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SUMMARY

The basic principles of obtaining and controlling porous structure of glasses with
large pores were formulated and the possibility of using these glasses for gel chroma-
tography of polymers was demonstrated.

It was established that the curve of polystyrene elution does not correspond to
the curve of the pore distribution in glass. Moreover, a part of porometrically accessi-
ble pores does not participate in the separation of the macromolecules, the pores whose

size corresponds to the radius of gyration of macromolecules in this solvent being in-
accessible to these macromolecules.

Porous glasses are very promising materials for gel chromatography of polymers?.
This paper deals with the basic principles of formation and control of the porous
structure of glasses with large pores. Relationships between their structural param-
eters and the size and elution characteristics of macromolecules have also been in-
vestigated.

The products known as ‘‘porous glasses’’ are usually obtained by treating sodium
borosilicate glasses capable of opalescence with acid solutions. The development of
opalescence in these glasess when they are kept within a certain temperature range is
due to their separation into two microphases of different composition. One of them is
rich in silica and the other one mainly consists of borate. The exact composition of
each phase is regulated by the composition of the glass and the temperature at which
it is maintained in the opalescence zone. Since borates and B,0, are soluble in acids,
these components of the borate phase (under conditions of its steric continuity) are
removed selectively from the glass by treatment with acids leaving a system of canals
and pores in the leached glass. That is the reason why the pore size and volume depend
on the amount of B,O; and Na,O passing from the glass into solution during the acid
treatment. These amounts, in their turn, depend on the composition of the respective
phases of the glass and on the peculiarities of its phase distribution.

Usually, the pore diameters in porous glasses obtained by a simple acid treatment
vary approximately from 15 to 100 A and the pore volumes vary from o.10 to o0.25
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cm?/g. The structural characteristics of a porous glass can be controlled by varying the
composition of the glass and the conditions of heat treatment within these limits.
Sodium borosilicate glasses capable of forming a porous glass contain only a limited
amount of acid-soluble material (B,O, and Na,O). Owing to this fact, attempts to
obtain porous glasses with large pores by acid treatment have failed. The possibility of
preparing such porous glasses has been reported earlier?, it consisted of a supple-
mentary treatment of the porous glass with solutions of 0.5 N KOH or NaDH at room
temperature.

It was shown? that this treatment resulted in a considerable increase in both the
pore volume and the pore size. The changes observed in the structure of porous glasses
are quite different for initially transparent and opalescent sodium borosilicate glasses.
In both cases alkali treatment produced an approximately equal (a 4-5-fold) increase
in the pore volume but for opalescent glass the increase in the pore size was much
greater than for the transparent one. Typical differences in the structure of porous
glasses after alkali treatment of transparent and opalescent glass are illustrated by
adsorption isotherms and curves of the pore volume distribution (bv radii) (see Fig. 1).
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Fig. 1. Adsorption isotherms of C,H{;OH on porous glasses obtained from transparent (a) and
opalescent (b) glasses before (1a and 1b) and after (2a and 2b) their alkali treatment. In the insets,
curves of the pore radii distribution are shown.

Particular changes in the structure of porous glasses after alkali treatment were
accounted for? by assuming that the skeleton of the porous glass had a bidisperse
structure. It is formed by a silica framework (skeleton) with large pores and relatively
thick walls. Within these pores is situated a considerable amount of silica with a fine
network structure forming the actual thin pore structure. In porous glasses obtained
by the treatment of the original sodium borosilicate glasses with acids the adsorption
measurements only reveal the fine pore structure while the structure of the large pore
framework remains masked. However, by careful treatment with alkali one can dis-
solve the fine silica network of porous glass and destroy the fine structure formed
within the framework without affecting the framework itself. The structure of the
silica framework is directly revea'zd in the glass with the large pores obtained in this
manner.

The conception of the bidisperse structure of porous glasses suggested earlier?
was later confirmed by the small-angle X-ray scattering®4 and electron microscopy®.
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The nature of the finely dispersed silica in porous glasses and the bidisperse
structure of their framework find a comprehensive explanation’in: terms of metastable
liquation or of the immiscibility in sodium borosilicate glasses%-19, In accordance with
the theory of metastable liquation, the borate phase of the inhomogeneous sodium
borosilicate glasses should always contain not only B,0, and Na,O but also some SiO,.
Its quantity in this phase depends on the composition of glass and the conditions of
its heat treatment. This silica forms the fine pore structure within the main silica
framework. The amount of this silica in the borate phase determines a possible increase
in the pore volume in the porous glass after alkali treatment. The pore size after this
treatment will depend on the size of the ‘““particles’’ of the borate phase or on the state
of phase separation in the glass. The composition of the phases in the inhomogeneous
glass and the size of the borate bodies are determined by the temperature and duration
of the heat treatment of the glass in the region of metastable liquation. Consequently
variation of the conditions of the heat treatment is a very efficient method for regulat-
ing not only the structure of glasses with small pores, obtained by acid treatment,
but also the structure of glasses with large pores obtained by the alkali treatment of
the porous glasses.

The porograms in IFig. 2 and the curves of the pore volume distribution ws.
logarithms of their radii in IYig. 3 demonstrate the possibility of controlling the porous
structure of glasses with large pores just by varying the conditions of the heat treat-
ment of the sodium borosilicate glass. This method enables us to obtain, with good
reproducibility, porous glasses with large, small and intermediate pore sizes and vol-
umes.

The wide possibilities of being able to control the structure of porous glasses,
their stability in various solvents and the absence of swelling make the use of such
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Fig. 2. Porograms of samples of glasses with large pores.

Fig. 3. Differential curves of pore distribution vs. the logarithm of their radii (according to Fig. 2).
A values in Figs. 2 and 3 are the pore diameters.
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porous glasses very promising in liquid chiromatography for separating mixtures of
substances with molecules of different size. We have used macroporous glasses success-
fully for fractionating polymer mixtures with respect to their molecular weight.

Experiments have been carried out with a liquid chromatograph ChL-1302
(U.S.S.R.) with a refractometer detector. Porous glasses were placed in chromato-
graphic glass columns 120 cm in length and 8 mm in internal diameter. The columns
were filled by the method recommended in ref.11. Experiments were carried out in
toluene at 20° and the elution rate was 50 ml/h. The sample volume was T ml of a
polymer solution at a concentration of 0.5 g/100 ml. Standard samples of polystyrenes
(Waters Associates) and two samples of high molecular weight polystyrene were used.
Their characteristics are given in Table I.

The porous glasses described proved to be quite suitable for the gel chromato-
graphy of polymers. This can be seen from Fig. 4 which shows the results of chromato-
graphing a polystyrene mixture using four columns with porous glasses Zh-130,
Zh-250, Zh-700 and Zh-1600, their mean pore diameter is 130, 250, 700 and 1600 A,
respectively. We obtained a relationship between the reduced volumes and the size of
the macromolecules, for each porous glass.
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Fig. 4. Gel chromatogram of standard polystyrenes with molecular weights 4.8 x 103; 9.7 % 10°
and 2.0 x 10%on four columns with porous glasses Zh-130, Zh-250, Zh-700, Zh-1600. Solvent:
toluene; clution rate: 50 ml/h, temperature: +20°; sample volume: 1 ml at a concentration of
0.2 9.

This relationship is shown in Fig. 5 together with the respective porometric
curves®. The calibration curves in this figure were obtained by subtracting from the
reduced volume (V) the free volume (V) of the column which was assumed to be
equal to the reduced volume of polystyrene with a MW = 1.6 X 10°. The porometric
curves are given without the lower flat part which refers to the spaces between the
sorbent particles, i.c. to V4. Thus, Fig. 5 permits the evaluation of the ratios of the
reduced volume to the porometric pore size distribution.

One of the main problems in GPC is the ratio of the size of macromolecules to
the gel pores. It is generally assumed!? that those pores whose size exceeds the mean
square end-to-end distance of the chain by not less than twofold are accessible.

This relationship was not confirmed in our experiments. In columns with the

* Similar results have been obtained with silica gels2?,
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Fig. 5. Porometric curves (a) for glasses with large pores Zh-130, Zh-250, Zh-700, Zh-1600 in the
amounts of 54.9, 30.9, 42.2, and 38.2 gin columns 1.2 min lenght and 0.8 cm in diameter and of the
corresponding elution curves of PS with different MW, characterised by mean square end-to-end

distance (b) and mean square radius of gyration (c). Solvent: toluenc; elution rate: 50 ml/h;
temperature: 20°.

glasses: Zh-130, Zh-250, Zh-700 and Zh-1600, the pore whose size is commensurable
with the radius of gyration of a macromolecule* does not participate; this finding may
be interpreted in two ways. Either the macromolecules in pores are greatly deformed
(they have changed their size by several times) or on approaching the pores they are
oriented in such a way that their least mean size P is placed in front of the narrowest
part of the corresponding pore.

A comparison of our results with porometric data shows that not all the accessi-
ble pores take part in the chromatographic process.

Moreover, the number of accessible pores which do not take part in the process
increases with the size of the macromolecules. It is reasonable to assume that these
pores are the deep ones, ¢.¢., that they are located relatively far from the surface of the
sorbent particles.

The porous glasses with a narrow pore size distribution which were used in our
work permitted us to establish the fact that the molecular sieve effect does not play
a major part in the chromatographic separation of macromolecules since it is possible
to separate macromolecules for which the porous glasses have the same size of accessi-

* Polystyrene molecules in solution are known to be bean-shaped and are characterised in
three mutually perpendicular dimensions by sizes (12)1/2; (g2)1/2; (52)1/2 (ref. 18) which are inter-
connected by the ratio (A2)1/2; (g2)1/12; (p2)112 = 2 +/ 6:2: 1. Moreover, the mean maximum sizcof the
coil is determined by H = 1.4(%2)1/2, the mean maximum transverse size — by Q = o.7 (%2)1/2
(ref. 15). The radius of gyration of macromolecules is ([22)1/2 = 1/v 6 (h%)1/2 (ref. 14), this is close to
the mean maximum transverse size in the third direction P.
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ble pores. This separation can proceed only owing to the diffusion factor which was
taken into account in refs. 19 and 20 as well as in another paper?! read at this seminar.
In this paper?!, the diffusion effect was determined by two factors exp [ — u2#2/{D?] and
[T — (#271%/0?)] where # is the elution rate, D is the coefficient of translational diffusion
of the macromolecules, 7 is the mean radius of the canals between the sorbent particles,
o is the dispersion of the chromatographic peak, 7 is the value characterising the non-
equilibrium of the process. The first of these factors is responsible for diffusion effects
in the mobile phase, the second one also includes diffusion effects in the stationary

phase, since the value 7 is a function of the diffusion coefficient D’ of macromolecules
in the sorbent phase:

7 =B X a’/D’

where a is the depth of penetration of the macromolecules into the sorbent grains, and
B is a certain geometrical constant.
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