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The exclusion properties of ten commercially available silica gels have been 
determined and their relative merits for use as stationzry phases in exclusion chro- 
matography discussed. Examples are given of the use of three selected silica gels in 
the separation of synthetic mixtures of high-molecular-weight standards. The efhect 
of the exclusion properties of silica gel on retention d&a is considered and a modified 
retention volume equation that takes into account these exclusion properties is given. 
The validity of the equation is tested against retention data determined for three 
different solutes chromatographed on three silica gels of widely different porosities. 
The use of silica gel as an exclusion medium in conjunction with a column having 
250,ooO theoretical plates is also demonstrated. 

INTRODUCTION 

Silica gels are manufactured and supphed for liquid chromatographic purposes 
with a wide range of surface areas and porosities. En general, the surface area is in- 
versely related to the average pore diameter of a silica gel. Presently, silica gels range 
from materials with a surface are2 of 50-100 m’/g and a mean pore diameter of 300 A 
to those with surface areas in excess of 500 m’/g and a mean pore diameter of 40 a. 
The surface area and pore diameter of silica gel imparts specific chromatographic 
qualities to the material and it has already been shown’ that the surface area of a 
silica gel- is inverseiy related to its chromatogmphic scope. The pore volume and pore 
diameter, however, have their major effect ou the chromato,craphic properties of the 
silica gel where substances of large moieculzr weight are being separated. Owing to 
the range of pore sizes in any given silica gel, silica gel adsorbents e_xhibit exclusion 
properties. These exclusion properties can be used directly to separate substances on 
2 basis of molecular size, but the range of pore diameters also afkts the separation 
charz&&stics when the silica gel is employed in adsorption chromatography. It is 
-well known that the retention volume of a solute is linearly related to the surface 
a,tea of the silica gel; however, &hough a~silica gel may have a given surface area, if 
the pore &m&r is such that it molecule is partialfy excluded, then the solute may 
be able to borne in contact with, perhaps, only a fraction of that surface area. Lt fol- 
lows that, under such circumstances, the retention volume will be 2 fraction of that 



expected from the total surface 2re2 of the silica gel. This means that solutes of rel- 
ative1y large but significantly different molecular weights will not exhibit the same 
retention r2tios when chrom2tographed on two silica gels having Merent pore distri- 
butions. 

The effective pore d&meter will also influence the measurement of the reten- 
tion volume OF capacity ratio (X’) value of 2 solute, as the dead voIume for 2 given 
solute will not be the sum of the interstitial voIume and the total pore volume but the 
interstitial volume and that proportion of the pore volume that is accessible to the 
solute concerned. 

In this paper the exclusion properties of 2 number of commercially avzilab1e 
silica geels are determined and their suitability for exclusion chromatography examin- 
ed. Silica gel offers particularly interesting possibilities for exclusion chromatography 
as, in microparticulate form, very high efficiencies are easily obtainable. Thus, by 
choosing an appropriate porosity, effective separations on 2 basis of molecular size 
are possible. 

FX.PER%ENiAL 

Appimms 
The apparatus used consisted of a Waters Assoc. Model M-6OOQA high- 

pressure pump supplied with mobile phase from a gl2ss reservoir. The mobile phase 
passed from the pump to 2 sample injection head (Precision Sampling Corp.). The 
detector employed was 2 modified LDC UV detector iMode 1205 operated at 2 
wave length of 254 nm. The normal cell volume of this detector was between 8 and 
10 pl. The path length of the ceil, however, was reduced from 1 cm to 3 mm and the 
diameter of the cell maintained at 1 mm, providing 2 total volume of 2.4 @. The inlet 
tubes to the cell were replaced by a 2-cm length of0.010 in.-I.D. stainless-steel tubing, 
having 2 volume of 1 .O ~1 and thus the tot21 volume of cell and connecting tube was 
3.4~1. The output from the detector was fed to a lo-mV recorder having 2 balancing 
time of 1 sec. 

Method 
The bulk densities of each silica gel were determined by measuring the volume 

of 2 given weight of silics? gel when packed, to a bed of minimum volume. These were 
determined under both wet and dry conditions (the liquid being normal heptane) 
and the densities are shown in Table I. 

Each adsorbent was packed into 2 50 cm x 4.6 mm I.D. st&less-steel column 
using 2 sIurry method of packing. The packing fluid consisted of 2 mixture of 25 % 
(v!v) of glycerol in methanol. Packing pressures of 12,000 p.s.i. were used sLnd columns 
were packed in approximately 3 min. 

Subsequent to packing, the columns were reconditioned by passing five dead 
voiumes of ethmol, acetone, ethyl acetate, dichloroethane and n-heptane, respectively, 
through the column. The efZciency of the column was determined using benzene as 
the solute and n-heptane as the mobi1e phase. 

The mobile phase used in the exclusion mmurements was tetrahydrofuran 
supplied by Burdick and Jackson Labs. (Muskegon, Mich., U.S.A.) and was UV gmde. 
The calibration materials used were benzene, naphthyl benzoate, d-a-tocopheryl 
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acetate, and a series of polystyrene starrdards covering the range of molecuIar weights 
from 2,825 to 655,ooO in ten intervals. The polystyrene standards were obtained from 
Waters Assoc. (Milford, Mass., USA_). 

En order to measure accurately the retention vohrme of each standard, the 
putlet from the detector was connected directfy to a 25-ml Grade A burette. The 
pump was turned off and time allowed for the pressure to fall. The sample was in- 
jected into the column and the burette reading noted. The pump was then started 
and the burette read again at ‘Je peak maximum of the efuted solute_ Duplicate 
measurements were taken and the mean value was considered acceptable if values 
differed by less than 0.5%. 

WEsUL-rs 

The physical properties of the ten silica geeIs examined are shown in Table I. 
It is seen that they have a wide range of surface areas and porosities and include ad- 
sorbents that have different particle diameters. The efhciencies obtained are also 
shown in Table l and from these the peak capacity of each column was calculated’. 
The efiiciency values obtained generally reflect what would be expected from the par- 
ticle diameters of the respective adsorbent% 

The retention volume of each of the standards was measured on each of the 
silica gel samples and the results obtained plotted as curves relating pore volume to 
pore diameter are shown in Fig. 1. The pore diameter was taken as the molecuIar 
diameter of the polystyrene standards as supplied by the manufacturer. The molecular 
diameter of benzene was taken from the literature3 and those of 2-naphthyl benzoate 
and d-u-tocopheryl acetate were calcuIated3. The interstitial volume was taken as 
the retention volume of the standard having a molecular weight of 655,000, and this 
was subtracted from the retention volume of each other standard for each respective 
silica gel to give the respective pore volume for that standard. 

The pore volume accessible to each standard was then expressed as a percent- 
age of the totA pore volume of the respective silica gel that was taken as the difference 
between the retention volume of benzene and the interstitial volume. Curves relating 
the percentage pore volume agailrst molecular size are shown in Fig. 2. Any point on 
the curve in Fig. 2 thus represents percentage of the total pore volume that is accessible 
to a solute molecule of the respective size. This method of accessing pore volume was 
origmally discussed by HaIBsz at the 1970 ‘International Symposium of Chromato- 
graphy in Houston. From the curves the molecular exclusion limit was taken as the 
maximum moiecular weight that would penetrate 5% of the pores. The permeation 
range was taken as the range of molecular weights that could permeate between 5 
and 95 % of the pore volume. These data are also included in Table I. The first and 
last 5% of the pore volume were not included as the curves are very flat over these 
ranges and are thus not usable for practical separations by exclusion chromatography. 

ht is seen from Figs. 1 and 2 that the silica gels examined fall into roughly 
three soups. The first group comprising of Fartisil 10, LiChrosorb 10, Biosil A and 
HA, having a total pore volume of about 0.6 ml/g and a range of pore diameters 
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Fig- 1. Curves relating pore voiume~ti pore diameter for difkrent siiiea gels. 

%iE ?AETE7 1 LW 5r-Et 

Fig. 3: Curves showing pore size distribution zs percentage of total pare volume for different silica 
!zJ.s- 

from abOut 22 to 409 A; the second group comprisin J” Controlled Pore Glass (CPG) 

IO, Silarex 2, 10 and Porasil C, hzwing 2 total pore volutie ranging from 0.55 ml/g 
to 1.5 ml/g and 2 mqe of pore diameters from about 20 to IWO A; the third group 
comprising of Porasil C and SpherosiE 10 having a totA pore volume of about 1 ml/g 
and a pore diameter range of about 50 to- 5000 A. It is interesting to note that the inter, 
mediate range comprising-of CPG IO, Silzzex 2, 10 and For&l C, a&bough having 
similar ranges of pore diameters, are, in fact_ quite difGerent forms of silica, the Con- 
tro&d Pore G&s, hauing 2 relatively small pore volume of 0.55 ml/g and, at the other 
extreme, Porasiz, having 2 pore volume of about I.6 ml/g. The characteristks of these 
‘&reegroups can be summarized by their exclusion knits and permeation ranges in 
Tablk I. 

The kkorbent pkviding the highest efficiency in each group vzzs taken to dem- 
onstrate their difkent exclkion characteristics- The three chosen were Spherosil 
IO, Sikrex -2, 10 and Pzrtisil 10, e&h having particle &meters of IQpm. Examples 
df the &par&ion of the stand&s b&kg M&III +mkcid~a~ ~&meters of I1@& X0, 
4!3S, 27.1 and 7.4 .k on the three chosen adsorb&s are shop in Fig. 3. It is seen 
ih& the large-pore SpheroSil 10 is suitable f~r_sep_ar&ing substances having mokc- 
a@ +metixs lying between 240 and I1,oOO A; solutes having diametew of less than 
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Fig. 3. Exclusion chromatograms from difierent silica gek. Column length, 5Q cm; mobile phase, 
tetrahydrofban. Molecular size of standards (A), (1) 11,WJ; (2) 240; (3) 49.5; (4) 27-I ; (5) 7.4; 

240 ik being crowded together and unresolved. The adsorbent having an intermediate 
range ofpore diameters, SiIarex 2, 10 wouId be appropriate for separating substances 
having moIecuiar diameters between 27 and 240 A. LittIe pore voIume is avaiIabIe 
for soliztes having molecular diameters greater than 240 A or less than 27 A. At the 
other extreme, ?artisil is suitable for separating substances having relatively smalI 
diameters covering the range of 5 to about 100 A. 

It would be noted that the pks for the polystyrene standards (I,2 and 3) in 
Fig. 3 are very broad. This is due to the standards not being single compounds but a 
group of compounds of close, but not identicai, mofecular weight. The peaks for 
these standards are thus composed of 2 number of different soIute bands combined 
together to provide one composite peak. 

It is of interest to determine the resolving power of these tm-ee columns. As- 
suming that baseIine separation wiII be obtained wIten the peak maxi&urn of the two 
solutes is four standard deviations apart, then the distance between the peak maxima 
(D) in plate volumes of mobile phase will be given by 

where II is the efticiency in theoretical plates, v, is the interstitial voIrqe of a plate and 
vJ is the pore volume of a plate accessible to the sofute._Now the retention volume of 
z s&&e (Y&J is &en .by 



---___- 
Partisil EO 32.5 I.10 I,- 3,m iQ,cm 522 
Shx 2, LO 3-19 I.27 5,200 S,m 19,600 1,019 
sptremsih go 3.27 1.35 is,oao 27,500 %==+ 7,LSS 

where V, and V, are the interstitird column volume and the pore volume accessible 
to the solute, respectiveIy. 

K AM/A p/r is the tite of change of solute molecular weight with retention 
volume, then the minimum difference in molecular weight (AM”) between two sub- 

stances that are completely resolved is given by 

(1) 

fn Table II, values for AM” (mass resolution) for each of the three selected 
coknns are giveu together with the data necessary for calculating them from eqn. 
(I). Vi was experimentally determined and V, was taken at ‘rhe midpoint of the curve 
relating molecular weight to pore volume for each silica geei; AM/.4 Vj was taken as 
the sfope of these curves at 5’,. In Fig. 4, the curves relating mass resolution (AM”) 
to column efficiency calcrrlated from eqn. 1 for each selected silica gel, ikstrate the 
importance of having extremely high eBiciencies if good molecular-weight discrimina- 
tion is to be achieved. Even with columns having efficiencies of SO,ooO theoretical 
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Fig. 5. ExcIusion chromato~m from high-efficiency silica g&l column. Co!umn, 2 m x 1 mm LD.; 
stztionary phase, Partisil20. Molecular size of standards (A), (1) 11.000; (2) 240; (3) 49.5; (4) 27.1; 
(5) 7.4. 

Fig. 6. Chromatogram of a series of molecular weight standards from a c~lurnn of250,O theoretical 
plates. Column, 10 m x 1 mm I.D.; mobile phase, :e&ahydrofuran; flow-rate, co. 30 ,ul/min; adsor- 
bent, Partisil 20; solutes. molecular weight standards_ 

plates, molecular-weight discrimination of 350, 960 and 3,WO at mean mokcular 
weights of 1,500, 5,WO and 20,NQ respectively, is the minimum that cam be obtained 
on the different silica gels. In Fig. 5 a chromato,=m of the standard mixture obtained 
from a colurrm of 40,OCB theoretical plates illustrates the type ofseparations obtained 
using Partisii 20 as the exclusion medium. 

In Fig. 6, an exclusion chromatomm is shown obtained from a column 
having a quarter of a million theoretical plates. The column was 10 m long atd 1 mm 
I.D. slurry packed with Partisil20. The chromatogram is for the same set of standards 
zzs that used in Fig. 4. The chromatogam shown in Fi,. .= 7 is for a mixture of benzene, 
ethylbenzene, butylbenzene, hexylbenzene, octylbenzene and de&benzene. The 
charge on the column was 0.2 ,~l of a solution containing approximately 3 o/0 of each 
solute; the total mass of each solute being about 6 pg. 
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Fig- 7. Chromat~gram of a series of alkylbenzenes from a coIurnn of 250,WO theoretical plates. 
C&mm, 20 m X 1 nun I.D.; mobile phase, tetrahydrofuran; flow-rate, cc. 30 pl/min; adsorbent, 
Par&ii 20: solutes: benzene, ethylbenzene. butyylbenzene, hexylbenzene. octylbenzene, decylbemene. 

The advantages of high eEiciencies in exclusion chromatography are clearly 
seen; solutes having molecular weight difierences equivalent to only two carbon 
numbers can be well resolved and it is obvious that a difference of one carbon number 
could he easily detected. The molecular weight of decylbenzene is 218 and thus one 
EnethyIene group would represent 6.4% of the moIecular weight. 

In Fig. 8 the same column was used to separate a -mixture of methyl phenyl 
siloxane polymers with a trimethylsilyl terminal group. From the expanded chromato- 
gram on the right of the figure it is seen that each polymer can be identified as a sue- 

cifk peak. The last poEymer has a molecular weight of 1800 and as each monomer has a 
molecular weight of 137 a discrimination in molecular weight of 7.6% was achieved. 

Patisil20 has a surface area of about 400 mZ/g. If a silica gel having a surface 
area of 800 or more m”/g was employed and a similar cohunn of high efficiency, then 
owing to reduced pore size, a discrimination of I carbon atom shoufd be obtainable, 
up to a &olecuIar weight of about I,OOO. At molecular weights up to 500, it is likely 
that the c&mm would be abIe to discriminate between different sized atoms_ Such a 
column could provide approximate rnotecular weight data. The system, if compared 
with the mass spectrometer, would only provide molecular weights and no fragmenta- 
tion patterns tohelp in stru&&urag elucidation. On the other hand, as the system is also 
a separation technique, pure samples would not be required. However it should be 
noted that exclusion chromatography, in fact, separ&es on a basis of molecular size 
and thus the shape of the molecule woufd have to be taken into account to determine 



Fig. S_ Chromatogmm of poly(pbenyI siloxane) wi& trimethykilyi te,?nina!. 

its mokcular weight from its exclusion properties. Alternatively the column could be 
calibrated in terms of molecular weight for substarrces of a similar shape or geometry, 
and in this case the molecular weight could be obtained directly from the calibration 
curve. The method of injection and detector volume coAriiutions to band variance 
are extremely critical when using microbore cohtmns. Tae standard deviation of a 
peak eluted from a column is given by 

For the above high-efficiency column V, was 7.1 -ml and II was 253,ClW 

It follows that even a detector having the reduced dimension described will 
still sig&kantly affect the actual efficiencies obtainable from such columns. 

.The pore volume arid pore size of a silica gel can also signScantly a&&the 
retention characteristics of a solute under elution conditions. The retention vohrme of 
a solute (VJ is normally described by the following equation: 

where V,, is the dead voiume and includes the interstitial volume. (Vi) and the total 
pore volume VP, thus, 



g3zCiiGqx fL~mmBfX_SI c33s 2s 

.~Fiow, jf the solute -has :a signif+r& molecular we& or size, then it will only 
be abte to enter pores of a size greater tnan itself, Thus, if the pore volume accessibk 
.to the sob& mokcuIe is FX, ‘&en 

where Al is the surface area associated with the pore volume Vj it follows that 

Further, the separation ratio a between two solutes A and B will be 

It is seen that if either k’ or a is determined on two silica gels having a different 
distribution of pore sizes, different values of k’ and a wifl be obtained for the two sol- 
utes as A, and Vj for the respective solutes will differ for each silica gel. In fact, be- 
cause silica gef always has a distribution of pore diameters, it acts as a programmed 
stationary phase. Irrespective of the polarity of the solute or solvent, silica gel will 
elute sot&es having larger moIecuIar weight (or strictly huger molecular size) more 
rapidly ‘&an solutes of a smaller mokcuIar weight having the same polarity. 

The et%& of pore size distribution on retention ratios can be tested experi- 
ment&y. The three cohtmns packed with %rtisii 10, Silarex 2, 10 and Spherosii 10 
were employed to separate the solutes benzyl acetate, d-a-tocopheryl acetate and 
naphthyf benzoate by an elution procedure using 3.5 o/0 (w/v) ethyl acetate in heptane 
as the mobile phase. The interstitial volume, pore volume and retention volume for 
each solute on each column are given in Table iIf. The values of LL for each pair of 
solutes calculated by different procedures is shown in Table IV. 

In procedure A, CL values were calculated in the normal way as the ratio of the 
corrected retention volume of the respective soIutes obtained by subtracting the sum 
of the interstitial volume and total pore voIume from the retention volume of each 
solute. It is seen that the a values obtained for each solute pair diEers by as much 2s 

15% between the different adsorbents. In procedure B, the same method was used, 
but the dead volume was taken as the sum of the interstitial volume and the pore 
volume for each respective solute. Procedure B results in little improvement in the 
consistency of the a values for each silica gel, variations of up to I3 oA still being ob- 
tained. fn procedure C, an attempt was Made to compensate for the different surface 
areas associated with .the accessible pore volume of each soEute for each respective 
si.Ii~ gel. The assumption was made that the pores were spherical and thus the surface 
area associated with them was proportional to the radius of the pore and thus the 
square of ‘&e cube root of the respective pore volume. 

This equatio~n cam only be a very crude approximation to a realistic correction proce- 
dure-as the model used is based on a number of unverified assumptions. However, 
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TABLE III- : . . :-- .. 

RETENTION DATA. FOR SOLUFES CHRCiMA.TkRA&& ON, StiC& .@Zl$&DPF- 
FWENT POROSlTiti ~-. -..~ 

SO&&? .- Partisii IO .. Siiurex 2,lO .- &&f~ I&- . . : :- 

v, v, VJ v, ‘- v, .vf VJ v, ; -.- v, tit : ?-J y,. 
.- 

2-Naphthyl 
benroate 5.45 3.25 1.99 il.94 5.72 it9 2-45 10.30 ~02.. 3.23.. 373 ~.- i;_& 

d-a -Tocopheryl 
2cetate- 5.45 3.25 1.59 1412 5.72 3.19 2.24 1253 6.02 3.27 ‘2.60 9.73 

Ben.@ 
acetate 5.45 3.25 2.08 19.55 5.72 3.19 2.47 f5:59 6.02 -3.27 11.19 2:73- 

TABLE IV 

RETENTION DATA FOR THREE DLFFERENT WSORBEW 

Procedure A, a cakukted using betieae 2s dead voltme for each so!ute; procedure B, a, cakuiated 
mirg respective dead volume of ezch solute; procedure C, a,’ is corrected a, value amiming spheric%1 
pore mod&. 

Solure pair 

Be-my1 acetate- 
d-a-Tocopheryl acetate 

d-a-TocopheryI acetzte- 
2-EaphthyI bmzoate 

Bemyl +xztzte-2-naphthyl 
benzoate 

Relative Adsorbens *lo Aver. 
refentih -c&s 

PartisiliO Siiarex 2, 10 Sphered i0 a 

A a 1.63 : I.45 1.40 .isAc- 
B a, 1.53 1.40 1.34 13.41 
C aJ’ 1.28 1.31 1.30 2.31 

A a 1.34 1.49 1.53 13.07. 
B aJ 1.39 1.51 1.58 12.86 
C aJ’ 1.61 1.60 -. 1.63 1.86 

A a 2.17 2.15 2.13 J-56..- 
B ai 2.12 2.12 2.14 0.94 _ 
c a,’ 2.06 2.11 2.14 3.80 

: 

using this procedu~m~ the retention ratios for. all three solutes differ by less tl& 4 % 
between all three siiice gels. 

It should be aIs6 noted that the pgroiity of the kipijik%will &i&t t& linear 
velacity. The values for the linear velacity of the mob& phase use& i&k vario& 

HETP ec&tiions usually _oertain to the Icterstitkf volumk between the p@cles where 
the eobife phase is flowing and not to the static liquid~&i&ii tEe pores. Thus J.&ear 

velocity should & determined &m *he retention ttie OF 2 co$$eteiy &xclrrded pe&. 

Velocities calculated from the &ntion of a non-s&orb&i hutem t&t-Can gene&ate 
the pores may give Ge!ocities less I&Q half the value- &t&&d for -a cotiplet& e+’ 

ckded pe&. ,. .: 
. . :.- 



Z&ia- g& are available in a wide Age of pore diameters and pore volumes 
aad.lfor exckiion chromatograpky the correct matC2ZaZ musf be chosen Co sur’i: the 
molec*ular-weight range Or molktcurar-size range ofthe soFutes to be separafed. SXka 
gel_ can be a very etktive stationary phase.fGr excksr’on chromatograp’hy as ;a tiie 
~qicroparticd&e form high eflickncies are readily obtainable. Employing microbore 
coiumns having efkiencies of a quarter of a million theoretical pfates permit separa- 
tion tin a basis of mofecrrfar weight or size with a discrimination of 6 % of the niean 
mole&z weight of the species. A carefully selected series of silica gels that would 
each provide optimum separation for solutes of a specific molecular-weight range 
would be a valuable aid to the practicing chromatographer. Such silica gels, however, 
should be suppticd with the pertinent_excIusion characteristics and performance data 
to permit a simpie sefecti& of the appropriate materiaf for a particular application. 
Employing very-high-efficiency columns with the material of appropriate pore size 
Can provide an approximate method ~OF determining molecular weights. 

Owing to the variation in pore diameter between different silica gels, retention 
data obtaked by the normal elution procedrnre cannot be compared directly between 
one Adsorbent and another, particularly for solutes having molecular weights in ex- 
cess of 150. Using the pore 
corrections can be applied to 
adsorbent and another. 
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