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SUMMARY 

The separation efficiency of gel chromatographic columns was investigated 
under a wide variety of experimental conditions. By use of reduced quantities it is 
possible to describe the separation efficiency for different gels and, experimental 
conditions by a single equation. Deviations from this equation were found to be 
caused by an alteration of the diffusion coef-Cent within the gel with respect to the 
mobile phase. Factors governing the gel chromatography of ;6-oligophenylenes on 
poly(viny1 acetate) and poly(styrene) gels are generalised and discussed. 

INTRODUCTION . . 

Small, non-polymeric molecules offer ahnost ‘ideal conditions for the study, of 
various factors influencing the behaviour, of molecules in the two-phase (gel-solvent) 
system used in gel chrom8tography. ” 

Any zone of identical molecules will broaden on passing through the gel column. 
It would be advantageous to be able to define such peak spreading, which depends on 
the substance (its ‘diffusion properties), experimental conditions. and on the stationary 
phase used, by the separation efficiency as recommended for gas chromatographyl. 

The stationary .phase in gel chromatography is a crosslinked material having 
porous structure, and hence the separation process may be described as a network- 
limited partitiona. Thus it seems to be highly probable that theoretical approaches 
derived for the separation efficiency of other chromatographic processes should also 
be applicable in gel chromatography. 

THEORY 

Using reduced quantities the well known VAN DEEM~R’S equation3 may’be, 
expressed as: 

.Jb =,a + b/v + cv. (1) 
t 
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where the reduced plate hei.ght Jz = H/&; .,’ 
,H. = .height equivalent to a theoretical plate (HETP) ; t 

dp = particle diameter ; ; 

the reduced velocity of flow Y =’ v&/D; 

II 

= linear velocity of elution ; 

= diffusion coefficient of the solute in the mobile phase. 
The term a describes the regularity of the packing. With well packed columns a 

has a value of 2 to 3. Even if the gel particles used are practically monodisperse, the 
resulting packing arrangement is irregular as shown by DEBBAS AND RUMP@. 

b reflects the peak broadening caused ‘by diffusion, this *term will diminish 
with increasing flow velocity. In many gel chromatographic separations the b-term 
can be neglected. 

c originates in nonequilibrium conditions. It probably contains two different 
factors : 

(I) The lack of equilibrium in the exchange process. 
(2) The nonequilibrium in the mobile phase itself. 

These two contributory factors should be additive. If (2) can be neglected, the ctterm 
will vanish if no exchange between the mobile and the stationary phase occurs, e.g. 
on eluting substances. that are totally excluded from the gel. So in. this case we may 
expect a constant,value for the reduced .HETP if the reduced velocity ishigher than:s. 

The ‘third right hand term of eqn., (I) contains the diffusion, coefficient in ,the 
stationary phase (the permeation coefficient P) which is related to the’ diffusion 
coefficient in the mobile phase by 

,P= yD where y c I 

As the permeation coefficient is controlled by obstruction and partition (“sol- 
ubility”)s, the value of the permeation coefficient ‘differs from the diffusion coefficient 
in the mobile phase. 

,WALTON~ derived an equation accounting for the behaviour in ion-exchange 
chromatography. His proposal is based on the film diffusion theory, also leading to a 
linear dependence at high flow-rates. 

Another interesting theoretical approach for the separation efficiency was 
reported by GIDDINGS AND MALLX’ resulting in the equation 

(2) 

where At, B, C, Cmc are constants, 
which can be expressed in reduced terms as 

Cntg originates from nonequilibrium in the mobile. phase. The characteristic feature 
of eqn. (2) is that the irregularities of packing (contained in A&) and the nonequilibrium 
term in the mobile. phase are complementary. The resulting t’coupled’,’ ,form gives a 
lower contribution to k than either term alone. If .the experimental ‘c&ditions are 

J. CkmmaEog., .36 (x968), q?go-30’1 
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such that it is possible to neglect the r/Cmf terms, eqn. (2) degenerates to the VAN 
DEEMTER equation. However, the final term of eqn. (2) involves the greatest uncer- 
tainty as far as quantitative predictions of HETP are concerned. 

The general shape of the curves representing the reduced separation efficiency 
according to VAS DEEMTEK and GII)DISGS is shown in Fig. I. 

h 
8 

6 

4 

2 
i,ll* 

4 

0 5 10 15 20 25V 

I;ig. 1. Gcncral shape of the CUT\-cs according to the equation of (a) \-AS DEEMTER and (b) GrDDrXX. 

ESPERIJIEXTAL 

The present work was carried out with methyl substituted p-oligophenylenes. 
These substances are chromatographically pure and their hydrodynamic behaviour 
is well characterizeds*9. The compounds used, as well as their diffusion coefficients, are 
listed in Table I. 

Tn-l n A2-W-U” - 
L'-'-J 5 

2.7’ 

I.SI 

I .og 

0.92 

0.90 

0.rrj 

0.5’9 

l This value is not detcrmincd by expcrimcnt. Lt is cakuldtcd to obtain the best fit. 

l l The lines denote methyl groups. 
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1 Poly(viny1 acetate) gels, crosslinked with butanediol divinyl:, ether or diviriyl 
adipate, ,ands poly(styrene-divinylbenzene) gels were’ prepared by., suspension poly: 
merization in the usual manner lo. A typical’example of #vinyl acetate-divinyl ‘aclipate 
copolymerization is given ,‘below. Y .’ : ,. 

A 2-l round bottomed, four-necked flask,‘fitted with an efficient stainless-steel 
mechanical stirrer; ,a, contact thermometer, ‘an in- and output of nitrogen.and a reflux 
condenser; is Atted with an, electrical heating jacket. In the flask is placed .a solution 
of IO g poly(viny1 pyrrolidone), 0.35 g NaH&?O, and 6.0 Q ‘Na,HPO,. in ,x200 ml of 
distilled water and the stirrer is started at preset revolutions. The oxygen is eliminated 
from the system by a stream of N,. A solution of 0.5 g azodiisobutyronitrile and 744 g 
divinyl adipate in 200, g of. vinyl, acetate is slowly added. under continuous, stirring. 
After 20 min the heating is commenced and the temperature is kept’ at’7o” for 5’6 11. 
The reaction mixture is cooled and thecontents are filtered through a crude sieve into 
a s-1 beaker, decanted S-IO times with water, filtered by suction and the suspension of 
polymerisate obtained was dried at 35” and 15 mm Hg vacuum. 

In order to obtain a narrow distribution of particle sizes the gels were fractiona- 
ted. Fractions of particle size larger than approximately 0.07 mm were separated ‘by 
wet sieving on standard sets of sieves. Fractions of smaller particles were obtained by 
sedimentation in an apparatus shown schematically in Fig. 2. The particle Size’ of,‘the 
gels in the dry state (-dpd) was measured by: the ‘,usual. microscopic technique. The 
gel bed volume of the dry gel (Vd) arid in the stiollon state (V8) ,was determined: The 
same’statistical packing in both cases can be assume’d. Thus,the particle diameter in 
tlie swollen‘state is represented by: 

Subsequent microscopic measurements of the particle size in the swollen state, as well 
as the fact that the reduced HETP was found to be independent of the particle size 
for a set flow-rate confirmed the validity of this equation. 

The packing of the columns was carried out,in the apparatus shown in Fig. 3. 

.- 

Q4-J 1 
.’ 

2 3 
., 

Fig. 2. Equipmen+ for size bcparation of gel particles by sedimentation. I = ,Pump; 2 = sintered 
g1ak.s filter ; 3 = 
reseSvoir; a 

serks, of, k’eciitientation vessels, ,with ‘increa&rig diainet,er ; 4 = ,iilter ;’ 5 = sol&nt 
. I ,...I 

:c:> ./,( .; ,,: ; . !-. ., : ‘* ‘.’ : 

Fig. 3, Device fdr ‘packing of the colunins.’ I = Sokent reservoir.; .z’ ‘= deg&s&r; ‘3 = ‘pulilp’; 4 ‘= 
vessel for the gel suspension: 5 = column; 6 = vibrator; 7 = magnetic stirrer. 

,) : . . I. : :, ,. .(,’ ,I. ., .’ “. ‘, ,, (., ..,. :..‘:. ‘: ,.. ,. 
;. ; .’ .‘: I &f&&&iv of ‘degas;sed :iol\ent we*-.‘ LL3 maintained ‘durin’g the ,packing by :n&ins 
‘of aa pump. ;The’ gel ‘s&pension Gas magnetically stirred ,in ‘a metallio;high-pressure 
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container. An upright tube, 7 cm long and of the same diameter as the column 
connected to it, was fitted inside to the bottom. Such an arrangement assures that ,a 
very diluted and homogeneous gel suspension settles down the column. 

The column was vibrated during this procedure. The whole system must be free 
of air bubbles during the packing. .The final pressure of the solvent has to be about 
3-5 atm higher than the hydrodynamic pressure which develops during actual 
chromatographic measurements at the highest flow-rates used. A standardized 
packing lasts about 36-45 11. 

I The experimental arrangement for tile separations is shown in Fig. 4; the,steel 
columns were’1.2 cm x IOO cm. To avoid the dead volumes we have used the injection 
device and column end fittings which are also shown in Fig. 4. A U.V.-spectrometer 
(Uvicord) served as the detector; the volume of the eluate was measured by means 
of a calibrated syphon coupled with a light barrier. 

RESULTS AND DISCUSSION 

Pad&g ~rocecihre 
To ensure reproducibility of packing several packing procedure@-l3 were 

investigated. 
The most simple and most effective method seems to be to lengthen the column 

by a tube of the same diameter and to pour in the suspension. The solvent is pumped 
at a slow rate while the gel particles gradually settle down. Curve I (Fig. 5) shows the 
resulting separation efficiency obtained with a column filled in this way. However the 
reproducibility of such a procedure is bad. 

(a) 
(b) 

03 

Fig. 4. Schematic representation of the apparatus: (a) for separation; (b) injection part and (c) 
column end fittings. 3: = Solvent reservoir ; 2 = degasser ; 3 = pump ; 4 = injection part ; 5 = 
column ; 6 = detector; 7 = siphon; 8 = light barrier; g = Teflon part ; fo = ball ; I I = spring 
with a steel core to avoid dead volume ; 12 = Eztting for syringe ; 13 I Teflon ring, r4 = sintdred 
metal filter. 

‘Fig.‘5 Reduced separation efficiency with different con.clitions of packinS. (I) Normal. sedimenta- 
tion: (2) swelling ‘the gel in the column: (3)-(S) using the equipment given in Fig. 3 ; (3) Without 
vibration: (4) packing.time, 48 h, solvent flow 720 ml/h: (5) 48 h, 360 ml/h; (6) 48 h, go ml/h; (7) 
24 ?I with and 24 h,without vibration, ISO n+/h; (5) 24 h, bo,ml/h and 24 h, 120 ml/h. 

.’ j, 

Another possibility is to pack the column in the same way as described above .’ 

but using +,rnixture :of solvents which partially contracts the gel particles. .The .packed 
c,oh.q$.is then closed’ an@ the gei is swollen to the, full extent in the column by 

J.. C@qWogt, ,36 (968) ago-3or 
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replacing the mixture by a good solitent. However, in this case also the reproducibility 
and the absolute values of the separation efficiency (curve 2, Fig. 5) are not very good. 

On filling the column by means of the packing,device shbwn in Fig. 4.‘the curves 
obtained are completely reproducible if the same conditions of packing (Le., flow rate 
and vibration) are mairitained. By varying.these conditions the procedure could be 
optimized (tiurves ‘3-8). Under the optimum conditions the relationship is represented 
by a straight line (curye S), i.e. it satisfies the VAN DEBMTER equation over a wide 
range of flow rates. Itiegularities in the packing cause a considerable deviation from 
the equilibrium in the’ mobile phase which is ‘operating in conjunction with the 
corresponding Ai term of the GIDDINGS equation. At higher reduced flow velocities 
all the curves have the same slope of 0.1. The packing conditions of curve S were 
used throtighout this work. 

Ivtflzkww of @article size 
Using reduced dimensionless quantities it should be possible to relate different 

experiments in order to predict the ultimate obtainable performance of the method7~14. 
The plot of reduced quantities in Fig. 6 shows no dependence on the diameter of the 

10 :+ 

I I I 1 I L I 1 1 I I 

0 40 60 120 160 200 

" dP Y=- 
D ‘. 

I$& 6. Reduced separation efficiency of the system poly(viny1 acetate) gel (crosslinked with 5 
molc-o/o butanecliol &vinyl ether) ; tetrahydrofuran ; Inethyl substituted $-oligophcnylenes. aP = 
o.orgr cm: (a) benzene; (y) m-bitolyl, II; (A) quaterphenyl, III; (x ) quinquephenyl, IV; (0) 
octiphenyl, VI. & = 0.0382 cm : (I) benzene; (v) ,wz-bitolyl, II; (A) quaterphenyl; III;’ (+) 
quinquephenyl, IV; (0) octiphenyl, VI. 

,. 

particles measured. However, we have to take into account the fact that with a small 
particle diameter (< 0.05 mm) it is more difficult ,to obtain a good packing. The reason 
f6r.‘thiS might originate from a relatively strong tendency of particles to form aggre- 
gates; or from the difficulty of getting fractions of small ptirticles with a comparable 
r$l&tive size distribution. For example, in 
sta&+d deviation.was -o.oIi‘mm J6.3 vo), 
sfG-+ai-4 deviation was 0.005 mm (21 %). 
.,' L' 

. 

the fraction, with mean 2~ = 0.3 mm the 
while in the.fraction of & = 0.024 mm ,the 

.! . The reduced separation efficiency of poly(viny1 acetate) gel,‘crosslinked with 
5’ mol&%, of butanediol divinyl ether is shown in Fig. 6. In Fig: 7, the same .dia&am 

J. Chromatog., ,36 (1968) ,290--30x 3, 
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for a poly(viny1 acetate) gel crosslinked with 1.6 mole- o/o of divinyl. adipate and a 
poly(styrene) gel crosslinked with 1.6 mole-% of divinylbenzene is given. These gels 
have a low crosslinking density and give an identical straight line within the limits of 
error. This curve does not depend on the molecular weight of the substances measured 
or ,the type of weakly crosslinked gel and has a’ slope of approximately 0.1. From the 
results shown in ,Figs; 6 and 7 it follows that the influence of the C term in eqn. z has 

297 

Fig. 7. Reduced separation efficiency of (a) poly(viny1 acetate) gel crosslinked with 1.6 mole-% 
divinyl adipate 51, = 
benzene Z 

o,o180 cm and (b) poly(styrene) gel crosslinked with 1.6 mole-O/e divinyl- 
p 

VI. 
= 0.01 IP cm. (a) Beneene; (V) m-bitolyl, II ; (A) quaterphenyl, III; (0) octiphenyl, 

been underestimated’. In contrast to theoretical prediction C is independent of the 
reduced zone velocity R (see the following section and Table II). 

As the partition on these gels had been established we can conclude that the 
phase boundary between the mobile and stationary phase is extremely ill-defined in 
this case. 

*. 

Crosslinking density oj”gets 
Gels’withhigher crossliuking density show’that the reduced separation efficiency 

is remarkably dependent on the substance measured(Fig, 8). For a, given gel the slope 
of the curves increases’ with increasing molecular weight of the solute. The’ higher 
the, crosslinking density the more pronounced is this effect. ‘Figs. 7b; ga’ and gb shoiv 

28. 
. .. 

h . 
24' 

20, 

* 
0 20 40 60 av 

Fig. 8. Reduced separation efficiency of a poly(viny1 acetate) gel crosslinked with 4:1 mole-% 
divinyl adipate; Z!= = 0.017 cm. (a) Benzene; (v) m-bitolyl, II; (A) quaterphenyl, III. 

.,. ‘. 

the, separation efficiency of a series of poly(styrene) gels prepared by copolymerization 
of styrene with different, ,amounts, of divinylbenzene. Poly(viny1. .acet+e) .gels Cross: 
linked with divinyl adipate behave in. the same manner., These <.&xamples clearly 

J., Cirromatog,; ,36 (1968). ego-3or 
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demonstrate the influence of the varying permeation coefficient on the separation 
efficiency. 

L 

The restriction of diffusion in the stationary phase is not caused by an obstruc- 
tion in the gel network only. The restriction effect should be particularly high if the 
diameter of pores available and of the molecules of the solute are of a comparable 
size, and thus we might expect a dependence of the reduced separation efficiency on 

0 20 40 sp V 

l?ig_ g, Reduced separation efficiency of (a) poly(styrene) gels crosslinked with ;I.I mole-% divinyl 
benzene, Z& = 0.0134 cm, and (b) 8.2 m01e-~~ divinylbenzene, Z,, 0.0169 cm. (a) Ben,zene; (v) 
wt-bitolyl, II; (A) quaterphenyl, III; (0) octiphenyl, VI. 

the substances if the molecular weight of the solute approaches the excluded molecular 
weight; in other words if the elution volume is close to the void volume of the column. 
As shown in Table II this is not the case. The ratio of the velocity of the zone and the 
mobile phase, known as the relative zone velocity Rj may also be expressed as V,,/T/‘e. 
In case of gels zg, 29, 46, 52 the reduced separation efficiency is independent of the 
substances, whereas the other gels show this influence quite clearly. See for example, 
the independent behaviour of gel rg (up to R = 0.827) compared with the pronounced 
dependence of gel 32 (from R = 0.55 onwards) on the molecular size of the oligophenyl- 
enes used. 

Using fractions of the gel with small particle diameter it is possible to determine 
the reduced separation efficiency in the range of its minimum value (Fig. IO). The 

_. 

h. d 
dP 

I 
/A- A 

.A- /- 

4-g’ - 

L 
0 2 4 6 8 10 

. . ', y.yk 

Fig.‘io. Reduced separation efficiency of a poly(styrene) gel’crosslinked with 8.2 ‘mole-% divinyl- 
benzene, ZZ?, = 0.00237 cm. (a) Benzene; (v) m-bitolyl, II; (A) ‘quaterphenyl, III. 

J. Chvomatog.; 36 (x968) 290-301 
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difference in the slope of the curve in Fig. gb and Fig. IO indicates a more irregular 
packing of the smaller particles. 

NOrtt&libri%~~ conaitiolzs 
If the crosslinking density of gels is very high some of the solutes used in our 

investigations are completely excluded from the stationary, phase and even the sub 
stances with the lowest molecular weight (benzene) have an elution volume ‘c/‘e close 
to the void volume F’,. As high crosslinking densities have a pronounced effect onthe 
permeation coefficient of the substances which can enter into a gel, a steep slope for 
the reduced HETP, is to be expected. Moreover the substances excluded completely 
from the gel should give a constant value for the reduced HETP at varying flow rates. 

Eluting benzene on a column’ filled with poly(styrene), gel crosslinked with 
34 mole-% clivinyl a&pate we find that the elution volume is dependent on the elution 
velocity as well. As shown in Fig. II the shape of the curves agrees well with the 

Fig. II. Elution diagram of benzene on a poly(viny1 acetate) gel crosslinked with 34 mole-% 
divinyl adipate (a, = 0.0134 cm) for difFerent reduced flow rates. (I) Y = 2.2G; (2) v = 14.9; (3) 
v = 26.4; (4) Y = 34.3, (5) v = 57.2. 

predictions of VINIC~~ ~~~LAURENTAND LAUREN+~~~ a departure from equilibriunl 

conditions, With increasing flow rate, the.maximum is moving towards V0 and the 
curves are broad and unsymmetrical. The same behaviour was found with other gels 

and substances (Table II, marked by + I). This phenomenon observed can be ex- 
plained in terms of a kinetically controlled gel chromatographic process. The flow of 

Fig. 12. Reduced separation efficiency of a poly(viny1 acetate) gel crosslinked with ,8.8 mole-% 
divinyl adipate, ZZP = 0.0218 cm. (m) Benzene: (v) m-bitolyl, II; (0) octiphenyl, VI. 

: 
Fig. 13. Reduced separation efficiency of a poly(styrene) gel crosslinked with 25.5 molc-ob divinyl- 
benzene, & = o.oogg. (a) Benzene; (A) quaterphenyl, III ; (0) octiphenyl, VI. 

J, Ci~romatog., 3G (IgG8) ,ago-3ol 
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the solvent becomes so fast that the exchange process between stationary and mobile 
phase is no longer established. 

Substances which do not enter the gel show a reduced separation efficiency 
which may be described by the VAN DEEX+U-ER equation (Fig. x2) or by the GIDDINGS 
equation (Fig. 13). 

The independence of the reduced HETP on the elution velocity over the whole 
experimental range (Fig. 12) demonstrates that it is possible to produce nonequili- 
brium conditions in the mobile phase (I/C~Z in eqn 2) that are negligible. If the 
column shows nonequilibrium conditions, their contribution is not additive with 
those of the irregularities of the packing (the n-term in eqn. (I) but complementary as 
predicted by eqn. (2). As the summation term in eqn. (2) involves only the diffusion 
coefhcient in the mobile phase, the reduced separation efficiency should be indepen- 
dent of the substances in these cases. This assumption was experimentally confirmed 
(Fig. r3). 

Since the introduction of the macroporous gels as stationary phases by MOORERS, 
their most important application is in .the gel chromatography of polymers. From 
the results given it is obvious that the crosslinking density of the polymer network 
must be sufficiently high so that the entrance of even low molecular weight substan- 
ces is prevented. In this case the exchange process operates between the solvent 
of the mobile phase and ,the solvent in the pores only. The diffusion coefficient in the 
mobile and the stationary phase should be the same. 

, Fig. 14 shows the reduced separation efficiency for a macroporous poly(viny1 
acetate) gel copolymerized with i2.5 mole- o/O of divinyl adipate and in the presence 
of 66 v01-~/~ +z-heptanol. The resulting straight line is independent of the substances 
and agrees quantitatively with the line in Figs. 6 and 7. 

L- * 
0 20 4 60 Y 

Fig. 14. Reduced separation efficiency of a macroporous poly(vinyl ncctate) gel, Z!,, = o.oo8Gz cln. 
(m) Benzene; (v) m-bitolyl, II; (A) quaterphenyl, III; (0) octiphenyl, WI. 
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