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Chromatogram shapes, concentration effects and calibration curves in g.p.c. were studied for dry
tetrahydrofuran and its mixtures with water up to 8.9 vol. %. Polystyrene reference materials were
separated with silica-based column packings. The results can be generalized fairly well and lead to the
conclusion that the gel chromatographic data are considerably influenced by humidity present in the
eluent. Ghost-peaks appeared in the domain of high elution volumes (V,) using mixed eluents.
Simultaneously, the solute peaks changed their widths and the slope of the plot of V, versus injected
polymer concentration changed with water content. However, most important were the shifts in the
polymer elution volumes that were caused by the complex of interactions in the system gel—mixed
eluent—solute and depended on the amount of water present in eluent. Thus, the dry eluent is an
inevitable condition for obtaining g.p.c. results of high precision and reproducibility. The use of a
guard column filled with a sorbent strongly trapping water is proposed in g.p.c. with hygroscopic
eluents. Similar precautions are to be considered for any admixture in the eluent, especially if its
content cannot be kept constant and if its polarity differs substantially from the polarity of the eluent.

INTRODUCTION

High dissolving power and low refractive index make tetra-
hydrofuran (THF) one of the most popular eluents in gel
chromatography (g.p.c.). However, the hygroscopicity of
this solvent may bring about several problems in its appli-
cation. In the first part of this series' THF has been shown
to absorb moisture from the air if stored in insufficiently
closed vessels such as eluent containers in many commercial
g.p.c. apparati.

The aim of the present study was to demonstrate the
effects of water admixtures in THF eluent on the g.p.c.
separation of polystyrene on SiO7 based gels.

EXPERIMENTAL

Eluents

Dry tetrahydrofuran and mixtures of THF and water
containing 2.0, 2.9, 4.5,7.7, 8.2 and 8.9 vol % of water
(volumes before mixing) were used. The purification and
drying of the THF (VEB-Jenapharm, Laborchemie Apolda,
GDR anal. grade) and the preparation of the mixtures of
THF and water have already been described’. Mixed eluents
except for azeotropes were not degassed in order to prevent
gradient formation causing an unstable g.p.c. baseline.
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Polystyrene

Narrow PS standards (Pressure Chemical Co., Pittsburgh,
USA) were measured in the range of molecular masses
M=4x103-2 x 105. The narrow sample of PS (Mgp c. =
1.2 x 106) was obtained from Centre de Recherches sur les
Macromolécules CNRS, Strasbourg, France.

Apparatus

Two g.p.c. assemblies built up at our Institute were used.
In both cases the detector was a differential refractometer
Knauer, Model 2025/50 (Knauer KG, West Berlin). The
glass siphon (about 4.50 ml) was calibrated for each set of
experiments by weighing the effluent. System I contained
two jacketted straight stainless columns 1220 x 8 mm filled
with porous glass CPG—10 (Electro Nucleonics, Fairfield,
USA) with nominal pore sizes 72 and 36.8 um, respectively,
and with 37—74 pym (200—-400 mesh) particle size. The
columns were thermostatted by a water thermostat to
25° +0.2°C. The elution rate was 0.7 cm3/min and injected
volumes were 1.43 cm3. System Il contained three columns
(1220 x 8 mm) packed with CPG—10-1422, Porasil 500
and Porasil 150 (Rhone Progil, Vitry-sur-Seine, France).
The mean pore size of the gels was respectively 142.2, 50
and 15 nm. The elution rate was 0.7 cm3/min and injected
volume 2.0 cm3.

RESULTS AND DISCUSSION

Sorption measurements in the system gel-THF -water

Preliminary sorption measurements in the system CPG—
10—368 (mean pore size 36.8 nm)—THF—water at 25°C
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Figure 1 Typical chromatograms obtained in the systems PS—
THF —water for PS M = 670000 in eluents containing 7.7 (—)

and 8.2 (——) vol. % of water. PS, M =6.7 x 105, —, THF--water
7.7%; ——— THF—water 8.2%. A, C;=1mg/ml; B, C; =1 mg/ml;
C, C;j=4 mg/ml

were performed in the static arrangement. Dry gel (1 g)
was weighed into glass vials and poured into 9.3 cm? of the
mixed solvent. The concentration of supernatant was
measured by a differential refractometer Brice—Phoenix
(Model BP—2000 V, Phoenix Precision Instr. Co., Philadel-
phia, USA) after 4 h of equilibration. An ‘S’ shaped sorp-
tion isotherm was found. As expected®?, water was pre-
ferentially sorbed in the gel from mixtures containing less
than about 30 wt % of water. The maximum amount of
adsorbed water was about 11 mg/gram of gel at about

16 wt % of water in the mixture. This corresponds to about
50% surface coverage.

Shape of chromatograms

Three typical chromatograms obtained with mixed
eluents are shown in Figure 1. ‘Positive’ peaks of polymers
are followed by smaller peaks of the opposite, i.e. ‘negative’,
sign at high elution volumes. The latter peaks appeared in
mixed eluents regardless of whether the eluent was degassed
or not. Their size depended on the injected polymer con-
centration and on the eluent composition. Their elution
volume was equal to that of water independently injected
into columns. Evidently, the peaks mentioned were caused
mainly by local changes in the eluent composition and we
shall call them ‘vacant peaks™. The appearance of the
vacant peak was shown® to be a general phenomenon in the
liquid chromatography with mixed eluents. Local changes
in the eluent composition may be caused by the following
effects: preferential solvation of solute molecules; displace-
ment effects; preferential evaporation effects; and absorp-
tion of moisture. The above effects with respect to the
PS—-THF—water system can briefly be discussed.

Preferential solvation of solute molecules. Polystyrene
molecules are expected to be preferentially solvated by
THF. This means that the bulk (‘dialysed’) solvent outside
the solvation shells of the macromolecules is enriched by
water. The zone of solvated macromolecules is separated
from the zone of bulk solvent in the chromatographic
column and a vacant peak appears on the chromatogram.
Since water has a lower refractive index than THF, the peak

of the bulk solvent is of ‘negative sign’.

Displacement effects. The matrix of the gel is usually
preferentially solvated by one of the mixed eluent compo-
nents. The excess molecules may be displaced from the
surface of the gel by solute molecules producing a displace-
ment vacant peak*®. We have already shown that the
porous glass preferentially sorbed water from the mixtures
of THF and water. In this case the displacement vacant
peaks, if any, would correspond to the local excess of water
and again have negative sign.

Preferential evaporation effects. Preferential evaporation
of one component of the mixed solvent can take place while
dissolving the sample and other manipulations with the in-
jected solution. As a result, the peak of preferential evapora-
tion is formed corresponding again to a local excess of water
in the systems studied, since THF has a higher vapour pres-
sure than water.

Absorption of moisture. The solutions prepared can
absorb moisture from air and some additional water may
also be added together with the polymer sample. Such
effects can also be considered in this connection since water
is a component of the mixed eluent in our case. Evidently,
the absorption of moisture by sample solution will again
produce a negative vacant peak.

The above results can be generalized and the appearance
of a vacant peak is to be expected in any humid eluent.
However, in the case of polar solutes preferentially sol-
vated by water or in the case of a less polar gel e.g. poly-
styrene gel, the vacant peaks may have a positive or even
changing sign dependent on which effect prevails. While
the vacant peaks may complicate the interpretation of
chromatograms in the region of low molecular masses of
solutes, the preferential solvation of polymeric solute can
also influence the shape of its peak®: the nonspecific de-
tector-like differential refractometer responds to the sol-
vated macromolecules. The extent of preferential solvation
may depend on molecular mass of polymer’ and on its con-
centration®. In such cases the response of the detector will
be no longer linearly-dependent on actual polymer concen-
tration and independent of its molecular mass.

The shape of solute peaks is, however, affected also by a
number of other factors, such as eluent viscosity, concen-
tration effects, etc., and is reflected in the resolution R of
the given chromatographic system defined by relation®

- 2(Ve1 - V€2)
* (wy+wy) (log My, — log My,,)

(1

where Ve, and Ve, are the elution volumes of both poly-
mers used for testing the column resolution, wy and wy are
the corresponding peak widths at the baseline and M,,, and
M,,, are the weight-average molecular masses of polymer
reference materials.

The dependence of R on the concentration of injected
polymer C; for PS with M =4.98 x 105 and 2.33 x 105 is
shown in Figure 2 for four eluents studied. Evidently, the
resolution of the given column system is a function of the
water content in THF. The highest R; values at low Cj,

i.e. the best resolution, is for dry THF; however, the values
for R decrease rapidly with increasing C; in this eluent.
The poorer the thermodynamic quality of the eluent for
polystyrene, the smaller is the drop of Ry with C;. This
leads to the conclusion that the thermodynamically poor
solvents for separated polymers are preferable eluents for
preparative g.p.c. with high loads.
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Figure 2 Dependence of resolution factor R on polymer concen-
tration C; for THF (®) and binary eluents THF —~water containing
4.5 (X); 8.2 {0); and 8.9 (O) vol % of water. PS, 4.98 x 105;
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Figure 3 Concentration dependences of elution volumes of poly-
styrenes in THF (——) and binary eluents THF —water containing
2.0 (0); 4.5 (X); 7.7 (8); 8.2 (O); and 8.9 (——) vol % of water

Concentration effects

Figure 3 shows the dependence of elution volume (V,)
on injected concentration (C;) for four PS standards. For
the sake of clarity, experimental points except for THF and
the mixture containing 8.9% of water were omitted. It can
be seen that V, changes linearly with C; in the concentration
range between 0.5 and 4.0 mg/cm3 and for the given poly-
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mer the slopes k of the corresponding straight lines:

(i) have their maximum values k = k4 in pure THF
and decrease with increasing amount of water in the eluent,
i.e. with the decreasing thermodynamic quality of the
mixed solvent for polystyrene molecules. This is in quali-
tative agreement with the results obtained with other
(mixed) eluents'®';

(ii) are greater than zero in the eluents containing both
7.7 and 8.2% of water which are according to our turbidi-
metry and viscometry data inter- and intramolecular'? theta
mixtures for PS at 25°C !. However, kK = 0 is observed in
the mixture of THF and water 91.1/8.9 v/v which is a
‘poorer’ solvent compared with the theta solvent. Values
for k slightly higher than zero were observed in some other
theta systems'? as well.

The straight lines V,—C for different M obtained with
particular mixed eluents seem to intercept at certain Cj.
The loci of these intercepts change with polymer molecular
mass. A similar phenomenon was observed in other sys-
tems'®' 113 however, any speculations in this respect need
further experimental data.

The plot of k versus polymer molecular mass is given in
Figure 4 for the studied eluents. Clearly, k increases with
M in the range of molecular masses where the columns
efficiently separate. The maximum on the curve k—M co-
incides approximately with the upper limit of the ‘linear’
part of the calibration curve log M—V, (see curves 1 and 2
in Figure 7). An independent set of experiments14 showed
that the maximum in the curve k—M was shifted to higher
M values if the column set contained gels with larger pores.
Similarly, the curve k—M can be extended to lower mole-
cular masses when using columns separating efficiently in
the low M range. On the other hand, very low k values
were observed!S for M higher than the upper separation
limit of the given g.p.c. system.

The above results show that the concentration effects
in g.p.c. with rigid gels are connected mainly with the
permeation of gel pores by solute molecules. However, if
only mutual interactions of solute molecules and their
shrinkage with the increasing C; were responsible for con-

k [cms/q]
8
Q

0% 108 108
M
Figure 4 Plots of slopes k of V,—C; dependences from Figure 3

vs. PS mol masses M in THF (®) and in binary eluents THF —water
containing 4.5 (X); 7.7 (&); 8.2 (O); and 8.9 (O) vol % of water
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Figure 5 Plots of slopes k of V—C; dependences from Figure 3
vs. eluent composition for PS molecular masses M = 4,98 x 105 (®);
2.33 x 105 (A); 1.1 x 105 (¥); and 5.1 x 10% (m}

centration effects, ¥ would be zero in theta systems where
macromolecules have their smallest dimensions.

The non-zero values of & in theta mixtures as well as for
M larger than the excluded molecular mass indicate that at
least one additional mechanism is also involved in the g.p.c.
concentration effects with rigid gels. It may be, for example,
the ‘osmotic balancing of concentrations’ proposed by
Schweiger and Langhammer'® or viscosity effects treated
in detail by Janc¢a and Pokorny'”. However, the observation
that the & values tend to reach zero in eluents poorer than
theta mix tures indicates that the viscosity effects are not
very important over the studied concentration (and viscosity)
range.

Figure 5 shows the dependence of k on the eluent com-
position. The shape of the curves resembles changes of the
limiting viscosity numbers and the polymer—solvent inter-
action parameters B with thermodynamic quality of the
mixtures of THF and water (see Figures 2 and 4 in ref 1).
The variations of this type give a rough estimate of theta
composition from g.p.c. measurements.

Previously'! the common dependence of 43M on k was
found for various PS—eluent systems (45 is the second
virial coefficient). This variation allows the estimation of
Ap values from g.p.c. data. The A7 values for the systems
PS—THF—water were not known; we calculated them by
interpolation of Figure VIl1—17 in ref 18 from limiting vis-
cosity numbers of PS in THF—water mixtures. In addition,
we used the viscosity interaction parameter B obtained®
from Stockmayer—Fixman plots'® for the correlation of
the above type. The plots of 4)M and BM versus k are
shown in Figure 6. Their courses are similar and curves do
not pass through the origin. Evidently, the values of the
A3 coefficient (B parameter) and its change with water
content in THF depend on the nature of polymer. Thus k
will also change with water content in a different way for
each polymer.

The situation with organic gels is expected to be similar.
In the case of rigid gels ¥,—C; dependences and their
changes with the water content on the one hand. and with
the nature and molecular mass of the polymers studied on
the other hand will be comparable with those observed with

inorganic gels. In the case of soft organic gels the situation
will be further complicated by the effects of osmotic de-
swelling of the gel®.

Calibration curves

A simple inspection of the concentration dependences
in Figure 3 shows that the course of calibration curves will
depend on the injected polymer concentration. Since the
extent of the concentration effects is generally a function
of solvent ‘goodness’'!, it is necessary to compare calibra-
tion curves at V. i.e. at V corresponding to zero
polymer concentration.

Figure 7 represents the calibration curves log M = f(V,)
for the systems THF—water. Curves A and B in Figure 7
were obtained with the column system [; the Ve values in
the linear region of the calibration curve were obtained by
extrapolating V,—C; dependences to C;=0. V, =V, at
C;= 1 mg/cm3 were used for PS standards with >
6.7 x 105 and M < 5.1 x 104 since the values for k in these
cases are low as mentioned above. For the sake of clarity
Figure 7 contains only two curves (A and B) for the g.p.c.
system I—-namely those for dry THF and for a mixture
containing 8.9% of water. Experimental points for other
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Figure 6 Correlation of slopes k of V,—C; dependences with the
product of the second virial coefficients and molecular masses A, M
(a) and with the product of parameter 8 from Stockmayer—Fixman
plot and mo!. masses BM (b). The points are denoted as in Figure 5.
A, values were either calculated according to ref 18 {full points) or
taken from ref. 30 (empty points)
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Figure 7 Calibration dependences log M—V, for PS in THF (—-—)
and in mixtures (——). The curves (a) were obtained with the
column system |, curves (b} with the system 1. Numbers in brackets
indicate % of water in binary eluent. —.—-— , THF;, ——, THF—

water

mixed eluents lay between curves A and B and were omitted.
The courses of the calibration curves log M— ¥, depend on
the amount of water present in tetrahydrofuran and one

can expect substantial errors in analytical g.p.c. data if there
is a difference between the composition of eluent used for
calibration and that employed for actual g.p.c. character-
ization of a polymer.

The extent of these errors increases with increasing poly-
mer concentration, Cj, and the shift of V, to higher values
is more pronounced in pure THF than in mixed eluents
THF--water (see Figure 3). This is evident from Figure 7
curves C and D where the calibration curves are shown for
dry THF and THF containing 2.9 vol % of water in System
Hat ;=20 mg/cm3. The effects mentioned will further
increase with the increasing chromatographic selectivity of
the g.p.c. system used.

In order to account for the changes in coil dimensions
when the eluent contains an increasing amount of water,
hydrodynamic volumes of coils governing the actual size
exclusion of solutes®® should be compared rather than their
molecular masses. The plots of log ([17] M) against V for
the systems containing 0, 4.5, 7.7, 8.2 and 8.9% of water
are given in Figure 8. It should be noticed that the limiting
viscosity numbers for constructing the universal calibration
curve (UCC) for solvent containing 8.9% of water were
obtained by extrapolation of Figure 2 in ref 1. The curves
are shifted to lower V, as the water content increases. In
our opinion, adsorption and partition effects are respon-
sible for these shifts, similarly as in the case of some other
mixed eluents'®?'22,

The role of solvent in g.p.c. adsorption effects can be
better understood by comparison with liquid—solid chro-
matography (l.s.c.). The eluting power of an eluent in l.s.c.
can be expressed by the so-called ‘solvent strength para-
meter’?. THF belongs to solvents with the medium strength
in this classification. On the other hand, water is one of

1112 POLYMER, 1979, Vol 20, September

the strongest solvents and is often used as a moderator in
l.s.c. with polar sorbents and non-polar eluents. The role
of the moderator is to block active sites of sorbent and to
decrease the corresponding V,. Generally, the more mode-
rator the 1 s.c. eluent contains the lower are the elution
volumes of solutes under otherwise identical conditions.

The extent of polymer adsorption is further influenced
by changing thermodynamic interactions between polymer
and eluent® and, finally, the molecules of water adsorbed
on the surface of the gel decrease the effective dimensions
of the pores accessible to PS molecules and decrease the
corresponding elution volumes.

The role of partition can now be considered. The con-
centration of water may increase in the whole pore volume.
Consequently, the composition of the quasi-stationary
phase (i.e. eluent in pores of the gel) differs from the eluent
composition. This may cause the thermodynamic parti-
tion of polystyrene between both phases and a further
change in V,. Generally, the elution volumes should in-
crease if the quasi-stationary phase is a thermodynamically
better solvent than the mobile phase for solute and vice
versa.

The quantitative and a priori description of the adsorp-
tion and partition effects would substantially improve the
precision of g.p.c. measurements. However, this is rather
difficult because we are not able to separate particular con-
tributions. Supposing that Benoit’s concept of universal
calibration holds for the pure steric exclusion mechanism
of separation and that limiting viscosity numbers are precise
enough to describe the hydrodynamic volume of polymer
coils. The summary g.p.c. secondary effects can be expres-
sed in terms of V, shifts under these conditions.

Dawkins and Hemming introduced®* a distribution
coefficient Kp involving all kinds of secondary mechanisms
caused by interactions of solute—gel—eluent in the g.p.c.
column. Then we have for V,:

Ve=Vo+KpKpV; (2)
where V) is the interparticular (dead) volume and V; the

pore volume of the column; Kp stands for the distribution
coefficient of the solute between the quasi-stationary and

8
10T
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107
S
=
10°F
1 —l
50 100
Ve (ml)
Figure 8 Universal calibration curves log[n] M—V, obtained in the
column system | in THF (———) and in mixed eluents THF —water
containing4.5 (—-—); 7.7 (—--—); 82 {(—);and 89 {----- )

vol % of water
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Table 1 Kp values from Figure 8*

THF —water THF—water THF—water
[nl Mx 10-6¢ THF 4.5% 7.7% 8.2%
30 1.72 1.54 1.28 1.15
11 1.34 1.25 1.13 1.07
5 1.24 1.18 1.09 1.06
2 1.18 1.13 1.07 1.04

*Mixture containing 8.9% of water was considered as the base for
calculating K p values

Table 2 Shifts of universal calibration curves from Figure 8 and
tota! solubility parameters for mixed solvents THF —water

AVeyc (ml) for

Solvent [nIM=1.1x107 57 (MPal/2)
THF 5.1 20.2
THF—water 4.5% 3.8 211
THF—water 7.7% 20 219
THF—water 8.2% 1.1 221
THF—water 8.9% 0 223
Water - 52.2

mobile phases for the pure steric exclusion g.p.c. mechanism
(0<Kp<1).
In the linear part of the calibration dependence:

Kp=—Alog[n]M+B (3)

where 4 and B are constants. Combination of equations
(2) and (3) gives:

Ve— Vo
————— = Vi(~A log[n] M + B) )
Kp

By means of equation (4), Dawkins and Hemming® suc-
ceeded in correcting their g.p.c. data for secondary effects
in the systems polystyrene gel—poor solvents—PS solute.
Recently Dawkins claimed®® that equation (4) accounts for
solute—gel interactions also in rigid inorganic packings. We
tried to apply equation (4) to our data but we found the
pronounced dependence of Kp on polymer molecular mass
(see Table 1), which complicates practical use of Dawkins
and Hemming original procedure® or its modifications?.

The attempt was made®' to describe the adsorption and
partition effect @ priori. We can write:

Ve=Vo+ AVE, + AVS,+ AVE, + - - (5)

where AVE, is the exclusion contribution and similarly AVS,
is the adsorption and A V%, the partition contribution to the
elution volume. It was shown?! that AVS, and AV, can
approximately be expressed in terms of the solubility para-
meters of eluent components and polymer.

The values of AV e = AVS, + AVF, at [n]M = 1.1 x 107
(for [n] in ¢cm3/g) together with the solubility parameters
of mixed eluents are given in Table 2. The values for V, in
THF containing 8.9% of water were chosen as a base for
calculating AVg,.. The total solubility parameters § 7 of
mixed solvents were calculated according to equation (16)
and data from Table I in ref 27 using linear interpolation of
component solubility parameters of THF and water.

The data in Table 2 show that the shifts in universal cali-

bration curves AV, can be correlated with solubility para-
meters of mixed eluents THF—water. The dependence of
AVSP on the solubility parameter of mixed eluent THF
water is similar to that found for other mixed eluents?' and
correlations of this type can be used for estimating the shifts
of calibration curves with the water content of the eluent.

Both adsorption and partition are quite general secon-
dary mechanisms in gel chromatography with mixed eluents.
Effects of adsorption are more important with polar column
filling materials like porous glass, silica gel, poly(vinyl ace-
tate) or dextran. Partition may play quite an important
part with gels having less smooth and defined pore walls,

i.e. with organic gels regardless of their polarity. Evidently,
the extent of adsorption and partition also depends on
solute type and concentration of water in the eluent. The
changes in elution volumes resulting from adsorption and
partition effects cannot be eliminated using universal cali-
bration plots or by extrapolating V to zero injected poly-
mer concentration. Erroneous g.p.c.-based data of M, and
M,, are thus obtained not only when the amount of water
in the eluent changes but also when g.p.c. chromatograms
of polar polymers obtained with humid eluent are evaluated
using UCC measured with narrow molecular weight distribu-
tion polystyrenes.

The above observations can be generalized further. In-
stead of water, other admixtures can be present in the
eluent. Generally, the shifts of UCC will increase with in-
creasing differences between the polarity of admixture on
the one hand and the polarities of eluent, separated polymer
and gel on the other hand.

CONCLUSIONS

It has been shown that the presence of water in the g.p.c.
eluent—tetrahydrofuran—may influence:

(1) the shape of the chromatograms. New peaks are
produced at high elution volumes and the shape of solute
peaks is also changed;

(2) the course of the dependence of elution volume on
concentration;

(3) the extent of the secondary separation mechanisms
such as adsorption and partition.

The above phenomena together with changes of hydro-
dynamic volume of the macromolecules due to the pre-
sence of water lead to shifts in g.p.c. elution volumes and
cause substantial errors in gel chromatographic results ob-
tained with humid THF, especially if the water content
changes. These effects were demonstrated with the SiO;
column packing materials and narrow polystyrenes; however,
the results can be generalized to other gels and separated
polymers and even to other admixtures in the eluent. The
application of low molecular internal standards as proposed
by Patel®® cannot help to solve the above problems because
several effects described in this paper are effective for macro-
molecular substances only and their extent depends on both
the molecular mass and the chemical composition of the
solute.

Careful and standard purification of THF together with
its analytical control is experimentally rather difficult. The
use of THF containing a constant amount of water (e.g.
azeotropic mixture) would need corresponding corrections
([n] values, V, shifts for different polymers, etc.). Both
procedures suffer from problems connected with the pro-
tection of the eluent from moisture and prevention from
its composition changes during application.
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The requirement of the extremely dry eluent may be
fulfilled by using guard columns put in g.p.c. systems just
before or behind the pumping system. A guard column of
appropriate size can be filled with activated silicagel or with
a molecular sieve. Its use would be justified especially in
high performance g.p.c. where high precision is needed and
elution volumes are small. Our preliminary experiments®
showed that the presence of water in the injected polymer
solution influenced the observed ¥, much less than water
present in the eluent. This means that the solutions of the
polymers analysed could be prepared without severe protec-
tion against humidity.
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