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SUMMARY

In gel permeation chromatography, the specific resolution depends primarily
on the selectivity, S, and secondly on the column efficiency. S can be improved to a
certain extent by utilizing a highly porous packing, as shown by porous silica sup-
ports. According to the width of the pore volume distribution of the packings, a broad
or a narrow fractionation range can be spanned.

As S is still rather poor, the column efficiency, expressed in terms of the number
of theoretical plates (N) per unit column length, should be as high as possible. This
can be achieved by adjusting the coflumn parameters and conditions as foflows. Well
packed columns should be employed with micro-particles in the 5-10-um size range;
the column temperature should be high; the column length may vary between 25.0
and 100.9 cm; and the linear velocity (¢) of the eluent may be optimal in the range
0.1 < u < 1.0 cmfsec. In this way, rapid hzgh—performance separations can be ef-
fected.

INTRODUCTION

Although the major developments in gel permeation chromatography (GPC)
" were made in the mid-1960s'-?, a renaissance can. be now observed, the primary
" objectives being to ii'nprove the resolution and shorten the analysis time. Recently,
" considerable advances in high-performance liquid chromatography (HPLC) have
been achieved by employmg highly éfficient columns packed with micro-particles’,
and efforts have now been made in the same direction in GPC.
The column performance in GPC is largely controffed by a set of parameters
" such as packing porosity, pore vofume distribution and mean particle size of the pack-
- ing; cofumn fength and femperature and flow-rate of the efuent’. As a result, new
- packing materials have been developed that make it possible to effect rapid high-
‘performanice separations®*. The objective of this work was to investigate systematical-
Iy the influence of the properties of gackmgs and other cojumn parameiers on reso-
Iutmn, using faiior-made sifica’ supports and pofystyrene standards as soiutes.
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Fig. 1. Differential pore volume distribution of sample 1 (X) obtained by means of nitrogen d&sorp—
tion measurements and sample 4 (@) obtained by means of mercury porosimetry.
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EXPERIMENTAL

Packings

Sampie 1 was nrepared by hydrolytic po!ycendensatxon. of poly(ethoxys:—
loxane)5?. Samples 2 and 3 were produced from sampie 1 by a controlled sintering at
an appropriate temperature®. Samples 4-6 were prepared by a slightly modified
hydrolytic polycondensation procedure®1°.

All samples are highly porous. Samples 1-3 show a homogeneous pore volume
distribution (PVD), whereas those of samples 4-6 are relatively broad and heteroge-
neous'® (see Fig. 1). The pore structure data were obiained by means of nitrogen
sorption and mercury penctration measurements. The samples were air-sieved in

narrow size fractions of about 10 pm. The propemes of the packmvs are listed in
Table I.

TABLE

PROPERTIES OF THE PACKINGS

The designation of the packings corresponds to that of the columns, e.g., Column 1 is packed w1th
sample 1.

No. Mean particle diameter ~ Mean pore diameter Specific surface area,” Pomsity,

Ny -/

G () o (um) ™ DA agd)e | mer (IE) % (%)
1 10 3 127 27 . 300 - 78
z 11 3 440 - 125 - 45 . 67
2 10 3 1230 - 470 i3 . - 63
4 14 5 70~ 600% - 363 : - .82
s - 17 6 - 70-11006% k'] S 86
6 20 5

101200t - 316 . - 8T - -

* d at 50% of the cumulative undersize d:sm“mtmn. :
Standard deviation of the dxstn’butmn, assuming a gaussian praﬁle. -
"*** D corresponds to the miaximum value of the differential pore -volume dxsmbuuon.
5Rangeo£Dmtheporevoleedzsmbunou,asPVD:shetemgeneous -
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CA DnPont‘ ;Model‘-830 hqmd chromatograph was used wzth a: ﬁxed-wave—_ :
;'; Iength ultraviolet (UV) detectot (254 nm, 8-l cell volume) ‘The columns were 25.0-
emy Ioag ‘and 4.2 mm_ED., made of precxs:on—bcre Type 304. stalmess-steei tubmg '
(Nennen Chemicals, Drexmchenham, ‘G.F.R.). Empty columns were ca}:eful!y cleanied
“before’ use. ‘Porous stainless-steel plugs (’I‘ yps PSSH) of 1/10-in. - thxckness {Pall,

- -Sprendlmgen, _G.F.R.) Were ﬁtted in the coiumn outIet Connectzons were made W:th
3 1,’4—m Swagelok fittings. ) :
R “The columns Were packed by the bala.nced-denstty slur:y teehmque’ and were
coupled with low dead-volume capxllaty tubing in order to minimize band broaden--
ingo AR addmonal column, packed with lO—,um particles, was connected to the outiet
of the uv detector cell in order to prevent vaponzatton of the eluent at Ingher column

_temperatures. -
Sampies were mjected with a Tvne HP 305 5;4! svrmge (G Schm.tdt Hamburg,

" G.F. R. )
Chemicals '
"~ The solvent, tetrahydrofuran (THF) (E. Merck, Darmstadt, G.F.R.), was
carefully distilled before use. Polystyrene standards with a narrow molecular weight
" distribution (Waters Messtechnik, Frankfurt, G.F.R.) were used. The concentrations
- of samples in T_HFwerc_O 1 and 0.05 % (w/w). Ethylbenzene of analytical-reagent grade
" (E. Merck) was chosen as a £ marker to calculate the linear velocity () of the eluent.

' R&ULTS AND DISCUSSION

Resolatzon in GPC L :
o -Based on the deﬁnmon of resolutxon in HPLC?, Bly? derived for GPC the more
useful specxﬁc resolution parameter Rg, which is normahzed to the mean mo!ecular
" wexght (M’ W’) of the sample and its polydtspersu:y, d: '

“R' o 2 [Vx(z) ~ Vel : . M
(Wx/dx o Wz/d.) log MW )/ MW,

i where : : , :
S VR = retention vblume of polymer (ml)

- w- = peak width at the baseline (ml);-

T d .= polydispersity of the polymer, deﬁned as MW/} M W

. The subscripts refer to the samples; Vrey > Ve

: -. “Eqn. 1 is valid only in the linear range of the cahbratnon graph of log MW

: versms' Vr-Rsis independent of the sample and eharactenzes the ability of the column,

- under the operating condmons used to separate two samples that differ in their mean

- molecular weight. ‘

E .As known from fundamental equatlons in HPLC’ the ‘resolution depends

< p}:mxanlyr on the columa selectivity, S; and secondly on the column eﬁiczency, ‘and

.g' thesamexstrueofks Ameasureomeeqn lxsthemtlok o

: £ Vx(zx = me - (2)
log M W(z)!' MW ,




E '-Imear over the whole fractlonation range. : : -
. ’ The column efficiency is usualiy expressed, f'terms of the total munbe ‘of theo-
;retxcal plates {N) per unit column Lngth For GPC N is: normahzed to the DOI)'dlS-'
-persxty, d of the samnle-' L : . R _ L

, N.._lﬁdz

e

"By msertmg eqn 3 into eqn. 1 and rearrangmg, 1t can easﬂy bf seen that Rs is pro— -
: ,pomonal to' N*. In the following sections; we deal. wnh me column parameters t_bat-
affect sefectmty and eﬁicxencv in GPC : :

: Parameters a_ﬁ’ectmg selecnwt/ ‘ S ‘4 o o
. } A serious disadvantage of GPC compared with other modes of HPLC is the
limited peak cap'amty Acco;dmg to ‘the basxc equauon of G]E'Cz 3 e

V= Vot Keec Vi CoL T  _—(4)

s.:.mples wﬂl be eluted only between V, < Vx < Vo+ V,, where Vo is the mter-

- stitial volume of the column, ¥; corresponds to the total pore volume of the column :

packing and Kgpc is the so-called “distribution caefficient”, which varies m the range

0 < Kope < 1, assuming that only steric exclusion takes plaoe. } .

, Most of the commercially available GPC packmos both orgamc gels and in-

" organic materials, exhibit a phase ratio V,/V, < 1, i.e., Vi is in the same order of
magnitude as V. In order to obtain a large peak capacity in GPC, V; has to be in-
creased to as large a value as poss:ble relative to . However, certam hm.ttatzons anse, '
which will be discussed briefly. :

The interstitial volume, ¥,, can be expressed m terms of the mterstmal poros— ‘

‘ity, g, which is defined as :

Eo VK.’ - P . S (5)
where Vx is the volume of the empty ¢ column g0 can-be d:mtmshed only to about 0 4
which' corresponds to the porosity of the densest -packing of spheres of equal size*!

" In practice, g, values’ vary in the range 0.35 < & < 0:45. For a well packed column
&q should be constant at different column temperatures and pressures. v

V can be also expressed in terms of a dlmensmnless parameter. The mtemal

. Aporos:ty, of the’ column is deﬁned as

| '7-55--"- V; ':_~: TR A ©
o sK is- related to the partlcle poros;ty, &5 by the eauatxcn

‘ 4— ep (1 = Eﬁ) f (7)




and &, i calcuiated from
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where P is the speciiic pore volume of thie porous packing (ml/g) and V% is the spe-
citic volume of the purely sofid packing (ml/g) or the reciprocal of the density of the
packing: Qbviously, the particle porosity can be increased to a certain upper limit,
which will be determined by the mechanical stability of the particles towards pressure.
Using the well known balanced-density slurry technique’, the particles have to with-
‘stand pressures of up to 350 bars. We found that 10-zm silica beads with a maximum
g, of 0.87 (V, = 3.0 ml/g) can still be packed by means of this technique without
any appreciable fractionation. This shows that ¥;/¥; can be increased up to about
1.3 (s, = 0.4). A plot of the phase ratio versus the specific pore volume, ¥V, of the
packing reveals (see Fig. 2) that the optimal value of V,, with respect to maximal
Vil Vs, is at about 2.0 ml/g. Higher ¥, values contribute only 2 negligibly small
amount to the phase ratio. On column No. 4 packed with silica with ¥, = 2.0 ml/g,
a phase ratio of 1.5 could be obtained (see Fig. 3).

- A high specific pore volume of the packing distributed in a certain pore size
range results in 2 high selectivity. In a previous investigation’, it was found possible
to prepare highly porous silica beads exhibiting a narrow pore volume distribution in

" the mesopore size range [30 A < D (mean pore diameter) << 500 Al. Such packings
(see sample 1) are nezded in order to perform separations in a narrow molecular weight
range. Silica of larger pore size, such as samples 2 and 3, are made by a controlled
sintering of sample 1 (ref. 8). As a result of the high-temperature treatment, the orig-
inal pores are markedly enlarged, whereas the spe~ific pore volume decreases slightly.
‘These packings maich a molecular weight range of up to 2- 105 A systematic study is
now being carried out in order to prepare highly porous silica samples with only
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Fig. 2. Column phase ratio, ¥;fVh, expressed in terms of £,(1 — g)fep as a function of the specific
pore volume, ¥, of the packmg. &: @, 0.35; %, 040; 1, 0.45.
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microporés or micro- and mesopores to’ Fmc.txonat:e ohcomers (moiecular weight
< 5000).

In general, we are mterested in separating polymers in a broad molecular-
weight range,-covering several orders of magnitude. Such separations will usually be
achieved with a set of columns, coupled in order of decreasing exclusion limits. How-
ever, we found that a broad fractionation range can be also spanned by one column,
packed wiih a tailor-made silica packing, instead of using connected columns con-
taining different types of silica.

In conrtrast to samples 1--3, the newly developed silica types 4-6 are also hxghly
porous but possess a heterogeneous and broad pore volume distribution®°. When
carrying out separations, one column packed with sample 4 replaces a column set of
samples 1 and 2, and a2 column packed with sample S replaces a set of samples 1, 2
and 3. This result is surprising, because preferably size separations should be perform-
ed with packings of a narrow PVD. In our opinion, extreme caution should be ex-
ercised in interpreting the PVD of a porous packing and its relationship with the ex-
perimental calibration graph, for the following reasons. ’

Calculations of PYD are based on-nitrogen sorption and mercury penetration
measurements. Sorption methods cover a pore size range only up to 2 mean pore
diameter, D, of 400 A (refs. 13 and 14), whereas mercury porosimetry spans a pore
size range from 15 gm down to 40 A (high-pressure mode)'>-15-1%, To cover the whole
pore size range, both methods have to be applied. This would require that porosi-
metry and sorption give the same results with respect to PVD. This cannot be ex-
pected, however, because the two methods are based on different assumptions. In
particular, porosimetry data must be considered with caution, because the pore walls
may collapse under high-pressure treatment’s,

Further, the pore size, e.g., the mean pore diameter, D, is based on the assump-
tion of a simple pore model, except in the modelless case, in which D is expressed as
a hydraulic diameter, D,, corresponding to the ratio of volume to surface area®® 1%,
The pore models used are a rather poor approximation of the real pore shape. It must
be also empbasized that the measurements are made under static conditions, which
differ substantially from those used in GPC. The data obtained represent only an
average pore velume distribution and give no information on how the pores are dis-
tributed within the porous particle. For instance, the larger pores may be accumulated
on the outer surface, whereas the smaller pores are mainly in the inner part, or vice
versa. The pore arrangement with respect to the size and the shape of the pores mainly
determines the size exclusion mechanism. As simple derivations cannot be made from
the measured PVD, we assume that sampies 4-6 possess an optimal pore arrangement
in order to achieve size separations over a broad molecular-weight range. In a study
to be published later, we also found that the size exclusion mechanism on these col-
umns and packings is accompanied by restricted diffusion. This effect is particular-
ly pronounced for high-molecular-weight samples and at high flow-rates!®.

Parameters affecting efficiency

In order to achieve a given resolut:on, a maximum number of theoretical
plates {N) should be attained, as an improvement in selectivity is limited by the packing
properties. NV is equal to the column length {L) divided by the plate height (#):
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It is known that the size of H is influenced by numerous parameters, but here
we shall deal only with the dependence of H on the molecular weight of the sample,
the linear velocity (z) of the eluent, the mean particle size (d,) of the packing and the
column temperature (7).

In GPC, it is more realistic to evaluate N as a function of MW instead of choos-
ing the low-molecular-weight monomer as a standard. The data in Table III confirm
that N decreases markedly with increasing M W of the sample at constant Tk and oper-
ating conditions: As already indicated by Bly?, the square root of N is a linear func-
tion of log MW of the sample. )

Experimental results in the range 0.1 < # < 1.0 cm/sec reveal that to a first
approximation H increases linearly with « for all samples when other conditions (d,,
L and Ty) are held constant. Table I shows that the slope of the H = f(#) graph in
the range measured increases with increasing molecular weight of the sample. This
effect is due to the diminution of the effective diffusion coefficient, D, which decreases
with increasing molecular weight of the sample. The data in Table II also suggest that
Hju for a given polystyrene is reduced drastically by increasing Te. Thus, for a high
efficiency, « should be small and Ty should be increased as much as possible.

The dependence of H on 4, of the packing in HPLC is well known®"5, H
has been found to be approximately equal to 4, at # = 1.0 cm/sec. At lower linear
velocities, the exponent of d, also decreases'®. Consequently, in order to provide a
substantial improvement in H, d, should be reduced. However, Haldsz et al.'® have
indicated that a series of problems arise when d, becomes smaller than 5 zm. Thus,
with respect to efficiency and speed of analysis, size fractions between 5 and 10 zm
should be optimal for liquid chromatographic separations.

In only a few papers has the influence of Ty on resolution in GPC been con-
sidered?®-2!. Using cross-linked polystyrene gels as packings, an increase in Ty may
change the internal distances in the swollen gel network. As Vi remains constant, V),
should be diminished and also ¥, could be affected, depending on the degree of cross-
linking. Cantow er al.*® observed a pronounced decrease in ¥ with increasing Ty

TABLE I

SLOPE OF THE LINEAR RANGE OF THE H = f(x) CURVE FOR POLYSTYRENE STAN-
DARDS AT THREE COLUMN TEMPERATURES

Column dimensijons: L = 25.0 cm; LD. = 4 mm. Packing: No. 4, d,,_, == 10 zm. Eluent: tetrahy-
drofuran. Detector: UV (254 nm).

MW. (polystyrene Hu (msec)

standards}
297 °K 323°K 373°K
98 000 699 663 523
51 000 - 618 492 256
199000 - 314 245 124
5000 80 - 52 21
600 27 13 5

106 (cthylbenzene) 11 4 14




352 - B Do i1 < ¢ KUUNGER, R KERN -
-N- VALUES FOR POLYSTYRENE STANDARDb ON COLU\&N 4 AT « = 01 cm;sec AND
DIFFERENTTEMPERA"URES

Cond.twnsasm'l‘ableﬁ. . ] . a tm T ]
MW, (polystyrene~ N~ - - R
standards} . - - - ST

207°K 323°K 373°K I7°K . - c L
—#ﬂﬁﬁﬁ{exci&deé} 2688 2315 . 2100 2427 o I

173000 . 30 - 41 239 235
98 6 ' 151 282 235 298 .
51060 226 242 3z 3z
12 006 363 389 450 465 -
5000 - 1126 ~ 1163 1214 1238 T .
| 600 . .3125 . 3571 3677 3968

106 (ethylhenzene) 6757 6803 6898 6945

using polystyrene as standards and 1,2 4-trichlorcbenzene as solvent which is in con-
trast to the theoretical predictions. .

. In our work, we established that the V5 values of polystyrenes are mdependent -
of the variation in Ty from 293 to 413 °K. This ax-o means that the selectivity remains
constant.

On the other hand, an increase in T at constant x resulis in an increase in N
(see Table II); N is found to be approximately proportional to Tg. - The factor in-
creases with increasing molecular weight in the given fractionation range. According to

S 1535 45 6 mn R
- Fig. 3. Sepamtmn of a mixture of poiystyrene standards Column, L= 250cm, I.D -—4mm,
packing, sample 4, &, = 14 gm; column. temperature, 413 Ky sa!vent, tetra.ﬁydmﬁxran mjectxon:~
volume, 3 ul; detector, (254 nm); flow-rate. 0.70 mifmin; pressure drop, 100 p.s.z., dzmon ordet
po!ymMWéi!m&Sﬁb 51 000, §9ﬁﬂi} Smeih}‘ibeme‘ - :



 portior a! to the temperaturezz Dalso’ depends mversely on the ‘viscosity, 7, which ™
dec:eases shghtly with temperature. Strictly, we have fo deal with Dd, instead of D,
"D, being smaller than D, but 2 quantitative treatment cannot be given. because it is
difficult to cak:n!ate Dm o Another aspect. 'may ‘be the change in the hydrodynamxc o
. volume, ¥, of the. polyme As: tetrahydmfuran IS a good soivent for polystyrene, Ve
- :»shouki ‘hardly change with increasing Tg™.. - -7 oo '

: “Toa ﬁrst approx:matxon, we can assume that the 1mprovement in N and; H
s due to the increase in D of the sample with increasing 7. It must be emphasnzed :
- that an increase in T at constant u sxmultanecuslv reduces. the pressure drop, 4p, in
-the column, ‘because Ap is propomonal to the v:scosxty of the eluent?. For instance,

" atthe conditions specified in Tables II and I, at # =0.1 cm/sec Ap decreases by a
- factor of 2 when increasing Tk from 297 to 373°K. This leads toa reductzon in the -
"analysis time of the same order of magnitude. Assummg that analysis time is propor-

’txonal to tRQ, the retention mne of the monomer we obtam ‘

e L a0

Ap = -
n-/her:ejl_{ is the permeabmty of the column, and with

L

e
) tRo 7
Ap— 1 L 3 ~ ,
_i.p : _Ktxa’ g o D

.-In ‘this way,"the analysis time can easily be calculated and optimized for a given
separatlon problem ‘As shown in Fig. 3, rapid high-performance separations can be
_ achieved within a few minutes on a 25-cm cclumn. If necessary, such columuns can be
coupted in sets of total length 50, 75 and 100 cm. We found that with coupled col-
umas; the: ‘decrease in H can be kept below 1094 .With such rapid separations, how-
ever some. problﬂma arise pattxcularly whezz a molecular-welght dlstnbutlon has to

‘be calculat
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