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SUMMARY

A combination of gel permeation chromatography (GPC), thin-layer chro-
matography (TLC) and pyrolysis gas chromatography (PGC) has been used for
investigations of a polymethyl methacrylate—polystyrene—polymethyl methacrylate
block copolymer. Continuous distribution of the polymer (40-mg sample) was at-
tained according to the content of the styrene and methyl methacrylate units and of the
block copolymer and according to the composition of the copolymer as functions of
the hydrodynamic radius of the macromolecules,

The polymer was subjected to a preliminary fractionation with an analytical
gel chromatograph. The fractions were investigated by TLC, which permitted the
separation of the block copolymer and the homopolymers. The composition of the
fractions obtained by GPC and TLC was determined by PGC. As a result, it was
possible to establish the composition of the block copolymer and its ratio to poly-
methyl methacrylate in each fraction.

This investigation was based on a combination of highly effective fractionation
by chromatographic methods with precise quantitative ratios obtained from Benoit’s
universal calibration graph and from determinations of the composition of the polymer
fractions by PGC.

The mechanism of the TLC of polymers, including the appearance of arte-
facts that distort the results of analysis, is also discussed.

INTRODUCTION

The determination of the polydispersity of block copolymers includes an anal-
ysis of their molecular-weight distribution based on composition and on admixtures -
of homopolymers. Classical methods for the determination of the polydispersity of
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copolymers by fractionation based on the different solubilities of polymers of different
chemical compositions do not permit the preparation of distinct fractions that are
homogeneous in one or several respects, especially for a sample that is polydisperse in
molecular weight (MW)!. Methods such as sedimentation, diffusion and turbidimetric
titration are complicated and unsatisfactory for the determination of the continuous
distribution of copolymers?,

Chromatographic methods involving fractionation of macromolecules ac-
cording to their size (gel permeation chromatography, GPC?) and chemical compo-
sition (thin-layer chromatography, TLC?% provide new possibilities for the analysis
of block copolymers. GPC can be used not only for the fractionation of polymers but
also for the determination of the size of macromolecules (the hydrodynamic radius)
on the basis of the unit calibration graph of Benoit er al.5.

Depending on the composition of the solvent, four versions of the TLC
separation of polymers can be carried out:

(1) Adsorption TLC based on the use of a solvent with small additions of an
adsorption-active component proposed for the separation of copolymers according
to their composition by us®-® and by Inagaki et al. and for the separation of polymers
according to their MW!'. Adsorption TLC has been used successfully for the sepa-
ration of syndiotactic and atactic polymethyl methacrylate (PMMA)'!, the deter-
mination of the MW of PMMA®%12:.13 nolyethylene oxide* and polystyrene (PS)'¢,
the separation of linear and branched PS'%, the identification of block copolymers*:1¢:1?
and alternating copolymers!® and the separation of copolymers according to compo-
sition!8+19,

(2) Precipitation TLC with the use of a mixture of the solvent and the pre-
cipitant. Either one of them or both should be adsorption-active and should be present
in an amount that prevents polymer adsorption. Under these conditions, the sepa-
ration of polymers is based on a change in the dissolving properties of the eluent along
the chromatographic plate. This change arises as a consequence of the following
measures: (a) an eluent with a varying composition is applied to the plate (extraction
version of precipitation TLC??), or (b) the composition of the eluent changes owing
to evaporation and/or decreasing phase ratio, » (ratio of the weight of the eluent to
the weight of the adsorbent)'?. Precipitation TLC has been proposed by Kamiyama
and Inagaki'® for the separation of homopolymers and by Kotaka and White!® for
the separation of copolymers by MW, The mechanism of precipitation TLC has been
investigated by Kamiyama and Inagaki'® and Otocka and co-workers2!-23,

(3) Extraction TLC in a single-component solvent proposed by Inagaki and
co-workers?*2% for the separation of syndiotactic and atactic PMMA from isotactic
PMMA, based on selective dissolution of polymers of different structures in the zone
of the starting spot (this method has also proved effective for the separation of block
copolymers from the accompanying homopolymers?).

(4) Gel permeation TLC (TLGPC). We have shown*!° that in the TLC of
polymers, both the adsorption and the molecular sieve effect may be observed,
depending on the composition of the eluent. The latter is observed when the adsorp-
tion is suppressed and the pore spaces of the adsorbent have previously been filled
with the solvent by exposing the plate to the solvent vapour*!° or by pre-elution?s:26,
TLGPC has been shown to be useful for suppressing the effect of MW on the adsorp-
tion capacity of random copolymers in adsorption TL.C¢,
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A combination of chromatographic methods is of particular interest's:?7,
Thus, one might suggest the following sequence of chromatographic operations for
block copolymers. After a preliminary fractionation of macromolecules according
to size (by GPC), the fractions are subjected to a second chromatographic separation
according to composition by TLC in which the block copolymer is separated from
admixtures of homopolymers. Finally, the composition of the fractions obtained by
using GPC and TLC is determined by pyrolysis gas chromatography (PGC). This
combination is advantageous because it permits large fractionation capacities of
chromatography to be used and the fractions to be characterized according to
rigorous quantitative relationships: the size of macromolecules is estimated from the
universal calibration graph derived by Benoit ¢t al.* and the composition of the frac-
tions is determined by PGC after an appropriate calibration of the instrument28, This
sequence of chromatographic operations should be used because of the different
scales of fractionation (10-40 mg in GPC, 10-100 ug in TLC). Moreover, an amount
of only 3-5 ug of a copolymer is sufficient for the composition of the fractions to be
determined by PGC to within 1-3 9. In this work, the PGC method was perfected :
the sensitivity was increased 10-15-fold and the precision of analysis attained previ-
ously?®® was retained. A 40-mg amount of a block copolymer of the ABA type in which
A is PMMA and B is PS was fractionated by GPC into 34 fractions with a common
analytical gel chromatograph. The fractions were analyzed by TLC in which the homo-
polymers were separated from the block copolymer and, finally, the composition of
the fractions was determined by PGC. These results in combination with data on the
composition of fractions obtained by GPC permitted us to obtain very precise con-
tinuous distributions of the block copolymer according to several features: the overall
composition of the polymer fractions and the composition of the block copolymer,
and the presence of homopolymers as a function of the hydrodynamic radius of the
polymer fraction. By using some approximations that correlate the hydrodynamic
size of the molecules of the block copolymer with their MW and composition?, it is
possible to obtain a final distribution accordmg to MW rather than hydrodymmlc
size. However, this procedure was not used in our work.

EXPERIMENTAL

Gel permeation chromatography

GPC experiments were carried out with a KhZh-1302 liquid chromatograph
for polymer analysis (Special Design Office of Analytical Instruments of the Academy
of Sciences of the U.S.S.R.) using five Waters Ass. (Framingham, Mass., U.S5.A.)
chromatographic columns: 10%; 3-10%; 10%; 10% 5:102 A. Dimethylformamide
(DMF) was used as eluent. The sensitivity of the refractometer, n. was 10-6-2.10-¢
refractive index unit.

Thin-layer chromatography

Silica gel KSK with a mean pore diameter of 80 A, a specific pore volume of
0.9 ml/g and a particle diameter of 20-40 um was used. The plates, 6 < 6and 6 x 10
cm, with an adsorbent layer 200 or 500 um thick (for.analytical and preparative TLC,
respectively) were prepared with an automatic applicator. Samples of volume 3 ul
were applied manually with a calibrated capillary and samples of volume 100-200 gl
(for preparative TLC) were applied in a streak with an automatic dosimeter.
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The solvents for TLC were of *‘chemically pure’” and ‘‘pure for analysis™
grades.

For developing the spots, the plates were sprayed with a 19 solution of po-
tassium permanganate in concentrated sulphuric acid and heated at 160° for 10-15
min. The polymer zones were developed as black spots.

In preparative TLC, in order to remove the polymer from the plate, the sorbent
layer in the polymer zones was scraped off and packed into a micro-column 1.5-2 mm
in diameter and 40 mm in length. The polymer was eluted with acetone (PMMA
and the block copolymer). Instruments from the set KTKh-0O1 (Special Design Office

of Analytical Instruments of the Acacemy of Sciences of the USSR) were used for
TLC.

Pyrolysis gas chromatography

For analyzing the composition of the block copolymer, we used a Tsvet-4
chromatographequipped with a flameionization detector, a pyrolytic reactor described
elsewhere?® and also a pyrolytic reactor with a Curie point control unit. The pyrolytic
reactor described earlier®® is a flow reactor. A previously heated platinum wire with the
polymer sample was introduced into it; the amount of the sample was 3-5 ug and it
was applied to the wire from a 0.5% dichloroethane solution. The pyrolysis tempera-
ture was 500° and the time of pyrolysis was 10 sec. The products of pyrolysis were
separated on a chromatographic column (100 x 0.3 cm) packed with Chromosorb -
P (100 mesh) with 2% of 1,2,3-tris-(2-cyanoethoxy)propane. The column temper-
ature was 70° and the flow-rate of the carrier gas (helium) was 40 ml/min.

For analyzing small samples of the copolymer, a Pye 104 gas chromatograph
(Pye Unicam, Cambridge, Great Britain) was used with a pyrolytic reactor and a Curie
point control unit. The pyrolysis temperature was 610° and the time of pyrolysis was
10 sec. The products of pyrolysis were separated on a chromatographic column
(100 x 30 cm) packed with Chromosorb P (100 mesh) with 2% of 1,2,3-tris-(2-
cyanoethoxy)propane. The column temperature was 70° and the flow-rate of the
carrier gas (argon) was 40 ml/min. The polymer samples (0.1-0.3 ug) were applied
to the pyrolyzer wire from a 0.059; solution in dichloroethane.

Materials

Reference polymers. Standard polystyrene samples (“*high pressure.”) with a
narrow fractionation range, M /M, < 1.1-1.2, were used. (M, = weight-average
molecular weight; M, = number-average molecular weight).

Polymer samples. The block copolymer (PMMA-PS-PMMA) was synthesized
by using a bifunctional ‘‘triperoxide”’ initiator3’,

An ‘*active” PS was prepared by polymerization of styrene (St) with “‘tri-
peroxide’™ at 75° and heating at 100° in the presence of methyl methacrylate (MMA)
to yield the desired block copolymer. The latter was purified from homopolymer ad-
mixtures by selective dissolution in acetonitrile (PMMA) or diethyl ether (PS of MW

ca. 30,000). PMMA was synthesized from benzoyl peroxide (1-3 %) in a benzene so-
lution.
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Fig. |. Gel chromatogram of the PMMA-PS-PMMA block copolymer in DMF (the figures under
the curve denote fraction) numbers, (a) Preparative chromatogram (40 mg of polymer); (b) analytical
chromatogram (6 mg of polymer).

RESULTS AND DISCUSSION

Gel permeation chromatography of block copolymers of the ABA type

Fig. 1 shows chromatograms obtained with a KhZh-1302 gel chromatograph,
The block copolymer (40 mg) was micro-preparatively fractionated into 34 fractions.
An analytical chromatogram of this block copolymer (a sample of 6 mg) is shown for
comparison. It is clear that the shapes of both chromatograms are identical; hence, no
great deformation of the chromatogram due to increasing concentrations takes place
in the micro-preparation. It can be seen from Fig. 2, which shows the results of a
control fractionation, that the separation of the block copolymer into fractions is

satisfactory. According to Bly¥, the values of the M, /M, ratios for the fractions are
close to 1.4,

40 50 60 ; 70 80
Counts

Fig. 2. Chromatogram of the initial block copolymer and of some of its fractions obtained by control
fractionation,
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The KhZh-1302 chromatograph was calibrated by using reference samples
of PS. The Marc-Kuhn constants obtained by us for PS in DMF are obtained from
the equation

[,,}] = K'i Ma — 3.96' 10-4 M?\:SBS

)

and enable us to transform Moore's calibration dependence??:

V=C, -~ CylogM (2)
into the universal calibration graph developed by Benoit er al5:

V= D, — D;log {M[n]} (3)
where

D, = C,/1.588 (4a)
and -

D, = C,— 2.142C, (4b) |

Fig. 3 shows Moore’s experimental curve.
By using the Benoit dependence (eqn. 3) and the expression for the hydro-

dynamic radius of the macromolecule, R,, related to rotary diffusion®3:
c 3ml M )*

R = (om v, (3

where N, is Avogadro’s number, we obtain the retention volume. ¥V, as a function
of log R,:

V = B, — B,log R,

(6)
where

By, = 2D, {(7a)
and

B, = D, — D; log ( ‘0”36.'?32'61023 ) = D, + 1.19 D, (7b)

Fig. 3 also shows the calibration dependence (eqn. 6). It permits the establish-
ment of the distribution of macromo'ecules according to hydrodynamic radius on
the basis of GPC.

GPC was used for fractionating not oi.ly the block copolymer but also PMMA
in order to compare the TLC behaviour of samples of these polymers obtained with a
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Fig. 3. Retention volume (V) versus MW and hydrodynamic radius of macromolecules (R,) deter-
mined from eqn. 6.

gel chromatograph by using equal retention volumes. This procedure permitted the
precise identification of the PMMA admixture in fractions of the block copolymer
and the selection of optimum systems for the chromatographic separation of PMMA
and the block copolymer over a wide range of MW,

Pyrolysis gas chromatography of polymers

Fig. 4 shows pyrograms of the block copolymer obtained with Tsvet-4 and
1
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Fig. 4. Pyrograms of the PMMA-PS-PMMA block copolymer obtained with (a) Tsvet-4 and (b)
Pyc 104 chromatographs. 1, MMA; 2, St,
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Pye 104 gas chromatographs. Both chromatograms show good separations of the
chromatographic peaks of MMA and St. The time of the analysis was 4 min with the
former instrument and 5 min with the latter, excluding the time required for the intro-
duction of the sample into the pyrolytic reactor (for a Pye chromatograph it is much
longer than for a Tsvet-4 chromatograph with the pyrolytic reactor described previ-
ously?®), The reproducibility of the pyrograms obtained with both instruments is the
same (1-3 9%). As already mentioned, the sensitivity of analysis with a Pye chromato-
graph is higher.

It is known283% that, depending upon the characteristics of a polymer (MW,
composition), its pyrolysis proceeds differently. However, conditions of pyrolysis
can be chosen such that these differences do not affect the chromatogram?®, It is clear
that only under these conditions PGC is suitable for our purposes, i.e., for investi-
gation of the polydispersity of the block copolymer. Fig. 5 shows the ratio of the areas
under the chromatographic peaks for St and MMA in the pyrogram as a function
of the ratio of the proportions of these monomers in the sample, It is evident that,
irrespective of the MW of PMMA"* and the type of the sample (mixture of homo-
polymers, random or block copolymer), under the conditions of pyrolysis used all of
the experimental points fall on a straight line, which can be used as a calibration
graph for determining the overall composition of the block copolymer (if the gas
chromatograph is calibrated by using mixtures of PS and PMMA).

——-.si- T v T -1 T
MMA
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Fig. 5. Ratios of pcak areas for St and MMA (Ss,/Smma) versus ratios of the residues of these
monomers (gsi/gmma) in polymers of different types. Random copolymer of St-MMA (-): block

copolymer of St-MMA (@): mixtures of PS with MW = 51,000 and PMMA with diﬂ‘ercni MW:
30,000 ((): 60,000 ( >»): 100,000 () and 200,000 (A).

TLC of block copolymers of St and MM A

lnagakl and co-workers!?, in investigations on the hydrodynamlcs of block
copolymers in solvents of different thermodynamic strength, found that adsorption
TLC is very sensitive to conformational changes in the block copolymers of the AB
and ABA types*%. Thus, if a solvent is a poor solvent for PS and a good solvent for

For PS, it is known that the character of its thermal decomposition is virtually independent
of its MW,
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PMMA (e.g., the nitroethane—acetone system), it follows that when the MW of the
block copolymer increases, the PS block collapses and a compact helical PS domain is
formed, surrounded by a PMMA envelope. Owing to this intramolecular phase
separation, as the MW increases the AB or the ABA block copolymer becomes in-
creasingly similar to pure PMMA in its adsorption properties. Conversely, the
greatest differences in the adsorption characteristics between PMMA and a copolymer
of St and MMA that contains a small percentage of St will be observed in a system of
solvents equally good for PS and PMMA, such as benzene-butanone.

Proceeding from Inagaki and co-workers® concepts, it might be assumed that
the greatest difference in the adsorption properties of PMMA and a block copolymer
of the ABA type that contains little St (in particular, for a block copolymer of high
MW) should be observed in a solvent system that is thermodynamically good for PS
and poor for PMMA. However, they did not study such a system.

In the separation of block copolymers of the ABA type according to compo-
sition, we can use the precipitation mechanism rather than the adsorption mechanism.
In this case, in a system that is poor solvent for one of the homopolymers that consti-
tutes the block copolymer, the block copolymer enriched with this homopolymer may
be selectively precipitated. In principle, under these conditions the separation of the
homopolymer and the block copolymer that contains a small amount of the second
component may take place. It is based on selective dissolution of the homopolymer,
whereas the block copolymer remains insoluble in the starting spot. I'n this connection,
it would be of interest to develop a chromatographic system the composition of which
changes as the solvent migrates along the plate and the thermodynamic strength
with respect to the homopolymer decreases. Then the homopolymer separated from
the block copolymer would not move with the solvent front but would stop near the
centre of the plate. This change in the composition of the chromatographic system
might be achieved, for example, by the evaporation from the plate of a more volatile
component of the solvent that is a good (selective) solvent for the homopolymer.

Chloroform—-methanol (ca. 1:3) exhibits these properties. As this system con-
tains large amounts of adsorption-active methanol, it follows that PMMA and the
block copolymer will not be adsorbed on silica gel. Also, chloroform, a selective sol-
vent for PMMA, is more volatile than methanol, and it will therefore be the first to
be evaporated from the plate in the chromatographic chamber unsaturated with the
solvent vapour, P

Fig. 6 shows the chromatograms of PMMA in the chloroform—methanol
(4.5:16) system. The chromatograms were obtained in a common chromatographic
chamber unsaturated with the solvent vapour. As the PMMA samples applied along
the plate are located along a straight line parallel to the line of the position of their
starting points, it may be inferred that an elution gradient exist on the plate*. Under
these conditions in TLC the block copolymer with an MW equalto the MW of PMMA
remained at the start. These properties of our chromatographic system show that it
is suitable for separating PMMA and the block copolymer of equal MW and gives
an R value 0of 0.5-0.7 for PMMA . Thus, this system permits theseparation of PMMA
from both the block copolymer and PS and also from various admixtures moving with
the solvent front.

It should be noted that as the chloroform content in the system decreases, pre-
cipitation of PS takes place first, which is followed by precipitation of PMMA
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(b)

Fig. 6. Thin-layer chromatogram of PMMA (MW == 500,000) (a) in chloroform-methanol (6:16) in

an unsaturated chamber and (b) in chloroform-methanol (4.5:16) in a chamber with preliminary
saturation,

(Fig. 7). As a result, a block copolymer of the ABA type with a low content of St
collapses in the region of the B block and, acquiring solubility properties similar to
those of PMMA, moves with it along the plate. This leads to difficulties in separating
the block copolymer and PMMA by this method. In order to ensure a better separa-~
tion of the block copolymer and PMMA, it was necessary to vary the composition of
the chromatographic system depending on the MW (R,) of the polymer, as shown in
Table I. As expected, the results in Table 1 indicate that with increase in the MW of
PMMA (decrease in the fraction number), systems that contain a smaller amount of
precipitator (methanol) should be used.

By eluting the zones of the block copolymer and of PMMA with acetone and
determining their composition by PGC, we can estimate the ratio of PMMA to the
block copolymer in a sample (in a fraction gbtained by GPC).

(e M:=5.104 (b)
Mz 17.108
Mz=2.108
10 1.0 < -
N\
Rr Re \ \ \: 600
. \
05 o5 \ \

.\ 3 \
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CHCi3 02 04 06 0B CH3OH C?-ICla 02 04 06 08 CH30H

Fig. 7. Ry for (a) PMMA and (bi PS versus the composition of the chloroform-methanol system in
the TLC of polymers of different MW,
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FABLE I

COMPOSITION OF BLOCK COPOLYMER AND RATIO OF PMMA TO BLOCK COPOLYMER IN
“RACTIONS OBTAINED BY GPC (Fig. 1) (ACCORDING TO TLC AND PGC)

Vor Composition of TLC Overall Overall Overall MMA Ratio of
raction in solvent system composition compasition composition conrent PMMA to
shromatogram (chloroform :methanol, of the fraction, of the lower of the middle  of the block
‘Fig. 1) v/v) L M py spot (block) spot block copolymer
W psara COPOlYIIEY, (PMMA), capalvmer in a fraction,
N m’py L My (%) . HPrara
= X y o= . o ==
M paraga M parara dvtock
6:16 7. 0.23 0.32 0.024 75.7 0.34
5 6:16 0.03 ., 0,04 0.009 96 0.464
7 6:16 0,04 0.08 0.018 922 1.72
9 0.06 0.06 0,12 0.026 89.4 1.62
I 55:16 0.09 0.14 0.005 88 0.522
14 5.5:16 0.16 0.24 0.005 80,9 0.42
iS5 5:16 0.18 0.31 0.007 76,6 0,58
1 5:16 0,28 " 0,49 0.013 67.3 0,535
9 4,2:16 0.55 0.77 0.014 564 0.234
0 4,2:16 0.80 0.88 0.008 53.3 0.054
13 4:16 2.36 1.13 0.051 47 0.26
4 4:16 3.34 1.33 0.043 43 0.27

Determination of the weight ratio of the polymer fractions obtained by TLC hased on
analysis of their overall composition (by PGC)

Determination of the content of the block copolymer in the sample and of its
composition. It is easy to show that if the chemical composition (the ratio of the
monomer units) of the two polymer components

my/my = ximy'[my =y (8)

and the chemical composition of the mixture
-

m’ny == Z 9)

are known, it is possible to determine the ratio of weight components ¢(/) in this mix-
ture, m = ¢"'lg":

R (A e FAD I i ) [ ) ‘
T T 2 A For —2) ' (19

In the case when the first component is a pure or an almost pure homopolymer,
(my -= 0, my ~»q’), eqn. 10 becomes

I+ v
W/ — 1 (h

)

Thus, for estimating the ratio of the components in a mixture, it is sufficient
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to determine its chemical composition z and the composition of separated components
(~x, v) and to use eqn, 10 or 11 to calculate (.

This method of calculation was checked by using model mixtures of PS and
PMMA. Two mixtures were prepared with weight ratios of PS to PMMA of 1:2
and 1:20. These mixtures were considered as components and were used for preparing
new mixtures: their composition and the composition of the initial mixtures were
determined by PGC. The precision of the determinations was 6-7%.

The results of the analysis of fractions of the block copolymer with deter-
mination of x, y and z are shown in Table I.

Formation of artificial chromatographic zones in the TLC of PMMA

In the TLC of PMMA in the S-chamber when the chloroform-methanol
system (3.5:16) was used as eluent, we observed an interesting phenomenon associated
with the separation of the chromatographic spot into two parts. The chromatogram
of PMMA obtained under these conditions and with the starting spot applied along
the diagonal of the plate is shown in Fig. 8. It is evident that the PMMA samples the
starting points of which are located near the line of the immersion remain at the
starting spot while the upper PMMA spots move from the start and migrate with the
solvent front. It is characteristic that the larger the amount of the polymer that
remains at the starting spot, the lower is the amount of the polymer in the polymer
zone near the solvent front. It seems that the explanation of this interesting phenom-
enon, which can lead to erroneous conclusions concerning the amount of the com-
ponents in the PMMA samples under analysis, is as follows. As seen from Fig. 7,
the chloroform-methanol system exhibits two ranges of concentrations in which the
Rp value for PMMA: changes from O to 1. This is the zone with a methanol content
of 0-5% and the zone that contains over 70% of methanol.

When this chromatographic system migrates along the plate, frontal separa-
tion of the methanol zone and the chloroform zoneshould be observed (when meth-

Fig. 8. Thin-layer chromatogram of PMMA (MW = 500,000) in an S-chamber in the chloroform-
methanol (3.5:16) (contact photo),
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anol is} in] excess, the fronts of these zones should be located relatively near each
other). Hence, when the spreading front of the methanol zone with low methanol
concentration comes into contact with the chromatographic spot. it should dissolve
a certain part of the polymer which moves along the plate in this range of methanol
concentrations according to the laws of adsorption chromatography, i.e., the rear
boundary of the polymer zone becomes sharper because it is accelerated by the con-
centration gradient of methanol.

As a result, the upper spots of the polymer are parallel to the solvent front.
However, when the flow-rate of the solvent greatly exceeds the rate of polymer dis-
solution, the region of the starting spot is rapidly occupied by that part of the solvent
front in which the concentration of methanol exceeds 709, and the PMMA that has
not dissolved by this stage can no longer be dissolved.

As a result, the polymer zone is divided into two parts, one of which moves
with the solvent front and the other remains at the start. Apparently, there should be
no difference in the properties of the polymer in these zones*: hence, the formation
of two chromatographic spots is an artefact resulting from specific conditions of
polymer chromatography in a binary solvent system when the polar component in
high concentrations is a precipitator for the polymer. Evidently, the longer the time
for polymer dissolution, i.e., the slower the migration of the solvent along the plate,
the greater is the part of the polymer in the spot that moves with the solvent front and
the smaller is the amount of PMMA that remains in the starting zone. Hence, it is
clear that the higher the location of the starting spot of the polymer along the plate.
the smaller is the amount of it that remains in the starting zone as the flow-rate of the
solvent decreases as it rises up the plate.

An interesting result is observed in the TLC of PMMA in a chamber saturated
with the solvent vapour when the same chromatographic system is used (chloroform-
methanol, 4.5:16: Fig. 8c). Here, the upper spots of the polymer are at an angle to the
line of the solvent front, which indicates that gradient conditions on the plate are
absent. Thus. part of the polymer in one solvent remains at the start whereas the other
part migrates along the plate according to the laws of elution chromatography. This
may occur when the concentration of methanol in the eluent that ensures that the
precipitation TLC of PMMA occurs is higher than the concentration that permits the
dissolution of this polymer in the zone of the starting spot. The passing of the polymer
from the solid phase adsorbed on the plate into solution takes place through the for-
mation of the gel phase. In this case, the first stage of dissolution requires a stronger
solvent (containing less methanol) than the second stage, corresponding to an ele-
mentary act in precipitation TLC. This agrees with Otocka et al.’s observation®® that
the threshold of the polymer solubility decreases in the presence of the adsorbent and
that the quality of the solvent affects the desorption rate.

When the eluent contains methanol in an amount greater than that necessary
for the transition of the polymer from the solid state into the gel phase, dissolution of
the polymer in the region of the starting spot occurs only if the solvent front (in which
the concentration of methanol decreases) passes through it. In this case, as in TLC in
unsaturated chambers (Fig. 8a and b), the shorter the time during which the solvent

* Nevertheless, some difference in the MW of PMMA in both spots is possible as the time of
dissolution is limited and low-molecular-weight components are cluted from the starting spot first.
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front is in contact with the starting spot (the closer is this spot to the line of immersion

of the plate into the solvent), the smaller is the part of the polymer that passes into
solution and is developed as the upper spot.

Continuous distribution of the overall composition of the content of the block copalymer
and of its composition plotted as functions aof the hydrodynamic radius of the polymer
Sraction, R,

As a result of the investigation of the block copolymer fractions obtained by

GPC (Fig. 1), it is possible to determine by PGC and TLC the weight ratio of PS to
PMMA in each fraction. z:

Z = "'lps/’anM,\ (12)

where m is the amount of the substance, and, by using eqn. 11 the weight ratio of
PMMA to the block copolymer in these fractions. m:

(1) == ([pMMA/(Iblock 4

Evidently, the ratios z and  are also valid for the corresponding concentrations
of the polymer solutions in the fractions obtained with a gel chromatograph. Now, if
we know the refractive index increments for PSand PMMA, (2#1/8¢)pg and (81/9¢)pm MA
and the change in the refractive index of the solution with respect to the solvent, «n,
it is possible to determine from chromatograms the ratio of PS to PMMA and to the
block copolymer in a fraction, depending on its hydrodynamic size, R,.

For this purpose, using the rule of additivity of refractive index increments
for the components of a copolymer in solution3®, we can write

( on on

W)ps.cps + (_é_(:— *Comma == <In (14)

)I’MMA
Solving this equation in combination with eqn. 12, we obtain

An

Comma = (15)
&7

0¢ pmma

If we replace <1n by nl/l,. where n is the limit of measurement of the refractive
index on the complete scale of a recorder of length /; and / is the deviation of the
pointer of the recorder corresponding to ~ln. we have

Comma = 3 l/ky 5
n - "
(_é_('_)ps.z e (__a_;_

Using the value of Cpmma in eqn. 16, we obtain Cpg with the aid of eqn. 12

(16)

)l’M MA

* For DMF. (all/ac‘)ps = 0,173 ml/g 'and (all/ac')“pmm,\ = (0,064 ml/g.
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and, summing these values, we can estimate the total amount of the polymer in a given
fraction of the solution. C;. corresponding to Ry,:

Ci = Cos, + Comma, (17

Eqn. 13 makes it possible to determine the concentration of the block copo-
lymer. Cyocke As shown above, the ratios of the concentrations, Cps/Cppmma and
Comma/Criocks can be replaced by the weight ratios of the respective components in
the polymer contained in a given fraction.

The final results of the calculations are summarized in Fig. 9, which shows the
distribution of the overall composition of the polymer sample, the amount of the
block copolymer present in it and the latter’s composition as a function of R,. It is
clear that an increase in the R(MW) of the sample leads to a decrease in the content
of PS and an increase in the content of PMMA. This is understandable as the syn-
thesis of the block copolymer proceeds in two stages and PMMA is attached to the
PS block. Naturally, under these conditions, the MW of the polymer increases. with
the increasing content of PMMA,

c.10%
(7))
15 Bl.cop. campos
(/o)
PMMA
10 100
o — b W
'3
\
5 ; Y 150
. ..
(
lzjd\ R
She-Te) 100 200 300 °

Rg(A)

Fig. 9. Distribution of the PMMA-PS-PMMA block copolymer depending on R,. Unfractionated
polymer (@): PS (A); PMMA ((); block copolymer ([}); content of PMMA in the block copolymer
(A) according to GPC.

It should be noted that the results of our investigation do not permit precise
conclusions to be drawn concerning the mechanism of the preparation of the block
copolymer, as we studied a sample with partially washed-off homopolymers.

CONCLUSIONS

This work clearly demonstrates the considerable analytical possibilities of the
combined use of chromatographic methods in investigations of complex polymer sys-
tems. The distributions obtained for block copolymers of the ABA type are very de-
tailed and continuous. Moreover, the results are not obtained by using arbitrary



B. G. BELENKII ¢t al.

76

1T £Lo Ll 160 ty Lo e gee 919 {4
69°C 'l 68°1 80 Ly 900 9¢°C 86t 909 114
67’¢ I's StC ¥6'C £ES 00 080 N9 19-09 174
89 Y £¢ sy ¥os €0 §¢0 £9 09-65 61
wol 99 L (4 86L £ 0 80 §6L 86-LS 4]
86°Cl 8 861 11 9'9L 850 810 86 95-6¢ Y
69°t1 96 68°1 8§t 608 o 10 601 Y ¥i
I¥'81 88 1l 144 88 <0 600 st [ £ i1
1Al 3 4 §9°0 801 ¥'68 91 90 $61 05-6v 6
£€°8 't €0 <8 66 Wl w0 73 Si-Ly L
68v 144 o LY 96 Wwo £0°0 a0t 9y ¢
(%)
e tE_.ﬁﬂWM oI v Ui EEQE\« .N puv «N“ﬁ“ (1 31y)
_wlbo - WO aSd sV WHd u1 Juamiod &M: soufjodoy  uonisoduiod ww1S0yp01Y) “oN
(Jui DI 5) ,01 = wONDIIIINOI 1IWKJOJ VIWIN ¥019: VWA JIpaaaQ { y)d uj snme) uonIvLq
094 ANV J1L 24D A8 Y3FWATO40D MD018 JO SISATYNYV 40 SL1NSTY
11318v1



GPC, TLC AND PYROLYSIS GC OF BLOCK COPOLYMERS 77

assumptions but are based on reliably established physical relationships: the frac-
tionation of macromolecules according to their size by GPC, the Benoit universal
calibration graph, the fractionation of polymers according to composition by TLC
and the quantitative determination of the copolymer composition by PGC. In ad-
dition, only 40 mg of polymer are required for the analysis, so that it can be concluded
that the use of combined chromatographic methods in analytical studies of high-

molecular-weight compounds provides excellent possibilities for investigation of
complex polymer systems.
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