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GEL PERMEATfON CEfROMAfOGRAPKY OF POLYMERS ON MACRO- 
POROUS SILICAS* 

SUMMXRY 

The gei permeation chromatography and adsorption of polystyrenes from drf- 
feerent solvents on mac~oporous silicas (Silochroms) have been investigated, and the 
adsorption data and chromatographic parameters have been analysed. The influence 
of the pore diameter on the internal diffusion coeflicient mzcromolecufes and the 
width of rhe chromatographic peak is she\< n. The range of applicability of SilochroLms 
to chromatographic fractionation of polymers was determined. 

Under the conditions of gef permeation, chromate”gaphy (GPC) PoIymer 
macromolecufes are distributed accor&ng to the dimensions of their random statis- 
tical coiW2. Non-swelling, ritid, porous adsorbents are sometimes to be preferred 
over swefling cross-linked organic gels (Sephadex, Sepharose). The accessrbitity of 
adsorbent pores to macromolecrrles of various sizes mainly determines the retention 
time of these molecules in a column. -4s was shown by Ettekov and co-workers3-5, 
the accesstbility of pore volume and internat surface, and the effective coefiicients or 
difT&sion of polystyrene macromolecules into the sifica gel pores, depend srrbstantiaily 
on the adsorbsrrt pore sizes, the pore-size distribution and the temperatme. Addition- 
tiy, the chemical s&&e of the surface of the column packing mate&I has a significant 
i&uence m adsorption and chromatographic studies. Undesirable adsorptros ef- 
fects, which distort the character of the macromofecufe distnbution, nay be en- 
countered in GPC conditions OLX macroporous siIicas. These effects can be eliminated 
by a chemic& or adsorption modification of the silica srrrfa&*-. 

This commrmication presents the resu1t.s of polystyrene adsorption and GPC 
on a number of macroporous sikas of difT6erent pore sizes, and on chemicaify modified 
silica. to estimate the possibiiiw of using these silicas in GPC of polymers, and to 
determine the correlation between adsorption data and chromatographic parameters. 

* Presented at the 5th Solret-fralian Chromatography Symposium, Takm. .4pdI 22-25, 1975. 
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EXPERIMENTAL 

Macroporous s&cas Silochroms obtained from Aeros~l’~ were nsed as adsot- 
betts and packing material in the chromatographic cohmms; their characteristics are 
list,xl in Table I. The mean diameter and pore volume F’S were deternined rrsing a 
me:cu~ porosimekr. 3% speciric surface areas S of the Sifochrom samples were 
calculated by tbz BET method from tox+temperature nitrogen adsorption dab. The 
column packing was graded from 90 to 16Ofm~ 

Sample C-3 was obtained from Silochrom C-2 by treatment of it with a 20% 
toluene solurion of dimeth~Idichiorosila~e for 48 h at I IO’. The sampfe was then 
washed Pilrh toIuene, and dried. Before the experiments, .ali sanzples were evacuated 
at 140” for 6 h. 

NZU-FOW fractiom of polystyrene (PS) were rrszd, s-k he standards of Waters 
Ass. (hlilford, Mass., U.S.-A.) with weight-average mo!ecnlar xseigbts 34, of LO,@IK& 
20,400, 52,000, 97$X@, 4E I$@, 498,ooO, 860,0~, arxd 1.8 x ;06 (pofydispersity of 
PS staadards. Mr/Mn = 1.1). Two polydrsperse polymers, ES-1 and PS-2, with 
vls:osixy-average molecular we;Lghts Me = 160,OQQ and MC = ~~,NXl, were also 
used. The molecular weights of t&se two polymers were determined at 20” in benzene 
using tie Mark-Rouwink equation wi& K = I.23 x IW4 and c = 0.72 (see ref. 9). 

-bon tetracblotide, berzene, xoluene, ethylbenzeae, ad n-heptane were 
rrsed as sohems. 

Adsorption experiments were carried out under static conditions. 4 g of a PS 
solutiorr of knov.~ concentratiorl were poured into ark adsorption amporrle with a 
0.2-g portion of the dried adsorbent. Amporr!es were sealed aEd stored until adsorp- 
tion equ2ibrium was reached, and the equi!ibrium sofution -*as mafyzed by a dif- 
fermtia! refractometer-inteL3erometer. The amount of adso_@on Yvas calculated 
frcm xhe re!atior2: 

where C, acd C are concentrations of tke polys%Tene so&.&ion before arxd after ad- 
sorpticn, and HZ am! m, are the n~asses of adsorbent aEd sofution. 
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GPC experiments were carried out using an XC&1302 Special Construction 
Bureau Academy of Science (U.S.S.R.) liquid chromatograph with a differential 
refractometer as detector_ The cofumns, lZo0 mm x Z3 mm I.D., were dry-packed 
with Srlocbrom. The solvent (toiuene) fiow-rate was I _ml/min, and f-ml polymer 
sampEes were introduced into rhe liquid chromatograph at a concentration of 5 mg/mf. 

For the pwam&ers of GPC we chose the distribution coefficient K, the height 
equivalent to a theoretical pfate H, the relative height of a theoretical plate h, and the 
resolution R. DeWtions of GPC parameters are listed in Table II. 

Fig. f shows the isotherms of PS-1 and PS-2 adsorption from dilute solution 
in carbon tetrachloride and ethyIbenzene OE Silochroms C-2 and C-3. ?&e f?gwe indi- 
cates that modification of the SiiocE-rrom surface sharply charges the character of ad- 
sorption of polystyrene macromolecules due to a reduction in both the specific and 
the non-specitfc (dispersion) interactions between the macromolecules Gth aromatrc 
rings and the silica srrrface. The adsorption of poIysQrerie is changed from positive 
for hydroxylated Silochron~ C-2 to negative for siIanized S~~ochrom C-3. Adsorption 
of PS-L and W-2 from soirrtion in ethylbenzene is negative, w&h can be attributed 
to the effect of speciEc interactions between electron donor molecules ofethylbenzene 
and protonized siEa~ot soups of the Sifocbrom surface. The amount of adsorption 
of PS macromolecrrfes from soIutron in carbon tetrachloride is abom I mg/ml. We 
assume these values of adsorption to indirxe the adsorption of macromolecules par- 
allel to the surface. According to this simple model, the thickness of the adsorbed 
layer of polystyrene is about IO-15 A. 

Chromatograms of the PS standards and rr-heptane are characterised by nar- 

CHRO_~4TOGR_4PKY PAFL4METERS 

V, is the elation volume of species I; V, IS the void votume of it columz~ (the elution oolume of the 
~~KTo~~I~~IIcs not penetrating mto the pores): FTC is the totsrl ~oIume of a column (the elution VO!UZTCZ 

of smaIl moI=ties. e.,s rr-heptane): FV, is tie chromtogrun ba.se width of spa5es i_ L is the cohmn 
kngth; EO is the bight of the tieoretid piate, as fotlnc! For rr-heptxe. 

Paramefer 

Distrhition coeffkient 



Yu. A_ ELTEKGV, A. S. NAZAXSKY 

row symmetrical perks, but chromat~gz?phic peaks of the poZydisperse samples PS-1 
and PS-2 are wide and aqmmet~iicai. Fi,. _ 0 3 shows logarithmic dependences of the 
molecular weight of the polystyrene standards as a function of Vi for investigated 
SiEoch,ro_ms. AII the curves display linear parts, almost IdenticaE in aI1 cases, and the 
curves are shifted upwards along the log Mw 2xis in accordance with pore size (in- 
creesing from C-l to C-5). The diEerence V, - VO corresponds to the pore wiume 
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Fig. 3. K as a function of moIaculu aeight of polystyrene for Silo&rams. I = C-I, 2 = C-2; 3 = 
C-3; 4 = C-4; 5 = C-5. KSK-2 = siIicz geI v&h meaf pare diameter of 14.0 ii used as standard. 

of the packing material, and the values of these differecces for the Silochroms are 
close to values V, given in Table I. -4 column fiiled with a sin,& Srlochrom is ap- 
propriate fcrr a Certain range of molecufar neights, as seen in Fig. 3 which gives plots 
of the distribution coelTicient K as function of the moles~&~ weight. Values of K for 
KSK-2 have been taken from ref. 2. A set of columns, filled with three or four 
Wochroms, can be used to perform fractionation of polydisperse polymers in a range 
of X4 from 10’ to I@. 

Fig. 4 shows the dependances of H as a function of log M for PS standards 
ou the investigated silicas. Tne lowest values of K are observed for Silochrom C-3_ 
The SiIochrom modified by silane has a more uniform surface, and leads to a -more 
dense packing of pvticles in the coIumn due to 8 removal of electric charge from the 
surface. The presence of charges OR the surface leads to loose packing through 
electrostatic repulsion between the particIes. That the values of H are somewhat 
higher for samples C-4 and C-5 than for samples C-2 and C-i IS possibly due to their 
wider pores and assoaafed loose packing of patiicfes in the column. AH plots of H 
as function tog M are characterised by a maximum, which arises from a drastic reduc- 
tion uf accessible pores as Ebe dimensions of macromolecrr!e coil increase. The 
maxima for all species of polymer correspond EO values of K in the range 0.f-0.2. If 

Fig. 4. Dependence of H on log &f for narroow frxdons of poiy’;_tyrene 
2s C-2: 3 = C-3: 4 = C-4: 5 = C-5. 

OR Silochroms. I =c-I, 



coi! diamerer and pox openings are close to each other, the dif%sion coefficient is 
sha& redated. 

Fig. 5 shows the kinetics of rrdsorption of a narrow fraction of PS with M, 
1O,(MO, 97,ooO arrd 49S,C%f) from solutions in toIuene 00 sample C-2. The figure indi- 
cata th2EPS fmm sdutions in toberie isadsorbed ne@ivelyascomprired witI3 SOIK- 
tions rn erhylbenzene. AE first, molecules of toluene qricfdy difliuse into the pores of 
the Sllochrom particIes, 2nd only then do mole&es of PS with M, lO,OOCl and 97,QOO 
peceirate dispfttcing molecuIes of solvent from the pore space. The vslues of the D- 
coefEcitnrs for effectite dif&sion of macromolecdes into pores may be estimated 
according to the equation of diEusion of adsorbent into sphericzl pzrticlesf’, 

where R is tke i&its of Silochrom particle (0.02 cmj znd tO.s is the time for azfrleving 
a value of adsorption equal to half of the equihbrium v&e. 

Due to differences cf the r-radii of ,gg~atlorz of n2cromoieccrrIeslt, EEze rate of 

dif,ision of macromolecafes PS w&h M,_ = iO,ooO (r = 32 -4) is higher El? = 
2.5 - lws cm’/kc) than of PS with M,, = Y7,CK@ (r = 120 A D = 0.36- ICY cm_‘;sec). 
~Macromokcrrles of PS xv;‘zEr M, = 498,000 (r = 300 A) can not penetrate into pores. 
However, they do not prekent the d&&ion of boiuene mofecrrles into pores of 
S&xhrom with r = 500 a. The value of the difiksion coeEcien$ for toIueze c&u- 
tated from kinetic d&z is equal to & = 6 - IO-’ cm%ec, as in the presence of macro- 
molecules witi; M,, = 97,ooO the blfksion of tokene mofemies into pores of 
Zi&xhro~~ C-2 fs sfowed dowx (DT = 3 - IO-” cm”isec). 

T.zbEe 111 gives the values of h for n-heptane and the resolution R for two pairs 
of PS ic c~hmns filled w&h different adsorbents. The data demonstrate that a better 
separation mitbin the pair of 20&X and 97,00Q PS is achieved on Sifochroms with 
pore diameters from 40&6X? A. This is due to &&e fact tkat about 70 T/, of all the pores 
are zcwsibfe to n2cromo2ecule~ of PS 2OAW zmd about 20% to PS ~7,000_ For 
Silochroms with pore dimensions in the range 8C!O-1500 A, the vzbxs of K for PS 
2Q_4W znd PS 97,&X? are close to unity; the pores zre ah~ost Identically accessible 
to-both polymers, and hence the difTerence between the Values is fess and resolution 
is poor. Tkt secor,d pai:, PS 97$lXGl f,CKH is separated almosi identictiy on aIl 
Silochroms. 
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TABLE IIf 

COMPAEXSON OF GFC PAEWMETERS FOR VARIOUS SILOCHROMS 

Sample Iw, iz R 

C-l 2c?.aO 3.0 
97.cKKl 2.7 I.02 

4lf.OoO 2.1 0.53 

c-2 20.400 2.7 
97.Ocn 4.5 0.?4 

4Ei.KlO 2.2 076 

c-3 20_400 3.4 

9T.200 4.T I.1 
4Ef.wo 2.5 0.59 

C-4 20_4aJ 3.0 
97-200 3.9 0 43 

411.ooO 4.6 0.52 

C-5 20_4UO 2.2 
97.200 2.2 0 30 

4rI.Ka 26 0.48 

The values of /s are close to each other for all the Slfochroms; however, as 
expected, the vafues are smailer for Srlochronzs with the mavirnum pores. This cozrld 
be explained by tie pores of Silochrom C-5 berng almost identically accessible to 
mofecules of tofrrene md macromolecrAes of PS, except PS with izr, = 4fZ,000, for 
whicfr /z is higher, and the coefEcient of effective diffusion smailer. The highest values 
of h for each Siiochrom are observed in the case where the dimensions of the macro- 

molecule coiE and pore are closest; the sn&fest when the macromolecule coil easily 
penetrates into pores or does not penetrate at alf. 

Thus, the analysis of the values afh aflons us to obtain valuable information 

on the correlation between the molecular weight of a po!ymer znd the pore sizes of 
the packing material. 

The authors would like to thank Prof. A. V. Kisefev for supporting this work 
and for valuable discussions. 
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