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I. INTRODUCTION 

In 1968, the first investigations on the thin-layer chromatography (TLC) of 
random copolymers were carried out simultaneously in our laboratory’ and by 
Inagaki at Kyoto University, Japan’. Since then, the main trends developed 
have been investigations of the heterogeneity of polymers [their molecular-weight 
distribution (MWD) and inhomogeneities of composition] and the identification of 
polymers with various microstructures 3 - 5_ The following investigations became pos- 
sible with the aid of TLC: separation of random copolymers according to their compo- 
sition6-g- determination of molecular weight (MW) and MWD of homopolymers 
(PSU0_l;, PE03*12 and PMMA15s*6)‘, identification and separation of stereoregular 

~PMMA16-x8, separation of poly-1,4-cis-, -I$-trrans- and -1,2-vinylbutadiene’g, identifi- 
cation of block and graft copoIymers of St and M MA and St and’ PEO, determination 
of the presence of homopolymers in these copoiymers3*‘“-2’, identification of linear 
and branched-chain PSL3 and PS with carboxylic end-groupszJ, and identification of 
random, block and alternating copolymers of St-MMAz5*‘6 and two- and three-biock 
copoIymersZ7*z*. Later, two groups of American scientists, Otocka and co- 
workers*z-14~2g*30 and White and co-workers3’-32, began to investigate the TLC of 
polymers. The first group deveIoped a method for the determination of the MWD of 
PS and studied the mechanism of the TLC of polymers, while the second group inves- 
tigated the TLC of PS, PBD, polyisoprene and their copolymers and developed a 
method for the determination of the MWD and compositional homogeneity of copoly- 
mers of St and BD. An important trend in the TLC of polymers is the use of this 
method for the determination of the MWD and the functionality of oligomers33*34. 

Depending on the character of the interactions involved, the following types of 
TLC of poiymers can be carried out: 

(a) Adrsorption TLC (ATLC). This method was proposed first for the separa- 
tion of copolymers1*2*6 and was later used for the analysis of homopolymers’0~1z*‘3. 
This type of TLC is based on differences in the adsorption activities of polymers, 
which increase with the MW and with the percentage of adsorption-active polar 
groups in a copolymer (oligomer). A peculiarity of ATLC is the use of solvents that 
contain a small amount of the polar adsorption-active component, the displacer, an 
increasing content of which leads to an increase in RF value. 

(b) Thin-layer gel-permeation chromatography (TLGPC)3*6*35. TLGPC is based 
on the molecular-sieve efhect, i.e., the distribution of polymers between the mobile 
phase and the porous adsorbent determined from the ratio of the size of the macro- 

* The following abbreviations for compounds and polymers are used: St = styrene; PS 
= polystyrene; MMA = methyl methacrylate; PMMA = poly(methy1 rnethacrylate); EO = 
ethylene oxide; PEO = poly(ethylene oxide); BD = butadiene; PBD = polybutadiene; P-a-MS = 
poly(a-methylstyrene); CHCla = chloroform; CCL = carbon tetrachloride; MEK = methyl ethyl 
ketone (2-butanone); THF = tetrahydrofuran; DMF = dimethylfonnamide; Ch = cyclohexane; 
Bz = benzene; AC = acetone. 
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molecules to the pore size. Polymer adsorption is suppressed and the volume within 
the pores of the adsorbent is previously filled with the solvent. 

(c,J Precipitation TLC (PTLC). This method was suggested by Inagaki and 
co-workers*5*36. The eluent consists of a polar or a non-polar solvent and a large 
amount of an adsorption-active precipitant for the polymer. Under these conditions, 
the adsorption activity of the chromatographic layer is completely suppressed and 
the separation of poiymers is based on changes in the properties of the eluent on the 
plate effected as follows: (a) by introducing on to the plate an eluent of varying com- 
position (extraction-type PTLC) or (b) by changing the eluent composition on the 
plate by evaporation and/or decreasing the phase ratio, r (the ratio of the weight of 
eluent to that of the adsorbent)_ 

(d) Extraction TLC (ETLC) 3.17. ETLC is based on the selective dissolution of 
polymers in the region of the starting spot according to the “all or nothing” principle. 
This method permits the separation in a startin g spot of polymers of different types 
according to their affinities for the solvent. 

Combined types of TLC are often used for the separation of polymers. For 
example, the separation of polymers at the starting spot is carried out according to the 
mechanism of selective dissolution (desorption) with subsequent fractionation on the 
basis of ATLC or PTLC. 

It is advisable to separate the above four types of TLC into two groups: 
(I) Chromatographic methods based on adsorption: ATLC and TLGPC, in 

which the positive and negative adsorption, respectively, of polymers are carried out 
on a porous adsorbent_ 

(2) Chromatographic methods related to the solubility of polymers: PTLC 
and ETLC, based on the different solubilities of polymers and their different rates of 
desorption in the region of the starting spot. 

At present, TLC is used extensively for investigations of MWD, compositional 
inhomogeneity and structural peculiarities of widely different classes of polymers and 
oligomers (Table 1). 

II. THIN-LAYER CHROMATOGRAPHY OF POLYMERS BASED ON ADSORPTION 

I. Adsorption TLC of copolymers 

ATLC was the first type of TLC of polymers to be developed1*‘*6*7 for the 
fractionation of copolymers according to composition. Investigations on the ATLC of 
copolymers were related to investigations of random copolymers of St with MA and 
MMA. For the TLC of the St-MMA copolymers iw6s7 the elution systems consisted of 
solvents (chlorinated hydrocarbons) and displacers’(adsorption-active oxygen-con- 
taining compounds). The dependence of the RF values of copolymers C-10 (31% St) 
and C-5 (54% St) on the nature of the solvent and the displacer on a plate coated with 
silica gel is shown in Table 2. 

Table 2 shows that the solvents and the displacers for the St-MMA copolymers 
can be arranged in the following eluotropic series: diethyl ether < MEK < AC < 
THF < dioxan; chlorobenzene < dichloroethane -=z CHCl,. 

The chromatography of copolymers was carried out in an S-chamber in which 
the displacer gradient was achieved by gradual evaporation of the eluent into the air 
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TABLE 2 

RF VALUES OF COPOLYMERS WITH 31% (C-10) AND 54% (C-S) OF St IN CHROMATO- 
GRAPHIC SYSTEMS CONTAINING 12 ml OF SOLVENT AND 2.4 ml OF DISPLACER ON 
PLATES COATED WITH KSK SILICA GEL 

Solvent Displacer 

DiethyI ether MEK AC THF Dioxan 
-- 

C-IO c-s C-IO c-5 C-IO c-s C-IO c-s C-IO c-5 

Dichlorobenzene 0 0 0 0 0 0.52 0 0.71 0 0.83 

Dichloroethane 0 0 0 0 0 0.70 0.69 0.92 0.77 0.92 

Chloroform 0 0.17 0 0.32 0.49 0.85 0.70 0.90 0.88 0.95 

space during its movement up the plate. As the adsorption activities of the St and 
MMA groups in chlorinated hydrocarbons differ widely, strong gradients were used 
to separate copolymers of widely differing compositions. These gradients were ob- 
tained by mixing the solvent with a small amount of an adsorption-active displacer 
(such as AC) or with a large amount of a weak displacer (diethyl ether) (Fig. I). For 
the separation of copolymers of similar compositions, chromatographic systems of 
high resolution with a weak gradient were used, prepared from a solvent containing a 
small amount of a weak displacer (diethyl ether, MEK). 

I 
8 C-l 

@I) c -5 

c - 10 

f (I c-14 

Fig. 1. TLC of random copolymers of St and MMA on KSK silica gel in CHCI,-Ac (12:2.2) in an 
S-chamber: C-14 (22% St, M, = 2.3-l@), C-IO (31% St, M, = 8.7-l@), C-S (54% St, M, = 
S-l(r), C-l (80% St, M, = 1.2-105). 

Fig. 2 shows chromatograms of copolymers with virtually indistinguishable 
elemental compositions. However, High-resolution TLC makes it possible to show 
distinctly that the C-2 copolymer consists of two fractions identical with copolymers 
C-l and C-3. The effectiveness of high-resolution TLC for copolymer separations is so 
great that it permits the determination of differences in the polydispersity of copoly- 
mers of azeotropic composition (with 54 mole- % of St) obtained at various extents of 
conversion (Fig. 3). 
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(a) 

a 

tb) 

Fig. 2. High resolution TLC: (a) copolymers of St-MMA containing 80% of St (C-l, C-2, C-3) in 
CHC&-MEK (12:0_6) in an S-chamber; (b) two-dimensional chromatogram of C-2 in the same 
solvent system. 

Fig. 3. TLC of azeotropic copolymers of St-MMA containing 54% of St with various degrees of 
conversion [C-7 (0.5 %), C-6 (il.7 %), C-4 (33.8 %), C-S (70.6 ya] on KSK silica gel in CHCfrdieW 
ether (12:4.2). 

A two-dimersional chromatogram (Fig. 4) shows that elongated spots in a one- 
dimensional chromatogram of azeotropic polymers are produced by the polydisper- 
sity of the samples rather than by chromatographic spreading due to concentration 
effects. 

Similar results in the ATLC of random copolymers of St-MMA and St-MA 
have been obtained by Inag&i et al.', who has used gradient TLC in which methyl and 
ethyl acetate were added to CHCl,. They used densitometry of the plates to determine 
the distribution of the St-MM4 copolymer according to composition. This distribu- 
tion agreed with the theoretical distribution, whereas the mean value of the molar 
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I 

a I 
B 

4 

Fig. 4. Two-dimensional chromatogram of the C-4 copolymer (see Fig. 3) in the same solvefit system. 

fraction of St in the copolymer (0.355) agreed well with the value of 0.342 determined 
by elemental analysis. 

Our investigations3*6 have shown that the R, value of the copolymer depends 
not only on its composition but also on its MW, the strongest dependence being ob- 
served at MW = 10s (Fig. 5). 

Fig. 5. TLC of random copolymers of St-MMA containing 31% of St of various MW (M,J on KSK 
silica gel in CHCI,-AC (1222). 

Inagaki foundz6 that the chromatographic mobility of St-MMA copolymers is 
related not only to their composition but also to their structure (the block length). 
Thus, in the CHCl,-ethyl acetate system copolymers containing 49 % of St behave as 
follows: the block copolymer remains at the start, the alternating copolymer is located 
in the middle of the plate and the random copolymer migrates at the highest rate. 
Recently, Donkai et aZ.* showed that the RF value for St-MMA block copolymers 
varies, depending on the number of blocks present. Thus, in the MEK-CC& gradient 
systems the RF value increases in the following order: the two-block, the three block 
and the random copolymer of St and MMA. At first, Inagakiz6 ascribed these differ- 
ences (in a similar manner to differences in the adsorption of stereoregular PMMA) to 
diEerent extents of adsorption of triads of monomer units, considering them as ad- 
sorption units of the polymer chain. The nearest neighbours of the adsorbed groups 
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are probably responsible for the extent of polymer adsorption but the triad model of 
the adsorption of macromolecules suggested by Inagaw6 is too simple and was later 
rejected”. 

2. Adsorption TLC of homopoiymes 

The possibilities of using ATLC for the separation of homopolymers accord- 
ing to MW were first demonstrated by Belenkii and Gankinalo. Fig. 6 shows chroma- 
tograms of narrow-disperse PS (MJM, c 1.1) obtained on plates coated with KSK 
silica gel using the Ch-Bz-Ac system; the first two components are solvents for PS 
and the third is a precipitant. As adsorption-active AC is present in small amounts in 
chromatographic systems, ATLC of PS takes place in which AC acts as a displacer_ . 

d 

Fig. 6. TLC of narrow-disperse (M,/M. < 1.1) PS samples on KSK silica gel in Ch-Bz-Ac: (a) 
13:3:1; (b) 12:4:0.4; (c) 12:4:0.7; (d) 12:4:1. &fm values of PS samples (1) 900; (2) 2.3-103; (3) 
4.5-10’; (4) 9.7-W; (5) 1.96-l@; (6) 4.9s I@; (7) 9.62-l@; (8) 1-64-l@: (9) 3.92. Iti: (10) 8.67. 105; 
(11) 1.78-106. 

Fig. 6 shows that the R, value of PS increases with increasing content of 
acetone and, when the system contains over 10 % of AC (Fig. 6d), even polymers with 
the highest MW cease to be adsorbed. If the plate has previously been saturated with 
the solvent vapour, PS is separated according to the molecular-sieve effect, low- 
molecular-weight PS migrating more slowly than high-molecular weight PS. 

On the basis of ATLC, it was possible to separate PS in systems that contained 
only solvents for this polymer with different adsorption activities with respect to 
silica gel, such as Ccl,-CHCl, and Ch-Bz. Fig_ 7 shows the separation of PS in Ch-Bz 
systems. It is clear that polymers of low and medium MW are adequately separated 
and that the chromatography of PS with MW > 4- 105 is not effective, probably 
owing to the low rate of the adsorption-desorption processes for polymers of high 
molecular weight in these systems. 

By using ATLC, it was also possible to separate PEO according to MW in the 
systems pyridine-water and ethylene glycol-methanol on silica gel and methanol- 
DMF on aluminium oxide13 and PMMA in the system CHCl,-methanol on silica 
gel”. 

As Fig. 7 shows, the ATLC of PS permits its fractionation with high resolution 
over relativeiy narrow ranges of MW. It is possible to change these ranges by two 
methods: by using gradient TLC with a gradual increase in the AC content of the 
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I 
c 

a 

[,/. 

a 

-r 
1 

1 

b 

A 

_I_ 

Fig. 7. TLC of PS samples 3-l 1 (see Fig. 6) from right to left on KSK silica gel in Bz-Ch: (a) 15:7, 
(b) 15:6.5; (c) 15:6, (d) 15~5.5, (e) 15:5.3; (f) 15:5. 

eluent, or by varying the composition of the eluent in such a way as to change the 
energy of interaction of the polymer unit with the adsorption surface (see p_ 26). Thus, 
Fig. 6 shows that PS of low and medium MW are separated in an eluent containing 

2.4% of acetone and, when the acetone content increases to 4.2%, the separation of 
PS on the plate takes place over the entire range of MW from 103 to 106. 

3. T/lin-layer gel-permeation chromatography (TLGPC) of polymers 

The possibility of effecting polymer separations by TLC based on the molec- 
ular-sieve mechanism has been reported3J0. Donkai and Inagaki35 and Otocka and 
co-workers30 have also investigated this type of TLC of polymers. Two conditions 
are required for the appearance of the molecular-sieve effect in TLC: the suppression 
of the adsorption activity of silica gel and the filling of the pores of the adsorbent with 
the solvent before elution. The latter can be achieved by two methods: by pre-elution, 
i.e., by the passage of the solvent up the plate before spotting of the samph?, and by 
capillary condensation, i.e., by preliminary saturation of the plate with the solvent 
vapouP* lo_ Inagaki35 found that for the appearance of the molecular-sieve effect the 
level of preelution (the distance between the solvent front and the starting spot at the 
moment of its application) should attain a certain value (Fig. 8). Fig. 8 shows the 
differences between ascending and descending TLGPC related to the higher saturation 
of the inter-particle space by the eluent in the ascending mode. Fig. 9 shows that the 
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Pre-elution Length. cm 

Fig. 8. KJ (ratio of length of development on a plate of the polymer being studied to that of the 
polymer completely excluded from the sorbcnt) versfis pre-elution length for PS with M, = 4000 
(a) and M, = 10,000 (0) in ascending (solid line) and descending (broken line) TLGPC in THF 
on silica gel with pore diameter 0, = 300 A. 

, Lb) 

I , , 

0.8 0.6 ’ 

1 

Kt 

Fig. 9. K, versus log h4 for PS in TLGPC in THF on silica gels with pore diameter 0, = (a) 300 A 
and (b) 700 A. ‘Layer thickness in TLGPC: (1) 0.5 mm; (2) 1 mm; (3) 0.25 mm; (4) column GPC. 

molecular-sieve effect is less pronounced in TLGPC than in the column GPC and de- 
creases with decreasing thickness of the adsorbent layer. These results indicate that 
the efficiency of GPC is affected not only by the extent of filling of the inter-particle 
volume with the solvent, but a!so by the magnitude of this volume, which is smaller 
for columns than for plates owing to the denser packing of the adsorbent. The influ- 
ence of the thickness of the adsorbent layer on the efficiency of TLGPC is probably 
also related to a decrease in the packing density with decreasing thickness of the layer. 
Naturally, the pore size of the adsorbent also affects the efficiency of TLGPC (Fig. 9). 

4. Principal relationships in the adsorption TLC of polymers 

Consideration of theoretical studies37”5 on the peculiarities of the adsorption 
of macromolecules makes it possible to elucidate the main relationships observed in 
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the adsorption chromatography of polymers on macroporous adsorbentsJ6. The 
change in the free energy of macromoIecules in adsorption 

AF>, = A H,w -TAS,, (1) 

is related to the formation of the segment-adsorbent contacts, which is accompanied 
by changes in enthalpy, AH,,, and changes in entropy, dSA,, of macromolecules when 
they pass from solution into the adsorbed state. The passage of macromolecules from 
solution into the pore space of the adsorbent is accompanied by changes in the con- 
figurational entropy of solution, AS,, owing to the redistribution of macromolecules 
and solvent molecules between the solution and the adsorbent. At the equilibrium 
distribution of macromolecules, the change in AF of the system accompanied by a 
change in AS, of solution is precisely equal to changes in N,AF,, for adsorbed 
macromolecules : 

AF = -TAS, = NRAq,* = N,AH,,-NATAS,, (3 

where NA is Avogadro’s number. The changes in the enthalpy and energy of the sol- 
vent molecules during the adsorption-desorption which accompanies the adsorption 
of polymer molecules may be included in the value of dY,, 

The chromatographic mobility, RF, which is the ratio of the rate of movement 
of the polymer zone to that of the eluent zone(R, = V/U). is proportional to the probabil- 
ity of the residence of macromolecules in the mobile phase, w = n/(n + n’), where tz 
and n’ are the numbers of macromoIecules in the mobile and the stationary phase, re- 
spectively : 

Here V, and V, are the volumes of the pore space of the adsorbent and the mobile 
phase, respectively, c’ and c are the corresponding concentrations of macromolecules 
and Kd = C./C is the distribution coefficient, which, according to eqn. 2, is given by 

Kd = exp (- g) = exp (- * + +) 

where k is Boltzmann’s constant. 
It is evident that when enthalpy changes predominate over entropy changes in 

eqn. 1, we obtain 

-AF>O (3 

and Kd is greater than unity. When the entropy changes predominate, we have 

-AF<O (6) 

and Kd is less than unity. Finally, when OH&,:,, is equal to 7’.‘.SAf, we obtain 

AF=O (7) 

and & is unity_ 
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In the first case (eqn. 5) we have adsorption chromatography, in the second 
(eqn. 6) GPC (molecular-sieve effect) and in the third (eqn. 7) the macromolecules are 
not influenced by the porous structure of the adsorbent and are distributed as if the 
adsorbent consisted of one large cavity of volume V,. Di Marzio3Q considers that this 
state when the macromolecuIe in which part of segments is in contact with the ad- 
sorbent surface is characterized by the same free energy, dF, as in solution, is related 
to the second-order phase transition. Di Marzio and RubinM have shown that this 
situation is observed in the adsorption of macromolecules both on a plane surface 
and in pores, i.e., in the system under consideration*. The energy of interaction of a 
macromo!ecuIar unit with the absorbtion surface, E = -AH,,[N, kT (where N, is 
the number of adsorbed units of the macromolecule), which corresponds to the phase 
transition (at dH,,f = TAS_$!), was called the critical ener=T, E,,. Fig. 10 shows the 
dependence of --dJ=JNkT(where Nis the number of segments in the macromoIecule) 
on E as calculated by Di Marzio and Rubin Jo. It can be seen that, in the adsorption of 
macromolecules, when E changes the macromolecule passes through several states, 
which can be divided into states characteristic of the molecular-sieve effect to the left 
of s,*, where & is less than unity, and adsorption states to the right of +, where & is 
higher than unity_ 

In the range where the molecular-sieve effect applies, entropy changes predom- 
inate and --dF is less than zero, whereas in the adsorption range enthalpy changes 
prevail and --JF is greater than zero. If E is changed, for example by varying the sol- 
vent composition or the temperature, then the dependence of the RF value on MW, 
characteristic of GPC in which the RF value increases with increasing MW, changes 
into the adsorption MW dependence of RF, the RF value decreasing with increasing 
MW. In this instance a state will occur when the RF value of the polymer does not 
depend on its MW; this state corresponds to E,, i.e., to the phase transition of the ad- 
sorbed macromolecule_ 

Hence, by observing the MW dependence of the RF value during changes in 
the eluent composition it is possible to determine ser (at the point at which the RF 
value is independent of MW) and, by using the RF value at E,,, to find the VP/V0 ratio 
because in this instance Kd is unity and, consequently, according to eqn. 3 

The range of the molecular-sieve effect (to the Ieft of E,, in Fig. 10) is interest- 
ing in that here the influence of adsorption energy (e) on the value of -A FJNkT is 
very pronounced, e.g., in GPC Kd depends not only on the ratio of the size of the 
macromolecule in the free state to the pore size but also on the interaction of macro- 
molecular segments with the pore surface. Evidently, this should lead to a change in 
the exclusion limit of macromolecules from the pores of the adsorbent, depending on E 
(the eluent composition). 

The transition from molecular-sieve chromatography to adsorption chromato- 
graphy when the interactiopenergy, E, changes has been described in the literature, 
including the literature on TLC 3s-47_ Nevertheless, many peculiarities of this process, 

’ Phase transition of the first order in pores. 
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Fig. 11. TLC of PS samples 5-P (see Fig. 6) from left to right on KSK silica gel in Ch-Bz-Ac 
(a:16:7), where 7 = (A) 1.5. (B) 1.8, (C) 2. (D) 2.2, (E) 2.5 and (F) 2.8, with preliminary saturation 
of the plate in solvent vapour for 2 h. 

of PS with the adsorbent surface corresponds to the critical energy, E,,. When the AC 
content becomes lower than y = 1.7, TLGPC changes into ATLC, in which polymers 
of the highest MW exhibit the lowest R, value. 

The RF values in the chromatogram can be converted into the --dF,,/kT 
values according to the equation obtained from eqns. 3, 4 and 8: 

AF.w ,n 1 - RF -= 
kT ( RP ) + In (2) = In ( I iFRF ) - In ( I iFRF )E=ECI (9) 

It follows from Fig. 11 that 

In +- =-ln( 
( ) 

1 - RF 

P 
R 

F 

) = 0.06 
E=E,, 

Fig. 13 shows the dependences of --dF,/kT on E obtained in this manner. This 
energy (E) was determined in kT units per elementary area of 8.5 AZ as the value of 
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Fig. 12. TLC of PS samples (2) 5 and (b) 6 (see Fig. 6) on KSK silica gel in Ch-Bz-Ac (40:16:2.5) 
with preliminary saturation of the plate in solvent vapour for 2 h (samples were spotted along the 
diagonal of the plate). 

Fig. 13. Experimental dependence of --dF/kT on the energy of interaction of the segment with the 
adsorbent surf2ce obtained by TLC (see Fig. 11). PS sampIes (see Fig. 6): A, 5; a, 6; q , 7; a, 
8; 0,9. 
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A& = Epa-E,, where the subscripts pa and su refer to polymer-adsorbent and the 
solvent-adsorbent contacts, respectively. The value of E~~, the adsorption potential of 
the solvent, can be determined according to Snyder’s methoda. First, .sopb is calculated 
for the Ch (&Bz (6) binary system from the equation 

log No 

mb 
(10) 

where Nb is the moIar fraction, a is the adsorption potential of the adsorbent (for 
silica gel it is unity in Snyder’s units) and n, is the molecular area of Bz: n, = 6 (in the 
8.5 AZ units). Then one calculates the value of E& = ssrr, where the subscript c 
refers to AC: 

(11) 

. The values of so used in these calculations were 0.4 for AC, 0.25 for Bz and 
0.04 for Ch; n, for AC is 4.2. 

As it is impossible to calculate .sp, (because the configuration of the adsorbed 
polymer unit is unknown), the value .s,, is used instead of E. It should be borne in 
mind that the higher .ss, is, the lower is the value of E. 

As can be seen from Fig. 13, the dependence of --dF,jkT on E obtained in ex- 
periments on the TLC of polymers is in good agreement with the theoretical depen- 
dence shown in Fig. 10. Fig_ 13 shows that the dependences for polymers of ail molec- 
ular weights intersect the abscissa at one point, where E = E,, (.e,, is 0.246 kT 
units). It is noteworthy that with PS of MW 5.105 a very slight change in E causes a 
pronounced change in -AF,,/kT near the critical point, E,~_ This effect results from 
the phase transition during the adsorption of macromolecules. As can be seen, this 
transition is distinctly observed from the experimental data: it is much less pronounced 
when the MW decreases. 

It is not surprising that the theoretical relationships obtained for the adsorp- 
tion af single macromolecules and the experimental relationships obtained by TLC are 
in good agreement, as the concentration range used in the TLC experiments corre- 
sponds to diIute solutions of polymers in which macromolecules behave as single 
macromolecules. 

In TLC, adsorption effects can be observed only at adsorption energies close to 
& c=, because when the energy increases further the adsorption capacity of the macro- 
molecules increases sharply and this effect prevents their migration up the plate 

(RF + 0). 
Of particular interest is the influence of the molecular-sieve effect on the ad- 

sorption of macromolecules in pores in adsorption chromatography, i.e., to the right 
4g--51 of E,, in Fig. IO. It has been reported that the molecular-sieve effect limits the ad- 

sorption of macromolecules in small pores. On the other hand, it follows directly from 
the Di Marzio-Rubin theory4O (see Fig. 10) that the adsorption of macromolecules in 
narrow pores is more pronounced (-AF&,/kT is higher) than in large pores. It was 
necessary to check the agreement between this theory and the experimental data as 
the Di Mar&-Rubin the09 was developed for a freely jointed chain (without taking 
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into account the excluded volume) and it was not clear whether it agreed with experi- 
mental data concerning absorption of macromoIecules on adsorbents with a truly 
porous structure. TLC was therefore carried out for PS of MW 600,2000,4000,20~ 103 
50 - 103, 100- lol and 173 - 103 on silica gels of different porosity: KSM-6 (pore diam- 
eter GJ ~ = 30 A), KSK (a I, = 120 A) and Silochrome S-SO (0, = 500 A). For an 
adequate comparison of the adsorption of PS on these silica gels, it was necessary to 
prepare silica gels of identical chemical structure. For this purpose, silica gels were 
treated with dilute hydrochloric acid (1: 1) in order to destroy the Lewis centres. The 
number of Lewis centres is proportional to the aluminium content in the sihca geP’ 
and can vary between batches, whereas the concentration of silanol hydroxyl groups 
that remain after the acid treatment is the same for silica gels of all types (ca. 
5 per 100 A)“. On the other hand, we could show that in the chromatographic system 
under consideration even variations in the contents of Lewis adsorption centres do not 
affect the adsorption of PS, as chromatograms of PS obtained on the Na form (with- 
out acid treatment) and on the H form of silica gel of the same type were ihentical. 

TLC was carried out in cells with preliminary saturation of the plate with the 
eluent vapour for 2 h in a Ch-Bz-Ac system (40:16:y). The composition of the system 
was selected such that the adsorption interaction of PS segments with the surface of 
the silica gel corresponded to the critical ener_q (y = 2.0) and to energy above the 
critical energy (y = 1.7). 

The chromatograms are shown in Fig_ 14. It is clear that when the Kd of PS is 
unity, irrespective of its MW, the critical energy (E,,) for KSK silica gel with large pores 
and for S-80 macroporous silica gel is attained in eluents of the same composition and, 
hence, its value is the same. Nevertheless, for the KSM microporous silica gel the 
value of E,, is higher than for silica gels with large pores. This result is inexplicable 
from the standpoint of the Di Marzio-Rubin theory’O and is probably caused by the 
excluded volume of the macromolecules, which is not taken into account in this 

. ..* l = l 

1 23456 7 

a 

. . . .*s * 

b c 

Fig. 14. Effect of pore size of silica gels (a) KSM (0, = 30 A), (b) KSK (0, = 120 A) and (c) S-SO 
(0, = 500 A) (H form) on the RF value of PS with iW, = (1) 600, (2) 2-IO’, (3) 4- 103, (4) I.96 l(r, 
(5) 9.62.101, (6) 1.64-l@ in TLC in Ch-Bz-Ac (40:16:2). 
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theory. If it is taken into account, it follows that the molecular-sieve effect should in- 
fluence adsorption near E,, when the sizes of the polymer molecules and of the ad- 

sorbent pores differ widely [the coil size, (x2)*, exceeds 10’ A for PS with MW = 1oJ 
and the pore size, P, p, of KSM silica gel, is 30 A]. However, when the ener,q of inter- 
action, E, is relatively high (Fig. 15): PS macromolecules enter the pores of KSM 
silica gel up to MW = 1.73. lo5 and the result predicted by the theory is observed: 
the smaller the pore size of the adsorbent (0, for KSM < mp for KSK < 0 p for 
S-SO) the greater is the adsorption of macromolecules (the higher is --dF,/kT). 

1 234561 

a b 

. . . . . . . 

c 

Fig_ 15. Effect of pore size of silica gels (a) KSM, (b) KSK and (c) S-80 on the RF value of PS with 
M, values as in Fig 14 in TLC in Ch-Bz-Ac (40:16:1.7). 

This observation makes it possible to formulate the relationship between the 
molecular-sieve effect (the effect of the ratio of the size of macromolecules to the pore 
size upon their adsorption) and the adsorption in gel-permeation and adsorption 
chromatography. In GPC (E < E,,; Kd < 1) & for silica gels with large pores is 
higher than for those with narrow pores and adsorption favours the entrance of large 
macromolecules into narrow pores and increases the limit of exclusion from the pore 
space of the adsorbent. In adsorption chromatography (E > E,,; & > 1), the molec- 
ular-sieve effect favours the adsorption of macromolecules in pores, and on adsor- 
bents with narrow pores Kd is higher than on those with large pores. At L = E,, the 
molecular-sieve effect is absent and macromolecules are not influenced by the porous 
structure of the adsorbent (& is unity irrespective of the MW of the polymer). These 
results show that the modern theory of adsorption of macromolecules is suitable for 
describing adsorption chromatography and that the critical ener,v, the principal param- 
eter of this process, actually exists. 

The above relationships can be considered as fundamental relationships for 
the adsorption chromatography of polymers (GPC and adsorption chromatography 
proper). 
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Fig. 13 shows that the dependence of -A F/kT and, hence, of Kd, on energy (E) 
when E > E,~ is linear. It should be noted that the dependence of -AF_,,/kT on the 
number of monomer units in a macromolecule, N, is also linear, as can be seen from 
Fig 16, which shows the dependence of -AF&/kT M In[(l -RF)/RP] on N. 

Fig. 16. Experimental dependence of --d NkT on the number of segments N (MW) of FS at various 
interaction energies (E)_ Dependence 0, m, A, A, m and @ correspond to solvent systems A, B, C, 
D, E and F, respectively, in Fig. 11. 

This experimental dependence follows from the dependence predicted by the 
theory : 

Kd = exp (--A&) (12) 

where -4, is the change in the free ener_gy of the macromolecule per unit. 
By using eqn. 12, one can write the expression for R, for the TLC of polymers 

as 

Rf = 
1 1 = 1 (13) 

1 1 + +exp (--A, N) 
0 
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If eqn. 13 is differentiated with respect to N and le, it becomes clear that the 
sensitivity of RF to the MW of the polymer, aR,/aN, decreases with increasing N, 
whereas the dependence of aR,/aN on A, is maximal near E,,. For each MW a partic- 
ular maximum exists for 1, (for a particular eluent composition). This dependence is 
confirmed experimentaliy in the TLC of PS (Fig. 6), which shows that for the 
effective separation of these polymers according to MW it is necessary to select an 
eluent of a specific composition. The value of 1, is also determined by the chemical 
composition of the polymer. In this instance, the dependence of aR,/& on N passes 
through a maximum. It has been shown experimentally3 that the sensitivity of RF to 
the copolymer composition is retained at least up to an MW of ca. 5- IO’. 

Inaaaki and ca-workers35*36.51 and Kotaka and White3’ maintain that in ATLC, 
polymers z&e readily fractionated according to their chemical composition rather than 
according to MW, and the fractionation by MW proceeds only when binary solvents 
that have components with similar dielectric permittivities are used. This conclusion 
is based on experiments in which it was shown that PMMA samples with 1M, = 
4.12 - lo5 and 1.65 - 105, which are not separated in any pure solvent (Bz, isopropyl, 
ethyl and methyl acetate, methyl formate and AC; in the first three solvents RF = 0 
for both polymers and in the last three solvents RF = l), are readily separated accord- 
ing to MW in binary mixtures of these solvents. The effectiveness of separation, d RF, 

increases in a series of equi-eluotropic mixtures (i.e., mixtures that give identical 
mean R, values of samples) with decrease in the difference in dielectric permittivities 
of the components: CHCl,--methanol (29 :71) < Bz-AC (2: 8) < isopropyl acetate- 
methyl formate (10:6.2) < ethyl acetate-methyl acetate (10:2.3). As Inagaki justly 
pointed out, these relationships do not follow from Snyder’s theory of adsorption 
chromatography*, although this theory can be used to describe other peculiarities of 
the adsorption chromatography of polymers if the adsorption potential of a polymer 
is considered to be the sum of the adsorption potentials of monomer units. 

Inagakisa proved this as follows_ According to Snyder’s theory, Kd in TLC is 
determined by the ratio of the volumes of the solvent in the stationary and the mobile 
phases (V,/ V,) and by the adsorption potentials of the adsorbent (a), of the substance 
being investigated (So) and of the sohent (EO), referred to the area of the component 
being investigated (A,): 

log & = log (VJV,) + cf (SO--A,&“) 

A number of polymers were subjected to TLC in Ccl,-MEK mixtures of 
various compositions selected in such a way that their R, values were identical. Ac- 
carding to. the above equation, this can be accomplished only if there is a linear 
relationship between So and A, for these solvents and polymers. In fact, the values of 
So and A, calculated for monomer unit@ and the value of E“ obtained according to 
the interpolation scheme for the Ccl,-MEK system of an appropriate composition 
showed the existence of a linear relationship between S@/A, and .? in these experi- 
ments. 

It has been reporteds4 that the impossibility of separating polymers according to 
their MW by using ATLC in a single solvent is caused by the dificulty of selecting a 
solvent in which polymers of different MW would have a value of exp (--dF/;lkT) be- 
tween 0 and 3 (for example, for PS with MW from 2 - 1oJ to 5 - 105, as shown in Fig. 14). 
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In many instances it is impossible to find a solvent that would ensure the required value 
of E”. The only solution to the problem is to use binary or ternary systems of solvents, 
among which it is not difficult to select a solvent composition that exhibits a value of E 
necessary for polymer separations over the required range of MW. As Kamiyama and 
Inagakis pointed out, the most suitable components for these mixtures are solvents 
in which the RF value for polymers of all MW is zero for one solvent and unity for the 
other. Nevertheless, similar dielectric permittivities of these solvents are of no impor- 
tance as a criterion for their selection. 

It should be noted that the adsorption chromatography of polymers is also 
complicated by the slow kinetics of the adsorption-desorption process. 

It can be seen from Fig. 7, which shows chromatograms of PS in the Ch(E” = 
0_04)-Bz(~~ = 0.25) system, that for PS of MW > IO5 the chromatographic process 
does not occur because the adsorption-desorption kinetics are too slow.‘Part of the 
polymer remains at the start and another part migrates with the solvent front. The 
addition of adsorption-active acetone (9 = 0.40) to the system changes the situation 
(Fig. 6) 

Hence, the most effective chromatographic separation of substances can be 
carried out over the range E, > E > E,, in which Kd attains a value of ca. 2-3. At the 
ener=v of interaction E > ccr, chromatography does not proceed owing to strong ad- 
sorption of macromolecules. In the region of E,, chromatography is not effective for 
polymer separation according to MW, whereas in the range E < E,, its effectiveness 
increases with decreasing E, attaining a maximum at E = ---DC). As over the entire 
range of changes in E the dependence of Kd on the MW of the polymer is of the char- 
acter described by eqn. 12, this dependence can be suggested as a calibration depen- 
dence for all chromatographic systems: 

Kd = exp (-7 MW) (14) 

The parameter y, determined for any polymer of a given homologous series, 
characterizes the whole series if the solvents used and the temperature conditions are 
identical. This permits the determination of the-MWD of polymers under conditions 
of adsorption chromatography with more effective separation of the components of a 
polymer sample according to MW than, for example, in GPC. 

III. THIN-LAYER CHROMATOGRAPHY BASED ON DIFFERENCES IN POLYMER 
SOLUBILITIES 

Inagaki and co-workers’5*36 proposed precipitation TLC as the principal 
method for polymer separations based on MW. PTLC has been used successfully 
by Inagaki and other workers for the following processes: fractionation of homo- 
polymerslZvJ5s2035 and random copolymers3’ by MW, separation of atactic and syn- 
diotactic PMMA16, fractionation of block copolymers of St-MMAZo and separation 
of block copolymers of this type and PMMAZ2. 

1. Peculiarities of precipitation and extraction TLC of polymers 

The elementary process of PTLC is reiated to the separation of a polymer 
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so1utio.n into a dilute phase and a concentrated gel phase that is precipitated on the 
surface of the adsorbent grains. The dilute phase is transported with the solvent flow 
and thus chromatography is effected. In order to carry out PTLC, polymer adsorption 
should be suppressed and the eluents used should therefore meet two requirements: 
they should be adsorption-active (they shouId exhibit a comparatively high adsorb- 
ability, i.e., the adsorbability characterized by e“ according to Snyderja) and should be 
poor solvents for the polymer. The latter property can be evaluated by using the 
Flory-Huggins interaction parameteti5, x, which is the change in the free energy (in kT 
units) observed when the solvent molecules are transported from the pure solvent to 
the polymer. At x > 0.5 the solubility of the polymer decreases and the gel phase 
begins to be formed. 

According to the Flory-Huggins theory”, the phase separation of the polymer 
solution (if the temperature is kept constant) can occur in two cases (at x > 0.5 and at 

% sz OS), when the volume concentration of the polymer in solution increases. The 
increase in x can be achieved by increasing the content of the precipitant in the eluent 
and the increase in T,U~ by changing the phase ratio, r (the ratio of the volume of 
eluent to the weight of adsorbent). A simple equation can be written characterizing 
the phase separation of the polymer solution. If the fraction of molecules (with a 
degree of polymerization N) in the gel phase in designated byf’(N) and in the dilute 
phase byf(N) and if the volume ratio of these phases is R = v’/v, then the following 
expression for the distribution coefficient, Kd =f’(N)/f(N), is obtained: 

Kd = RF exp (02 JV) (1% 

where 0’3 is the fractionation factor, which is a function of volume fractions of the 
polymer and the solvent and also a function of the interaction parameter, x. 

As the value of o”, is positive and its dependence on MW (or IV) is very slight, it 
follows that when the MW increases the polymer will pass into the concentrated 
phase. The distribution coefficient also increases with increasing volume concentra- 
tion of the polymer, ye,,. Eqn. 15 can easily be transformed into a dependence for 
TLC: 

ln 1 - RF ( RF ) =R+ci:N 

In principIe, the PTLC of polymers can be carried out under non-gradient 
conditions (Fig. 25). Nevertheless, when polymers with widely different solubilities 
are to be separated, gradient TLC should be used. It can be carried out by mixing a 
solvent and a precipitant for the polymer: both compounds, or at least one, should be 
more adsorption-active than the polymer. The eluent should contain the adsorption- 
active component at a concentration that precludes polymer adsorption. 

In PTLC, the polymer can be either selectively dissolved at the starting zone or 
selectively precipitated during its migration up the plate. In the first instance, the com- 
position of the eluent introduced on to the plate should be varied by the gradual addi- 
tion of solvent to the precipitant_ In the second instance, the concentration of the pre- 
cipitant in the eluting solution moving up the plate should be increased, e.g., by evap- 
orating the solvent near the eluent front when TLC is carried out in a non-saturated 
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S-chamber. In both instances the precipitant gradient in the direction of development 
will be positive. Consequently, the corresponding distribution of polymer zones should 
be observed on the plate when the most soluble poiymer fractions, such as those which 
contain polymer homologues of the lowest MW, have the highest RF values. 

The first method for obtaining a gradient is related to selective dissolution of 
the polymer in the zone of the starting spot, and should be called the extraction type 
of PTLC. The second method, in which a gradient of polymer solubility appears on 
the plate owing to solvent evaporation and to a decreasing phase ratio, r, may be 
called precipitation TLC proper. Examples of the extraction type of PTLC are the 
separation of PS according to MW by addin, m AC-CHCI, and Ac-toluene mixtures 
to the precipitant, AC”. The separatio n of PMMA in the methanol-CHCI, system 
(71:29) with methanol as precipitant (Fi,. m 17) and the separation of PS in the benzene- 
MEK-AC-ethanol system (5:3:6:4) are examples of precipitation TLC proper. The 
first two components in the last system are solvents for PS and the last two are precipi- 
tants. A distinction should be made between the type of PTLC in which a solvent- 
precipitant gradient is applied to the plate and fine fractionation of the polymer ac- 
cording to MW is possible, and the extraction TLC proper carried out according to 
the “all or nothing” principle (a non-gradient system). In the latter instance, selective 
separations can be achieved of polymer fractions that differ widely in solubility, such 
as isotactic and atactic PS (Fig_ 18) or St-PEO block copolymer from PS and PEO 
homopolymers (Fig. 19). 

Fig. 17. TLC of PMMA with AI, = (1) 4.3-l@, (2) l-14- 105, (3) 1.65. lo5 and (4) 4.12- 105 on silica 
gel in CHCIJ-methanol (29:71). 
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Fig. 18. TLC of (1) isotactic PS, (2) atactic PS and (3) their mixture in Bz on KSK silica gel. 

Fig. 19. Two-dimensional TLC of St-E0 block copolymer (Bl) (5050) on KSK silica gel in 
Ch-Bz-Ac (12:4:2) in direction A and in pyridine-water (3:7) in direction B. 

Fig. 20 shows the MW (M) dependence of RF for PS obtained in the benzene- 
MEK-acetone-ethanol system (curve b). This dependence obeys the linear equation 
RF = A + BlogM, where A and B are constants. If this dependence is compared with 

ld d 105 106 
M 

Fig. 20. & versus log M of PS in TLC on silica gel in the following systems: (a) polar and non-polar 
solvent (MEK-Ch); (b) good solvent and precipitant (Bz-MEK-AC-ethanol). 
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a similar dependence for the ATLC of PS in the cyclohexane-MEK system (curve a), it 
is clear that at MW < lo5 the MW dependence of adsorption is stronger and at 
MW > lo5 it is weaker than the precipitation dependence. However, when an appro- 
priate solvent is used in ATLC on silica gel with large pores, a relatively strong MW 
dependence of RF can also be observed for polymers with MW > lo5 (Fig. 21). 
Otocka and Hellman” also observed a high efficiency of ATLC in polymer separa- 
tions according to MW when the ATLC of PS in a tetrachloromethane-THF system 
was compared with PTLC in acetone-toiuene and acetone-CHCl, systems. Accord- 
ing to these relationships, Kotaka and WhiteJZ used PTLC in a THF-methanol sys- 
tem for the determination of the MWD of random copolymers of St and DVB and 
ATLC in a CHCl,-CCI, system for the determination of the inhomogeneity of compo- 
sition of these polymers. - I 

. 

c 7 

I 

8 

I 
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II 
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Fig. 21. TLCof PSsamples6-11 (see Fig. 6) on MSA-1 silicagel( 0, = 500 A) in Ch-Bz-Ac(l3:3:1.1). 

As already mentioned, the phase separation of the polymer solution occurs not 
only with increasing % but also with increasing volume concentration of the polymer, 
We, related to a decrease in the phase ratio, r. A peculiar mechanism is known to exist 
on a thin-layer plate, decreasing r close to the eluent front; it is related to the finite 
rate of wetting of the adsorbent with a liquid. Kamiyama and Inagaki= measured the 
distribution of r along the plate (Fi g. 22) and determined the volume concentration 
of the polymer in the chromatographic zone (precipitation zone), yp, to be 0.01. This 
corresponds approximately to the beginning of the phase separation in similar experi- 
ments without an adsorbent (lu, = 0.03). On the other hand, Otocka et aL3’ calculated 
that the limit of the solubility of PS of IMW of 160,000 is vp = 0.007, whereas in 
turbidimetric titration the precipitation of PS cannot be detected even at ly, = 0.02. It 
was concluded that in PTLC the adsorbent plays a certain role in decreasing the con- 
centration threshold of the polymer precipitation. 

A characteristic peculiarity of PTLC is that the porous structure of the ad- 
sorbent is of minor importance in polymer separations. Thus, Otocka et al.= showed 
that in a &solvent (dioxan-methanol, 72:28) the RF values for PS on adsorbents with 
different chemical natures and porosities are approximately equal. It can be concluded 
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Fig. 72. Profile (r) of the solvent (DMF) on a plate in ascending (0) and descending (Q) TLC on 
silica gel. P = length of the plate. 

that the precipitation of the gel phase of the polymer occurs on the outer surface of 
the adsorbent grains. 

2. Formation of artificial chromatographic zones in the precipitation TLC of polymers 

Depending on the soIvent-precipitant ratio, either ATLC or PTLC of polymers 
may be observed when the precipitant exhibits adsorption activity and the solvent does 
not. Fig. 23 shows that in the TLC of PMMA in a system of this type (CHCI,- 
methanol at two concentration ranges in which the’ methanol content is below 5 oA and 
above 70x), the RF value changes from 0 to 1. The first range corresponds to the 
ATLC and the second to the PTLC of PMMA. This peculiarity makes it possible to 
explain the formation of artificial chromatographic spots in the TLC of PMMA in 

RF 

0.5 j, - 

I 

,,, ,,,\.,- 

Cl-q 0.2 0.4 0.6 0.8 CH30H 

Fig. 23. RF value of PMMA with M, = 4.1. lOa wrsus composition of the CHClrmethanol mixture 
in TLC on silica gel. 
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CHCl,-methanol(3.5:16). The nature of this phenomenon becomes understandable 
when the starting spots of PMMA are applied along the diagonal of the plate. Fig. 24 
shows that under these conditions, as the height of the starting zone increases, the 
substance seems to be redistributed from the lower spot (at the starting point) to the 
higher spot, migrating with the eluent front_ This phenomenon can be explained as 
follows_ When the mixture of CHCl, and methanol moves up the plate, frontal separa- 
tion of the eluent into the CHCl, and the methanol zones occurs (when &ethanol is 
present in excess, the fronts of these zones should be relatively close to each other), As 
a result, the spreading eiuent front with a low methanol concentration coming into 
contact with the spot dissolves a certain part of the polymer which, at this range of 
methanol concentrations, will migrate up the plate according to the conditions of 
adsorption chromatogaphy. 

1 i 

Fig. 24. TLC of PMMA with kfw = 5- 10s in CHCl,methanol (3.5:!6) on KSK silica gel in an S- 
chamber (samples were spotted along the diagonal of the plate). ; - 

EIence, the back edge of the polymer zone becomes sharper_ This effect is in- 
duced by the concentration gradient at the front of the methanol zone, the rate of 
which determines the rate of m@ation of the polymer zone. As gradient conditions 
of chromatography exist, the upper polymer spots are located parallel to the eluent 
front (to the line of immersion of the plate in the eluent). If the rate of the eluent move- 
ment is greater than the rate at which the polymer dissolves, the polymer will dissolve 
(desorb) in the zone of the starting spot until the spot is reached by that part of the 
eluent front in which the methanol concentration is higher than 70 % and the PMMA 
that has not yet dissolved will be unable to dissolve further. As a result, the polymer 
zone is divided into two parts, one of which migrates close to the eluent front and the 
other remains at the start. Hence, the formation of two spots is an artefact due to 
specific conditions of the chromatography of the polymer in a binary solvent system 
in which the adsorption-active polar component at high concentrations is a precipi- 
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tant for the polymer. Evidently, the higher the starting spot on the plate, the slower is 
the movement of the solvent front in this region and the greater is the amount of the 
polymer that is desorbed from the silica gel and passes into the moving chromato- 
graphic zone. 

An interesting result is obtained in the TLC of PMMA carried out in a cell 
saturated with the soIvent vapour when the same chromatographic system is used, i-e,. 
CHCl,-methanol(4.5:16) (Fig. 25). Here the upper spots of the polymer are located 
at an angle to the eluent front; this result indicates that gradient conditions in the plate 
do not exist. Hence, it is observed that in a non-gradient eluent a part of the polymer 
remains at the start while the other part migrates up the plate according to the condi- 
tions of elution chromatography. This situation can occur if the concentration of 

methanol in the eIuent ensuring the PTLC of PMMA is too high and does not permit 
the transition of the polymer from the solid phase adsorbed on the plate into solution. 
The first stage of polymer dissolution requires a thermodynamically “better” sol- 
vent (containing a smaller amount of methanol) than the second stage, which 
corresponds to the elementary act of PTLC. This requirements agrees with the ob- 
servation of Otocka and co-workers 29.30 that the threshold of the polymer solubility 
becomes- lower in the presence of the adsorbent and that the quality of the solvent 
affects the desorption rate. If the eluent contains methanol in an amount that prevents 
the transition of the polymer from the solid state into the gel phase, the dissolution of 
the polymer in the starting zone occurs only when the eluent front in which the meth- 
anol concentration is low passes through it. In this instance, as in TLC in an un- 
saturated S-chamber (Fig. 24), the longer the time of contact between the solvent 
front and the starting spot, the greater is the proportion of the poIymer that passes into 
solution and is developed under conditions of non-gradient PTLC. 

Fig. 25. TLC of PMMA (M, = 5- 105) in CHC13-methanol (4.5:16) in a chamber with preliminary 
saturation of the plate in solvent vapour (sampks were spotted along the diagonal of the plate). 

IV. DEPENDENCE OF SPOT SHAPE ON CONCENTRATION IN THE TLC OF POLYMERS 

The shape of the spot is determined by the type of adsorption isotherm- Weak 

adsorption (RF -+ 1) is characterized by a concave adsorption isotherm. In this in- 
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Fig. 26. Concentration dependence of the spot shape in TLC. (A) P?; with M, = 7- i(Y in Ch-Bz-Ac: 
(a) 12:4:0.X; (b) 12:4:0.5; (c) 12:4:1. (B) PS with M, = 4-105 in Ch-Bz-Ac: (d) 12:4:0.25: (e) 
12:4:0.5; (f) 12:4:1. Amounts of PS (left to right): 2, 5, 10, 20 and 4Oplg. 

stance, when the concentration increases the spot becomes elongated. A convex ad- 
sorption isotherm is characteristic of high adsorption capacity (RF -+ 0). In this in- 
stance, when the concentration increases the spot becomes elongated upwards. At 
RF w OS, the adsorption isotherm is close to the linear isotherm and the concentra- 
tion dependence of the shape of the spot is very slight (Fig 26). Two-dimensional 
spreading in TLC Ieads to additional concentration effects. In the side parts of the 
chromatographic zone the concentration of the substance decreases and the rate of 
its migration is therefore determined by a distribution coefficient different from that 
in the central zone. As a result, the spot becomes tapered at the front when the ad- 
sorption isotherm is convex and at the rear when it is concave (Fig. 27) 

There are other concentration effects that are specific to poIymers and deter- 
mine the shape of the spot. One effect is reIated to the precipitation of polymer that 
takes pIace if an eluent gradient exists on the plate with a gradual decrease in the 
solvent-precipitant ratio. As a result, the higher the concentration of the polymer in 
the spot, the lower is the concentration of the precipitant corresponding to the thres- 
hold of the polymer solubility and the more elongated the spot becomes in the direc- 
tion opposite to that of m&ration of the polymer up the plate (Fig. 28). This 
effect is similar to the influence of the concave adsorption isotherm on the shape of 
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a b 

Fig. 27. TLC of PS on KSK silica gel. Spot shape: (a) adsorption TLC (convex adsorption isotherm) 
in Ch-Bz-Ac (12:4:0.7); (b) precipitation TLC (convex adsorption isotherm) in AC-Bz (15:lS). 
Samples from right to left: (a) PS samples 3-11; (b) PS samples 2-5 (see Fig. 6). 

T 
3cm 

Fig. 28. Concentration dependence of the spot shape in the precipitation TLC of PS (&f,,. = .%I- l(r) 
in Bz-AC (390). Amounts of PS (left to right): 40, 30, 20 and lO~~g_ 

the spot, although it results from other causes related to precipitation of the polymer 
under conditions of gradient TLC. 

The spot shape in the TLC of polymers also depends on the peculiarities of the 
viscous flow of a polymer soIution up a plate. In the centre of the spot, where the poly- 
mer concentration is high, the eluent rate is at a minimum. At the periphery it in- 
creases and attains a maximum in the spaces between the spots, and the spot acquires 
a drop-like shape (Fig. 29) that is characteristic of streams formed when a viscous 
Squid flows past obstacles 56_ In this instance the rear edge of the spot is additionally 
sharpened by the liquid flow, which prevents the diffusion spreading of the spot, 
while in the front part of the zone the velocity of diffusing moIecuIes and the flow veIoc- 
ity are combineds7. These processes lead to instability of the chromatographic zone, 
which may acquire an irremlar shape or may even be divided into several spots that 
move separately. 

V. INVESTIGATIONS OF THE MICROSTRUCTURE OF POLYMERS BY TLC 

I. Investigations of the stereoregularity of polymers 

As Inagaki and Kamiyama showedi6, the separa tion of stereoregular polymers 
may be based on differences in their solubihty which increase if the dissolution of the 
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Fig. 29. Viscosity shape of the spot of PS (M, = 8.7. loj) in TLC on KSK silica gel in Bz. Amounts 
of PS (left to right): 40, 30, 20 and lO,ug_ 

polymer is combined with its desorption from the adsorbent surface. Thus, by using 
ETLC with ethyl acetate as the eluent, it has been possible to separate isotactic (i) 
PMMA, which remains at the start, from syndiotactic (s) and atactic (a) PMMA, 
which migrate with the solvent front I7 If the elution is carried out in acetone”, . 
i-PMMA is also desorbed but the stereo-complex of i-PMMA and s-PMMA (1 :l) 
remains at the start and mixtures of these polymers in the proportions of 2: 1 and 1: 2 
are developed as two spots, at the start and close to the solvent front. The lower spot 
is a stereo-complex (1: 1) and the -upper spot is either i-PMMA or s-PMMA. It should 
be noted that if the starting spot has not been previously wetted with a drop of CHCl,, 
the stereo-complex is not formed. TLC also permits the separation of stereo-block 
PMMA with a high content of isotactic and syndiotactic triads”. 

Similar results have been obtained in the TLC of PS3. Crystalline isotactic PS 
does not dissolve in Ch-Bz-_4c (12:4: 1.5) in which samples of atactic PS of the highest 
molecular weight migrate with the solvent front, whereas samples of isotactic PS 
remain at the start (Fi g. 18). a-PMMA and s-PMMA can be separated” by ATLC in 
ethyl acetate-isopropyl acetate (Fig. 30a) and by PTLC in acetonitrile-methanol 
(Fig_ 3Ob). In this instance, if single solvents are used it is not possible to obtain an 
RF value intermediate between 0 and 1 for i-PMMA, a-PMMA and s-PMMA. Thus, 
for TLC in pure ethyl acetate, RF(i) = 0, RF(s) w 1 and R,(a) w 1. However, when 
the less polar isopropyl acetate is added, these PMMA samples are separated: 
0 * RF(i) < RF(s) < R,(a) -=c 1. 

When these systems are used, the RF value depends not only on the content of 
syndiotactic triads(l”,) but also on the MW. Thus, for the acetronitrile-methanol system: 

RF = 1.73 T, - 0.51 log MW-2.2 (17) 
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and for the ethyl acetate-isopropyl acetate system: 

RF = 1.74 T, - 0.08 log MW -+- 6.0 (IS) 

Hence, in the TLC of PMMA in these systems of solvents it is possible to determine 
the T, and MW values of the polymers being investigated to within 10 oA by substi- 
tuting the RF values into eqns. 17 and IS. 
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Fig. 30. TLC of stereoregular PMMA. (a) s-PMMA and a-PMMA of various M, and T, in isopropyl 
acetate-ethyl acetate (8:25); (6) the same samples in gradient TLC in the acetonitrile-methanol 
system; (c) and (d) TLC of PMMA in systems (a) and (b), respectively. 

As the MW dependence of RF in both systems of solvents is direct whereas the 
dependence of RF on T, is inverse, both systems should be used to investigate the stereo- 
regularity of PMMA samples of unknown but differing MW. This is shown in Fig. 
3Oc and 30d, in which PMMA 74MB (MW = 7.95-105; T, = 0.61) and MB20 
(MW = 2.79. 105; T’, = 0.74) could be separated only in acetonitrile-methanol In 
this instance it was found that sample 74MB20 (MW = 5.00- 103; T, = 0.66) pre- 
pared by varying the polymerization conditions during the experiment consisted of 
two components18. 

2. Investfgations of the re6&ariry and isomerism &polybutadienes 

With the aid of TLC, Erans-1,4-, cis-1,4- and l,l?-polybutadienes (PBD) could 
be separatedlg. Table 3 gives the RF values of isomeric PBD in various solvents. 

Table 3 shows that ~F~LS-1 ,4- and cis-1,4-PBD can be separated by using TLC 
oh silica gel and aluminium oxide with Ccl, and amyl chloride. In the first solvent, 
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TABLE 3 

Rp VALUES OF ISOMERIC PBD IN TLC ON SILICA GEL AND ALUMINIUM OXIDE 

Solvent DieIectric e0 (AMW RF 
consrant according 

to Snyder sioz AMA 

Trans- Cis- 1,2- Trans- Cis- 1,2- 
1,4- i&f- PBD I+ I& PBD 
PBD PBD PBD PBD 

Cyclohexane 2.0 0.04 0 0 0 0 0 0 
CSI 2.64 0.15 0 0 0 0 0 0 
cc4 2.2 0.18 0.8-0.9 0 1 1 O-0.1 1 
Amy1 chloride 6.6 0.26 0 1 1 0 1 1 
p-Xylene 2.27 0.26 1 1 1 1 1 1 
Benzene 2.28 0.32 1 1 1 1 1. 1 
CHQ 423 0.40 1 1 1 1 1 1 
THF 7.42 0.45 1 1 1 1 1 1 

cis-1,CPBD remains at the start and trans-I,CPBD and 1,2-PBD migrate together, 
whereas in the second trans-1,CPBD remains at the start and 1,2-PBD and &-I,4 
PBD migrate together. 

The separation of PBD in Ccl, and amyl chloride is based on different mecha- 
nisms_ As Ccl, is a good solvent for all types of PBD, when it is used they are separated 
on the basis of ATLC. In amyl chloride, only c&l ,4 and 1,2-PBD dissolve at tempera- 
tures below 40’; hence in this instance PBD is separated according to the mechanism 
of ETLC. 

On this basis, it is possible to separate by one-dimensional TLC any binary 
mixture of PBD by using both solvents and passing them various distances up the 
plate (Fig. 31). For the separation of a ternary mixture of c&1,4, tr~~zs-1,4 and 1,2- 
PBD, two-dimensional TLC in these solvents should be used (Fig. 32). 

This method can be used to investigate the homogeneity of the so-called 
‘equibinary” PBD in which units of cis-1,4 and 1,2-butadiene are present. In TLC- 
with CC&, equibinary PBD migrate with the solvent front just as cis-l,PPBD, and 
when the polymer is a mixture of c&l,4 and 1,2-PBD, they are separated on the plate 
into the corresponding zones. 

3. TLC of biock copolymers 

On the basis of hydrodynamic investigations of block copolymers in solvents 
of different thermodynamic strength, Kamiyama et aLzO, established that ATLC is very 
sensitive to conformational changes of St and MMA block copolymers of the A-B 
and A-B-A types. Thus, in a solvent poor for PS and good for PMMA (e.g., nitro- 
ethane-acetone), the PS block collapses with the formation of a dense helix-like PS 
domain surrounded by the PMMA “coating”. Owing to this intramolecular phase 
separation, as the MW and, therefore, the ability for intramolecular aggregation to 
occur increase, the adsorption properties of the block copolymer approach those of 
pure PMMA. On the other hand, PMMA and the block copolymer containing a 
small percentage of St differ widely in their adsorption characteristics in a solvent 
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Fig. 31. Separation of PBD by two-stage TLC in Ccl4 and amyi chloride. (l? rrat=-1,CPBD; (2) 
ck-i/I-PBD ; (3) 1 ,ZPBD. 

Fig. 32. Separation of (1) mm.s-l+PBD, (2) cis-1,4-PBD and (3) 1,2-PBD by two-dimensional TLC 
in Ccl, (direction I) and amyl chloride (direction II). 
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equally good for PS and PMMA, such as benzene-MEK, in which these poiymers 
exhibit the random-coil conformation. 

Proceeding from this concept, it might be suggested that the greatest changes in 
the adsorption properties of PMMA and block copolymers with a low content of St 
(in particular, for a block copolymer of high MW) should be observed in a solvent 
which, being a weak displacer, is thermodynamically “good” for PS and “poor” for 
PMMA. 

The possibility of separating two- and three-block copolymers of St and BD 
and two- and three-block copolymers of St and MMA by ATLC has been demon- 
strated’s*‘g. . 

In order to separate block copolymers of St and MM& the Ccl,-MEK system 
is used, in which random two- and three-block copolymers of St and MMA are sep- 
arated on silica gel plates. For this purpose, as the solvent front rises to a height of 10 

cm, 125 ml of MEK are gradually added to 50 ml of CC&. The rate of addition is 
varied and thus sadients of three types, as shown in Fig. 33, are obtained. In this 
instance, the MW of copolymers does not affect their chromatographic behaviour 
(RF values). Under these conditions, it is possible to separate random and block AB 
and ABA copolymers of the same composition (Frg. 34). As seen from Fig. 34, the 
RF values for St and MMA copolymers of the same composition increase in the order 
random $ three-block < two-block copolymers. 

h, cm 

Fig. 33. MEK-CCI, gradients used to separate block copolymers of St-MMA by TLC. g = 
MEK:CCL (v/v) ratio; h = distance from the front. 

TLC was used to investigate block copolymers of St and ED. It the Ch-CHC13 
system, the RF values of St-BD copolymers increase in the order two-block (St-BD) < 
three-block (St-BD-St) copolymers (i-e_, two- and three-block copolymers of St and 
BD migrate up the plate in an order which differs from that of analogous copolymers 
of St and IMMA). In this chromatogaphic system (ATLC), the RF values of St-BD 
copolymers do not depend on their MW. When PTLC was used in the CHCl,- 
methanol system (3:2) with addition of methanol, St-BD copolymers could be sepa- 
rated according to their MW. Two-dimensional TLC with the use of both systems 
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Fig. 34. Separation of (A) random, (B) three-block MMA-St-MMA and (C) two-block St-MMA 
copolymers by using gradients (a) 1, (b) 2 and (c) 3 shown in Fig. 33. 2 = Fraction in the 
copolymer. 

made it possible to establish that the commercial St-BD copolymer Kraton 1101 
contains two three-block copolymers of St-BD-St with similar compositions but 
different MW and an admixture of PS of MW = l@. 

These conditions for the TLC of St-MMA copolymers, under which the RF 

value depends only on the composition of the copolymer and not on its MW, permitted 
Kotaka et aLz7 to propose a method for the determination of the heterogeneity of the 
composition of copolymers (see p. 59) based on the densitometry of thin-layer chro- 
matograms at two wavelengths: 225 nm, where both St and MMA units absorb, and 
265 nm, where only St units absorb. In this instance, for the determination of the 
composition it is not necessary to calibrate plates by using copolymers of known com- 
position (the “absolute7’ method for the determination of the heterogeneity of com- 
position). The distribution of composition for two- and three-block copolymers of 
St and MMA found by this method was in complete agreement with the distribution 
obtained by cross-fractionation and calculated with the assumption of a random 
mechanism of block coupling in anionic polymerization. 
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In the TLC of block copolymers, the precipitation mechanism can. be used 
instead of the adsorption mechanism. In this instance, in a solvent poor for one of the 
blocks, selective precipitation of the block copolymer rich in this block is observed_ 
Under these conditions, it is possible to separate the homopclymer and the block 
copolymer with a low content of the second component. 

In this instance, if gradient chromatography is used, in which the content of 
the solvent selective for the homopolymer decreases as the eluting liquid moves up the 
plate, the block copolymer remains at the start and PMMA migrates with the eluent. 
For this purpose, the chloroform-methanol system can be used in the S-chamber, in 
which chloroform, the solvent selective for PM&IA, is more volatile and evaporates 
from the pIate. As can be seen from Fig. 35, as the methanol content in this system 
increases, PS is precipitated before PMMA. Hence, at a certain methanol concentra- 
tion, it is possible to carry out ETLC and to separate PMMA from the block copoly- 
mer. In this instance, as the MW of PMMA increases, the percentage of methanol 
in the solvent should be decreased from 80 to 72%. 

M = 5.10~ 
M = Ii’-lo* 

a b 

Fig. 35. Rp values of (a) PMMA and (b) PS versus composition of the CHCl,methanol system in 
the TLC of polymers of various IM, (M). 

In investigations of block copolymers, the determination of admixtures of the 
corresponding homopolymers is very important. For this determination two-dimen- 
sional TLC can be used3 (Fig. 19), permitting the separation of PS and PEO from the 
PS-PEO block copolymer. The PS admixture is separated in benzene and that of 
PEO in a 10% aqueous pyridine solution, whereas the block copolymer remains at 
the start. The separation of a block copolymer of PS-PEO and corresponding homo- 
polymers on microcrystalline cellulose by one-dimensional TLC in ethyl acetate- 
methanol has been described by Wesslen and NanssonzL. 

Under these conditions, PS migrates with the solvent front, the block copoly- 
mer is located in the centre of the plate and PEO remains at the start. On this basis, 
Wesslen and Nansson” developed a preparative method for the separation of the 
block copolymer by column chromatography. PS was separated by elution with ethyl 
acetate, while the block copolymer was eluted with a mixture of ethyl acetate and 
methanol. The column chromatography was controlled by TLC. The block copolymer 
and PS were detected from the extinction of luminescence of a Iuminophore intro- 
duced into the cellulose after the plate had been irradiated with UV light at 254 urn and 
PEO was detected in iodine vapour. 
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VI. THIN-LAYER CHROMATOGRAPHY OF OLIGOMERS 

I. Principal relationships in the TLC of oligomers 

The thin-layer chromatography of oligomers is of great interest both in their 
analysis and from the standpoint of peculiarities of the adsorption chromatography of 
polyfunctional compounds with different chemical structures of the central and end- 
units of the chain The TLC of many classes of oligomers has been described: 
p01yoIs~~~“‘, polyesters68-7’, polyolefins73 and polyamides74. In most papers the pos- 
sibility was demonstrated of separating oligomers with different numbers and structure 
of the end-groups. Many workers 34.63*64*67*70 have demonstrated that the chromato- 
graphic behaviour of oligomers is independent of their MW when the differences in 
R,- values are determined only by the number of functional groups present in these 
oligomers. Thus, it becomes possible to carry out a very important type of polymer 
analysis: the analysis of their functionality’5, which is responsible for the quality of 
high polymers obtained from these oligomers, such as polyurethanes. On the other 
hand, substituted polyoxyethylenes can be separated on the basis of their MW with 
the isolation of single-polymer homologues of up to 12-1 Smers, as has been reported 
by Favretto et al. 66_ They showed that the efficiency of the separation of polyols on 
the basis of the MW depends on the type of substituent blocking the hydroxyl group 
of the end-units. The more hydrophobic the substituent (probably, the more bulky its 
hydrocarbon radicai and, hence, the lower the adsorption of the end-units), the 
greater is the efficiency of the separation of the oligomer into single-polymer homo- 
logues. 

Peculiarities of the adsorption of oligomers are related to the presence of 
functional end-groups. As a rule, the adsorption activity of these end-groups exceeds 
that of the central oligomer units and the change in the free energy of the oligomer in 
adsorption is mainly induced by the change in the free ener,T of the adsorbed end- 
groups. It is clear that the greater the difference in the adsorption activity of central 
and end-units, the smaher is the contribution of the central units to the change in 
the free energy of adsorption and, hence, the less pronounced is the NW dependence 
of the R, values of the ohgomer in ATLC. 

We shall now consider these relationships in the TLC of oligomers in greater 
detail. 

The change in the free energy (dF) in oligomer adsorption, as in the adsorp- 
tion of high polymers (see above), is related to an increase in the enthalpy of the 
system when oligomer units come into contact with the adsorbent surface and to a 
decrease in the entropy caused by a decreasing number of possible conformations of 
the oligomer in adsorption_ This change in the free energy of the system (AF), equal to 
the change in the configurational entropy of the oligomer solution in the mobile phase 
(--IDIS,), is equivalent to a change in AH,, and AS, in the adsorption of oligomer 
molecules passing from the mobiIe into the stationary phase: 

AF = -TAS, = NciAHnr-NATA&~ (1% 

The change in enthalpy in the adsorption of the oligomer (the N-mer) is de- 
termined by the formation of N, contacts of end-units of oligomers with energy kT E, 
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and of N-N, central units with energy kT E,, where eC and a, are the energies of inter- 
action of the central and end-units, respectively, of the oligomer with the adsorption 
surface in kT units. If the concept of critical energy (.s,J in oligomer adsorption is 
used and it is assumed that at this ener_w 4H,, = TdS,, and hence the contact of 
an oligomer unit with the adsorption surface is not related to changes in the free 
ener,7, then AF in oligomer adsorption is given by 

where A(AS,) is the change in the configurational entropy of solution from the state 
dS, = 0 (at Kd = 1) to AS, in adsorption (at Kd > 1). In eqn. 20, a term describing 
the entropy change (-TASM) has been omitted as it is lower than 4 HM. Here we con- 
sider the case when E, is greater than E=; hence, in oligomer adsorption E, is always 
greater than eCr and .sC may be greater or less than a,,. Depending on the ratio of E, to 
E,,, the following three cases of the dependence of 4F on the number of oligomer 
units (N) may be observed: 

(1) EC > Ec,; -AF m N,kT (&,--EC,) N, f N,kT (.s,--E,,)N 

EC -=c EC,; -AF m N,kT(E,--EC,) iV,-N,kT(&,--E,,)N (21) 
62 = %r; -AF m N,kT(s,--E,,)N, 

Three types of dependence of the distribution coefficient Kd w exp (-4 F/kT) 
corresponding to eqn. 21 can be written: 

Thus, in the first case the dependence of & on N is positive, in the second case 
it is negative and in the third case & is independent of Iv and is determined only by 
the number of functional groups in the oligomer, N,. In accordance with this, in the 
first case the RF value of the oligomer decreases with increasing MW, in the second 
case it increases with increasing MW and in the third case the RF value is independent 
of MW and is determined by the functionality of the oligomer. 

These relationships in the adsorption chromatography of nligomers can also 
be obtained by using the correlation theory of SnydeP: 

R, = log Kd = log I( 1 -RF V, 
) -1 = yv, W/v”) 

RF V, 
f Qe$(&- ai Co) 

where V, is the volume of the adsorption layer, W is the adsorption weight, V” is the 
volume of the mobile phase, Qp is the adsorbability of the functional group of the 
oligomer, ai is their molecular area (in 8.5 AZ units) and E“ represents the ehrent 
strength. As the oligomer consists of Nunits of adsorbability Q$ and of N, end-groups 
of adsorbability Q,“, the above equation becomes 

R, = log (V, W/V”) f aNe (Qz - a, E’) f aN (Q”, - GIN E’) 
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It follows from this equation that, depending on the ratio of Qf: to 6, (0; is always 
greater than u&‘), the following three cases of the dependence of R, on N can be 
observed : 

(1) ateON>a,&O;R,=AfBN,fCN 

(2) atO~caN&O;R,=A_tBN,-CN 

(3) atQ~=aNeo;R,=A+BN, 

where A = log V, W/v”, B = a (Qz - a, .s*) and C = a (Qi - a, so)_ 

It should be noted that although these results follow from the Snyder theory, 
they are not formally strict as this theory does not consider negative and zero adsorp- 
tion (types 2 and 3). 

It is noteworthy that in the absence of fbxtional groups (N, = 0), only the 
first type of dependence can occur as in the second type of dependence all oligomers 
move with the solvent front. 

Fig_ 36 shows chromatograms of these functionless oligomers of PS and of 
?oly(a-methylstyrene) in which the MW dependences of the first type can be clearly 
seen. 

a 

b 

4 3 2 1 

Fig. 36. TLC of oligomersr (a) PS with M,, = 314, 418, 600, 900 and 2000 in Cl-& (14:3); (b) 
poly(c-metbylstyrene) fractions [(l) tetramer, (2) hexamer, (3) octamer, (4) decamer] in CCL-n- 
heptank (23) on KSK silica gel. 
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It is evident that with functionless oligomers the MW dependence of RF (type 1 
dependence) is the strongest. When the oligomers contain a functional group, as the 
difference between E, and zzt increases the MW dependence of RF becomes weaker. This 
becomes clear if we consides eqn. 22 (case 1). In order to obtain a strong MW (N) de- 
pendence of RF, the multiplier of N (E,--E,,) should be relatively high. However, 
differences in RF value depending on MW may be observed on the plate only at Kd -=z 
3-5, and for this it is necessary that the first term, (&=-ecr)Ne, should be as small as 
possible. This can be accomplished only at E, = .zc_ When the difference between E, 
and E= is great, it follows that when the value of the multiplier (E,--E,,) is decreased 
(in order to decrease the value of & to < 3-5), sc can become smaller than E,, and the 
second type of MW dependence of the R, value of the oligomer will be observed. 

It is possible to obtain experimentally all three types of the above MW depen- 
dences of RF values for oligomers containing functional groups, such as polyols. 

Fig. 37 shows the TLC of PEO with M,, = 300, 400 and 600 in chromato- 
graphic systems in which MVJ dependences of RF values of the first, second and third 
types are observed. It is noteworthy that R, w&es of polymer homologues in PEO of 
various MW correspond to each other. The MW dependence of the RF value for PEO 
shown in Fig. 37b is characteristic of the molecular-sieve effect. However, in this in- 
star&e the TLC mechanism is different as it has been established that in GPC the 
oIigomers under investigation begin to be excluded from the pore volume of silica gel 
and aluminium oxide when their MW exceeds 10,000, i.e., at a much higher MW than 
for PEO in the experiment described. The moon-like shape of the spots is related to a 
peculiar manifestation of the influence of concentration 0x1 the adsorption of polyols in 
TLC which is characterized by a convex adsorption isotherm. With a convex adsorp- 
tion isotherm, the RF value increases with concentration (see p_ 41). Consequently, the 
RF value will be lower for the sides of the spot in which the concentration of the sub- 
stance decreases than for the central part of the polymer zone, and the spot acquires 
a peculiar shape with a sharp “nose*‘. The difference between the RF value for the 

t 
600 300 

400 

. e . 

a b C 

Fig. 37. TLC of PEO with AZ, = 300, 405 and 600: (a) on KSK silica gel in pyridine-water 
(O.l:IO); (b) on aluminium oxide in CHC13-ethanol (10:1); (c) on KSK silica gei in CHCkpyridine 
(52). 
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“no& of a spot and that of its sides, or the I-& value for a spot with a low polyol 
conten% can be used to determine the amount of polyols present in the spot. 

It is noteworthy that when the hydroxyl end-groups of PEO are replaced with 
less adsorption-active groups, it is easier to obtain a positive MW dependence of ad- 
sorption (-AI;) and, hence, a negative MW dependence of the & value. 

If oligomers with weak adsorption activity of the central units such as poly- 
dimethylsiloxaoediols, are investigated, it is impossible to achieve a highly effective 
separation of these oligomers according to MW unless the end-groups are blocked 
(Fig. 38). Nevertheless, even after blocking hydroxyl end-groups, e.g., with a residue 
of dinitrobenzoic acid, only an MW dependence of the RF value of the second type can 
be obtained: the RF value of the oligomer increases with increasing number of weakly 
adsorbed siloxane units. 

) 

i 
0 20 9 5 0 

Fig. 38. TLC of 3,5_dinitrobcnzoate poly(dimethylsiloxane) dials with n = 0, 5, 9 and 20 on KSK 
silica gel containing 0.007°~ of fiuoresccine in Bz-ethyl acetate (1O:O.;). TLC was performed twice 
(luminescent photography). 

. 
The above results indicate that the peculiarities of the TLC of oIigomers are 

related to the ratio of the adsorption activities of the central and end-units. Hence it 
is possible to carry out various types of TLC with positive and negative MW depen- 
dences of the RF vahe or, in the absence of an NW dependence of the RF value, with 
oligomer separation by functionality_ The last two types of TLC can be used to de- 
termine the MWD of oligomers. 

2. Separation of oligomers according to jknctionality 

The separation of oligomers according to functionality in the absence of an 
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MW dependence of the R, vaIue is of great practical interest. The possibilities of 
using TLC for the determination of functionality can be shown by taking as an example 
poly@ropylene oxide) poIyoIs (POPP). It is clear from Fig. 39 that the TLC of POPP 
in ethyl acetate saturated with water, with the addition of 5-10 % of MEK, permits the 
separation of monools, diols, triols and pentaols over a wide range of MW. A slight 
MW dependence of R, values of the first type is observed, which is not superimposed 
on the effect of the functionality of POPP on RF_ It is interesting that the MW depen- 
dence of POPP can be suppressed or changed when the adsorption activity of silica gel 
decreases_ Fig. 40 compares chromatoUwms of dials and triols on standard KSK silica 
gel and on KSK silica gel with a low specific adsorption activity induced by its treat- 
ment with NaOH and NaCl ” In the latter instance, the RF value increases with in- _ 
creasing MW of the polyol, which is characteristic of an MW dependence of the second 
type. However, even in this instance the chromatographic behaviours of polyols of 
different functionality remain very different. Hence, these conditions of TLC permit 
the determination of the functionality of POPP irrespective of MW”. This method for 
the determination of oligomer functionality makes it possible to separate linear and 
branched-chain oligomers that differ in the number of functional end-groups_ Thus, in 
benzene-ethanol (3 : I), complete separation is possible of linear and branched-chain 
complex oiigoester polyols of the same MW (Fig. 41). In this system, the MW de- 
pendence on RF value is very slight but it increases with decreasing ethanol content in 
the eluent. The system consisting of benzene and THF (1 :I) was also found to be 
suitable for the separation of linear and branched-chain oligoester polyols. TLC with 
this system can be used to analyse oligoesters that contain, in addition to linear macro- 

RF 
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Fig. 39. TLC of poIy(propyIene oxide) polyoIs (PPOP) on KSK silica get in ethyl acetate saturated 
with water containing S-lOO~ of MEK. \ 



56 B. G. BELENKII, E. S. GANKINA 

a b 
1 

I 

I , t 1 I ! I 
250 7000 2000 3000 250 1000 3cQo 

300 loo0 2oDcl 3000 3DD 1000 3000 
Mn 

Fig. 40. TLC of PPOP of various MD en (a) KSK silica gel and (b) KSK-2 silica gel treated with 
NaOH and NaCl in the solvent (as in Fig. 39). 
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Fig. 41. TLC of linear poly(propylene oxide) adipates (PPOA) and branched-chain poly(glycero1) 
adipates (PGA) of polyesters of similar MW in Bz-ethanol (3:l) on KSK-2 silica gel. 

molecules, 10% of branched chains (Fig. 42). These differences between linear and 
branched<hain oligoesters of the same MW are of great analytical interest because, as 
we have found” in GPC, they are eluted from the column at the same retention vol- 
ume. Hence, data on the MWD of oligoesters obtained from GPC can be usefully 
supplemented by information on the MW dependence of the distribution of branched- 
chain polyfunctional oligoesters in the sample. 
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Fig. 42. Separation of branchedchain polyesters (PGA) on KSK-2 silica gel in Bz-ethanol (85:15). 

VII. DETERMINATION OF MOLECULAR WEIGHT AND COMPOSITIONAL DISTRIBU- 
TION OF POLYMERS FROM TLC DATA 

I. Photometric method for the quantitative TLC of polymers 

In order to plot the MW or the compositional distribution from TLC data, the 
following steps are necessary : 

(a) To render visible (to stain) the polymer zone on the chromatogram. The 
most common procedures involve the use of a 1 o/0 solution of iodine in methano12, a 
saturated solution of thymol blue with subsequent treatment with 3N H,SO,“, a 5 y0 
solution of KMnO, in concentrated H2SOf3 and the DragendorE reagent for oxygen- 
containing polymers3. 

(b) To determine the dependence of RF value or the fractionating factor, Z, 
on MW or the polymer composition. 

(c) To measure the sensitivity of detection as a function of RF: (dQ/dZ)R,. 
(d) To measure the distribution of the substance stained, I(&), in the spot. 
(e) By using (dQ/dZ)R, and I(R,), to determine the polymer distribution in 

the spot: 

Q (RF) = 1 (RF) ($f) RF (23) 

(f) Knowing the dependence RF(Z), to obtain the MWD or the compositional 
distribution, P(2): 

(24) 
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When narrow-disperse polymers are investigated, it is also necessary to correct 
the distribution Q(RF) for chromatographic spreading, e.g., by using two-dimensional 
chromato,oraphy (Fig. 43)3. In this instance, the chromato,oram of the polymer obtain- 
ed by elution in the first direction shows the MWD or the compositional distribution. 
This spot is then used as a startin g zone for development in the second direction. 
The difference between the dispersions of the zones obtained after the Grst (4) and 

second (c$ developments is the dispersion of the chromatographic spreading (C&J. 
A correction for the spreading of polymer (0”) can be made simply by subtracting the 
dispersion (r&J, or by a more complex but more accurate procedure, as in the 
analysis of the MWD of polymers by GPC77. 

Fig. 43. Determination of chromatographic spreading in TLC: (a) chromatogram in the first direc- 
tion: (6) two-dimensional chromatogram. G& = 4 - 4; G’ = ~2 - &- 

The chromatographic distribution is usually determined by photometric 
scanning of the spot along the direction of development (x) with a high slit, the 

height of which corresponds to the width of the spotSJ2*13*3t_ This densitometric 
method is not precise and suffers from errors due to irregular filling of the high slit 
with light. 

In order to obtain accurate photometric results, multi-step scanning should be 
used with point-Iight detection and with integration of the signal in the y-direction 
normal to the axis of development. These intesal values represent the distribution 
I(&), which is calculated with a precision inversely proportional to the step value dx. 

A simple but precise method for measuring the polymer distribution in the 
chromatogaphic zone is based on the preparation of images of polymer chromato- 
grams with equal density (see below)_ Knowing the polymer distribution by weight, 
P(X), it is possibIe to derive the normalized integral distribution: 

J P (Z) = d’ dP (Z)/ Irn dP (Z) 
0 
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the corresponding differential distribution: 

dP (Z) = P (Z)/jm fl (Z) 

and the weight-average value of Z: 

59 

(26) 

z= +lP(Z) (27) 
0 

A method has been proposed for the determination of the compositional dis- 
tribution of copolymers (under the condition that the RF value of the copolymer is 
independent of its MW) based on scannin, 0 the plate at two wavelengthP at which 
the molar extinctions of the components of the copolymer differ greatly. For this 
purpose, a dual-wavelength scanning spectrodensitometer (CS-900, Shimadzu Seisa- 
kusho Co., Tokyo, Japan), which is similar to the Schoeffel SO 3000 scanning spectro- 
densitometer (Schoeffel Instrument Co., Westwood, N-J., U.S.A.), can be used. The 
adsorption, 1, at a point x corresponding to the content, Z, of St in the copolymer is 
given by the following equations: 

at jl, = 265 nm: I’ (x) = 2 &- W(x) (28) 

at & = 225 nm : I” (x) = [Z .&; + (1 - Z) .s&] W (x) (29) 

where W(x) is the amount of the polymer in the range x f dx/2 and E is the molar 
extinction. If the area under the chromatogram of the copolymer, A, is determined, 
then by obtaining 1’(x) and 1”(x) and knowing relative extinctions ~“s&“~t~r~ and 
e’sJe”~rILIA, it is possible to calculate the following characteristics of the copolymer: 

(a) the weight distribution of the copolymer, P(Z): 

(30) 

(b) the dependence of the composition (Z) on the position on the chromato- 
gram (x): 

. 

z (-‘) = [ 1 - (&;;:/E;&] I’ (:, + (E&&,) I” (X) 

(c) the average composition of the copolymer, 2: 

1 
Z = [1 - (&;/&;_&I A’ t (&&/&&) A” 

(31) 

(32) 

Thus, by using eqns. 30-32, TLC makes it possible to determine the values of W(X)/ 
IV,, Z(X) and Z without using reference samples of copolymers. When dual-wave- 
length photometry is used to determine the heterogeneity of the composition of co- 
polymers in which one of the components does not absorb W light in the spectral 
range of the spectrodensitometer (e.g., a copolymer of St-Bd), it is possible to stain 
the polymer zones on the plate. However, in this instance it is difficult to determine 
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E’~~/E”~~~ owing to the poor reproducibility of chemical staining. This parameter can 
be obtained from eqn. 32 if the value of .PS,/.s” MMA and the average copolymer com- 
position, Z (which is determined by an independent method), are known. 

2. Aitalysis of distribution of polydisperse polymers throughout the width of the chro- 
matographic zone 

In TLC, the distribution of a substance along the y-axis normal to the eluent 
movement along the x-axis always has a Gaussian shape. Therefore, by measuring the 
width of the zone at a certain limiting (lowest detectable) concentration, C,, it is 
possible to determine the amount of substance in this (the ith) section of the polymer 
zone on the plate. Let C, be given by 

(33) 

where C,*i is the polymer concentration at the maximum, .&,+ is the dispersion of 
distribution in the ith (along the x-axis) section of the zone and dyi is the distance along 
the y-axis between the points of C, (the width of the B zone in the ith section). Then, 
the amount of the substance, qL, in the ith section of width Ax is expressed by the dis- 
tribution’parameters (eqn. 33) as follows: 

(34 

where the zone width, dyi, and the dispersion, ZYei, were selected averages over Ax. 
In photographic recording of chromatograms, a certain optical density, D1, 

should correspond to C,, C, = kD,, where k is a coefficient that is constant for the 
homopolymer and depends on the composition in the case of a copolymer: 

- 
qi = 42~ k, Dl ZY:,.i LX exp (35) 

In order to use eqn. 35, it is necessary to determine the value of &,expressing 

it in terms of the width of the chromatographic zone, dyi, measured experimentally. 
This can be accomplished by two methods: 

(a) by the separation of two chromatograms of the polymer containing dif- 
ferent amounts of the substance, Ql and Q2; then in each section of these two chro- 
matographic zones the ratio of the amounts of the substance, 4:/q;‘. will be equal to 
the known ratio QJQ,; and 

(b) by taking the photograph of the chromatogram of the polymer at two ex- 
posures in order that the contour of the spot will correspond to different C@,) 
values and determining the ratio D’JD’rl_ 

By using eqn. 34, the first method permits the following equations to be written : 
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By combining eqns. 36, the expression for O,., can be obtained: 

1 
q.< = - V- (45.1) - C~YLd2 

2 2 ln (QJQt) 
(37) 

By using eqn. 35, the second method permits the following equations to be 
written: 

q= @iikiD;Z,,,Axexp -$$f- . [ 1 P.' 
q = 4% ki D;Cy,.i AX exp mY;Y 

I 1 r > 
Eqns. 38 yield an expression for G,Q: 

1 Zyt=- V (a)' - (dy;)" 
. 2 2 In (D;/D;‘) 

(39) 

By substitution of eqns. 37 and 39 into eqn. 35, it is possible to obtain equations 
for the polymer distribution, Wi = qi/Tqi, expressed in terms of the width of the chro- 

matographic zone, Ayi, and of the k:own ratios QJQ, or D’l/D”L and k,: 

(b) Wi = (41) 
- 

2 @ KG’~2 - (AY”)~I* (+) ~&A~;z,,p }, 
2 1 

If method (a) is adopted for obtaining Wi, it is convenient to use chromato- 
~GWIIS in which the polymer is applied at the Q1/Qz = e ratio, then the expression for 
W, (eqn. 41) is simplified. 
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As already mentioned, in the TLC of homopolymers or copolymers of narrow- 
disperse composition, ki is constant, and it is then possible to omit these coefficients 
in eqns. 40 and 41. When copolymers of a polydisperse composition are analyzed, it 

is necessary to take into account the dependence of ki on the composition of the co- 
polymer (or on the RF value) and the values of Wi should be found from eqns. 40 
and 41. 

Of the above equations for Wi, eqn. 41 is of the greatest interest as only one 
chromatogram is necessary for it to be used. Hence, no errors arise due to the in- 
accurate application to the plate of calculated amounts of the polymer (Q1 and 0,) 
or to concentration effects distorting the shape of the spot. In order to use eqn. 41 
it is necessary to know DI. For this purpose, the “equidensity” method was developed 
for obtaining images of the spot. This method is based on the well known Sabatier 
phenomenon in photography7s, which consists of total or partial reversion of an image 
developed for a short time under the effect of secondary illumination. This method, 
which allows the preparation of a system of iso-photes of an elongated object 
without complicated equipment7g, has been widely used in astronomy*O-s’. An 
“equidensity” image (“equidensity” means a curve joining points on the negative with 
the same density of darkening) is obtained if a print from an object (a negative, i.e. 
a TLC plate) is made on a contrasting photographic material at an exposure t& This 
print is developed for a short time and, without fixing, is exposed for a second time 
under uniform lighting. After the second exposure, the zones of the image (the equi- 
densities corresponding to the density of the object, D + AD, become light on a dark 
background. The optical density of the object, D, distinguished by this equidensity is 
determined by the time of the first exposure. By varying this time it is possible to ob- 
tain equidensities corresponding to various optical densities, D,, which can easily be 
determined if a photograph of a graduated optical wedge is taken together with the 
photograph of the object. In order to increase the contrast of the image, it is advisable 
to take a photographic copy of the equidensity image on a super-contrasting material, 
obtaining a black equidensity on a light background. The value of the equidensity 
method based on the Sabatier effect lies in the possibility of taking photographic 
copies. If a photograph of the chromatogram is taken in such a way that the image is 
a continuous spot, the dimensions of the photographic copy of this image depend 
on the exposure made when obtaining the copies and, hence, cannot be used to deter- 
mine W, from the size of the chromatographic zone. 

The precision of this equidensity method of quantitative analysis was checked 
by determining from the chromatogram (Fig. 44) the ratio of the amounts of two 
polymers in a mixture that was applied to the plate in the ratio Q’/Q”. The ratios 
attained (2.48 and 0.592) are in good agreement with the ratio (Q’!Q”) of these poly- 
mers in the sample (2.5 and 0.6). 

Fig. 45 shows an example of the analysis of polymer distribution according to 
MW by the equidensity method. 

It should be noted that this method is less precise than methods of quantitative 
analysis based on densitometric scanning because the width of the spot is not very 
sensitive to the amount of the substance present in it. The precision of the equidensity 
method can be increased if the determination of D’, and of the spot width, y (i.e., 
of the quality of iso-photographs) is more precise and if the amount of the measured 
cquidensity images of the spot is increased because the mean square error of the dis- 
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Fig_ 44. “Equidensity” image of chromatograms of a mixture of PS with kf” = 2- l@ and 3.3 - 10’ in 
the ratios (1) O-1:1, (2) 0.6:1, (3) 2.5:l and (4) 1 :I and reference PS (left) in Ch-Bz-Ac (12:4:0.7). 
Below: image of the optical wedge. 

tribution obtained is inversely proportional to the square root of the number of mea- 
surements. On the other hand, as the dependence of y on 4 is characteristic of a 
Gaussian distribution, this method is very sensitive in determinations of micro- 
impurities. This can be seen if eqn. 34 is differentiated: 

(42) 

Eqn. 42 shows that the sensitivity of the method is inversely proportional to 
the amount of substance present in a spot section. Actually, it can be seen from Fig. 
46 that the spot is detected with the greatest sensitivity when small amounts of a sub- 
stance are present. 

3. Determination of molecular-weight distribution of oligomers by using equidensity 
images of thin-layer chromatograms 

A peculiarity of the TLC of oligomers is the discrete character of the chro- 
matographic zones of single polymer homologues up to iV < 10-12. Polymer ho- 
mologues of higher MW are developed as a continuous zone, which can be analyzed 
by the same method as for chromatograms of polymers. When the amount of a sub- 
stance present in discrete zones is determined, it is necessary to take into account its 
distribution along both the y- and s-axess3, which can be effected as follows. The 
equation of the ellipse forming the boundary of the spot (xZ, yJ is given by 

Cf=C,exp[-f($f+)] 
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Fig. 49. Determination of MWD of PS by the “equidensity” method. (a) “Equidensity” image of 
chromatogram of the PS sample at two concentrations in C&B-AC (12:4:0.9): left, chrornatograms 
of refeitmce PS; above. image of the optical wedge. (b) Distance from the front (f2 versus MW (M) 
of Ps in TLC under the same conditions as in (a). (c) MWD of PS. It was found that &f. = 2.18- 
lO‘, iU,. = 2.39- 10‘ and MJM, = 1.10. 
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Fig. 46. Equidensity images (with printed optical wedge, below) of thin-layer chromato_mm of PS 
with M, = 600 on KSK siIica gel in Ch-Bz (11:3). 

where C, is the concentration at the spot maximum. If we desieate the semi-axes 
of this ellipse by x,, and y,,, eqn. 43 gives 

C, = C, exp [- f (g)] = C, exp [ - i ($)I 
1: Y 

(44) 

and, hence, 

-r, Yo -=- (4% 
0, 0, 

The amount of a substance present in the chromatographic zone, 4, can be 
determined by integrating eqn. 43: 

Substitution into eqn. 46 of the expressions for C, (eqn. 43) and O, (eqn. 45) gives 

(47) 

If C, is replaced with the optical density, DI, of the contour of the equidensity 
image of the chromatographic zone, CZ = kDI, where k is a constant, we can write 

If two equidensity images of the chromatogam with densities 0; and 0; are 



66 B. G. BELENKII, E. S. GA-A 

used to calculate the chromatogram, then it is possible to write two equations of the 
type of eqn. 48: 

It follows that 

t+= 
(x;;)” - (x;y 

2ln (+.$3) 

The Enal expression for q has the following form: 

The weight-average MWD (differential MWD, df;-, and integral MWD, JAI) 
are found from the equations 

d,, = +- 

2 4r 
Z=l 

where i is the degree of polymerization and N is the maximum degree of polymeriza- 
tion of the separated spots. 

The number-average MWD (dg, and Jgi) is calculated from the equations 
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It is also possible to find the amount of the substance in these spots which is not 
separated on the chromatogmm (with i > AT)_ By using the calibrating dependence 
RF(i) as a polynomial of the second power: 

R&i) = a +- bi + ci2 

where the Q, b and c are obtained by the least-squares method, it is possible to find 
the values of RF at i > N. Further, by the method of linear extrapolation (valid at 
RF l/3) one obtains the values of xi, xy, yi and vi at i > N by using their values at 
i= Nandi= N- 1. 

Fig. 46 shows equidensity images of a thin-layer chromatogram of PS with 
Af,, = 600. The results of measurements of x;.~ and xyI are given in Table 4. 

Fig. 47 shows differential MWD of the PS investigated. M, was found to be 
574. 

TABLE 4 

RESULTS OF MEASUREMENTS OF EQUIDENSITY IMAGES OF THIN-LAYER CHRO- 
MATOGRAMS FOR PS WITH M, = 600 

Paramerer i 

3 4 5 6 7 8 9 

RF 0.73 0.60 O-49 0.36 0.25 0.16 0.1 
-& 1.28 3.04 2.69 2.43 2.27 1.75 1.35 
Y&l 2.45 3.24 3.93 &I6 3.53 3.30 2.68 

,, % .I 5.37 4.8 4.27 3.57 3.27 2.67 2.40 
Y:.f 5.17 5.48 5.60 6.05 5.30 4.75 3.75 

3 a 
fi 

b 
7.0 - P 0.4 - l 

4 5 6 7 6 Si 4 5 6 7 8 9 i 

Fig. 47. Differential MWD of PS with M,, = 600 according to number (a) and weight (b) obtained 
from the chromatogram in Fig. 46. 

4. Quantitative determination by TLC of impurities of low fiu2ctionality in poly(propyl- 

ene oxide) polyols ‘ 

It is possible to carry out quantitative determinations of components with low 
functionality in poly@ropylene oxide) polyols (PFOP) by a method based on the de- 
pendence of the mobility of the spot on the content of the oligomer7J. Fig. 48 shows 
that the spots of POPP have a “nose” with a sharp edge tapered to the front, whereas 
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1 

1 2 3 4 5 6 7 

Fig. 48. TLC of poly(propylene oxide) diols (PPOD) with &f,, = loo0 in ethyl acetate saturated 
with water containing 2% of MEK. Amounts of PPOD: (1) 6; (2) 20; (3) 30; (4) 35: (5) 50: (6) 65; 
(7) 1OOpg. 

the rear part of the spot is spread out. As mentioned above, this shape of the chroma- 
tographic zone is caused by specific concentration effects in oligomer adsorption due 
to the convex adsorption isotherm. It is natural to use the chromatographic mobility 
of the “nose” of the spot related to the polymer concentration because the RF value 
of the nose can be measured precisely in order to determine the amount of POPP 
present in it. The cbromatographic homogeneity of the substance being investigated 
is an indispensable condition for using this method of quantitative analysis. Under 
our experimental conditions, the RF value of the oligomer does not depend on its 
MW (MW dependence of the third type) and therefore POPP samples of the same func- 
tionality are chromatographically homogeneous. Experimental checking showed that 
this dependence exists, is linear and remains constant over a concentration range of 
two orders of magnitude. The slope of this dependence is related to the MW of POPP 
and to the length of development (Fig. 49). This dependence can be obtained from the 
following simplified model of the ATLC of oligomers. 

It is known that the RF value of the spot maximum containing an amount 4 
of the substance, R,, is related to its concentration at the spot maximum by 

(5% 

where Z, and i, are the lengths of development of the maximum of the spot and of the 
solvent front on the plate, respectively, and c and 111, are the concentrations of the 
substance at the spot maximum for the mobile and the stationary phase (throughout 
the thickness of the whole chromatograpblc layer). 

The ratio of m, to c can be determined by using the Freundlich equation which, 
in many instances, adequately describes polymer adsorption? 

l?Z,=Cd (56) 
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VIII. COMBINED CHROMATOGRAPHIC METHODS OF ANALYSIS OF COMPLEX 
POLYMER SYSTEMS INVOLVING THIN-LAYER CHROlMATOGRAPHY 

In the synthesis of complex polymer systems, such as block and graft copol- 
ymers and branched homopolymers, apart from the main products characterized by 
the polydispersity of the MW and composition (the type of branching), corresponding 
linear homopolymers are also formed. So far, the investigation of these polydisperse 
systems has been very complicated and laborious and often could not be carried out 
by classical methods of polymer analysis. Important results can be obtained by using 
combined chromatographic methods of polymer analysis, such as GPC for the micro- 
preparative fractionation of polymers with determination of the hydrodynamic radius 
(RJ of the fractions obtained, TLC for the qualitative and quantitative analysis of the 
structural and chemical heterogeneity of fractions and pyrolytic gas chromatography 
(PGC) for the determination of their overall composition. PGC is the most sensitive 
(only several micrograms of sample are required) and precise method for the deter- 
mination of the composition of copolymers with proportions of the components of 
less than l/20-1/50B5. It can also be used to determine the average MW of some ho- 
mopolymers (such as PMMA)86, the stereoregularity of polymers (polypropylene)*’ 
and their short-chain branching (polyethylene)**. 

2. Investigations of mixtures of linear and branched-chain polymers by gel-permeation 
and thin-layer chromatography 

Classical methods for the fractionation of macromolecules, as well as GPC, 
do not permit the effective separation of linear and branched-chain macromolecules 
with similar dimensions. This problem can be solved by using ATLC, which permits 
the fractionation of linear and branched-chain PS of the same hydrodynamic size. 

(ir) TLC of linear and branched-chain polystyrene 
It has been established” that the dependence of R, on y, the content of acetone 

(the adsorption-active component) in the eluent, is more pronounced for linear than 
for branched-chain PS*. As a result, linear and branched-chain PS with similar RF 
values are well separated on the plate (Fig. 50) and can be identified by comparing 
them with reference samples of linear PS with respect to the J&-y dependence 
(Fig. 51). 

Although the theory of adsorption of linear polymers is well develope8’-, 
the adsorption of branched-chain macromolecules has not been considered theoret- 
ically. However, it might be suggested that differences in the adsorption capacity of 
linear and branched-chain PS are related to the following peculiarities of their ad- 
sorption behaviour. At high interaction energies (at low acetone contents in the 
eluent), linear polymers become much flatter than branched-chain polymers and there- 
fore more of their units come into contact with the adsorbent. As a result, their ad- 
sorption capacity is higher than that of branched-chain polymers. On the other hand, 

* It cannot be ruled out that the branched-chain PS investigated in this work bear, at the end 
of branches, adsorption-active functional groups (such as OH) that cannot be detected spectroscopically 
because of their low content. 
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I IImIcz 

a b c 

Fig. 50. TLC of PS (samples I, II, II1 and IV) containing linear and branched-chain components 
and standard PS samples 4-11 (see Fig. 6) in Ch-Bz-Ac (12:4:y) where y = (a) 0.4, ib) 0.8 and 
(c) 1.5. 

1.0 [ 

M I 1 t 
L4 O-6 0.0 1.0 1.2 1.4 

7 

Fig. 51. RF vfrsu acetone content (_/) in TLC in Ch-Bz-Ac (12:4ry) for linear and branchedchain 
components of sample 1 (full lines) and linear standard PS samples of various M, (broken lines). 

with weak interactions (when the acetone content in the eluent is high; y > O-l), 
branched-chain macromolecules in which the segment density per unit area is greater 
than for linear chains are adsorbed more strongly. If this hypothesis is assumed, it 
can be concluded that the dependence of -AF/kT on e should bd more pronounced 
for Iinear than for branched-chain PS and differences in the adsorption capacities of 
linear and branched-chain macromolecules should increase with increase in the degree 
of branching. If the experimental results (Fig. 50) are evaluated from this standpoint, 
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it can be inferred that components 1 and 2 of the samples being analysed are branched, 
component 1 being branched to a greater extent, and components 4 and 5 are linear. 
Although the chromatographic behaviour of component 3 is similar to that of the cor- 
responding linear PS with an MW of 19,750, there is some difference between them, 
possibly associated with a slight branching of component 3. 

(b/ Micro-fractionation of polymer samples by GPC and subsequent TLC of 
the fractions obtained 

The analysis of polymer samples consisted in their separation into 12-14 
fractions by GPC with a KhZh 1302 chromatograph (Special Design Office of Ana- 
lytical Instruments, Academy of Sciences, Leningrad, U.S.S.R.) by using a system of 
Styragel columns. These fractions were investigated by TLC, including densitometry 
of the chromatograms. 

Fig. 52 shows the densitograms obtained from fractions of one sample. In 
the upper part, a densitogram of an unfractionated polymer sample is shown and a 
method for the separation of densitometric peaks into components is illustrated. 
These data made it possible to represent the gel chromatogram of a polymer sample 
as a superposition ofelution curves of linear and branched-chain PS constituting these 
samples (Fig. 53). By using this procedure, it was possible to determine the content of 
linear and branched-chain components in a PS sample and, by means of calibration 
against PS standards, to obtain the MW of linear components by GPC or TLC. The 

Fig. 52. Densitogmms of thin-layer chromatograrns of sample 1 and its fractions obtained by GPC 
(3-12). 
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Fraction, N 

73 

Fig. 53. Elution curve of GPC analysis of sample 1 and distribution of components l-3 in this 
sample (from TLC data). Numbers on the upper curve refer to elution volumes (counts). 

results obtained by both methods are in good agreement. A combination of GPC 
and TLC made it possible to detect and characterize a minor component in linear PS 
(component 5), the content of which was l4oA. 

(c) Determination of the molecular weigJlt of brawlled-cJzaB polystyrene 
According to Collgg, chromatographic columns for GPC were calibrated in 

values of the hydrodynamic radius, R, : 

& = (&Lg)’ (62) 

where N, is Avogadro’s number, [q] is intrinsic viscosity and M is molecular weight. 
Fig. 54 permits the determination of the value of R, corresponding to the maxi- 

mum of each component. As the components are very narrow polymer fractions 
(M,,./M,, < l-l), these values correspond to their average hydrodynamic radii, R,. 
According to Tsvetkov et aL90, the hydrodynamic radius is related to the number of 
statistical segments, N, the segment length, b, and the branching factor, h, and in this 
instance, for PS, to h and M, by the following equation: 

Rs = o-78 1’6 
-h-b??* = 0.255 M* (63) 

where h = (R&/(R& is the ratio of the hydrodynamic radii of branched-chain and 
linear macromolecules with the same number of segments. On the basis of these data, 
the distribution of components l-5 in sample 1 of PS is plotted against R, (Fig. 54). 



74 B. G. BELENKII, E. S. GANKINA 

1.1 1.2 1.3 1.4 1.5 1.6 1.7 

log RS 

Fig. 54. Concentration curves of distribution of sample 1 (broken line) and its components (solid 
lines) as a function of the logarithm of the hydrodynamic radius (log R,). C = concentration. 

Hence, if R, is known and an assumption is made concerning the value of h, 
it is possible to determine the MW of branched-chain PS. When polystyryl-lithium 
is used as initiator in the synthesis of PSgl, a comb-like structure of the polymer chain 
with various numbers of branches is possible. Consequently, it is possible to ascribe 
to the components of these PS samples the structures shown in Table 5, where the h 
values for these samples are selected in accordance with Grechanovskyg2*. It is as- 

sumed that component 5 was formed from an unreacted initiator of polystyryl- 
lithium. 

The data in Table 5 permit the determination of the MW of the branched- 
chairi component by using eqn. 63 and also (assuming that the linear component 5 
is the backbone of the macromolecule) the determination of the length of the branch. 
It is clear that in this instance the MW of the polymer exhibits only a slight dependence 
on the selected model of branching, whereas the length of its branches exhibits a strong 
dependence. 

Table 6 shows as an exampIe the results of a complete analysis of one of the PS 
samples. 

This investigation shows that, by using a combination of GPC and TLC, it is 
possible to characterize in detail a complex narrow-disperse polymer system containin,a 
linear and branched-chain PS. Thus, for a sample with a weight of 2 mg it was possible 
to obtain the following characteristics: to determine the percentage of components, 
their branching, MW and MWD of linear components and, within the scope of the 

* Calculations in the paper by Grechanovskygz are made for O-solvents, but in accordance with 
other worker?-‘, for polymers with MW Z- 105 they can be extended to good solvents. 
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TABLE 5 

MODELS OF BRANCHING OF COMB-LIKE TYPE FOR COMPONENTS OF PS IN 
SAMPLE 2 AND CORRESPONDING VALUES OF THE BRANCHING FACTOR, h 

Componenr Type of branching Models of h 
according to branching .~~- -- 

TLC dufa Statistical distribution Fixed branch 
of branch length ier;gth 

---__-- ________ ._. 

1 Branched 

Branched 

Slightly branched 

@ 

0.916 cmss 

0.93 I 

0.950 

0.903 

0.922 

Linear 

5 Linear 
/ 

0.947 0.972 

1.0 1.0 

TABLE 6 

RESULTS OF ANALYSIS OF SAMPLE 2 OF PS (COMB-LIKE MODEL) 

Parameters of the component Conponent 

Branched-chain Linear 
___-__ 

2 2 3 4 5 

KS @I 20.5 21.5 32.5 22.5 16.5 
MW of the polymer 10,500 10,600 19,500 10,500 5500 
MW of the backbone 5ooo 5m0 
MW of branches 1400 1900 
Content of the component (%) 23 15 16 42 4 
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theory used, to determine the parameters of branched-chain macromolecules (their 
MW, MW of the backbone and branches). A component present in an amount of 
14% was detected and characterized. 

2. Determination of the polydispersity of block copolymers of styrene and methyl 
methacrylate by gel-permeation, thin-Iayer and pyrolytic gas chromatography 

The determination of the polydispersity of block copolymers includes the anal- 
ysis of their distribution accordin g to MW, composition and content of the corre- 
sponding homopolymers. Classical methods for the determination of the polydis- 
persity of block copolymers by fractionation based on the different solubilities of poly- 
mers of different chemical composition do not permit the preparation of distinct 
fractions that are homogeneous in one or several properties, in particular, for a sample 
polydisperse according to MW9*. Methods of sedimentation, diffusion and turbi- 
dimetric titration are complicated and are a!so insufficiently effective for the deter- 
mination of the continuous distribution of copolymers”. The polydispersity of block 
copolymers can be investigated effectively by using a combination of several chromato- 
graphic methods with the following sequence of chromatographic operations_ After 
a preliminary fractionation of macromolecules according to size by GPC, a second 
separation of the fractions according to composition is carried out by TLC, with 
separation of the block copolymer From admixtures of homopolymers. Finally, the 
compositions of the GPC and TLC fractions are determined by PGCs5. This method 
was used to investigate a block copolymer of the A-B-A type synthesized by using 

a triperoxidexoO, in which A is PMMA and B is PS. 

(a) Gel-permeation chromatography of block copolymers 
Fig. 55 shows gel chromatograms obtained with a Kh Zh-1302 chromato- 

graph. A 40-mg amount of the block copolymer was subjected to micro-preparative 
fractionation and was separation into 34 fractions. A comparison with an analytical 
chromatogram of this block copolymer (a sample of 6 mg) shows the absence of con- 
centration distortions on the chromatogram in micro-preparative fractionation of 
narrow-disperse fractions (MS/M,, < 1.4 according to Bl~‘~l)_ 

On the basis of the universal calibration graph and the values of the Mark- 
Kuhn constants (K,, a) for PS and DMF: 

[q] = K,M” = 3.96-1O-4 MO-sss (64) 

the retention volumes dependence V, = ?‘,(I?,) was found from eqn. 62. The PMMA 
fractions were also obtained by GPC in order to compare their RF values with those 
of GPC fractions of block copolymers obtained at the same elution volume. This 
method permitted the accurate identification of the PMMA admixtures in the block 
copolymer and the selection of optimal systems for the chromatographic separation 
of PMMA and block copolymers of different MW. 

(6) PyroZytic gas chromatography 
Fig. 56 shows pyro,mms of a block copolymer obtained (a) with a Tsvet-4 

gas chromatograph equipped with a pyrolytic cell described previouslyS5 and (b) 
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85 

Fig. 55. Gel chromatogram of block copoIymer PMMA-PS-PMMA in DMF on columns with 
Styragel S-lo’, 103, IO*, 3.101 and lo5 A. (a) Preparative chromatography (40 mg of polymer); (b) 
analytical chromatogram (6 mg of polymer). The numbers under the curve are fraction numbers, the 
numbers above the curves are elution volume counts. 

1 

\ 

b 

I 1 1 1 

0 1 2 3 01 2 3 4 5 
Time C min) Time Cmin J 

Fig. 56. Pyrograms of the PMMA-PS-PMMA block copolymer obtained with (a) a Tsvet-4 and (b) 
a Pye Series 104 chromatograph on columns packed with 2% of 1,2,3-tris-(2cyanetho~)propane on 
Chromosorb P at a pyrolysis temperature of (a) 500” and (b) 610”. I = MMA; 2 = St. 
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with a Pye Series 104 chromatograph equipped with a cell in which the pyrolysis tem- 
perature is controlled by a Curie-point control unit. The reproducibility of the pyro- 
grams obtained with both instruments is l-3%. However, the sensitivity of analysis 
is higher with the Pye chromatograph, which permits the determination of the com- 
position of a copolymer by using 0.2 mg of sample. 

It is knownssJo’ that, depending on the structural properties of polymers 
(NW, compositjon, etc.), their pyrolysis proceeds differently. Nevertheless, it is 
possible to select conditions of pyrolysis under which these differences do not affect 
the chromatogramss. It is cIear that only under these conditions is PGC suitable for 
determining the overall composition of block copolymer fractions. Fig. 57 shows 
the ratio of the areas under the chromatographic peaks for St and MMA in 
the pyrogram verm.s the ratio of the weights of PS and PMMA in the sampIe. It is 
clear that, irrespective of the MW of PMMA and the type of sample being analysed 
(a mixture of homopolymers, random or block copolymers) under these conditions of 
pyrolysis, all experimental points fall on the same straight line and the dependence 
obtained can therefore be used to determine the overall composition of the block 
copolymer (if the instrument is calibrated against a mixture of PS and PMMA). 

SS1/%4MA 

Fig. 57. Ratios of peak areas for SC and MMA (SS,/S81SrA) versus weight ratios of these monomers 
(qdqt.td in polymers of various types. +-, Random copolymer of St-MMA; @, block copolymer 
of St-MMA; mixtures of PS with MW = 5.1- Iti and PMMA of MW = (0) 3elC$, (x) 6- l(r, (n) 
105 and (A) 2- 105. 

(c) Separation of poly(methyl methacrylate) mzd the block copolymer of poly- 
styrene-poly(methyl methacrylate) by TLC and determination of their ratios and of the 
block copolymer composition by PGC 

Precipitation TLC as described on p_ 49 was used to separate the ST-PMMA 
block copolymer and the accompanying PMMA. The plates were chromatosaphed 
in a mixture of CHCI, and methanol, the composition of which was varied (Table 7), 
depending on the MW of the block copoIymer and PlMMA (PGC fraction number). 
Fractions obtained with a gel chromatograph at the same retention volumes as the 
block copolymer fractions were used as reference PMMA. The relative contents of 
PMMA and the block copolymer were determined from the overall composition of 
GPC fractions containing the block copolymer and PMMA and of TLC fractions 
extracted from the pIate with acetone. The overail composition of the fractions was 
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determined by PGC under conditions excluding the effect of the micro-structure of the 
copolymer on the character of pyroolysis (Fig_ 57). it can easily be shown that if the 
chemical compositions (the ratio of monomer units) of two polymer components of 
TLC fractions of the block copolymer (x) and of the PMMA admixture Q: 

I 
ml - x 
nz;- 

i 
tn; 

(65) 
-Z 
my Y 

and the chemical composition of their mixture (GPC fraction) (z): 

are known, it is possible to determine the ratio of these components in the mixture 
(w = q,/q2) from the equation 

41 _ (z - -9 l/Y) -u) -I- Y) 
92 (x+ 1)(1 -z/y) (1 -+_u)(y-z) (67) 

When the first component is a pure or aImoPt pure homopolymer (ttz; -+ 0, x + 0), 
eqn. 67 is simplified to 

(68) 

Hence, in order to determine the weight ratio of components in the mixture, it is 
sufficient to anaIyse by PGC its chemical composition, z, and also the composition 
of the separated components, x and y, and to use the corresponding equations for 
calculating cc). The precision of these determinations is S-10%. 

The results obtained for the composition of the GPC fractions (the contents 
of PMMA and the block copolymer) and the composition of the block copolymer are 
given in Table 7. 

(cl) Compositional distributiotz of tire block copolymer depending otz R, 
As a result of investigations of GPC fractions of the block copolymer (Fig. 55) 

by PGC and TLC, it is possible to determine from eqns. 66 and 68 and values of s, 
y and z and the weight ratio of the block copolymer to PMMA (o = qPMhlA/qbIoca 
in each fraction. Now, knowing the increments of the refractive index @z/at), = 
0.173 ml/g and (&z/&) = 0.064 ml/g] and by using for copolymers the rule of the ad- 
ditivity of increments of refractive index in solution lo3, it is easy to obtain from the gel 
chromatogram dn = dtt(V,), the ratio of PS, PMMA and the block copolymer in 
GPC fractions_ 

The results of the calculations are given in Fig. 58, which shows the distribu- 
tion of the overall composition of the polymer sample, the amount of the block co- 
polymer in it and its composition verszts hydrodynamic radius (RJ calculated from 
that for PS according to eqn. 62. 

Fig. 58 shows that as R, (MW) of the block copolymer increases, the content 
of PS in it decreases while that of PMMA increases_ This result becomes understand- 
abIe if one takes into account that the synthesis of the A-B-A block copolymer pro- 
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ceeds in two stages when a triperoxide is used as initiatoF: PMMA is bonded to the 
PS backbone. It is natural that under these conditions an increase in the MW of the 
polymer takes place owing to its increasing PMMA content. 

C-104(g/dlJ 

Fig. 58. Distribution of the PMMA-PS-PMMA block copolymer as a function of R, according to 
GPC, TLC and PGC data. e), Unfractionated polymer; 0, PMMA; A, PS; I7, block copolymer; 
A, PMMA content in the block copolymer_ 

The distributions obtained for the block copolymer of St and MMA are con- 
tinuous and, moreover, they are not based on any arbitrary assumptions. Their basis 
is provided by such reliable physical relationships and processes as fractionation of 
macromolectdes according to size by GPC, the Benoit universal calibration graph 
and fractionation of copolymers according to composition by TLC with quantitative 
determination of the composition of the copolymer by PGC. 

3. Investigations of graft copolymers of cellulose by gel-permeation and thin-layer 
chromatography 

Usually, in investigations of graft copolymers it is necessary to establish the 
presence of the corresponding homopolymers, and methods of fractionation involving 
extraction, precipitationx03-10(, and centrifugation in density gradient have been used. 
for this purpose. The solubility of the graft copolymer of cellulose has been ensured 
by chemical modification of the cellulose backbone or by a special selection or 
solvents105. In principle, TLC can be used for the separation of the graft copolymef 
and corresponding homopolymers, as was shown by Stannett and co-workers1a6-108, 
taking as an example the graft copolymer of PS-PMMA. 

Another trend in studies of cellulose graft copolymers is based on the decom- 
position of the cellulose backbone by acid hydrolysis’w-rrl or acetolysis112 and the 
determination of the molecular characteristics of the liberated graft copolymer. How- 
ever, it is difficult to separate the products obtained_ 
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Taga and Inagaki113 proposed a variation of this method for investigations of 
the cellulose-styrene graft copolymer, involving acid hydrolysis of the copolymer, sepa- 
ration of free and grafted PS by adsorption TLC and determination of the MWD 
of this PS by GPC. The polystyrene chains that are split off by acid hydrolysis bear 
polysaccharide end- residues, the presence of which in PS in confirmed by the bending 
vibrations-at 3620 cm-’ in the IR spectra_ PS with polysaccharide end-residues ex- 
hibits a high adsorption activity, which correlates with an increase in the adsorption. 
capacity of PS with an MW of 105 when carboxylic end-groups are introduced into 
it”*. On this basis, free and grafted PS can be separated by TLC on silica gel plates 
in THF. Grafted PS is located in the lower (starting) spot and free PS moves with the 
solvent front. If the chromatogram is developed by spraying successively with a satu- 
rated solution of thymol blue in 50% aqueous ethanol and 3 N sulphuric acid, the 
intensity of blacking of the upper and lower spots allows the determination of the 
fraction of grafted PS-P,, in the total amount of PS. 

The upper and lower spots of PS were extracted from the plate and their MWD 
determined by GPC on Styragel columns (10 ’ _t lo6 + 10J _&)_ The values of M, 
and M,, for PS found by this method are given in Table 8. 

. Taga and Inagaki113 reported that the value of M, obtained by GPC is higher 
than its value determined by sedimentation and viscometry. The data in Table S 
permit the checking of the material balance of fractionation of PS by TLC: 

M,(PS,,*) = p,r x MJPS,,) -t (1 - P,r) x -~w(PSfr) (69) 

~“(PS,,,) = MAPS,,) x ~~“(psfr) x [P,r x ~~,(PSfr) t (1 - pz3 x 
~~#%~1-’ (70) 

where P is the molar fraction, and the subscripts tot, gr and fr refer to the total 
amounts of PS, graft and free PS, respectively_ The values of M, = 12.4- 10’ and 
M,, = 2.9 - 105 for PS,,, are in good agreement with experimental values (Table 8) for 
this PS. 

9 
TABLE 8 

RESULTS OF ANALYSIS OF PS BY GPC 

Sample 

PS after hydrolysis - PS,,, 2.8 13.0 4.5 
Grafted PS-PS,, (lower spot in TLC) 1.9 5.8 3.0 
Free PS-PSI, (upper spot in TLC) 4.9 17.0 3.5 

This method of analysis permits the determination of the index of the degree 
of grafting (F,) for the graft copolymer: 

Fg = 
average number of PS chains in the graft copolymer 

average number of cellulose chains in the graft copolymer 

( A -P,r H 100 ) 
--I 

= M, (PS,) a AZ, (cellulose) 
(71) 

* where A (%) is the increase in the weight of cellulose during grafting. 
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IX. CONCLUSIONS 

Thin-layer chromatography was developed later than gel-permeation chro- 
matography and attention was drawn to this method primarily because it provided 
the possibility of studying the compositional homogeneity of copolymers and other 
types of polydispersity of polymers not related to differences in the hydrodynamic 
radii of macromolecules on which GPC analysis is based. 

Later, TLC was used to investigate other polymers and at present it permits 
the investigation of virtually all types of polydispersity of polymers: in molecular 
weight, chemical composition, regularity and stereoregularity. It is also used to deter- 
mine the MWD and functionality of oligomers and admixtures of homopolymers in 
blcck and graft copolymers. Simple qualitative methods have been developed for the 
determination of all of these peculiarities of chemical structure of polymers, including 
the characterization of such hardly distinguishable polymers as two- and three-block 
copolymers with the same compositions. Quantitative methods for the TLC of poly- 
mers are more complicated. In this instance, quantitative analysis based.on dual- 
wavelength densitometry requires expensive instrumentation. Nevertheless, when 
computers are used in this method, its efficiency permits the mass analysis ofthe MWD 
and compositional homogeneity of polymers. The same problems can be solved, but 
with lower accuracy, by methods related to the determination of the dimensions of 
the chromatographic zones on a thin-layer plate, including the method based on the 
equidensity technique. The advantage of these methods is that they do not require 
complex instrumentation. 

In the TLC of polymers, all advantages of this type of chromatography are 
combined: simple instrumentation, high sensitivity, speed of analysis and relative 
simplicity of the selection of separating systems. However, the TLC of polymers has 
certain limitations_ First, it requires reference samples of the polymers being analysed 
and, secondly, its reproducibility is not high and it is necessary to develop on the same 
plate reference samples for comparison in each experiment. Nevertheless, the high 
sensitivity of TLC makes it possible to use only a few micrograms of the polymer for 
the analysis and hence only small amounts of reference samples are consumed. 

Virtually all types of mechanisms of the distribution of polymers between liquid 
and solid phases have been used in the TLC of polymers_ Consequently, further de- 
velopment of these methods will be related to the use of new types of adsorbents, such 
as cellulose and inorganic adsorbents with adsorption characteristics that differ fun- 
damentally from those of silica gel (such as magnesium oxide or silicate). 

Further progress in the TLC of polymers will also be related to the standardiza- 
tion of the analytical technique, primarily in quantitative analysis. TLC should also 
be more widely applied to different classes of polymers and different types of poly- 
dispersity. 

The application of a combination of TLC and GPC to polymers is particularly 
promising, as GPC permits the fractionation of macromolecules according to their 
hydrodynamic size and TLC allows the investigation of the chemical structures and 
compositions of the fractions obtained. It is also possible to obtain by GPC polymer 
samples characterized according to MW and to use them as refe’rence polymers in 
TLC. 

The current state of development of the TLC of polymers makes it possible to 
use this technique effectively both in the analysis of newly synthesized polymers and 
in the industrial control of commercial polymer materials. 
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XI. SUMMARY 

The thin-layer chromatography (TLC) of polymers is based on the use of 
virtually all kinds of polymer distribution: adsorption (adsorption TLC), molecular- 
sieve effect (thin-layer gel-permeation chromatography) and dissolution-precipitation 
(precipitation and extraction TLC). The method permits the investigation of all 
types of polymers polydispersity: polydispersity according to molecular weight, 
chemical composition, geometrical and stereo-isomerization and the number anti 
nature of functional groups. TLC is particularly effective for determining the molec- 
ular weight distribution of homopolymers, the composition heterogeneity of c~pol:_- 
mers, the degree of blocking of block copolymers, the functionality of oligomers *:r:rj 
the admixtures of homopolymers in block and graft copolymers. By combiixir*g 
various TLC methods, such as precipitation and adsorption TLC, it is possibic tc 
determine the composition and the molecular weight of random copolymers_ 

The use of TLC in combination with other chromatographic methods (gel- 
permeation and pyrolysis gas chromatography) provides great possibilities for the 
investigations of complex polymer systems. 

Quantitative TLC methods based on double-wave densitometry, the determina- 
tion of the size of chromatographic zones and the use of flame-ionization detectors 
make it possible to obtain numerical characteristics of polymer polydispersity. 

The TLC of polymers presents all the advantages of this type of chromatogra- 
phy: simple instruments, high sensitivity and speed of analysis and a relatively easy 
choice of separating systems. The method has the following disadvantage: in each 
experiment it is necessary to carry out simultaneous chromatography of reference 
samples of the investigated polymers due to a relatively low reproducibility of this 
method. 
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