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AIBN 2,2′-Azobis(2-methylpropionitrile) 
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Abstract 

Background: Separation science is heavily reliant on materials to fulfill ever 
more complicated demands raised by other areas of science, notably the 
rapidly expanding molecular biosciences and environmental monitoring. 
The key to successful separations lies in a combination of physical properties 
and surface chemistry of stationary phases used in liquid chromatographic 
separation, and this thesis address both aspects of novel separation materials. 

Methods: The thesis accounts for several approaches taken during the 
course of my graduate studies, and the main approaches have been i) to test 
a wild-grown variety of published methods for surface treatment of fused 
silica capillaries, to ascertain firm attachment of polymeric monoliths to the 
wall of microcolumns prepared in silica conduits; ii) developing a novel 
porogen scheme for organic monoliths including polymeric porogens and 
macromonomers; iii) evaluating a mesoporous styrenic monolith for char-
acterization of telomers intended for use in surface modification schemes 
and; iv) to critically assess the validity of a common shortcut used for esti-
mating the porosity of monoliths prepared in microconduits; and finally v) 
employing plasma chemistry for activating and subsequently modifying the 
surface of rigid, monodisperse particles prepared from divinylbenzene. 

Results: The efforts accounted for above have resulted in i) better knowledge 
of the etching and functionalization parameters that determine attachment 
of organic monoliths prepared by radical polymerization to the surface of 
silica; ii) polar methacrylic monoliths with a designed macroporosity that 
approaches the desired “connected rod” macropore morphology; iii) estab-
lishing the usefulness of monoliths prepared via nitroxide mediated poly-
merization in gradient polymer elution chromatography; iv) proving that 
scanning electron microscopy images are of limited value for assessing the 
macroporous properties of organic monoliths, and that pore measurements 
on externally polymerized monolith cocktails do not represent the porous 
properties of the same cocktail polymerized in narrow confinements; and v) 
showing that plasma bromination can be used as an activation step for rigid 
divinylbenzene particles to act as grafting handles for epoxy-containing telo-
mers, that can be attached in a sufficiently dense layer and converted into 
carboxylate cation exchange layer that allows protein separations in fully 
aqueous eluents. 

Conclusion: I have learned quite a few things during the past few years. 
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Sammanfattning (Abstract in Swedish) 

Bakgrund: Separationsvetenskaperna är starkt beroende av nya material för 
att fylla ständigt ökande krav från andra områden inom naturvetenskapen, 
särskilt inom de snabbt expanderande molekylära biovetenskaperna och vid 
miljöövervakning. Nyckeln till framgångsrika separationer ligger i en kombi-
nation av fysikaliska egenskaper och ytkemi hos stationärfaser som används i 
vätskekromatografisk separation. Denna avhandling adresserar båda de ovan 
nämnda aspekterna hos nya separationsmaterial. 

Metoder: Avhandlingen sammanfattar flera olika infallsvinklar som tagits 
under mitt avhandlingsarbete, där de huvudsakliga angreppspunkterna har 
varit i) att testa en vildvuxen flora av publicerade metoder för ytbehandling 
av kapillärer tillverkade av syntetisk kvarts, i syfte att säkerställa infästning 
av porösa polymermonoliter till väggen hos miniatyriserade separations-
enheter som tillverkas i detta material; ii) utveckling av nya porogener för 
organiska monoliter, inklusive polymera porogener och makromonomerer; 
iii) utvärdering av en mesoporös styrenbaserad monolit för karaktärisering 
av telomerer att användas i ytmodifieringssammanhang; iv) att kritiskt ut-
värdera giltigheten hos ett vanligt förekommande tillvägagångssätt for skatt-
ning av porositeten hos monoliter tillverkade i mikroformat; samt slutligen 
v) att utnyttja plasmakemi för aktivering och påföljande modifiering av ytan 
hos robusta, monodispersa partiklar tillverkade av divinylbensen. 

Resultat: De strävanden som redovisats ovan har gett som resultat i) bättre 
kunskap om etsnings- och funktionaliseringsparametrar som avgör graden 
av infästning för organiska monoliter tillverkade med radikalpolymerisation 
till syntetiska kvartsytor; ii) polära metakrylatbaserade monoliter med nog-
grant designad makroporositet som närmar sig en önskvärd makroporös 
morfologi av ”connected rod” typ; iii) påvisat användbarheten hos monoliter 
tillverkade via nitroxidmedierad polymerisation vid kromatografi av poly-
merer med gradienteluering; klargjort iv) att svep elektronmikroskopi har ett 
begränsat värde för utvärdering av makroporösa egenskaper hos organiska 
monoliter, samt att porositetsmätningar på externt polymeriserad monolit-
cocktail inte är representativ för poregenskaperna hos monoliter tillverkade 
av samma cocktail i smala inneslutningar; samt slutligen v) visat att plasma-
bromering kan användas som aktiveringssteg för robusta divinylbensenpar-
tiklar, att användas som handtag för ympning med epoxy-innehållande te-
lomerer, som kan infästas tillräckligt tätt och omvandlas till ett katjonbytar-
lager av karboxyltyp som medger proteinseparation i vattenbaserade eluen-
ter. 

Slutsats: Jag har lärt mig ett och annat under dessa åren.  
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INTRODUCTION 

Introduction 
One of the most common techniques used in chemistry to reveal the con-
tents of an unknown sample is chromatography, be in an environmental, 
forensic or clinical sample. Chromatography is the science of separation, 
separation of unknown or known compounds of different properties in a 
sample matrix. The technique is based on partitioning between two phases, 
one stationary and the other mobile. The mobile phase can either be a gas, a 
supercritical fluid, or a liquid. This thesis deals with liquid chromatography, 
wherein the principle is based on forcing a liquid by hydraulic pressure 
through a packed stationary phase bed, normally formed by packed particles. 
The development mode most commonly used in analytical contexts is “elut-
ion chromatography” wherein a small volume of sample containing several 
different constituents is injected into the mobile phase (also termed eluent). 
Due to differences in their propensity to interact with the stationary phase, 
sample components are partitioned between the two phases to a different 
degree. Since partitioning between two phases can be directly translated into 
the time a solute spends in each phase, constituents weakly distributed to-
wards the stationary phase will this spend more time in the mobile phase and 
hence arrive at the column exit earlier than compounds that are associated 
more strongly with the stationary phase. The sample components are there-
fore (ideally) separated both from each other and from the matrix, and are 
eventually conveyed by the eluent to a detector where they are quantified 
and, for some detector types, also identified. The Russian botanist Mikhail 
Tswet is normally credited as the “inventor” of the technique, describing in a 
series of lectures and papers published during the first decade of the 20th 
century the separation of plant pigments on an inorganic sorbent (calcium 
carbonate) with mixtures of alkanes and ethanol as “eluents” [1]. Several 
different particle confections have been used as packing materials over the 
years and more lately a new type of “one particle” packing, the monolith has 
been made available and has received much attention. 

There are in principle two ways to accomplish separation of solutes in liquid 
chromatography, by means of efficiency and selectivity, and both means are 
utilized optimally in a well balanced method, taking the separation time and 
sample mass capacity (loadability) into account. 

The efficiency of a chromatographic separation affects how much a solute is 
widened relative to the width of the injected zone, and is a function of the 
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packing quality (regularity), and of the kinetics of the partitioning process 
and mass transport variables in the packed bed and in the mobile phase. It is 
therefore to a large extent determined by physical factors pertaining to the 
column/solvent system, through the size, shape, and pore system parameters 
of the particles making up the separation column, the diffusion coefficients 
of the solutes, the eluent viscosity, etc. 

The selectivity of a separation is related to the differences in the partitioning 
equilibria of the solutes to be separated, and is hence a thermodynamically 
controlled parameter. The retention factor, k, describes the ratio of time 
spent by the solute in the stationary and mobile phases, and is coupled to the 
change in Gibbs’ free energy on transfer of a solute between the two phases. 
Every textbook on chromatography has sections dealing with the basic the-
ory of separation, and it will not be repeated here. Figure 1 illustrates the 
difference in approach between efficiency and selectivity optimization. 

 
Figure 1. The two pathways leading to improved separations, the thermodynamic route leading to im-
proved selectivity, and the kinetics/flow dynamics pathway that leads to narrower eluted bands (peaks). 

It should be realized that efficiency improvement comes with a price, and the 
currency is flow resistance. The pursuit for ever more efficient separations 
and shorter injection intervals has led to the development of UHPLC, “ultra 
high performance (or pressure/price?) chromatography”, where the pressure 
drop along a column can be as high as 100 MPa; in some experimental set-
ups even higher [2]. Operating an HPLC system at pressures this high is not 
without complications. Higher demands are imposed on the hardware to 
operate reliably under sustained extreme pressure, and there are also some 
drawbacks that are directly caused by the extreme pressure, such as viscous 
heating [3, 4], increased viscosity of the eluents accompanied by lower solute 
diffusion coefficients [5], compression-induced linear velocity surge that af-
fects the mass transfer efficiency [6], and pressure-dependent retention [7]. 

The dependence of retention on pressure is a result of the thermodynamical-
ly fundamental Le Châtelier-Braun principle, which dictates that a reaction 
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INTRODUCTION 

will be facilitated when the specific volume of the product (for a chromato-
graphic partitioning equilibrium this would be the solute-surface complex 
plus the solvent released from the interfaces in the attachment) is lower than 
the starting products (i.e., the fully solvated solute and stationary phase). 
Typically this effect increases in magnitude with solute size and macromole-
cular solutes are therefore more affected than small molecules by retention 
change at extreme pressures [8, 9]. 

Viscous heating is caused by the work (which in thermodynamic terms is the 
quantity of energy transferred from one system to another) required to force 
eluent through the narrow passageways of a column packed with micron-
sized particles. There is a direct analogy with Ohm’s law applied to electric 
circuits. In a hydraulic flow system the potential (voltage) drop is equivalent 
to the pressure drop along the column, the current corresponds to the flow 
rate, and the flow resistance of the packed bed is analogous to the resistance 
in an electric circuit. The amount of energy transferred to the eluent by work 
is hence squarely proportional to the pressure drop, all other factors being 
kept constant. Heat is released as the eluent passes through the column and 
the temperature of the eluent will under adiabatic condition increase linearly 
along the column. When a column operating at very high pressure is actively 
thermostatted, typically to the eluent inlet temperature, a radial temperature 
gradient will develop with the packing in the core of the column being hotter 
than close to the wall. Since the viscosity of solvents used in HPLC has a 
temperature dependence of 2-3 %/K, such radial temperature gradients are 
obviously detrimental to the column efficiency. In combination, the above 
discussed physical band broadening mechanisms partly nullify the benefit 
gained from operating at very high pressure. 

A common misconception is that smaller particles yield better separations. 
This is generally true if separation time is taken into consideration, since the 
maximum number of peaks produced per unit time is (in principle) inversely 
proportional to the particle size. However, if maximum separation efficiency 
is sought without considering throughput, the best efficiency is actually 
reached by very long columns packed with particle of a larger size [10]. The 
real benefit of very small (< 3 μm) particles is in super-fast separations of 
small molecules, or for fast interactive chromatography of solutes of inter-
mediate or macromolecular size, where the solute diffusion coefficients are 
inherently low. In spite of the recent commercial UPLC hype, very fast sepa-
rations of proteins and other solutes on micrometer-sized particles was in 
fact demonstrated nearly a quarter of a century ago by Unger and co-workers 
[11]. They later showed that RP separation of proteins and peptides can be 
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done very fast and with high efficiency on modified monodisperse 1.5 μm 
non-porous silica modified with C18, C8, C4, C2, and phenyl ligands [12], and 
that these support can be activated for hydrophobic interaction chroma-
tographic by diethyleneglycol allyl methyl ether and acetamidopropyltri-
ethoxysilane [13]. The proteins pepsin, catalase, and horseradish peroxidase 
could be recovered in their native state provided a proper ligand chain 
length, solvent admixture, and contact time was used [14]. A few years later 
it was also shown that coating with polybutadiene resulted in a useful hydro-
phobic coating on non-porous silica [15]. 

A few years later, Chen and Horváth experimented with increased tempera-
ture as a means of alleviating the excessive back-pressure of particles in the 
1.5 μm diameter range. The decrease in eluent viscosity gave a back-pressure 
level where the micron-sized particles were pressure-wise similar to packings 
of more conventional particle size, which allowed conventional HPLC 
pumps to be used at comparatively high flow rates. This allowed a gradient 
separation of four proteins to be carried out in mere six seconds [16]. 

Another pathway taken in the last two decades is the use of non-particulate 
separation entities. These can take different forms such as layered stacks [17] 
and rolled fibers [18], but the most common format is the ‘molded’ mono-
lith. As opposed to packed columns, where the separation medium is depos-
ited inside a column blank by means of packing (usually by a slurry-based 
technique under high pressure), monoliths are typically prepared directly in 
the hollow confinement where they are subsequently going to be used. The 
mold can be of the conventional tubular shape, ranging from preparative 
columns decimeters in diameter to capillaries and other microconduits, 
where the dimensions are measured in micrometers. Preparing the separa-
tion entities in situ also enables the use of more intricate shapes, that are not 
easily realized by conventional slurry packing. There has been a lot of hype 
also surrounding monoliths, but most scientists in the field now agree with 
the conclusions given the magnum opus monolith review of Guiochon  [19], 
that the main advantage is a lower column impedance (higher permeability 
for a given separation efficiency), i.e., equally good separations can be 
achieved at lower back-pressure, alternatively, the lower back-pressure is 
used to speed up the separation. To aid this, monoliths have been shown to 
possess shallow slopes from the mass transfer-related C-term of the van 
Deemter’s equation, which makes the penalty for increasing the flow rate 
lower than for packed columns with similar flow permeability. The explana-
tion is found in a substantially higher “external porosity”, which for a packed 
column is the fraction of the total column volume attributable to interstitial 
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space. For a monolith the external porosity is instead accounted for by the 
extra-skeleton volume, in other words the volume of the “through-pores”. 
The theoretical lower limit of the interstitial space for a well packed column 
made from monodisperse spherical particles is 26 %, assuming that the par-
ticles will spontaneously arrange into a hexagonal dense packing where the 
maximum space occupied by particles is exactly 74.05 %, according to the 
Kepler conjecture [20]. In a real packed bed the value is usually closer to 60 
% due to imperfections in the arrangement of particles during the packing 
process [19]. 

So, there is a considerable differences between in these two stationary phase 
confections, a difference that will also be reflected in the retention and mass 
loadings, which are a function of the stationary phase surface. It roughly is in 
this context that this work has been carried out. The group has a history of 
working with polymeric monoliths and part of the work has been devoted to 
development and characterization of such materials. But I have also explored 
the possibilities of rigid spherical particles of small particle size, and the pos-
sibilities of functionalizing these by modern polymer chemistry. 
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Porous Polymeric Monoliths 
The synthesis of an organic polymer monolith typically starts with selection 
of a suitable monomer system, which in most instances is a combination of 
vinylic monomers destined to be polymerized by thermal or photoinitiated 
free radical polymerization. One of the monomers will typically also contain 
additional functional group(s) of some sort, which either are destined to pro-
vide the surface functionality needed without further functionalization, or is 
suitable to be used as starting point for subsequent reactions in efforts to cre-
ate monoliths with a variety of tailor-made surface chemistries that can meet 
the requirements of more than one particular application. Several such 
monomer families are available, and the chemicals most frequently used as 
starting monomers are styrenics and (meth)acrylates or (meth)acrylamides. 
The latter two monomer families are particularly interesting since there is a 
very wide variety of functionalities available commercially.  

The second required component is a cross-linker, typically with two or more 
vinylic groups, which serves to provide mechanical stability to the monolith 
and also ascertain that it cannot be dissolved in solvents that are encountered 
in its preparation and use. Again there are frequently used alternatives; for a 
strictly styrenic system divinylbenzene is the most obvious choice, whereas 
among the (meth)acrylates there is again a wide array of compounds that can 
be used; divinylics ranging from the minimal chain N,N'-methylene bisacryl-
amide to crosslinkers with extended interchains such as poly(ethylene glycol) 
di(meth)acrylates. The choice also encompasses tri- and tetravinylic cross-
linkers, e.g., trimethylolpropane trimethacrylate (TRIM) and pentaerythritol 
tetraacrylate (PETA). 

Both monomers and crosslinkers normally arrive with inhibitors added to 
prevent them from polymerizing spontaneously. These compounds interfere 
with the intended polymerization and must be removed to obtain reproduc-
ible results. Several methods exist for inhibitor removal and the most suitable 
technique depends on the monomer as well as the inhibitor. Water-insoluble 
monomers that are not sensitive to hydrolysis are often treated with base and 
extracted with water, or alternatively distilled. Polar monomers are tricky 
since they are often reactive and too involatile for distillation. Treatment by 
flash chromatography on alumina is often used in those cases. 

Another necessary component is a porogenic solvent mixture, which usually 
consists of two or more solvent(s), with or without additional compounds 
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POROUS POLYMERIC MONOLITHS 

that can assist in forming the through- and mesoporous system of the mono-
lith. The porogen mixture should have solvent properties that are sufficient 
to ascertain that all the low molecular weight precursor components dissolve 
to form a homogeneous mixture. Another requirement is that the solubility 
parameters of the solvents making up the mixture should allow it to act as an 
intermediate to “bad” solvent for the polymer that is formed in the process. 
This warrants that the monolith will precipitate from the cocktail as it grows, 
and the most critical part of preparing a monolith with suitable and reprodu-
cible macro- and mesoporous properties is to gain control over this process. 

The final required component of a vinylic monolith cocktail is the initiator. 
Its function is to provide a controlled way of producing free radicals capable 
of adding to a vinylic group, starting a chain reaction among the monomers. 
Dependent on mode of initiation, the free radical  precursors most common-
ly used are benzoyl peroxide (BPO), 2,2'-azobis-isobutyronitrile (AIBN), and 
benzoin methyl ether (BME). BPO is used exclusively for thermally initiatied 
polymerizations, whereas BME is limited to initiation by UV light. AIBN can 
be used in both schemes. It is also possible to polymerize vinylic monomers 
without added initiators, by using gamma or electron beam radiation. 

When all components are mixed and verified to form a homogeneous solut-
ion, the cocktail is filtered and degassed before filling into the polymerization 
confinements. Polymerization is then triggered by applying heat or radiation 
for the time required for the polymerization to cease. The porogens solvent is 
finally removed and the finished monolith could be used. Preparation of a 
monolithic column can usually be accomplished within a working day. 

Monomers and Cross-linkers 

One of the first recipes published for preparation of rigid organic monoliths 
was based on methacrylates [21], and consisted of 40 % (v/v) of mixture of 
2,3-epoxypropyl methacrylate (glycidyl methacrylate, GMA) and ethylene 
dimethacrylate (EDMA) as cross-linker (ratio 60:40 % (v/v)) and 60 % (v/v)  
of a cyclohexanol and dodecanol mixture (ratio 80:20 % (v/v)) in which 
AIBN (1 weight-% with respect to monomers) had been dissolved. Variants 
of this recipe have been perpetuated in virtually hundreds of publications. 

Later studies have shown that a higher cross-linker concentration results in 
smaller pore sizes. One of the conclusions in the 1996 paper of Viklund et al. 
[22] was that the pore size distribution is controlled by swelling of the cross-
linked nuclei. Following a 1997 paper by Svec [23] butyl methacrylate (BMA) 
was established more or less as a standard non-aromatic hydrophobic 
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monomer and among others, Nordborg et al. made an effort to optimize the 
recipe and extend the variety and number of cross-linkers that could be pre-
dictively used. Diethylene glycol dimethacrylate (DEGDMA) and triethyl-
eneglycol dimethacrylate (TEGDMA) were among other oligo(ethylene gly-
col) dimethacrylates found useful, and attractive feature was enhanced bio-
compatibility, because the crosslinkers introduced more hydrophilic links 
into the polymers [24]. 

These cross-linkers were also investigated in Paper II in combination with 
polyethylene glycol phenyl ether acrylates (PEGPEA) of different average 
molecular weights, and trimethylolpropane trimethacrylate (TRIM) employ-
ed as a poly-(GMA-co-TEGDMA-co-TRIM) mixture, were the idea was to 
create a surface with biocompatible features particularly useful for chroma-
tographic separations of, e.g., proteins (Figure 2). More hydrophilic mono-
mers have also been used, such as 2-hydroxyethyl methacrylate (HEMA) and 
2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) [25]. HEMA has 
also been used in combination with ethylstyrene-co-divinylbenzene [26] as 
an alternative to the standard recipes [27, 28]. 

Polystyrene “standard” recipe: AIBN 1 % (w/w) in 0.5 g styrene, 0.5 g divinylbenzene 
and 1.5 g 85:15 decanol:toluene [27] (or THF [28]). Polymerization 70 °C for 24h. 

 
Figure 2. Monomers, cross-linkers, and porogens used in Paper II. 

Porogenic Solvents 

The pore forming process plays an important role in materials synthesis, and 
there are two classes of pores that are particular interest for chromatographic 
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purposes; flow-through pores (macropores), typically in the micrometer size 
range and mesopores which cover the range from 2-50 nm [29]. The poro-
genic solvent should serve as a solvent for the monomer/cross-linker mixture 
during the early stages of the synthesis, but when the first polymer nuclei 
have been formed the solvent should in some extent aid the polymer in pre-
cipitating and thereby building a three dimensional structure around the sol-
vent [30]. Switching to a different solvent alters the solvation properties, and 
the poorer solvent the larger pores are formed. Differences in pore sizes of 
up to two orders of magnitude larger can be controlled this way by relatively 
modest changes in composition [22]. Several attempts have been made to 
optimize the binary solvent mixtures for monoliths [31, 32] 

Because of the biocompatible properties of poly(ethylene glycol) (PEG) [33, 
34] another way of changing the macroporous structure in a monolith was 
presented in Paper II. Using PEGs of different molecular weights it was able 
to tune the pore size. Increasing the chain length led to a solvated system 
with higher steric hindrance and therefore larger macropores. Similar find-
ings were also made by Ma et al. [35] who later used PEGs as porogens for a 
solid-phase microextraction (SPME) material. In an attempt to create a true 
bimodal pore size distribution, the  addition of a co-porogen was tried, con-
sisting of different solvents selected on the basis of their physical properties. 
The original recipe derived in this work has later been adopted by Buszewski 
et al. to reduce bacterial adsorption to the stationary phase, but with thermal 
instead of photoinitiation [36]. Although this and other works advance the 
theory of the pore forming processes in organic monoliths, tailoring of the 
pore size distribution still remains largely empirical [37]. 

The work published in Paper II also encompassed numerous experiments 
that were not reported. Some of these hint at an ability to further increase the 
surface area and thereby produce a material more feasible for separation of 
small molecules. The monomers used was GMA, with TEGDMA and TRIM 
as crosslinkers. Wider pores were created when high molecular weight PEG 
was used as a porogen. Addition of N-methylpyrrolidinone (NMP) was done 
in different amounts as a co-porogen (Table 1) and equimolar proportions of 
monomer and crosslinker were used. Crosslinker mixtures were composed 
of 1:3 (w/w) TRIM/TEGDMA and the porogen was 1:5 (w/w) of PEG 10000 
in 2-methoxyethanol. Polymerizations were done by a custom-built high-
intensity flash UV-lamp and the data obtained are shown in Table 2. 
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Table 1. Weight ratio of monomer/porogen/co-porogen for the different materials 
synthesized by pulsed photopolymerization with NMP as co-porogen. 

Material  Monomer (w%)  Porogen (w%)  Co‐porogen (w%) 

M10  30  60  10 
M15  30  55  15 
M20  30  50  20 

Table 2. Pore characterization of GMA/TEGDMA/TRIM monoliths prepared with 
NMP as co-porogen using pulsed photopolymerization. 

Material  BET (m2/g)a  MIP (μm)b  Figure 

M10  4.11  1.31  3a, 4a 
M15  7.71      0.73  3b, 4b 
M20  15.03  0.42  3c, 4c 

a) Surface area obtained using nitrogen sorptiometry, b) median pore diameter obtain from mercury 
intrusion porosimetry. 

The material was then further functionalized with a benzoyl methacrylate 
telomer, in essence according to the procedure in Paper V, and tested for its 
reversed phase separating property using thiourea and C1 to C4 alkyl esters 
of 4-hydroxybenzoic acid with isocratic elution by 20 mM ammonium ace-
tate, pH 6.7 in 35 % (v/v) acetonitrile. The chromatograms seen in Figure 3 
show the effect of increased mesopore area on retention. However, the effi-
ciency for separation of small molecules was not acceptable for publication. 

 
Figure 3. Reversed phase separation of and C1 to C4 alkyl esters of 4-hydroxybenzoic acid in order of 
elution (retention times in min) on columns prepared with different amounts of NMP as co-porogen.  

Quite interesting to observe from the SEMs in Figure 4 is the difference en-
gendered in the porous properties of the material from the increase in the 
amount of co-porogen. In spite of being a small molecules, NMP had a pro-
found effect, which may be ascribed to its somewhat unique solvent proper-
ties. This hints at possibilities that may be hidden in the use of more polar 
solvents as part of the porogen mixture. 
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Figure 4. Scanning electron micrographs of, from left, M10, M15 and M20. Scalebar = 2 μm. 

The most common porogen mixture for “standard” methacrylate monoliths 
is cyclohexanol and dodecanol, with dodecanol serving as the bad solvent for 
the polymer and cyclohexanol as the better. When it comes to poly(styrene-
co-divinylbenzene) (S-DVB) monoliths two minor differences exists among 
the most cited works by the Svec group, who used a toluene/decanol mixture 
[27]. The same recipe was later adopted by the group of Huber who used 
THF instead of toluene in combination with decanol [28]. 

Concerning the pore size distribution, it seems that the elevated temperature 
and a different initiation scheme has been the only way of establishing higher 
surface areas, like the ones shown in Papers III and IV. 

Initiation 

All polymerizations start with the initiation with, e.g., a radical that is formed 
and then reacted with the first monomer in the chain which transfers its 
radical to next monomer, and thereby finally forms a polymer. These free 
radicals are most commonly formed by either thermally [21, 38], as used in 
Papers III and IV, or by ultraviolet radiation (UV) [39], as used in Papers I 
and II. Some other techniques not used in this thesis are gamma radiation 
[40], transition-metal catalyzed polymerization processes, i.e., ring-opening 
metathesis polymerization (ROMP) [41] and lately also electron beam [42]. 

Thermally Initiated Polymerization 

The by far most common initiator for thermal initiation is 2,2′-azobis(2-
methylpropionitrile) (AIBN), and it is typically used at 1 % (w/w) concentra-
tion with polymerization at 70 °C for 6-24 h [21]. By changing the polymeri-
zation temperature the pore size distribution is altered, although the compo-
sition of the reaction mixture is maintained [43]. The effect of polymeriza-
tion temperature on the pore size distribution is perhaps most noticeable at 
the high temperature needed to promote polymerizations that are under the 
control of nitroxide stable free radicals (SFR) [44]. When 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) was used as co-initiator with BPO a 
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polymerization temperature as high as 130 °C was required. The use of 
TEMPO-mediated polymerization also proved another advantage, in that the 
stable free radical remains as a dormant initiation site at the surface of the 
polymerized monolith and could be used for subsequent grafting of, e.g., 
HEMA or vinylbenzyl chloride (VBC) without additional initiator. Further 
grafting experiments were done and the extent of grafting within the pores 
could be controlled by adjusting the reaction time or diluting the monomer 
with an inert solvent [45]. Later the use of 3-carboxy-2,2,5,5-tetramethylpyr-
rolidinyl-1-oxy (3-carboxy-PROXYL) accelerated the reaction kinetics 
somewhat and led to a monolith with improved the permeability [38]. This 
recipe was used in capillary columns to get sufficient surface area and after 
grafting with functional telomers be able to use the material for polymer 
separations in Paper III. 

UV Initiated Polymerization 

In thermal polymerization, the choice of porogen solvents is limited to high 
boiling point liquids. However, when using UV initiation, normally at room 
temperature, a wider range of solvents such as low boiling point alcohols, 
hydrocarbons, etc., can be used [39]. In Paper II a set of 16 different solvents 
were tested as co-porogens (see Table 1, Paper II) together with PEG as pre-
viously described. The differences in using continuous vs. pulsed UV, for the 
same recipe using benzoin methyl ether (BME) as initiator was also investi-
gated. For the same amount of energy irradiated onto the growing polymer 
larger macroporous structures were found when using a pulsed UV source, 
and the porous properties of the monoliths produced by pulsed light was 
also more reproducible. However, in the literature important parameters like 
heating rate, light intensity, and spectral distribution of light sources are sel-
dom mentioned, and comparison with published works is therefore difficult.  

Szumski et al. [46] investigated the effect of temperature in UV initiated po-
lymerizations of monoliths. The syntheses were performed over a wide tem-
perature range from –15 °C to +70 °C and the most efficient and permeable 
columns were those polymerized at –15 °C to +10 °C. 

Surface Functionalization 

As the complexity of questions that need to be answered in the search for an 
understanding of serious diseases such as amyotrophic lateral sclerosis 
(ALS), Parkinson's and Alzheimer's disease new materials for fast separations 
of biomarkers in complex matrixes are needed. Liquid chromatography is 
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inherently driven by selectivity, as opposed to gas chromatography where the 
efficiency per unit time is higher due to the faster mobile phase diffusion. To 
fulfill the requirements of acting as a separation material, functional groups 
have to be grafted to the surface of most supports. The by far most widely 
used packing in liquid chromatography silica particles (or monoliths) func-
tionalized with octadecyl (C18) groups. Even if this is the most commonly 
used stationary phase it might not necessarily mean that it is the right one to 
use, in particular for compounds that are not well retained on hydrophobic 
phases that are used with a mixed aqueous organic eluent. 

Functionalization of a material is either started from the surface, “grafting 
from”, by initiating a surface reaction and growth of a polymer chain. This 
can be done in a controlled manner by utilization of dormant free radicals, as 
mentioned above, but also by, e.g., atom transfer radical polymerization 
(ATRP) [47] or reversible addition fragmentation chain transfer (RAFT) 
polymerization [48]. These methods are so called “controlled polymeriza-
tions”, where incorporation of monomer is controlled by kinetics in the 
propagation step, rather than by initiation kinetics and diffusion. In a graft-
ing from scheme, the actual chain length can be difficult to characterize, 
since the polymer can only be recovered for analysis by dissolution of the 
support. In the case of silica this is feasible by hydrofluoric acid, but the 
amount of polymer that can be recovered for analysis is limited. Another 
method of functionalizing surface by polymers is to employ a “grafting to” 
scheme, were a pre-made, purified, and characterized polymer chain with a 
reactive terminal (a telomer) is attached to the surface. On the other hand, 
due to, e.g., sterical hindrance with large and bulky telomers or electrostatic 
repulsion in case of charged telomers, the surface coverage might be limited.  

 
Figure 5. The monolithic column – synthesis and functionalization. 

  13 



The “grafting to” approach has been described earlier in the part concerning 
porogenic solvents and PEG monoliths, and a scheme covering the complete 
route, from capillary wall pre-treatment, monolith synthesis, and in parallel 
telomer synthesis for subsequent grafting to monolithic surface for final 
chromatographic evaluation in is shown in Figure 5. In Paper V plasma 
chemistry is introduced as a new way of activating the surface of liquid chro-
matographic separation materials, by adding good leaving groups on the 
surface for later substitution reactions with oxirane containing telomers.  

Capillary Surface Pre-treatment 

Before a monolith can be synthesized inside a fused silica capillary, the in-
ternal surface has to be functionalized with a sufficient number of anchor 
groups, both to ascertain that the monolith to stay inside when the hydraulic 
pressure is applied, and to mitigate wall effects. This is particularly true in 
miniaturized conduits, since wall effects are more pronounced and can ruin 
the separation. 

 
Figure 6. Silianization using γ -MAPS. 

In general the capillary wall is first washed with solvent to remove eventual 
impurity from the manufacturing and then etched with acid, base or both in 
sequence. This etching is followed by washing, and then drying, first with 
nitrogen gas and then at elevated temperature. Finally the anchor groups are 
attached, as shown in Figure 6 using γ-methacryloyloxypropyl trimethoxy-
silane (γ-MAPS) dissolved in different solvents at varying concentrations, 
and in some cases also with additives. 

An extensive investigation of different surface pre-treatment techniques was 
made in Paper I. All accessible papers published on the capillary monolith 
topic prior to this study were studied and a representative set of procedures 
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were included in the tests. These involved three different etching techniques 
and eleven silanization procedures. 

 
Figure 7. Scanning electron micrographs showing the smooth inner surface of an untreated fused sil-
ica capillary (left, magnification 11,100) and the crystal-like structure of an etched capillary (right, 
magnification 20,500). The scalebar represents 2 μm and is placed on the inner wall of the capillary. 

The morphologies of the differently treated capillary surfaces was examined 
with scanning electron micrographs (Figure 7), and the surface topologies 
were further assessed by atomic force microscopy. The wetting angle after 
silianization was measured using a capillary rise method devised by Gusey et 
al. [49]. An adhesion test was made with plug polymerized in-situ and its 
resistance to hydraulic pressure was measured. Finally the surface atom 
compositions were examined by X-ray photoelectron spectroscopy. Based on 
these measurements the conclusion was that few of the published procedures 
that actually gave good results and the most cited original procedure [50] 
gave one of the worst results. No optimal procedure was pinpointed since it 
might be different for different monolith recipes used. 

Table 3. Combination pre-treatment of capillaries 

Capillary Silylation  γ‐MAPS  Acetic acid (pH)  Temperature (°C)/h 

None  N/A  N/A  N/A 
Aqueous   0.4% in water  3  RT/1 

Non‐aqueous  10% in toluene  None  RT/2 

To further investigate this phenomenon three different types of etched [51] 
capillaries (Table 3), non silylated, aqueous silylation [50] and non-aqueous 
silylation [52] were synthesized with two different types of monoliths. Ther-
mally polymerized poly(styrene-co-divinylbenzene) (S-DVB) monoliths [53] 
were synthesized in polyimide coated capillaries, while a UV transparent 
capillary was used to prepare photo-polymerized methacrylate-based mono-
lith, similar to the ones used in Paper II. After polymerization the capillaries 
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were washed and dried, then snapped pieces of the capillaries were mapped 
with SEM and the cross-sections and wall region close-ups are shown in 
Figure 8 and Figure 9. 

Non‐silylated TSP capillary Aqueous silylation Non‐aqueous silylation

 
Figure 8. Entire cross-sections (top) of snapped S-DVB monolith surfaces prepared by thermal poly-
merization in 100 μm capillaries, with corresponding wall close-ups in the lower row. 

Not surprising, the monolith was annularly detached from the wall of the 
non-silylated capillary, while no signs of detachment was seen in the capil-
lary silylated under non-aqueous conditions. Partial wall detachment is evi-
dent in the capillary silylated by the original aqueous procedure [50]. 

 Non‐silylated TSU capillary Aqueous silylated  Non‐aqueous silylation

 
Figure 9. SEMs as in Figure 8, from photo-polymerized GMA-co-TEGDMA-co-TRIM monoliths 
with PEG as porogen. 
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Examining the regions close to the wall, the material in the non-silylated 
capillary appears homogeneous, whereas a characteristic dense layer directly 
attached to the surface is accompanied by what appears to be a layer depleted 
in material adjacent to the wall in both the silylated capillaries. 

The more polar methacrylate monoliths appeared to adhere better to the wall 
but a zone with lower material density appears to be present in all SEMs. 

Based on these experiments, we established a standard operational procedure for function-
alization of fused silica capillary walls used in our laboratories: 
1. Wash the capillary with 1M NaOH solution (using gravity, syringe, pump or capillary 

forces) for 10 min, and then plug it with pieces of GC septum provided that no air bub-
bles remained in the capillary. 

2. Keep the capillary in the oven at 120°C for 3 hours. 
3. Flush the capillary with water, then with acetone. 
4. Dry the capillary with the stream of nitrogen (10 min) then put it into oven for 1 hour. 
5. Prepare silanization mixture from γ-MAPS and toluene in a volume ratio of 1:9. Purge it 

with nitrogen for 10 min. 
6. Flush the capillary with silanization mixture for 5 min then plug the capillary and leave 

it for 2 hours at room temperature. Be sure that no air bubbles remained in the capillary. 
7. Wash the capillary with toluene, and then dry it with nitrogen. 

A too good functionality may apparently be a problem if too many functional 
groups on the surface will consume too much of the monomers in solution 
and thereby create a dense layer of polymer, which also have been shown 
previously [49, 51, 54]. A likely hypothesis issued by Harrison and co-work-
ers states that these wall effects are due to “interplay of wall-surface wetting 
with polymer-particle interfacial tension, and the relative dynamics of diffu-
sion-based transport with respect to polymerization kinetics. If the nucleation 
and polymerization rate for spheroid formation in solution is low compared to 
the length of time required to diffuse to the capillary surface, then surface 
coating will be favored.” [55]. 

This effect are even more pronounced when the confinements are further 
miniaturized. Nischang et al. reported monoliths made in capillaries as small 
as 5 μm i.d. and could see a “surface confinement effect” when the capillary 
diameter shrunk below 50 μm [56]. 
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Materials Characterization 
For chromatographic separation materials parameters like specific surface 
area and pore size distributions, elemental surface and bulk composition, as 
well as morphology are essential. These parameters are all determined or 
assessed on materials in their dry state, in contrast to the chromatographic 
application were the material are wetted by the eluent and then most cer-
tainly have quite different properties. There is, however, a chromatographic 
technique available for determination of pore size distributions, inverse size-
exclusion. As shown by Lubda et al. [57], there are still limitations in the 
technique, and like in this paper most modeling and simulation are still done 
on silica monoliths. Among other things detection might be a problem and 
this makes the technique difficult to use especially for polymer capillary 
monoliths. Therefore, new sample preparation techniques used for trans-
mission electron microscopy (TEM) to assess the macroporous structure of 
porous polymeric monoliths might be necessary and are described below.  

The most commonly used dry state pore characterization techniques are “the 
Beauty and the Beast”, nitrogen sorptiometry according to the BET and BJH 
methods, and mercury intrusion porosimetry (MIP). In terms of surface 
elemental composition X-ray photoelectron spectroscopy (XPS) is superior, 
while Fourier transform infra red spectroscopy (FT-IR) and bulk elemental 
analysis area important when the bulk material is considered. 

Physical Techniques 

Nitrogen Sorptiometry – BET/BJH 

In 1938, Brunauer, Emmett, and Teller published a theory of adsorption of 
gases in multimolecular layers, which has later become known as the BET 
scheme [58]. This was an improvement of the Langmuir monolayer theory 
and considered a multilayer formation. However, an over-simplified model 
of physiosorption like the Langmuir theory, assumes that there is no interac-
tion between adsorbed molecules on the surface [59]. Thereby, a perfect 
close packing independent on surface morphology of the adsorbent is 
formed. Since no interactions are allowed, the assumption of liquid-like 
properties on the second, third and so on layers is contradictory [60]. 
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Anyway, the BET theory was based on the fact that physisorption of gases by 
solids increases with decreasing temperature and with increasing pressure. 
The BET equation (1) is normally applied in its linear form 
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where Va is the molar quantity of gas adsorbed at the relative pressure P/P0 , 
Vm is the monolayer capacity, and C is a constant. 

 
Figure 10. Typical Type II N2 isotherm of a porous polymeric monolith with adsorption and desorp-
tion branches, from a GMA-co-TEGDMA-co-TRIM monolith with PEG as porogen used in Paper II.  

In Figure 10 an N2 isotherm of a typical organic monolith is shown. The ini-
tial steep rise (A) occurs when the monolayer adsorbs to the surface, then in 
the shallow rise region (B), the multilayer forms. The second steep rise (C) in 
the adsorption isotherm indicates capillary condensation of adsorbing gas in 
the small pores, and at higher relative pressures the pores becomes filled (D). 
Normally desorption mechanisms are slightly different together with a net-
work of connectivity effects, and a hysteresis occurs [59], most commonly a 
H3 type for macroporous polymer monoliths. A sharp knee at Point B is an 
indication of strong adsorbent-adsorbate interactions, which is often seen 
together with a high C value (Eq 1). The C value should typically be in the 
range of 50-150 which is the case for nitrogen at 77 K and well-defined 
monolayers on non-porous and mesoporous materials [60]. However, nega-
tive or high C values (above 300) is normally an indication of a microporous 
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material [61], like the divinylbenzene particles used in Paper V. The meas-
urements are then not valid. The specific surface area is calculated from 
within the linear range of the BET equation, within the P/P0 value range 
from 0.05 to 0.3. Dependent on the material these lower and upper values 
sometimes have to be considered. Specific surface areas down to 1 m2/g and 
pore sizes between 0.35 nm in best cases, and up to 300 nm could be meas-
ured. 

 
Figure 11. Specific surface area attributed to pore 
diameters in the lower macropore and mesopore 

range determined by nitrogen sorptiometry 
according to the BJH principle. Each plotted 

value is the average of 12 or 15 repeated runs, and 
the dotted lines show the 95% confidence interval 
envelope of each curve, formed by calculating and 
plotting the standard error of the mean for each 

pore diameter envelope in the plot. Plotted 
diameters are the averages of the mean intervals 
for each pressure increment obtained from the 

sorptiometric analysis. 

Figure 12. Cumulative specific pore 
volumes attributed to pore diameters in the 

lower macropore and mesopore range 
determined by nitrogen sorptiometry 

according to the BJH principle. Integration 
starts at the largest pore size determined by 

the BJH measurements.  

To derive the pore size distribution from the N2 isotherm the Barret-Joyner-
Hallenda (BJH) method should be applied [62]. The method uses the Kelvin 
equation to describe the critical condensation pressure (D) as a function of 
pore radius.  By emptying condensate from the pores at stepwise lower rela-
tive pressures, typically starting at P/P0 = 0.995 and measuring the amount of 
gas lost in each step, the corresponding liquid will represent the core volume 
of the pores emptied in that step [63]. Use of the desorption branch is com-
mon practice in BJH pore size distribution determinations, although there is 
a debate about the validity since network percolation effect together with 
differences in pore diameter along single channels might affect the desorp-
tion path [60]. Although (or because) modern N2 sorption porosimeters are 
supplied with user-friendly software [63] which enables the experimental 
data to be readily computed based on the physiosorption and mathematical 
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expressions, is strongly recommended to be aware of that the user friendli-
ness might oversimplify the already over-simplified methods. 

In Paper IV a comparison is made between monoliths synthesized in diffe-
rent size conduits and the validity of using SEM micrographs (see Figure 14 
below) was discussed. Monoliths synthesized in capillaries, microvials and 
vials were characterized in terms of surface area, and pore size distribution, 
resulting in the graphs shown in Figure 11 and Figure 12. The results are dis-
cussed more in the SEM section.  

Mercury Intrusion Porosimetry – MIP 

If the N2 sorptiometry is consider as The Beauty of surface area and pore size 
characterization techniques, mercury intrusion porosimetry (MIP), first de-
monstrated in 1945 by Ritter and Drake [64], is certainly The Beast. It is a 
destructive technique in all ways, both for the sample itself, environmental, 
and for human beings, since mercury which is the only possible probe liquid 
also has serious toxicological effects. However, the technique is irreplaceable; 
and it is the only widely accepted technique available for characterizations of 
macropores materials. It also has with a superior working range spanning 5 
orders of magnitude. Pore sizes between 3 nm and 360 μm are measureable.  

A nonwetting liquid like mercury does not penetrate pores by capillary force. 
Filling of the pores requires external pressure applied, inversely proportional 
to the pore size. If the assumption of a cylindrical pore shape of non-inter-
secting capillary tubes is made, this relation is described by the Washburn 
equation in its applicable form (2), 

  (2) ϕγ cos41
P

D =

where D is the pore diameter, P the applied pressure, γ is the surface tension 
of mercury, and φ the contact angle between the mercury and the sample.  It 
is quite obvious that the pores of these materials are not cylindrical; this is 
however, a limitation we have to live with for the only available technique for 
characterization of macroporous polymer monoliths. MIP is capable of pro-
ducing highly reproducible data, as is evident from Figure 13 below, derived 
from Paper IV. 
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Figure 13. Example of the use of MIP for monoliths. Cumulative specific intrusion volume as a func-
tion of pore diameter calculated by the Washburn equation. More explanation in Paper IV, Figure 6.  

As discussed by Lubda et al. [57] the contact angle between mercury and the 
sample material being tested might differ, with values between 112-142° [61, 
p. 156], and 125-152° being used for porous silica materials. The default 
value used in the Micromeritics AutoPore IV software is 130°, and this is also 
the value used for all measurement in Papers II-IV. There are ways of com-
bining MIP measurements with those performed by N2 sorptiometry. Briefly, 
the effective contact angle is derived from the ratio of pore area, determined 
by MIP, to surface area measured by N2 sorptiometry. The calculated effec-
tive contact angle is then entered in the software and used for a new analysis 
by MIP, which then will coincide with BET surface area measurements [65, 
66]. Total pore surface areas could also be obtained with MIP, and although 
the techniques are overlapping in parts of their working ranges the results 
may differ significantly. Using MIP for the determinations of pore size dis-
tributions in polymeric monoliths should be done with the awareness of the 
risk of a vastly overestimating of total pore area. This is mainly due to the 
non-cylindrical and irregularly shaped pores present in porous polymers. 
“Ink-bottle” pores, characterized by a small cylindrical orifice leading to a 
larger reservoir, or compressibility effects that are close to maximum are also 
common sources of error when the smallest pores are being measured. This 
means that a unit volume of pores contributes 100,000 times as much area at 
3 nm diameter as at 0.3 mm [61, p. 173]. 
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Imaging Techniques (Microscopic techniques) 

Scanning Electron Microscopy – SEM 

The scanning electron microscopy (SEM) technique is briefly based on the 
principle of a scanning probe consisting of a focused electron beam emitted 
from an electron gun, which scans the surface of the specimen. The moving 
energy carried by the primary electrons in the beam interacts with the sur-
face layer of atoms when retarded and absorbed in the specimen surface. 
Primary energy is absorbed by surface atoms and due to excitation secondary 
electrons are emitted and can be collected with an electron detector. The 
number of secondary electrons emitted from the surface is dependent on the 
specimen topography, variations of the angle between the incoming primary 
beam and the surface results in different numbers of secondary electrons 
emitted. When the primary beam scans over the specimen surface, variations 
in the secondary electron current is detected and advanced electronics con-
trols how the image on a monitor is built up from brighter and darker areas. 

Sample preparation is crucial as the material analyzed has to be stable, dry, 
and electrically conductive in order not to accumulate charge from the in-
coming electrons. The last of these requirements is not fulfilled by polymeric 
monoliths, which acts as isolators, resulting in severe negative charging by 
absorbed electrons and limited static positive charging induced by electrons 
scattering in the surface atom layer. It is therefore necessary to impart an 
electric conductivity to the polymer monolith samples and this is mostly 
done by coating with ultrathin films of appropriate materials such as carbon 
or noble metals. Without conductivity, the accumulated charges will severely 
distort the scanning pattern of the primary beam over the specimen surface, 
inducing severe image artifacts. 

The SEM technique is invaluable among the hundreds of syntheses that are 
often done when scouting for new materials. The first selection is based on 
ocular examination and experience to distinguish between gel type, white 
porous, and solid glass like materials. The materials appearing as interesting 
in this “test” are then typically examined by SEM in the next selection step. A 
first look at morphologies suitable for chromatographic or other applications 
might lead to BET analysis and also later on MIP analysis. However, as 
shown by Viklund et al. [39] and even more pronounced in Paper IV, the 
validity of SEM micrographs to estimate the size and distribution of macro-
pores is very limited, if not useless. This is illustrated in Figure 14, which 
hardly shows any difference between monoliths polymerized in confine-
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ments of different size and shape, which turn out to have significantly differ-
ent pore characteristics, as measured by BET and MIP. 

 
Figure 14. SEM micrographs of snapped surfaces of monoliths recovered from 250 μm id fused silica 
capillary (left), a 100 mL microvial (4.4 mm id; middle) and a 2 mL macrovial (9.7 mm id; right). 
Visual interpretation of the images can hardly reveal any differences in morphology. 

The three-dimensional look of the micrographs could really cheat the eye. 
The TEM micrographs shown in the next section (Figure 15) reveal extensive 
void spaces. These could probably also be seen in SEMs, although they are 
not that obvious for an untrained eye coupled to a less critical CPU. 

Transmission Electron Microscopy – TEM 

A transmission electron microscope (TEM) is similar to the SEM in the sense 
that electrons are used as radiation source, but instead of scanning the beam 
across the surface, a TEM instrument projects a well collimated beam of high 
energy electrons on an area and converts the transmitted electrons into an 
image by means of an area detector, in modern instrument typically a charge 
coupled device (CCD). As in SEM the feature sizes that can be resolved is 
several orders of magnitude smaller than with visible light due to the short 
de Broglie wavelength of electrons in an accelerated beam. TEMs need to be 
operated under vacuum since electrons are scattered by air, and the charging 
problems occurring in SEM with polymeric samples are also existing in 
TEM. Organic polymers are furthermore of low atomic density and thereby 
yield low contrast images. The thermal stability of the sample is also a con-
cern and dictates that a compromise must be struck between micrograph 
quality and contrast. 

An aim of this work was to show if a radial material density difference exists 
in a cross-section of monolithic capillary columns. Previous work (Paper I) 
showed that literature procedures for pre-treatment of the capillary wall led 
to large differences in the wall attachment, which is coupled with the ability 
of the monolith polymer to form covalent links with the wall. In spite of a 
good pre-treatment, evident from a dense and firmly attached polymer layer 
on the capillary wall as observed in scanning electron microscopy, it was ob-
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served that monoliths under many conditions form lateral cracks, or detach 
partly or entirely from the wall leaving annular channels. We have even seen 
more than decimeter long pieces of capillary being extruded from capillaries 
in a single segment. The hypothesis was that if the wall is furnished with a 
too dense layer of vinylic attachment sites, polymerization initiated at the 
wall will consume a disproportionally large amount of monomer during the 
early stage of the polymerization. The observed lower mechanical stability in 
the layer close to the wall would then be explained by depletion of mono-
mers from this zone, leading to an annular region of lower material density 
and hence impaired strength. To assess this hypothesis a technique was deve-
loped by Courtois et al. based on TEM imaging of monolith cross-sections 
filled with an embedding polymer containing heavy atoms as contrast agents 
and subsequent removal of the silica capillary by hydrofluoric acid etching 
[67]. The recovered monolith/embedding resin composite was then further 
embedded and microtomed into disks of < 100 nm thickness, and their 
cross-sections probed by TEM. This technique was used to develop the TEM 
micrographs shown in Figure 15 and Figure 16. 

 
Figure 15. Contrast enhanced TEM of an entire 100 μm i.d. monolith cross-section polymerized in 
an etched capillary that had been silanized in toluene. Right images are magnified edges in the west, 
north, northeast and east directions. 

The commercially available Spurr resin that was used by Courtois et al. is 
highly viscous and pressures up to 20 MPa were needed to fill the through-
pore system of 100 μm i.d. monolithic capillaries [67].  
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Figure 16. Contrast enhanced TEM of an entire 100 μm i.d. monolith cross-section polymerized in 
an etched capillary silanized in water. Inserts to the right are magnified edges as explained in Figure 
15. 

The initial TEM images all showed surprisingly large continuous void areas 
like those seen in Figure 15, and in order to avoid the risk of having the 
results questioned as being caused by an the result of inappropriate sample 
preparation, we needed to develop a new embedding techniques based on a 
resin that should be; a) prepared from a low viscosity precursor solution that 
will easily penetrate and fill the complete porous network of the monolith; b) 
it should further be rigid enough to defy resist distortion during microtomy 
after polymerization, yet; c) resilient enough to be cut into slices less than a 
tenth of a micrometer thick. Since no air bubbles are wanted, the 
polymerization should be conducted at high pressures and no gaseous by-
products are wanted, which would be the case, e.g., if AIBN was used as an 
initiator, since it forms nitrogen gas when the radicals are cleaved off the azo 
group. The chemical properties of the monomers to be used should match 
those of the monolith subject to investigation, i.e., wet its surface well, so that 
strong adherence is established without gaps between the monolith and the 
space-filling embedding cocktail. The mechanical properties of the monolith 
and embedding polymers should furthermore be quite similar to produce 
high quality slices in the microtome. Minimal shrinkage is also a necessary 
requirement since the space-filling takes place in a closed confinement and 
could lead to voids if the embedding cocktail shrinks considerably when 
polymerizing. It must also be possible to distinguish the monolith material 
from the embedding polymer in the transmission electron microscope; this is 
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normally done by addition of high density metal atoms on the surface of one 
of the polymers. 

In a previous work from our group [67] lead methacrylate was added to the 
space-filling embedding solution to increase the contrast in the TEM micro-
graphs. To increase the contrast further the S-DVB monolith itself was 
treated with, ruthenium tetroxide (RuO4), a very potent oxidizing agent that 
is capable of oxidizing the aromatic structures to yield mono- or dicarboxylic 
acids [68]. RuO4 has been used in TEM staining for decades [69], and was 
first used by Trent et al. to stain polystyrene [70, 71]. Briefly the procedure to 
prepare Figure 17 consisted of pushing ~ 1 mL 0.5 % RuO4 solution in water 
through a 250 μm i.d. capillary containing an S-DVB monolith synthesized 
in-situ using a standard recipe [28] using a low pressure syringe pump. This 
was repeated up to three times and until the monolith turned visibly dark 
inside. After washing with water followed by acetone the capillary was dried 
using nitrogen gas. Subsequently the capillary was filled with monomers, 
60:40 (w/w) methyl methacrylate (MMA) and DEGDMA with 1% BPO as 
initiator, using same instrumental setup. The capillary ends were plugged 
with rubber septa and then polymerized at 70 °C for 24 h. Then the TeflonTM 
AF coating covering the capillary was removed by with “P/ACE System 2000 
Capillary Cartridge Coolant” an “fluoroorganic fluid” originally intended for 
thermostatting capillaries in capillary electrophoresis. The stripped capillar-
ies were thereafter flushed with water and placed in a polypropene test tube 
where they were slowly agitated with 40 % hydrofluoric acid overnight at 
room temperature on an orbital shaker to dissolve the capillary walls. The 
same procedure was also used in Paper IV for removal of capillary walls. Fi-
nally the capillaries were cut in 0.3-0.5 cm long pieces and embedded in 
BEEM capsules in a two step procedure with the same resin in terms of 
monomeric composition as was used for filling the capillary, but with BME 
instead of BPO as initiator. The polymerization was made with high intensity 
pulsed UV light for 3 x 2.5 min. The embedded monoliths were then micro-
tomed transversely into cross sections to less than 100 nm thickness. The 
sections were slid out on a surface of water and collected on formvar coated 
slot Cu grids. Figure 18 shows a longitudinal section from a proprietary S-
DVB capillary monolith prepared in the same way as the sample shown in 
Figure 17 but with high pressure (18 MPa), using a micro HPLC pump,  both 
for RuO4 treatment as well as when filling the column with MMA/DEGDMA 
mixture, and during the polymerization. 
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Figure 17. TEM micrograph of S-DVB 250 μm 
I.D. capillary monolith. 

Figure 18. TEM micrograph of S-DVB 100 μm 
I.D. proprietary capillary monolith.  

Monoliths in Chromatography 

In the 90’s lots of papers were published with new monolithic materials and 
the era of polymer monoliths looked really bright, companies were founded 
and the monoliths became commercially available. However, the 
development stagnated, not much happened for a decade while the focus and 
attraction was at the silica monoliths. Then a series of reviews with the 
running title “Less common applications of monoliths” I-IV [72-75] started 
and also seems to continue.  

About separation of small molecule on porous polymer monoliths Frantisek 
Svec wrote in 2004, 

“Clearly, much remains to be done to improve the separations of small molecules. Despite recent 
improvements, the efficiency of most of the polymer-based monolithic columns achieved for this 
group of analytes in the HPLC mode remains low compared to the efficiencies of about 105 
plates/m that were observed for C18 modified silica-based monolithic capillaries reported by 
Tanaka” [76] 

Last time I heard a presentation by Svec organic monoliths were disucssed in 
the context of  

“polymeric monoliths are not bad for small molecules, they are good for large biomolecules” [77] 

Is a separation material good when it’s good for separation small molecules? 
Attempts have been made and there are a handful of publications on the 
topic. This was also discussed by Potter and Hilder: 

“Finally, the relatively low specific surface area of polymer monoliths is often cited as a disad-
vantage of using these materials and may have had an impact on the adsorption capacities of 
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some of the sorbents described in this review. However, the numerous successful application dem-
onstrations clearly show that these materials have sufficient surface area to be effective sorbents 
in very many cases and this factor need not be considered an impediment to widespread adoption 
of this technology.” [78] 

However, with this in mind a few attempts were made in the lab to improve 
in some way the mesoporosity of organic monolithic materials. Since 
numerous groups tried to do this by the “change the recipe one more time” 
way, we started to think a little bit different. The first tryout, maybe not the 
most well planned experiment, was to etch the polymeric surface with ozone 
and thereby “eat” material from the surface and create mesopores, analogous 
to widening of the pores in silica by ammonia or urea etching. No 
measurable results were obtained. But we are not so easily scared and 
chemical widening of the pore space was still considered as a viable way to 
modify the pore space. However, “the nose was pointed another direction”… 
Plasma! Not as plasma in blood plasma, plasma as in physical plasma, 
plasma as in the plasma used for, among other things, etching of polymeric 
materials in microelectronics and so on …that kind of plasma. The idea was 
to use high energetic plasma to ablate polymeric material from the pore 
surfaces of the monolith and in this way get the same effect as expected by 
the ozone treatment. Problems arose quite immediately because of a 
fundamental limitation, namely that that it was impossible to create a plasma 
inside the monolith pore space due to the short acceleration distances. This 
limitation is most often regarded as an advantage in terms of “surface 
specific” interactions: A plasma cannot be created inside a pore in condensed 
matter and therefore only affect the surface. Yet in Paper V span off as a 
rather different result of the efforts devoted to plasma modification, wherein, 
a bromoform plasma is used as a surface activation technique. 
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Plasma Treatment of Polymer Particles 
Plasma treatment by means of surface modification and activation has been 
used for decade in the semi-conductor industry. For chromatographic pur-
poses the main effort was made in the end of the 70’s and the 80’s, and then 
for stationary phases used in gas chromatography. Figure 19 shows a modi-
fied plasma cleaner with the possibility to rotate a round flask inside the in-
ductively coupled plasma generator. 

 
Figure 19. Schematic drawing of the set-up used for plasma activation of the DVB particles. 

In Paper V, this device was used for creation of a bromoform plasma for sur-
face activation of divinylbenzene particles, subsequently exposed for GMA 
telomers that was grafted on the surface. Further reactions of the separation 
material made it usable for weak cation-exchange chromatography of a set of 
standard proteins.   
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Concluding Remarks 
It is essential to gain knowledge of all factors affecting the critical properties 
of the synthesis and characterization of monoliths. My efforts have resulted 
in i) better knowledge of the etching and functionalization parameters that 
determine attachment of organic monoliths prepared by radical polymeriza-
tion to the surface of silica; ii) polar methacrylic monoliths with a designed 
macroporosity that approaches the desired “connected rod” macropore 
morphology; iii) establishing the usefulness of monoliths prepared via nit-
roxide mediated polymerization in gradient polymer elution chromatogra-
phy; iv) proving that scanning electron microscopy images are of limited 
value for assessing the macroporous properties of organic monoliths, and 
that pore measurements on externally polymerized monolith cocktails do 
not represent the porous properties of the same cocktail polymerized in nar-
row confinements; and v) showing that plasma bromination can be used as 
an activation step for rigid divinylbenzene particles to act as grafting handles 
for epoxy-containing telomers, that can be attached in a sufficiently dense 
layer and converted into carboxylate cation exchange layer that allows pro-
tein separations in fully aqueous eluents. 

 

I may not have gone where I intended to go, but I think I have ended up where I needed to be. 
 – Douglas Adams 
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