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SUMMARY.

The dependence of changes in the free energy (—AF/kT) accompanying the
adsorption of polystyrenes on tke energy of interaction of a polymer segment with the
surface of a porous adsorbent (—e¢) has been investigated. It is shown that, for
macromolecules of any molecular weight (MW), this dependence intersects the —e
axis at the point —s = —e¢, and, hence, the existence of the critical energy, ¢, has
been verified experimentally. At —e < —¢g.,, the probability of eniry of macro-
molecules into the adsorbent pores is determined by the molecular-sieve effect, at
—e > —&. the adsorption effect begins to predominate and at —e = —¢,, these
two effects mutually compensate and the separation of macromolecules according to
MW (or according to size) does not occur (the distribution coefficient, Ky, is unity for
macromolecules of any MW). Since the molecular-sieve and the adsorption effects
are interrelated, in the range of the molecular-sieve effect, the entry into the pores of
macromolecules of higher MW is favoured by adsorption, whereas in the adsorption
range the adsorption of macromolecules within the pores is favoured by the molecular-
sieve effect. Over a wide range of energies, a continuous transition occurs from gel-
permeation chromatography, in which the components are separated mainly owing to
the macromolecular-sieve effect, to adsorption chromatography, in which the separa-
tion is due mainly to differences in the adsorption of components of different molecular
weight. A linear calibration of K| is possible as a function of MW, within the limits of
a given homologous series, and it is desirable to use this calibration both for gel-
permeation and for adsorption chromatography of polymers.

INTRODUCTIONM

At present, adsorption chromatography, in particular thin-layer adsorption
chromatography (TLC), is the principal method for the separation of macromolecules
according to their chemical structure'-2. However, the theory of the adsorption
chromatography of polymers has not yet been developed. Even now, some workers
have doubits as to the possibility of polymer fractionation by molecular weight (MW)
on the basis of this method>*. The outstanding theoretical problem in adsorption
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chromatography is the interdependence of the molecular-sieve effect and the adsorp-
tion in the pores. The analysis of the extensive experimental data on the adsorption
of macromolecules shows that it is of little use for elucidating the mechanism of the
adsorption chromatography of macromolecules since most of the investigations were
carried out at medium concentrations and with strong interactions® whereas chroma-
tography is carried out at low concentrations of polymers and with weak interactions.
There is a similarity between chromatography and the theoretical investigations on
the adsorption of polymers, since in the latter the most interesting and fundamental
results have been obtained for single macromolecules, i.e., at the very low polymer
concentrations used in chromatography.

It seemed desirable to consider the adsorption chromatography of polymers
from the standpoint of the modern theory of adsorption of macromolecules®™%. We
have already examined the similar problem of the TLC of polymers**.

THEORY

The chromatographic mobility of macromolecules, R, is related to the ratio
of the times of their existence in the mobile (£,,) and the stationary (£,) phases; this
ratio represents the probability of their existence in the mobile phase
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Ry = m ¢))
tm + tS l + Zp . ‘Kd
[
where
_ ¢ _ nly
Ka= c  nlv, @

Here n and n’ are the numbers of moles of the macromolecule in the mobile phase cf
volume ¥, and in the pore space of the adsorbent of volume ¥V, respectively, c and ¢’
are the concentrations of macromolecules in these phases, respectively, and Ky is the
distribution coefficient.

~ The ratio of the concentrations of macromolecules in both phases, Ky, is re-
lated to the change in the free energy of a macromolecule on passing from the mobile
into the statiomary phase

!

R S
where AH and AS are the changes in the enthalpy and the entropy of the macromole-
cule, respectively, when it enters a pore. Eqn. 3 is written on the basis of the fact that
the change in the free energy of the chromatographic system when 1 mole of the
macromolecule is distributed between the solution and the pore volume (—4F) is
equal to the change in the free energy (—N.A4F; N, is the Avogadro number) of
macromolecules adsorbed in the pores.

Hence, eqns. 1-3 permit a direct determination of —AF/KT for macromole—
cules adsorbed in the pores from chromatographic data :

( a4H 48 ) A3)

Ka=exP(—% = ex

—AF/kT = In[(1 — Re)/Re] + In(V.o/V,) | : @
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DiMarzio and Rubin® have calculated that there was a change in the free energy
of a macromolecule (—A4F) when it passes from the free volume to a slit-like pore de-
pending on the energy of interaction of 2 macromolecular segment with the adsorption
surface (—e = AHIN LT) (N, is the number of adsorbed segments of the macro-
molecule). It was established that when the emergy of interaction (—s) attains a
critical value (—e&,,) the value of —AF is first reduced to zero and then changes its sign
(Fig. 1). At the point —& = —¢&,, the entropy losses (74S) of the macromolecule
completely compensate for the gain in AF related to the energy of interaction, 4H.
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Fig. 1. Changes in the free energy (4F) per segment of macromolecule consisting of N segments.
v = lim (—AF/NKT) vs. the energy of interaction (—&) of the segment with the adsorbent surface

N+

when the macromolecule passes from the free volume of the solution into a slit-like pore (according
to ref. 9). H = Slit width in units of macromolecular segment length.

Since at —e., the value of 4F is zero, then, according to eqn. 3, K, is unity. In other
words, when the energy —¢ attains the value —e ., macromolecules are not thermo-
dynamically influenced by the pore size of the adsorbent, and are distributed between
the mobile phase and the pore space of the adsorbent as if this space consisted of one
large cavity of volume V/, not separated into cells (pores). It follows that it is possible
to determine the value of —e . by chromatography (when all of the macromolecules,
irrespective of their MW, move at the same velocity) and also to determine the ratio

Vo/V, at —e = —e&,, since under these conditions:
Vo — RF
Vo - ( 1 — Re )—e = —&, G

Fig. 1 shows the dependence of —AF/KT on —sg, calculated according to
DiMarzio and Rubin®. It is clear that to the left of —&., the entrance of macromole-
cules into the pores leads to negative changes in the free energy, i.e., —AF decreases



102 B. G. BELENKY ez al.

(K, < 1); to the right of —¢&,, the value of —A4F increases (X3 > 1). Moreover, as
—e¢& approaches —e, from the left, entropy losses (TA4S) of macromolecules compen-
sating for AH will continuously increase and, hence, the macromolecules of higher
MW will be able to enter the pores. Thus, at —¢ << —&,, the limit of exclusion of
macromolecules from the adsorbent pores will be determined not only by the molec-
ular-sieve effect (by the ratio of the pore size to the size of the macromolecules in
solution) but also by the value (—z) of the adsorption interaction of 2 macromolec-
ular segment with the pore surface. In this sense it is possible to refer to the influence
of adsorption on the molecular-sieve effect (on the exclusion limit of the polymer). This
effect, which we have already reported elsewhere!!, follows direcily from the above
relation concerning the adsorption of macromolecules. On the other hand, the inter-
dependence of the molecular-sieve effect and the adsorption is often described in the
literature as the decrease of adsorption of macromolecules in narrow pores'?3,
whereas it follows from the theory of adsorption of single macromolecules that
macromolecules in such pores should exhibit the highest adsorption.

The purpose of the present paper was to investigate experimentally the prin-
cipal relation concerning polymer adsorpiion, in particular, to verify the existence of
chromatographic systems having the critical energy (—e..) and to study the mutual
influence of the molecular-sieve effect and the adsorption of macromolecules with

energies —& 2 —é&.y-
EXPERIMENTAL

The TLC of polystyrenes (PS) was carried out on glass plates (6 X 9 cm)
coated with a suspension of 0.4 g of silica gel (grain size ca. 10 gm) and 10 % of gyp-
sum in 2.5 ml of water.The plates were activated at 120° for 30 min. The PS samples
were applied in amounts of 2-3 g (5 mg/ml of carbon tetrachloride) at a distance of
1.5 cm from the plate edge.

Chromatography was carried out in vessels (18.5 X 7.1 cm) containing 56 ml
of the solvent. The plates were saturated in the solvent vapour in a chamber for 16 h.
This time was sufficient for complete saturation (filling) of the pore volume of the ad-
sorbent with the solvent. After saturation, the plates were placed in the solvent and
ascending chromatography was carried out (the solvent ascends for 7 cm). Under
these conditions, the dispersion of the R values of the polymers did not exceed 5 9.
After development, the plates were dried at 110° for 10 min, sprayed with a 3.3%
solution of potassium permanganate in concentrated sulphuric acid and heated at
180° for 15 min. PS was developed as black spots on 2 white background. The solvents
used were of the ‘“‘chemically pure” grade. The following silica gels were used: Silo-
chrome S-80 (pore size, ¢, = 500 A), KSK (¢, = 100 A) and KSM-5 (g, = 30 A).
Narrow-disperse polystyrene standards (#,,/M, < 1.1) of Waters Assoc. (Milford,
Mass., U.S.A.) were used.

RESULTS AND DISCUSSION

Effects of critical energy on the chromatography of macromolecules on porous

adsorbents
The effects described in the Theory section can be observed in the TLC of
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PS(MW =2 - 10* — 1.73 - 10° on silica gels .in cyclohexane-benzene-acetone
(40:16:X) system. The thermodynamics of this chromatographic system as a solvent
for PS were investigated viscosimetrically. The measurements showed that, with an
acctone content of up to 5%, i.e., in the entire concentration range investigated, this
system is a good solvent for PS (its Mark-Kuhn constant, “a”, is 0.7) and, hence, the
size of the macromolecules of this polymer does not vary when X is increased from
0 to 59;. The results of experiments on KSK silica gel are shown in Fig. 2. It is clear
that when the acetone content and, hence, the adsorption energy (—&) of the polymer
segment increase, macromolecules of greater MW can enter the pores (their R values
approach those of PS having MW = 2 - 10%).

At X = 1.8 all of the PS samples move at the same level irrespective of their
MW. This is the range of critical energies, —e = —&_... When the acetone content is
lower than X = 1.8, the molecular-sieve chromatography changes into adsorption
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Fig. 2. TLC of narrow-disperse PS (M./M, < 1.1) on KSK silica gel in cyclohexane-benzene—
acetone (40:16:X) with preliminary saturation of the plate in solvent vapour for 16 h. X'= (@) 1.2,
(®) 1.4, (c) 1.6, (d) 1.8, (e) 2.0, {f) 2.2, (g) 2.4 and (h) 3.0. M, of samples of PS: (1) 19.85-10%; (2)
51-10%; (3) 111-10%; () 173-10°.
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chromatography in which polymers of lower MW exhibit the. hxghest Ry values. The
values of —AF/kT were calculated according to eqp. 4.

The V,/V, ratio can be determined from the Ry values for PS at —& = —&¢p
when —AF/kT =0, i.e., in the system cyclohexane-benzene-acetone (40:16:1.8)
according to eqn. 5. The validity of the determination of V,/¥, was confirmed by the
agreement obtained with values of this ratio determined from the R values for low-
molecular-weight PS (MW = 600) (Fig. 5). For our experiment on silica gels KSK and
S-80, In(¥,/V,) = —0.447. The energy of interaction (—¢) of the segment with the
surface of the adsorbent can be determined in A7 units as the value of —c =~ g,, — &;,,
where the subscripts pa and sa indicate polymer-adsorbent and solvent-adsorbent
contacts. The value of ¢, can be obtained!* per elementary surface area of 8.5 A2 for
a ternary mixture of solvents from

log (N,10%* & - % 4 &

arny,

—_— i
€sa = Ega T

which is valid at &, > &4 > ° (the third component) and at Ny + N, > 0.1. Here Nis
the mole fraction and 7 is the molecular area (in 8.5 A units); for acetone (component
h), &n = 0.40, n, = 4.2; for benzene (component g), e, = 0.25, n, = 6. From eqn. 6,
we obtain the following values of &, for different values of X:

X 1.2 1.4 1.6 1.8 20 22 24 3.0

g 0.169 0.172 0.175 0.178 0.181 0.184 0.187 0.196

Since the conformation of the adsorbed polymer is unknown, the value of ¢,
cannot be calculated. Consequently, the value of —e is taken as equal to —=z,, takmg
into account the fact that the lower is &, the higher is —&¢, the energy of interaction of a
macromolecular segment with the adsorption surface. Fig. 3 shows that the depen-
dence of —AF/kT on —e obtained from the TLC of polymers on KSK silica gel (Fig.
2) and Silochrome S-80 agrees with the theoretical dependence in Fig. 1. Fig. 3 also
shows that the dependences for polymers of all MW, irrespective of the size of pores
of the silica gel, intersect the abscissa at one point, i.e, at —e = —e, = 0.178 kT
units.

It is clear that the higher the MW of the polymer the greater are the changes in
—AFJkT vs. —e near &.,. It is interesting that, in the case of TLC, adsorption effects
can be observed only at energies of adsorption similar to —e&,, since further in-
creases in —e lead to sharply increasing adsorption of the macromolecules and the
Rp value tends to zero.

Fig. 3 shows that the dependence of —AF/kT (and, hence, of the chromato-
graphic distribution coefficient, K,) on energy (—e¢) is linear in the range of —& >
—&,- The dependence of —AF/kT on the number of monomer units in the macro-
molecule, NOMW), is also linear, as can be seen from the experimental dependence
on KSK and S-80 silica gels shown in Fig. 4 (see also ref. 1).

Thus, it was possible to verify that the critical energy determines the type of
chromatographic behaviour shown by the macromolecules, i.e., the molecular-sieve
or the adsorption behaviour.
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Fig. 3. Experimental dependence of —AF/AT on &, (—¢), determined by TLC on KSK silica gel
(see Fig. 2) (solid lines, filled symbols) and Silochrome S-80 (broken lines, open symbols); M, of
PS samples: (@, O) 173-10°; (@, [7) 111-163; (A) 51-10°; (¥) 19.85-10°.

Fig. 4. Experimental dependence of —AF/kT on the molecular mass (A) of PS at different energies
of interaction &,, determined by TLC on KSK silica gel (solid lines, filed symbols) and Silochrom
S-80 (broken lines, open symbols). &, = (@, O) 0.169, (&, [1)0.175, (A, A)0.187 and (¥, V) 0.196.

Interdependence of the molecular-sieve and adsorption effects in the chromatography of
polymers

Fig. 3 shows that the probabiiity, exp(—AF/kT), of the entry of macromolecules
into the pores of the adsorbent increases with the energy of interaction (—e). When
-—¢ increases, macromolecules of higher MW begin to enter the pores, and as the
value of —e approaches —e, the separation of macromolecules based on the mole-
cular-sieve effect becomes less pronounced and at —e = —&, it disappears complete-
ly. Thus the influence of the interaction of macromolecules with the inner surface of
the adsorbent (i.e., the adsorption effect) on the molecular-sieve effect can be ob-
served.

In order to determine the influence of the molecular-sieve effect on polymer
adsorption, the TLC of PS was carried out on silica gels of different porosities:
KSM-5 (g, = 30 A), KSK (@, = 100 A) and Silochrom S-80 (¢, = 500 A). First,
it is necessary to ensure that the chemical structures of the surfaces of the gels are
identical. The silica gels were treated with an aqueous HCI solution (1:1) followed by
washing until free from chloride ions. As shown previously'®, when silica gel is treated
with hydrochloric acid solutions, Lewis adsorption centres bonded to coordinatively
unsaturated aluminium are destroyed (the amount of the centres is proportional to
the percentage of aluminium in the silica gel). Only silanol hydroxyl groups remain;
their surface concentration is approximately five groups per 100 A2 and does not
depend on the size of the silica gel pores’®. Thus, silica gels treated with hydrochloric
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acid and exhibiting pores of different sizes are adsorbents with energetically equivalent
surfaces. It should be noted that this conclusion concerning the energetic equivalence
of silica gels of different porosity in PS adsorption can also be made for untreated
silica gels, since, in our chromatographic system, untreated silica gel (Na™) and silica
gel (H*) (after HC! treatment) exhibit the same adsorption activity (Rg) for PS of the
same MW.

The composition of the system was selected so that the adsorption interaction
of the PS segments with the silica gel surface corresponds to the critical energy
(X = 1.8) and to greater energies (X = 1.4).

The chromatograms are shown in Fig. 5. It is clear that the value of the
critical energy (X = 1.8) (when K, of PS is unity irrespective of its MW) is almost the
same for the macroporous silica gel S-80 and for silica gel KSK having large pores.
Under these conditions the molecular-sieve effect is observed on microporous KSM
silica gel. This suggests that (—e& Jxsm = (—Ecdxsg =~ (—Ecds-so-
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Fig. 5. Effect of pore size of the silica gels (H*) {(a) KSM-5 (g, = 30 A); (b) KSK (¢, = 100 A);
(c) S-80 (g = 500 A)} on the Ry value of PS samples [M, = (1) 600, (2) 2-10%, (3) 5-10°, (D
19.85-10°, (5) 111-10° and (6) 173-10°} in TLC with cyclohexanc-tenzenc—acstone (40:16:1.8) (A)
and (40:16:1.4) (B).

This behaviour cannot be interpreted by the DiMarzio—Rubin theory®: it is
probably related to the excluded volume of the macromolecules, the effect of which is
observed on microporous silica gel. )

‘When the energy of interaction is sufficiently high, PS macromolecules pene-
trate the pores of the KSM: silica gel and the result predicted by the theory? is ob-
served; the smaller the pore size of the adsorbent, @ (KSM) < ¢ (KSK) < ¢ (S-80),
the greater is the adsorption of macromolecules and the greater is the decrease in the
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free energy (—AF/KT). This effect increases with increasing MW of the polymer, -but
is not in accord with previous observations!”’.
A comparison of the theory with the experimental data is based on two param-

eters: the number of statistical segments and, hence, their length for polymers of a
certain MW, and the energy of interaction (¢). Since for flexible-chain polymers Te-
presented by Gaussian chains the length of the statistical Kuhp segment is approxi-
mately constant and the energy is determined by the chromatographic conditions, it
may be concluded that the experiments made for PS completely confirm the suitability
of this theory for describing the adsorption of all flexible-chain polymers on porous
adsorbents. Hence, the theoretical and experimental relations reported here are
fundamental to the adsorption chromatography of this class of polymers.

Sensitivity of the Ry value to the molecular weight and the c}temical composition of the
polymer
The sensitivity of the R value in the TLC of polymers can be investigated by
analyzing the expression for Ry obtained from eqn. 4
1 1 ) )
Ry = = . )

3 VD_ VD, —
ITV, K, 1+V., exp (—4N)

where —A is the change in the free energy of a segment of the macromolecule per kT
unit and N is the number of segmenis. Near the critical energy, to a first approxima-
tion, this change is proportional to the difference between —¢ and —e&,,, i.e., —4 =
—y(e — &.,), Where y is a proportionality coeflicient.

If eqn. 7 is differentiated with respect to N and 2, it can be seen that the
sensitivity, 0Rg/dN, of the R value to the MW of the polymers decreases with in-
creasing N, whereas 8R:/oN as a function of A (the value proportional to the inter-
action emergy) has an extremum near —e., both in the range of the adsorption
chromatography (—A > 0) and in the range of the molecular-sieve chromatography
(—4 < 0), and becomes zero at £.,. Moreover, for each MW an extremum of 4 exists
(according to the eluent composition). These theoretical relations correspond to ex-
perimental TLC data for PS which show that, in order to obtain an effective separa-
tion of polymers according to MW, it is necessary to select an eluent of a specific
composition for each range of MW (Fig. 6). If the composition of the solvent is not
changed, then A is determined by the pelymer composition. In this case the dependence
of the Ry value on 4 is 2 monotonically decreasing function. The dependence of
dRg/22 on N, passes through a maximum, the position of which is related to the
value of 4. It can be concluded from the experimental data that the sensitivity of the
Ry value to the copolymer composition is retained at least up toa MW of ca. 5 - 10°
(ref. 3). .

CONCLUSIONS

The relations investigated provide a basis for interpretation 5f the mechanism
of the adsorption chricmatography of polymers, and describe the peculiarities of both
the adsorption chromatography and those of the molecular-sicve chromatography.



108 B. G. BELENKY er ql.

Fig. 6. TLC of narrow-disperse PS (M,./M, < 1.1) in cyclohexane-benzene—acetone systems: (a)
13:3:1.1; (b) 12:4:0.4; (c) 12:4:0.7; (d) 12:4:1. MW of PS samples: (1) 960; (2) 2-10%; (3) 5-10°;
@) 10.3-10%; (5) 19.85-10%; (6) 51-10%; (7) 98.2-10%; (8) 173-10%; (9) 411-103; (10) 867-10%; (11)
2.145-10°.

This suggests that these types of chromatography are related to the positive and nega-
tive adsorption of polymers on porous adsorbents by a single mechanism. In
particular, the relations permit effective fractionation of polymers according to MW
by using adsorption chromatography (positive adsorption). It should be noted, how-
ever, that some workers®* have expressed doubts concerning the possibility of
polymer fractionation according to MW by using adsorption TLC. It seems to us
that these doubts are due to the difficulties of selecting a solvent in which the change
in exp(—AF/kT) with increasing MW of the polymer within the range of MW
necessary for analysis would range from 0 to 3 (e.g., for PS of MW = 10°-4 - 10%,
as shown in Fig. 6c). In many cases it may be impossible to find a sclvent that would
give the required value of &.,. This problem can be solved if a binary or a ternary
solvent mixture is used. In such a mixture it is not difficult to select a solvent composi-
tion which would give the value of ¢, necessary for the required range of MW. The
best components for such a mixture will be those for which the Rr value of polymers
of all MW is zero in one solvent and unity in the other solvent. Nevertheless, similar
values of dielectric permittivity of these solvents (as a criterion for their selection for
the separation of polymers according to MWH*) are of no importance.

It is noteworthy that the adsorption chromatography of polymers is also com-
plicated by slow adsorption—desorption kinetics. Fig. 7 shows chromatograms of PS
in a cyclohexane-benzene system where, for MW exceeding 10°, the chromato-
graphic process does not occur owing to slow adsorption—desorption kinetics. A part
of the polymer remains at the start and another part migrates with the solvent front.

a b C d e f

Fig. 7. TLC of PS samples 3-11 (Fig. 6) (from right to left) on KSK silica gel in benzene—cyclohexane
systems; (a) 15+7; (b) 15:6.5; (c) 15:6; (d) 15:5.5; (e) 15:5.3; (f) 15:5.

y
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This situation is changed if adsorption-active acetone (¢° = 0.40) is added to the
system, and if the plate is initially saturated with the eluent vapour (Fig. 6). It is easy
to show that in this case the adsorption—desorption kimetics do not affect the Rp
value: polymer samples are spotted along the diagonal of the plate. The intersection of
the line joining the chromatographic spots of the polymer, the line joining the start-
ing spots of the polymer and the line of the solvent front at one point (Fig. 8) shows
that, under our experimental conditions, exclusively elution chromatography (in our
case adsorption chromatography) takes place (Fig. 6). This would not occur if the de-
sorption time were comparable to the development time.

.'3:. o 1 ::f' .
.."r.'."o "'?""m

Fig. 8. TLC of PS samples of MW 19.85-10° (2) and 51-10° (b) in the cyclohexane-benzene-acetone
(40:16:1.6) with preliminary saturation for 2 h. The samples were spotted along the diagonal of the

plate.

The question arises as to whether the relations described actually cor-
respond to polymer adsorption inside the pores. The GPC of PS on these sorbents
(Figs. 2 and 5) indicates that macromolecules enter the pores of the adsorbent.
Macromolecules can also partially enter the pores and be partially adsorbed on the
adsorbent surface. The linear dependence of —AF/kT on N in the investigated MW
range of PS shows that all of the PS segments are adsorbed under identical conditions,
i.e., inside the pores. Moreover, the particle size, i.e., the area of the external surface
of the adsorbent, does not affect the dependences in Figs. 2 and 3, which also supports
this suggestion.

The most effective chromatographic separation of polymers according to the
adsorption mechanism can be carried out in the range —&y > —& > &, Where —&y
is the energy of interaction at which K, attains a value of ca. 2-3. At —& < —&m,
chromatography does not proceed owing to the strong adsorption capacity of the
macromolecules. When —e ~ —&.,, chromatography is not effective, and when
—e < —e, its effectiveness increases again with decreasing —e. Since the dependence
of InK,; on the MW of the polymer is linear (Fig. 4) over the entire range of ¢, it
follows that K, = exp(—AN). We suggest that this dependence may be used to
calibrate all chromatographic systems.
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