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Research Article

Comprehensive study of the macropore
and mesopore size distributions in polymer
monoliths using complementary physical
characterization techniques and liquid
chromatography

Poly(styrene-co-divinylbenzene) monolithic stationary phases with two different domain
sizes were synthesized by a thermally initiated free-radical copolymerization in capillary
columns. The morphology was investigated at the meso- and macroscopic level using com-
plementary physical characterization techniques aiming at better understanding the effect
of column structure on separation performance. Varying the porogenic solvent ratio yielded
materials with a mode pore size of 200 nm and 1.5 �m, respectively. Subsequently, nano-
liquid chromatography experiments were performed on 200 �m id × 200 mm columns
using unretained markers, linking structure inhomogeneity to eddy dispersion. Although
small-domain-size monoliths feature a relatively narrow macropore-size distribution, their
homogeneity is compromised by the presence of a small number of large macropores,
which induces a significant eddy-dispersion contribution to band broadening. The small-
domain size monolith also has a relatively steep mass-transfer term, compared to a monolith
containing larger globules and macropores. Structural inhomogeneity was also studied at
the mesoscopic level using gas-adsorption techniques combined with the non-local-density-
function-theory. This model allows to accurately determine the mesopore properties in the
dry state. The styrene-based monolith with small domain size has a distinctive trimodal
mesopore distribution with pores of 5, 15, and 25 nm, whereas the monolith with larger
feature sizes only contains mesopores around 5 nm in size.

Keywords: Adsorption isotherms / Column characterization / Gel porosity /
Porosimetry / Stationary phases
DOI 10.1002/jssc.201600896

� Additional supporting information may be found in the online version of this article
at the publisher’s web-site

1 Introduction

Rigid polymer-monolithic stationary phases for LC were in-
troduced in the early 1990’s as an alternative for columns
packed with spherical particles [1]. Monoliths feature a macro-
porous interconnected network structure of clustered poly-
mer globules. Similar to the relation between particle size
and separation efficiency (Hmin = f(dp)) of particle-packed
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Abbreviations: AFM, Atomic-force microscopy; BET,
Brunauer–Emmett–Teller; IUPAC, International Union of Pure
and Applied Chemistry; MIP, Mercury-intrusion porosimetry;
NLDFT, Non-local density function theory; PSD, Pore size
distribution

columns [2], the kinetic separation performance of polymer-
monolithic stationary phases is primarily dictated by the do-
main size, i.e., the sum of the macropore size and the size
of the polymer microglobules [3]. Indeed, decreasing the size
of the macropores and microglobules by adjusting the compo-
sition of the polymerization precursor mixture (e.g., changing
the porogen composition, or the monomer-to-porogen ratio)
or altering the polymerization reaction conditions (such as
the polymerization temperature and time), can enhance the
separation efficiency [4–7].

Despite the relatively heterogeneous macropore struc-
ture of polymer monoliths, which enhances eddy disper-
sion (negatively affecting efficiency) [8], polymer-monolithic
columns were successfully applied for the gradient sepa-
ration of biomolecules including intact proteins and their
isoforms [9, 10], DNA [11], peptides [12], and also synthetic
polymers [13, 14]. This good kinetic performance, however,
contrasts with the efficiency reported for small-molecule
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separations [15, 16]. Significant chromatographic dispersion
was attributed to the ability of small molecules to penetrate the
meso- and micropores of the stationary phase and to surface-
diffusion effects [17, 18]. Penetration of small molecule so-
lutes in the polymer globules, facilitated by swelling induced
by the use of a high content of organic modifier in the mobile
phase, which can affect the resulting peak width and hence
separation efficiency [8].

IUPAC defines mesopores to range from 2 to 50 nm,
with sub-2 nm pores being classified as micropores, and
pores larger than 50 nm to be macropores. To under-
stand the relation between the monolithic pore structure
and dispersion of small and large molecules, more de-
tailed information is required about the micro-, meso-,
and macropore distributions. Physical characterization tech-
niques such as scanning-electron microscopy and mercury-
intrusion porosimetry (MIP) have been frequently applied
to characterize respectively the microglobule size and the
macropore size distributions in the dry state, respectively
[19, 20]. Macropore sizes obtained from MIP data are gen-
erally in good agreement with those derived from inverse
size-exclusion chromatography experiments [21]. As an al-
ternative to MIP to study the mesoporosity of porous ma-
terials, mesopore analysis of such materials is typically per-
formed using gas-adsorption techniques [22]. Modeling of
the adsorption-desorption data allows to establish pore-size
distributions in the meso- and micropore range. However, re-
cent studies demonstrated that the conventionally used pore
models based on the Kelvin equation such as the Barrett–
Joyner–Halenda model, the Horvath–Kawazoe model, and
the Saito–Foley model, do not take into account physical phe-
nomena arising in materials that exhibit both micro- and
mesopores [23]. The contributions in the isotherms caused
by phenomena such as tensile-strength and pore-network ef-
fects, adsorbate phase transitions, and monolayer formation,
often lead to an underestimation of the true pore size [24].
Alternatively, one can use the non-local density function the-
ory, which is based on molecular simulations and molecular
dynamics [25]. Most recently, this approach was adopted by
IUPAC [26]. Recently, we addressed the properties of the ma-
terials under realistic experimental conditions (e.g., wetted
state), by an NMR spectroscopy study of a polymer monolith
wetted with acetonitrile. The results revealed the presence
of acetonitrile with restricted mobility, likely to be present
in the confines of micro- and mesopores, and adsorbed to
the surface [27]. To characterize this swelling behavior in
the presence of typical reversed-phase solvents such as wa-
ter and acetonitrile, an atomic force microscopy (AFM) study
was reported by Laher et al. [28]. There, the monolith was
embedded in a resin followed by longitudinal microtom-
ing, allowing to probe the surface of cross-sectioned glob-
ules, but possibly not the true surface of the polymer glob-
ules. Also, in this configuration the material is restricted to
axial swelling, not having its usual degrees of dimensional
freedom.

In recent years, TEM [29] and block-face SEM have been
used to characterize the macropore structure of monolithic

stationary phases. The latter technique was used to cre-
ate three-dimensional reconstructions (typically with dimen-
sions in the order of 40 × 40 × 40 �m³) of monolithic
materials by means of analyzing hundreds of 50 nm thick
cross-sections. In this way both monolithic disks [30–32], as
well as monoliths prepared in a capillary column formats
were analyzed [33–35]. Simulation of flow inside these mono-
lithic entities has allowed to establish a better understanding
of the relation between porous properties and morphology
of polymer monoliths, and mass transport and dispersion
characteristics in these materials. For example, Jungbauer
et al. [32] could relate the permeability of polymer monoliths
to alternating channel width and interconnectivity of narrow
and wide pores. The existence of preferential flow paths, en-
trapment of probes at constrictions and dislodgement of these
probes by diffusion was also demonstrated using these mod-
eling approaches, accounting for the influence of flow rate on
these phenomena [31].

The present study reports on the synthesis and the char-
acterization of the morphology of polymer monoliths on the
macro-, meso-, and micropore levels using SEM, MIP, and
gas-adsorption experiments (with different gasses and oper-
ating ranges to study possible swelling behavior). Possibilities
and limitations of the techniques are discussed. The results
of the physicochemical study are complemented with chro-
matographic experiments using un-retained tracers to corre-
late apparent structural inhomogeneity to flow transport be-
havior and dispersion characteristics. Results are presented
for two types of poly(styrene-co-divinylbenzene) monoliths
featuring different porous properties. To probe the swelling
behavior of the stationary-phase surface under wetting condi-
tions, atomic-force microscopy experiments were conducted
in a controlled liquid environment.

2 Materials and methods

2.1 Materials and chemicals

Acetonitrile (ACN, LC–MS grade), 2,2′-azobisisobutyronitrile
(AIBN, 98%), 1-decanol (99%), methanol (chromasolv,
99.5%), potassium iodide (KI, 99%), tetrahydrofuran (THF,
anhydrous, without stabilizer, 99.9%), toluene (anhydrous,
99.8%), 3-(trimethoxysilyl)propyl methacrylate (98%) and
uracil (99%) were purchased from Sigma–Aldrich (Bornem,
Belgium). Styrene (S, 99.5%), divinylbenzene (DVB, techni-
cal, 65% mixture of m-DVB and p-DVB, 35% ethylvinylben-
zene), and sodium hydroxide pellets were purchased from
Merck (Hohenbrunn, Germany). Hydrochloric acid (30 vol %)
was purchased from Fluka (Buchs, Germany). S and
DVB were purified over activated alumina columns to re-
move inhibitor, all other products were used as received.
Water was purified using a MilliQ system (Merck Millipore,
Darmstadt, Germany). Poly(imide)-coated fused-silica tubing
(200 �m id × 360 �m o.d.) was purchased from Polymicro
Technologies (Molex, Lisle, USA).
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Table 1. Polymerization mixture compositions in weight per-
centage for the preparation of the poly(styrene-co-
divinylbenzene) monolithic materials

wt% S wt% DVB wt% THF wt% 1-decanol wt% AIBN*

15.0 15.0 17.5 52.5 3.0
15.0 15.0 14.0 56.0 3.0

*Percentage of AIBN initiator relatively to mass of monomers.

2.2 Monolith synthesis

Capillary fused-silica tubing was pretreated to establish co-
valent bonding of the polymer monolith to the column in-
ner wall using a surface modification procedure described
in literature [36]. In summary, the surface was activated
by flushing columns with 1 M NaOH solution (30 min,
2 �L/min) and subsequent flushing with 1 M HCl (30 min,
2 �L/min). The columns were then functionalized by flushing
with (trimethoxysilyl)propyl methacrylate (10 vol% in toluene,
60 min, 2 �L/min). After each of the three steps, the capil-
laries were emptied and dried with pressurized air. The pre-
treated capillaries were stored in a desiccator.

Table 1 lists the compositions of the polymerization mix-
tures used in this study. The reaction mixtures were stirred for
10 min and subsequently degassed in an ice-cooled ultrasonic
bath for 10 min. The polymerization mixture was introduced
in the pretreated fused-silica capillary, sealed with septa,
and placed in a thermostatted water bath (Julabo, Seelbach,
Germany) at 70�C. After 24 h of reaction, the monolithic
columns were flushed with methanol using an HPLC pump.
Each column was prepared in duplicate. Monolithic materials
were also prepared in bulk quantity using 2 mL sample vials.
After completion of the polymerization reaction, the glass
vials were carefully broken to remove the monolithic materi-
als. The intact monolithic rods were then subjected to Soxhlet
extraction with methanol for 24 h and dried in a desiccator.
For measurements requiring the use of bulk samples, these
were first carefully fragmented into smaller pieces to fit the
sample holders and to minimize “skin”effects, which were
noted to have an important effect otherwise (i.e., a 7–10%
smaller pore volume was recorded when not fragmented).

2.3 Characterization

A JSM-6400 scanning-electron microscope (JEOL, Tokyo,
Japan) was used to obtain micrographs of cross-sections of
capillary monolithic columns. Samples were sputtered with
a 6 nm layer of Pt-Pd to reduce charging of the polymer-
monolithic material. The instrument was operated at acceler-
ation voltages of 20 keV in secondary-electron-imaging mode
(SEM-SEI).

Atomic-force microscopy (XE 100, Park Systems, Su-
won, S. Korea) was used to map the surface topology of the
polymer microglobules. Measurements were performed in
non-contact mode applying constant force and a scan rate

corresponding to 2 �m/s. This mode was selected not to in-
duce any lateral forces on the surface of the globules. N-type
Si tips with Al coating (ACTA tips, AppNano, Mountain view,
USA) were used, having an average tip radius of 10 nm. The
topographical images were corrected with a first order flatten-
ing procedure. XEI software (Park Systems) was used for data
treatment. Measurements were performed on cross-sections
of monoliths synthesized in capillary tubing. Tubing was sec-
tioned using a ceramic blade and fixed in a custom-made
Teflon sample holder. To study the material under wetting
conditions, the sample was submerged by pouring liquid into
the sample holder. Line profiles were used to estimate the av-
erage size of the globules.

Gas-adsorption experiments were run on a Quantasorb
Autosorb AS-1 (Quantachrome Instruments, Boynton Beach,
USA). The use of bulk samples was required to have suffi-
cient adsorbate mass, given the low specific weight of poly-
mer monoliths. Samples were activated at 393 K and sub-
jected to sorption experiments with argon at 87.5 K. Argon
is preferably used over nitrogen for accurate measurement
of micropores, as adsorption of the larger N2 in micropores
occurs at lower P/P0 values than Ar [24]. Adsorption-branch
data was processed using the multi-point Brunauer–Emmett–
Teller (BET) model (Langmuir-based multilayer gas adsorp-
tion model, modern Rouquerol method) [37] and using the
non-local density function theory (NLDFT) method designed
for zeolites/silica with cylindrical pores [38], which provided
the best fit (smallest fitting errors) for the polymer mono-
liths. Nitrogen-adsorption experiments were performed at
77 K (after activation at 393 K) to verify the results.

Bulk samples were also subjected to mercury-intrusion
porosimetry using Pascal 140 and 440 mercury-intrusion
porosimeters (CE Instruments, Milan, Italy) for low- and
high-pressure analysis, respectively. Data was treated with
the Washburn equation [39] considering cylindrical pores, a
surface tension of 0.48 N/m for mercury, and a 140� contact
angle of mercury with the sample surface.

Isocratic nanoLC experiments were performed using an
Ultimate 3000 RSLCnano system (Thermo Fisher Scientific,
Germering, Germany) equipped with a 4 nL injection valve
(Valco, Schenkon, Switzerland). The 200 mm column was
mounted directly on the valve and connected to the inlet cap-
illary (30 �m id × 150 mm) of the detector using a Nano con-
nector sleeve (Thermo Fisher Scientific). UV detection was
performed using a 3 nL flow cell at � = 254 nm using 10 Hz
data collection rate and 0.2 s response time. Results are based
on triplicate injections of unretained markers. Chromeleon
(version 6.80, SR11) was used for instrument control,
processing, and data management.

3 Results and discussion

3.1 Morphology at the macroscopic level

The morphology of poly(styrene-co-divinylbenzene) mono-
liths was tuned by optimizing the composition of the
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Figure 1. Scanning electron micrographs of the cross-sections of
fused-silica capillary monolithic columns obtained by secondary-
electron imaging of poly(S-co-DVB) monoliths synthesized with
(A) 17.5 wt% and (B) 14.0 wt% of THF.

binary pore-forming solvent-system, i.e., THF and 1-decanol.
The porogens are selected based on solubility parameters to
yield a homogenous precursor mixture and a solvent com-
bination in which one solvent is prone to swelling the poly-
mer material being formed (‘good’ solvent), and the other
solvent is prone to induce phase separation (‘poor’ solvent)
during synthesis. Figure 1 shows scanning electron micro-
graphs of the resulting macroporous materials prepared in
situ in 200 �m id capillary column format, featuring submi-
cron globules. These micrographs can be used to provide an
estimate for the mode diameter: 150 (A) and 400 nm (B), re-
spectively. By increasing the amount of ‘good’ solvent (THF)
in the porogen, the reaction-induced phase separation is post-
poned [40], and the solvent-to-monomer ratio in the growing
microglobules/microgel and surrounding ‘sol’ during poly-
merization is altered, which in turn leads to the formation of a
larger number of smaller globules. For exact compositions see
Table I, materials and methods. In the Supporting Informa-
tion Fig. S1, a comparison is made between the morpholo-
gies of monoliths synthesized in capillary format and in bulk,
the latter being used for mercury-intrusion porosimetry and
gas-adsorption experiments. Although similar domain sizes

are observed, Byrström et al. discussed that the variations in
porous structure induced by differences in mold size may not
be evidently visible [41].

3.2 Homogeneity of the macropore structure and its

relation to eddy dispersion

To study the porosity and pore-size distributions (PSD) of
these materials, mercury-intrusion porosimetry (MIP) was
performed on bulk samples (see Fig. 2). The cumulative
pore-volume curve D0 (where D0(Di) = Vcum(Di) = � i �Vi)
decreases with increasing pore diameter because the largest
pores are filled first (oppositely to what is taking place during
gas-adsorption experiments) and the sum of all pore-volume
increments represents the total pore volume. The monolithic
material with smaller domain sizes features a lower cumula-
tive pore volume, while the content of monomers and poro-
gen were kept constant during synthesis, which should in
principle yield identical total porosity after 24 h polymeriza-
tion time yielding full conversion [40]. This may imply that
these materials exhibit porosity outside the pore range stud-
ied with MIP, which is limited to studying the macropore
domain, as sensitivity in the range of the mesopores is consid-
ered lower compared to gas adsorption techniques. Various
visualization approaches exist to represent pore-size distribu-
tions, some of which may overemphasize larger pores in mul-
timodal pore systems [42]. In Fig. 2A and 2B the differential
pore-volume distribution D2 or pore-volume density (dV/dD
where D2(Di) = �VI/�Di) is plotted as function of pore di-
ameter. The normalization accounts for irregular data-point
spacing, enabling a direct comparison of the PSD of different
materials over the entire range of pore-diameter values, as
recommended by IUPAC [43]. Another commonly used rep-
resentation in logarithmic scales can be found in the Support-
ing Information Fig. S2. By using a linear pore-diameter scale
representation however, the area under the curve in a given
pore-size range is directly proportional to the pore volume. It
should be noted that a large pore volume in the small-pore
diameter range is the contribution of a large number of pores,
and vice versa, i.e., a large pore volume in the large-pore di-
ameter range is the result of a small number of such pores.
Figure 2A shows that the small domain-size monolith ex-
hibits a pore-size distribution with the vast majority of macro-
pores in a narrow range between 150 and 300 nm. The large
domain-size monolith features a broad PSD with macropores
ranging between 500 nm and 3 �m (Fig. 2B). Two acrylate
monolithic materials with different porous properties were
also studied and a similar behavior was noted during MIP
analysis (see Supporting Information Figs. S6 and Fig. S7
for the respective SEM and MIP results). The alternative rep-
resentation of the data as shown in Fig. 2C is obtained by
normalizing the ordinate to the mode pore size, Dmode, corre-
sponding to the maximum value of the dV/dD signal for each
sample. The abscissa is normalized by multiplying dV/dD
by Dmode divided by the total volume, Vtot. Figure 2C shows
that the small-domain monolith with a relatively narrow
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Figure 2. Mercury-intrusion porosimetry data for bulk samples
of poly(S-co-DVB). Pore diameter is plotted on a linear scale as a
function of the cumulative pore volume D0 (solid line) and pore
size distribution D2 (dash-dotted line) for monoliths synthesized
with (A) 17.5 wt% and (B) 14.0 wt% of THF. An alternative normal-
ized or reduced representation of the data (C) for the materials
synthesized with 17.5 wt% (dash-dotted line) 14.0 wt% of THF
(solid line).

distribution closely centered on the mode pore diameter also
exhibits a long tail of large pores. The pore-size distribution
of the large-domain size monolith is slightly broader, but this
monolith does not feature such a ‘tail’.

The PSD of monolithic stationary phases were also com-
pared with that of a particle-packed column, by performing an
MIP experiment in which 5 �m fully porous stationary phase
(Hypersil) beads were introduced in the sample holder, see

Figure 3. Isocratic nano-liquid-chromatography experiments on
0.2 × 200 mm poly(S-co-DVB) monolithic columns. (A) van
Deemter plots recorded for KI while applying pure water on a
column synthesized with 17.5 wt% (�) and 14.0 wt% of THF (�).
(B) van Deemter plots recorded on a column synthesized with 14.0
wt% of THF for uracil (�) while applying 75:25 v/v(%) ACN:H2O
and KI (�) while applying pure water (C) Reduced van Deemter
curves for recorded on monoliths synthesized with 17.5 wt% (KI
�, uracil �) and 14.0 wt% of THF (KI �, uracil �). Results based
on triplicate injections.

Supporting Information Fig. S3. This approach would mimic
“dry-packing conditions” which has previously been used to
pack columns with large 10–20 �m particles [44]. Currently,
high-pressure slurry packing is the technique of choice to
create high-efficiency columns yielding higher packing den-
sity, but this approach is not compatible with the MIP sample

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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holder. Therefore, Supporting Information Fig. S3 only pro-
vides a rough estimation (and likely overestimation) of the
PSD of current state-of-the-art packed column technology.
Still, this experiment reveals that the PSD of packed beds
(for this type of stationary phase) is in the same range as the
large-domain size polymer monolith.

The presence of structural inhomogeneity in monoliths
induces eddy dispersion (A-term contribution to band broad-
ening) and instead of a having a well-defined narrow velocity
profile in the column, a heterogeneous flow profile is formed
characterized by a broad range of flow velocities. To char-
acterize the magnitude of eddy dispersion, isocratic nano-
liquid-chromatography experiments were conducted to de-
termine the plate height of different unretained markers (KI
and uracil) as a function of flow rate (50 nL/min to 1 �L/min).
To minimize extra column band-broadening effects, the cap-
illary column was directly mounted on the 4 nL injection
valve and UV detection was performed employing a 3 nL
UV flow cell. Plate heights (H) were calculated based trip-
licate measurements and recording the peak width at half
height and the t0 time. Figure 3A shows the resulting plate-
height curves (H versus u0) using KI as the t0 marker and
applying water as the mobile phase. When comparing the
minimum plate-height values (Hmin) of the small- and large-
domain-size monoliths, it is evident (and expected) that the
small domain-size monolith performs better in terms of sep-
aration efficiency. To account for a possible swelling effect,
nanoLC experiments were also conducted applying 75:25 v/v
ACN/H2O as the mobile phase and injecting uracil as the
t0 marker. The pressure drop normalized for the viscosity
indicated the presence of a swelling effect at higher ACN
concentration. Figure 3B shows an overall increase in C-term
contribution for the large-domain size monolith when apply-
ing 75:25 v/v ACN/H2O instead of water as the mobile phase
(a similar trend was noted for the small-domain size mono-
lith, data not shown). Swelling would effectively decrease the
size of the pores (slightly decreasing the Cm-term contribu-
tion), but also increases the globule size and hence amplifies
the Cs-term contribution.

When normalizing H and u0 based on the mode pore
size as determined with MIP, the reduced plate-height curves
(h versus �) depicted in Fig. 3C are obtained. In case of self-
similar structures (such as columns packed with different
particle size) the reduced van Deemter curves should yield a
perfect overlay [45]. However, this representation shows that
the large-domain size monolithic column outperforms the
column with smaller domain size. Apparently, the presence
of (even a small number) of large (> 1 �m) macropores
in the small-domain size monolithic column, significantly
disrupts the flow profile, and leads to a relative large A-term
contribution. Furthermore, a steep increase in plate height in
the C-term region of the van Deemter curve is noted, in case
of the small-domain size monolith. This may reflect the pres-
ence of a relative large mobile-phase mass-transfer (Cm-term)
contribution caused by larger diffusion distance towards the
stationary-phase surface in combination with the presence of
a parabolic flow profile in these “relatively large” macropores.

Also, since the small domain-size monolith contains rel-
atively more mesopores than the monolithic materials fea-
turing larger macropores and globules, the Cs-term may be
enhanced (see Section 3.3). These hypotheses can be corrob-
orated when taking into account conclusions of flow simula-
tions in a reconstructed monolithic entity by Lenhoff et al.,
who reported extensive heterogeneity of flow and that the flow
field is skewed toward lower velocities [30]. Using a similar
approach, Tallarek et al. also reported the existence of large
pores in a P(S-co-DVB) monolithic material prepared in cap-
illary format [33]. Lee et al. also concluded that a reduction in
feature sizes in a capillary monolith resulted in increased het-
erogeneity, compromising the expected positive on column
performance [35].

When normalizing the H and u0 based on the mode pore
diameter it is noted that the minimum of the van Deemter
curve is situated at a very low reduced velocity. This is likely
caused by an underestimation of the “characteristic size”.
However, when normalizing the plate height and mobile-
phase velocity based on either globule size or domain size
(data not shown) the same trends were obtained.

The physical characterization techniques utilized are use-
ful to study polymer monoliths, with the limitation that the
experiments are performed in the dry state, while these ma-
terials are used in practice in the solvated state. In an attempt
to probe the swelling behavior of polymer monoliths at the
macroscopic level under solvated conditions, atomic-force-
microscopy measurements were conducted both in the dry
state and in wetted state applying acetonitrile (typically used
for RP-LC). In an experiment previously reported, shrink-
age of globules of an acrylate cation-exchange monolith was
observed when wetted with water [46]. A swelling effect is
however expected when solvating with an organic eluent.
The measurements in the dry state (Fig. 4A) provide a topo-
logical image that is consistent with the observations using
the complementary characterization techniques presented in
this work. Starting from the contour plots and applying a
line scan, which provides a height profile along the line,
it can be observed that globule sizes in wetted condition
(Fig. 4C) are larger compared to the data obtained in dry
state (Fig. 4B), which shows that swelling is taking place in
the presence of organic solvent. This swelling effect will affect
the macroporosity of the material to some extent. Similar to
Skinner et al., [46] we were unable to resolve any mesoporous
features or alterations to the actual surface using AFM under
wetting conditions.

3.3 Mesopore characterization using gas-adsorption

techniques

To characterize the monolithic mesopore and micro-
pore structure, adsorption-desorption isotherms were
recorded using argon at 87 K. The comparison of the
adsorption-desorption isotherms for the two poly(S-co-DVB)
monolithic materials is shown in Fig. 5A. A large hysteresis
between adsorption and desorption of the gas is noted over
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Figure 4. (A) Topography of a
P(S-co-DVB) monolith synthe-
sized with 14.0 wt% of THF (see
Fig. 1B) recorded on the cross-
section of a capillary by means
of atomic-force microscopy in
the dry state. The dashed line
indicates a possible line scan-
ning position. (B) Representa-
tive line-scans in the dry state
(providing a height profile when
scanning in the x direction). (C)
Representative line scans wet-
ted with acetonitrile. Data have
been shifted for the sake of
clarity.

a broad range of relative pressures. At low relative pressures
(P/P0 < 0.02), the adsorbate is again released, leaving the ma-
terial in an unaltered form with identical behavior as recorded
in subsequent measurements. The hysteresis is induced by
dissolving of the adsorbate into the polymer material, which
results in swelling of the monolithic material. A similar
but smaller hysteresis was observed for acrylate monoliths
with different porous properties (Supporting Information,
Fig. S8). In a control experiment using nitrogen at 77 K
similar adsorption-desorption hysteresis over the broad P/P0

was recorded for the styrene-based monolith, albeit a less
open one (Supporting Information Fig. S4) and an 8% smaller

pore volume and surface area was recorded. Nitrogen is larger
than argon and thus considered less sensitive when ana-
lyzing micropores. Furthermore, the nitrogen adsorption–
desorption experiments are conducted at lower temperature,
which may affect the rigidity of the polymer matrix (and
hence the extent of swelling). In an additional ‘scanning’
experiment on the styrene monolith, the adsorption was car-
ried out up to relative pressures of 0.75, 0.50, and 0.10, re-
spectively (Supporting Information, Fig. S5). Similar adsorp-
tion/desorption behavior is observed, albeit with a smaller
hysteresis, reflecting the narrower P/P0 range scanned and
adsorbate mass reached. This indicates that the polymer
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Figure 5. (A) Argon adsorption (�) and desorption isotherms (�)
and (B) illustration of a NLDFT fit (solid line) of the measured
adsorption data (�) for a bulk P(S-co-DVB) monolith synthesized
with 17.5 wt% of THF.

material swells gradually, independent of the absolute pres-
sure applied.

A multi-point BET analysis of the data showed that the
monolith with smaller domain size has a 5.7-fold higher sur-
face area, i.e., 44.25 m2/g (R2 = 0.9998) for the small do-
main monolith and 7.81 m2/g (R2 = 0.9997) for the large-
domain monolith. The pore volume was determined apply-
ing the non-local-density function theory (NLDFT) modes
to fit the experimental data measuring during adsorption
(Fig. 5B). The best model fit was obtained applying a model
developed for silica/zeolites exhibiting cylindrical pores.
Fitting errors (least square fitting) ranged only between
0.66–1.26% for the different polymer-monolithic materials.
Larger fitting errors were obtained when using nitrogen, or
when using different pore models. The resulting pore-size
distributions are shown in Fig. 6A and B. The cumulative vol-
ume of the micro/mesopores of the small-domain monolith is
eightfold higher compared to the monolith with larger macro-
pores and globules. This is in agreement with the results
from the MIP experiments, where a smaller pore volume was
recorded for the monolith with a small feature size. Moreover,
the hysteresis is larger for monoliths with smaller domain
size, thus, the uptake and capture of argon inside the material
is larger. This can be explained by considering that this mono-
lith exhibits a larger surface-to-volume ratio, as confirmed by

Figure 6. NLDFT-analysis results of argon-adsorption measure-
ments on bulk samples of P(S-co-DVB). Pore diameter is plotted
on a linear scale as a function of the cumulative pore volume D0

(�) and pore size distribution D2 (�) for monoliths synthesized
with (A) 17.5 wt% and (B) 14.0 wt% of THF.

BET, and that argon can only penetrate the outer surface of
the globules. A contributor to this effect is the copolymeriza-
tion composition drift formed during the free-radical copoly-
merization, which induces a gradient in crosslink density in
the globules (outer surface is less crosslinked and thus more
prone to swelling) [38, 47]. Also notable is that the styrene-
based monolith with small domain size has a distinctive tri-
modal pore distribution (Fig. 6A), whereas the monolith with
larger feature sizes, only contains pores around 5 nm in size
(Fig. 6B). The 15 and 25 nm pores present in the small-
domain monolith are likely to be formed during clustering or
agglomeration of the small microglobules during the forma-
tion of the polymer monolith, as noticed also for the acrylate
system (Supporting Information Fig. S8).

4 Concluding remarks

Information on the relation between morphology and sepa-
ration performance can be used to optimize shape and poros-
ity of future chromatographic materials. Polymer-monolithic
materials can potentially outperform packed columns, since
the macropore size and globule size can be tuned indepen-
dently from the total porosity (by optimizing the composition
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of the precursor mixture [5]), whereas for packed-bed columns
the efficiency is related to particle size, but the total exter-
nal porosity is fixed. However, one of the key parameters is
also to control the structure homogeneity, which affects eddy
dispersion. This study showed that with conventional ther-
mally induced free-radical polymerization, it currently seems
impossible to create self-similar monolithic structures when
reducing the macropore/globule size. As a result, one cannot
readily predict gain factors in efficiency and/or analysis time
that may be achieved when creating much smaller mono-
lithic nanostructures (as can be done with packed columns
and kinetic theory [48]).

Information on the mesoscopic pore structure may
ultimately lead to the elucidation of mass-transfer band-
broadening effects noted for small-molecules separation
[17, 27]. Gas-adsorption isotherms provide accurate informa-
tion on the mesopores size distribution (in dry state), provided
that the NLDFT model is applied. Experiments demonstrated
that the outer surface of the polymer microglobules is prone to
swelling (dry-state experiment), which greatly affects the des-
orption isotherm. It should be noted that in chromatographic
experiments, the use of wetting and dewetting solvents af-
fects swelling of the polymeric globular surface, which fur-
ther complicates probing the relation between macro- and
mesoscopic structure on separation performance.
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