tionation with benzene and methanol. Various commercial 
polybutadienes and SBRs with different butadiene micro- 
structures were available. An elution gradient technique 
was used in which CHC13 was added to cc14 until it  
reaches a 20:50 ratio. I t  can be seen from Table IV that 
with this CHC13-CC14 development system all of the poly- 
styrene samples are bunched together in a narrow Rf 
range independent of molecular weight. The specially pre- 
pared Phillips Petroleum samples similarly have narrow 
Rf bands. A uniform variation of R f  with styrene content 
may be noted if one contrasts the polystyrenes, the sam- 
ples from Kraus and the polybutadienes. I t  is worthwhile 
to note that the CHC13-CC14 system allows us to  separate 
high cis-polybutadiene (cis-BR) from other anionically 
and/or radically polymerized polybutadienes. This 
suggests that an adequate adjustment of the elution gra- 
dient along this line would enable one to make analysis of 
the polybutadiene microstructures. 

Let us now turn to a quantitative view. It is first neces- 
sary to obtain a calibration curve. The polybutadienes, 
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styrenes and SBRs 1-4 were used as standards. In 
I run a few commercial polymers (test samples) were 
!loped on a chromatoplate simultaneously with the 
dard polymers. After visualization photometric trac- 
were run over the standards as well as the test poly- 

3. For a few cases the two methods of tracings were 
bcabed. In one run, darkness of a chromatographic smear 
was determined continuously along the elution direction 
as a function of distance r from the origin with a slit very 
narrow in the r direction but sufficiently wide to accom- 
modate the widest part of the smear in a single run. The 
recorded intensity multiplied by Ar gives the darkness at 
the location r. In the other run the same smear was 
scanned along three different lines, one passing through 
nearly the center line of the smear in the elution direc- 
tion, with a very narrow aperture. Three intensity read- 
ings were adequately averaged, Iav(r),  and corrected 
against the corresponding area, AyAr, Ay being the smear 
width a t  r. Then Iav(r)AyAr gives the darkness a t  r .  When 
these two darkness us. r functions were normalized, we 
found that the both functions gave practically the same 
result. However, since even slight distortion and nonuni- 
formity (particularly in the y direction) of smears which 
were often inevitable gave rise to a difficulty in processing 
the data of the triple-scanning method with the narrow 
aperture, we employed the single scanning method with 
the wide slit. This in turn might have caused inaccurate 
readings especially of the leading threadlike portion of a 
smear (cf. Figure lh).  However hopefully this might not 
cause.a serious error, since it is rather inconceivable that 
this leading portion would have an extremely high mass 
density and have contained a large amount of polymer 
comparable to that of other wider portions of the smear. 

A calibration curve for the Rr us. styrene content rela- 
tion was developed as follows. First the average value of 
Rr, i.e., Rr for the standards was calculated by assuming 
the standards have no compositional heterogeneity 

- 

I(R, = r / r J  = (intensity a t  r )  (la) 

K = J”Rrd~(Rr)/J”dI(Er) (Ih) 
where r. is the distance of the solvent front and the inte- 
gration was taken only over the main smears migrated 
from the origin. Then the Rr values were plotted against 
the weight per cent styrene X of the standards (see Figure 
3 and Table IV).’ 

We are now in a position to compute average composi- 
tion and compositional distributions from the R r  smears 
for the test copolymers. This can he readily done by using 
the two calibrations, the relative specific darkness US. sty- 
rene content X relation (Figure 2) and the Rr us. X rela- 
tion for the standard samples (Figure 3). 

W ( X )  = [amount of polymer with composition XI a 

[I(Rr), intensity a t  R, corresponding to Xfrom Figure 31. 
[amount of polymer per intensity corresponding to X 

from Figure 21 (2a) 

Macromolecules 

tic variance = X’ - (2)‘ = 

Figure 6. A typical chromatogram obtained by a H,furan- 
CHJOH elution gradient development. The samples tested were 
the Same as shown in Figure lb. 

where WT is the mass of the copolymer developed from 
the origin and does not include the mass of the undevel- 
oped copolymer. These equations were applied to each 
chromatogram obtained by the CHC13-CC14 elution gradi- 
ent system. Needless to say, the use of these equations 
does not require any explicit knowledge of absolute dark- 
ness of the spots a t  all, hut only of relative darkness as  a 
function of r together with the knowledge of Figures 2 and 
3. These tlc values of X and the variance are listed in 
Table IV. On carrying out the calculation, we have ne- 
glected the contribution of the spot a t  zero, hut simply 
Evaluated its amount relative to the main Rr smear, Wo/ 
WT, where 

Wo = [total amount of polymer in the spot a t  originla 
[intensity integrated over the spot a t  origin) 

[amount of polymer per intensity corresponding to 
from Figure 21 (3) 

l’he values 100 X Wo/ WT are listed as  the per cent resi- 
due a t  origin. There is general agreement between the tlc 
and uv X values. Figures 4 and 5 show compositional (in- 
tegral) distribution curves for some of the commercial co- 
polymers studied. 

Some of the results are of considerable interest especial- 
ly the apparently bimodal distributions in an-SBRs-9 and 
-10, which are made by the same company. Certainly the 
manufacture of an-SBRs-9 and -10 involve much different 
reactor designs than the other alkyllithium SBRs. This is 
also suggested by their butadiene microstructure and ap- 
parently more random character than an-SBRd. There 
are also differences between the emulsion SBRs. The em- 
SBR-12 has less heterogeneity than em-SBRs-13, -14, and 
-15. The em-SBR-12 is a hot-SBR polymerized a t  50” 
while the em-SBRs-13, -14, and-15 are cold 5” polymer- 
ized copolymers. The em-SBR-12 would he expected to 
have more long-chain branching and a low molecular 
weight tailz0 as well as a lower trans-1,4 and higher cis-l,4 
~ o n t e n t . ~ ~ . ~ ~  Only limited studies related to compositional 
heterogeneity exist for emulsion SBR16.44 and these imply 
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Figure 7. Establishment of calibration of tlc plate with narrow 
compositional and molecular weight distribution samples for the 
purpose of studying molecular weight distributions in copolymers. 
(a, top) Rf us. log M w  relation, and (b, bottom) Rf us. X relation 
compared at  the Mw level of lo5. 

heterogeneity decreases with decreasing polymerization 
temperature opposite t o  our observation. Also of great im- 
portance is that  em-SBR-12 is made by a different com- 
pany with a somewhat different technology than the man- 
ufacturer of em-SBR-1,3, -14, and -15. 

The above findings must be considered approximate be- 
cause of the errors inherent in (1) the Rf  - X calibration 
method; (2) the photodensitometer tracings; and perhaps 
most importantly (31 dispersion processes in the tlc 
which lead to tailing of the spot toward the styrene rich 
side. At the moment we know nothing about the effects of 
various other factors such as the heterogeneity in the mi- 
crostructures, the extent of blocking, the branching and 
even the molecular weight which might influence the 
broadness of Rf smears. 

Tlc Method for Molecular Weight Distribution. In the 
solubility-based separation also it was obvious that no in- 
dividual solvent or binary mixture was sufficient to attain 
good separation. Again an elution gradient technique was 
used in which H4furan was added to a 30:20 Hlfuran- 
CH30H (v/v) ratio until it reaches a 70:20 ratio. The 
mixing pattern was similar to the CHC13-CC14 system (cf 
Figure 1) except the total development time required was 
usually about 40 min. Figure 6 shows a typical example of 
the chromatograms. Table IV also summarizes Rf  values 

(43) R R Hampton, A m l  Chem , 21,923 (1949) 
(4) A W Meyer, Ind Eng (‘hem, 41,1570 (1949) 
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obtained by the Hrfuran-CH3OH system for the various 
polymers tested in this program. The Rf  values for the 
reference polymers are plotted against log (molecular 
weight) and also against average composition x. The re- 
sults are shown in Figure 7. 

In contrast to the CHC13-CC14 system, polystyrenes are 
developed more than polybutadienes and the copolymers 
are developed to an intermediate extent by the H4furan- 
CH30H system. However if we contrast only the polysty- 
rene samples, we see that the narrow molecular weight 
distribution Pressure Chemical samples only exist in a 
limited Rr range with the higher molecular weight poly- 
mers possessing smaller Rf values. The Phillips Petroleum 
narrow compositional and molecular weight distribution 
copolymers are also narrow spots. The emulsion copoly- 
mers develop into broad smears, while the commercial al- 
kyllithium polymerized copolymers form relatively narrow 
spots. This is in general agreement with GPC data dis- 
cussed earlier, which indicated the emulsion polymerized 
polymers had broad molecular weight distributions and 
the alkyllithium copolymers rather narrow distributions. 

The above discussion is qualitative and we must now 
turn to a quantitative analysis. The problem we face is 
more difficult than that considered by earlier tlc research- 
ers for we seek to determine molecular weight distribu- 
tions in copolymers possessing compositional heterogene- 
ity. In a solubility-based development the Rf  value of any 
particular copolymer species depends both upon its mo- 
lecular weight M and its styrene content X .  This is cer- 
tainly the case for the present systems. 

By comparing the R f  and molecular weight values for 
the narrow distribution polystyrenes we found that Rf  
varied almost linearly with the logarithm of the molecular 
weight 

R ,  = C, - C, log M (4) 

where C1 and Cz are constants in agreement with the ob- 
servations of Otockal3 and Kamiyama, Matsuda, and h a -  
gaki.14 For polybutadienes, although the samples avail- 
able do not have very narrow distributions, similar loga- 
rithmic dependence of Rf  on molecular weight appears to 
hold, if the weight-average values M ,  are compared with 
Rf  (cf. Figure 7). From inspection of Figure 7b we see that 
Rf  varies in an approximately linear fashion with compo- 
sition X ,  if the values are compared a t  a same molecular 
weight level. This suggests that, for copolymers, eq 4 
could be modified or rather generalized to 

R, = ( A ,  + B , X )  - ( A ,  + B,X)*log M ( 5 )  

where AI ,  B1, Az, and Bz are constants. Values of these 
constants were assigned using the various narrow distribu- 
tion polystyrenes, SBRs and polybutadiene fractions. In a 
typical case (cf. Figure 7 )  it was found that 

R,  = (L16 + 0.40X) - 0.19 log M ( 6 )  

In calculating molecular weight distributions for a copoly- 
mer sample from its Rf  smear, we assumed that the smear 
is primarily due to its molecular weight distribution and 
used the average composition x instead of X in eq 5. 
Again undeveloped residue a t  the origin was neglected. 
Thus the distribution is 

W ( M )  = [amount of polymer with molecular weight M ] 

M and X from eq 51 (7). 

Table IV summarizes the results of the Hrfuran- 
CHJOH system and the calculated molecular weight dis- 

a [intensity a t  R f  = R X M , X )  corresponding to 
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tributions from the tlc together with the GPC results 
cited earlier. There is certainly qualitative though not 
quantitative agreement here. 

Comparing the tlc and GPC results, we notice that the 
former always predicts much narrower distribution than 
does the latter. Previous reports13J4 showed good agree- 
ment between the two results a t  least for polystyrenes. 
The disagreement found here for a narrow distribution 
polystyrene, PS-355, is presumably due to the observation 
mentioned earlier that polystyrene developed by H4furan- 
CHsOH system migrated toward the glass-silica gel inter- 
face becoming hardly visible from the silica gel side. On 
the other hand, the disagreement found for various SBRs 
and polybutadienes may be partly due to the undeveloped 
residue a t  the origin. The amount of the residue is sub- 
stantially larger in this Hlfuran-CHsOH system than in 
the CHC13-CCl4 system. 

Several comments are necessary here. First, no correc- 
tions for dispersion have been made and there would cer- 
tainly seem to be upward tailing. Furthermore our cali- 
bration standards are much better at  higher styrene than 
a t  lower styrene levels. Specifically we had to narrow dis- 
tribution polybutadienes a t  our disposal. This will proba- 
bly lead to greater errors in polybutadienes and low sty- 
rene SBRs. The H4furan-CHaOH system shows a large 

dependence of Rf on X. This could be improved by 
employing a more adequate system probably consisting of 
three or four solvent mixtures. 

Concluding Remarks 
Copolymers may be separated by tlc according to com- 

position or molecular weight. We have in this paper devel- 
oped tlc techniques for separating one particular copoly- 
mer system, butadiene-styrene, which had industrial im- 
portance. It was shown that using elution gradient tech- 
niques based upon relatively nonpolar solvents leads to 
separation according to composition by an adsorption 
mechanism. Use of very polar solvent-nonsolvent mixtures 
leads to separation primarily according to molecular 
weight. By suitable calibration the tlc smears may be in- 
terpreted quantitatively as compositional heterogeneity 
and molecular weight distribution. This procedure should 
be applicable to other copolymer systems. 
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ABSTRACT: Radical polymerizations of styrene and of methyl methacrylate (MMA) initiated by some azo sul- 
fones were investigated to determine chain-transfer constants to azo sulfones with polystyryl and poly(MMA) 
radicals, respectively; with the former radical the constants at 70" were found to be 9.7 @-methoxyphenyl phenyl- 
azo sulfone) to 23.4 (methyl phenylazo sulfone, MPAS) comparable to those of mercaptans, but with latter radi- 
cal, the constant was practically zero. Thus, the relative rate constants for induced decomposition of azo sulfones 
with the polystyryl radical a t  70" were correlated with Hammett's u values of p = + 0 5 .  Telomerizations of sty- 
rene, 1-hexene, and MMA, except a phenyl phenylazo sulfone (PPAS)-1-hexene system, were also studied by 
using an excess of the azo sulfone over monomer concentration; reaction of PPAS with styrene gave a hydrazone 
type product, CBHJSO~CHZC(C~HS)=N-NHCBHJ, suggesting that chain-transfer reaction to PPAS with the 
polystyryl radical could occur to give a hydrazone-type end group uia hydrogen transfer from azo-type ending. On 
the other hand, the azo-type product, CH~SOZCHZCH(CBHJ)-N=NC~HS, was obtained from the reaction of 
MPAS with styrene. The implications with respect to the reaction mechanism of azo sulfone with monomers are 
discussed on the basis of the results of the polymerization and telomerization. 

In the course of a study of the radical copolymerization 
of sulfur dioxide and styrene,1%2 it seemed interesting to 
investigate the induced formation of sulfonyl radicals from 
the reaction of sulfonyl compounds with polystyryl and 
other carbon radicals. It is well known that sulfonyl radi- 
cals can be generated easily from the homolytic scission of 
azo sulfones. The thermal decomposition of azo sulfones 
in solvents was extensively studied by O~erbe rge r ,~  s 4  

Kice,9,6 and K ~ j i m a , ~  and their collaborators. They deter- 

(1) M. Matsuda and M. Iino, Macromolecules, 2, 216 (1969). 
(2 )  M. Matsuda, M. Iino, T. Hirayama, and T. Miyashita, Macromolec- 

(3) A .  J .  Rosenthal and C.  G. Overberger, J. Amer. Chem. SOC., 82, 108 

(4) C. G. Overberger and A. J .  Rosenthal, J .  Amer. Chem. Soc., 82, 117 

(5) J .  L. Kice and R. S. Gabrielsen, J. Org. Chem., 35, 1004 (1970). 
(6) J .  L. Kice and R. S. Gabrielsen, J .  Org. Chem., 35, 1010 (1970). 
( 7 )  M. Kojima, H. Minato, and M. Kobayashi, Bull. Chem. SOC.  Jap., 45, 

ules, 5 ,  240 (1972). 

( 1960). 

(1960). 

2032 (1972). 

mined the rate constants for unimolecular decomposition 
of azo sulfones and identified the decomposition products. 
We have used azo sulfones (R-S02-N=N-C6Hs, con- 
taining R = CH3, C6H&H2, and p-X-CsH4) to 
homolytically decompose to yield both sulfonyl and phe- 
nyl radicals and nitrogen. Benzylsulfonyl radical which 

R--SO,N&H, + R-SO,. + CbHj. + NL (1) 

may result from the homolysis of benzyl phenylazo sul- 
fone, C&,CH2SOzN2C6H5, further decomposes to ben- 
zyl radical and sulfur dioxide.6 Overberger and R ~ s e n t h a l ~ . ~  

C H,CH,SO,* + ChHSCH,. + SO, ( 2) 

also studied the polymerization of styrene initiated by 
phenyl phenylazo sulfone and they confirmed the incorpo- 
ration of both phenylsulfonyl (C6H&&-) and phenylazo 
[ C&-N=N-) groups at  the polystyrene endings. Ueha- 


