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a  b  s  t  r  a  c  t

Porous  monolithic  poly(styrene-co-divinylbenzene)  stationary  phases  in 4.6  mm  I.D.  analytical-scale  col-
umn  format  with  varying  porosity,  globule  scale  polymer  morphology  and  flow-through  pore  structure
have  been  investigated  with  respect  to their  transport  properties  toward  small  retained  solutes  in  iso-
cratic elution,  reversed-phase  liquid  chromatography.  The  current  study  was  performed  under  kinetically
and thermodynamically  relevant  conditions  comprising  retention  factors  from  close  to  zero  up to  the
order  of 50–100  under  most  extreme  conditions,  while  a linear  chromatographic  flow  velocity  up  to
4 mm/s,  in  some  instances  up  to  7 mm/s,  was  realized.  Carefully  designed  experiments  aimed  at  resolv-
ing issues  associated  with  the  monoliths  performance,  while  a particular  focus  is  given  on  gel  porosity,
chromatographic  retention  and  band  dispersion.  Elucidation  of  three  important  metric  properties  gave
orthogonal  insight.  These  are:  (i)  the  columns  dry-state  morphology  and  surface  area,  (ii)  the  gel  porosity
with tetrahydrofuran  as  solvent  determined  by  size  exclusion  chromatography  using  a  range  of  small
subnanometer-sized  molecules  and  polystyrene  standards,  as  well  as  (iii)  the  isocratic  reversed-phase
performance  of  small  molecules  at varying  binary  acetonitrile/water  mobile  phase  solvent  compositions,
modulating  gel  porosity.  Consistently  throughout  the  study,  the  adjustable  and  general  retention-factor-
dependence  of the  performance  of  these  monolithic  materials  is shown.  It  can also  be correlated  to the
analytes  molecular  weight  and  consequently  size.  Isocratic  performance  strongly  depends  on  the  amount
of gel  porosity  of the  scaffold,  which  can  be  changed  by  varying  the  percentage  of  organic  modifier  in
the  mobile  phase  and  indicates  the  adjustable  chromatographic  nature  of  porous  polymer  monoliths.
This  gel  porosity  which  is  absent  in  the  dry-state  of  the  polymer  monoliths  and  is  characterized  by
sub-nanometer  to  nanometer-sized  pore  space  induces,  additionally  to permanent  porosity,  stagnant
mass  transfer  zones.  The  displayed  major  reason  for  mass  transfer  resistance  implied  by  the  use  of  poly-
meric monolithic  columns  determines  dispersion  behavior  of  small  molecules  and  its  varying  importance
with respect  to morphology  and  size  of  the globular  features  containing  stagnant  mass  transfer  zones  is

addressed.  This  leads  to  the  conclusion,  that  a  reduction  in polymer  feature  size  and  increase  in  num-
ber of  flow-through  pores  per  unit  cross-section  of  the monolith  with  an  improved  homogeneity  may
be an  interesting  option  of tailoring  column  performance.  It is  further  concluded  that  dry-state  methods
(such  as nitrogen  adsorption  analysis  and  scanning  electron  microscopy)  or solvated-state  methods  (such
as  size-exclusion  chromatography  in  tetrahydrofuran)  by itself  are  insufficient  measures  to explain  the
adjustable  chromatographic  performance  of  porous  polymer  monoliths.
. Introduction

Since the inception of porous polymer monolithic column tech-
ology, their conceptual success was associated with enhanced
ass transfer in the typically micrometer-sized flow-through
ore space that may  potentially lead to faster and more efficient
eparations [1–3]. This has in particular mostly been demon-
trated by large molecule separations in gradient elution mode

∗ Tel.: +43 732 671547 66; fax: +43 732 671547 62.
E-mail address: ivo.nischang@jku.at

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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© 2012 Elsevier B.V. All rights reserved.

chromatography and later that of nucleic acids and of peptides
found in proteomic samples [3–6]. The conceptual success of the
polymer monoliths in such scenarios of non-equilibrium elution
modes is attracting an ever increasing amount of potential users
in particular in the bio-analytical arena dealing with the analysis
of proteolytic digests or large biomolecular species [7–9]. The
preparation of porous polymer monoliths is well documented
[10] and the versatility stemming from the arsenal of chemistries

used during their preparation with varying initiating systems
or in post-polymerization grafting-steps is steadily increasing
[11]. However, many of the new methods resulting in monolithic
entities have not found their way  to the chromatographic arena.
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http://www.sciencedirect.com/science/journal/00219673
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In particular, with the recent shift to microfluidic chip for-
ats in chromatography, microscale separation formats employing

apillaries with small inner diameters of <50 �m [12–14],  and as
ecently emerged thin layers [15], important stepping stones for the
se of commonly employed and easily implementable free-radical
rocesses have been established.

In general, the morphological situation and porous properties of
olymer-based monolithic separation media prepared in a single-
tep molding process, involving thermally or radiation-initiated
ree radical polymerization reactions, is readily peculiar. In a first
pproximation, polymer monoliths consist of polymer globules
nd their agglomerates forming a three-dimensionally adhered
olymer backbone intertwined by micrometer-sized pores. Such
tructure, being the most typical, originates from the free-radical
rocesses used in their preparation [16,17]. However, as a funda-
ental property, the porous monoliths in liquid chromatography

re separation media which show micrometer-sized flow through
ores (just as a packed bed of adsorbent particles or silica-based
onoliths) and a variable microporous/mesoporous backbone

tructure with a stagnant mass transfer zone in which (hindered)
iffusion prevails. This may  not be indicated in the dry, non-
olvated state [18]. It was shown, that this is most pronounced
or molecules that fit into pores of the developed gel porosity on

 nanometer-scale, while the overall macroscopically accessible
ransport performance is impacted by convective flow dispersion,
s well as diffusion, partitioning in and adsorption on the poly-
eric globule-scale matrix [18,19]. Phenomenologically, this can

e evidenced by the mass transfer contribution (classically C-Term
ontribution) to the plate height of small molecules impacted by
nalyte size and retention often observed in the chromatographic
haracterization of polymer monoliths [18–21].  Along this line,
e suggested the concept of gel porosity as an indispensable tool

xplaining performance of porous polymer monoliths including
hat of retention-dependent dispersion phenomena [18]. How-
ver, the metric properties of this gel porosity and its particular
mpact on analyte transport have only been indirectly addressed

ith reversed-phase chromatographic studies of small molecules
18,19].

Analytical column scale formats are still the dominating formats
sed in the pharmaceutical industries due to robustness provided
or process control operations and to ensure product quality. While
nitial studies with polymer monoliths in analytical column format
howed less success in their performance for small molecule appli-
ations [23], the materials format underwent a rapid transition
oward miniaturization and has conquered the field of nano-liquid
hromatography and microfluidics [12]. However, commonalities
f larger inner diameter analytical monolithic columns and their
maller sized counterparts with respect to performance have not
een well described in the current literature. Their success in minia-
urized column format may  be due to the easily implementable
rocesses allowing preparation of porous adsorbent media, again
ith an outstanding versatility of chemistries during copolymer-

zation or post-polymerization grafting. Most efforts in improving
he performance in the capillary-scale format have appeared in
he literature and also increasingly focus on the small molecule
rena, for which the materials have not been developed origi-
ally [18,19,24–28]. Further, recent studies also have the 3 mm I.D.
29] and 1 mm I.D. [30] column format as an objective. However,
ndependently from the vanished, though still existent, attention
o a larger scale column format and recent shift to microfluidic
ormats, understanding of flow and transport still remains an
mportant challenge. This understanding should, as an ultimate

oal, lead to a structure-directed synthesis mediating for the most
mportant reasons that limit column performance and therefore
llow accessibility to a broader application range including small
olecules. While in typical microfluidic conduits the monolithic
 1236 (2012) 152– 163 153

structures are covalently anchored to the confining container [12],
preparation in larger, even preparative column formats may  sig-
nificantly impart problems due to orders of magnitude smaller
surface-to-volume ratio molds. This may  affect the ease of integra-
tion ability of these structures [31,32]. The preparation of polymer
monoliths in larger diameter molds involves development of pos-
sible radial temperature gradients that influence local free-radical
reaction dynamics potentially contributing to axial or lateral het-
erogeneities in the monolithic structures [32]. These may  be less
pronounced in microfluidic conduits [33] until wall effects from
the confining container markedly influence the porous structure at
further miniaturization [14].

In this experimental study the transport and performance char-
acteristics of porous polymer monoliths in analytical-scale column
format based on styrene/divinylbenzene chemistry is explored.
These materials have been developed for high throughput protein
and peptide analysis. In the current work, a careful choice of differ-
ent metric properties of the stationary phase under rather untypical
conditions for which it was optimized is selected. The aim is to
gain most fundamental insight on macroporous flow-through-pore
structure and nanoscale gel porosity of the monoliths. The current
study includes investigations on the dry-state specific surface area,
size exclusion chromatography in thermodynamically good solvent
tetrahydrofuran to determine gel porosity under such conditions,
and chromatographic investigations in the reversed-phase chro-
matographic transport properties probed by small molecules. The
chromatographic properties are investigated under conditions of
strong and weak retention that imply modulation of gel porosity.

2. Experimental

2.1. Chemicals and materials

Uracil, alkylbenzenes, PS-standards with a narrow molecular
weight distribution, HPLC-grade tetrahydrofuran, and acetoni-
trile were purchased from Sigma–Aldrich (Vienna, Austria). The
polystyrene (PS) standards have a molecular weight, Mw, of
436, 1110, 3250, 9500, 20,000, 35,000, 65,000, 154,000, 200,000,
600,000, 900,000, and 2,000,000 g/mol. Water was purified on
a Milli-Q Reference water purification system from Millipore
(Vienna, Austria). Sample solutions were prepared in running
mobile phases containing various volume percentages of ace-
tonitrile/water (v/v) for reversed-phase liquid chromatography
experiments, or in tetrahydrofuran for size exclusion chromatog-
raphy (SEC) experiments.

2.2. Equipment, chromatographic measurements, and columns

Chromatographic measurements were performed on a 1290
Infinity UPLC system (Agilent Technologies, Vienna, Austria) with-
out major modifications and narrow bore connecting stainless steel
capillaries resulting in ≤5% extra-column volume of the nominal
4.6 mm × 50 mm column dimensions. Therefore external contri-
butions to band broadening have not been considered in this
comparative work, however the extra-column volume has been
considered for the calculation of the monoliths porosity from elu-
tion studies. Injection of 1 �l sample has been performed in all
experiments and UV-detection was carried out at a wavelength
of 210 nm.  Unless otherwise stated, chromatographic experiments
have been carried out at a controlled temperature of 25 ◦C.

In this study, a set of three commercially available poly(styrene-

co-divinylbenzene) monolithic stationary phases in 4.5 mm I.D.
stainless steel housing have been investigated. They are available
under the trade name ProSwift, while advertised and optimized for
high performance protein separations in reversed-phase gradient
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ode, but here used in combination with a homologous series of
lkylbenzenes. The exact bed dimensions were 4.6 mm  × 46 mm
or the RP1S, 4.6 mm × 44 mm for the RP2H, and 4.6 mm × 40 mm
or the RP3U column. The monoliths were a kind gift from Thermo
isher Scientific (Sunnyvale, CA) as research samples. After con-
itioning the columns with acetonitrile with at least 30 column
olumes, they were equilibrated with the desired binary mobile
hase solvent composed of varying percentages of acetonitrile and
ater before evaluating the reversed-phase isocratic performance

n the elution of a homologous series of alkylbenzenes. In some
xperiments high temperature liquid chromatography was utilized
aking use of the variable temperature column oven configuration

f the 1290 Infinity.
For SEC, tetrahydrofuran was used as the mobile phase at a flow

ate of 0.3 ml/min and a controlled temperature of 25 ◦C. Injection
f the respective analytes, that were a homologous series of alkyl-
enzenes from benzene to pentylbenzene and narrow molecular
eight distribution PS standards, was performed in triplicate and

verage values are reported.
Nitrogen adsorption experiments to determine the columns

ry-state surface area were performed with a Micromeritics TriS-
ar II Surface Area and Porosity Instrument (SY-LAB Geräte GmBH,
eu-Purkersdorf, Austria). Dry-state surface areas were calculated
ased on the Brunauer–Emmett–Teller (BET) equation.

Scanning electron micrographs were obtained using a Cross-
eam 1540 XB electron microscope (Carl Zeiss SMT  AG,
berkochen, Germany).

.3. Simple metrics of characterization

In chromatography, we can define a tracer-porosity, εtracer, by
imple relation of a tracer elution volume, Vel, to the geometrical
olume of the column, Vcol:

tracer = Vel

Vcol
(1)

hich, in the absence of adsorption and partition leads to the pore
pace experienced by a tracer at the given mobile phase solvent
omposition. The porosity probed with a totally permeating non-
nteracting small tracer (εtotal) can be used to define a phase ratio:

 = 1 − εtotal

εtotal
(2)

ith the benzene in SEC and uracil in reversed-phase chromatog-
aphy assumed as the smallest eluted compounds in the current
tudy.

In SEC, and when comparing different columns that vary in
orosity but have identical backbone chemistry, we can use the
lution volume of a totally permeating smallest marker, Vel, as a
eference to that of analytes of an increased size, Vel,tracer. This leads
o a normalized elution volume, Vel,n:

el,n = Vel,tracer

Vel
(3)

The results then always show that the benzene as smallest com-
ound in SEC has a Vel,n equal to one while larger tracers may  only
ee a part of this pore volume since they are increasingly excluded
rom the available pore space that is seen by benzene.

Alternatively to Eq. (1),  εtotal, can be determined at any mobile
hase composition from the ratio of superficial flow velocity, usf,
nd linear chromatographic flow velocity, u0, determined from the
lution time of a non-retained small tracer which may  be assumed

o permeate all available pore space at the specific mobile phase
omposition [33,34]:

total = usf

u0
(4)
 1236 (2012) 152– 163

where the superficial flow velocity, usf, is the ratio of flow rate,
Fv, and cross-sectional area of the column, A, and u0 the ratio of
elution time of non-retained tracer, t0, and length of the column,
L. The superficial velocity-based hydrodynamic permeability, kp,f,
can be defined as [34]:

kp,f = L

�P
�usf (5)

where �P  is the pressure drop and � is the mobile phase viscos-
ity. Since the connecting capillary tubings had a diameter of only
120 �m I.D. as opposed to the 4.5 mm I.D. column format we first
measured the system pressure with a polymer monolithic column
in the flow path of the system. After measurements, the pressure
generated by the capillary connections in the LC instrument was
determined at the same flow rate. This allowed the determination
of backpressure generated by the respective monolithic column
and therefore the permeability.

3. Results

3.1. Microscopic structure and dry-state porous properties

Most widely means of characterizing the dry-state porous
structure of polymer monoliths integrated into chromatographic
conduits has been that of scanning electron microscopy (SEM).
Fig. 1 shows the example cross-sectional microscopic structure
of the poly(styrene-co-divinylbenzene) porous polymer monoliths
encased in the 4.5 mm I.D. chromatographic conduits. The typical
macroporous structure composed of irregularly sized and inter-
adhered globules is apparent as well as the significant difference
between all three investigated columns with a trend in the micro-
scopic architectures from Fig. 1a–c. The size of the individual
globular features of which the monolithic backbone is composed
is largest for the RP3U series (Fig. 1a), while they are significantly
smaller and with a larger population for the RP2H (Fig. 1b) and
RP1S series (Fig. 1c). This is in conjunction with a larger amount of
flow-through channels of smaller size per unit cross-section from
Fig. 1a–c. The smaller size of the individual globular features may
already indicate a higher dry-state surface area of the porous mono-
liths RP2H (Fig. 1b) and RP1S (Fig. 1c) while it may  be lowest for
that of the RP3U (Fig. 1a). It is further apparent that all monoliths
are microscopically heterogeneous with limited self-similarity and
therefore reflect random porous media composed of cross-linked
polymer globules. However, their nanometer-sized structure does
not become resolvable in the dry, non-solvated state under present
conditions. The structure needs to be further characterized by iso-
cratic elution of small molecules [18].

Nitrogen adsorption experiments revealed significantly differ-
ent dry-state BET surface areas of 1.2 m2/g, 319 m2/g, and 395 m2/g
confirming the fact that the dry-state specific surface area increases
according to RP3U < RP2H < RP1S (Fig. 1a–c, Table 1). The increased
surface area for the RP1S column may  have its reason in the smaller
globule size and smaller voids in between them as well as possibly
a higher degree of cross-linking (Fig. 1c) [17]. It is therefore con-
cluded that the expected total surface areas of the porous polymeric
materials may  be an important anchor for further investigations.
Unfortunately, surface area measurements alone do not allow for
rational conclusions on their chromatographic performance in the
typical hydro-organic solvents used in liquid chromatography that
results in solvation and nanoscale swelling of the scaffold structures
[17].
3.2. Inverse size exclusion chromatography and gel porosity

Recent investigations on porous polymer monoliths, their
formation, development of porous properties in due course
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ig. 1. Example scanning electron microscopy images of the bulk region of monoli
ormat with (a) the RP3U, (b) the RP2H, and (c) the RP1S series at different magnific

f polymerization and isocratic reversed-phase performance in
apillary-scale format revealed that they are composed of hetero-
eneously cross-linked polymer systems which are susceptible to
evelop gel porosity in contact with solvent [18,19]. It was  sug-
ested that this contact with solvent liberates nanometer-sized
ore space, making the presumably pore confining polymer probed

n the dry-state accessible to molecules that are small enough to fit
nto the gel pores. Consequently, analyte dispersion through the

onolithic material is, additionally to convective flow dispersion,
ffected by (hindered) diffusive contributions to and from the active
dsorption sites located in and on the globular structures. Analyte
ispersion is therefore strongly impacted by this stagnant mass

ransfer resistance in the polymer globule structures and becomes
ignificant in particular at increased linear chromatographic flow
elocities, i.e. the regime dominated by mass transfer resistance

able 1
orous properties of the poly(styrene-co-divinylbenzene) polymer monoliths investigate

Column εtotal
a εtracer

b εtracer
c ˚d

RP3U 0.528 0.434 0.375 0.89 

RP2H  0.602 0.507 0.443 0.66 

RP1S 0.612 0.530 0.415 0.63 

a Porosity according to the permeation volume of benzene in SEC using tetrahydrofura
b Porosity according to the permeation volume of the smallest PS standard (Mw = 436 g
c Porosity according to the permeation volume of the largest PS standard (Mw = 2,000,0
d Phase ratio derived from the porosity probed with benzene in tetrahydrofuran after E
e Porosity calculated according to the ratio of superficial and linear chromatographic flo
f Phase ratio from non-retained uracil in 50/50 acetonitrile/water (v/v) as mobile phas
g Superficial-velocity-based hydrodynamic permeability determined with 50/50 aceton
h Specific surface area calculated after Brunauer–Emmett–Teller (BET) from nitrogen a
oly(styrene-co-divinylbenzene) stationary phases in 4.6 mm I.D. analytical column
s.

contributions to the plate height [17]. The complexity of this type
of contributions to the height equivalent to the theoretical plate
was  anchored to the conceptual property gel porosity used by Jer-
abek in the characterization of polymeric bead-based separation
media [17,18,35].  Gel porosity is a porosity which stems from sol-
vation and swelling of cross-linked polymer and refers to the pore
space within the structure of the solvated stationary phases, not the
dry [17,18,35].  The gel pores of monoliths are suspected to mea-
sure less than ten nanometers, in particular measure smaller than
a single nanometer and their pore volume and size depends on
the degree of cross-linking [17,35] and solvents used in chromato-
graphic applications [35–37].  Since these gel pores are located in

the intra-globular zones in the monolithic chromatographic bed in
which molecules in the order of sizes of these pores can partition,
respectively diffuse, an attempt is made to show this gel porosity

d in this study.

εtotal
e ˚f kp,f

g [10−14 m2] As
h [m2/g]

0.484 1.07 7.1 1.2
0.544 0.84 3.4 323
0.559 0.79 1.2 395

n as mobile phase after Eq. (1).
/mol) in SEC using tetrahydrofuran as mobile phase after Eq. (1).
00 g/mol) in SEC using tetrahydrofuran as mobile phase after Eq. (1).
q. (2).
w velocity measured in 50/50 acetonitrile/water (v/v) as mobile phase after Eq. (4).
e after Eq. (2).
itrile/water (v/v) as the mobile phase after Eq. (5).

dsorption data.
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Fig. 2. Size exclusion chromatography curves derived from elution of small tracers
and polystyrene (PS) standards in tetrahydrofuran and for the monolithic materials
shown in Fig. 1 by relating (a) molecular weight of alkylbenzenes and molecular
weight of PS standards (Mw) to normalized elution volume (Vel,n , Eq. (3)), and (b)
zoom area focusing on the low molecular weight PS standards and alkylbenzenes.
Dotted line indicates the molecular weight of the PS standard that would result in
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he  respective hydrodynamic radius of 2 nm [38]. PS standards are shown by filled
ymbols and the homologous series of alkylbenzenes by open symbols. Symbol key:
P3U (triangles), RP2H (circles), (RP1S) squares.

or the current columns by the use of inverse SEC. A series of twelve
S standards and a homologous series of alkylbenzenes from ben-
ene to pentylbenzene have therefore been employed. The good
hermodynamic solvent tetrahydrofuran solvates the cross-linked
olymer phase and presumably also suppresses interaction of the
S standards and the utilized small molecules with the polymeric
atrix.
Fig. 2a shows SEC curves on all three monolithic columns in

hich the molecular weight of the PS standards, respectively small
olecules, has been plotted against the normalized elution vol-

me  with the benzene assumed as the smallest totally permeating
racer (Eq. (3)). It is apparent that all three monoliths show rela-
ively steep SEC curves for the PS standards. The total porosity with
he PS standards ranging in molecular weight from Mw = 436 to
5,000 g/mol changes in the row RP3U < RP2H < RP1S, which can
lso be seen in Table 1. The RP2H and RP1S series are close to
ach other (Fig. 2a). The data in Fig. 2a show that a fraction of
he pores for monolith RP1S with Mw larger than 35,000 g/mol is

ot accessible for the respective PS standards, while it is accessible

or smaller polystyrene standards (Mw < 35,000 g/mol). This may  be
xplained by the pore structure indicated in Fig. 1c. Larger analytes
re excluded from part of the voids between the relatively small
 1236 (2012) 152– 163

and fine globular structures for the RP1S column due to a related
mesoporosity. However, all three stationary phases also display
an amazingly high accessibility for small molecules depending on
their size (open symbols for alkylbenzenes ranging from pentylben-
zene (left) to benzene (right), Fig. 2). The relatively flat curve of the
SEC profile shows size exclusion behavior of sub-nanometer sized
molecules providing direct evidence for the nanoporous structure
of the monoliths. Fig. 2b shows an enlarged view of the low molecu-
lar weight region for the PS standards and small alkylbenzenes used
for chromatographic characterization of the monolithic materials
(vide infra). The horizontal line reflects the molecular weight of a
PS standard that has a hydrodynamic radius of 2 nm in tetrahy-
drofuran [38]. Focusing below the horizontal line in Fig. 2b and on
the alkylbenzenes, one methyl group in toluene as opposed to ben-
zene already results in a small difference in elution volume while
the pentylbenzene elution volume is 14% smaller than the benzene
elution volume for the RP3U series (Fig. 2b, open triangles). While
this sized-based elution behavior indicates the existence of very
small sub-nanometer sized pores, it is also seen that interaction
with the stationary phase may  be totally suppressed. The elution
behavior in Fig. 2 is determined by size, with the largest (high-
est molecular weight) alkylbenzene eluting first and being closest
to the nanopore exclusion limit. This is in contrast to its expected
elution in reversed-phase liquid chromatography (vide infra).

Once again, the data in Fig. 2 reveal the relative accessibility of
the polymeric matrices under conditions where partition is reduced
to a minimum and indirectly reflects the accessibility of the column
containing cross-linked polymer which is seen by both hydrody-
namic flow and (hindered) diffusion of molecules of specific size.
For all three columns, the strongest change in normalized elution
volume is observed for molecular sizes below 2 nm,  i.e. the alkyl-
benzenes. The RP3U column clearly has mesopores/micropores in
solvent tetrahydrofuran though in the dry-state this column shows
an apparent absence of small pores indicated by the SEM images
(Fig. 1a) and a dry-state specific surface area of only 1.2 m2/g
(Table 1). For example considering the RP3U column, the smallest
polystyrene standard of Mw = 436 g/mol sees only 84% of the poros-
ity that is seen by the smallest analyte benzene. Considering all SEC
curves in Fig. 2, it is safe to assume that the gel porosity is largest
for the RP3U column followed by the RP2H column and the RP1S
column. The RP1S column has the smallest gel porosity because it
has the largest permanent porosity, largest dry-state specific sur-
face area (Table 1), and the largest porosity seen by PS standards of
Mw ≤ 35,000 g/mol (Fig. 2). In other words, the difference in elution
volumes between the smallest PS standard and benzene is smallest
for the RP1S column.

However, considering the size selectivity for small alkylben-
zenes, the existence of nanometer-sized pores in contact with
solvent is clear for all three monolithic columns. This is observed
irrespective of their dry-state porous structure, morphology (Fig. 1),
and surface area (Table 1). The results therefore indicate a general
material characteristic of cross-linked polymer material forming
the interstices through which the liquid convectively perco-
lates. This most simple experiment ad hoc evidences that small
molecules permeate the poly(styrene-co-divinylbenzene) matrix
in the solvated swollen-state. Dry-state or typical size exclusion
chromatographic investigations utilizing PS standards alone cannot
probe for this porosity. Therefore in any instance the assumption
of the absence of small pores and low surface area is invalid though
it may  be suggested by dry-state methods (Fig. 1 and Table 1).
When mesopores are present in the dry-state, gel porosity addi-
tionally modulates the porous structure. Consulting the literature

on porous polymeric bead-based materials, this shows that though
the monolithic columns may  reflect a porous entity morpholog-
ically different from that of their earlier generation bead-based
materials, they show the same phenomenon of gel porosity and
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Fig. 4. Retention factors for the homologous series of benzene derivatives plotted
against mobile phase composition and probed by utilizing the RP1S column for ben-
zene (filled squares), toluene (half-filled circles), ethylbenzene (closed triangles),
I. Nischang / J. Chromat

ossibly related partition and adsorption phenomena [39–42].  This
ost importantly reflects the typical framework opening in cross-

inked polymer systems in their solvated swollen-state as a base
aterial property [37], irrespective of the stationary phase mor-

hology [17]. We  should, however, recall that this is most often
eglected in the discussion of their performance but was identi-
ed to have a large impact for retained small analytes [17]. It may
e expected that this permeation of small tracers also holds under
ypical reversed-phase chromatographic conditions with varying
inary mobile phase solvent compositions in which analyte parti-
ion, adsorption, and the existent gel porosity are modulated. The
olvated nanoscale state of cross-linked polymer depends on the
olume percentage and solvating properties of the organic modifier
17,36,37,39,40]. Since relevant data on porous polymer monoliths
re scarce, if not absent, in the literature, the objective of the fol-
owing experiments is to shed light on its impact toward analyte
etention and chromatographic efficiency in reversed-phase liquid
hromatography.

.3. Chromatographic reversed-phase elution of small molecules
nd retention factor

In addition to the discussed differences in the porous structure
etween the swollen and dry-state we now move to a situa-
ion in which hydro-organic solvents, typical for reversed-phase
hromatographic applications, are used. A composition of 50/50
cetonitrile/water (v/v) was chosen as a starting point. Fig. 3 shows
he retention pattern of all three columns and indicates that the
umber of alkyl carbon atoms in the homologous series causes
n increase in retention. All columns show a similar selectivity
n the elution of alkylbenzenes at 50/50 acetonitrile/water (v/v)
s mobile phase (circles in Fig. 3). Most interestingly the RP3U
olumn with the lowest, barely measurable dry-state specific sur-
ace area shows strongest retention for alkylbenzenes. This is in
ccordance with the higher phase ratio and higher gel porosity
etermined from SEC (Fig. 2, Table 1). Therefore, even under these
onditions retention can be related to the phase ratio of the mono-
ithic columns, not the dry-state specific surface area (Table 1),
ince the small tracers permeate the nanoscopically cross-linked
olymeric matrix (Fig. 2). This cannot be probed by PS stan-

ards. This supports findings with experiments in capillary-scale
ormat poly(styrene-co-divinylbenzene) monolithic columns [19].
nce more, it shows most fundamentally that retention does not

ig. 3. Retention factor of alkylbenzenes against number of alkyl carbon atoms
rovided by the monolithic columns measured at a mobile phase composition of
0/50 acetonitrile/water (v/v) (circles) and only acetonitrile in the mobile phase
diamonds). Symbols: RP3U (open), RP2H (half-filled), RP1S (filled).
propylbenzene (half-filled triangles), butylbenzene (closed pentagons), and pentyl-
benzene (half-filled hexagons). Superficial flow velocity: 0.3 mm/s. Linear, dotted
lines are shown only as a guide to the eye.

correlate with dry-state surface area and a similar selectivity is
observed in all three cases (where the RP2H and RP1S series practi-
cally coincide). Shown also for all three columns, are the retention
factors at a mobile phase composition comprising only acetoni-
trile, demonstrating that the slope of retention against number of
alkyl carbon atoms becomes nonlinear. This indicates a variation
of partition and adsorption [42], until elution behavior may  purely
resemble the one determined by size of the small molecules as in
SEC employing tetrahydrofuran (Fig. 2).

To further elucidate this aspect, Fig. 4 shows the plot of retention
for the homologous series against volume percentage of acetoni-
trile in the mobile phase for the RP1S column. The dotted lines
shown in Fig. 4 are meant as a guide to the eye for the benzene
and pentylbenzene data. Typically, only intermediate ranges of the
volume fraction of organic modifiers are probed. For intermediate
compositions, a linear behavior is seen while reasonable deviations
are obvious at acetonitrile only and 50/50 acetonitrile/water (v/v)
as the mobile phase (Fig. 4). Therefore, the variation of partition
and adsorption has a concerted effect on the retention dynamics
and becomes affected by the solvated state of the nanoscale poly-
mer  structure. However, it is well known that measured retention
in linear chromatography cannot easily separate for partition and
adsorption effects according to Gritti et al. [43]. They have shown
that for a mixed retention mechanism on silica-based materials
with contributions from different adsorption and/or partitioning
sites, linear chromatography can only measure retention as the
sum over all site types. In the present case the concerted contri-
bution from partition in and adsorption onto the polymer matrix
as opposed to its importance in the bonded layer of silica-based
(meso)porous materials needs to be investigated [43–46].

3.4. Hydrodynamic dispersion of small molecules

In liquid chromatography, it is highly desirable to achieve per-
formance and efficiency of elution at sufficiently high retention
factors and under conditions of high selectivity. Therefore, the
analysis is started with a mobile phase composition of 50/50 ace-
tonitrile/water (v/v), realizing retention factors of close to 10 for

benzene to more than 100 for pentylbenzene on all three columns
(Fig. 3). Fig. 5 shows the plate height curves for pentylbenzene as
the strongest retained compound (Fig. 3). It is obvious that the RP1S
monolithic column performs best with a minimum plate height
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Fig. 5. Plate height curves obtained from the isocratic reversed-phase elution of
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trongly retained pentylbenzene on all three columns and a mobile phase com-
osition of 50/50 acetonitrile/water (v/v). Symbols: RP1S (filled squares), RP2H
half-filled circles), RP3U (filled triangles).

f 50 �m,  followed by the column RP2H with a plate height of
00 �m achieved at the lowest linear chromatographic flow veloc-

ty and with the RP3U performing worse and losing its efficiency
ost rapidly at increased linear chromatographic flow velocities. As
e have seen from the previous analysis, indeed the column RP1S

eatures the highest dry-state surface area (Table 1), and smallest
verage flow-through pore size at a finer globular structure (Fig. 1).
onsequently, it also features the lowest permeability at this mobile
hase composition (Table 1). The determined permeability data for
ll columns correlate well with the marked difference in poros-
ty, globule and flow-through pore size (Fig. 1, Table 1). All these
spects may  at first hand be responsible for the improved trans-
ort performance of small molecules provided by the RP1S column.
owever, judging from its characteristics of retention dynamics

Fig. 3), as well as associated selectivity, this dry-state surface area
oes not provide a significant increase in retention and selectiv-

ty as opposed to the other columns. For example, the dry-state
pecific surface area of the RP3U column is more than 300-fold
maller than the RP1S (Table 1), yet the RP3U column shows larger
r at least competitive retention (Fig. 3). This observed retention
ehavior and performance is typical of porous polymer monoliths
here the retention scales with the phase ratio, i.e. the amount

f accessible polymer material in the confine [19]. This is indi-
ated to be largest for the RP3U series (Fig. 2). The pore space,
espectively surface area probed in the dry-state is an unsuitable
etric as shown with these experiments (Table 1, Figs. 2 and 3).

herefore, the question now arises where the isocratic efficiency of
he RP1S column stems from. The probed performance correlates
ell to that reported by Smirnov et al. [29]. The authors optimized

he performance of poly(divinylbenzene-co-ethylvinylbenzene-co-
-hydroxyethylmethacrylate) monolithic columns in 3 mm I.D.
olumn format [29], while a similar mobile phase composition of
cetonitrile/water together with a more hydrophilic monolith was
sed. They observed, for the best column with readily low per-
eability and only shown for toluene at much weaker retention

k′ = 6), plate heights ranging from H = 40 �m at the smallest linear
hromatographic flow velocity to H = 76 �m for a linear chromato-
raphic flow velocity of 2 mm/s  [29]. Furthermore, the reported
erformance in Fig. 5 for the RP1S column is even better than that

resented by Causon et al. [47], who measured a plate height gener-
ted by the same column of 100 �m for propyl parabene at a column
emperature of 80 ◦C and a retention factor of k′ = 3–4 for the low-
st flow velocity. The authors used even lower volume percentage
 1236 (2012) 152– 163

of acetonitrile in the mobile phase. This at some point validates
that, while the current column performance may appear poor, it is
what is typically obtained with tailored systems and its origin to
be resolved. The relatively poor performance in all cases may orig-
inate from the structural heterogeneity, well known for polymer
monoliths [18]. Recently, this aspect was  elucidated by numerical
simulations of flow through the bulk of a commercial disc mono-
lithic material [48]. The authors physically reconstructed the bulk
region of the monolithic material imaged in the dry-state [48]. They
further point at the possibility that the heterogeneous macrop-
ore space may  accommodate varying degrees of convective flow,
possibly resulting in large flow dispersion. However, they did not
consider the presence of solvent yet, which modulates gel poros-
ity and chromatographically accessible pore space, aggravating this
effect for small molecule transport under retentive conditions [18].
Therefore, in the following a focus lies on the data for the measured
porosity and phase ratio in pure tetrahydrofuran and 50/50 ace-
tonitrile/water (v/v) as a mobile phase (Table 1). It is obvious, that
indeed while moving from the situation of pure tetrahydrofuran
in the mobile phase, the porosity and phase ratio are substantially
different in 50/50 acetonitrile/water employing uracil with a larger
molecular weight than benzene as void marker. While the apparent
εtotal of the column becomes smaller, the phase ratio increases. The
difference is quite significant and again qualitatively the same for
all three columns as shown in Table 1. These results point toward
difficulties to determine true values of porosity and phase ratio. The
monoliths consist of the same base material though obviously pre-
pared under different conditions (Fig. 1). The suspected difference
between the scenarios of two solvated-state properties indeed pro-
vides guidance for the design of experiments elucidating the elution
performance of the porous polymer monoliths. It is realized by uti-
lizing the homologous series of alkylbenzenes that are affected by
partition and adsorption (Figs. 3 and 4). Because a change of the
phase ratio for small molecules associated with the binary mobile
phase solvent mixture composition may  provide insight into the
modulation of gel porosity, partition and adsorption in a concerted
scenario, the height equivalent to a theoretical plate is used as a
sensitive means to monitor changes in macroscopic mass transfer
efficiency.

3.5. Impact of the volume percentage of acetonitrile modulating
gel porosity and retention on performance

Fig. 6a shows example plate height curves for all six retained
alkylbenzenes at 60/40 acetonitrile/water (v/v) as the mobile phase
spanning retention factors of k′ = 5 for benzene to k′ = 45 for pentyl-
benzene. For comparison, the plate height from isocratic elutions
was  plotted against superficial flow velocity, usf, as a universal
means to exclude impact stemming from varying porosity identi-
fied by the variation of phase ratio with the solvent and analytes
used (Table 1). In this example, the performance is approximately
independent of retention and molecular size at a low superficial
velocity while differences are observable for the higher superficial
flow velocities (Fig. 6b). It was previously indicated in this work,
that retention is governed by the volume percentage of acetonitrile
in the mobile phase (Figs. 3 and 4). Varying this concentration of
acetonitrile in the mobile phase significantly impacts retention via
presumably concerted impact of partition and adsorption. The key
question then is what happens to the performance in the elution
of small molecules if the content of acetonitrile in the mobile
phase is varied. Fig. 7 shows the plate height curves for benzene as
the least retained compound (Fig. 7a) and that of pentylbenzene

as the strongest retained compound (Fig. 7b). The mobile phase
composition was varied from 50/50 acetonitrile/water (v/v) to
only acetonitrile. This reflects the retention factor range shown in
Fig. 4. Amazingly, in both cases the slope of the plate height curve
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Fig. 6. Performance derived from the isocratic reversed-phase elution of a homol-
ogous series of alkylbenzenes on the RP1S column with (a) plate height curves
obtained at a mobile phase composition of 60/40 acetonitrile/water (v/v) including
benzene (filled squares), toluene (half-filled circles), ethylbenzene (filled trian-
gles), propylbenzene (half-filled triangles), butylbenzene (filled pentagons), and
pentylbenzene (half-filled hexagons), and (b) plate heights against retention fac-
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Fig. 7. Plate height curves obtained at varying binary mobile phase compositions for
(a)  benzene as the smallest eluted compound with lowest retention in the homol-
ogous series, and (b) for pentylbenzene as largest compound in the homologous
series showing strongest retention and being nearest to the nanopore exclusion limit
(Fig. 2b). Volume percentage of acetonitrile in a mixture of acetonitrile/water (v/v):
50%  (filled squares), 60% (half-filled circles), 70% (filled triangles), 80% (half-filled
triangles), 90% (filled pentagons), 100% (half-filled hexagons).
or  in the homologous series at varying superficial flow velocity of usf = 0.2 mm/s

filled squares), usf = 0.4 mm/s (half-filled circles), usf = 1 mm/s (filled triangles), and
sf = 2 mm/s  (half-filled hexagons).

t increased superficial flow velocity, reflecting stagnant mass
ransfer resistance in the porous structure, strongly depends on the
olume percentage of acetonitrile in the mobile phase. It is further
een that the pentylbenzene (Fig. 7b) is far more sensitive than the
mallest eluted analyte benzene (Fig. 7a). It is seen in Fig. 2 that
he pentylbenzene is closest to the nanopore exclusion limit in SEC
Fig. 2) and therefore its efficiency may  be most sensitive to mod-
lation of gel porosity. Using only acetonitrile as the mobile phase,
ig. 8 then clearly shows that for an increased molecular weight
nd retention of analytes in the homologous series the plate height
s largest for the strongest retained and largest compound in par-
icular at high superficial flow velocities. Interestingly, the curves
ome closer at low superficial flow velocities. The increased disper-
ion at increased acetonitrile concentrations (Fig. 7) may  simply
ave its origin in the increased gel porosity at an increased volume

raction of acetonitrile in the mobile phase. At one side it opens
he polymer framework providing a higher volume of potentially

ccessible gel porosity, but at the same time decreases retention
ased on adsorption as a thermodynamic argument. Indeed, a
etailed investigation on all analytes at a superficial flow velocity
f usf = 0.3 mm/s  scales with retention in the homologous series

Fig. 8. Plate height curves obtained for acetonitrile as the mobile phase with the
RP1S column for benzene (filled squares), toluene (half-filled circles), ethylben-
zene (filled triangles), propylbenzene (half-filled triangles), butylbenzene (filled
pentagons), pentylbenzene (half-filled hexagons).
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Fig. 9. Effect of size and chromatographic retention of alkylbenzenes on the plate
height determined at different volume fractions of acetonitrile in the mobile phase.
Superficial flow velocity: usf = 0.3 mm/s. (a) Entire investigated range of retention
factors, and (b) zoom area for a lower retention range including uracil at a mobile
phase composition of 50/50 acetonitrile/water (v/v) (filled five-pointed star). Vol-
ume  percentage of acetonitrile: 50% (filled squares), 60% (half-filled circles), 70%
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reduces viscosity of the mobile phase and modulates (addition-
filled triangles), 80% (half-filled triangles), 90% (filled pentagons), 100% (half-filled
exagons). Connecting gray line in (b) is meant as a guide to the eye for benzene
ata.

Fig. 9a). At times this effect has been reported for porous polymer
onoliths based on methacrylate chemistries [17,18,20,22] and
as indicated with styrene/divinylbenzene chemistries under

ypical preparatory conditions [19]. This scaling in Fig. 9a becomes
ost pronounced at the highest volume fraction of acetonitrile in

he mobile phase at which still significant retention is discernible
Fig. 3). Plate heights increase with increased retention, realized by
n increase in molecular weight of the alkylbenzenes at the given
obile phase composition. This dependence ceases at decreased

oncentration of acetonitrile in the mobile phase leading to a
ore retention-insensitive performance at high retention. Here

he plate height even slightly decreases with increased retention
n the homologous series (Fig. 9a). The plate height for uracil at
he same superficial flow velocity and 50/50 acetonitrile/water
v/v) as the mobile phase is shown as filled five-pointed star in
ig. 9b and reflects the best performance. This effect is in agree-
ent to earlier published results with methacrylate-based and

tyrene/divinylbenzene-based chemistry. It shows that while the
erformance under kinetic conditions may  already be poor [18,19],

erformance worsens with retention [17–19].  This also contra-
icts general observation in liquid chromatography practice with
ilica-based stationary phases [49]. Here, sufficient retention is
 1236 (2012) 152– 163

required to obtain a more realistic view on true column perfor-
mance since for higher retention factors impact of extra-column
contributions to band broadening are reduced to a minimum
[49]. Consequently, performance for retained small tracers, are
typically better. Also, it was  demonstrated before that the effi-
ciency of weakly retained solutes is more sensitive to the radial
heterogeneity of columns than that of strongly retained ones [49].
Both analogs however seem to fail with our current experimental
results. This points us toward effects which are not ascribed to the
heterogeneity in the porous flow-through pore structure in the
analytical column format. These results therefore show that indeed
nanoscale gel porosity together with partition and adsorption is
an important and general phenomenon impacting monolithic
polymeric column performance irrespective of their size and
format. Minimal effects are seen for the non-retained hydrophilic
uracil. If gel porosity is modulated to be large, performance for
retained compounds decreases even at reduced retention. This is
an indirect evidence of its impact and becomes particularly pro-
nounced at high flow velocity and in the mass transfer dominated
regime of the plate height curve (Fig. 8). In other words, a stronger
adsorption at reduced gel porosity provides the column with a
better performance for retained compounds (Fig. 9b). These results
indicate that the unwittingly or deliberately chosen experimental
conditions modulate transport efficiency through porous polymer
monoliths as a “living” chromatographic support structure. At high
volume fractions of acetonitrile in the mobile phase the C-Term
in the plate height curves scales with the molecular weight of
alkylbenzenes, with an increased molecular weight resulting in a
lower diffusion coefficient in the gel porosity-breathing polymer
matrix (Figs. 8 and 9) since the small molecules permeate it (Fig. 2).
In this line performance seems worse for molecules being most
close to the nanopore exclusion limit (Fig. 2b).

It is expected that the above-described experiments, their impli-
cations and importance should be set in context with the mobile
phase composition window where this happens. Therefore, it may
be apparent that with variation of the nanoscale stationary phase
polymer structure and chemistry, the operational domain and
impact of gel-porosity may  change. Further, the degree of cross-
linking that may  determine the overall amount of gel porosity
which can be modulated requires consideration, alongside the
overall amount of polymer mass in the confine, determining phase
ratio. Cautiously spoken, this indicates the fact that the diversity
of porous polymer monoliths, which differ only slightly in chem-
ical composition, hydrophilicity, hydrophobicity, phase ratio, etc.,
as well as characterization performed under different mobile phase
compositions and analytes employed, renders direct and quantita-
tive comparisons of performance possibly less adequate.

3.6. Impact of the column temperature on the performance under
isothermal conditions

It was shown that gel porosity determines the dispersion
dynamics of small-retained tracers in the currently investigated
porous polymer monoliths. A stronger manifestation of gel poros-
ity leads to a decrease in performance but most pronounced only
under conditions of retention and for molecules that undergo par-
tition and retention phenomena. To directly back-up this impact
with a control experiment, high temperature liquid chromatogra-
phy was  used to probe the effect of an enhanced diffusion of these
small tracers in the gel porosity region. Shown in Fig. 10 is the
performance of the RP1S monolith for strongly retained pentylben-
zene. In this chromatographic scenario an increased temperature
ally to the diffusion coefficient in the moving mobile phase):
(i) a reduced retention based on thermodynamic arguments
of adsorption [50], and (ii) a postulated enhancement of the
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Fig. 10. Impact of isothermal column temperature on the performance of the RP1S
series probed with pentylbenzene and expressed as plate height curves fitted with
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Fig. 11. Plate height curves for the RP1S series at 90 ◦C isothermal column tem-
perature and a mobile phase composition of 50/50 acetonitrile/water shown for
all  retained analytes with van-deemter fit (H = A + B/u0 + Cu0) for pentylbenzene.
Symbols: benzene (filled squares), toluene (half-filled circles), ethylbenzene (filled
triangles), propylbenzene (half-filled triangles), butylbenzene (filled pentagons),

unsuitable metric for explanation of the monoliths performance.
Performance varies with mobile phase solvent composition, con-
sequently retention and partition (Figs. 3, 4, 7 and 9). This variation
he van-deemter model H = A + B/u0 + Cu0. A mobile phase composition of 50/50 ace-
onitrile/water was  used. Symbols: 25 ◦C (filled squares), 50 ◦C (half-filled circles),
nd 90 ◦C (filled triangles).

iffusion of the analyte in the polymeric matrix which becomes
ermeated by (hindered) diffusion. It can be seen that a barely
easurable minimum plate height for this strongly retained tracer

eads at increased temperature to a more defined minimum at
ncreased mobile phase velocities. Interestingly, the plate height at
ery low linear chromatographic flow velocities increases due to
n enhanced axial diffusion [50]. The curves also show that indeed
he inherently poor mass transfer kinetics in the polymer globule

atrix based on partition and adsorption is enhanced by increasing
emperature. Temperature accelerates the kinetics of transport.
his becomes pronounced at linear chromatographic flow veloc-
ties exceeding those of 0.5–1 mm/s. It is due to a decrease in
he mass-transfer resistance originating from hindered diffusive

ass transfer in the polymer gel matrix. Further, no significant
mprovement in the overall achievable minimum plate height
s achieved, which again hints toward the fact that the poorly
tructured macropore space and associated flow heterogeneity
rovides a bias somewhat only partly responsible for the observed
oor performance in the elution of retained small analytes [18]. For
etained small molecules, rather gel porosity and its varying impact
hat deteriorates performance seems a major issue [17,18].  Fig. 11
hows the performance obtained from elution of all the analytes
t a temperature of 90 ◦C and varying linear chromatographic flow
elocities. A minimum plate height of approximately 45–50 �m is
bserved for all analytes. The C-Term of retained pentylbenzene
mounts 9 ms  under such rather extreme conditions. Fig. 12 shows
he performance of polymer monoliths in the separation of a
omologous series of alkylbenzenes at 1.9 mm/s, 3.8 mm/s, and
.5 mm/s  performed at 90 ◦C column temperature, an intermediate
emperature value as that probed by Causon et al. for a single
mall molecule, [47] but with much higher linear chromatographic
ow velocities in the current work. Indeed, the homologous series
an still be resolved at this high linear chromatographic flow
elocity and strong retention thanks to the much reduced C-Term
ontribution to the plate height. Expectedly, the efficiency is very
ecent in the mass transfer dominated regime (Fig. 11).

. Discussion
An experimental study of the porous and hydrodynamic
roperties of analytical scale column format poly(styrene-co-
ivinylbenzene) monolithic scaffolds is reported. The current study
pentylbenzene (half-filled hexagons).

focuses on three different metric properties that are: (i) the
columns dry-state porous properties (Fig. 1 and Table 1), (ii) the gel
porosity probed by SEC using a range of narrow molecular weight
distribution PS standards and small sub-nanometer-sized solutes in
tetrahydrofuran (Fig. 2), as well as (iii) correlation of hydrodynamic
dispersion to the porous structure (Fig. 5), modulated gel poros-
ity and analyte size (Figs. 7–9).  Considering all metric properties
accessible by the most simple and straightforward dry-state and
chromatographic measurements of identical material, the follow-
ing findings can be summarized. As a most fundamental property, it
is apparent that the polymer monoliths exhibit a significant amount
of gel porosity irrespective investigations of dry-state porous prop-
erties (Figs. 1 and 2, Table 1). Associated with this gel-porosity is
the existence of nanometer-sized pore space beyond that shown
by typical dry-state investigations making such determinations an
Fig. 12. Separation of a homologous series of alkylbenzenes including (1) Uracil,
(2)  benzene, (3) toluene, (4) ethylbenzene, (5) propylbenzene, (6) butylbenzene, (7)
pentylbenzene at a column temperature of 90 ◦C, a mobile phase composition of
50/50 acetonitrile/water (v/v), and varying linear chromatographic flow velocities.
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f the reversed-phase chromatographic performance in the iso-
ratic separation of small molecules, which depends on analyte size
nd retention, becomes modulated by varying binary mobile phase
olvent composition (Figs. 7 and 9). It is therefore most likely to
hange with changing solvent and stationary phase chemistry. This
lso means that the reported performance of polymer monoliths
ay  mostly depend on polymer backbone chemistry and employed

olvent, making comparison of the performance between differ-
nt laboratories less adequate. Even slightly different experimental
onditions for preparation and characterization cause this issue.

With respect to these commonalities the specifically employed
reparatory conditions can result in the following differences
hich provide interesting incentives for further research and tai-

oring of performance, beyond that for which these materials
re designed. It is clear that all three columns show a different
acroporous flow-through pore structure, with the finest struc-

ure provided by the RP1S series, larger globular structure of the
P2H series and the pronounced large globular structure of the
P3U series (Fig. 1). Associated with the difference in the globular
orphology and possibly also the cross-link density, the materials

lso show significantly different dry-state surface area (Table 1).
herefore, the size of the globular features affects stagnant mass
ransfer resistance and hydrodynamic dispersion via the existent

icroporous/mesoporous globular structure in the solvated-state
Figs. 1 and 2). This is similar to that provided by a packed bed of
orous adsorbent particles, however, with a more rigid and per-
anent mesoporous structure of hard silica matter and of course

 different flow-through-pore morphology. It becomes clear from
igs. 1 and 5 that large globular features provide a larger diffusion
istance inside the macropore confining polymer which changes
dditionally with mobile phase solvent composition and presum-
bly cross-link density distribution. Therefore, these results show
hat small globular features are favorable (Figs. 1 and 5). These
an also be obtained by an incomplete polymerization reaction.
n incomplete polymerization results in an overall higher amount
f porosity and therefore reduced gel porosity [18,19]. The size of
tagnant intra-globule mass transfer zones associated with the size
f the globules therefore needs to be reduced. Furthermore, the
lobule scale cross-link density distribution, recently discussed in
he literature [17], requires attention. Alternatively, a permanent

esoporous globule structure may  be created during preparation.
 permanent mesoporous globule structure may  also reduce gel
orosity as a consequence of an increase in overall existent poros-

ty. This was indicated with bead-based porous systems [36] and
onoliths [19]. This is in analogy to a reduced phase ratio (Table 1).

t should be kept in mind that the total amount of accessible poly-
eric mass needs to be controlled after deduction on where it

s located. For example, in a monolith with smaller feature size,
xistent gel layers [35] and permeable polymeric mass [36,37] as
ndicated previously for porous monoliths [17], and also shown in
his work (Fig. 2), may  have less impact than in monoliths with
arger globule size. It is suspected, that in the large globular struc-
ures a larger diffusion distance as e.g. in the RP3U series (Fig. 1a) is
robed in chromatography of small molecules (Fig. 5). This would
e in analogy to that of an increased particle size in a particulate
ed. In the current case it totally deteriorates performance since the
-Term approaches values beyond being acceptable (Fig. 5). Fur-
her, the gel porosity seems most pronounced when the globules
ppear almost non-porous in their dry-state hinting toward a low
egree of cross-linking (Figs. 1a and 2, Table 1). While it appears

ogic, that the impact of the modulated gel porosity and related
artition phenomena may  vary in all three columns, though funda-

entally having the same origin, it also confirms earlier conclusion

n studies of the porous and hydrodynamic properties of capillary-
cale format columns, that gel porosity needs to be reduced to
educe band broadening [18,19]. For that aspect, a reduced phase
 1236 (2012) 152– 163

ratio and globule size of which the polymeric backbone is com-
posed may  provide a possible improvement in performance. This is
somewhat independent of the flow-heterogeneity originating from
varying flow-through pore sizes in the columns. Wall effects, not
considered in this work, certainly require separate investigations.
Ultimately, a reduction in feature size and increase in number of
flow-through pores at the cost of a reduced permeability may  there-
fore be an interesting option for tailoring column performance.
Systematic studies yet have to be performed.

5. Conclusions

Results presented in this study confirm initial anticipations
derived from experiments in capillary-sized molds that the hydro-
dynamic properties of porous polymer monoliths are governed
largely by the existent gel porosity in monolithic scaffolds [18].
This is directly addressed for a set of analytical column scale format
porous polymer monoliths for the first time. It is suspected that gel
porosity is a phenomenon which obscures chromatographic perfor-
mance of porous polymer monoliths in all conduit sizes and shapes
and that miniaturization cannot mediate for these effects. Results
presented in this study show that gel porosity may  dominate the
dispersion and retention dynamics of porous monolithic scaffolds
unambiguously. This is even with respect to improved perfor-
mances that may  be and are obtained due to tailored preparatory
conditions resulting in a much improved morphology and smaller
feature sizes. Improved performances in miniaturized column for-
mats may  thereby be a consequence of the more homogenous (but
random) radial porous structure within certain ranges of size and
the better system adoptability resulting in a reduction of chro-
matographic band dispersion. This is due to the A-Term, reflecting
flow heterogeneity, which is poor and commonly well known for
polymer monoliths. Recent efforts have already demonstrated that
monoliths possess great miniaturization potential and due to the
smaller dimensions a better control of porous flow-through proper-
ties may  be achieved. However, only quantitative differences from
mass transfer resistance contributions may  be expected. They prin-
cipally originate from the base material property.

Again, it was attempted to characterize the impact of gel poros-
ity on the hydrodynamic dispersion of small-sized solutes with a
set of selected available columns designed for and showing excel-
lent performance in large molecule applications in non-equilibrium
elution mode. We  are currently working on characterizing the
impact of gel porosity on larger analytes since the results obtained
so far indicate that gel porosity may  impact dispersion dynam-
ics of larger molecular species aside from effects stemming from
flow heterogeneity. A diminished contribution to hydrodynamic
dispersion may  be due to the generally lower amount of organic
modifier employed in reversed-phase gradient elution mode of
bio-macromolecules, thereby resulting in conditions suppressing
gel porosity. The larger size of proteins of at least single or sev-
eral nanometers may  therefore make them less sensitive to the
nanoscale polymer structure but this has not been addressed so
far. An additional aspect is that associated effects may  be buried
under gradient elution data realized in non-equilibrium liquid
chromatography.

With respect to all the presented effects it would be reward-
ing to study the impact of molecular size, retention, and mobile
phase composition on the performance of porous polymer mono-
liths as most pivotal tools modulating material characteristics.
It is advisable to always report the performance and retention
for all analytes observed in the chromatogram. We  might dis-

cover that by wittingly modifying experimental conditions and by
performing a related analysis of transport performance, the cur-
rent picture of porous polymer-based separation media will be
refined. In the course of discovering the founding elements of their
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erformance, the demand for better performance can become a
emand directed into more realistic goals. Any apparent improve-
ents should be based on tailored material characteristics of such

djustably performing chromatographic materials and not spe-
ific liquid chromatography conditions, format shapes and sizes,
r associated random lucks in preparatory conditions.
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