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Full verification of the liquid exclusion-adsorption chromatography
theory using monolithic capillary columns
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Abstract

Capillary electrochromatography (CEC) was used to separate alkyl phenol ethoxylates (APEs) as model diblock copolymers, with monolithic
polymers as stationary phases. The order of elution indicate that the two polymer blocks follow distinct chromatographic modes: size-exclusion
for the poly(oxyethylene) group and adsorption interaction for the alkyl part. Therefore, our experimental results were compared to the theory
describing liquid exclusion-adsorption chromatography (LEAC). They were found in perfect agreement with the theory, which turned to be
verified for the first time over the full range of polymer lengths.
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. Introduction

The characterization of polymers represents a demanding
nalytical task, owing to the intrinsic complexity of these
aterials. Polymer samples appear rarely as unique com-
ounds but mostly as mixtures of many compounds. A single
olymer molecule is built up from one or a few different
epeat units, which can be arranged following different ar-
hitectures or different number of repeating units. Therefore,
he complexity arises from the possibility to simultane-
usly combine different distributions. The most common

echnique used to separate different constituents within a
olymer blend is size-exclusion chromatography (SEC),
hich allows to discriminate between different molar masses

1,2]. Although this technique gives many satisfying results,
t shows severe limitations in the area of functional (block-,
andom or grafted-) polymers as it does not account for
ther distributions like functionality, chemical composition
r architecture. Consequently, a complete characterization
f a polymer sample requires at least a two-dimensional
eparation technique[3], where chemical and molar mass dis-

tribution can be deconvoluated based on different separ
mechanisms.

Two main separation mechanisms have been id
fied in liquid chromatography: size-exclusion chroma
raphy (SEC) where polymers are separated accordin
their molecular size, and liquid adsorption chromatogra
(LAC), which separates according to the number of struc
units capable of being adsorbed on the stationary phas
the frontier between these two modes, a third limiting ca
called the LC at the critical point of adsorption or under c
ical conditions (LCCC). Under these conditions, all cha
bearing the same repeating unit elute at the same e
volume regardless of their length. A comprehensive t
retical description of homopolymers separation was repo
by Gorbunov and Skvortsov[4]. More recently, this theor
was extended to the case of diblock copolymers separ
for which one block may follow the LAC mode, where
the second block is excluded[5]. This theory, called liq
uid exclusion-adsorption chromatography (LEAC) was
tially verified experimentally using fatty alcohol ethoxyla
(FAEs)[6].

The aim of this paper is to give further insight in

∗ Corresponding author. Tel.: +33 5 40 00 27 30; fax: +33 5 40 00 27 17.
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fundamental mechanisms underlying polymer separation.
Therefore, the separation of diblock copolymers or oligomers
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was investigated using capillary monolithic columns. Such
phases have recently received considerable attention as an
attractive alternative to particulate materials, displaying
good chromatographic performances in addition to a good
control over their porous properties and surface chemistry
[7,8]. Both electrically and pressure-driven separations can
be achieved using these phases, but the second is restricted
to rigid monoliths with strong mechanical properties, which
are able to withstand high pressures. Therefore, our attention
turned towards capillary electrochromatography (CEC),
which offers the use of a broader range of monoliths.

In addition, using CEC to separate diblock copolymers
was a way to further increase the knowledge concerning
the applications of this recent technique. In the area of
macromolecules, this technique has yet proved its interest
concerning biological species like proteins or peptides[9],
but it has poorly been explored in the area of synthetic
polymers [10–13]. On a fundamental point of view, it
is worth understanding separation mechanisms of large
molecules in electrochromatographic mode. Up to now, the
separation of synthetic polymers by electrochromatography
was mainly reported by Kok and co-workers[14–16], who
investigated the separation of various chemical structures
of homopolymers on packed capillaries. Their main goal
was to explore the capabilities of electrochromatography to
discriminate between different molecular weights within a
p hro-
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Tris(hydroxymethyl)aminomethane (TRIS), butyl methacry-
late (BuMA), ethyleneglycoldimethacrylate (EGDMA),
azobisisobutyronitrile (AIBN), 1-propanol, 1,4-butanediol,
sodium hydrogenophosphate, disodium phosphate were
purchased from Aldrich.N,N′-Methylenebisacrylamide
(BIS) was bought from BioRad Laboratories. Acetonitrile
(ACN), HPLC grade was from Merck Chemicals.

2.2. Stationary phase synthesis

2.2.1. Capillary preparation
Fused-silica tubing (Polymicro) with an internal diame-

ter (i.d.) of 100�m and 375�m outer diameter (o.d.) were
used as the separation capillaries. An optical window for UV
was created by burning a part of the polyimide layer. The
inner wall of the capillary was then treated with a 1N sodium
hydroxide (statically, 2× 15 min), flushed with a 0.1N hy-
drochloric acid for 30 min and finally rinsed with water for
30 min. The rinsing procedure was carried out using a suction
device coupled to the tap water providing vacuum. A solution
of [3-(methacryloyloxy)propyl]-trimethoxysilane in acetone
(50 wt.%) was introduced and left inside the capillary for
2× 20 min. The capillary was then rinsed with acetone and
water.

2.2.2. Hydrogel phase synthesis
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olymer family, i.e. the size-exclusion mode of electroc
atography (size-exclusion chromatography, SE
nother example of polymer separation was also report
how the potentiality of a monolithic stationary phase[17].

In this paper, we report on the separation of dibl
opolymers or oligomers using monolithic stationary pha
lkyl phenol ethoxylates (APEs) were chosen as a m
ince they were UV-detectable. Two types of polym
aterials were used, bearing a different crosslin
ensity. The poorly crosslinked phase, based on polyN-

sopropylacrylamide) (PNIPAM), consists of a swol
etwork, whereas the highly cross-linked one looks lik
orous solid phase with a well-defined pore size. In e
ase, various separation conditions were investigated
he order of elution always corresponded to a LEAC m
herefore, our experimental results were compared to

heoretical predictions. Our results were in good agree
ith the theory and gave the first experimental data cove

he whole range of theoretical prediction. The influenc
he chromatographic support was also evaluated.

. Experimental

.1. Materials (ou chemicals)

N-Isopropylacrylamide (NIPAM), 2-acrylamido-2-m
hyl-1-propanesulfonic acid (AMPS), ammonium per
ate (APS), N,N,N′,N′-tetramethylenediamine (TEMED
3-(methacryloyloxy)propyl]-trimethoxysilane, boric ac
Our strategy was to synthesize a swollen gel statio
hase capable to achieve separations based on hydro

nteraction. As reported by Fujimoto et al.[18] and confirmed
y us, a charged NIPAM-based gel completely fullfilled
equirement. NIPAM was the monomer responsible for
rophobic interaction with solutes. The presence of cha
as necessary to achieve electroosmotic flow[19]. A prege
olution was obtained by introducing 80 mg of NIPAM as
ain hydrophobic monomer, 10 mg of BIS as a crosslin
nd 6 mg of AMPS as a charged monomer, in 2 mL
ris/boric acid (100 mM/150 mM) buffer. This particu
omposition was chosen regarding the results obtained
revious study which studied the influence of gel compos
n alkylphenones separation[20]. The pregel solution wa
rst degassed with argon. The polymerisation was initi
y introducing 10�L of APS in water (10 wt.%) and 10�L of
EMED in water (10 vol.%), and rapidly sucked into a fus
ilica capillary, which had been previously treated with
methacryloyloxy)propyl]-trimethoxysilane. The polyme
ation proceeded overnight at room temperature.

Before use, a few centimeters sections at the capillary
ere removed. The 40-cm long capillary (34 cm from i
nd to the detection window) was mounted on a cassett
as subsequently conditioned for 3 h with a 100–150
ris/boric acid buffer (pH 8.2) at 8 kV (E= 200 V/cm). The
apillary was ready for use when the current stayed sta

.2.3. Rigid monolithic phase synthesis
Porous highly crosslinked polymers, so-called mo

iths, have been widely used as separation medium
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Fig. 1. SEM images of the stationary phases: (a) hydrogel after freeze-drying, scale bar: 10�m; (b) rigid monolith with an average porous diameter of 950 nm
(obtained with 59.6% of 1-propanol), scale bar: 6�m.

electrochromatography[7]. Compared to gels, they display
good mechanical properties and can support a wide range
of solvents. Rather, the pionneering work of Frechet and
co-workers a few years ago[21,22]showed that their porous
properties could be finely tuned by carefully controlling
the synthesis conditions. One major parameter is the nature
of the solvent and its affinity for the growth of polymeric
chains[23]. Larger pores were obtained in a poor solvent
due to an earlier onset of phase separation. We used the
same polymerization procedure as described previously
[22]. AIBN was added to a mixture of containing 40 wt.% of
monomers and 60 wt.% of solvent. The monomers mixture
contained itself BuMA (60 wt.%) as a hydrophobic monomer
and EGDMA (40 wt.%) as a crosslinker. The solvent mixture
is made ofXwt.% 1-propanol,Ywt.% 1,4-butanediol and
10 wt.% of water containing AMPS as a charged monomer.
The amount of AMPS was 0.3% of the total weight. Four
monoliths were obtained in this way, using the percentage
X of 1-propanol (good solvent) varying between 58 and
62%. The mixture was deaerated by purging with argon. It
was then injected in the pretreated capillary using a seringe
tightly connected to the capillary, until the meniscus reached
the optical window. The two ends of the capillary were
connected together via a piece of plastic tubing and the
capillary was immersed in a water bath at 60◦C to proceed
radical polymerization for 20 h. The rest of the mixture was
p the
s
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2.3. Stationary phase characterization

2.3.1. Physical properties
The gel and monolith morphologies were investigated by

scanning electron microscopy (JEOL JSM-5200, operating
at 25 kV). The gel samples were first lyophilized. Prior to
observation, all samples were gold coated using a metallizer
(Technics Hummer Jr.). Typical SEM images are shown on
Fig. 1. The porous properties of the rigid monolithic phases
were investigated using a mercury porosimeter (Micromerit-
ics Autopore IV 9500). The monoliths had a median pore
diameter comprised between 580 and 1400 nm, with a very
narrow size distribution, as shown onFig. 2.

2.3.2. Electrochromatographic performances
Electrochromatographic experiments were carried out

using a Spectraphoresis Ultra capillary electrophoresis
from ThermoSeparation Products (Thermofinnigan, France)
equipped with UV 3000 detector system. Data acquisition
were performed using the Chromquest software.

F ob-
t

laced in a polyethylene vial and was also polymerized in
ame conditions.

The bulk polymerized cylinder was Soxhlet extracted w
ethanol for 20 h to remove unreacted monomers and so
nd vacuum dried at 60◦C overnight. After cutting a sma
art of the extremities, the resulting capillary was conne

o a HPLC pump and washed first with methanol for 30 m
hen with a mixture water/methanol for the next 30 min,
nally with the mobile phase (acetonitrile and 10 mmo
H 7 phosphate buffer (80:20, v/v)). The capillary len
as reduced to 36 cm (29 cm active length). The capi
as then transferred to the electrophoresis instrumen
quilibrated by applying a voltage of 20 kV at 25◦C, while
ressurizing both inlet and outlet ends to 0.8 MPa.
ig. 2. Differential pore size distribution profile of a porous monolith
ained with 59.6% of 1-propanol.
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For the gel phase, the mobile phase was a 100/150 mmol/L
Tris/boric acid buffer (pH 8.2) mixed with different concen-
trations of acetonitrile. The highest amount of ACN that could
be used with a gel column was 50% (v/v). Indeed, above this
value, the gel collapsed and no transport across the gel was
possible. The collapsed gel acted as an impermeable barrier
to any ionic or molecular species.

The good quality (reproducibility, ageing) of the gel was
verified by separating a mixture of test compounds (alkylphe-
nones), using a 20:80 (v/v) ACN/buffer mobile phase, un-
der 8 kV at 25◦C. Thiourea (TU) was used as an unretained
marker. The solutes were injected electrokinetically for 3 s at
a constant potential of 5 kV. An example of this separation is
given onFig. 3. Although a poor resolution was obtained with
these compounds, the order of elution shows that the separa-
tion is based on a reverse-phase mode, as already stated by
Fujimoto et al.[18]. The gel displayed a very stable behaviour
since no deviation of elution times appeared even after 300 h
of utilisation.

A similar test was performed on rigid monolithic columns.
These columns allow the use of less polar mobile phases
than the ones used for gels. The mobile phase was a mix-
ture of acetonitrile and 10 mmol/L, pH 7 phosphate buffer
(80:20, v/v). The test compounds were alkyl benzene deriva-
tives, injected electrokinetically for 5 s at 5 kV and separated
under 20 kV at 25◦C. Again, thiourea was used as an unre-
t rized
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2

Fig. 4. Separation of alkylbenzenes on a monolithic phase. Conditions: cap-
illary, 34 cm (29 cm effective length), 0.1 mm i.d.; applied voltage, 20 kV,
6�A; pressure in vials, 0.8 MPa; injection, 5 kV, 5 s; detection, UV ab-
sorbance at 254 nm; temperature, 25◦C; mobile phase 80% (v/v) acetoni-
trile in buffer, 10 mM phosphate buffer (pH 7.2); sample concentration,
1–5 mM. Peaks: thiourea (TU), toluene (1), ethylbenzene (2), propylben-
zene (3), butylbenzene (4).

2.4. Alkylphenol ethoxylates separations

Alkyl phenol ethoxylates (APEs) have a chemical struc-
ture close to fatty alcohols ethoxylates (FAEs), a very im-
portant family of nonionic surfactants. These products of-
ten consist of different polymer homologous series having
the general formula presented onFig. 5. Their structure is
basically a diblock polymer structure: the first block is the
alkyl chain of varying lengthm, noted Cm, while the sec-
ond block is the poly(oxyethylene) chain of varying length
n, noted En. For reading simplicity, they will be designed as
CmEn. The following polydisperse APEs were used in these
investigations (specifications given by the producer Aldrich).
Their trade name and corresponding lengths are reported in
Table 1. It should be noted thatm is a perfectly defined value,
whereasn corresponds to a distribution. The value reported
in the table corresponds to the main component. Two homol-
ogous series of compounds were distinguished: series C8En
and series C9En, which differ from their alkyl block length.

We used mixtures of ACN and aqueous buffer as mo-
bile phases, with the background electrolyte respective of
each type of column as mentioned above. The separation was
achieved in the same experimental conditions as those for the
test compounds, except for the detection wavelength, which
ained marker. Both inlet and outlet ends were pressu
nder 0.8 MPa. An example of their separation is show
ig. 4. In this case, a baseline resolution was achieved
orth noting the efficiency for thiourea was twice as m

n the case of monoliths (N= 27 000) than in the case of g
N= 12 000).

ig. 3. Separation of alkylphenones on a hydrogel phase. Conditions
llary, 40 cm (34 cm effective length) 0.1 mm i.d.; applied voltage, 8
.5�A; injection, 5 kV, 3 s; detection, UV absorbance at 254 nm; t
erature, 25◦C; mobile phase 20% (v/v) acetonitrile in buffer, 100 m
ris/150 mM boric acid (pH 8.2); sample concentration, 1–5 mM. Pe

hiourea (TU), acetophenone (1), propiophenone (2), isobutyropheno
-hydroxy-acetophenone (4), 2-hydroxypropiophenone (5).
 Fig. 5. Structure of the alkylphenol ethoxylates CmEn.
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Table 1
Summary of the studied APEs samples

Name m n

Igepal CA-210 8 2
Igepal CA-520 8 5
Igepal CA-630 8 9
Triton X-405 8 40
Igepal CO-210 9 2
Igepal CO-520 9 5
Igepal CO-720 9 12
Igepal CO-890 9 40
Igepal CO-990 9 100

Trade name and corresponding CmEn composition of the main component.

was chosen at 226 nm. We checked that the current never
exceeded 10�A, and therefore, avoided any unwanted Joule
heating. No effort was made to optimize other separation
parameters such as electrolyte concentration, pH, or temper-
ature, although it was shown very recently that they could
improve both the resolution and efficiency of the separation
of APEs[24].

3. Theoretical considerations

The following section is a summary of the main aspects
of the theory developed by Trathnigg et al.[5] and Trathnigg
and Gorbunov[6] for diblock copolymers separation.

When a polymer chain travels within a channel or a pore,
it may adopt different behaviours depending on its chemical
composition, its length, the nature of the solvent, the size of
the pore and the nature of its surface. At a macroscopic level,
the relevant value in liquid chromatography is the elution
volume, which has the following definition for a packed bed
column:

Ve = Vi + KVp (1)

whereVi denotes interstitial volume (outside the particles)
andVp, the pore volume inside the particles.K is the dis-
tribution coefficient related to the equilibrium between the
s ed to
t ition
f ibbs
f lpy
a ition
b

3

due
t ibed
a
w ami
[
i

K

For Gaussian chains of molecular weightM,Ris proportional
to

√
M and the relation becomes:

K ≈ 1 − A
√

M (3)

whereA is a constant.
The elution order of the molecules will be inverted com-

pared to their molecular mass.

3.2. Adsorption mode (LAC)

In this mode, the enthalpic contribution due to the adsorp-
tion of a polymer chain on the surface of a pore is favourable
and counterbalances the loss of conformational entropy. The
polymer tends to extend on the surface. The parameter of ad-
sorption interaction c is introduced: it has the dimension of
an inverse length and the valueH=c−1 is equal to the mean
thickness of the layer formed by the polymer chain on a pore
wall. In the asymptotic regime where the polymer radiusR is
large compared toH or c−1 (Rc � 1), the equilibrium value
KLAC is expressed as:

KLAC ≈ 2

cd
exp(c2R2) (4)

On a practical point of view,c varies as a function of
interactions between three components: the polymer chain,
t g the
a ame-
t
w

ode,
i uid
c lpic
i ional
e

3

of
b A is
a is ex-
c d in
t h
m situ-
a tant

F r of a
d be-
h

olute at the surface and in the mobile phase. It is relat
he variation in Gibbs free energy associated to the trans
rom the mobile phase to the stationary phase. The G
ree energy is itself divided into two contributions: entha
nd entropy. The elution mode results from a compet
etween these two contributions.

.1. Size-exclusion mode (SEC)

This mode is governed by entropy. The entropy loss is
o the conformational change of a polymer chain, descr
s a random coil with a radius of gyrationRmoving in a pore
ith a diameterd. As first described by Casassa and Tag

25], for small molecules and wide pores (R/d � 1), KSEC
s given by:

SEC ≈ 1 − 2√
Π

R

d
(2)
he solvent (eluent), and the stationary phase. Increasin
mount of good solvent will decrease the adsorption par

er. This solvent is also calleddesorliand opposed toadsorli,
hich is a poor solvent of the polymer[26–28].
At the frontier between the LAC mode and the SEC m

s the mode at the critical point of adsorption, called liq
hromatography under critical conditions (LCCC). Entha
nteractions perfectly compensate the loss of conformat
ntropy andK is equal to 1.

.3. Liquid exclusion-adsorption chromatography

This mode is applied to diblock copolymers made
locks presenting opposite behaviour. Typically, block
dsorbed on the surface of the pore, whereas block B
luded (Fig. 6). Theoretical results have been establishe
he general approximation thatRA andRB are both muc
ore smaller than the pore diameter d. In the special
tion where the block A is strongly adsorbed, the cons

ig. 6. Schematic representation of the chromatographic behaviou
iblock copolymer constituted with two blocks displaying opposite
aviours: block A is adsorbed whereas block B is excluded.
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KLEAC relative to the copolymer free enthalpy change, can
be written as follows:

KLEAC = KAY (cA; RB) (5)

whereKA is very large (KA � 1) and constant when the
length of block A is constant.KA has the form of Eq.(4). Y
is a mathematical function defined asY≡ exp(x2)erfc(x). It
describes the behaviour of the excluded block, which depends
not only onRB but also oncA. Two asymptotic cases can
easily be calculated.

When the non-adsorbing block is small compared to the
thickness of the adsorbed layer (RBcA < 1),

KLEAC ≈ KA

[
1 −

√
Π

2
cARB

]
≈ KA(1 − C̃

√
NB) (6)

Thus,KLEAC has a linear evolution versus the square root of
the number of units in the block B, which is similar to the SEC
mode. The difference is that the values ofKLEAC are more
than unity which is characteristic of an adsorption mode.

When the non-adsorbing block is large enough (RBcA �
1),

KLEAC = KA
1√
Π

1

RBcA
≈ KA

1

C̃′√NB
(7)

The linearity ofK is expected versus the inverse of the
s
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Fig. 7. Electrochromatograms showing the effect of the EO-block chain
length n on the retention time of several mixtures of C9En (the names
indicated on the graph represents the main constituent of the distribu-
tion). The separations are performed on the hydrogel phase in 50% (v/v)
acetonitrile–buffer: detection, UV absorbance at 226 nm (other conditions:
seeFig. 3).

broad peak. The order of peaks was inversely proportional to
the EO block length, which corresponded to a size-exclusion
mode. We also investigated the role of the alkyl chain length
by comparing series C8En and C9En with the same mobile
phase (Fig. 8). Increasing the alkyl chain length increased

F ngth
m ph
r re ob-
t , UV
a

LEAC
quare root ofNB.

We point out the pore size dependence ofKLEAC. KLEAC
s proportional toKA, which is itself inversely proportion
o d, as mentioned for a LAC mode.

. Results and discussion

.1. Separation of alkyl phenol ethoxylates with
ydrogel phase

Our strategy was to evaluate the functionality distribu
f diblock copolymers using CEC. The following method
gy was used. The mobile phase was a mixture of aqu
uffer and acetonitrile. Regarding the structure of thes
lock molecules, it was expected that the alkyl block wo
dsorb on the stationary phase via hydrophobic interac

t was also known from previous studies[29] that acetoni
rile was a good solvent of poly(oxyethylene) homopolym
hereas water promoted adsorption on a hydrophobic
mn. In order to avoid any irreversible adsorption of
olymer chains, we started our first analysis with the h
st amount of solvent that would disfavour the adsorptio
ny of the blocks, which is acetonitrile. The first experime
ere performed with a mobile phase constituted with 5

v/v) of acetonitrile.
The effect of the ethoxylate chain length was comp

n each series C8En and C9En. Fig. 7 shows an example
eparation obtained for one alkyl chain length and diffe
alues of EO block length. Each sample was eluted as a s
ig. 8. Electrochromatograms showing the effect of the alkyl chain le
on the retention time of several CmEn (the names indicated on the gra

epresent the main constituent of the distribution). The separations a
ained on the hydrogel phase in 50% (v/v) acetonitrile–buffer: detection
bsorbance at 226 nm (other conditions: seeFig. 3).
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Fig. 9. Electrochromatograms showing the effect of the ACN volume frac-
tion on the separation of Igepal CO-520 (main component C9E5), on the
hydrogel phase. Separation conditions: detection, UV absorbance at 226 nm
(other conditions: seeFig. 3).

elution times. Therefore, we could conclude that the alkyl
chain was adsorbed, even at 50 vol.% of acetonitrile.

The amount of acetonitrile was progressively decreased
in the mobile phase. The broad elution peaks progres-
sively enlarged and separated into finely resolved peaks
(Figs. 9 and 10). Instead of an average value ofn, each peak

F hain
l he
g ns are
p ction,
U

corresponded to a single EO length. It could be clearly seen
that each sample was constituted with a mixture of several EO
chain lengths. To identify the peaks, we made the assumption
that the highest peak corresponded to the main component of
the sample and stated that the previous peak had the value
n+ 1. This assumption seemed to be correct as we found the
same retention time for the same chain lengthnpresent within
two different samples (Fig. 10). For example, the compound
C9E3 is present in both samples with main constituents C9E5
and C9E2. A baseline resolution could be achieved for the
smallest values ofn. The order of elution indicated again a
size-exclusion mode for the EO chain block. We also com-
pared the retention times between series C8En and C9En,
which confirmed that the alkyl chain was still adsorbed in
these conditions.

The elution time of each peak could be measured and com-
pared to the theory established for liquid chromatography. To
do so, we had to estimate the values of the equilibrium con-
stantK. In liquid chromatography,K is related to elution vol-
umes as defined by relation(1), which is expressed for packed
bed columns. In the case of monolithic columns, this relation
is still valid, considering that the continuous media contain
two types of pores in their structure[30–32]: (i) the larger
pores, called through pores, which form the flow-channel
network outside the monolith skeleton, corresponding to the
interstitial volume, (ii) the smaller mesopores inside the ma-
t ing
t val-
u pure
e gels
b both
s de-
t e
t ari-
a rous
v
V
r

α

e of
e n
t ectly
a s an
i in
t s in
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p ute
( pore
v

nted
a here
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ig. 10. Electrochromatograms showing the effect of the EO-block c
engthn on the retention time of several C9En (the names indicated on t
raph represent the main constituent of the distribution). The separatio
erformed on the hydrogel phase in 35% (v/v) acetonitrile–buffer: dete
V absorbance at 226 nm (other conditions: seeFig. 3).
rix, providing the interaction with the solutes, correspond
o the porous volume. The usual way to determine these
es experimentally is to separate standard polymers in a
xclusion mode. This could not be achieved with hydro
ecause we could not find a standard which could be
oluble in water rich solvents and detectable with a UV
ector. Therefore, we had to expressK as a function of th
otal void volume and the elution volume, which are the v
bles experimentally accessible. We define that the po
olumeVp is a small partα of the total void volumeV0, i.e.
p =αV0. In this case,K is related toVe andV0 through the

elation:

K = Ve

V0
− 1 + α (8)

In practise, we calculate the ratio between the tim
lution and a time of referencet0 instead of the ratio betwee

he corresponding volumes. Indeed, the volume is not dir
ccessible in the case of CEC, since the flow velocity i

nternal variable, controlled by the electroosmotic flow
he column, which is dependent of the level of charge
he stationary matrix and the ionic strength of the mo
hase. The timet0 is the elution time of an unretained sol
thiourea), which was supposed to travel over the entire
olume. It depended on the mobile phase composition.

To compare our results to the LEAC theory prese
bove, we investigated the two asymptotical regimes, w

he evolution ofK is predicted versus the number of un
f the non-adsorbing block (the polyethylene oxide bloc
ur case). We assumed that bothRA andRB are smaller tha
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Fig. 11. Plot ofte/t0 as a function of
√

n for the series C9En on the hydrogel
phase in different ACN volume fractions (vol.%): (�) 50, (�) 40, (♦) 35,
(×) 30.

the pore diameter. We first investigated the regime where
RB is small compared to the thickness of the adsorbed layer
(RBcA < 1). Our experimental values ofte/t0, i.e.αK+ 1− α

were plotted versus the square root ofn (Fig. 11). As pre-
dicted by the theory and also experimentally obtained by
Trathnigg and Gorbunov[6], it exhibited a linear evolution
versus

√
n. This linear relation holds only in the range of

small n (n< 10) where the gyration radiusRB is supposed
to be small. Moreover, this linear behaviour is available for
several mobile phase compositions and for both series C8En
and C9En (data not shown). The slope of these lines depends
on the length of the alkyl group (m) and also on the mo-
bile phase composition. According to the theory, the slope
is proportional toKA. It increases as the volume fraction of
ACN decreases and also increases as the alkyl chain length
increases, which is in perfect agreement with a reverse-phase
mode.

We completed our comparison with theory by investigat-
ing the other regime, whereRBcA � 1, which corresponds
to large gyration radiiRB. We plot te/t0 as a function of the
inverse square root ofn (Fig. 12). This time, a linear portion
was observed in the region of largen (n> 6). This indicated
that the second regime of the theory was achieved for the
longest chains (largeRB), in the same separation conditions
as for the first regime, which means thatcA has the same
value. According to the theory in Eq.(7), the slopes should
b
s creas
i h
i non.
A
a
v
F ed
b n of

Fig. 12. Plot ofte/t0 as a function of 1/
√

n for the series C9En on the hydrogel
phase in different ACN volume fractions (vol.%): (�) 50, (�) 40, (♦) 35,
(×) 30.

ACN in the mobile phase. Therefore,α is below 10%, which
is in reasonable agreement with its physical meaning. Its de-
pendence on the mobile phase composition can be explained
by the soft properties of the gel phase. Indeed, as mentioned
previously, the swollen state of the gel phase depends on the
nature of the solvent and thus, the porosity of the gel decreases
as the volume fraction of ACN increases.

4.2. Separation of alkyl phenol ethoxylates with
monolithic rigid phases

The same samples were also analyzed using the monolithic
capillaries described above. The mobile phases were richer in
acetonitrile than for the gel phases (from 65 to 95%, v/v). The
buffer was a 10 mmol/L phosphate solution at a pH of 7. The
same features as for the hydrogel phase were observed. For
acetonitrile-rich mobile phases, the largest samples eluted as
one broad peak and the peaks were in the order of a size-
exclusion mode for the poly(oxyethylene) chain and in the
order of a reverse-phase mode for the alkyl chain. When de-
creasing the ratio of acetonitrile, some of these peaks started
to deconvoluate. However, they remain broad and no base-
line resolution could be achieved. A typical chromatogram is
presented onFig. 13for series C9En in 80% acetonitrile. For
the smallest values ofn, each EO length could be separated
e in-
c etrical
s onger
a . We
i stri-
b the
s

the
g pare
t

e proportional toKA/cA. For a given mobile phase,cA is
upposed to be constant. The slope increased when in
ng the chain length, which means thatKA increased, whic
s again in good agreement with an adsorption phenome
lso according to Eq.(7),K is directly proportional to 1/

√
n

nd the fit should cross the origin. Therefore, our fit ofte/t0
ersus 1/

√
n should cross they-axis in 1− �. As shown on

ig. 12, the lines cross they-axis close at values compris
etween 0.9 and 0.98, depending on the volume fractio
-

ven at 95% of ACN. Decreasing the ratio of ACN only
reased the retention time and accentuated the asymm
hape of the peaks. This seems to indicate a rather str
dsorption of these compounds on the monolithic phase

nvestigated four columns having different pore size di
utions but found no significant effect of the porosity on
hape of the peaks.

Although the resolution was not as good as with
el columns, we picked the peaks position and com

he experimental values to the theory. We first plottedte/t0
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Fig. 13. Electrochromatograms of several C9En (the names indicated on
the graph represent the main constituent of the distribution) as obtained on a
monolithic phase in 80% (v/v) acetonitrile–buffer: detection, UV absorbance
at 226 nm (other conditions: seeFig. 4).

versus the square root ofn. As shown onFig. 14, the
resulting curve was not linear at all. This suggested that the
conditionRBcA < 1 was not satisfied, probably meaning that
the adsorption of the alkyl chain was rather strong (highcA).

We explored the second asymptotic regime and plotted
te/t0 versus the inverse of the square root ofn. A linear
behaviour is observed on the whole range ofn for the mobile
phase containing at 85 vol.% ACN (Fig. 15). The curve
crosses they-axis in 0.92, which corresponds to a porous
volumeVp occupying 8% of the total volumeV0. This order

F
p

Fig. 15. Plot ofte/t0 as a function of 1/
√

n for the series C9En on a monolithic
phase in different ACN volume fractions (vol.%): (♦) 85, (�) 80, (�) 70.

of magnitude is similar to that obtained for gel phases. We
verified that this value has a physical meaning by looking at
carefully the porosity distribution profile (Fig. 2). The porous
volume was defined as the smallest pores of the distribution.
They can be either pores which are not visible on the
porosity distribution profile, maybe smaller than 10 nm,
or simply the part of the distribution corresponding to the
smaller pores.

When decreasing the volume fraction of ACN, the exper-
imental data seem to be fitted by two distinct linear domains.
The first one corresponds to largen (n> 12), where data are
almost superimposed whatever the ratio of ACN. A second
linear domain appears in the range of smalln (n< 12), which
is unexpected from the theoretical considerations exposed
above. Based on the assumption of a strong adsorption of the
alkyl chain on the monoliths, we would have expected that a
single linear regime would be observed on the whole range
of n or at least for the largestn, with a slope proportional
to KA/cA, i.e. varying with the mobile phase composition.
Therefore, the LEAC theory does not seem to explain the
separation of APE diblock copolymers with our rigid mono-
liths. The very high adsorption of the alkyl chain, as indicated
by the asymmetrical shape of the peaks, may originate this
particular behaviour. Further experimental data will be re-
quired to better understand this behaviour.

4
p

re-
s was
a ary
p r un-
e d with
s ere
ig. 14. Plot ofte/t0 as a function of
√

n for the series C9En on a monolithic
hase in different ACN volume fractions (vol.%): (♦) 85, (�) 80, (�) 70.
.3. Comparison between hydrogel and rigid monolithic
hases

From an analytical point of view, the experimental
ults show that the separation of alkyl phenol ethoxylates
chieved with a better resolution with a hydrogel station
hase than with a monolithic one. This result was rathe
xpected as it appeared opposite to the results obtaine
mall molecules, where both efficiency and resolution w
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found better with rigid monoliths. Several criteria may be
incriminated. Some of them concern the mobile phase and
have not been investigated yet: the nature and concentration
of the background electrolyte and also the pH. However, in a
recent publication[24], Norton and Shamsi interested in the
optimisation of the separation of one alkyl phenol ethoxy-
late, named Triton X-100. They showed that the parameters
relative to the mobile phase could be tuned to optimise the
separation but also that their impact was minor compared to
the nature of the stationary phase. These authors compared
different packing materials and showed that the presence of
uncapped silanol groups strongly enhanced the separation
of Triton X-100, possibly through H-bonding interactions.
A similar conclusion may hold for our results. Indeed, the
difference between soft and rigid stationary phases could be
explained by their ability to induce H-bonding interactions
or not. The hydrogel phases offer this possibility since they
present amide functions, whereas monolithic acrylate-based
materials do not. The porous structure might also play a role
in the polymer separation but further information is required
to conclude on this effect. To gain insight into the role of the
structure, we should keep constant the chemical nature of the
columns: the separation of alkyl phenol ethoxylates should
be carried out with a highly crosslinked acrylamide-based
polymer.

5
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