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SUMMARY

The separation efficiency of gel chromatographic columns was investlgated
under a wide variety of experimental conditions. By use of reduced quantities it is
possible to describe the separation efficiency for dlfferent gels and. experimental
conditions by a single equation. Deviations from this equation were found to be
caused by an alteration of the diffusion coefficient within the gel with respect to the
mobile phase. Factors governing the gel chromatography of p-oligophenylenes on
poly(vinyl acetate) and poly(styrene) gels are generalued and d1scussed

INTRODUCTION

Small, non—polymerlc molecules offer almost ideal condltlons for the study of
various factors influencing the behaviour of molecules in the two-phase (gel—solvent)
system used in gel chromatography:. '

Any zone of identical molecules will broaden on passmg through the gel column
It would be advantageous to be able to define such peak spreading, which depends on
the substance (its diffusion properties), expenmental conditions and on the stationary
phase used, by the separation efficiency as recommended for gas chromatography1 '

) 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 partition?. Thus it seems to be highly probable that theoretical approaches
derived for the separatxon efficiency of other chromatographic processes should also
be applicable in gel chromatography

THEORY

Using reduced quantities the well known Van Dl:]:MT]:R s equa’uona may be
expressed as: '

h--a-i—b/v—*—cv : , SR ‘ (1)
" Present address: Institute of Macromolecular Chemistry CSAV, Prague. - ‘
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where the reduced plate height # = H/dp; L

- H . = height equivalent to a theoretlcal plate (HETP)

dp = particle diameter;" :

the reduced velocity of flow» = 'udp /D

v = linear velocity of elution; °

D = 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 RumMmPFt. ,
» b reflects the peak broadening caused by diffusion, this ‘term will diminish
with increasing flow veloc1ty In many gel chromatographic separations the b- term
can be neglected.

¢ originates in nonequilibrium cond1t1ons It probably contams two different
factors: ; :

(x) Thelack 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 c-term
will vanish if no exchange between the mobile and the statmnary 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 is. higher than's.

The third right hand term of eqn..(x) 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 p<1

As the permeation coefficient is controlled by obstruction and part1t1on (“‘sol-
ubility )8, the value of the permeatlon coefﬁc1ent dlffers from the diffusion coefficient
in the mobile phase. S

WaLTONS derived an equatlon accountmg 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 MALLIK? resulting in the equation

1
H =B+ Cv+Z ¢ 1/A¢ -+ I/me

where A¢, B, C, Cpnit are constants,
which can be expressed in reduced terms as

, T ‘ o : . ‘ P
h--b/v—}-csv—l—%.llai_i_x/cmw , | (2a)

Cmi originates' from nonequilibrium in the mobile phase. The characteristic feature
of eqn. (2) is that the irregularities of packing (contained in A¢) and the nonequlhbnum
term in the mobile phase are complementary. The resulting ‘‘coupled” form gives a
lower contribution to % than either term alone. If the expenmental cond1t1ons are
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such that it is possible to neglect the 1/Cm:i 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 VAN DEEMTER and GIDDINGS is shown in Fig. 1.

H
8

L

0 5 10 I 2 » v
Fig. 1. General shape of the curves according to the equation of (a) Vax DEEMTER and (b) GIDDINGS.

EXPERIMENTAL

The present work was carried out with methyl substituted p-oligophenylenes.
These substances are chromatographically pure and their hydrodynamic behaviour
is well characterized®.?. The compounds used, as well as their diffusion coefficients, are

listed in Table I.
TABLE I

METHYL SUBSTITUTED P-OLIGOPHENYLENES USED IN THESE INVESTIGATIONS AND THEIR DIFFUSION
COEFFICIENT DD

Formula D-ro®
(em®]sec)

o D 2.7"

3

4
T .59
S

£

* "This valuc is not determined by experiment. [t is calculated to obtain the best fit.
** The lines denote methyl groups.
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~ Poly(vinyl acetate) gels, crosslinked with butaned1ol d1v1ny1 ether or d1v1ny1
adlpate, ‘and' poly(styrene—divinylbenzene) gels were prepared by . suspension poly-
merization in the usual manner??, A typ1cal example of v1ny1 acetate—chvmyl adlpate
copolymeruatmn is given below.: o

A 2-1 round bottomed, foul-necked ﬂask, ﬁtted w1th an efﬁczent stamless-steel
mechamcal stirrer, a contact thermometer, an in- and output of n1trogen and a reflux
condenser, is fitted with an electrical heating jacket. In the flask is placed a solution
of ro g poly(vinyl. pyrrohdone) 0.35 g NaH,PO, and 6.0 g Na,HPO, in 1200 ml of
distilled water and the stirrer is started at Ppreset revolutions. The oxygen is eliminated
from the system by a stream of N,. A solution of 0.5 g azodiisobutyronitrile and 7. 408
divinyl adipate in 200 g of vinyl acetate is slowly added under continuous stirring.
After 20 min the heatmg is commenced and the temperature is kept at 70° for 5-6 h.
The reaction mixture is cooled and the contents are filtered through a crude sieve into
a 5-1 beaker, decanted 8-10 times with water, filtered by suction and the suspensmn 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 1arge1 than a.pproxnnately 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 (dps) was measured by’ the ‘usual microscopic technique. The
gel bed volume of the dry gel (V¢) and in the swollen state (V) was determined. The
same statistical packmg in both cases can be assumed Thus the partlcle chameter in
the swollen state is represented by:

C-Zp = gpd '\:3/ Fs; I:d
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 equatmn
The packmg of the columns was carried out in the apparatus shown in Fig. 3.

‘ 4
- ]
?
7
5
\b
— [¢]
1.8
S
- Fig. 2. EQuipment for size separation of gel particles by aed:mentatlon 1 = Pump; 2 = sintered

glass ﬁlter 3 = serxes of sedxmentatlon vessels w1th mcreasmg dlameter. 4= ﬁlter 5 = solvent
reqervmr '

I‘1g Devxce for packmg of the columns 1 = Solvent reservoir; 2 = degasser '3 = pumip; 4 ‘=

vessel for the gel suspensxon 5 = column 6 = v1brator 7 = magnetlc stlrrer

AR A ﬁxed ﬁow o:f degdssed qolx ant wa s'mamtamed durmg the packmg by means
‘of a'pump. The gel suspension was magnetically stirred i in a metalhc, 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—48 h. :
. The experimental arrangement for the separatlons is shown in Fig. 4; the: steel
columns were 1.2 cm X 100 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

Packmg procedure
To ensure reproduc1b1hty of packmg several packing proceduresu-13 were

investigated. :

The most simple and most effectlve 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 graduauy settle down. Curve 1 (Fig. 5) shows the
resulting separation efficiency obtained with a column filled in this way. However the

reproducibility of such a procedure is bad.

(@ . -

1 55‘} 9 10

g %

Fig. 4. Schematic representation of the apparatus: (a) for separation; (b) injection part and (c)
column end fittings. 1 = Solvent reservoir; 2 = degasser; 3 = pump; 4 = injection part; 5 =
column; 6 = detector; 7 = siphon; 8 = light barrier; g = Teflon part; 10 = ball; 11 = spring
with a steel core to avoid dead volume; 12 = fitting for syringe; 13 = Tcﬂon ring, 14 smtered
metal filter. - :

Fig. 5 Reduced separatmn efﬁcxency w1th dlfferent condltlons of packmg (I) Normal. sedxmenta.-
tion; (2) swelling the gel in the columi; (3)~(8) using the equipment given in Fig. 3; (3) without
vxbratlon (4) packing time 48 h, solvent flow 720 ml/h; (5) 48 h, 360 ml/h; (6) 48 h, go ml/h (7
24 hwith a.ncl 24 h wn:hout v1brat10n 180 ml/h (8) 24 h, 60 ml/h and 24 h, 120 ml/h ‘ :

Another p0551b1hty is to pack the column in the same way as descrlbed above
but usmg a mixture of solvents Wluch partially contracts the gel particles. The packed
_column is then closed and. ‘the gel is swollen to the full extent in the column by'.‘
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replacing the m1xture by a good solvent. However, in this case also the reprodu01b111ty
and the absolute values of the separation efficiency (curve 2, Fig. 5) are not-very good.
v On filling the column by means of the packing device shown in Fig. 4 the curves
obtained are completely reproducible if the same conditions of packing (¢.e. flow rate
and vibration) are maintained. By varying these conditions the procedure could be
optimized (curves 3-8). Under the optimum conditions the relationship is represented
by a straight line (curve 8), 7.e. it satisfies the VAN DEEMTER equation over a wide
range of flow rates. Irtegularities in the packing cause a considerable deviation from
the equilibrium in the mobile phase which is operating in conjunction with the
corresponding A term of the GIDDINGS equation. At higher reduced flow velocities
all the curves have the same slope of o.1. The packing conditions of curve 8 were
used throughout this work. :

Influence of particle size

Using reduced dimensionless quantities it should be possible to relate different
experiments in order to predict the ultimate obtainable performance of the method? 4.
The plot of reduced quantities in Fig. 6 shows no dependence on the diameter of the

X
20 - A ®
ha £ v
g e o
T /f(./ wv T
. o
10 - .5 Vﬂ/ . , .
?“v”‘m |
" 4-;?“ ag -
@ L 1 L 1 [\ L L L 1 1
160 200
0 40 | 80 120 v dp
vz

Fig. 6. Reduced separation efficiency of the system poly(vinyl acetate) gel (crosslinked with 5
mole-9%, butanedlol divinyl ether); tetrahydrofuran; methyl substituted p-oligophenylenes. d, =
o.0191 cm: ([3]) benzene; (V) m-bitolyl, 11; (A) quaterphenyl], 1II; (x) quinquephenyl, IV; (®)
octiphenyl, VI. dp = 0.0382 cm: (M) benzene (W) m-bitolyl, II (A) quaterphenyl, III;'(+)
qumquephenyl IV; (@) octlphenyl VI.

partxcles measured. However, we have to take into account the fact that with a small
; partlcle diameter (< 0.05 mm) it is more difficult to obtain a good packing. The reason
for this might originate from a relatively strong tendency of particles to form aggre-
gates, or from the difficulty of getting fractions of small particles with a comparable
relative size distribution. For example in the fraction with mean dp = o. 3 mm the
standard deviation was 0.01g'mm (6.3 %), while in the fraction of dp = 0.024 mm the
standard dev1at10n was 0. 005 mm (21 %) S o IR B

Tke ckemzcal nature of the gel ' ' o
~The reduced separation efﬁmency of poly(vmyl acetate) gel- crosslmked w1th
5 mole-% of butanedml divinyl ether is shown in Fig. 6. In Fig: 7 the same dlagram

J. Chromatog., 36 (1968) }290-‘-301



W. HEITZ, J. COUPEK

296

: u:oncu.ﬁ,ﬁ:m»% =gAd ‘s Aoaubﬁ_mvbom = 1§ ‘ojedipe [Autatp =

"JUBA[OS JIf} JO 3701 MO u_s uo Euc:&% oEE? ,sE:m 1o

"an{os ayy uo judpuadap = p !aynjos gy Jo Emw:m%@z_ ‘

"I 31qeL ut udA13 0ue)sqns agz Jo "oy
A.x.-o_oE ur juase m:ﬂ:.—mmos 10 «:zoﬁ&

! L XX

VAQ ‘13439 [Luratp [orpaueing = mkwnm ‘198 Aowﬁvo« [£uta)£fod = u¢.>

P 0L — — 0’1 lo1< Gzlo 6600'0 | (%552) m&ﬁ&w @.v
P 6a6'0 — — (TAAL] ¥g9'0 glSo 69100 (% «.wvwﬂ.wnl«m .\.N
P Folo — — ¥Eg'o 2660 boSo . lgroo .§ r'Y) GAG-1S Nm |
1 €190 — o 1iSo 65t-0 z€Fo ZIIG0 (% o.c w_wn.nl«w 6z
P o1 — — o'r o1 lt<  G6r00 (% v.mv. ¢.>Qnu¢. A 6v
P o1 — — lie  zllo 1190 gIzoo (%s99) S&ég i
P gt6'0 — — ¥glo 059’0 gfco olioo (% 1¥) « Elu< A gk
I £6L'0 — — ¢¥90 ¥9%o ggto 0g10°0 ,v (% o v AG-OVA ‘ww
1 N..Nw.o — L69o 9590 LSS0 €lbo 1610°0 A..xu 6) IAAIIVA o1
1 gz50 9150 - z05°0 glbo Lgto zZggoo'o mlosmo.,.wum&nu« A ,. un
I4 A Al I I I
« L AN01DY3q . :
uoyvdag wd ()% W9 .S.,N

YNOIAVHAL NOILVYVAHS YIGHL ANV STA9 INFYHIAIA HLIM SINTTANAHI01T0 %04 494 = 5 ALIDOTHA INOZ ?:E,_mz

I 41dVL

J..Chromatog.; 36 (1968) 290-301



GEL CHROMATOGRAPHY. V. ‘ 297

for-a poly(vinyl acetate) gel crosslinked with 1.6 mole-9, 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. 2 has

18]

h-g’i : A—" 2 o
/4 o %D
. /A/‘3 12 . . 0/
a - /
’ ' 0T e - ‘ - 8 ' AW/V*“/ A
o 10 20 30 :.ov va, % ) 20 0 50 ) v % 70
l-—ﬁo ’ ‘: !

Fig. 7. Reduced separation efficiency of (a) poly(vinyl acetate) gel crosslinked with 1.6 mole-9%
divinyl adipate dp = 0.0180 cm and (b) poly(styrene) gel crosslinked with 1.6 mole-%, divinyl-
benzene dy = o.o112 cm. ([7]) Benaene (V) m-bitolyl, IT; (A) quaterphenyl, III; (®) octiphenyl,
V1.

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 moblle and stationary phase is extremely 111-deﬁned m
this case.

Crosslinking density of gels

. Gels with'higher crosshnkmg density show that the reduced separatlon 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 crosslmklng den51ty the more pronounced is thlS effect. I‘lgs 7b ga and 9b show}
287 :
h .

21

0 N
Fig. 8. Reduced separation efficiency of a poly(vinyl acetate) gel crosshnked with 4. 1 mole-%
divinyl adipate; &, = o. ox7 cm. ([]) Benzene; (V) me- bitolyl, II; (A) qua.terphenyl III.

the' separation efﬁ.ctency of a series of poly(styrene) gels prepared by copolymer1zation
of styrene with different amounts of d1v1ny1benzene Poly(vinyl acetate) gels cross-
linked with d1V1ny1 ad1pate behave .in the same manner. These .examples clearly

J . Chromatog.; 36 ,(1968) . 200~30T"



298 W. HEITZ, J. COUPEK

demonstrate the influence of the varying permeation coefﬁc1ent on the separation
efﬁc1ency

" 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

hL -

12 o)
L h s v
280
e v B

d /// = 7

//v /E

/?Q,E/D
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0: .20 &0 0 .Y © 10 Y

Fig. 9. Reduced separation efficiency of (a) poly(styrene) gels crosslinked with 4.1 mole-9% divinyl
benzene, @y = 0.0134 cm, and (b) 8.2 mole-9, divinylbenzene, dp 0.0169 cm. ([[]) Benzene; (V)
m-bitolyl, 1I; (A) quaterphenyl, III; (®) octiphenyl, VI.

the substancesif 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 R, may also be expressed as V/Ve.
In case of gels 19, 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 19 (up to R = 0.827) compared with the pronounced
dependence of gel 32 (from R=0.55 onwards) on the molecular size of the ohgophenyl-
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. 10). The

- a— o
he i —_
d -
P a —
— -
A A
— T
b ei —mp A= - -olen
o~ wx Z—-—
%vvﬁ.v. —T
~o gy ——EE—
N . N . : L N " " R
0 2 4 6 8 10

Fig. 1o. Reduced separatlon efﬁcxency of a poly(styrene) gel crosslinked with 8.2 mole-% dwmyl-
benzene, dp = 0.00237 em. ([5]) Benzene; (¥/) m-bitolyl, I1; (A) quaterphenyl, III.
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difference in the slope of the curve in Fig. gb and Fig. 10 indicates a more irregulaf
packing of the smaller particles. -

N onethbrmm comlztzons :
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 V. close
to the void volume V. As high crosslinking densities have a pronounced effect on the
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-% divinyl adipate we find that the elution volume is dependent on the elution
velocity as well. As shown in Fig. 11 the shape of the curves agrees well with the

* reccrder deflection

- 00

Fig. 11. Elution diagram of benzene on a poly(vin&l ‘ace{ate) gel crosslinked with 34 mole-%,

divinyl adipate (2, = o0.0134 cm) for different reduced flow rates, (I) p = 2.26; (2) v = 14.9; (3)
= 26.4; (4) ¥ = 34.3,(5) » = 57.2. - ‘ |

predictions of VINK?% and LAURENT AND LAURENT!S for a departure from equilibrium
conditions. With increasing flow rate, the- maximum is moving towards ¥V, and the
curves are broad and unsymmetrical. The same behaviour was found with other gels
and substances (Table II, marked by — 1). This phenomenon observed can be ex-
plained in terms of a kinetically controlled gel chromatographic process. The flow of

8 8>
T

. 6/6 b ok (0}
—i" ; e -
f-0 o o= s
" . N N I’l‘: 4 &
] 20 40 60 100 150 200
P-:—?E N N N N e i "
" 0 0 ) 0 @ 80 Y

Fig. 12. Reduced separation efficiency of a poly(vinyl acetate) gel crosslinked with 8 8 mole-%
divinyl adipate, a,, = o, 0418 cm. ([I]) Benzene; (V) m-bxtolyl II (CD) octxphenyl VI :

Fig. 13. Reduced separatlon efﬁc1ency of a poly(styrene) gel crosslmked with 2 5.5 mole-% dwmyl-
benzene, dp = 0.0099. ({-]) Benzene; (A) quaterphenyl III; (®©) octiphenyl, VI, - . ;

J.-Chromatog., 36 '(1968) 290~301
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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 efﬁcxency
which may be described by the VAN D]:I:MTER equation (Fig. x2) or by the GIDDINGS
equation (Fig. 13).

The independence of the reduced HETP on the elution ve1001ty over the whole
experimental range (Fig. 12) demonstrates that it is possible to produce nonequili-
brium conditions in the mobile phase (1/Cmt 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 a-term in eqn. (r) but complementary as
predicted by eqn. (2). As the summation term in eqn. (2) involves only the diffusion
coefficient in the mobile phase, the reduced separation efficiency should be indepen-
dent of the substances in these cases. This assumptlon was experimentally confirmed

(Fig. 13).

Macroporous gels

Since the introduction of the macroporous gels as stationary phases by Moorg??,
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 separatlon efficiency for a macroporous poly(vmyl
acetate) gel copolymerized with 22.5 mole-% of divinyl adipate and in the presence
of 66 vol-% n-heptanol. The resulting straight line is independent of the substances
and agrees quantltatlvely with the 11ne in I*Jgs 6 and 7. :
2 : B -3
,:3 e G/V//O/o’

&gy B

4

.

0 0 “«Q 60 [4

Fig. 14. Reduced separation efficiency of a macroporous poly(vinyl acetate) gel, 2; = 0.0086z cm.
() Benzene; (V) m-bitolyl, II; (A) quaterphenyl, I11; (®) octiphenyl, VI.
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