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SUMMARY 

The effect of the mode of synthesis on the characteristics of cross-linked po- 
lymers is examined for cross-linked copolymers of ethylvinylbenzene-divinylbenzene 
and vinyl acetate-divinyl adipate. For homogeneously cross-linked gels the amount 
of cross-linking agent determines the “pore size” of these gels in the swollen state. 
Decreasing the amount of the divinyl component results in gels with an increase in 
the excluded molecular weight. The mechanical stability sets the experimental limit 
of their usage, so this type of gel is mostly suited for the separation of oligomers; 
polymers, however, may be separated by use of heterogeneously cross-linked gels. 
The latter type of gel is prepared by using high amounts of cross-linking agent and 
polymerising in the presence of an inert compound. It is demonstrated that in case 
of a heterogeneously cross-linking polymerisation the heterogeneity of the copolymers 
increases while at the same time the solvating ability of the inert component de- 
creases; this leads simultaneously to an increase in the excluded molecular weight. 

A decrease in the quality of the solvent using a non-polar non-solvent may 
result in gels having a dense shell. Gels with such balloon-like structures separate 
over a. narrow range of molecular weights. As to be expected by theory, substances 
which are totally excluded (V, = VO) and substances which can easily penetrate 
these gels give sharp peaks, whereas substances in the separation range give broad 
peaks. 

--- .- _- --_-. .- 

INTRODUCTION 

Gel chromatography is a method, whereby the separation of a mixture takes 
place due to differences in molecular weight. Like any other chromatographic proce- 
dure gel chromatography may be defined as a method where a mixture of substances 
suspended in a mobile phase passes over a stationary phase and an eschange of matter 
is effected. In gel chromatography the stationary phase is a porous material. The 
pore size and particle size distribution must match any function of molecular! size. 

The aim of this paper is to elucidate some points which are important for the 
optimal construction of these polymer networks. On eluting a mixture of substances 
on a column filled with swollen gel particles the first substances to appear in the eluate 
are those substances having molecular sizes which prevent them entering into the gel. 
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They are eluted in a volume of eluate, corresponding to the volume between the gel 
particles which we will call V,. With decreasing molecular weight the accessible 
volume increases, that is, the substances are eluted in the sequence of their decreasing 
molecular weight. Neglecting specific interactions with the gel for the moment, the 
last substance will appear at the end of the column after an additional volume Vt, 
corresponding to the volume of the solvent in the gel particles, has passed through 
the column. If we plot the logarithm of the molecular weight against elution volume 
we get, over a fairly large range, a linear relationship within the given limits V,, and 
V,, + Vi. The gels may be characterised by their excluded molecular weight which is 
obtained by definition when estrapolating this straight line to V,,. 

The separation efficiency obtainable in gel chroniatography is greatly restricted 
by the limited volume in which the separation occurs. For example the peak at I/, 
corresponds to the air peak in gas chromatography. The total volume of the column Vt 
may be devided into three parts. V, which, if we assume a statistical arrangement of 
spheres, is equal to 0.35 V/t, Vi and V, the volume of the polymer network. V, is 
found experimentally to be in the range of 0.1 to 0.3 Vt, that is, in a column of IOO ml 
total volume the separation occurs in 35 to 53 ml, And without any experimental 
work we can say that the smaller VP is, the better the separation would be. That is, 
gels which can be highly swelled should be used; then not very much cross-linked 
copolymer is needed for packing the column. However, we have another esperimental 
requirement: the gels must be mechanically stable. As the mechanical stability de- 
creases with increasing pore volume within the gel we have to find the optimal con- 
ditions by experiment. 

PRINCIPLES OF PREPARATION 

It is a common practice to use the gels as spherical particles as they are ob- 
tained in this form by suspension polyrnerisation. In principle there are three ways 
of obtaining gels which fit gel chromatography requirements. The first possibility is 
to cross-link a linear polymer. The first gel to be used for a separation according to 
molecular size was of this type 1. It was a cross-linked dextran now available under 
the trade mark Sephadex. These gels are prepared by cross-linking destran with epi- 
chl.orohydrin. The pore size of these gels is controlled by the concentration and the 
molecular weight of the linear polymer and the amount of cross-linking agent. This 
type of preparation has the disadvantage that gels with high escludecl molecular 
weights swell to extreme limits. 

The second mode of synthesis consists in starting with the pure monomers. 
Copolymerising a monovinyl compound with a certain amount of cross-linking agent 
results in a cross-linked copolymer where only the amount of cross-linking agent 
determines the mesh size of the network. This is only true if the polymerisation is 
performed in absence of solvent. In the dry state these copolymers have no porosity. 
On swelling these cross-linked copolymers, the single polymer chains become solvated 
and form a loose statistical network, the porosity is only present in the swollen state 
and is called the swelling porosity. The mean working range of these gels corresponds, 
within an order of magnitude, to the mean mesh size of the network as calculated 
from the amount of cross-linking agent. Thus we may conclude that tllese gels are 
- in a statistical sense, of course - homogeneously cross-linked. This statement is 
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questionable, but some results whicli rniglit bring us to better criteria will be clis- 
cussed later. 

With decreasing amount of cross-linking agent the excluded molecular weight 
rises. Nevertheless these gels can only be used for tile separation of oligomers; as 

already pointed out with :L decreasing amount of cross-linking agent the swelling is 
greater and they do not have good mechanical stability. Similar problems existed in 
the preparation of ion exchangers accessible to large ions. This problem was s’olved 
1)~ the process of lieterogeneous cross-linking l~(~lymerisatiOr7. Tlic first patent dealing 
with ion exchangers of tllis type canle front CoI<*rIz in 1957 e. MooI< first published 
results of the successful use of this type of copc)I>~nier in I+q3 in gel clironiatograpl~y. 
Tile basic principle of this nlethocl is tlie pol~*nicrisa.tion of a niononier niisture which 
could be cross-linked in presence of an inert and soluble con~puuncl. This inert conlpound 
sl~oulcl have the following clualitics: it must he soluble in the n1ononier mixture and 
sl~oulcl not be clieniically bound to the nct\vork during l~“lJ’I”erisation. After the 
polynierisatic-In it should be easily removable from the polymer. 

As suspension polynierisation is the mnin mode of syntliesis the inert cornpound 
nlay not be miscible with water. Man>* organic liquids fuHil1 tllese conditions, acting 
as a solvent or non-solvent for tlie polynier I,einLg produced. Even tile use of poll9ners 
has hen descriI>ec14. 

When polvnierising a niisture of CL n~onovinyl 
growing polynie~ has only a lirnitecl swelling capacity 

CLIIC~ IL clivinyl conipouncl tlie 
, So a pliase separation Imust 

occur assuming that the systefm is in ;L tliermocl?.xiamic equilibrium. It is obvious that 
this pliase separation is the more pronounced tlie Iiiglier the anlount of cross-linking 
agent and the lower the solvating power of the solvent. 

In the extrenie case we have a process like a precipitation polymerisation 
in eacli polynierising droplet and tlie niicrogcl particles wliicli are formed witliin these 
droplets ilt an early stage of the polynierisntion gradually grow together. 

After renioving the inert compound, 19.~. by steam clistillation, we get a cross- 
linkecl polymer which is in Inost cases porous even in the dry state. This porosity will. 
he called pernlanent porosity, but besides this permanent porosity these copolyniers 
have a swelling porosity. 13ecause of the lieterogeneous structure of these copolyniers 
we will call this niethocl lleterogeneous cross-linking polynierisntion. The main factors 
governing the heterogenity are tile amount of cross-linking agent as well as the kind 
and atnount of the inert cornpound. The heterogenity of tllese cross-linked copolymers 
may be easily seen under a normal nlicroscope” and with an electron nlicroscope’;. 

Gels prepared in the presence of increasing alnounts of inert substance in which 
they are insoluble show an increasing turbidit\? when observed by microscopy. Tile 
electron microscope allows one to see the pores directly and to nieasure the pore size 
distribution. Mucll Inore detail is obtained lz+y scanning electron n~icroscopy~~e. Here 
the steric arrangenlent of tlic pores is visualisecl ~iiucli more clearly. 

1Ti.g. I S~KWS the elution l>ella\+our of I~on~ogeneously cross-linked poly(vin>*l 
acetate) gels wit11 clifferent anlounts of clivin\*l aclipate as cross-linking con~l~ouncl. 
The sanie substances were testecl with all gels in tetraliyclrofur~ul. Log A/r is plotted 
against l/*,. Over tlleir linear part, tile curves always llave al~prosin~atel~~ tl& salme 
slope, that is, from a given clifference in molecular \veigllt the sanle clifference in elution 
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I I 

80 V,(ml) 
Mole-% crosslinking agent 

in the monomer mixture 
Fig. I. Elution bchsviour of homogcnously cross-linked copoly(viny1 acctatcs) Wt .- % clivinyl 
aclipatc 0, 0.5; I, I; A, 2; V, 3; V, 5; A, IO; q , 20; 0, 30; 0. 63. 

Fig. 2. Excluded molecular weight of homogcnously cross-linkccl gels in clcpendence of the amount 
of cross-linking agent. l , vinyl acetate-butanecliol clivinylcthcr ; a , vinyl acetate-clivinyl aclipatc; 
I, methyl methacrylate-cthyleneglycol climcthacrylate. 

volume results. With decreasing amount of cross-linking agent the excluded molec- 
ular weight gets larger but the mechanical stability decreases due to larger amount 
of swelling in these gels, The limit of practical use is in the range of I o/o cross-linking 
agent and the corresponding excluded molecular weight, is approximately 3000. With 
63 y. divinyl adipate the cross-linking density is so high that even toluene cannot 
enter the pores of this network, toluene is eluted with v,,. The results of plotting the 
excluded molecular weight verszbs the amount of cross-linking agent are shown in 
Fig. 2. 

Values for vinyl acetate gels cross-linked with butanedioldivinylether and with 
divinyl adipate, respectively, as well as methyl methacrylate gels are given. Each 
kind of gel gives a different curve. Obviously the copolymerisation behaviour of the 
cross-linking compound has a marked influence. Vinyl ethers have a poor tendency 
to copolymerise with vinyl acetate, that is, the cross-linking density is not very high 
even with high amounts of divinyl ether. The porosity of the homogeneously cross- 
linked gels is effected by the swelling. The specific gel bed volume is a measure of the 
swelling. 

Plotting the excluded molecular weight versus the gel bed volume results in 
an approximately linear relationship. Values for 2 types of polyvinyl acetate gels, 
polymethyl methacrylate gels and polystyrene gels are on the same curve. The fact 
that the two types of polyvinyl acetate gels have the same dependence is remarkable 
but due to their chemical similarity this conclusion is fairly safe, 
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Using these homogeneously cross-linked gels a number of oligomers could be 
separatedo. Only typical examples are given here. Fig. 4 shows a separation of a low 
molecular weight polystyrene, prepared with butyl lithium. The figures at the peaks 
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Fig. 3. IZxclucled molecular weight 21s. gel bed volume for llomogenously cross-linlccd gels. 0, 
vinyl acctatc-butnnediol divinyl ether; A, vinyl acetate-divinyl ndipate; A, methyl mcthacryl- 
ate-cthylenc glycol dimcthacrylatc; 0, styrene-divinylbcnzcnc. 
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(A4 ,, = 580). Experimental conditions : polystyrene gel cross-linlccd with z o/o divinylbenzene, 
column: 200 x 5 cm, cluent: tctrahyclrofuran. 
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correspond to the degree of polymerisation. Integration of the peak area gives an 
.R,-value of SSO in good agreement with value of 553 obtained by vapour phase 
osmometry. Fig. 5 shows a separation of a polyethylene oxide. The lower curve shows 
the separation of a polyethylene oxide with JZ,,, w Goo. Here again the figures at tile 
peaks correspond to the degree of polymerisation. To obtain curve b, polymerisation 
clegrees of CJ and 15 were added together resulting in an enlargement of these peaks. 
In Fig. 6 the limits of separation can be seen. Although we are well below the excluded 
molecular weight the high molecular weight end of this distribution is not resolved. 

Similar separations can be obtained with tensides (Fig. 7) and eposides (J?ig. S). 

I I 
15 20 V&2(ml) - 

I I 

10 15 Ve~10-2(ml 1 

Izig. 5. Gel chronlatoKrntn of I-IC>(CTI,CH,O),,l-I. Curve a: iIT,, =a hoe; cilrvc 1): 
9 ant1 1.5, 

Fig. 6. Gel chromatogrntn of HO(CH,CH,O),,I-I. Curve I: lv,, a rooo; curm 
rz = 15 and 27, 
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‘l’he separation of the eposides (Fig. 8) shows that 2 series of oligomers 
their peaks are differing in size and in alternating sequence. 

The esarnples given show that a separation of the low members of 
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homologous series is possible. However, due to the limited volume there is no way 
of extending this range very much. An unresolved peak is obtained which consists 
of a dense sequence of overlapped peaks. Furthermore with homogeneously cross- 
linked gels the excluded molecular weights attained are too low. The method oi 
heterogeneously cross-linking polymerisation must therefore be used to prepare 
suitable gels. 

Ncterogenoacsly cross-linlzed gels 
The most important factors governing the heterogeneity of the network are 

the kind and the amount of inert compound as well as the cross-linking density. The 
copolymerisation of vinyl acetate with divinyl adipate was investigated with butyl 
acetate as a good solvent and g+octane as a non-solvent. Fig. g shows the influence oj 
the amount of inert compound on the apparent density. The apparent density is the 
density of the copolymer plus the air in the pores. Independent of the amount of 
butyl acetate the apparent density of the copolymers from vinyl acetate and 40 yO 
divinyl adipate is constant although the excluded molecular weight rises sharply 
between 40 and 50 YO butyl acetate. This change in heterogeneity causes no change of 
the apparent density, that is, they have no permanent porosity. The effect of n- 
octane is completely different. Copolymers prepared in presence of more than zoo/” 
It-octane show permanent porosity as can be seen from the change in apparent density, 
The gel chromatographic properties of these gels are discussed later. 

The influence of the concentration of the cross-linking compound using a good 
solvent as the inert compound is shown in Figs. IO and II. Between 40 and 50 yO 
divinyl adipate the apparent density changes sharply, but this change amounts tc 
about IO %, although during polymerisation about z/3 of the organic phase consisted 
of butyl acetate, that is, the permanent porosity is only a small fraction of this amount, 
The uptake of an organic liquid by a cross-linked copolymer is called solvent regain 
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Fig. g. Apparent density pO of hctcrogcnously cross-linked polyvinyl acetate gels 0, w-octane, 
20 wt.-% clivinyl adipate; 0, *2-butyl acetate, 40 wt.-0/O divinyl adipatc. 

Fig. IO. 0, Apparent density pO and 8, n-heptane regain W for copolymers of vinyl xctatc-di. 
vinyl adipate, polymcrised in the presence of 67 v01.-~/~ wbutyl acetate. 
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When a polymer with permanent porosity is brought into contact with a non-solvent 
this can only enter the permanent pores, that is, the solvent regain for the non-solvent 
also characterises the heterogenity of a gel structure. The lower curve shows the sol- 
vent regain obtained with +heptane. Only if the amount of cross-linking compound 
is greater than 40 “//o do we get appreciable gz-heptane regain. But this sz-heptane regain 
is higher than expected from the apparent density. This means that even the non- 
solvent qz-heptane is able to swell this cross-linked copolymer of vinyl acetate. 

The volume swelling was determined by the volume ratio of the gel in the swollen 
and unswollen state. With increasing amount of divinyl adipate the volume swelling 
decreases but at about 30 y0 we get a sudden break in this dependence. Assui-ning a 
homogeneous distribution of the network density the excluded molecular weight should 
decrease with increasing amount of cross-linking compound. But this curve shows 
that the excluded molecular weight increases with increasing amount of cross-linking 
agent and this clearly shows that heterogeneity increases. Even using a good solvent 
such as butyl acetate the excluded molecular weight obtainable is only in the range 
of about IOOOOO. If higher excluded molecular weights are required non-solvents 
must be used as inert compounds. 

Using higher amounts of gz-octane the gels have permanent porosity, as shown 
by lower values for the apparent density. The copolymers show permanent porosity 
if more than 20 O/O n-octane is added. But the conclusion that these gels have high 
excluded molecular weights is rejected by I’ig. 12. In both cases curves with maxima 
are obtained. These maxima agree with the onset of permanent porosity. This maxi- 
mum is found if a non-polar non-solvent is used as an inert compound. Similar be- 
haviour has been found by MOORE with polystyrene gels3. If the hydrophobic prop- 
erties of the inert compound are higher than those of the copolymer, the microgel 
particles which form at an early stage of polymerisation tend to accumulate in the 
phase boundary. The assumption that these gels have a dense shell is supported by 
their behaviour in gel chromatography. liig. 13 shows the behaviour of such a gel 

8 (ml/ml 

2- 

IO? 
during copolymerisation 

0 10 20 30 40 50 60 70 
W-%divinyladipate duringcopolymerisation 

Fig. 11. 0, Escluclccl nmlccular weight Alll “, ant1 A, volume swelling 13 of copolymers of vinyl 
a&ate-clivinyl aclipatc, polyrmrisecl in prcscncc of 67 ~ol.-~>:, *z-butyl acctatc, 

Fig. 12, Excluded nlolcculrw weight M i I ,,, of copoly(viny1 ncctatos) prcpnrcd in prcscncc of q , 
I0 ancl 8, 20 wt.-cl/o clivinyl aclipatc. 
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together with the corresponding peak forms. From the elution volume of a low molec- 
ular weight substance one might extrapolate to an excluded molecular weight of 
z l IO*. But substances with molecular weights higher than 800 are all eluted with I/,,. 
The broad and unsymmetrical shape of the curves show that these gels have a kinetic- 
ally controlled behaviour. Such behaviour is to be expected if tile gels have the pro- 
posed structure. All gels on the right hand side of the masimum in Fig. 12 sllow a 
similar behaviour. Furthermore these gels are brittle and are easily ground to a 
powder. If polar non-solvents such as ?a-heptanol are used this effect is not observed. 
In this case excluded molecular weigllts of IO’ and higher are obtainable. These gels 
have a good mechanical stability and separation characteristics for polymers. 

Fig. 14 shows a separation in the medium molecular weight range using a 
column length of 25 cm. Analysis time is less than I 11. The gel has an excluded molec- 
ular weight of 11000. The peaks are symmetrical. This separation was done as a 
preliminary experiment in order to optimise analysis time. 

In accordance with the theory of van Deemter and Giddings a normalised 
presentation of separation efficiency is obtained if reduced quantities are used’“. Due 
to the small diffusion coefficient of the polymers the values for the reduced velocity 
v (v = vd,/D ; A = H/rZ,; /z = reduced plate height, 7) = linear velocity: H/d,; 
H f= IIETP, cl, == mean particle diameter; D = diffusion coefficient of the solute in 
the mobile phase) are high. This allows this dependence to be approximately rep- 
resented by a straight line through tile origin (h w dTj). So we have ii h dp2. 

If we decrease the particle size by a factor of two we can reduce the column 
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Fig. 13. Elution bchaviotrr of copoly(viny1 acetates) prcparecl with 40 vol.-y& jr-octnnc in the 
organic phase ant1 IO wt.-t;.;, clivinyl aclipatc in the iiiono1nc’r misturc. 

Fig. I.+. Separation of polystyrciics JV,, == 173 000; 10 300; 3000 ; 000. colulllll loll~tll 25 Clll. 
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length by a factor of 4. Using the same linear elution velocity the analysis time is also 
reduced to 1/4. As the pressure drop d$ m I/d,“, I = column length, we get no in- 
crease in pressure. These two effects cancel out. 

Homogeneously cross-linked gels show a linear dependence between excluded 
molecular weight and the specific gel bed volume. For heterogeneously cross-linked 
gels the swelling and therefore the specific gel bed volume is not so characteristic. 
The relative increase in volume is a more characteristic quantity. This increase in 
volume can be determined by the ratio of tile gel bed volume in the swollen and un- 
swollen state. We will call this quantity volu!ile swelling. 

This quantity can never be smaller tllan I and furtllermore cllaracteristic be- 
haviour sl~oulcl be expected for the volume swelling if the network density is very 
homogeneous. 

Fig. 15 shows the dependence of log ilIli ,,, resulting from volume swelling for 
poly(viny1 acetate) gels. Curve I represents the homogeneously cross-linked gels; tile 
experimental points are omitted here. The deviation from curve I is a measure of 
the heterogcnity of the gel structure . A variation in the concentration of the inert 
compound results in the curves II, II I ancl IV. Wit11 increasing amount of inert corn- 
pound we at-e approaching area ~1. A \xriation in the concentration of the cross- 
linking compound results in the curves 1’ and \‘I. Wit11 increasing amount of cross- 
linking compound we go onto these cur\*es from tile right to the left. The dotted line 
VII marks the boundary between copolymers with permanent porosity and swelling 
porosity. Copolymers with permanent porosit>* are marked hy a big circle. The Iowest 
possible value for volume swelling is x, that is, no values can be found in field cl, 
furthermore no values were found in field b. If any one succeeds in preparing gels with 
uniform mcsII size of the network tlley ~~~oulcl l>elong to area 0. Tllis shows a difficulty 
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necessarily connected with this problem : The gels should have a large swelling 
capacity if appreciable excluded molecular weights are wanted. In area rl, limited 
by curves VI and VII we also found no values. Too large a dilution of the mono- 
mer mixture either results in the formation of microgels or we get syneresis; that is 
the inert compound is expelled with contraction of the gel. 

From’ different points of view it is of interest to investigate gels where the 
‘swelling porosity is negligible, that is, gels which occupy the same volume in the 
swollen and unswollen state. Styrene homogeneously cross-linked with 55 oh divinyl- 
benzene has practically no swelling capacity. For this reason the corresponding hetero- 
geneously cross-linked copolymers were investigated. Fig. 16 shows some data ob- 
tained with heterogeneously cross-linked polystyrenes using 55 O/& of divinylbenzene. 
The monomer mixture was composed of 400 ml mixture of monomers and the amount 
of inert compound is given as the abscissa. On the left of the double line the values 
of the homogeneously cross-linked copolymer are given. In all the other cases the 
ratio of monomer/inert compound was I :2. The inert compound consisted of amyl 
alcohol and toluene. Increasing the amount of amyl alcohol means a decrease in the 
solvent power. 

The homogeneously cross-linked gel has an apparent density of 1.16. All 
copolymers prepared in presence of inert compounds have a low apparent density, 
but only in this range does the decrease in density agree with the amount of inert 
compound. As a ratio of monomer to inert compound of I : 2 was used the apparent 
density should be reduced to 1/3 of the value of the homogeneously cross-linked 
copolymer if the inert compound is decisive for the pore volume. 

The values of the inner surface were determined by the BET-method. The homo- 
geneously cross-li.nked gel has a surface area lower than I m2/g, That is the surface of 
the compact spheres. With decreasing solvent power the inner surface increases to 
values higher than 500 m2/g and then it decreases. This behaviour is just as would be 
expected. With increasing pore size we need less pores for the same volume, that is, 
the inner surface becomes smaller. The decrease observed when using toluene alone 
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Fig. 16 Properties of hcterogonously cross-linked polfstyrcnes (55 o/0 clivinylbcnzcne). Exh run 
composed of 400 ml monomer misturc ~cl the amwltlt of inert compouncl cf. abscissa. 
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is caused by a lower pore volume as the lower apparent density shows. The excluded 
molecular weight increases with decreasing solvent power to values of 100, 108 and 
finally to a value which cannot be extrapolated. 
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