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SUMMARY

A method based on adsorption thin-layer chromatography has been developed
for diagnosing linear and branched polystyrenes according to the character of
the dependence of the Rp values on the eluent composition.

It has been shown that micro-fractionation of narrow-disperse mixtures of
linear and branched polystyrenes by means of gel permeation chromatography,
with subsequent thin-layer chromatographic analysis of the fractions, permits
the quantitative determination of the percentage of linear and branched components,
the molecular weight of lincar polystyrencs and the hydrodynamic radu of linear
and branched components.

The hydrodvnamic radii permit the determination of the vaiwues of molecular
parameters for branched polystyrenes (molecular weight, length of branches) within
the limits of the selected model concepts.

INTRODUCTION

The synthesis of macromolecular compounds yields, as a rule, polydisperse
products. In the case of homopolymers, the synthesized macromolecules differ
in molecular weight (MW), molecular unit arrangement (“head-to-tail” and
“head-to-head’’ stereoregularity) and degree of branching. In random copolymers,
the polydispersity is manifested in differences of MW and composition (compositional
inhomiogeneity) of macromolecules. In complex pelymer systems, such as block co-
polymers, graft copolymers and branched homopolymers, the polymer contuins,
apart from the main product (which is also characterized by pelydispersity of MW
and of composition and type of branching), the corresponding linear homopolymers.
Up to the present, the investigation of these polydisperse systems has been a very
complex and laborious task and often cannot be carried out at all by classical methods
of polymer analysis. Important progress in this field was attained after gel permeation
chrematography (GPC) of polymers had been developed®, which permits the easy
determination of their molecular-weight distribution (MWD) and of their average
molecular weights (AMW). The thin-layer chromatography (TLC) of polymers®3
permits the determination of the M\VD and AMW of homopolymersi=, of composition
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homogeneity of random copolymers™®, and the diagnosis of stereoregular polymers'®
and block and graft copolymers®. The TLC of polymers provides great analytical
possibilities owing to the high sensitivity of this method (several micrograms of the:
polymer are suificient for analysis) and the speed of the analysis (10-15 min). Never-
theless, the TLC of polymers is not an absolute method because reference polymer
samples should be used and their method of preparation is difficult.

This defect can be overcome and the possibility of obtaining information on
the poly= er by TLC can be greatly increased if TLC is combined with other methods,
such as GPC and pyrolytic gas chromatography {PGC). GPC is essentially an ab-
solute method for determining the size of macromolecules!!. When viscometry or
osmometry are used in combination with GPC for the analysis of polydisperse
samples, their MWD can also be determined, and consequently in this case GPC
provides an absolute method for determining MWD?2.13. Hence polymer fractions
(even the fractions of an unknown polymer) obtained by means of GPC can be easily
characterized in terms of the MW and the size of the macromolecules. PGCisa
precise, reliable and very sensitive method for the deicrmination of the copolymer
composition!t. GPC permits the determination of the copolymer composition even
with a component ratio of less than 1: 350 (ref. 15). Also, PGC can be used for estimating
the AMW of some homopolymers (such as polymethylmethacrylate!®) and for in-
vestigating the stereoregularity of polyvmers (polypropyvlene!”) and short-chain
branching (polyethylene'®).

It is also advisable to combine these three chromatographic methods Lecause
analytical instruments for GPC permit the very effective fractionation of milligrams
of polvmers, while TLC and PGC require microgram amounts. Hence the analyticai
instrument for GPC may be used for the micro-preparative separation of polvmers
into fractions, which are subsequently analvzed by TLC and PGC.

This paper describes the application of combined chromatographic methods,
including TLC and GPC, for the analysis of mixtures of polustirenes containing
low-molecular linear and branched components.

EXPERIMENTAL

Materials and methods

Gel permeation chromaiography. Experiments on GPC were carried out with a
Soviet ChZh 1302 liquid chromatograph for polvmer analysis (Special Design Office of
Analytical Instruments of the Academy of Sciences of the U.S.S.R.) using five
Waters Asscciates chromatogrophic columns: 16% 1 5-10* = 10° 4 10® + 5-10% A.
Toluene was used as eluent. The sensitivity of the refractometer was 2-10~* refractive
index units for the whole scale.

Thin-layer chromatography. Silica (1l KSK was used with a mean pore diameter
of So A, a specific pore volume of 0.9 ml/g and a particle diameter of 20-30 um. The
plates, 6 ~ 10 cm with a sorbent layver 200 um thick, were prepared with an auto-
matic applicator (K1Ch-01 equipment for thin-iajer chromatography manufactured
by the Special Design Office of Analytical Instruments of the Academy of Sciences
of the U.S.S.R)).

The solvents for TLC were of “chemically pure” and “pure for analysis™
grades.
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- For developing the spots, the plates were sprayed with a 19, solution of
- KMnO, in concentrated H,50, and heated at 160° for 10~15 min. The polymer zones
were developed as black spots.
Densitometric analysis of the chromatograms was carried out with an MFTCh-t
microabsorptiometer—fluorimeter?®.
Reference polymers. Standard polystyrenes samples with narrow fractiona-
tion (Waters) with Myw/My < 1.05 — I.2 were used.
Polviner samples. Samples of linear and branched polymer systems were
preparcd by polymerization of styrene with butyllithium and pelystyryllithium
as initiators.

RESULTS AND DISCUSSION

Linear and branched macromolecules of the same MV differ in hydrodynamic
size. Nevertheless, neither classical methods of fractionation nor GFC permit the
adequate separation of linear and branched macromolecules of similar size. This
makes it impossible to analyse mixtures of linear and branched macromolecules
by these methods.

Thin-layer chromatography of linear and branched polymer systems

Using TLC, we have established that the character of the dependence of the
Rp values on the content of the adsorption-active component (acetone) in the eluent
is different in linear and branched polystirenes: in linear polystyrenes this de-
perdence is stronger than in the branched ones. Furthermore, linear and branched
poomer svstems with similar hydrodvnamic dimensions are readily separated on
the chromatographic plate (Fig. ).

These principles were used as a basis for the analysis of polymer samples with
narrow dispersity with My My << 1.1 (according to GPC) containing linear and
branched polystyrencs.

Using the dependence of the Ry value of the polymer componeat on the acetone
content in the system cyclohexane-benzene-acetone (Fig. 2), it is possible to identify

Fig. 1. TLC of fodr samples (T, IT, IT1, TV) containing lincar and branched components and of
standard polystyrenes with Mw: 4800 (3), 10-10% (4), 19.75-10% (5), 50-10® (6}, 100-10% (7),
171-10% (8), 830-10% (10) and 2-10® (11) in the system cyclol - "ane-benzenc-acetone (12:4:y)
where y is (a) 0.4, (b) 0.8, and (¢) 1.5.
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linear and branched components in the investigated mixture by comparing their
chromatographic behaviour with that of the reference sample of linear polystyrenes. .-

Althoagh: the theory of linear polymer adsorption is well developed®—23, the
adsorption of branched macromolecules has not been considered theovetically. It
may be suggested, however, that differences in the adsorption capacity of linear
and branched polymer systems are associated with the following peculiarities of
their adsorption behaviour. At high interaction energies (low content of acetone in
the eluent), linear polymers are flattened to a much greater extent than branched
polymers, and consequently a larger proportion of segments comes into contact with
the adsorbent. As a result, under these conditions, their adsorption capacity is higher
than that of branched polymers. In contrast, at low interactions (high content of
acetone in the eluent), branched macromolecules in which the segment density per
unit of surface area is higher than in the linear ones, are adsorbed more strongly
than the latter. It is clear that differences in the adsorption capacity of linear and
branched macromolecules should increase with the degree of their branching. Evalu-
ating the experimental results (Fig. 2) from this standpoint, it can be concluded
that components 1 and 2 of the sample I are branched (component 1 toa greater
extent), while components 3 and 4 are linear. Although component 3 is close to the
corresponding linear polymer systern with M of 19,750 by its chromatographic

o4 06 of 1.0 12 ¥ 14 i6

Fig. 2. The dependence of the Rr values on acetone content (y) in the system cyclohexane-ben-
zene-acetons (12:4:y) for linear and branched components of sample 1 (solid lines) and linear
reference polystyrenes {broken lines),

Fig. 3 Densitograme of thin-layver chromatograms of the total polymer sample No. 1 and its
fractions, obtained by means of GPC.
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‘behaviour, nevertheless there are slight differences that may be due to a low degree
of branching in component 3.

Microfractionating polymer samples by means of GPC and TLC of the fractions obtained

Further analysis of the polymer samples was carried out by their separation
into 12 fractions by GPC on a ChZh-1302 chromatograph with a systum of styrogel
columns, by the TLC of each fraction and by densitometry of the chromatograms.

Densitograms of sample 1 (upper part) and of its fractions (3-12) are shown in
Fig. 3. The upper part shows the method for separating densitometric peaks into com-
ponents. These results enabled us to represent the chromatogram of the polymer
sample obtained by TLC as a superimposition of the elution curves of linear and
branched polystyrenes constituting this sample (Fig. 4). In this case we detected a
fifth, linear, component of low molecular weight. This procedure permitted (according
to the GPC data) the determination of the percentage of the components, the estima-
tion of molecular weights of linear components and the Mw of branched polys-
tyrenes (components I and 2) using definite model concepts concerning the structure
of branched polymers (as will be shown below]).

an fl

}1+2.3.‘f.5.‘.7.3.9.10.“. 2
fraction, #

Fig. 4. Elution curve obtained for sample No. 1 by means of GPC and the component distribution

in this sample (according to TLC data). The figures on the upper curve refer to elution volames
(counts).

i

Table I shows the contents of the polymer components in the four samples
under analysis as well as the AMW of lincar polymcrs {according to the TLC data
of the unfractionated sample and to the combination of GPC and TLC) and the
AMW of branched polystyrene {according to the combination of GPC and TLC).

As can be seen fiom Table I, the results obtained by GPC and TLC are in good
agreement. Moreover, the combination of GPC and TLC enabled us to detect and
characterize a minor component of the linea. polymer system (component 5) present
in the polymer samples to the extent of 1-4%5.

Determination of the molecular weights of branched polymer systems
According to the recommendation of CorLL, we calibrated the chromatographic
columns in hydrodynamic radii (Ry):
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r (3 MW}
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and on the basis of Fig. 4 we obtained the elution curves of polymer samples in the
form of functions of C against log R, (Fig 5). Here (5] is the intrinsic viscosity
of the standard polymer system and N 4 is Avogadro’s numbe..

Fio 5 nermite the datoermination af thae B valiec ~arrac - .
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mum of each component, and even for the component representing a very narrow

polymer fraction (Mw/My < 1.1) these values correspond to their mean hydro-
dynamic radii.

14 12 13 4 15 16 1i
tog Ry

Fig. 5. Concentration curves of the componnt distribution in sample No. 1 as a function of the
logarithm cf the hydrodynamic radii (log Ry).

According to TsvETKOV ¢f al.®, the hydrodynamic radius R is related (o the
number of random segments N, segment length, b, and the bran<hing factor, , which
represents the ratio between R for branched and linear macromolecules with N

segments bv the following equation:

R =078 b N (2)
J6

For the given polymer system it is easy to relate its Ry to the MW:
R,=0.225 - h- MW? Q)

Hence, if we know R; and %, we can find the MW o’ the compouent of the branched
polymer system.

Using the kinetic data obtained in the synthesis of polymer system samples
and the results of TLC, we have suggested the structures of the branched polymer
system components and have s."ected for them the % values in accordance with data
of GRECHANOVSK1I®S,

For instance, for sample 2 obtained in the polvstyrenes synthesis by using
polystyrvllithium as the initiator, the comb-like structure of the polymer chain
with different degrees of branching is the most probable one; the sample may also
contain the unreacted initiator (component 5). Consequently, the models of com-
ponent branching are as follows (Table 1I).

The data in Table II permit the determination of the MWV of the branched
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TABLE I1

MODELS OF COMB-LIKE BRANCHING FOR POLYMER SYSTEM COMPONENTS IN SAMPLE 2 AND THEIR

CHARACTERIZATION {FACTOR k)

Property Component
I 2 3 4 5
Type of branching Branched Branched Slightly Linear Linear
according to TLC branched
Models of branching %
h for random distribution
of the branch length  0.910 0.931 0.950 0.972 1o
# for fixed branch length  0.858 0.903 o.g22 0.947 1.0

TABLE III

RESULTS OF ANALYSIS OF POLYMER SYSTEM SAMPLE 2

Paramster

Component

Rranched polviner system

Lincar polymer system

1 2 3 4 5
Ry () 20.5 21.3 32.5 22.5 16.5
MW of the polymer 10,300 10,600 19,500 10,500 3500
MW of the comb-like structure 3,000 3,000
MW of the branch 1,400 1,900
Contents of the component (¢ 23 15 16 42 4

component and the length of the branches by using eqn. 2 with the assumption
that component 5 represents the backbone of the macromolecule. The MW of the
polvmer depends only slightly on the selection of the branching model, while the
lengths of the branches depend on it to a greater extent. Table 111 lists as an example
the complete results of analysis of polystyrene sample 2.

CONCLUSIONS

These studies have shown the possibility of characterizing in detail the complex
narrow-disperse (Mu-Mx < 1.1) polymer system containing linear and branched
polymer systems by means of the GPC-TLC combination. For a sample of 5 mg,
it was pessible to determine the following characteristics: percentage of the compo-
nents, type of branching, MW and MWD of linear components, and, within the
limits of the model vsed, the parameters of branched macromolecules (their MW,
MW of the backbone and of the branches). A component present in an amount of
less than 4 2, (in samples 1 and 3, less than 1°,) has been detected and characterized.

This example of a complex multicomponent polymer system that cannot be
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characterized by classical methods shows very clearly the great analytical possi-
bilities of combined chromatographic methods for investigating polymers.
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