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Abstract

The theory of liquid chromatography of mono- and difunctional polymers based on the model of ideal polymer chain in
wide dlit-like pores is presented. Analytical eguations describing chromatographic behavior of functional macromolecules in
both adsorption, exclusion and critical modes are derived and compared with experiments. The focus of this experimental
study was on the verification of the theory in chromatography at critical conditions. Chromatographic behavior of low molar
mass end-functionalized polyethylene glycols was found to be in a very good qualitative and in a reasonable quantitative
agreement with the theory. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Macromolecules with functional end-groups repre-
sent an important class of synthetic polymers [1-4].
Since the properties of functional polymers depend
strongly on the number and type of functional
groups, the determination of the functionality-type
distribution (FTD) is a very important part of the
analysis of these polymers.

Liquid chromatography is nowadays one of the
most popular methods of the analysis of FTD [5,6].
One special chromatography mode, namely liquid
chromatography at critical conditions (LCCC), has
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proven to be especialy effective in the analysis of
functional polymers [5-7]. In this mode, the re-
tention volume of non-functional polymer becomes
independent of molar mass [8], and this offers the
opportunity to separate polydisperse polymers with
respect to their functionality [9]. The critical inter-
action point (CIP) can be achieved by adjusting
mobile phase composition, temperature or pH (when
aqueous eluents are used), etc. Critical conditions for
many polymer—adsorbent—solvent systems have been
found experimentally [5,6], and many LCCC analy-
ses of functional polymers have been reported [10—
16].

Much work has been done on the theory of liquid
chromatography of functional polymers [9,12,17—
19]. In most of these papers, the lattice model of
polymer chain was used. Analytical solutions have
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been obtained only for the case of very long chains
and narrow-pore adsorbents; more realistic situation
of shorter chains and wide pores was studied numeri-
cally. Using the continuum model, Gorbunov and
Skvortsov [18] have obtained equations for mono-
and symmetrical difunctional polymers and wide
pores, but only two specia cases have been studied:
where the interaction of the repeating chain units
with the adsorbent was either absent or critical. Thus,
there is still no unified analytical theory for mono-
and difunctional polymers and wide pores at arbit-
rary interactions for both types of chain units. Such a
theory describing all important chromatographic
modes will be presented in this paper.

In the theoretical consideration, the existing theory
for non-functional polymers [20—22] will serve as a
starting point, which gives reference equations and
guidelines to the new theory for functional polymers.
The experimental part of the paper will focus on the
behavior of functional macromolecules at the critical
interaction point (CIP).

The LCCC retention of selected poly(oxyethyl-
ene)s with different functional groups on different
stationary phases will be studied and the observed
chromatographic behavior compared with theoretical
prediction.

2. Theory

We shall consider macromolecules without spe-
cific end-groups, and those having specific groups at
one or both ends. Of course, any real polymer
molecule has end fragments which are chemically
different from the repeating units in the middle part
of the chain, so, generally speaking, every real
polymer may by considered as a difunctional one.
Since we are interested in the interaction of mole-
cules with the chromatographic stationary phase, we
will consider a molecule as having a functional
end-group, if the interaction of this end group with
the porous adsorbent is different from that of the
repeating unit.

We shall take into account an arbitrary interaction
for the repeating units; the interaction of the func-
tional groups will be assumed different from that of
the repeating unit. We shall also assume that the
radius of gyration of macromolecules is much small-

er than pore size—this is often the case in sepa
rations of functional oligomers, and this is just the
case in our experimental study.

The elution volume of a species in the liquid
chromatography is given by

V, =V, + KV, (1)

where V, denotes the interstitial volume (i.e. the
volume of the solvent outside the particles of the
packing), V, is the entire pore volume, and, conse-
quently, V, =V, +V, is the void volume of the col-
umn. K is the distribution coefficient relevant to the
partition function of a polymer chain within an
in-pore space [20].

The theory for the distribution coefficient in liquid
chromatography of non-functional polymers capable
of being adsorbed on pore walls has been developed
by Gorbunov and Skvortsov in Refs. [20-22] for a
model of an ideal polymer chain and a dlit-like pore.
The theory was based on the diffusion-type boundary
problem with the boundary conditions accounting for
polymer—surface interaction. Using the exact solu-
tion for the Green function of this boundary problem,
the total partition function of a chain within the pore
space was constructed, and the exact formula for the
distribution coefficient was derived. According to
Refs. [20-22], the distribution coefficient, K, is a
function of three parameters: radius of gyration of
polymer chain, R, pore width, 2d, and parameter of
adsorption interaction, c.

The adsorption interaction parameter ¢ has been
introduced by de Gennes in Ref. [23], and was used
in many continuum model-based theories [20—
22,24-26] describing the behavior of macromole-
cules at interfaces and in porous media. The parame-
ter ¢ has a meaning of the inverse correlation length
of adsorption, which can serve as characteristics of
the structure of a macromolecule near the surface of
an adsorbent. Positive values of ¢ correspond to the
regime of adsorption, ¢ =0 corresponds to the critical
conditions when the entropy losses of a macro-
molecule in a pore are precisely compensated by an
energy gain due to the adsorption, and negative c
values are characteristic of the situation, where
adsorption interactions are small or absent. Accord-
ing to Refs. [27,28], the parameter of adsorption
interaction, c, is directly related to the adsorption
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energy parameter, £, which was commonly used in
the lattice model-based theories [29,30] of polymer
adsorption.

In the vicinity of the critical point the adsorption
interaction parameter c is proportiona to the devia-
tion of & from the critical value, &, c~(g, — &).

In the case where R<d, the formula for the
distribution coefficient of non-functional macromole-

cules has the following form [20,26]:

2
Kzl—Tﬂ_'ng%[l—Y(F)] )

where g =g, I'= —cR, and the function Y(I") =
exp(I"®) - erfc(I) is related to the well-known com-
plementary error function erfc(l”). Asymptotic forms
of the function Y are also known [20,28].

Eq. (2) has been analyzed in Refs. [21,22,26], and
simpler asymptotic equations describing various
chromatographic modes have been obtained. In the
particular case of no adsorption interaction, I'=
—cR> 1, which corresponds to size-exclusion
chromatography, Eq. (2), of course, reduces to the
well-known wide-pore approximation for the dis
tribution coefficient of a macromolecule in size-
exclusion chromatography [31,32]:

2 R
KSEC%l_Tﬂ.'E (3

On the other hand, in the case of attraction of
chain units to the pore walls, —I" > 1 (this case
corresponds to adsorption chromatography mode)
Eg. (2) can be approximated by

2
K= Kgec + o exp(c’R?) (4)

In the point of critica interaction (c=0), the
general Eq. (2) takes the simple form:

K=1 (5

In this case, al non-functional polymer molecules
are eluted at the void volume (V, =V, +V,), regardless
of their length. Within the framework of an ideal-
chain model, Eq. (5) is valid for macromolecules of
any chain length and for pores of any size and form.

The unified theory of chromatography of non-
functional polymers was verified experimentally in

Refs. [33,34]. In particular, the behavior of non-
functional macromolecules in adsorption chromatog-
raphy has been studied in detail both theoretically
and experimentally in Ref. [33]. In that study, Eq.
(4) was used to give a meaning to the slope and
intercept of the Martin plots (log k' vs. M).

Now we proceed with the similar unified theory
for macromolecules with end-groups. This theory
will be based again on the model of an ideal chain in
a dlit-like pore (Fig. 1). It will be developed in the
same spirit and use the same basic solution of the
diffusion boundary problem as the theory [20,26] for
non-functional polymers. In order to construct the
total partition functions for end-functional macro-
molecules, is necessary to take the chain conforma-
tions into account, with special emphasis on contacts
of one and both end-groups with the pore walls (Fig.
1). Generally, the latter type of conformations may
be realized by either “‘loops”’, starting and finishing
at the same pore wall, or “‘bridges”, connecting both
walls. However in wide pores, only the loops are of
importance (the bridges are impossible, if the pore
width 2d exceeds the chain length, and very unfavor-
able entropically, if d>R).

Using the sub-partition functions for a chain with
one and two ends at the pore walls, obtained from
the exact Green function of the problem [20,26], we
derived the following equations for the distribution

w
2 |

Fig. 1. Model for macromolecules with functional end groups
interacting with the walls of the dlit-like pore of width 2d. The
monofunctional molecule wins additional energy —Aeg, when its
end-group a comes into the thin wall-adjacent layer of thickness 6.
Difunctionals may have different end-groups (and hence different
interaction parameters). Of importance are chain conformations
with one and both ends at the pore walls—the latter ones can be
either of loop- or of bridge-type.
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coefficients of mono- and difunctional macromole-
cules:

K® =K +q,-Y(I (6)

K =K+ (0, + ) YU + 0 G
1-Va-I-Y({I)

where K is the distribution coefficient of a non-
functional polymer given by Eq. (2), and g, is the
effective interaction parameter for the end-group a,
which is given by

o= 3[on(-28)-1]

In EQ. (8) a small length-dimensional parameter &
has a meaning of an effective radius of interaction
(we assume 6 being of order of a monomer unit
size), while Ag, accounts for the difference in the
interaction free energy of a terminal chain fragment
and the repeating unit. Positive values of g, corre-
spond to more attractive interaction for the end group
a, negative g, means more attraction for the repeat-
ing units, g,=0 if there is no difference in the
interaction. The parameter ¢, for the second end
group has the same meaning and is defined in a
similar way.

The second term of Eq. (6) as well as of Eq. (7)
takes its origin in the chain conformations, having
one end at the pore wall, while the last term of Eq.
(7) comes from the loop structures (Fig. 1).

Egs. (6) and (7) can be used for the detailed
analysis of the chromatographic behavior of func-
tional macromolecules at arbitrary interactions of
repeating and terminal chain units with the pore
walls. Additionally, a few simpler asymptotic expan-
sions can be derived, which are useful for under-
standing the main features of behavior of functional
macromolecules at different modes of chromatog-
raphy.

Let us start with the case of weak interaction for
the repeating units, I" > 1, which corresponds to the
size-exclusion chromatography mode of non-func-
tional polymers. Some theoretical results for func-
tional polymers in this mode have been obtained
previously in Ref. [18].

Using the expansion for the function Y(I')=

7 Y*I'"*, one can recover the results of Ref. [18]
and obtain a new equation for asymmetrical difunc-
tionals. The results can be written in the form:

(a) (6/2)
K™ =~ Kggc + N8 Qi (9)
a (6/2) (6/2)2d
KE = Ksec +ﬁ' (0, +qy,) + > SR 0.0,
(10)

Asfollows from Egs. (9) and (10), the molar-mass
order of the retention for functional polymers is the
same as in SEC of non-functional polymers. How-
ever, unlike the classical SEC, at which the dis-
tribution coefficient is always less than unity, the
distribution coefficient of functional polymers can
significantly exceed unity (taking values which are
characteristic of adsorption chromatography), if the
interaction of end groups with the stationary phase is
strongly attractive. Such exclusion-adsorption type of
chromatography has been recently realized by Trath-
nigg et a. [35,36] in studies of fatty acohol ethoxy-
lates (FAE). In these studies FAE molecules were
considered as diblock-copolymers with a non-adsorb-
ing polydisperse EO-block and a short adsorbing
akyl block. The observed chromatographic behavior
was similar to that predicted by the present theory
for monofunctional polymers. A baseline separation
of lower oligomers in polydisperse FAE samples was
achieved using an isocratic exclusion-adsorption
mode of chromatography, thus yielding the full
molar-mass and functionality-type distributions for
several samples of commercial surfactants [36,37].

Now let us turn to the case of strong adsorption
interaction of repeating units, —I'=cR> 1. This
case corresponds to the adsorption chromatography
mode. At —I"> 1, the function Y(I") reduces to 2
exp(I"%), and we obtain the following approximate
formula for the distribution coefficient K" of both
mono- (f=1) and symmetrical difunctional (f=2)
macromolecules in the adsorption chromatography
mode;

) 2 f 22
K" =~ Kgee + Cd(1+ g, - cd) exp(c’R) (11)

For asymmetrical difunctionals, one can easily
obtain:
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(ab) __
K - KSEC

2
+ g1+ G- cd)(1+ g, - od) exp(c’R?)
(12)

The specia case of q,, g,=0 corresponds to
non-functional polymer. In this specia case, Egs.
(11) and (12) will, of course, reduce to Eq. (4).

The effect of the end-groups was studied ex-
perimentaly in Ref. [33], and it was obtained that
the Martin plots for macromolecules with zero, one
and two end-groups give pardlel straight lines,
shifted by about the same distance. These observa-
tions are in a very good agreement with the present
theory, and Egs. (11) and (12) can be used to
determine the end-group interaction parameters from
the shifts in Martin plots for non-functional and
functional polymers.

Our present experimental study is focused on the
chromatography at critical conditions, corresponding
to the specific case of c=0 (I"'=0). In this case, the
function Y(I") turns to unity, and Egs. (6) and (7)
take especially simple forms. For monofunctional
molecules (with one end group a), the distribution
coefficient K® reduces to

K®=1+q, (13)

while for the distribution coefficient K® of
symmetrical difunctionals with groups a at both
ends, one can derive easily from Eq. (7):

K@ ~1+2q, + 0> (14)

d
V7R

Egs. (13) and (14) have been obtained previously
in Ref. [18].

In the more general case of asymmetrical difunc-
tionals having different end-groups a and b, the
distribution coefficient equals:

al d
K ~140,+0,+0. % =R (15)

As follows from Egs. (13)—(15), in a plot of the
distribution coefficient versus 1/R, the interaction
parameters of the end groups can be obtained from
the intercept. Obviously, the slope should be equal to
zero in monofunctionals. If both end groups of
difunctionals are identical, the shift in the intercept

should be twice as large. For asymmetric difunction-
as, the slope of the K®(1/R) plot should be
positive, if interaction with the stationary phase of
both terminal chain units is more attractive or both
more repulsive that of the repeating units, and
negative, if the interaction parameters for the end
groups have the opposite sign (one end-unit is more
repulsive, the other one is more attractive).

3. Experimental

These investigations were carried out using the
density detection system DDS70 (CHROMTECH,
Graz, Austrid), which has been developed in our
group. Data acquisition and processing was per-
formed using the software package CHROMA,
which has been developed for the DDS 70.

The columns and density cells were placed in a
thermostated box, which was maintained at 25.0 °C
for all measurements. The mobile phase was de-
livered by a JASCO 880 PU pump (Japan Spectro-
scopic Company, Tokyo, Japan) at a flow-rate of 0.5
ml/min. Samples were injected manually using a
Rheodyne 7125 injection valve (Rheodyne, Cotati,
CA, USA) equipped with an 50-ul loop. In most
measurements, a Bischoff 8110 RI detector (Bis-
choff, Leonberg, Germany) was connected to the
DDS 70 (unless mentioned otherwise).

In order to eliminate errors due to preferential
solvation, samples eluting in or very close to the
solvent peak (PEG, PEG-MME) were also analyzed
with an ELSD (SEDEX 45, SEDERE, Alfortville,
France) coupled to the density detector. In ELSD, the
evaporator temperature was 30 °C, and the pressure
of the carrier gas (nitrogen) was set to 1.0 bar.

Columns were connected to two column selection
valves (Rheodyne 7060; Rheodyne, Cotati, CA,
USA).

The following columns were used in these in-
vestigations: Spherisorb ODS2 (Phase Separations
Ltd., Deeside, Clywd, UK) silica-based octadecyl
phase, 250X 4.6 mm, particle diameter: 5 um, pore
diameter: 8 nm); Spherisorb S5X C,, (Phase Sepa-
rations Ltd., Deeside, Clywd, UK), silica-based
octadecyl phase, 250X 4.6 mm, particle diameter: 5
pm, pore diameter: 30 nm).

All solvents were HPLC grade. Acetone was
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purchased from Roth (Karlsruhe, Germany) and
water from Riedel-de Haen (Seelze, Germany).

The polydisperse methacrylate samples used in
these investigations were purchased from Fluka
(Buchs, Switzerland), Aldrich (Milwaukee, WI,
USA), and Polysciences (Warrington, PA, USA).
Monodisperse samples and PEG were purchased
from Fluka

The determination of interstitial volume V, and
pore volume V, was performed in tetrahydrofuran
(HPLC grade; Baker, Phillipsburg, NJ, USA) using
polystyrene standards in a molecular mass range
from 500 to 1 000 000 and ethyl benzene (all from
Fluka, Buchs, Switzerland).

4. Results and discussion

The first step was the search for the critical
interaction point (CIP) for PEG on the individual
columns. In Fig. 2, the elution volumes of different
PEGs on the Spherisorb ODS2 are plotted versus the
composition of the maobile phase (acetone—water).
All lines have an intersection point at 32.46%, which
corresponds to the CIP of polyoxyethylene on this
column.

Fig. 3 shows the experimental data obtained with
ODS2 in the K versus M coordinates. A straight
horizontal line is found for PEG at this mobile phase
composition.

In order to check the validity of Egs. (13)—(15),

4.0
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= 35 X G-- 600
E o 282
o
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o
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S
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20
24 26 28 30 32 34 36 38 40

weight-% acetone

Fig. 2. Elution volumes of different PEGs on Spherisorb ODS2 in
acetone—water of different composition.
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Fig. 3. Distribution coefficients of PEGs on ODS2 in acetone—
water of different composition.

the radius of gyration of the polymer chain is
required.

Based on the data given in the Polymer Handbook
[38], the radius of gyration of PEGs and their
derivatives was calculated using the following equa-
tion:

R=0.079-M°® (16)

Now we can determine the g-values for al types
of end groups.

In Fig. 4, the distribution coefficients of PEG and
its mono- and dimethy! ethers (PEG-MME and PEG-
DME, respectively) on ODS2 are plotted versus 1/R.
As can be seen, straight horizontal lines are obtained
(by linear regression) for PEG and PEG-MME, while

20

x 10 Dt ST

OPEG-DME

08 4 PEG-MME

©PEG

0.0

0 0.5 1 15 2
1R
Fig. 4. Distribution coefficients of PEG, PEG-MME, and PEG-
DME on ODS2 in acetone—water (32.46 wt.% acetone). Straight
lines were determined by linear regression.
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a straight line with a positive slope is observed for
PEG-DME.

According to Egs. (5), (13) and (14), the differ-
ence in K-values of PEG-ME and PEG is equal to
the qye vaue for the ME end-group, and the
difference between the K-values of PEG-DME and
PEG should be twice as large, if both methyl groups
are equivalent. As can be seen, this is indeed the
case: the difference in the intercepts of PEG-DME
and PEG-ME is equal to that of PEG-ME and PEG
(0.120 and 0.121, respectively), hence it is obvious
that PEG-DME macromolecules behave as
symmetrical difunctionals.

If two more hydrophobic end groups are present
(which are adsorbed more strongly), the intercept
and also the slope should be larger than for PEG-
DMEs. Presumably, the individual oligomers could
be at least partialy resolved.

In Fig. 5, a chromatogram of PEG 400 dimeth-
acrylate is shown, which was obtained on ODS2 in
32.46% acetone. The individual oligomers could be
identified by spiking with triethylene glycol dimeth-
acrylate. The pattern is smilar as in SEC, the
mechanism of the separation has, however, nothing
to do with size exclusion! According to the theory,
the specific behavior of polymer loops under critical
conditions is responsible for such chromatographic
pattern in the critical mode.

In Fig. 6, the distribution coefficients of PEG,
PEG-DME, and PEG-dimethacrylates (PEG-DMA)
are plotted versus 1/R. Obvioudly, the intercept as
well as the slope of the regression line is much larger
than for PEG-DME. As follows from Eqg. (14), the

1634 2535

response

2899 306
o elution volume e
density —— RI8110 -

Fig. 5. LCCC of PEG-400-dimethacrylate, as obtained on ODS 2
in 32.46% acetone. Detection: density and RI.

20

X 10 X
xX XPEG-DMA

A PEG-DME

©PEG

00 05 1.0 15 20

Fig. 6. Distribution coefficients of PEG, PEG-DME, and PEG-
DMA on ODS2 in acetone—water (32.46 wt.% acetone). Straight
lines were determined by linear regression.

pore size can be estimated from slope and intercept
(29,):

d = (dope®®/q?) - V7 (17)

In the case of DMA, dlope and intercept are
sufficiently large to yield a reliable result: for the
Spherisorb ODS2 column we found a value of D=
8.3 nm, which is very close to the nomina value of
D=8 nm. This value is aso in good agreement with
that obtained by the SEC-porosimetry method (D =
9.2) [39].

A similar behavior as on the (narrow pore) ODS2
column is found on the wide pore S5X C,4 column,
but in a different mobile phase composition: for this
column, the CIP is found at 28.15% acetone.

In Fig. 7, the distribution coefficients of PEG and
its mono- and dimethy! ethers (PEG-MME and PEG-
DME, respectively), are plotted versus 1/R. Again,
the difference in the intercepts of the regression lines
of PEG-MME and PEG (0.062) is very close to that
between PEG-DME and PEG-MME (0.059).

The absolute values of the intercepts are, however,
smaller than with the narrow pore ODS2 column.
This can easily be explained from Eq. (8): as both
columns are C,,-modified silica, Ag, and 6 should
be quite similar, hence the difference in g, will be
due to the pore diameter, which should be about four
times larger in this column (specification D =30 nm).

The plots of K versus 1/R for PEG, MePEG-MA
and PEG-DMA are shown in Fig. 8. From the results
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0 PEG-DME
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APEG-MME

©PEG
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Fig. 7. Distribution coefficients of PEG, PEG-MME, and PEG-
DME on S5X C,, in acetone-water (28.15 wt.% acetone).
Straight lines were determined by linear regression.

obtained for the symmetric difunctionals (PEG-DME
and PEG-DMA), q,,. and q,,, were calculated.

For PEG and PEG-DMA, the regression lines are
shown in Fig. 8, the calculated line is drawn for the
MePEG-MA series, which was obtained using Eq.
(15) with the known q,, and q,, parameters
(determined from the symmetrical difunctionals
PEG-DME and PEG-DMA, as described above).

As can be seen, there is a very good agreement
(both qualitative and quantitative) between theory
and experiments.

o

PEG-DMA

>

MePEG-MA

=} - MePEG-MA, calc.

00 05 10 15 20
1R

Fig. 8. Distribution coefficients of PEG, MePEG-MA, and PEG-
DMA on S5X C,, in acetone—-water (28.15 wt.% acetone). The
straight lines for PEG and PEG-DMA were determined by linear
regression, and for MePEG-MA calculated using Eq. 15 from the
known g, and g, Vvalues.

5. Conclusions

A unified theory describes the chromatographic
behavior of mono- and difunctional macromolecules
at different interactions of the terminal and repeating
chain units with porous stationary phase. Although
based on a very simple model of an ideal polymer
chain in a wide dlit-like pore, this theory has proven
to be in very good qualitative and in reasonable
quantitative agreement with the experimentaly ob-
served behavior of functional poly(oxyethylene)s
with different end-groups, on different stationary
phases, and in different modes of liquid chromatog-
raphy.

The theoretical predictions for liquid chromatog-
raphy at the critical conditions could be verified
experimentally. Critical conditions were realized
experimentally for al the studied systems, and
precise chromatographic data were obtained at the
critical point for PEO chain. The experimental data
have proven to be in excellent qualitative and
guantitative agreement with the theory.

In particular, the theoreticaly predicted molar-
mass dependencies of the distribution coefficient of
difunctional polymers, similar to the dependencies in
SEC, were really observed. The parameters of inter-
action of the end groups with the stationary phases
were estimated from these data. Using these esti-
mates and the theory, it was possible to predict
quantitatively the chromatographic behavior of
asymmetric difunctionals. The data obtained for
stationary phases of different pore size were also in
very reasonable agreement with the theory.

The extended experimental study of the retention
behavior of functional polymers in different modes
of liquid chromatography is in progress, and the
results will be published separately.
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