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EXPERIMENTAL STUDY OF MODEL BONDED
STATIONARY PHASES FOR LIQUID CHROMATOGRAPHY
II. SILICA/POLYSTYRENE

J. Lecourtier, R. Audebert and C. Quivoron

E.S5.P.C.I. 10, rue Vauquelin 75231 — Paris Cedex 05, France.
Laboratoire de Physico-Chimie Macromoléculaire
de 1l'Université Plerre et Marie Curie.

ABSTRACT

Mechanisms of separations performed on bonded phases in 1i~
quid chromatography are investigated by studying model grafted
phases.

These phases are prepared by reaction of chlorinated silica
with living anionic polystyrene of various molecular weights.
Owing to thermocdynamic predictions, an expression of the elution
volume of various solutes on such packings and conditions for re-
verse-phase chromatography are proposed.

INTRODUCTION

Several recent reviews have emphasized the increasingly important
part played by chemically bonded phases in liquid chromatography(1_6).
However, only few papers report the study of retention mechanisms on
such bonded phases.

(mn

Recently, we studied the retention behavior of a series of
chemically bonded phases obtained by condensation of polyethylene-
oxides of various molecular weights with porous silica. The results
stressed the importance of the sizes of bonded molecules and of the
solute, and the interactions between these molecules and solvent.
Non-polar bonded phases are frequently used in a broad range of
separation problems. In order to generalize our previous results
and to elucidate mechanisms involved in reverse-phase chromatography,

we have studied the chromatographic behavior of silica chemically

bonded with polystyrene chains.
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Copyright © 1978 by Marcel Dekker, Inc. All Rights Reserved. Neither this work nor any part may be reproduced
or transmitted in any form or by any means, electronic or mechanical, including photocopying, microfilming,
and recording, or by any information storage and retrieval system, without permission in writing from the publisher.



19: 39 24 January 2011

Downl oaded At:

480 LECOURTIER, AUDEBERT, AND QUIVORON

MATERIALS

Preparation and Characterization of model bonded phases.

The silica support employed is silica gel Merck Si 60(7).

Living anionic polystyrene is deactivated on chlorinated

silica, following the reaction :

5= CL + mwwnH, - CH it —

O

~§i- CH - CHpwm 4 ut "

O]

A grafting method based on a similar principle was elabo-
rated by Donnet and Al(8—10).

Silica is heat treated at 400% under vacuum for 16h. Then
it is mixed with an excess of thionyl chloride. The mixture is
refluxed for 8h and free thionyl chloride is removed by distillation.

Chlorinated silica is added, at 0%, to a benzene solution of
anionically polymerized living polystyrene. Polymerization is ini-
tiated by n-butyllithium. An excess of living polymer is necessary.
Usual precautions for anionic polymerization of styrene are required :
solvent and glassware have to be carefully dried. Reaction between
silica and polystyrene is performed under nitrogen. After several
hours, the silica is extracted in a soxhlet with tetrahydrofuran.

Bonded polystyrenes are assumed to have the same molecular
weight as polystyrene which 4id not react with silica. For our
three bonded phase samples, molecular weight of polystyrene was
measured by gel permeation chromatography : M= 1000, 8000 and 50 000.

A thermogravimetric study, confirmed by an elemental analysis,
gives bonded silica loading T, ratio of the weight of bonded polys-
tyrene to the weight of grafted silica.

Specific surface,s,and porous volume,Vp,of1$?ch prepared
support, were measured by nitrogen adsorption . Results are
given in table 1.

Unexpectedly, grafting of 1g of polymer (i.e. 0,9 cm3), led

to a b cm3 decrease in porous volume. The chemical nature of the
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Table 1: Specific surface and porous volume of silicas bonded

with polystyrene.

s v
Nature of support m2/g cm3/g T
SI 60 345 0,58 0
SI 60-(PS 1000) 60 0,15 8%
ST 60-(PS 8000) 50 0,09 10 %
SI 60-(P3 50 000) 145 0,37 5%

bonded phases does not account for such behavior. (For instance,
specific surface and porous volume of styrene-divinylbenzene
supports can be measured by the technique of nitrogen adsorption
(12_13)). Therefore,this unexpected decrease of porous volume and
specific surface with T is readily explained by assuming that the
polystyrene chains are mainly bonded outside the silica pores.

In this way, at-195°, the grafted chains prevent nitrogen molecu-

les from penetrating into the pores.

Apparatus and experimental conditions.

A liquid chromatograph, Waters Associates model 201, was used
throughout these experiments(7>.

For polystyrene grafts of molecular weight M > 8000, swelling
of bonded silica is observed in good solvents such as tetrahydrofuran
or chloroform. Therefore, chromatographic columns {1'x1/4"0.D.)

were slurry packed.

EXPERIMENTAL
(7

As for pure silica and silica bonded with polyethyleneoxide ,
adsorption occurs for macromolecular solutes in poor solvents.
Conversely, in good solvents solutes are eluted in decreasing

order of molecular weight.
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Systems leading to adsorption on pure silica.

Polystyrene solutes are adsorbed on pure silica in decalin (fig. 1).
For silica bonded with polystyrene M = 1000, retention volumes of

polystyrene solutes slightly decrease with their size. If the molecular

A 1ogM

i pa

4. -
3 4 5 Ve

FIGURE 1

Elution volume (V_) of polystyrenes (molecular weight M} by
decalin on pure silic& Si - 60 (O) and silicas bonded with polys—
tyrene. (Moleculer weight of the graft : 1000 (@), 8000 ((J) and
50 000 (#)).
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weight of grafts is 8000 or 50 000, elution volumes of polystyrene solutes
increase with their molecular weights. As depicted in figure 1, retention
is stronger on silica bonded with polystyrene M = 50 000 than on pure
silica.

Similer results are obtained by eluting polyethyleneoxides with

methanol but retentions are lower.

Adsorption on silica, steric exclusion effect in silica pores

(14)

and selective dissolution into the grafted phase are simul-
taneously occuring.
For this last mechanism, a theoretical expression of the KD

partition coefficient of a solute between & macromolecular grafted

phase and a solvent was proposed from our thermodynamical study(Y’Th).
. (¢31/3"¢3)r2 1 T2
Log K = - re(;T - ;;)¢3 - 5 ;; + Log(1 - ;;¢3)r2 + X12;;¢3
/ r, r2
W32 “1°2 r

r, 037 3 r;3 -(% r—1¢32/ 3

* Xagr i3 T XogmefsT e 73 + £1]
erf/3r—1¢ 2/3
z 3 r
/ 3 —- (g__3 ¢ ‘2/3
_ T vV, T 2r,_ 73 -
log [erf (¢ 1/3 _31_3)_'_2,__2(1) 1/3 (e 2 1)]
3 5 2 mry 3
and : [2]
r r r
- S R e =y p e 13 L
Log (1= ¢3) + ¢35 (1~ 7) - Log (1 = ¢5 ) + 5~ (¢, ¢3)
3 3 3
r

ST -3 1483y

371, 2/3,~1 2r, '3 2 213 W/3 2 _
+lerf 5 ) e 3 3 (r3) 9377 * Xqgt3 =0

Tys Ty, Ty are the segment numbers of identical volume constituting
respectively, a solvent, a solute and a grafted polymer molecule.

d)3
phase. Xij are the Flory's interaction parameters which can be

(15)

is the volume fraction of grafted molecules in the stationary

expressed in terms of solubility parameters
For usual values of these parameters, KD is smaller than 1

and it increases as the molecular weights of solutes decrease. How—
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ever, for solutes having stronger affinity for grafted polymer

than for solvent (i.e. << 0), the relationships we

) X3 7 X2

proposed show that KD can be greater than 1. Then, it in-
creases with solute molecular weights (solvophobic effect). Such

an evolution can be observed for graft-solute interactions, and is
found to be especially strong as molecular weight of bonded molecules

is decreased.

These predictions are confirmed by our experimental results
KD is greater than 1 for silica bonded with polystyrene M = 50 000.
Tt follows that retention of polystyrene in decalin is stronger on
this packing than on pure silica (figure 1). For grafted polystyrenes
M = 8000 or M = 1000, the variation log M = f(Ve) drises from the

superposition of an adsorption curve and a dissolution curve(K. < 1),

D

Systems leading to any adsorption on pure silicsa.

The retention characteristics of polystyrenes and n-alkanes
of various molecular weights on our model bonded phases, were
first studied.

As shown in figure 2, exclusion limit and retention of solutes
increase as the molecular weights of grafted molecules increase.

The same holds true for elution of polyisobutenes by chloroform
or polyethyleneoxides by dimethylformamide.

Conversely, for solvents having weak affinity for both
solute and graft, the influence of the bonded-molecule size is
reversed. Thus, the retention of alkanes and polystyrenes in
dimethylformamide increases as the molecular weight of grafted
polystyrene varies from 1000 to 50 000 (figure 3).

The influence of the nature of the solvent depends upon the
length of grafted molecules. Thus, elution volumes of alkanes and
polystyrenes on silica bonded with polystyrene M= 1000, are larger
in dimethylformemide (poor solvent) than in tetrahydrofuran or
chloroform (good solvent). The elution order is inverted for grafted
polystyrene M = 50 000.(Compare figure 2 and 3).

Swelling of polystyrene-bonded silica by a good solvent for this
polymer, and measurements of apparent porous volumes by liquid nitro-

gen adsorption show that polystyrene is mainly grafted outside the
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FIGURE 2

Elution volume (V_) of polystyrenes (molecular weight M) by
chloroform on pure sifica 81 - 60 (O) and silicas bonded with
polystyrene. (Molecular weight of graft : 1000 (@), 8000 (O)
and 50 000 (). (v, : dead volume of the column).

pores of the silica. The bonded chains prevent the direct access to
the pores and solutes have to become dissolved into the grafted phase

before penetrating into these pores (figure 4).

485
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TlogM
4f
3
2L
1t
' . i
1 ? VY
cm

FIGURE 3

FElution of polystyrenes (PS) and alkanes_(Alk) by dimethyl-
formamide on silica bonded with polystyrene M = 1000 (PS (@),
Alk (m)), M = 8000 (PS (O), Alk (¥)) and M = 50 000 (PS (¥),
Ak (@)).

As a result, a double equilibrium occurs :

1
5 Kapc
solution in --=> solute in --=> golute inside

mobile phase <-- grafted phase <=-  the pores
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FIGURE U

Scheme of a silica-polystyrene support.

- KD is the partition coefficient between the swelled grafted
phase and the solvent.
- KéPC is the partition coefficient by steric exclusion effect
in silica pores.
The volume involved in the separations is (Vp + Vs) and elu-
tion volume Ve can be expressed as :
S+p

V =V +K(V +V )=V + (Vv +v)
e <] b s P s

[o}

l\)% Il\)()l

= s+p
C2

is the average concentration of solute in the volume (Vp + Vs)
and Cg, the solute concentration in the mobile phase. K is the

average coefficient.

Hence : s
C,o v+ 02P v 1
Ve = Vo + cm = Vo + KD VS + KD KGPC Vp 3]
2

According to equations [1] and [2], KD can be calculated for

grafted molecules of molecular weight 1000, 8000 and 50 000. With
good solvents for both solute and stationary phase (X12=X13=X23=0)

curves log M = f(Ve) with M = 100.r, are plotted in figure 5, for

2
a weight of support corresponding to our experimental conditions.

Comparison of figures 2 and 5 shows that theoretical and
experimental curves are in good agreement. Solutes with molecu-

lar weight higher than 4000 are completely excluded of silica and
1 . -
Kipe = 0+ Eauation (3] leads to V_ -V =X,

exclusion limit of bonded silicas only depends on a dissolution

Vs. Hence, the

phenomenon. It is especially high as the graft size increases.
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ﬁlogﬂoo o)

L ' A
0.5 1 5 VoV,
(cm®)
FIGURE 5

Theoretical curves log M = f(Ve - VO) for silicas bonded
with polystyrenes of various molecllar weight (X12=X13=X23=0)-

Equations [1] and [2] indicate that, as solutes'affinity towards
solvent decreases, retention volumes also decrease for high molecular weight
grafts and, conversely, they increase for low molecular weight grafts.

The K expression predicts an amplitude of v, variations(1h)

especially high as the molecular weight of grafts increases

This is experimentally observed for chloroform/polystyrene and
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dimethylformamide/polystyrene systems, in the case of grafted
polystyrene M = 50 000 and M = 1000 (figure 2 and 3). However the
observed evolution is less important than theoretically presumed.
This is not surprising, because our theory assumes interaction para-
meters to be independent of polymer sizes (1h). In fact, dimethyl-
formamide 1s certainly a better solvent for polystyrene M = 1000 than
for polystyrene M = 50 000. Thus, retention volumes may be very small
on a grafted polystyrene M= 50 000, smaller than on a grafted polys-—

tyrene M = 1000.
CONCLUSION

Comparison between silicas bonded with polystyrene and previously

() silicas bonded with polyethyleneoxide, shows the importan-

studied
ce of the grafting method. With melt polymer (polyethyleneoxide}, re-
gardless of their molecular weights, grafts are largely located inside
the silica pores. On the other hand, with solution polymers {polystyrene)
grafts are mainly outside the silica pores.

The chromatographic behavior of the packings cannot be elucidated
if this difference is neglected. Significantly, grafted supports are
more efficient than silica for the separation of high molecular weight

compounds, only when grafts are outside the silica pores.

Grafting of low polarity molecules on silica does not always
lead to decreasing adsorption on the mineral support. This result,
which we theoretically predicted(1h), was verified in the case of
grafted polystyrene M = 50 000,

Dissclution into a grafted phase largely depends on the difference
between solute affinity towards the grafted molecules and the solvent.
In the case of solutes having strong affinity towards the stationary
phase, reverse-phase chromatography occurs. Then, in accordance with
thermodynamic predictions, retention volumes of solutes increase with

their size.
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