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Abstract—Feasibilities of thin-layer chromatography (TLC) and its combination with gel permeation chromatog-
raphy in characterization of block and graft copolymers are discussed. The simplest application of TLC is to test the
purity of block and graft samples having been subjected to purification treatment. TLC allows further to determine
the compositional heterogeneity of block copolymers without interference of molecular weight, and to distinguish
block samples by the difference in block sequence even on the same composition level. The latter applicability is
illustrated for styrene-butadiene copolymers with different chain architecture. Finally two applications of TLC as a
tool for characterization of graft systems are described: one is to isolate side-chain polymers truely grafted on mother
polymer chains, and the other to isolate true graft copolymers from reaction products.

1. INTRODUCTION

Since polymer chemistry was established by Staudinger
by introducing the concept termed as the "polymolecular-
ity" or "polydispersity", polymer chemists have been
inclined to characterize a given polymeric substance in
terms of average quantities. This is in sharp contrast to
chemistry of low-molecular-weight compounds. The
reason may be attributed to lack of the knowledge of
adequate separation technique for polymeric substances.
Especially, various separation problems specific to
copolymers are remaining still unsolved even after the
successful introduction of gel permeation chromatog-
raphy (GPC).' The difficulty in separating copolymers
originates largely from unfavorable effects due to the
superposition of heterogeneities in composition and
molecular weight. Hence, cross fractionation is needed
but impractical because of its time-consuming nature and
the difficulty in selecting appropriate pairs of solvent and
nonsolvent.

Most of reaction products of block and graft copolym-
ers are contaminated by unreacted and partially reacted
mother polymers, and/or attendant homopolymers. For
the purpose of characterizing block and graft copolymers,
therefore, a method for isolating the aimed component
from a given reaction product should be worked out.
However, such isolation is, often, hardly achievable not
only for the general reason just mentioned above but also
for another reason specific to block and graft copolymers.
That is to say: in solution state, block and graft copolym-
ers are apt to act as emulsifier to reduce the incompatible
nature of different polymer species.2 This action makes
the isolation hazardous, especially, when fractional pre-
cipitation or dissolution technique is employed.

Our main concern in this contribution is to describe
some applications of two chromatographic methods,
namely thin-layer chromatography (TLC) and GPC, to the
separation and characterization of block and graft
copolymers. Although TLC has been in existence for a
long time,3 no attempt to introduce it to polymer separa-
tion had appeared before Russian investigators4 and our
research group5 independently proved its favorable
utilities. This article will begin with a brief introduction to

TLC as applied to polymer chemistry since this experi-
mental method might be fairly new for most polymer
chemists.

2. SEPARATION MECHANISMS IN TLC

A TLC system is composed of three elements: a
stationary phase, which is a thin layer formed mostly on a
glass plate with adsorbent like silica gel, a mobile phase,
which is any solvent used as the developer (carrier of
sample), and a sample. TLC separation of a sample
mixture is effected because the migration of each
component relative to the mobile phase is retarded
preferentially by the stationary phase. Of such retarding
actions, those which are most important for polymer
separation may be classified into three mechanisms,6 which
involve adsorption—desorption process, "phase-
separation" or precipitation process, and molecular sieving
process.
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2.1 Adsorption mechanism
To discuss the adsorption mechanism, three types of

interactions among the adsorbent (A), the developer
solvent (D) and the sample polymer (P) are considered,
being abbreviated as the interaction [A—D], [A—Fl and
[D—P]. When the interaction [A—D] is stronger than
[A—F], the active sites on adsorbent will be occupied
predominantly by the solvent molecules so that the sam-
ple polymer molecules are desorbed from adsorbent. This
means that the sample polymer migrates to the moving
direction of mobile phase. The migration rate of sample
on a given adsorbent is decided therefore by a balance
between the strengths of [A—D] and [A—F]. The most
important quantity to characterize a given sample in TLC,
is this migration rate normalized to that of the mobile
phase, which is often denoted by R1. The value of Rf is
zero when no sample migration takes place, while it goes
to unity when the sample migrates at the same rate as that
of the mobile phase.

The strength of [A—D] for a given developer solvent
may be preestimated roughly for the so-called "eluo-
tropic series",36 which is an arrangement of various sol-
vents according to their increasing polarities represented
by dielectric constant, and more exactly from a series of
"solvent strength parameters", which were defined semi-
empirically by Snyder based on his theory of adsorption
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chromatography.7 On the other hand, the strength of
[A—P] is correlated to the adsorption energy and area of
sample molecule on a given adsorbent surface, which
were elucidated by Snyder in terms of the molecular
structure of samples.7 For polymeric samples, the interac-
tion [A—P] may be preestimated on the basis of the
molecular structure of their monomeric units.8

The preestimate of these interactions will serve as a
great help in selecting appropriate developer solvents or
mixtures. However, the interaction [D—P] should also be
taken into account in such a way that the developer cn
dissolve the sample polymer well.8 In addition it should be
mentioned that inorganic adsorbents, e.g. silica gel and
alumina, can be brought to any activity grade by the
activation treatment.3' An "active" adsorbent can attract
sample molecules so strongly that the sample migration is
retarded to a great extent.

In application of TLC to polymer separation, this
polarity-controlled adsorption mechanism leads to separa-
tion of copolymers according largely to the chemical
composition with minimal interference of the molecular
weight.4'5'9" The characteristics of the molecular weight
dependence of Rf is the most favorable feature of TLC
application. However, Belenkii et a!. reported recently
that when a "macroporous" silica gel was used, an
appreciably high dependence was observed by conducting
the development in a transition region that the molecular
sieving process was just supplanted by the adsorption
process on changing the polarity of developer.12 Its gen-
eral validity is still open for discussion.

The compositional distribution of a styrene—methyl
acrylate statistical copolymer, prepared at Ca. 98 wt % of
monomer to polymer, was determined by adsorption TLC
and proved to be in good agreement with that predicted
from the classical copolymerization kinetics.5 Further
applicabilities of the adsorption mechanism have been
shown on separation of binary copolymers with different
chain architecture by their sequence length,13 and on
those of polymethyl methacrylates (PMMA) and
polybutadienes, respectively by their steric isomerism'4"5
and stereoregularity,'6 and by their geometric isomerism.'7

2.2 Phase-separation mechanism
When poor solvents or solvent mixtures toward sample

polymers are used as developer, "phase-separation" or
precipitation of polymer takes place, which causes frac-
tionation of sample by molecular weight in TLC.6 The
phase-separation retards the migration of sample at differ-
ent rate which is larger for a component of larger molecu-
lar weight, thus giving a smaller value of Rf for a higher-
molecular-weight component. The fractionation mechan-
ism according to this process has been elucidated in terms
of the decrease in the phase ratio during the progress in
the development.'8 Here the phase ratio is defined as the
weight of developer retained per unit weight of adsorbent.

Experimental conditions for TLC separation of poly-
styrene (PS) and polyethylene oxide by molecular weight
was investigated by Otocka and Hellman.'9 In a subse-
quent work Otocka made TLC separation of a commercial
PS to determine the molecular weight distribution.20 The
result was in good agreement with that from GPC. A
similar work was reported independently by our research
group.2' This group achieved also the fractionation of
PMMA by this mechanism.6"8

Polymer fractionation by the molecular sieving
mechanism can be realized even in TLC when a "mac-
roporous" adsorbent is used and the polarity of developer

is so adjusted that the adsorption mechanism is eliminated
completely.4'2224 However, the resolution of separation
with respect to the molecular weight, attained by this
mechanism, is often inferior to that by the phase-
separation mechanism.

3, TLC AND GPC APPLICATION TO BLOCK COPOLYMERS

3.1 Purity test ofsamples isolatedfrom reaction products
Preparative isolation of block-copolymer species from

the reaction product may be effected by a suitable extrac-
tion or dissolution-precipitation procedure, if the solubil-
ity difference between true block copolymer and atten-
dant impurities is fairly large. A difficulty often associated
with such operations is to know how far the purification
treatment should be continued. On the removal of im-
purities, their absence in the extractant cannot simply be
regarded as the end point of extraction because of the
emulsifying effect of block copolymers.2 This situation is,
of course, the same for graft copolymers.

TLC technique has been recognized to be a simple as
well as sensitive method for testing the purity of block and
graft copolymer samples having been subjected to isola-
tion treatment.25'26 An example of such purity tests27 will
be described below. For the experiment, a PS-PMMA
diblock-copolymer product, coded 61B, was prepared by
anionic polymerization at —78°C in THF with K-cumyl as
initiator.28 The styrene content and apparent molecular
weight were O6 in mol fraction and 235 x 106, respec-
tively. After treated by twofold precipitation from ben-
zene solution into methanol, the crude sample was further
purified by extraction with boiling cyclohexane and then
with acetonitrile to remove free PS and PMMA, respec-
tively.29 Both purities of the crude and purified sample,
which will be designated respectively as 61 B(c) and
61B(p), were compared by using TLC technique.

To this end, the above two samples are preliminarily
chromatographed on activated thin layer of silica gel with
chloroform, which has been known to allow migration of
only PS up to the solvent front, leaving the block
copolymer immobile on the starting point. A continuous
development procedure36 was applied for 1 hr in order to
separate free PS completely from the sample. The
chromatogram, stained by the thymol blue method,2' is
shown in Fig. 1. In the chromatogram of each sample we
see two final spots in the proximity of solvent front and at
the starting point, which should be identified as the
separated PS and the block copolymer, respectively. It is
also recognized intuitively that the amount of PS sepa-
rated from 61B(c) is much larger than that from 61B(p), as
expected.

On the other hand, the same TLC experiments were
carried out to determine the amount of free PS separated

j
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Fig. 1. Chromatograms prepared to test the purity of SM-diblock
copolymers, sampled before and after purification treatment,

coded as 61B(c) and 61B(p), respectively.
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from the samples. The quantitation was made by scanning
the chromatogram at a light wavelength 210 nm with a
Dual-Wavelength TLC Scanner Model CS-900 (Shimadzu
Seisakushyo Co. Ltd., Kyoto, Japan). The detail of this
precedure has been described in our previous paper.3°
First, the removal efficiency of free PS was tested. For the
purpose, three specimens were prepared by mixing the
precursor PS, coded as 61H, to 61B(p) at different, known
PS concentrations, and chromatographed as before. By
quantifying the chromatogram it was found that the
removal efficiency was at a minimum of 95% for each
mixture. The result suggests that the emulsifying effect2
does not exert any appreciable influence upon TLC
separation of PS from the block copolymers. For the
purity test of 61B(c) and 61B(p), chromatograms for these
samples were prepared and quantified by the ultraviolet
scanning. The sample size was adjusted exactly to 50 jig
for each sample. Thus the amounts of free PS in 61B(c)
and 61B(p) were determined to be 15 and 04 jig, respec-
tively. This indicates, in turn, that the purities of the crude
and purified sample are 970 and 992%, respectively. In
this connection it should be mentioned that no free
PMMA was detected by TLC, made in a similar manner
by using a binary benzene + 2-butanone as developer,3'
with which R1 values of PMMA and the block copolymer
can be adjusted to zero and 05, respectively.

The minimum amount of free PS detectable by TLC
depends on the sensitivity of TLC scanning photometer
used. In our case this was found to be about 03 jig, which
corresponds to a few per milliliter for the content of free PS
if a 100 jig sample is loaded for the development. However,
for such a high sample load as 100 jig, one encounters
usually so called over-load effects which lead to poor
separation. To avoid this difficulty, Horii et a!. recom-
mended a method for the sample spotting: Stock solution of
sample is spotted on thin layer not in a circular form, as
usually done, but in a narrow band with alength of 3 —4 cm,
extending from the starting point.26 By this means they
could detectby-products, which were occluded on alevelof
several per milliliter in various graft copolymers even after
purification treatment.

3.2 Heterogeneity of pure block copolymers
After thorough removal of homopolymer impurities

from block copolymerization product, still one should
face the problem of testing the heterogeneity of isolated
block-copolymer species. Conclusions drawn from GPC
analysis are often misleading, since the technique allows
one to look at the favorable side of the problem, i.e. the
molecular weight distribution (MWD), but not the com-
positional heterogeneity (CH) of the resultant block
copolymer. In general, block copolymerization proceeds
preponderantly to yield species of narrow MWD, but does
not necessarily do so in the compositional distribution.

Block copolymers may be synthesized through conden-
sation of active end groups of precursor-homopolymer
molecules. The reactivity of the end groups is probably
independent of the length of the chains to which they are
attached. The molecular weights of the precursor chains
in a resultant block-copolymer molecule should be inde-
pendent of one another. The block-copolymer synthesis
through anionic "living" polymer technique may also be
regarded as a sort of random coupling process, although
the reactiOn mechanism is entirely different from the
condensation technique. In such random coupling proces-
ses, a longer precursor chain will find a larger chance of
coupling with a shorter chain of the other kind, simply

because the shorter chains exist in relatively larger popu-
lation than the longer ones. Coupling of a longer A-chain
with a shorter B-chain and vice versa automatically
narrows the MWD but apparently not the CH of the
resultant block-copolymer species. The situation should
be contrasted to the case of, e.g. radical copolymerization
at the azeotropic composition.

Employing the concept of random coupling, Kotaka et
a!. derived the CH- and MWD-function of pure block
copolymer from the MWDs of precursor homopolym-
ers.32 The theory may be easily generalized to include
mixed block copolymers.32 Even without explicitly know-
ing the MWDs of the precursors, we can derive some
interesting relations among various average quantities of
the block copolymer. For example, for the weight-average
to number-average molecular weight ratio we have the
following relation:32'33

MWIM 1+I2YA +(1—i)2YB (1)

where i is the average A -content (by weight fraction) of
the block copolymer; and YK(K = A or B) is a MWD-
index defined by YK = (MI/MK)— 1 for the K-
precursor. If the sample is a multiblock copolymer, YK is
the value of individual blocks divided by the number of
K-blocks in a block-copolymer molecule.32 Apparently
the MW/M. ratio is always smaller than that of its most
polydisperse precursor and often can be smaller than
either of the two precursors.33 Accordingly the MWD of
the block copolymer, and hence the GPC-chromatogram
can be narrower than those of the precursors. These
results are due to the selfcompensating effect of the
random coupling mechanism in block copolymerization.

For compositionally heterogeneous copolymers, use of
a conventional single detector GPC often leads to errone-
ous conclusions. Therefore, use of a dual- or multiple-
detector GPC, which is furnished, e.g. with a refractomet-
nc (RI) and an ultraviolet absorption (u.v.) detectors, is
recommendable for the analysis of such materials. By a
dual-detector GPC, we can determine the variation of
point-by-point composition (x) with elution volume Ve,
besides the true chromatogram corrected for the detector
responses.34 The variation (x) with V. may be approxi-
mated by the (x) vs log (molecular weight) relation.

For block copolymers we can show by assuming the
random coupling mechanism that the (x) vs long M
relation may be related with the light-scattering P
parameter,35 which is in turn given as:

P =i(1—1)[IYA —(1—i)Y}M. (2)

As opposed to statistical copolymers of low conversion or
of azeotropic composition, the P parameter is not gener-
ally zero for block copolymers. However, it is zero, if
IYA —(1— 1)YB is zero. Then depending on whether
P 0 or IYA (1—i) YB, the (x) vs log M relation
increases, stays constant, or decreases with increasing
M.32

Experiments with a dual-detector GPC were carried out
to discuss the foregoing prediction by using PS-PMMA
diblock samples, coded as 63B30 and 63B70, which were
prepared by anionic "living" polymer technique.28 The
results of characterization and GPC experiment are
shown in Table 1, and Fig. 2, respectively. Values of YA
for the PS-blocks given in Table 1 were deduced from the
MW/MA of precursor PS; while those of YB for the
PMMA-blocks from the values of MW/M. of the block
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63B3o 0.21, 150 1.20 1.)0 0.05 0.3

63570 0.69 61, 1.20 1.1,1 0.35 0.12

(a)Y and YB refer to the MWD-index for PS- and PMMA-
block, respectively. For the definition, see text.

Fig. 2. GPC elution curves obtained by refractometry for
SM-diblock copolymers and plots of point-by-point styrene

content against elution counts Ve, indicated by(x).

samples with the aid of eqn (1). From the figures it is seen
that the (x) vs V. relations observed for each sample are
interpreted quantitatively in terms of the theoretical pre-
diction; In connection to this experiment it should be
emphasized that the invariance of (x) vs M (and presuma-
bly with Ve) is insufficient to guarantee the compositional
homogeneity of the block copolymer. Apparently the
information from a dual-detector GPC is limited to the
MWD and the correlation of composition and molecular
weight. It tells us nothing about the broadness of the
compositional heterogeneity itself. Therefore a need for
devising an experimental technique applicable to the
CH-analysis of block copolymers is evident.

For this purpose, again TLC appears to be promising,
although it has inherent difficulties of its own when
applied to block copolymers. The main difficulties arise
from the emulsifying effects2 and the possible conforma-
tional anomalies of block copolymers in developer sol-
vents.3' Clear-cut separation of block-copolymer compo-
nents according only to composition is often hampered by
these effects,3' as opposed to the cases of statistical
copolymers.5 Also in many cases, block copolymers of
different type, e.g. AB-, ABA-types etc., show different
chromatographic behavior, as will be described in the next
section. For the latter reason, one needs to have well-
defined samples of the desired block type as the elution
standards, which are often not readily available.

The first difficulty may be avoided by adequate choice
of developer solvents. They must be common good
solvents toward the both precursors, and may cover a
wide range of polarity upon varying solvent composition.
The second difficulty may be avoided, if the constituent
precursors show different responses to the available TLC
scanning photometer. Specifically for the CH-analysis of
PS-PMMA block copolymers of SM- and MSM-types, we
were able to show that a binary carbon tetrachloride +2-
butanone allows reasonably good separation according
only to composition.3° Utilizing the fact that PS and

PMMA exhibit different responses to 225 and 265 nm
scanning, we could deduce the CH-functions of these
block copolymers without the aid of any elution standard.
Figure 3 shows typical examples of integral CH-functions
for three SM-diblock samples coded as 63B30, 63B50 and
63B70, which have i = O24, 049 and 069, respectively.30
The CH-distributions of these samples are fairly broad:
This is consistent with the results of fractionation and
density-gradient ultracentrifugation. In Fig. 3, the circles
are the TLC results, while the solid curves are the
theoretical ones calculated by assuming the Schulz MWD-
functions36 for the precursor PS(YA = 02) and
PMMA(YB = O4). We find a reasonably good agreement
between the theory32 and the TLC experiments.

0.4 0.6 0.8 1.0

ST—content, X

Fig. 3. Integral composition distribution curves for SM-diblock
copolymers: Open and closed circles for data points obtained by
TLC, and solid curves for computer simulation. For the detail, see
Ref (30). Reprinted from Ref (30) by permission of HUthig & Wepf,

Basel.

The above results suggest two things: First, the CH-
analysis of block copolymers is possible by adequately
designed TLC; secondly, the CH-broadness and MWDs
of block copolymers may be predicted reasonably well by
assuming the random coupling mechanism. Because of
this mechanism, the CH-control of block copolymers is
very difficult even in the case of anionic "living" polymer-
ization methods. Nevertheless we should hasten to add
that the anionic "living" polymer technique is one of the
most promising routes to obtain compositionally
homogeneous and structurally well-defined block
copolymer samples.

3.4 Separation by the difference in block sequence
One of our previous papers has dealt with the effect of

monomer arrangements in styrene-methyl methacrylate
copolymer chains upon TLC separation.'3 The result was
confined, however, to indicate that under an appropriate
development condition, the random and alternating
polymers can be migrated, while the block polymer re-
mains immobile on the starting level. In the course of
determining the compositional heterogeneity of PS-
PMMA block copolymers by TLC, we observed that the
SM-diblock polymer could be distinguished chromatog-
raphically from the MSM-triblock polymer even on the
same composition level.30 The TLC experiment was per-
formed by using a concentration gradient development3"
with carbon tetrachloride and 2-butanone as the initial and
adding solvent, respectively. Special caution had to be
paid upon the rate of addition of the second solvent
(2-butanone) in order to achieve good separation. The
result3° is reproduced in Fig. 4, from which it is seen that
the R1 values for the triblock samples are higher than
those for the diblock samples at every composition.

Table 1. Characteristics of SM-diblock copolymerse

Sample ST.fr. Mx101, 1 + 1 +
1B XYA (1_)YB

PST-PMMA diblock polymer PST—PMMA diblock polymer
63B30 63B70

0.8

0.6

0.4

0.2

0
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I.0

Fig. 4. Dependence of R1 on styrene content found for SM-block
and random copolymers by TLC using binary 2-butanone + CCI4
as developer. Reprinted from Ref (30) by permission of Hüthig &

Wepf,Basel.

The above finding motivated us to investigate TLC
separation of styrene—butadiene (SB) block copolymers
with different block sequence, whose importance in
industrial applications has nowadays increased steeply.37
The result38 will be reviewed below. On the outset of this
study, three reference samples were prepared by anionic
polymerization techniques, which were a SB-diblock and
a SBS-triblock polymer, and a so-called "tapered" SB-
copolymer. The characterization results by osmometry,
GPC and others are listed in Table 2-A and 2-B, in which
data for commercial products of SB-block copolymers
tested here are also included.

Preliminary experiments were carried out to establish

the development condition which allows one to disting-
uish the reference samples according only to the chain
architecture. Moderately good and good solvents toward
the both precursor polymers have been tested as the
developer, which were listed in Table 3. In addition,
actions of silica gel and alumina, used as adsorbent, upon
polymer separation have been investigated, since it is
expected that the double bonds of butadiene would exert
much more specific interactions with the latter adsorbent
than with the former.7 The experimental results are sum-
marized in Table 3.

In the table it is seen that no single solvent can give
different R1 for different polymer species, except for
carbon tetrachloride; experiments with this solvent and
alumina will be described later. Therefore the reference
samples were chromatographed by a concentration gra-
dient technique on silica gel thin-layer activated at 120°C
for 2 hr. A binary cyclohexane + chloroform (9: 1 by
volume), and chloroform were used tentatively as the
initial and adding solvent, respectively. The chromato-
gram thus obtained is shown in Fig. 5. This proves a
possibility of chromatographically distinguishing the tn-
block sample from either the diblock or the tapered sample,
though the difference among the R1 values for each sample
was not large enough for the complete separation, and also
the tailing phenomena in the chromatogram could not
completely be suppressed. A feature specific to this
separation was that the R1 for the diblock sample was
higher than that for the triblock, this being just the opposite
to the case of PS-PMMA block copolymers.3° The reason
is still open for discussion.

The above TLC procedure was applied, with some
alternations, to the identification for the chain architec-
ture of various commercial SB-products. First, five com-
mercial products having different chain architecture (see

Table 2-A. Characteristics of reference and commercial SB- samples tested

Sample Chain Archi
code tecture M x10fl M /24V fl

ST Vt %— Producer
uv(Gpc)

Reference samples

Tap-SB tapered
Di—SB SB—block

P1—SB SBS—block

3.7

3.4

3.8

1.09

1.13

1.10

28.1

26.4

29.6

32.5(34)

28.5(29)

32.5(33)

Commercial samples

FRS 206 random

Solprere 300 random
Soiprene 301 or tapered

Soiprene 1205 SB—block

Kraton 1101 SBS—block

413b

104b

12•2b

5•1b

7.9

95b
24b

1b
5b— —

31.6(33) Firestone

26.5(36)1

24.6(30) Phi11ips

29.2(32)-'

28.7(30) Shell

(a) Determined by GPC.
(b) Data obtained by Kotaka and White [see Ref. (11)].

Table 2-B. Chain microstructures of butadiene parts in SB-
sample?

Sample Microstructure vt
code 1,2-vinyl cia—i,4 trans-1,J4

Tap—SB 12.5 27.7 27.3

01—SB 12.3 25.5 33.7

Tn—SB 11.0 30.6 25.9

(a) For the data of commercial products used in this study, see
Ref. (11).

(b)Indicated on the basis of wt % of total polymer.

0 0.2 0.4 0.6 0.8
ST—content, 7
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Table 3. R values for reference SB-samples obtained with single solvents as developer

Solvent Dielec.

const.

a
e0 PS

H for cii

PB Tap-SB

ica

Di- Tn- PS

for alumina

PB Tap— Di— Tn—SB

Cyclo—
hexane

dmyl—
Chloride

2.02

2.214

6.6

0.014

0.18

0.26

0

0

0

0

1b

1b

0

0

0

0

1

0

0

1

0

0

1

0 0

1

1

0

1

1

0

0

i

p—Xylene 2.27 0.26 1 1 1 1 1 1 1 1 1 1

Benzene 2.28 0.32 1 1 1 1 1 1 1 1 1 1

CH3C1
THF

4.31

7.142

0.140

0.145

1

1

1

1

1

1

1

1

1

1

1

1

1 1 1

1 1 1

1

1

(a) Solvent strength parameter defined by Snyder [see Ref (7)].
(b) R1 changes from zero to unity according to the microstructure [see Ref. (17)].

—Tr - S B the experiments ensured that the differences in the com-
position and molecular weight among the commercial

Di- S B products used here did not exert any essential influence
upon such chromatographic behavior as shown in Fig. 6.

Our next concern is to elucidate the chain architecture
—'Ta P—S B ofKraton 1101, which gave a little different elution curve

in GPC from the other products. Figure 7 shows the
elution curves obtained by a dual-detector GPC for this
product. The elution curves, taken with the refractometric
and ultraviolet (260 nm) detectors, both exhibit three
peaks, denoted as P(a), P(b) and P(c), at elution counts,
273, 290 and 330, respectively. The peaks, P(a) and P(c),
may be assigned immediately to a main component
species of this product and homopolystyrene, respec-
tively, by referring to the point-by-point compositions,
(x, indicated by open circles in the figure. As to the
component species appearing at P(b), we can only say that
this species should have the almost same styrene content
as that of the main component species.

To investigate the chain architecture of the component
species at P(b), Kraton 1101 and its equiponderant mix-
ture with our diblock sample were chromatographed
together with Solprene 1205, identified to SB-diblock
type, under the same condition as that applied to obtain
the chromatogram given in Fig. 6. The result is shown in
Fig. 8. As is seen from the figure, Kraton 1101 shows the
chromatographic behavior similar to that of our triblock
sample, and no symptom is observed that the sample
contains any diblock component. Therefore it seems

10cm

Fig. 5. Chromatograms obtained by adsorption mechanism for
reference SB-samples of tapered, diblock and triblock type.

Table 2-A) were chromatographed by the same gradient
development technique as before. The result showed that
no appreciable separation by the difference in chain
architecture was observed except for a random SB-
copolymer (FRS 206), which gave R1 = 06.

Recalling that TLC developments with single solvents
or mixtures often result in better separations than do
those by gradient technique,8"6 we chromatographed the
above commercial products by using the same binary
but with a fixcd composition, i.e. 140:75 (cyclo-
hexane : chloroform) by volume. The chromatogram
is shown in Fig. 6. Apparently two samples Soiprene 300
and 301 can be identified as tapered type; while Solprene
1205, and Kraton 1101 roughly as SB-diblock and SBS-
triblock type, respectively. The identifications thus de-
duced from TLC are in agreement with those given by the
producer relevant to each sample, though Solprene 300
and 301 are nominated both as random type by the
producer. This conclusion was further justified by a series
of additional experiments made on the composition and
molecular weight dependence of R1 for SB-copolymers:

— Kroton 1101
0

Solprene 1205

• • Di—SB

'1
C Solprene 300

Solprene 301

Tap—SB

FRS 206

k— I0cm
Fig. 6. Chromatograms obtained by adsorption mechanism for

commercial SB-products and reference samples.

Ve
II 11111 1 1

2 32 3 4 5 7 10 20 30 40
(PSI) (SBcopolymer)

I OM

Fig. 7. GPC elution curves gained with refractometric (RI) and
ultraviolet (UV) detector for a commercial SB-product, Kraton
1101. Open circles indicate plots of point-by-point styrene content

against elution count.
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10cm H
Fig. 8. Chromatograms obtained by adsorption mechanism for
Kraton 1101, Di-SB, an equiponderant mixture of the former two,

and Solprene 1205.

reasonable to conclude that the chain architecture of the
component species at P(b) does not differ from triblock
type.

The above conclusion was drawn from the observations
obtained by the polarity-controlled adsorption mechan-
ism.6"8 Further to confirm it we have applied the other
separation mechanism to Kraton 1101, i.e. the solubility-
controlled phase-separation mechanism,6"8 which allows
fractionation largely by molecular weight. A gradient
development with silica gel thin-layer was carried out at
Ca. 20°C: 100 ml of a 3:2 binary of chloroform and
methanol was placed in a development chamber as the
initial solvent, and during the development, 80 ml of
methanol was added at a constant rate. A chromatogram
shown in Fig. 9 was obtained, in which Kraton 1101 is
separated into three components, though, in the figure, the
fastest component located at R1 = 085 is too faint to be
visualized by the staining method with thymol blue.2'
Apparently the fastest and faster component, and the
slow component on the chromatogram should correspond
to those appearing at P(a), P(b) and P(c) in Fig. 7,
respectively.

Our next task was to assign the chain architecture of the
faster component thus separated as above. To this end, a
two-dimensional TLC development technique was util-
ized. The experimental detail has been described
elsewhere.'7 The result is shown in Fig. 10. As is seen in
the figure, Kraton 1101 was spotted on a lefthand lower
corner of the chromatoplate to prepare the main
chromatogram. Besides, two reference chromatograms
were prepared on the righthand, and the lefthand upper
space of chromatoplate. After Kraton 1101 has been
separated by molecular weight in the direction (A), the
secondary development perpendicular to (A), i.e. (B), was
made by the adsorption mechanism in the same manner as
that used to obtain Fig. 8. Comparison of the main
chromatogram with the reference one, allows us to justify

• :'. • Kraton 1101
U')0("Jo

(n
Fig. 10. Two-dimensional chromatograms prepared to determine

the chain architecture of Kraton 1101. For the detail, see text.

Fig. 11. Chromatograms obtained for commercial SB-products by
using alumina thin-layer and Cd4 as adsorbent and developer,

respectively.

_______ — Kraton 1101

__________ — M xt u re
(KtDi—SB)

— Solprene 1205

— Di—SB

-1

PST4I, I xIO
PSI l6,Ox
Kraton 1101
PST9,72x
PSI I,00xlO'°

I

the foregoing conclusion that Kraton 1101 does not
contain any diblock component.

Last topic to be mentioned is the results observed by
the use of alumina. As was shown in Table 3, the
combination of alumina, as the adsorbent, with carbon
tetrachloride, as the developer, lead us to complete
separation of triblock from diblock (and also tapered)
SB-copolymers. An additional TLC experiment was made
on the commercial products under the same development
condition as before. Figure 11 shows the chromatogram.
Since this separation procedure could not make it possible
to give different R1 value for the random, tapered and
diblock samples, we have further looked for a condition
for distinguishing them chromatographically.

To this end, the development characteristics obtainable
Kraton 1101 with alumina and a binary cyclohexane + chloroform (7:3

by volume) was first investigated. The resultant
SoI rene 1205

chromatogram did not indicate any appreciable difference
Sol prene 301 in Rf among the tapered, diblock- and triblock samples,
Tr I - SB except for a finding that a long upward tailing was
Di- SB exhibited by the tapered sample. This trend was similar to

that observed with silica gel and the same binary as
Tap-SB before. After a number of TLC runs with various solvent

combinations we found that a binary carbon
tetrachloride + n -haxane (9: 1 by volume) was useful to10cm

Fig. 9. Chromatograms obtained by phase-separation mechanism
for Kraton 1101 and others. A dotted circle indicates the final spot

for the fastest component separated from Kraton 1101.
_1 —Kraton 1101

—Solprene 205

) —Di—SB

) — Solprene 300

._. —Solprene 301

) —Tap—SB

1111111

lii::
0cm

1
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distinguish the tapered from the diblock- and triblock
samples: The tapered sample migrated up to the solvent
front and the diblock sample showed an upward tailing,
while the triblock sample remained immobile. As this
result implies, the use of carbon tetrachioride and other
solvents having polarities lower than carbon tetrachioride
is an essential prerequisite to achieve the separation.
Another condition for the separation is that alumina is
highly activated. Since the latter condition is quite
sensitive to the humidity, it should be kept in mind that
the reproducibility of the separation with alumina is not
high enough for the routine work.

4. TLC APPLICATiON TO GRAFr COPOLYMERS

4.1 Separation of side-chain polymers
The most important application of TLC to characteriza-

tion of graft systems may be to isolate "truely" grafted
copolymer species from a given reaction product. Before
we deal with such a separation problem, we will describe
another approach to characterize cellulose grafts by TLC.
Usual separation techniques, such as extraction and/or
fractional precipitation,39 and density-gradient ultracen-
trifugation,4° are inapplicable to cellulose grafts unless the
cellulose substrate is brought into solution either by
chemical modification or by appropriate choice of solvent.
Therefore, attempts have been made to isolate the
side-chain polymer,41'42 based on the fact that the cellulose
backbone can be degraded chemically to low-molecular-
weight sugars. Despite the simple and straightforward
nature of this technique, a problem is still left behind
whether or not the specimen isolated in this way be
completely free from the attendant homopolymer remain-
ing even after purification treatment of the graft product.

To solve this problem we have applied TLC in the
following way.43 Our samples were cellolose-styrene graft
products, prepared by heterogeneous mutual irradiation
with y-rays in the absence of a chain-transfer agent for
styrene. First, the cellulose grafts were subjected to
extraction with boiling benzene to remove the attendant
homopolystyrene (PS), and then the cellulose backbone
was acid-hydrolyzed. The hydrolytic degradation will
yield two types of PS, namely, the side-chain PS which
carries a low-molecular-weight sugar at one of the chain
ends, and homo-PS with no such end group.

TLC separation of these types of PS was effected using
highly activated silica gel, as adsorbent, and THF or
benzene, as developer. The chromatogram thus obtained
consisted of two final spots, which were located in the
proximity of solvent front (the upper component) and
starting point (the lower component). The upper compo-
nent was identified as the attendant homo-PS by
simultaneous development with a conventional PS. On
the other hand, the lower component, after recovery
from the thin layer, was investigated by infrared
spectroscopy, and found to exhibit an absorbance around
at 3620 cm', which is attributable to the stretching
vibrations of free OH-groups; while the upper component
showed no such absorbance. Since this absorbance was
pertinently ascribed to a sugar residue derived from
cellulosebyhydrolysis, thelowercomponentwas identified
as the side-chain PS. Quantitation of the chromatogram by
photodensitometry yielded the ratio of the side-chain to the
occluded PS. It was demonstrated that in spite of the most
careful extraction treatment, the graft products still
occluded appreciable amounts of attentant PS.

The same TLC procedure was further extended to the

preparative purpose to collect the side-chain and occluded
PS separatedly. Some unique findings on cellulose grafts
were gained by this study.43 First, it was found that the
weight-average molecular weights of the side-chain and
occluded PS were not identical, and the former molecular
weight was distinctly higher than the latter. From the
standpoint of polymerization kinetics, this cannot be ex-
plained in terms of the so-called gel effect.39' However we
observed recently that no such difference in the molecular
weight existed for cellulose-styrene grafts, prepared in the
same manner as before, but in the presence of a
chain-transfer agent for styrene.45 Further study on this
problem is in progress in our laboratory. Another finding
was that the molecular weight distribution of each
PS-component was unexpectedly narrow in comparison
with those reported previously.

4.2 End-group effect upon polymer separation
TLC experiments,47 made to reexamine the forgoing

result, i.e. the end-group effect upon polymer separation,
will be described below. In the experiment, we used an
anionically prepared PS with a carboxyl end group, which
has much more a well-defined structure than that of PS
derived from the cellulose-styrene graft, mentioned in the
previous subsection. To obtain the sample, polystyryl
anions, prepared in THF with n-butyllithium,28 were
carboxylated with carbon dioxide, and the resultant
polymer was subsequently treated with anhydrous hyd-
rogen chloride to liberate lithium from the chain end
(coded as C-5). Sample C-S obviously carries one
carboxyl group at one of the chain ends. On the other
hand, an aliquot of the living polymer solution was
terminated with a methanol-THF solution to obtain a
reference sample (coded as M-5). In addition we used one
of our stock samples, which were prepared by radical
polymerization of styrene with 'y,'y'-azo-('y-cyano-n -
valeric acid) as initiator, and by subsequent fractiona-
tion49 (coded as D-4). For this sample, two things should
be noted for later discussion. The one is that the polymer
chain was proved to carry two carboxyl end groups, and
the other is that each end group involves a cyano group in
addition to the carboxyl group, as anticipated from the
structure of initiator fragments:

HOOC(CH2)2—C—(CH3)CN.

The TLC experiment has been to designed that
separation takes place according to the difference in
chemical composition (refer to Section 2.1). To this end,
good solvents toward PS were employed as developer.
Samples M-5, C-S and D-4 were chromatographed on thin
layer of highly activated silica gel. The result is
summarized in Table 4. As is seen in the table, toluene and
benzene allow migration of only M-5 (conventional PS) up
to the solvent front, leaving C-S and D-4 completely
immobile on the starting point. While, chloroform enables
us chromatographicaily to distinguish C-S (with one
carboxyl group) from D-4 (with two carboxyl and cyano
groups per chain). This result was obtained on a relatively
lower-molecular-weight level ('—5 x 10), where the end-
group effect should still be prominent. Despite the fact, it
must be emphasized that such a slight change in the
over-all chemical composition as induced by the end
group can be amplified to the drastic change in the sample
migration in TLC, as revealed by Rf = 0 and 1.



Separation and characterization of block and graft copolymers by thin-layer chromatography 69

Table 4. TLC results for polystyrenes having nearly the same
molecular weight (—5 x lOs) but different end-groups

Developer e° Dielectric

constant
M—5

R
C—5 D—

CCl 0.18 2.22 0 0 0

Toluene 0.29 2.38 1 o 0b

Bennene 0.32 2.28 1 0b

C2C13
0.140 14.62 1 1 0b

(a) Solvent strength parameter [see Ref. (7)].
(b) Slightly upward tailing from the starting point.

In summary: when sample polymers are of low
polarities and carry polar end groups and/or a small
number of polar side groups, TLC separation by the
difference in end- and/or side-group is possible by
applying the adsorption mechanism. For this reason, the
basic idea presented here may be applicable to other types
of polymers, e.g. binder prepolymers whose functionality
determination is now of industrial interest.50

4.3 Separation of graft products
From the foregoing descriptions it is obvious that TLC

will serve as a tool for separating a given graft product
into component species. In fact, Horii et a!. succeeded in
such TLC separations for grafted products of cellulose
triacetate, polyvinyl acetate, nylon and others,26 and one
of the results has been transferred to absorption column
chromatography for the preparative purpose.51 In this
subsection we will present our preliminary result on an
acetylated cellulose-styrene graft product.46

The cellulose graft sample was prepared in almost the
same manner as briefly described in Section 4.1, except
for the presence of carbon tetrachioride used as a
chain-transfer agent. After subjected to extraction treat-
ment of homo-PS, the sample was chemically modified to
the triacetate in order to bring it in solution. The
acetylated cellulose graft was separated by a "stepwise"
development technique'7'36 into three components,
namely, the grafted and ungrafted cellulose triacetate
(CTA-g and CTA), and attendant PS (A-PS). As the name
implies, this technique allows migration of each compo-
nent of a given sample to different level in a stepwise
manner by multiple development runs for the same
chromatoplate.

First, a sample stock solution was prepared with
chloroform and spotted on a thin layer of highly activated
silica gel. The primary development was made with a
binary chloroform + dioxane (3:7 by volume) in such a
way that the components, CTA-g and A-PS, migrate up to
the solvent front whereas the component CTA remains on
the starting level. In practice, we settled the solvent front
at 5 cm above the starting level. After the primary
development run, the chromatoplate was once dried up
and subjected to the secondary development up to 10 cm
above the starting point, for which chloroform was used
as developer. By this procedure we could obtain a
chromatogram consisting of three final spots at the level
of 0, 5 and 10cm above the starting point. The two spots,
located at 0 and 10cm, were assigned respectively to CTA
and A-PS by a simultaneous development of their
reference samples. The chromatogram was scanned at
210 nm with a TLC scanning spectrophotometer. No
absorbance at this wavelength was observed on the

starting level, whereas it was observed on the levels of 5
and 10 cm. This result suggests, at least, that any PS
component does no longer exist on the starting level,
indicating complete separation of CTA-g and A-PS from
the ungrafted CTA. Although we have no direct
evidence, we may identify the final spot at 5 cm as
the true graft copolymer. Scanning-spectrophotometric
quantitation of these chromatograms is not yet successful
due to a following phenomenon: An appreciable portion
of spotted sample often migrates not only on the
thin-layer surface but toward the glass-silica gel interface
becoming hardly visible from the silica gel side. As
discussed by Hezel,52 however, this difficulty will be
overcome by minimizing the sample size and enhancing
the sensitivity of photometer.
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