
Pure & Appi. Chern., Vol. 51, pp. 1483—1501. 0033—4545/79/0701—1483 $02.OO/O
Pergamon Press Ltd. 1979. Printed in Great Britain.
© IUPAC

THEORETICAL AND EXPERIMENTAL ASPECTS OF FRACTIONATION MECHANISMS IN LIQUID

CHROMATOGRAPHY ON MACROMOLECULAR STATIONARY PHASES (GEL OR BONDED CHAINS)

Jacqueline Lecourtier, Roland Audebert and Claude Quivoron

Laboratoire de Physico-Chimie Macromoléculaire, Université Pierre et Marie
Curie, E.S.P.C.I., 10, rue Vauquelin, 75231 Paris Cedex 05, France

Abstract - In a preliminary part, we deal with the partition mechanism of
low or high molecular weight solutes, by selective dissolution in swollen

gels. After summing up the theoretical expressions, we present some expe-
rimental evidences for a fractionation mechanism based on such a phenome-
non, which may interfere , in many cases, with the classical steric exclu-
sion effect in GPC. Most of this paper is devoted to chemically bonded

stationary phases which gained increasing importance in H.P.L.C., during
the past few years. Owing to our previous works on gels, we theoretically
studied the partition coefficient of low or high molecular weight solutes
between a mobile phase and a stationary phase, constituted by macromolecu-
lar chains bonded to an inert surface. Variations of partition coefficient
with the molecular sizes of solute, solvent and graft, and with the mole-
cular interaction parameters between these species, are presented. In a
complementary aspect, we describe the recent preparation of model chemical-

ly bonded phases of silica/polyethyleneoxide and silica/polystyrene types.
The retention data obtained for various solutes on these bonded phases are
discussed in terms of silica loading, grafting chain length, solute size
and solvent nature. These theoretical and experimental studies lead to

practical consequences concerning the relative parts of the dissolution
effect into the grafted phase, the adsorption on the mineral support and the
steric exclusion effect due to the residual porosity.

INTRODUCTION

Cross-linked organic gels are now classical materials which application is well known, for
instance, in the field of elastomers, plastics and biomaterials. The case of macromolecular
chains chemically bonded onto a surface by one of their ends is more recent. Various applica-

tions are already suggested compatibilization of prosthesis with blood, supported cataly-
sis, stabilization of polymer emulsions, selective adsorption of hydrocarbon polluents, etc...

However, there is a field of application common to gel and grafted materials, in increasing

importance : the use as stationary phases in liquid chromatography. Organic porous gels are
thus used for many years in Gel Permeation Chromatography (GPC) for the fractionation of ma-
cromolecules (Ref.1-2) and more recently for the separation of low molecular weight solutes

(Ref.2-5). In another hand, chemically bonded stationary phases are commonly used in liquid
liquid chromatography (LLC) (Ref.5-11) ; some of them having macromolecular grafts. Besides,
grafted GPC packings were proposed for the molecular weight characterization of organic or
hydrosoluble polymers and some of them have been commercialized, such as "glycophases"
(Ref.12-14) or " i-bondagel" (Ref.15-16).

The aim of this lecture is to present some theoretical and experimental aspects of the me-
chanisms involved in GPC or LLC separations on these macromolecular stationary phases. As ve-
ry few studies have been devoted until now to provide information in the field of macromole-
cular bonded phases, stress will be laid on that kind of stationary phases.

ORGANIC GEL STATIONARY PHASES

Several types of mechanisms were proposed to explain the polymer fractionations observed in
GPC experiments and were discussed in reviews recently published (Ref.2,17). Under usual
chromatographic conditions, it is well accepted now that GPC fractionations involve an equi-
librium of solutes between the mobile and gel phases, as illustrated Fig.1.

Mechanism (a) corresponds to the classical steric exclusion effect in the pores, which is
unanimously assumed to be the main one in polymer chain fractionations by GPC. However, some
recent experimental results (Ref.18-28) oblige to consider the interference of two non-exclu-
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sion mechanisms which cause deviations from the universal calibration curve (Ref.29). Adsop-
tion mechanism (b), discussed in Professors Dawkins' and Belenkiis lectures, may be especial-
ly important in the case of rigid or semi-rigid packings with large specific surface areas,
but it is not probablypredominant for swollen gels.

MACROMOLECULES IN GEL PORES

MACROMOLECULES > macromolecules adsorbed onto the gel- surface
IN SOLUTION (

macromolecules dissolved within the gel

phase

Fig.1 Different mechanisms supposed to be independent, involved in frac-

tionation on swelling gels.

We would consider here mechanism (c) which arises from a solute dissolution within a non ri-
gid gel. In other words, when a swelling gel is mixed with a solution, its macromolecular
network is swollen both by the solvent and the solute and it acts as a LLC stationary phase.

For that last mechanism alone, the elution volume of a solute is given by

Ve V'0
+

KD.Vs

where V0 is the elution volume of solutes which do not penetrate into the swollen gel volu-
me V. KD is the partition coefficient of the solute between the mobile and the gel phases

K — solute concentration in the gel phase
D — solute concentration in thêmobife phase

That dissolution mechanism was particularly studied in our laboratory by theoretical and ex-
perimental approaches (Ref.3O-32) and results obtained were confronted with some other expe-
rimental data (Ref.33-36). We will not mention here our thermodynamical calculation of K
(Ref.3O), based on Flory's theory for gels. It consists in evaluating the free energy changes
tG of the solute/solvent and solute/solvent/gel mixtures, in order to equal the two expres-
sions for chemical potential of the solute in the two phases. These calculations lead to

1/3 r2 r2 r2
Log KD = - — 3 - (P3 -

—).— + x12.—.3 + x13.—.3 (1 - 3) - x23 r2

(1 solvent ; 2 : solute ; 3 : gel)

r1 : segment number of each species ; x : Florys interaction parameter ; volume frac-
tton of the swollen gel ; x : segment mber average of units between two crss-linked
points, assuming a perfect del. (For calculations, r1 is taken as 1 in all this paper).

The swelling of the gel expressed by its volume fraction is a function of x13 and x3

2 1'3 r1
Log (1 - 3) + 3 + X13 + (3' - = 0

x3
The expression of KD allows to study the partition mechanism of solutes by selective disso-
lution according to their molecular size (r,,) and to predict the influence of the swollen

gel structure ( or x), the solvent nature (Xi2 and x,3) and the gel/solute interaction
(x2). Fig.2 givs logrit}m of solute molecula weight M9 versus K, for various values
of the gel structure parameter x3 and when there is no enthalpic effct (x = 0).

It appears that K varies between 0 and 1, when the solute molecular weight decreases, which
illustrates a fractionation based only on an entropic effect. This fractionation by disso-
lution becomes more important for high molecular weights as the cross-linked degree of the
swollen gel becomes obviously lower. Curves are similar when = 0 and for a solvent having
the same affinity towards the gel and solutes (x12 = 0).

Experimental results obtained in our laboratory and some others experimental data are in good
agreement, at least qualitatively, with these predictions. First of all, Benoit, Rempp and
al (Ref.33-34) studied tailor-made gels by copolymerization of divinyl-benzene with bianionic
living polystyrenes of various macromolecular weights. They obtained swollen gels, not macro
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porous in which the length between two points of cross-linking is determined by the molecular
weight of the precursor polystyrene. Elutions of polystyrene standards in tetrahydrofuran
(THF) give curves Log M2 versus K, plotted in Fig.3 and which are quite similar with those
predicted theoretically. Particularly, gels are more efficient towards high molecular weight
solutes as their degrees of cross-linking decrease. A recent work confirms such a macromole-
cular solute behavior towards swelling gels (Ref.35).

Fig.2 Log M2 versus KD (partition coefficient) for various values of
x. = r. fl/Ve (n. is the number of polymer chains, the statistical
rticuTat1on of wh1ch gave the gel and v is the total number of
cross-linked2units which constitute the el). Curves are plotted
with M2 = 10 .r2 and x13 = x12

= = 0.

A second series of experimental evidences was obtained in our laboratory with triazinic gels

(Ref.31-32), prepared by polycondensation of diamines with dichlorotriazine (TCL,)/cyanuric
chloride (TCl)mixtures (see Fig.4). Different degrees of cross-linking were determined by
varying the rftio y = TCl./(TCl2 + TC13). The gel swelling is then a function of ' and n
(length of each diamine ued).

Mercury intrusion experiments showed that these swollen gels have mainly great size pores and
accordingly should be efficient only in the high molecular weight range, by a GPC effect.
Fig.5 gives the general shape of calibration curves which exhibit two parts, where V'0 cor-
responds to molecular weights varying from 10 to i0.

The first part of the curve was explained by the classical steric exclusion effect, consis-
tent with the great size of pores. As the gel porosity study does not indicate pores of
small size, the fractionation observed for molecular weights lower than M', was attributed
to the solute dissolution within the gel (Ve = V'0 + KD.Vs).
Fig.6 gives calibration curves of polystyrene and n-alkane samples in benzene, for various
values of the degree of cross-linking y. Similar variations are obtained with gel of the
same degree of cross-linking but with various lengths of diamine chain. These experimental
results are in good agreement with the theoretical one, since gels are more efficient towards

log M2

2
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high molecular weights as their swelling increases.

Fig.3 Experimental fractionation of polystyrene solutes obtained on 4 non
porous styrene divinylbenzene model gels with different chain

lengths between cross-linking points (Ref.33-34).
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Fig.4 Molecular structure of triazinic model gels used in GPC experiments.
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tog M

Fig.5 General shape of calibration curves obtained with the triazinic model
gels.

Fig.6 Variation of the curve Log M2 versus K with the degree of cross—lin-
king (y = 0,5 ; y = 0,73 and y = 1). Gl : hexamethylenecliamine
TC1 /TC1 (R morpholinyl) ; Solvent : benzene ; Solutes polysty-
rend (hih molecular weight range) and n-alkanes (low molecular
weight range).

Another aspect of the solute dissolution mechanism concerns the influence of the gel/solute
interactions. Fig.7 shows, for a given solvent/gel system, the evolution of the theoretical
curves Log M2 = f(KD) with the gel/solute interaction parameters x23 (Ref.30).

v: V.
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Fig.7 Variation of Log M versus for various values of x23• Curves are
plotted with M2 = O2

r2, x3 =
13 and = = 0.

As the affinity of the solute towards the gel increases (x decreasing), high molecular
weights are more involved in the fractionation and, particarly, when the solute/gel inter-
action is very strong, solutes can be therefore eluted in order of increasing molecular

weights (K > 1). We observed this particular order of elution (Ref.31-32) with the triazinic
gels descr'rbed before, as shows in Fig.8, where calibration curves for polystyrene and n-al--
kane samples in benzene and in dimethylformamide (DMF), are presented.

K is higher for polystyrenes in DMF which is not such a good solvent like benzene for the
same polymer. Conversely, n-alkanes are slightly soluble in DMF and their higher affinity
for the gel makes their elutions in order of increased molecular weight. In that case, swol-
len gels really act as LLC stationary phases and by means of a "solvophobic effect" operate
by reverse phase chromatography.

Similar results concerning that particular order of elution were published with other swollen
gels as dextrane (Ref.36) and cellulose (Ref.37) and we have recently observed it (Ref.38)
with common styrene/divinylbenzene packings, commercialized as Poragel 60 A. Fig.9 shows that
n-alcohols and n-alkanes are eluted in DMF, in increasing molecular weights, beyond the
(Vt - V5) volume. Conversely their elution volumes in THF remain in a classical order.

Accordingly, fractionation mechanism by selective dissolution of solutes into the gel phase,
may be particularly important for swollen and lightly cross-linked gels, but it does not oc-
cur with rigid gels. The choice of the solvent nature as the gel nature, may minimize this
non-exclusion effect in GPC. Beside, fractionation of low molecular weight compounds may be
improved by taking into account the selective dissolution mechanism.

log M2

0.5 1.5
KD
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Fig9 Calibration curves obtained

porosity (Poragel 60 A).

BONDED CHAIN STATIONARY PHASES

Organic stationary phases, chemically bonded onto the surface of mineral supports such as si-
lica, are widely used in LLC and have gained increasing importance during the past few years
(Ref.5-11). Many experimental studies have been reported on the chromatographic behavior of
these bonded phases, which structure was called 'molecular fur" by Horvath and Melander
(Ref.39). Most of them concern non-polar hydrocarbon-like bonded phases and several authors
(Ref.4O-45) pointed out the importance of the degree of surface coverage, since residual ad-
sorption on these packings could greatly modify elution volumes. Besides, it was observed
(Ref.46-47) that the longer the bonded carbon chain is, the stronger the retention of non-
polar solutes is. Several authors (Ref.48-5O) showed that retention orders are, in general,
function of the solute solubilities in the mobile phase. In order words, in reverse phase
chromatography, molecular interactions between the solutes and stationary phase ("solvophobic

interactions") play an important part in separations (Ref.51-52).

K

Fig.8 Calibration curves of polystyrene (•) and n-alkanes
benzene (—) and DMF (-—-..-) on a triazinic gel.
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with a styrene-divinylbenzene gel of low
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Such experimental results bring contribution usefully to a best understanding of the nature
of the different structural and molecular parameters involved in chromatographic retentions
by such grafted phases but they have up to now poor theoretical bases, clearing the different
mechanisms involved in LLC separations. Adsorption onto surface support, steric exclusion ef-
fect in the case of porous packings and partition by selective dissolution into grafted phase

may be simultaneously occur.

Theoretical approach of the solute dissolution mechanism.
We have recently studied, in our laboratory, mechanTsms of LLC separations performed on bon-
ded phases, both in theoretical (Ref.53-54) and experimental (Ref.53,55-56) ways.Owing to our
previous works on gels (Ref.30), we first theoretically studied the partition mechanism of
high molecular weight solutes between the mobile and stationary phases. In order to be in the
most general case, we have considered that anchored grafts were constituted by non-entangling
macromolecular chains of various molecular weights, chemically bonded onto a plane and inert
surface, by one of their ends. That is, chains are independent and there is no adsorption of
the solutes onto the wall (Ref.53-54).

As for gel stationary phases, the KD partition coefficient of a solute is given by

Ve V0 +

where V is the volume of the swollen grafted phase.

The principle of the thermodynamical calculations we made (Ref.53-54), consists, by analogy
with swollen gels, in evaluating the free energy changes EG of the solute/solvent and solute/
solvent/grafted phase mixtures, so as to equal the two expressions of the chemical potential
of the solute in the two phases. Particularly, the free energy change of the solute/solvent/

grafted phase system is
= +

LGEL

where iG = - T.ISM is the free energy change of mixing and ' L
= - T.tS , the elastic

free enegy dUe to the molecular expansion of the grafted chains i the solve't.

Calculations of LH and LS terms were classically based on Flory's theory about regular

macromolecular sysems. Hover, contrary to gel stationary phases, mathematical complicatiors
arise, since the inert surface restricts the number of conformations taken by each macromole-
cular graft and by each macromolecular solute, being in its vicinity during the partition
process. So as to evaluate the corresponding LSM term, we made use of a calculation published
by Casassa (Ref.57), which gives the fraction of the polier chain conformations that still
remains when one end of each chain is fixed at a given distance of a plane.

All these calculations lead to a rather elaborated expression of the partition coefficient

KD (Ref.53-54)

1 1 (4/3 - 43) r2 r1 r2
Log KD = - r2(— -

j)03
-

2 — + Log (1 - F_03)r2
+

x121;;—43

r1 r22

r - 3 2/3
+ - x23r203 - ______________e ' r3'r3

r1

erfV

+ Log [erf 3\r +.?43 (e - (.432/3) - 1)]

where all the notations are the same as before (1 solvent ; 2 : solute and 3 grafted

phase).

The swelling of the grafted phase is expressed by the volume fraction 43 of the swollen pha-
se, which can be calculated by another equation
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Log (1 - 3) + (1 - - Log (1 - (1/3 -
3)

r

+ (erf e
- 31/ () + = o

In Fig.1O, the swelling J is plotted versus the solvent/phase interaction parameter x1 , for
various values of the ancored chain size. We mention that the swelling of the grafted hase
logically decreases with x13 and increases with the molecular weight of the graft.

Fig.1O Swelling of the grafted phase (c3) versus for various values of

r3.

As for gel stationary phases, the general expression of K allows to study the partition me-
chanism of solutes, according to their molecular weights xpressed by r2 and, particularly,
the dependence of K upon the molecular weight of the grafted chains (r), the solvent nature
(Xi9 and x1) and the solute/grafted phase interaction Fig.11 shdws the calibration
cu'es Log M, = f(K) obtained for various values of the 1ze parameter r3 of the grafts,
when there i no enhalpic effect (x = 0).

Curves are similar to those corresponding to swollen gels KD is changing form 0 to 1, and
the fractionation of high molecular weight solutes increases with the length of the grafted
chains. As a result, an entropic effect may only cause a molecular weight fractionation. Be-
sides, it can be showed (Ref.53-54) that the solvent nature may alter these calibration curves.
When one considers a series of solvents leading to identical swelling of the phase (Xi fi-
xed) but having different affinities towards solutes, curves are systematically shift up-
wards or downwards. For instance, the partition of high molecular weight solutes is more fa-
voured when their interaction with the solvent is weak (x12 decreasing).

In another hand, it is interesting to notice the evolution of the calibration curves with the
solute/grafts interaction parameter x23 as shown in Fig. 12;

As the affinity of solutes towards the grafted phase increases (x23 decreasing), the frac-
tionation concerns greater and greater values of solute molecular weights and when the solu-
te/grafted chain interaction is rather strong, solutes are then eluted by increasing molecu-
lar weights (KD >

All these theoretical considerations demonstrate that swollen bonded stationary phases in

x13

—I

-2

-3

r3: 2

4'3
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their partition by dissolution mechanism, can be compared to swollen gels operating by the
same process. Particularly, chromatographic behaviors of these two kinds of stationary phases
are rather similar, when one substitutes the length between two cross-linked points of gels,

by the length of grafted chains.

K0

Fig.11 Variation of Log M (taken as 100 r ) versus KD for grafts of various
molecular weight. urves are plotte with x12 = x13

= = 0.

Experimental study of silica/polyethyleneoxide bonded phases.
As there is no we1T-defTnedcommerci&I macromolecular bonded phases, we have recently pre-
pared some grafted silica packings, by bonding macromolecular chains of various chemical na-
tures and molecular weights (Ref.55-56). These stationary phases, which can be considered as
model bonded phases, allowed us to study systematically the mechanisms involved in the obser-
ved chromatographic characteristics.

We prepared first silica/polyethyleneoxide phases by heat treating 40/60 i.im porous silica
'Si 60 Merck" with pure polyethyleneoxide samples of different molecular weights : 2.102,
4.102, 2.10 and 5.106. Table 1 gives specific surface area and porous volume data, deter-
mined by nitrogen adsorption. Silica loading T, which is defined by the ratio of the weight
of bonded polyethyleneoxide to the overall weight of the final packing, was measured by ther'

mogravimetry and elemental analysis.

These bonded phases do not apparently swell, even in good solvents of the grafts and the ma-
gnitude order of the porous volume decreasing with increasing loading values, indicates that
polyethyleneoxide chains are mainly grafted inside silica pores, as we will show later (see

Fig. 16).

Fig. 13 shows typical calibration curves obtained by eluting polyethyleneoxide samples in one
of their poor solvents, such as acetonitrile, on silica-PEO 400.

As we could expect it, polyethyleneoxide solutes are very adsorbed on pure silica and are
therefore eluted in increasing molecular weights. In the case of bonded phases, the elution

log M2
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order is a function of the silica loading : adsorption also occurs but for an adequate amount
of bonded stationary phase, an inversion of the solute elution order is observed. Critical
values Tc corresponding to all these bonded phases, except for silica-PEO 200, are always
about 13-15%.

Fig.12 Variation of Log M, (Mt, taken as 100 r,) versus K (partition coef-
ficient) for variotis values of x23. CuP'ves are platted with r3 = 10

and =
x13

= 0.

S
Bonded phase

(m2/g)

V

(cmg)
T

Si60

Si 60-(PEO 200)

Si 60-(PEO 400)

Si 60-(PEO 2.10k)

Si 60-(PEO 5.106)

345

300

240

200

290

0,58 0

0,50 12 %

0,50 14 N

0,40 22 %

0,52 13 %

TABLE 1. Specific surface area, porous volume and
loading values of silica/polyethyleneoxide bonded

phases.

log M2

4

3

2

1<0
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Ve V0
(cm3)

Fig.13 Elution of polyethyleneoxides by acetonitrile on pure silica (Si 60
Merck) bonded with polyethyleneoxide M = 400 (t = 15%, 14%, 8%).
(V0 = dead volume of the column).

We have given a molecular interpretation to that notion of critical loading T , assuming that
the surface area concealed by each macromolecular graft, in a poor solvent, i taken approxi—
mately as the great circle surface of its own swollen volume. In that way, it can be deduced
that the total surface of silica concealed by all grafted chains, is proportional to T and
does not depend on the graft molecular weight. Then, it appears that the critical loading
value tc = 13-15% may correspond to the concealment of the overall surface.

As a result, for T < 'r , steric exclusion effect and partition by dissolution occur, but
adsorption predominates and when T > T , partition by dissolution into the grafted phase beco-
mes the main mechanism. However, in th particular case of silica bonded with short grafts,
such as PEO 200, even if the silanol groups of silica were totally substituted, the critical
value r would not be reached. One actually observes, for that packing, that retentionsal-
ways inrease with solute molecular weights, for all the loading levels studied. All these
results indicate that for chromatographic separations based on adsorption mechanism, reten-
tion volumes are mainly function of the graft molecular weights and of the degree of surface
coverage. Besides, it is possible to modify the chromatographic behavior of these bonded

phases by varying these two parameters.

A more interesting aspect concerns experiments where the solvent used is a good one for solu-
tes and therefore adsorption is not predominant, even on pure silica. Fig.14 gives typical
calibration curves obtained by eluting polyethyleneoxide samples in DMF.

The curve corresponding to pure silica is a classical GPC one. On grafted phases, elution
volumes are smaller than on pure silica, whatever the molecular weight of the grafts could
be. However, the elution volime of a given solute decreases when the graft molecular weight
increases form 2.102 to 2.1O', but increases for the ultimate value of 5.106. The same holds
true for other solute/solvent systems, such as n-alkanes in THF or polyisobutene in THF (see

Fig. 15).

An explanation of that particular chromatographic behavior can be proposed from the model of
a silica/polyethyleneoxide bonded phase, shown in Fig.16. The "molecular fur" picture is a
good one here, as grafted chains are mainly bonded inside silica pores. As a result, the so-
lute fractionation proceeds by a steric exclusion mechanism into the residual porous volume

(zone II) and then, by a dissolution mechanism into the grafted phase (zone I).

We could evaluate the general expression of solute elution volumes, in terms of these two
consecutive mechanisms (Ref.55) :

Ve = V0 + KPC.KD.VP
+ (1 -

Ko).Kpc.(V
- v) = V0 +

RVp

og M2
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where KD is the partition coefficient by selective dissolution
V ; KD,., the GPC partition coefficient in the overall porous
prtit'1bP1 coefficient in the residual porous volume (V - V5).

into the grafted phase volume
volume VP and Kpc, the GPC

Fig.14 Elution of polyethyleneoxides by dimethylformamide on pure silica
0 ) and silica bonded with polyethyleneoxide M = 200 ( * ),

M = 5.106 (
0 ) and M = 2.10 ( • ).

K was calculated from the theoretical equations we gave before and K1p and K were
rughly evaluated from the characteristics_of pure and grafted silica. Fig.17 ves the
theoretical calibration curves Log M9 = f(K), for the molecular weight values of the grafts
used and by taking x•• = 0. These cuP'ves are qualitatively in good agreement with our experi-
ments residual stec exclusion effect and selective dissolution effect are then opposed.
By increasing the graft molecular weight, elution volumes decrease by GPC effect with pore
size decreasing, and after increase for higher molecular weight grafted chains, by a predomi-
nant dissolution mechanism.

The main consequence of the experimental study we have carried out on these silica/polyethy-
leneoxide bonded phases (Ref53-55), concerns the grafted GPC packings comercialized for the
molecular weight characterization of organo or hydrosoluble poliers (Ref.12-16). Particular-
ly recent 'p-bondagel' packings (Ref. 15-16) have polyether grafts similar to our model bonded
phases. In that case, the experimental results we obtained indicate that such grafts located
into pores, would appreciably alterGPC calibration curves, especially for packing of low
porosity range.

Experimental study of silica/polystyrene bonded phases.
As non-polar bonded phases are frequentTy used in a wide range of separation problems, espe-
cially in reverse phase chromatography, we have studied, in a parallel way, silica/polysty-
rene bonded phases with various molecular weight grafts (Ref.53-56).

These model bonded phases were prepared by deactivation of living anionic polystyrene samples
in benzene, on chlorinated silica, at 0°C, following the reaction

4

v-vo
(cm3)
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I I
—Si—Cl + Lit, H-.-.CH2AAAA —4

© ©
+ Lit, Cl_

IogM
opeo 5M
'peo 200
2tpeo 400
•peo 20000

(cm3)

Fig.15 Elution of polyisobutene by THF on pure silica ( o ) and silica bon-
ded with polyethyleneoxides of various molecular weight.

Fig. 16 Model of silica - polyethyleneoxide packing
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Fig. 17 Calculated calibration curves for silica and silica bonded with
polyethyleneoxides of various molecular weight.

Bonded polystyrene chains were assumed to have the same molecular weight as chains which did
not react with silica and whose molecular weights were determined by GPC : 1 000, 8 000 and
50 000. Table 2 gives specific surface area, porous volume and loading values of each packing.

S V

Bonded phase
(m2/g) (cm3/g)

T

Si60 345

Si 60-(PS 1 000) 60

Si 60-(PS 8 000) 50

Si 60-(PS 50 000) 145

0,58 0

0,15 8 %

0,09 10 %

0,37 5 %

.

TABLE 2. Specific surface area, porous volume and
loading values of silica/polystyrene bonded phases.

Contrary to silica/polyethyleneoxide phases, one observes an appreciable variation of the
porous volume with silica loading (amazingly, ig of grafted polymer leads to a decrease of
about 5 cm3). Besides, the swelling of these bonded phases in good solvents (chloroform or
THF) of polystyrene, can reach about 10% in volume. All this suggests that polystyrene grafts
are mainly bonded outside silica pores. In this way, during nitrogen adsorption experiments,
at -195°C, grafted chains prevent nitrogen molecules from penetrating into the pores ; which
explain the S and VP values obtained.

As for silica/polyethyleneoxide bonded phases, we have studied solute/solvent system which
lead or not to adsorption.

Fig. 18 gives, for instance, calibration curves corresponding to polystyrene solutes in deca-
lin. In that poor solvent, adsorption occurs on pure silica and samples are eluted in in-
creasing molecular weights. For silica bonded with PS 1 000, elution volumes slightly decrea-
se with the solute size, but for grafts PS 8 000 and 50 000, retention volumes increase with
solute molecular weights. Particularly, retention is stronger on silica bonded with PS
50 000 than on pure silica. Similar results were obtained with polyethyleneoxide samples in
methanol. Qualitatively, the three mechanisms : adsorption on silica, steric exclusion in

P.A.A.C. 51/7—H

09 M2

2

0.2 0.4 0.6 0.8
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silica pores and selective dissolution into the grafted phase, may simultaneously occur. Our
theoretical study of partition coefficient K (Ref. 53-54) showed that for solutes dissolved
in poor solvent, K may be smaller than one or short grafts (such as PS 1 000) and converse-
ly may be greater han one, for higher values of graft molecular weights (such as 8 000 and
50 000). This particularly explains why retention of polystyrene samples in decalin, is
stronger on PS 50 000 packing than on pure silica.

log M2

4

3

2

3 4 5 V,(Cfl3)

Fig.18 Elution of polystyrene solutes by decalin on pure silica ( 0 ) and
silica bonded with polystyrenes M = 1 000 ( • ), M = 8 000 ( 0 ) and
M = 50 000 ( * ).

Fig. 19 shows typical calibration curves when there is no adsorption effect on pure silica,
for instance in the case of polystyrene samples in chloroform. One observes that exclusion
limit and elution volumes on grafted phases, increase gradually as the graft molecular weight
increases. Besides, contrary to silica/polyethyleneoxide bonded phases, silica/polystyrene
ones can become more efficient than pure silica, for high molecular weight fractionations.

We have proposed an interpretation based on the fact that polystyrene grafts are mainly bon-
ded outside silica pores, as shown in Fig.20. The bonded chains prevent the direct access to
the pores and solutes have to be dissolved in a first time, into the grafted phase, before
penetrating into the porous volume. The mechanistic process is here reverse to the operating
one for silica/polyethyleneoxide bonded phases. We could calculate the general expression of
solute elution volumes, in terms of these two consecutive equilibria

Ve = V0
+

KD.Vs
+

KD.KGPC.VP

where KD is the partition coefficient by selective dissolution into the grafted phase volume
V5 Kc, the GPC partition coefficient in the overall porous volume VP of pure silica.

We have evaluated K from our theoretical expressions, for grafts with molecular weight 1 000,
8 000 and 50 000. F1'g.21 gives the theoretical calibration curves obtained for each molecular
weight and by taking x. = 0. There is a good agreement with the experimental curves we
obtained. Particuarly,3it is interesting to notice that above the exclusion limit of pure
silica (4 000), there is no more exclusion steric effect and fractionations are only based
on the selective dissolution mechanism, which is then more important as the graft molecular
weight increases.

Comparison between silicas bonded with polyethyleneoxide or with polystyrene, emphazises the
importance of the grafting method, which leads to grafts located either inside or outside the
silica pores and the chromatographic behavior of these packings cannot be elucidated if this
difference is neglected. Besides, for separations of low or high molecular weight solutes
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on chemically bonded phases, for which the dissolution mechanism into the grafted stationary
phase is more operative than the adsorption one, it may be interesting to graft high molecular
weight chains and to use high loading, in spite of the decrease in efficiency which would
result.

(cm3)

Fig.19 Elution of polystyrene solutes in chloroform on pure silica ( 0
and silica bonded with polystyrenes M = 1 000 ( • ), M = 8 000 (0)
and M = 50 000 ( * ).

Fig.20 Model of silica - polystyrene packing.
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0.5 I

Fig.21 Calculated calibration curves for silica
polystyrene of various molecular weight.
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