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SUMMARY 

The mechanism of the thin-layer chromatography of oligomers based on the 
different adsorption activities of the end groups and the central units, characterized 
by adsorption energies -E, and -E,, is discussed. It is shown that the application of 
the concept of the critical adsorption ener_q, --so, to the central oIigomer units makes 
it possible to distinguish three cases of the molecular weight dependence of RF 
values: at --EO > --.sC and ---EO < --cc we have a negative and positive moIecular 
weight dependence of R, values, respectively, while at -.s” = -E, the RF values do 
not depend on molecular weight. In the last instance, thin-layer chromatography can 
be used for the separation of oligomers on the basis of functional groups and degree of 
branching independent of their molecular weights. For the separation of oligomers 
on the basis of molecular weight thin-layer chromatography, hydroxyl end groups 
shouid be blocked in the case of poor adsorption activity of the central units. In this 
instance the second type of molecular weight dependence of RF values is observed. 
A quantitative method for the determination of low-functionality impurities monools 
and poIy(propylene o.xide)diols in oligomers based on the chromatographic spot 
len,#h is suggested. 

INTRODUFON 

The thin-layer chromatography of oiigomers is of great interest both analyti- 
cally.(for the analysis of this most significant class of polymers) and in view of the 
specific features of the adsorption chromatography of polyfunctional compounds that 
have chemically different structures of the end and central units in a macromolecular 
chain- The thin-layer chromatography of many classes of oligomer has been described, 
i&luding polyol~‘-~~, polyethers and polyesters 12-16, polyolefins” and polyamideP. 
Most of these papers indicated the possibility of separating oligomers that difier in 
the number and structure of the end groups. Some workers6*7*‘o*11*‘” showed that the 
chromatogra&ic behaviour of oligomers- is independent of their moiecular weight 
when only the amount of functional groups present in the oligomers determines the 
diiTe&nce in their I& values. This enables one to carry out the highly important 
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analysis of the functionality of oligomerslg, which is responsible for the quality of 
oligomer-based high polymers such as polyurethanes. 

On the other hand, it is possible to separate substituted poiy(ethyIene oxides) 
on the basis of moIecular size with the isolation of separate polymer homologues up to 
I2-mers to I.5mers9. It has been shown that the efficiency of the separation of polyols 
on the basis of molecular weight depends on the type of the substituent blocking the 
hydroxyl end unit. The more hydrophobic the substituent (in fact probabIy the larger 
the volume of the hydrocarbon radical of the substituent and hence the lower the ad- 
sorption of the end units), the more effective is the separation of the oligomer into 
separate polymer homologues. 

Hence it is of interest to elucidate the mechanism of the thin-layer chromato- 
graphy of oligomers in order to determine the molecular weights of oligomer and 
conditions for the separation on the basis of functiona groups and to examine these 
regularities for different classes of oligomers. 

MECHANISM OF THIN-LAYER CHROMATOGRAPHY OF OLIGOMERS 

The peculiarities of the adsorption of oligomers are determined by their func- 
tional end groups. These end units usually have a larger adsorption activity than the 
central units and the free energy of the oligomers during the adsorption process chang- 
es primarily with the free energy of the end groups being adsorbed. It is clear that the 
greater the difference in adsorption activity between the central and end units in 
an oligomer, the lower is the contribution of the central units to the free energy 
change on adsorption and consequently the less evident the molecular weight depend- 
ence of the R, value of the oligomer in adsorption thin-layer chromatography should 
be. 

The regularities of the thin-layer chromatography of oligomers are considered 
in detail below. 

The change in the free energy (AF) in the adsorption of macromolecules (ad- 
sorption coefficient Kd = e-JFikT, where k is Boltzmann’s constant and T is the 
absolute temperature) is related to an increase in enthalpy -AH = -EN (where --c” 
is the energy of interaction of a macromolecular unit with the adsorption surface and 
N is the number of units) and to a decrease in entropy TAS. Di Marzio” introduced 
the concept of critical energy, --E = --so, at which the entrqpy losses of a polymer 
macromolecule are completely compensated for by an increase in its enthalpy (AH = 
TdS). In this instance the macromolecule is thermodynamically indifferent to the 
adsorption surface. T.le concept of the critical energy can be exteded to oligomers, 
assuming that changes in entropy are related to a decrease in the number of possible 
cornformations in ddsorption. If we designate the energies of interaction of the end 
and central units with the adsorption surface by --se and -E,; respectively, then the 
change in -2 F on adsorption of the oligomer will be represented by the equation 

--JF = -8, fz--EC (N-n) + TIS (1) 

Depending on the relationship between -E, and ---Ed (-E, is always iower than 
-.sZ), the following three cases of the dependence of --dF on the number of macro- 
molecular units, N, are- observed : - 
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--EC < --ED: -JilF = -(&,-&C)II-(&E-&C) (N-H) f 2YJ.s (W 

-E, > -E3: --dF = -(&,--EO)n + (EC-&=) (N-_)I) + TLlS (2b) 

-EC = --EC: -L!F= -(se--E')/z -+ 7XS Cc) 

It is clear that in the first instance the dependence of Kd on N is positive, in the 
second it is negative and in the third it does not depend on N and is determined only 

by the number of functional groups in the oligomer, 12. In accordance with these de- 
pendences, in the first instance the RF value of the oligomer decreases with increasing 
molecular weight, in the second it increases and in the third it does not depend on 
molecular weight and is determined only by the functionality of the oligomer. 

It should be mentioned that in the absence of functional groups (n = 0), only 
the first type of dependence is observed, because in the second type of dependence all 
of the oligomers will move with the solvent front. 

Fig. 1 shows chromatograms of similar functionless polystyrene and poly- 
(a-methylstyrene) oligomers, which clearly exhibit the first type of mo!ecular weight 
dependence. 

The molecular weight dependence of the R, values is revealed most strongly 
with functionIess oligomers. For an oIigomer with functional groups, there is a de- 

(b) 

Fig. 1. Thin-layer chromatograms of (a) polystyrenes with &f,, = 314, 418, 600, 900 and 3000 in 
cyclohexane-benzene (14:3) system and (b) poly(a-methylstyrene) fractions (1, tetramer; 2, hexamer; 
3, octamer; 4, decamer) in CCl,heptane (2: 1) on KSK silica gel. Thin-layer chromatography was car- 
ried out on 6 x 10 cm plates, covered with 5-10 .um of adsorbent. Styrene trimer and tetramer are 
obtained on recirculation gel chromatographv with 500, 250 and IO0 A columns (Waters Assoc.) 
from polystyrene with bf,, = 600. 
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crease in the molecular weight dependence of RF values with an increase in the differ- 
ence between -E, and -E=_ 

The latter property becomes evident if we examine eqn. 1. In order to observe 
chromatographic differences between oligomers with different molecular weights, it is 
necessary to increase -E, and -E, so as to make the RF values greater than zero. For 
-Ee << -E,, - E, becomes very small in absolute value, and consequently the value of 
(N--n) in eqn. 1 becomes lower than at closer values of -.se c .s,, when the R, vaIues 
of the oligomers are approximately equal. The above-mentioned three types of 
molecular weight dependence of RF are worth obtaining experimentally for oligomers 
that have functional groups such as polyols. 

Fig. 2 shows thin-layer chromatograms of poly(ethylene oxide) with M, values 
of 300,400 and 600 in chromatographic systems where the first, second and the third 
types of molecular weight dependence of R, values are observed. As shown in Fig. 2a, 
the polymer homoloses in poly(ethylene oxides) of different molecular weight have 
the same RF value. It is interesting that the dependence of R, on molecular weight for 
poly(ethylene oxide) shown in FI,. ‘0 2b is similar to the dependence characteristic of 
the molecular&ieve effect but the thin-layer chromatographic mechanism is different. 
In separate experiments it was established that these oligomers begin to be excluded 
from the pore space in silica gel and aluminium oxide when their molecular weight 
exceeds 10,000, Le., when i? is much higher than the molecular weight of the poly- 
(ethylene oxide) being investigated. 

The peculiar action of concentration effects on the adsorbability of polyols is 
manifested by the moon-shaped form of the chromatograpbic spots in thin-layer 
chromatography_ The RF value is known to increase with increase in concentration 
for a convex adsorption isotherm. Hence the RF value of the side-wings of the chroma- 
tographic spot where the concentration of the substance is decreased will be less than 
the RF value of the central part of the polymer zone. As a result, the chromatographic 
spot assumes an unusual shape with a clearly defined “nose”, the R, value of which 

Fig. 2. Thin-iayer chromatograms of poly(ethylene oxide) with M,, = 300,400 and 600 on 
silica gel in pyridine-water (0.1 :IO), (b) aluminium oxide in chloroform-ethanol (IO:l) and 
silica gel in chloroform-pyridine (5:7). 
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with respect to the RP of the side-wings or the spot with a low polyol content is useful 
in quantitative analysis (it has been shown I1 that there is a linear dependence of the 
RF value on the amount of substance in an oligomer spot). 

It shouid be noted that the replacement of poly(ethylene oxide) end hydroxyl 
group with less adsorbable groups facilitates the generation of the positive molecular 
weight dependence of 4 F adsorption (and consequently the negative dependence of 

RF). 
With oligomers that have poorly adsorbable central units, such as poly(di- 

methylsiloxane diols), their highly efficient molecular weight separation ig not possible 
without blocking the end groups (Fig. 3). It is clear that having blocked th.e end hydro- 
xyl groups? for example with dinitrobenzoic acid, only the second type of molecular 
weight dependence is easily realized when, on increasing the number of poorly ad- 
sorbable siIoxane units in the oligomer, the RF value increases. 

The above results show that the peculiarities of the thin-layer chromatography 
of oligomers are related to the ratio of the adsorption activities of the end and central 
units. An appropriate choice of the separatirg systems that will change this ratio 
enables one to realize variants of thin-layer chromatog-aphy in the absence of a 
molecular weight dependence of RF value with separation of oligomers on the basis 
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Fig. 3. Thin-Iayer chromatograms of 3,S-dinitrobenzoate poly(dimethylsiloxane) dials with II = 0, 5, 
9 and 20 on KSK silica gel, 0.07 % of fiuoresceine being introduced into the layer, in benzene-ethyl 
acetate (1O:O.l). Thin-layer chromatography was performed twice (luminescent photography). 

Fig. 4. Separation of poly(propylene oxide) polyols (PPOP) on KSK silica gel in ethyl acetate saturated 
with water containing S-loo% of methyl ethyl ketone. 
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of functional g&ups, and also with both positive and negative molecular~weight~de-m- 
pendences of RF. The last t&o variants of thin-layer chromatography can be used for 
the determination of the molecular weights of oligomers.. -. .- 

SEPARATION-OF OLIGQMERS ON THE BASIS OF FUNtiIONAL GROUPS 

In the absence of a dependence of molecular weight on RP value (the third type 
of molecular weight dependence), the separation of oligomers on the basis of &UC- 
tional groups is df great practical interest. The suitability of thin-layer chromat& 
graphy for the determination of the functionality of oligomers can be ilhustrated with 
poly(propylene.oxide) polyols (PPOP) as an example. As shown in Fig. 4, thin-layer 
chrdmatography of PPOP in ethyl acetate saturated with water and containing 5-10 % 
of methyl ethyl ketone permits the separation bf monools, diols, trioIs,. pentols over a 
wide range of molecular weights. Here azlight molecular weight dependence (the first 
type) of the RF value of PPOP, unaffected by the effect of functionality on the Rr 
value, is observed. It is interesting that the molecular weight dependence of the RF 
value of PPOP can be suppressed or changed by decreasing the adsorption capacity of 
the silica gel. The cbzomatograms of monools and triols on standard MSK silica gei 
and on KSK with its specific adsorption capacity reduced by treatment with sodium 
hydroxide and sodium chloride are compared in Fig. 5”. In the latter case the RF 
value increased with a polyol molecular weight that is specific to the second type of 
molecular weight dependence Mowever, even in this instance the chromatographic 
behaviour of the poiyols with different functional&s remains different. Therefore, 
the thin-layer chromatographic conditions selected enabie one to determine the PPOP 
functionality independent of molecular weightlg. This approach to the determination 
of functionality permits the separation of linear and branched oligomers that differ in 
the number of functional end groups pmsent. Thus, in benzene~thanol(3: lj2 a com- 
plete separation of the linear and branched oligoester polyols with the s&me molecular 
weight is achieved (Fig. 6). In the above system, the molecular -weight dependence of 
R, values is very weak, and increases with decreasing ethanol content in the elucnt 
(Fig. 7). The system benzene-tetrahydrofuran (I :I) was also found to be suitable for 
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Fig. 5. Thk-layer chromatograms oiPPOG with d&rent mofe&ar v&&k on (a) KSK sika gel 
and @) KSK-2 silk% gel treated with NaOH and NaCi. 
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Fig. 6. Thin-layer cbromatograms of linear [poly(propylene oxide) adipates, PPOA] and branched 
(polyglycerot adipates, PGA) of polyesters with simi!ar molecular weights in benzene-ethanol (3 :I) 
on KS&2 silica gel. 

the separation of linear and branched oIigoester polyols, as shown in Fig. 8. This 

system permits the thiin-layer chromato_mphic analysis of oligoester samples contin- 
ing 10% of branched macromolecules together with the linear macromolecules (Fig. 
9). The lower chromatographic mobility of the branched compared with the linear 
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Fig. 7. Separation of branched polyesters (PGA) on #SK-2 silica se1 in teczene+3hanol(85:15). 
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F&. 8. Thin-layer chromatograms of linear (PPOA) and branched (EGA) polyesters with similar 
molecular weigbis in benzene-tetxahydrofuran (Id). 

Fig_ 9. Determination of content of branched component (PGA) in a polyester sample on KSK-2 
silica gel in benzene-tetrahydrofuran (1 :l). 
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oligo+ers is related to an increase in the number of hydro~i~end groups presk It is 
of great. analytical interest. to reveal the difference in I& vaIues between linear and 
branched oligoesters with the s&me molecular weight because, as we have found=, this 
difference is not revealed by gel permeation chromato_~phy. Hen@ the .molecular 
weights of oligoesters obtained by gel peqneation chromatography can be substanti- 
ally suppieme&ed by the results of the molecular weight dependence of the branched 
poiyf~nctional oligomer distribution in a sample being analyzed. 

QtJANT;TATiVE DETERlMINATION OF LOW-FUNCTIONALITY EMPURITIES IN PPOP 
3Y THIN-LAYER CHROMATOGRAPHY 

A usefui method for the determination of low-functionality species in-PPQP is 
based on the dependence of the mobility of a chromato_mphic spot. on the oligomer 
content. As illustrated in Fig. 10, the chromatographic spots of PPOP have a sharp 
centrai “nose” with a clearly defined front, while the rear front of the spot is blurred. 
As indicated above, this shape of the chromatographic zone is attributed to specific 
concentration effects during~adsorption of the oligomer, giving a convex adsorption 
isotherm where the point corresponding to the maximum concentration is in the 
front part of the spot while the side zones co_rresponding to lower concentrations 
trail further behind. Hence it is natural to use the chromatographic mobility value 
for the “nose” of the spot, the RF v&e of which can be measured exactly for the 
determination of its PPOP content*. The existence of such a dependence was shown 
experimentally. It is linear and remains constant over two orders of magnitude 
of concentration, its slope depending on the molecular weight of the PPOP and 
the length of the track of the substance on the plate (Fig. I 1). This type of dependence 
is obtainabfe-from a simplified model of the adsorption thin-layer chromatography 
of oligomers described below. 
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Fig. 10. Thin-layer chromatograms of poXy(propykne oxide) dio& (PPOD) with &i, = 1000. Amoud 
of PPOD: (I) 6; (2) 20; (3) 30; (4) 35; (5) 50: (6) 65; (7) 1oOpg.. 

Fig. 1 I. Chromatographic spot length (0 obtained on KSK silica gel in ethyl acetate saturated with 
uater containicg 2”/, of methyl ethyl ketone vepsu.s the content of PPOD (4) with Ki, values of (1) 
lOUO, (2) 425 and (3) 0300 (40% of methyl ethyl ketone was added to tie system). 

* The chromatographic homogeeneity of the substance under investigation & an ind.&ensable 
condition for king :&is method of qualitative analysis. Under our experimen*& conditions, the 
& v2Iues of oiigomers do not depebd on their molecular weights (third ca&y, and hkqe poi~(oti- 

ethylene) polyois of the same functionality are &romatographicaiIy horn&eneous. 
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It is km&n that the RF value for the point of maximum concentration of a spot 
codaining an amount q of a substance, I&, is related to the concentration of the 
substance in. the spotmaximum by the reltitionship 

where Z, and /, are the lengths of the tracks of the chromatographic spot maximum and 
‘the solvent front on the plate, respectively, and c and pn, are the concentrations of the 
substance in the spot maximum for the mobile and stationary phases, respectiveby 
(based on the overall thickness of the chromatographic layer). 

-The m,/c ratio can be defined from the Freundlich equation, which is suitable 
for describing the adsorption of polymers in many instance?: 

m, = QC@ (41 

where a and p are constants (B --c I). 
The concentration of the polymer in the mobile phase, c, can be related to the 

amount of the substance in the spot, 4, by the equation 

c=kRFq (5) 

where k is a constant (k < 1). Substitution of eqns. 4 and 5 into-eqn. 3 gives 

1 
RF~ = --___-- I _t a(kRFq)@-’ 

Thus, for R pq = Z,/Z, in the case of an extremely small but still detectable amount qo, 

we have 

1 
R FIZ, = 1 f a(kR,,oq,J~-’ 

After some simple transformations, assuming that kRF,q and kRFqoqo dz 1, we obtain 
the desired dependence 

AZ=yq (8) 

where AZ = Z,-Z,o and y = a (I --/?)’ kZq,,RFg,/(l -a) 
Eqn. 8 implies that there is a linear dependence between Al and q, which was 

aIso derived experimentally. It can also be seen from eqn. 8 that the sensitivity of a 
quantitative analysis based on the measurement of the chromatographic spot length, 
dl, is higher the lower is the adsorbability of the polymer, that is, the lower is p and 
the htgher IS I+&,. The slope of the dependence AZ/q .= y‘is also increased. 

This approach to the quantitative analysis of thin-layer chromatograms, which 
combines extreme simphcity and a satisfactory precision (6,/q = 2-3 %), can be re- 
commended for practical use. This method has been applied successfully to the 
determination of mono01 and dioI impurities in PPOP samples with the above preci- 
sion, the content of the impurities being l-Z”A. 



.. . . 
124 :- 

, 
B. G; .BELENKY ef af. -. 

ACKNOWLEDGEMENTS : 

The authors tharik L. I. Makarova and A. F. Pod&ky for kindly supplying 
samples of po!y(dimethyl)siloxane dials and~poly(a-methylstyrenes) and P. P. Nefiodov 
for the preparation of styrene trimers and tetramers. 

REFERENCES 

i K:Btirger, 2. An&_ Chem., 196 (1963) 259. 
2 I. A_ Vakhtina, P. A. Okunev and 0. G. iarakanov, Zh. Anal. Khim., 21 (1966) 630. 
3 K. Burger, Z. Anal. Chem., 224 (1967) 421. 
4 L. Favretto, G. PertoIdi Marletta and L. Favretto Gabrielli. J. Chromatogr., 46 (1970) 255. 
5 T. Salvage, Analyst (London), 95 (1970) 363. 
6 I. A. Vakhtina, R. I. Khrenova and 0. G. Tarakarrov, Zh. Anal. Biim., 28 (1973) 1625. 
7 I. A. Vakhtina, 0. G. Tarakanov and R. I. Khrenova, Yysokomol. Soedin., Al6 (1974) 2598. 
8 M. S. J. Dallas and IM. F. Stewart, Analyst (Landon), 92 (1967) 634. 
9 IL. Favretto, L. Favretto Gabrielli and G. Pertoldi _MarIetta, J. C1~ron?urogr., 66 (1972) 167. 

10 W. A. Manenskii, J. Appi. Poiym. Sci., 14 (1970) 1189. 
11 B. G. Belenky, I. A. Vakhtina and 0. G. Tarakanov, Yysokomo1. Soedin., Al7 (1975) 2116. 
12 K. Koninshi and S. Yamaguchi, Anai. Chem., 38 (1966) 1755. 
13 S. Hayano, T. Nihongi and T. Asahara, Tenside, 5 (1968) SO. 
14 K. Kondo. M. Miyazaki, IM. Hori and M. Hattori, Bunseki Kagaku [Jap. Anal.), 16 (1967) 419. 
15 Th. Pye and U. Wuntue, Haste Kaursch., 15 (1963) 274. 
16 V. A. Dorman-Smi’J1, J. Chromatogr., 29 (1967) 265. 
I7 M. T. Btyck, A. S. Sheviyakov and 0. B. Krezub, Vysokomoi. Suedin., BlO (1958) 893. 
18 Y. Kobayashi, J. Chromafogr., 24 (1966) 447_ 
19 S. G. Entelis, V. V. Evreinov and A. P. Kuzaev, in Progress in Polymer Chemistry and Physics, 

Khirniya, Moscow, 1973, p_ 201. 
20 E. A. di IMarzio and F. L. McCrakin, J. Chem. Phys., 43 (1965) 539. 
2 1 A. V. Kiselev and Ya .I. Y&tin, in Gas Chromatography for Physico-chemistry, Khimiya, Moscow, 

1973, p_ 5. 
22 B. G. Belenky, I. A. Vakhtina and 0.6. Tarakanov, Vyso$omol_ Soedin., BIB (1974) 507. 
23 Yu. S_ Lipatov and L. M. Sergeeva, Kolioidn. Zh., 27 (1965) 217. 


