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Abstract

Monolithic media are continuing to increase in popularity in chromato-
graphic applications, and the ongoing use of commercially available mate-
rials in ion chromatography (IC) has made monoliths a viable alternative to
packed-bed columns for routine use. We discuss different strategies for the
synthesis of polymeric and silica monoliths with ion-exchange functionality,
such as direct incorporation of ion-exchange functionality during monolith
preparation and different postpolymerization alterations such as grafting and
coating. The formulations and strategies presented are focused on materials
intended for use in IC. We also discuss strategies for materials characteriza-
tion, with emphasis on nondestructive techniques for the characterization of
monolith surface functionality, especially those with applicability to in situ
analysis. Finally, we describe selected IC applications of polymeric and silica
monoliths published from 2008 to 2010.
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IC: ion
chromatography

1. INTRODUCTION: ION CHROMATOGRAPHY

Ion chromatography (IC) is a modern form of ion-exchange chromatography in which charged
analytes are retained and separated. The charged analytes are adsorbed electrostatically onto a
stationary phase carrying charge functionalities of the opposite polarity and are thereby retained.
Elution is achieved through displacement of analyte species by ionic species in the eluent that
carry the same charge polarity as the analyte. IC is a very versatile chromatographic mode that is
used for the separation of analytes ranging from small ionic species to large biomacromolecules.
Early work in IC showed great success in separating small inorganic ions, and the introduction of
suppressors for conductivity detection led to a large advance in the field. However, the inherent
“softness” of the eluents typically used in IC, and the nondenaturing conditions at which the
separations take place, have made IC a popular technique in the modern bioanalytical laboratory
(1, 2). In addition, IC has become increasingly popular in two-dimensional separations, thanks to
its orthogonal selectivity compared with that of reversed-phase (RP) chromatography (3, 4).

As with all chromatographic separations, the end result for any given analyte depends on a
large set of factors, including the column and eluent used. The choice of eluent composition
depends on the combination of column and detection mode and also varies with the analyte or
application. For the analysis of inorganic anions using high-capacity anion-exchange columns and
suppressed conductivity detection, hydroxide or carbonate eluents are often utilized. In protein
analysis using UV detection, the eluent is typically a high–ionic strength salt-containing buffer.
Many possible modifications can be made to an eluent system with the aim of optimizing or
altering a separation, but without a suitable interaction between the analyte and the stationary-
phase material, the separation cannot take place. Hence, although many chromatographic supports
for IC are available, there remains a need for further development. In general, the suitability of
a chromatographic stationary-phase material depends on a combination of suitable porosity and
surface area, as well as on the type and extent of surface functionality. In IC, a charged surface
functionality is necessary to allow analyte–stationary phase interactions. Commonly used ion
exchangers in IC applications include both silica-based and polymeric support materials, and
their surface charge can originate from a number of different functionalities. However, it is not
only the charge on these functionalities that is important; different functionalities that have the
same nominal charge frequently provide large differences in the strength of the analyte–stationary
phase interactions. The characterization of the surface functionality is therefore a key component
in column selection and optimization of any given IC separation.

2. MONOLITHS: BENEFITS AND DRAWBACKS

As is the case for other chromatographic modes, monolithic stationary phases have found increas-
ingly widespread application in IC. A monolith is a one-piece entity, which in chromatography
usually translates to a single piece of porous polymer or silica used as a chromatographic stationary
phase. Although the name monolith did not gain popularity until the mid 1990s, polymer-based
continuous supports had already surfaced in the late 1980s under the name continuous-bed sup-
ports (5), as well as in the early 1990s under the similar name continuous-rod materials (6). The
silica-based counterpart of these supports was introduced at around the same time (7, 8, 9). The
use of monolithic media in IC began with the introduction of monolithic media in general, and
the first polymeric monoliths presented were used in IC of proteins (5, 6).

These early polymeric monoliths with ion-exchange functionality exemplify two of the major
approaches used to impart ion-exchange functionality to a monolith; both approaches are described
in more detail below. The cation-exchange functionality of the continuous bed arose from the
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monomers (acrylic acid and N,N ′-methylenebisacrylamide) used in its preparation (5), and the reac-
tion of surface epoxy groups with diethylamine was used to introduce anion-exchange surface func-
tionality to a methacrylate-based monolith (6). In the first applications of a silica monolith for IC,
the ion-exchange functionality was imparted onto the silica monolith through the use of semiper-
manent coating with surfactants. In an early example, the separation of inorganic anions was re-
alized on an RP (C18) monolithic column coated with didodecylmethylammonium bromide (10).

Although they are prepared in different ways and contain vastly different chemistries, polymer-
based and silica-based monoliths have some distinct similarities. The greatest advantage of both
silica and polymeric monoliths relates to their high porosity and continuous structure. Both mono-
liths have large through-pores that, when used in flow-through mode, result in convective mass
transfer, which differs from the diffusion-governed mass transfer in packed-bed columns. This
convective mass transfer usually ensures that, in a chromatographic separation, efficiency is not
significantly reduced when the flow rate is increased (11, 12). The large through-pores also allow
the monolithic columns to be operated at relatively high flow rates without a correspondingly
high back pressure. Together, these characteristics make monolithic columns ideal for use in
high-throughput applications.

Another distinct advantage of monolith media is the possibility of in situ manufacturing, which
allows a monolith to be prepared in its column housing without the need for a packing procedure
or retaining frits. This advantage is especially important in microchip channels or narrow-bore
capillaries, into which packing of particulate separation materials can be difficult. However, al-
though such in situ synthesis has been demonstrated for formats ranging from capillaries (13)
to normal-bore columns (6) for polymeric monoliths, the silica monolith can essentially only be
prepared in situ in capillaries (14). This is because of the substantial shrinkage that accompanies
the formation of a silica monolith (15). For larger-bore columns, the silica monolith is prepared
in a mold, and once prepared, it is transferred to its column housing or is shrink-clad in tubing
such as polytetrafluoroethylene (16).

Other advantages of monolithic materials are specific to each type of monolith. The same is
true for some of their disadvantages; in some ways, these monolithic media have characteristics
that are complementary to each other. For example, the advantages of the polymeric monoliths
include their mechanical stability and high tolerance of a wide range of pH conditions. A distinct
disadvantage of silica-based materials is their pH instability, which renders them incompatible
with both acidic and alkaline eluents. The simplicity of preparation is another key advantage
of the polymeric monoliths, as is the degree of control of the material’s physical characteristics
that can be achieved through variation of the composition of the polymerization mixture and
the polymerization conditions. Possible disadvantages include potential swelling or shrinkage of
the monolith, the extent of which depends on the composition of the monolith as well as on the
solvents used in a chromatographic application.

A further drawback of the polymeric monoliths is the relatively low surface area that arises
directly from the high porosity of these materials. Polymeric monoliths show lower separation
efficiencies than do modified silica monoliths, especially for small molecules and ions. Generally,
silica monoliths perform best for small molecules, and polymeric monoliths perform best for large
molecules. This finding can be illustrated by the applications for which the two monolith types
have been used (Table 1). The reasons for this difference lie in the structure of the respective
monoliths. Silica monoliths have a porous structure with rod-like features (Figure 1a), whereas
traditional polymeric monoliths are composed of microglobular structures (Figure 1c–e). The
skeletons of polymeric monoliths typically contain macropores and micropores, whereas silica
monoliths contain macropores and mesopores. These mesopores are accessible for analyte-surface
interaction, unlike the micropores in polymer monoliths. For large analytes, such as proteins, this is

www.annualreviews.org • Monolithic Phases for Ion Chromatography 199

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
11

.4
:1

97
-2

26
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC04CH10-Haddad ARI 29 April 2011 6:22

Table 1 Selected applications of monoliths in ion-exchange chromatography

Monolith Modification(s)

Ion-exchange
chromatography

mode(s) Applications/analytes Reference
Silica
Hybrid silica
VTMS-co-TMOS-
co-MPAC

— SAX Enrichment of phosphopeptides prior to
MALDI TOF MS

79

Hybrid silica Grafting with different
monomers for AX
functionality

WAX Nucleotides and inorganic anions, protein
separation, tryptic digestion of BSA

89

TMOS-co-MTMS DMAPAA-Q,
DMAEA-Q, DMAPAA,
DMAEA, DAHMA,
HMPMA

SAX

With and without MAS
anchor group

Hybrid silica None WAX Extraction of genomic DNA 120
TEOS-co-
AEAPMDMS

from blood from the crucian carp

Hybrid silica On-column
copolymerization of
DMAPAA-Q

WAX LC and CEC of inorganic anions and
nucleotides

87

Polymeric
Bio-Monolith QA — SAX Adenovirus type 5 particles 125

Separation from proteins and DNA
CIM mini-DEAE — WAX Fast column switching SEC × IC ICP MS,

albumin and transferrin cisplatin adducts
122

CIM QA — SAX Concentrating rotaviruses from water
samples

126

DNASwift
SAX-1S

— SAX Identification of RNA linkage isomers from
phosphodiesterase II digests

127

ProSwiftTM WCX — — Online peptide enrichment coupled to MS 128
UNO Q — — One-step purification of

β-1,3–1,4-glucanase from the fungus
Laetiporus sulphureus var. miniatus

129

GMA-co-EDMA Two-step photografting: SCX Separation of proteins and peptides 57
PEGMA plus AMPS or
acrylic acid

WCX Protein digest

GMA-co-EDMA Polyethyleneimine
modified

AX Separation of lipase isoforms from Candida
spp. 99–125

121

Polyethyleneimine with
molecular weights of 0.6,
2, 20, 30, and 100 kDa

GMA-co-EDMA UV grafted with META SAX Separation of inorganic anions 117
(Continued )
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Table 1 (Continued )

Monolith Modification(s)

Ion-exchange
chromatography

mode(s) Applications/analytes Reference
DEAEMA-co-
PEGDA

None WAX Protein separation 42

AETAC-co-
PEGDA

None SAX Analysis of protein fraction from Escherichia
coli DH5 lysate

GMA-co-PEGDA Chemical modification
NBE-co-DMN-
H6

Living grafting of
ONDCA

WCX Separation of standard peptide mixture 59

Abbreviations: AEAPMDMS, N-(b-aminoethyl)-c-aminopropylmethyldimethoxysilane; AETAC, 2-(acryloyloxy)ethyl trimethylammonium chloride;
AMPS, 2-acrylamido-2-methyl-1–propanesulfonic acid; AX, anion exchanger; BSA, bovine serum albumin; CEC, capillary electrochromatography; CIM,
convective interaction media; DAHMA, 3-diethylamino-2-hydroxypropyl methacrylate; DEAEMA, 2-(diethylamino)ethyl methacrylate; DMAPAA-Q,
N-[3-(dimethylamino)propyl]acrylamide methyl chloride–quaternary salt; DMN-H6, 1,4,4a,5,8,8a-hexahydro-1,4,5,8-exo,endo-dimethanonaphthalene;
EDMA, ethylene glycol dimethacrylate; GMA, glycidyl methacrylate; HMPMA, 2-hydroxy-3-(4-methylpiperazin-1-yl)-propyl methacrylate; ICP,
inductively coupled plasma; LC, liquid chromatography; MALDI TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry;
MAS, 3-methacrylamidopropyltriethoxysilane; META, [2(methacryloyloxy)ethyl] trimethylammonium chloride; MPAC, [3-(methacryloylamino)propyl]
trimethylammonium chloride; MTMS, methyltrimethoxysilane; NBE, norborn-2-ene; ONDCA, 7-oxanorborn-2-ene-5,6-carboxylic anhydride;
PEGDA, poly(ethylene glycol) diacrylate; PEGMA, PEG methacrylate; SAX, strong anion exchanger; SCX, strong cation exchanger; SEC, size-exclusion
chromatography; SPMA, sulfopropyl methacrylate; TEOS, tetraethoxysilane; TMOS, tetramethoxysilane; VTMS, vinyltrimethoxysilane; WAX, weak
anion exchanger; WCX, weak cation exchanger.

not a large drawback, but the limited surface area significantly limits the applicability of polymeric
monoliths for the separation of small analytes. Silica monoliths are therefore more advantageous
for such applications. A recently devised strategy that has been tested to improve the usefulness
of polymeric monoliths for small-molecule separations is the use of postpreparation hyper-cross-
linking, which substantially increases the surface area (17).

In addition to simple polymer- and silica-based materials, numerous other organic and inor-
ganic materials have been prepared as monoliths and used in chromatographic applications. These
include titania-based monoliths (Figure 1b), cryogel materials (Figure 1g), and high–internal
phase emulsion polymers (Figure 1h). Below, we briefly describe the general manufacturing of
these monolithic materials. Some strategies are employed for both silica and polymeric monoliths,
but there are distinct differences in the preparation of ion-exchange materials that are mostly due
to the characteristics of the support materials themselves. Some of the strategies used for mono-
lith functionalization have been adopted from the developments made in particle modification,
whereas others have been developed specifically for monolithic media.

3. PREPARATION OF POLYMERIC MONOLITHS

The general procedure used in the preparation of a polymeric monolith is illustrated in
Figure 2a. The process begins with a polymerization mixture composed of a mixture of monomers,
pore-forming solvents, and an initiator. This mixture is transferred to a mold, such as a column
or capillary, and is then polymerized. Most polymerizations are radical polymerizations induced
either with UV irradiation (18) or with heat (19, 20). In addition, initiation using γ radiation
(21) or microwave irradiation (22) has been demonstrated. Monolithic media described as cryo-
gels are also prepared by free radical polymerization, but the polymerization is performed at
subzero temperatures through the use of ice crystals as the pore-forming elements (23). Apart
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a

b

c

d
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f

g

hf h

20 µm

20 µm2 µm

1 µm

1 µm 50 µm

Figure 1
Scanning electron micrograph (SEM) images of monolithic materials. (a) SEM photographs of 100-μm monolithic silica columns
(MOP-DMAPAA-Q) at 2,500× magnification. Reprinted with permission from Reference 87. (b) Titania monolith. SEM images of
dried gels prepared with f 0.775. The dried gels were derived via the aging treatment at 60◦C. Reprinted with permission from
Reference 130. (c) SEM photographs of a poly(SEMA) monolith. Reprinted with permission from Reference 38. (d ) Polymeric
monolith. SEM photographs of poly(VS) monoliths. Reprinted with permission from Reference 38. (e) Polymeric monolith. SEM
image of a BuMA-co-EDMA-co-AMPS monolith. Reprinted with permission from Reference 62. ( f ) Polymeric monolith E coated with
latex. SEM image of a latex-coated BuMA-co-EDMA-co-AMPS monolith. Reprinted with permission from Reference 62. ( g) SEM
image of GMA-EGDMA polyHIPE at 3,000× magnification. HIPE has a 90% pore volume. Reprinted with permission from
Reference 131. (h) SEM of pDMAEMA-grafted pAAm cryogel (6%). The cryogel samples were fixed in 2.5% glutaraldehyde in 0.12 M
sodium phosphate buffer, pH 7.2, overnight. The samples were then dehydrated in ethanol (0%–50%–75%–99.5%) and critical-point
dried. Reprinted with permission from Reference 53. Abbreviations: AMPS, 2-acrylamido-2-methyl-1–propanesulfonic acid; BuMA,
butyl methacrylate; EDMA, ethylene glycol dimethacrylate; EGDMA, ethylene glycol dimethacrylate; GMA, glycidyl methacrylate;
HIPE, high–internal phase emulsion; DMAPAA-Q, N-[3-(dimethylamino)propyl] acrylamide methyl chloride–quaternary salt; pAAm,
polyacrylamide; pDMAEMA, poly[2-(dimethylamino)ethyl] methacrylate; SEMA, sulfoethyl methacrylate; VS, vinylsulfonic acid.

from radical polymerizations, several other polymerization types have been used in the prepara-
tion of polymeric monoliths; these include nitroxide-mediated living free radical polymerization
(24, 25) and ring opening metathesis polymerization (ROMP), in which a metal catalyst is used
to initiate polymerization (26). The use of both living free radical polymerization and ROMP has
the advantage that the initiator remains on or within the material, which allows the additional
possibility of postpolymerization modification (25–27). Another recently presented initiation ap-
proach, which also allows continued living polymerization initiated from the monolith surface, is
atom-transfer radical polymerization (ATRP) (28). Emulsion polymerization is another approach
by which epoxy-based materials have recently been prepared (29–31). In a thermally induced
dissolution/precipitation approach, monolithic media have been prepared from linear aliphatic
polyamides (32), including polyamide sourced from fishing line (33).

Monomers included in the polymerization mixture contribute to the resulting functionality of
the polymer monolith. The common general requirement for monomers used in radical polymer-
izations is the presence of polymerizable vinyl groups, which allow styrene-, methacrylate-, and
acrylamide-based materials to be prepared. Through use of the ROMP approach, the range of
possible monomers, and therefore the range of attainable materials, is restricted because cyclic
olefins such as norborn-2-ene and cyclooctene, which has a substantial ring strain, are required (34).
In the polymerization mixture, pore-forming solvents aid in the formation of the porous structure
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Capillary or column

Key

a  Polymeric monolith preparation b Silica monolith preparation

Polymerization mixture:
•Monomer
•Cross-linker
•Initiator
•Porogenic solvents

Nitrogen purge

Polymerization 70ºC
24 h

Wash: MeOH

Polymeric monolith

Starting mixture:
•TMOS
•PEO
•Acetic acid

Stirring
0ºC
30 min 

40ºC
24 h

Hydrolysis
Gelation

Wash: H2O

Mesopore
formation

Wet
gel

Ammonium
hydroxide
0.01 M
120ºC

Nitric acid (aq.)
Ethanol (aq.)

50ºC, 3 daysDrying

Silica monolith

600ºC, 2 hCuring

Figure 2
The preparation of (a) polymeric and (b) silica monoliths. Abbreviations: PEO, poly(ethylene oxide);
TMOS, tetramethoxysilane.

of the monolith, and a mixture of solvents is often used to control the resulting porous properties
of the monolith. The final characteristics of the formed monolith depend on the starting poly-
merization mixture and the conditions at which polymerization was performed (35). Although the
extent to which all of the different factors affect the monolith formation is not completely known,
some factors have been studied in considerable detail. Readers interested in the factors affecting
polymeric monolith formation should refer to Reference 36, in which most of the findings are
summarized systematically.

3.1. Polymeric Monoliths in Ion Chromatography

When preparing a polymeric monolith for use in IC, one can introduce ion-exchange functionality
in one of many ways, some originating from earlier work performed on particulate materials and
some having been developed solely for monoliths. All of these approaches rely either on the
direct incorporation of functionality during polymerization of the monolith or on some form of
postpolymerization modification. Examples of strategies used for the preparation of polymeric
monolithic ion-exchange stationary phases are illustrated in Figure 3a.

3.2. Functionality by Copolymerization

In a monolith, the monomers form an integral part of the formed monolith; thus, their charac-
teristics influence the resulting material characteristics, including surface functionality. The use
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CH3

CH3

CH3
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O
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O
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ATRP
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NH2 Cu(III)
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•

H2O
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SO3H

SO3H SO3H

SO3H
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NH

O

n

HO

NEt3

60 ºC, 20 h

OH
Latex

coating

Introduction and reaction with anchor groups

Hybrid silica

Surfactant coating

SH
Oxidation

Oxidation

H2O2 (30%)
r.t., 24 h

SO3
–

OH

OH

OH

H3CO

H3C

H3C

H3CO

H3CO
Si SH

Dry toluene

110 ºC

O

O

O

O

O

Si

Si

O

O

O

O

O

Si

Si

SH

SH

TFAA/UHP
r.t., 8 h

SO3H

SO3H

Cetyltrimethylammonium chloride

CH3

CH3

CH3

CH3

CH3

CH3

N+

N+

6

47

52

66

82

83

93

Reference

Figure 3
Functionalization strategies used in the preparation of monolithic ion-exchange chromatographic stationary phases. (a) Examples used
for polymeric monoliths. (b) Examples used for silica and hybrid silica monoliths.
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AMPS: 2-acrylamido-
2-methyl-1–
propanesulfonic
acid

of copolymerization as a means of introducing ion-exchange functionality is a seemingly straight-
forward approach, as the outcome relies only on the functionality of the functional monomer.
The advantage of this approach is that no subsequent modifications are necessary. The large
number of available monomers suggests almost endless possibilities, but although this approach
is straightforward and convenient, it also has drawbacks. When altering the monomers used in
the polymerization mixture to introduce a desired functionality, a renewed optimization of the
polymerization conditions—including the components and amounts used in the polymerization
mixture—is needed. This optimization sometimes involves a relatively simple adjustment to a
porogenic solvent composition, but this is not always the case. The factors affecting the properties
of the resulting materials are often interlinked, which can make the optimization of a monolithic
material a complicated task. In addition, because both the monomers and cross-linkers become
part of the final monolithic structure, not all of the added functionality becomes available on the
surface of the monolith. The amount of functionality obtained at the surface is important to know,
but it is extremely difficult to predict.

Monomers that have been used for the incorporation of ionic or ionizable anionic function-
alities in the preparation of cation-exchange materials for IC or capillary electrochromatography
(CEC) include 2-acrylamido-2-methyl-1–propanesulfonic acid (AMPS) (37), sulfoethyl methacry-
late (SEMA) (38), and vinylsulfonic acid (VSA) (38), as well as phosphoric acid 2–hydroxyethyl
methacrylate (PAHEMA) (39), bis[2-(methacryloyloxy)ethyl] phosphate (BMEP) (39), and ethy-
lene glycol methacrylate phosphate (40). Monomers used for the preparation of anion-exchange
materials include methacryloyloxyethyl trimethylammonium chloride (41), 2-(diethylamino)ethyl
methacrylate (42), and 2-(acryloyloxy)ethyl trimethylammonium chloride (42).

In ion-exchange separations of biological molecules, such as proteins or peptides, the hydropho-
bicity of the monolithic material is likely to affect retention as a result of nonspecific interactions.
Such interactions are undesirable because they can cause peak broadening or inactivation of biolog-
ically important compounds due to denaturation. Conventional polymeric monolith formulations
typically yield substantially hydrophobic monoliths due to the hydrophobic nature of styrenic
or methacrylate monomers and cross-linkers. To reduce the hydrophobicity of these materials,
investigators have explored the use of cross-linkers that are expected to be more hydrophilic. Gu
et al. (37, 38) attempted to increase the hydrophilicity of a monolith by incorporating the cross-
linker poly(ethylene glycol) (PEG) diacrylate (PEGDA). In the initial study, PEGDA was tested in
combination with AMPS, SEMA, and VSA, all of which have sulfonic acid functionality; this study
produced materials intended for use in cation-exchange chromatography of peptides and proteins.
Although the results showed evidence of incorporated cation-exchange functionality, addition of a
substantial amount of acetonitrile to the eluent was required in order to suppress hydrophobic in-
teractions between the analytes and the monolith. The most promising results were obtained with
VSA: The test peptides were eluted in a reasonable time without the addition of acetonitrile. The
range of monoliths prepared with PEGDA as a cross-linker has been recently extended to anion
exchangers; the monomers used were 2-(diethylamino)ethyl methacrylate and 2-(acryloyloxy)ethyl
trimethylammonium chloride (42). In a recent study on the use of PEG-based cross-linkers, Chen
et al. (39) incorporated another PEG-based cross-linker: PEG acrylate (PEGA). The phosphoric
acid ion-exchange functionality was incorporated by use of PAHEMA or BMEP, in combina-
tion with PEGDA or PEGA, respectively. Synthetic peptides were eluted from both monoliths
in an ion-exchange mode, without the need for addition of acetonitrile to the eluent. Another
material in which phosphate groups were used as ion-exchange sites was prepared by thermally
initiated polymerization using ethylene glycol methacrylate phosphate and bisacrylamide as the
cross-linker (40). This monolith was used as a trap column for peptide-protein digestion in the
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GMA: glycidyl
methacrylate

SAX: strong anion
exchange(r)

EDMA: ethylene
glycol dimethacrylate

first dimension of a multidimensional liquid chromatography (LC)–mass spectrometry system in
which the second dimension consisted of an RP gradient separation.

3.3. Functionality by Postpolymerization Reactions

A less direct, but possibly more convenient, way of imparting functionality into a polymeric
monolith relies on some form of postpolymerization modification. Such a modification process
has the distinct advantage of allowing for independent optimization of porous properties (and other
support monolith characteristics) and surface functionality. Thus, the preparation of the support
monolith needs to be optimized only once, which also allows the same monolithic support material
to be used as a base for various surface functionalities and stationary-phase materials. Prepared
materials can thus be compared and conclusions made that relate primarily, if not solely, to their
surface characteristics. Numerous strategies can be used for the postpreparation modification of a
polymeric monolith, but the usefulness of some of these strategies is limited. Postpolymerization
modifications that have been successfully employed for polymeric monoliths include reaction of
functional reagents with the monolith surface (43–49); grafting of monomer to or from the surface
(25, 47, 50–61); and coating procedures, including the use of latex particles (62–66).

3.3.1. Reaction with surface groups. Modification by reaction with monolith surface groups
is popular in monolith functionalization and has been used to produce both anion- and cation-
exchange materials. The use of various chemical reactions or additions to a monolith surface often
relies on the availability of an anchor group or reactive site. A suitable monomer in the preparation
of methacrylate-based monoliths is therefore glycidyl methacrylate (GMA), which leads to the
introduction of epoxide functionality. Indeed, one of the first examples of a methacrylate-based
monolith for use in IC used GMA, and ion-exchange functionality was introduced through a
reaction between the surface-bound epoxide and diethylamine (43) This approach has been very
popular and has been extended through the use of different amines in the final reaction step
(44). Strong anion-exchange (SAX) quaternary ammonium functionality can be obtained from
surface epoxide groups of a poly(GMA-co-DVB) monolith (DVB refers to divinylbenzene). The
two-step procedure involves ring opening of the epoxide group with diethylamine and subsequent
alkylation of the formed tertiary amine with diethyl sulfate (46). Following a similar approach, a
monolith with SAX functionality was prepared through further functionalization of the backbone
of an epoxide-based monolith. The monolith was prepared by emulsion polymerization of an
epoxy resin oil phase and a polyfunctional amine water phase, which created a monolith with both
hydroxyl groups and a tertiary amine present on the monolith surface. The tertiary amine was
further modified to a quaternary amine through iodomethane quaternization, and the resulting
SAX functionality was utilized for the IC of proteins (47).

In a more significant alteration, investigators prepared a material for CEC in which epoxide
groups were reacted with a synthesized macrocyclic polyamine. Starting with a poly(GMA-
co-EDMA) monolith (where EDMA stands for ethylene glycol dimethacrylate) prepared by
thermally initiated polymerization, the introduced positively charged moieties enabled generation
of electroosmotic flow and produced ion-exchange sites for retention of anionic analytes (48).
The modification with the macrocyclic amine was also found to increase the hydrophilicity of the
monolith surface, as evidenced by reduced retention of the hydrophobic analyte toluene on the
modified column used in the LC mode. The postpolymerization modification was achieved by
filling the monolithic column with a solution of the macrocyclic amine in methanol and allowing
reaction to take place for 12 h at 70◦C. Modification of a poly(GMA-co-EDMA) monolith by
reaction with polyethyleneimine followed by quaternization of the amine groups using methyl
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WCX: weak cation
exchanger

SCX: strong cation
exchanger

iodide has also been reported in a monolith used for analysis of inorganic anions (e.g., F −, Cl−,
NO2−, NO3−, Br−, I−, ClO4

−, and SO4
2−) (67). Ring opening reactions of epoxide groups result

in the formation of C–N bonds, which are typically hydrolytically stable. This stability ensures
that the functionality of such stationary phases is maintained, even when they are subjected to
alkaline eluents or a high concentration of alkali in column-cleaning cycles (44).

Ring opening of epoxide groups with amines can also be used as the first step in the preparation
of cation exchangers. The epoxide groups of a poly(GMA-co-EDMA) monolith were reacted with
ethylenediamine, followed by monochloroacetic acid, to yield a weak cation exchanger (WCX)
(68). Alternatively, epoxide-containing monoliths are suitable starting materials for strong cation
exchangers (SCXs). For example, a methacrylate-based polymeric monolith used for the separation
of Na+, NH4

+, K+, Mg2+, and Ca2+ was prepared by sulfonation of a poly(GMA-co-EDMA)
monolith via ring opening of surface epoxide groups using sodium sulfite (49). A 1-M solution of
Na2SO3 was passed through the monolithic column at a flow rate of 3 μl min−1, and sulfonation
proceeded at 75◦C. The reaction time for the sulfonation influenced the resulting ion-exchange
capacity (49). Baseline separation of Na+, K+, NH4+, Mg2+, and Ca2+ was achieved on a 151 μeq
ml−1 capacity, 0.25 × 150 mm monolith, when 10 mM CuSO4 was used as the eluent, at a flow
rate of 3 μl min−1. In addition, use of a flow gradient decreased the overall run time without having
detrimental effects on the peak resolution. The same monolith formulation was later used for the
separation of different tetraalkylammonium ions (69).

3.3.2. Functionality by surface grafting. Surface grafting of different monomers onto a mono-
lith is another way to alter the surface characteristics. The introduction of surface functionality
through a grafting strategy can increase the density of functional groups on the monolith surface
and can yield materials with high ion-exchange capacities. However, grafting can also result in
swelling of the grafted polymer and a reduction in permeability (50). In addition, the experimental
parameters must be chosen so as to avoid a low grafting yield.

Grafting can be initiated and performed in different ways: The initiator can be present on the
monolith surface or added with the monomer in solution. An example of an external initiator
is potassium diperiodatocuprate, which was employed in the grafting of macroporous polyacry-
lamide cryogels with N,N-dimethylaminoethyl methacrylate (51). In this study, the investigators
explored two different approaches to the preparation of the grafted material, namely (a) pre-
mixing of the monomer and initiator and (b) activation of the cryogel with the initiator prior
to the introduction of the monomer solution. In the latter approach, the grafting is performed
by pseudo-surface-initiated polymerization, which results in higher grafting yields—presumably
because fewer polymers form in solution. The same approach was recently used for the grafting
of cryogels with the monomer AMPS (52), as well as with 2-(dimethylamino)ethyl methacrylate,
2-(methacryloyloxy)ethyl trimethylammonium chloride, and acrylic acid (53).

Some factors that influence the grafting of the monomer AMPS onto a cryogel were recently in-
vestigated (54). The grafting yield, illustrated as the protein-binding capacity of the final material,
increased with an increase in concentration of AMPS and Cu(III). Increased grafting tempera-
ture and grafting time also increased the protein-binding capacity (54). The use of UV-initiated
grafting of monolith surfaces was also reported, and its potential to control surface properties
was demonstrated (55, 56). Pucci et al. (56) used photoinitiation and suitable masking devices to
achieve exquisite control of grafting location in the preparation of a monolith with a gradient of
AMPS functionality.

In addition to adding desired ion-exchange functionality to the surface of a monolith, graft-
ing can also shield undesired secondary interactions that could be detrimental to the separa-
tion of bioactive analytes such as proteins. Such shielding is exemplified by the preparation of
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monolithic columns for use in cation-exchange chromatography of proteins that, prior to be-
ing grafted with ion-exchange functionality, were grafted with the hydrophilic monomer PEG
methacrylate (57). Ion-exchange functionality was introduced via photografting of AMPS and
acrylic acid onto a poly(GMA-co-EDMA) monolith, yielding strong and weak cation-exchange
functionality, respectively (57). The highest binding capacities, ranging from 20 to 30 mg ml−1,
were achieved for columns prepared using the two-step shielding and functionalization approach.
However, no secondary interactions were observed for either type of material.

Researchers have also used living polymerization approaches for surface grafting. For example,
through the use of capped, stable free radicals on the surface of a material prepared by nitroxide-
mediated, stable free radical polymerization to initiate further polymerization, poly(styrene-co-
DVB) monoliths were grafted with the monomer sulfopropyl methacrylate to yield a material
for cation-exchange chromatography (25). Similarly, in ROMP synthesis, if the initiator used to
prepare the support monolith is not removed after polymerization, it can be employed to further
modify the monolith surface (58, 59). The living nature of ROMP allows for control of the
grafting outcome, which is the main advantage of this approach. This process was used to prepare
ion-exchange monoliths with two different functional monomers: 2-(N,N-dimethylaminoethyl)
norborn-5-ene-2-yl-carboxylic amide (58), which yielded an anion exchanger, and 7-oxanorborn-
2-ene-5,6-carboxylic anhydride (ONDCA), which yielded a cation exchanger (59). Grafting to
produce the cation exchanger was performed by flushing the monolith with a saturated solution
of the monomer ONDCA. The monolith was thereafter end-capped, and in a final step, the
anhydride was hydrolyzed (59).

ROMP can also be used solely in the grafting step by recharging a prepared monolith with
attachment of the initiator for ROMP following monolith formation (60). Grafting can then be
performed through the use of a living polymerization to impart functionality onto the monolith
surface. More recently, the use of ATRP was demonstrated for the surface modification of mono-
lithic materials (47, 61). Cation-exchange materials for use in IC of proteins were prepared via an
elaborate route involving (a) activation of the monolith surface with 2-bromoisobutyryl bromide,
(b) grafting of GMA onto the monolith surface with ATRP, and finally, (c) a post-ATRP modifi-
cation of the GMA to yield strong and weak cation-exchange functionalities (47). Sulfonation of
the epoxide groups of the GMA polymer brushes by NaHSO3 led to SCX functionality, whereas
reaction with iminodiacetic acid resulted in WCX functionality (47). The success of each step
was verified by X-ray photoelectron spectroscopy, and the final materials had protein-binding
capacities of approximately 10 mg ml−1. Both the SCX and the WCX were used for separation of
a protein mixture, although baseline separation was achieved only when stepwise gradients were
used (47). This study also illustrates the diversity of the epoxide-based support material, whose
backbone contains both tertiary amines and hydroxyl groups. The tertiary amines can be modified
into quaternary amines, as described above, and the hydroxyl groups can be modified following
the grafting route. However, this approach is complex, and the authors of this study reported that
both online ATRP modification and the optimization of parameters presented challenges (47).

3.3.3. Functionality by surface coating. The surface characteristics of a material can also be
altered by either dynamic or static coating. For polymeric monoliths, coating with charged latex
particles, which we introduced for use in both IC (62, 63) and CEC (64, 65), is a viable alter-
native to other surface-modification strategies. The latex coating of a material relies on electro-
static interaction between the latex and the material surface; such electrostatic interaction ensures
stationary-phase stability. The prepared support monolith must therefore have a surface charge
that is opposite to that of the latex particles. Such a charged support monolith can be prepared
in the same fashion as conventional ion-exchange monoliths. Once the monolith is prepared, the
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TMOS:
tetramethoxysilane

surface is coated with latex particles by pumping an aqueous suspension of the latex through the
monolithic column (62). A latex-coated polymeric monolith for carbohydrate analysis was prepared
by use of a poly(BMA-co-EDMA-co-AMPS) monolith as the support monolith. The monolith sur-
face was coated with latex particles that had been quaternized through reaction with iodomethane
(62). This approach was later extended to the preparation of an anion-exchange material used for
separation of inorganic ions (63). By using two different latexes with different selectivities, this
study demonstrates the versatility of this approach. In both examples, however, scanning elec-
tron microscopy (SEM) images revealed that the monolith surface was not completely covered
with latex particles; the prepared material therefore exhibited limited ion-exchange capacity. The
limited coverage by latex particles was attributed to limited sulfonate surface functionality. To
rectify this limited capacity, we investigated different approaches to increase the extent of negative
charge on the monolith (66). All the approaches we tested increased the ion-exchange capacity of
the latex-coated monolith; the most promising results were obtained by ring opening the epoxide
groups of a methacrylate-based monolith by use of sodium sulfite. The ion-exchange capacity of
this monolith was 30 times that of the poly(BMA-co-AMPS-co-EDMA) monolith used in earlier
experiments.

4. SILICA MONOLITH PREPARATION

Silica monoliths are prepared by a sol-gel process that begins with an alkoxysilane such as
tetraethoxysilane or tetramethoxysilane (TMOS). This multistep process (Figure 2b) involves
gel formation induced by hydrolysis and polycondensation, followed by aging and drying. The
end result is a material whose structure is both macroporous and mesoporous. As the initial hy-
drolysis and polycondensation proceed, siloxane oligomers are created; they combine to form a gel
network. This network facilitates the formation of macropores, whose extent and size depend on
the composition of the starting solution, the catalyst and its concentration, and the reaction tem-
perature and solvents (70, 71). Different additives have been tested to facilitate phase separation in
order to control the characteristics of the silica monolith; these additives include surfactants and
water-soluble polymers. PEG is a popular additive (72, 73), although other additives have been
explored and found to affect the porous network formed (74).

In the resulting macroporous network, micropores are also present. Such micropores are used as
starting points for the introduction of mesopores to the material. The mesopores are introduced
through enlargement of the micropores, which was initially performed by treating the formed
monolith with ammonium hydroxide (16). This enlargement has recently been achieved through
the use of a combination of urea and heat (70). In this approach, urea is added to the initial reaction
mixture. Once the monolith macroporous and microporous network is formed, the micropores can
be enlarged simply by heating the monolith: Heating causes hydrolysis of urea, thereby producing
ammonia. This approach has the benefit of a simple preparation, given that reagent does not
need to be added postpreparation to achieve mesopore formation. The possibility of controlling
macropore and mesopore formation independently is a key advantage of the silica monoliths.
Readers interested in a more in-depth study of the factors affecting silica monolith formation are
referred to reviews by Tanaka et al. (75) and Siouffi (15), as well as work by Nakanishi & Soga
(7–9, 76, 77).

Various strategies to introduce functionality have been developed to allow the use of monolithic
silica in different chromatographic modes. Methods to produce silica monoliths used in ion-
exchange chromatography can be divided into two main approaches, namely functionality by
copolymerization (hybrid silica) and postpreparation modification. Examples of strategies used in
the preparation of monolithic silica materials for use in IC are illustrated in Figure 3b.
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4.1. Functionality by Copolymerization: the Preparation of Hybrid Silica

Similar to the copolymerization approach used to prepare polymeric monoliths, functionality can
be introduced into a silica monolith during its initial preparation, which leads to the formation
of hybrid silica. In a typical procedure, a mixture of silanes and phase-separation agent is com-
bined with a functional monomer and an initiator (78). The formation of the monolith proceeds
through an initial condensation reaction followed by polymerization. This approach has been used
to prepare both cation and anion exchangers and is a convenient way to introduce functionality
to a monolith. The resulting organic functionalities in the silica hybrids are covalently linked
to the inorganic silica matrix through hydrolytically stable Si–C bonds. For the preparation of a
monolith with SAX functionality (79), a mixture of the siloxanes TMOS and vinyltrimethoxysilane
was combined with the functional monomer [3-(methacryloylamino)propyl] trimethylammonium
chloride. After condensation followed by polymerization, the monolith was used to enrich phos-
phopeptides from a protein digest prior to matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI TOF MS) analysis. The use of hybrid silica may aim either to
simply introduce functionality to the monolith or to change other characteristics of the monolith.
Although hybrid silicas can be prepared with the desired ion-exchange functionality from a silane
that contains that functionality, for every new silane used, reoptimization of the condensation and
polymerization mixture may be needed. The preparation of hybrid silica with a functionality that
easily lends itself to further modifications via various simple chemical reactions is an approach
that allows for one-time optimization of the hybrid silica support monolith without the need for
reoptimization for every desired functionality. One such versatile and reactive functionality is the
thiol group (80).

4.2. Postpreparation Functionalization

Various postpreparation functionalization strategies have been developed and used for the prepa-
ration of monolithic silica ion-exchange materials. As is the case for polymeric monoliths, the
number of attainable materials that use these strategies is essentially infinite. However, some
strategies offer a great deal of versatility, whereas others require the existence of reactive sites
or anchor groups for incorporation of functionality to be realized. In general, the strategies can
be divided into the following approaches: introduction and reaction with surface groups (80–86),
surface grafting (87–90), semipermanent coating (10, 91–96), and permanent coating (10, 65, 91,
97)—all of which can be used with both silica and hybrid silica monoliths.

4.2.1. Introduction and reaction with surface groups. A traditional approach to silica modifi-
cation that is often used for particle modification is reaction of a chlorosilane with the silica surface;
this strategy has been adopted for the preparation of RP monolithic silica (98). Hybrid silica can also
be reacted further and used as a starting point for surface functionalization. In the preparation of
columns for CEC, beginning with a hybrid silica with thiol functionality, peroxytrifluoroacetic acid
was used to oxidize surface groups to sulfonic acids, which yielded a surface with SCX functionality
(81). Similarly, hydrogen peroxide (30% weight/weight) was used to oxidize surface thiol groups to
yield sulfonic acid functionality (82). The oxidation was performed by flushing the monolith with
the hydrogen peroxide solution for 12 h at room temperature. The resulting monolith had both
hydrophobic and SCX functionality and was used for in-line solid-phase extraction of sulfonamides
in a milk matrix prior to high-performance liquid chromatography (HPLC)-UV analysis.

A more complex, multistep procedure that also takes advantage of the reactivity of the
thiol group has been developed (83). Treatment with acid (HCl) maximized the number of
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surface silanol groups in a monolith prepared from TMOS (84). Thereafter, reaction with
3-mercaptopropyltrimethoxysilane introduced thiol functionality. The introduced thiol groups
were oxidized with anhydrous trifluoroacetic acid peroxide produced in situ within the capillary,
which yielded sulfonic acid functionalities. In addition to the reaction steps, the process also re-
quired numerous washing steps between treatments. The authors of this study (84) identified a low
conversion rate as a cause for concern in the oxidation step. Starting from a commercially available
bare monolithic silica column (Performance Si from Merck KGaA, Darmstadt, Germany), the au-
thors prepared a chelating ion-exchange column via an on-column modification in which a mixture
of glycidoxypropyl trimethoxysilane and iminodiacetic acid was flushed through the monolith, in
a recycling manner, at a flow rate of 0.5 ml min−1 at 70◦C for 6 h (85). The same approach was
later used to covalently attach lysine (2,6-diaminohexanoic acid) groups to a silica monolith (86).
The prepared material had zwitterionic functionality, and the carboxylic acid responsible for the
cation-exchange capacity was a WCX group, which allowed for pH control of the ion-exchange
capacity.

4.2.2. Surface grafting. Surface grafting as a means of surface functionalization can be per-
formed either directly onto the silica surface or through attachment of an anchor group and
subsequent grafting using the anchor as the attachment point (88). To introduce the anchor
group, a silane containing the desired anchor group functionality, such as an epoxide or vinyl
group, is reacted with the silica surface, which introduces a reactive site to the silica surface.
The introduction of anchor groups can also be achieved through incorporation of the anchor
group functionality in the preparation of a hybrid silica monolith. A hybrid silica monolith pre-
pared from a mixture of TMOS and methyltrimethoxysilane was modified in two steps to pro-
duce a monolith with SAX functionality for use in CEC and HPLC (87). First, the surface was
functionalized by attachment of 3-methacryloxypropyl groups as anchor groups. Second, the
anion-exchange functionality was introduced via polymerization of N-[3-(dimethylamino)propyl]
acrylamide methyl chloride–quaternary salt (DMAPAA-Q) onto the 3-methacryloxypropyl an-
chor groups through the use of ammonium persulfate as the initiator. In a similar approach,
anion- and cation-exchange functionalities were introduced by polymerization of 3-diethylamino-
2-hydroxypropyl methacrylate (DAHMA), 2-(triethylammonium)ethyl methacrylate chloride
(DMAEA), p-styrenesulfonic acid sodium salt (pSSA), and AMPS onto hybrid silica monoliths
modified with 3-methacryloxypropyltriethoxysilane as the anchor groups (88). A combined anion
and cation exchanger was also prepared by sequential grafting of pSSA, followed by DAHMA.
The prepared materials were evaluated in IC mode using nucleic acids, nucleotides, and inorganic
anions as test solutes. Through the use of 3-methacrylamido propyltriethoxysilane as the anchor
group, hybrid silica monoliths for anion-exchange chromatography were prepared with various
monomers containing tertiary amino or quaternary ammonium groups, including DMAPAA-Q,
DMAEA-Q, DMAPAA, DMAEA, DAHMA, and HMPMA [2-hydroxy-3-(4-methylpiperazin-
1-yl)-propyl methacrylate] (89). The column modified with HMPMA demonstrated better per-
formance than the other materials in terms of selectivity for nucleotides and inorganic anions.
When tested for separation of tryptic digest of bovine serum albumin, this column also performed
better than a particle-packed column used for comparison. Surface grafting can be performed on
both silica and hybrid silica monoliths, which may be expected to yield different grafting out-
comes. Interestingly, in a study in which both silica and silica hybrid monoliths were prepared,
reacted with N-(3-triethoxysilylpropyl) methacrylamide to introduce anchor groups, and there-
after grafted with acrylic acid, the investigators found no significant difference in the obtained
efficiencies between the silica and silica hybrid monoliths (90).
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4.2.3. Semipermanent and permanent coating. In addition to the procedure in which function-
ality is attached covalently to the silica surface, numerous coating strategies have been employed
to alter the surface characteristics of silica monoliths, including the use of semipermanent (95,
99) and permanent coatings (97). The use of a semipermanent surfactant coating is a relatively
straightforward way of changing the surface functionality of a silica monolith. In many experi-
ments, either bare silica or RP-functionalized silica monoliths were coated with a surfactant, and
the coated materials were used for IC involving separations of both anions (91) and cations (92).
For example, in a study involving an RP silica monolith, the use of a semipermanent coating
with the surfactant didodecylmethylammonium bromide resulted in a monolith suitable for IC
separation of inorganic anions (10). Other surfactants employed for semipermanent coating of
monolithic silica include cationic surfactants, such as cetyltrimethylammonium chloride (93) and
cetylpyridinium chloride (94), and anionic surfactants, such as lithium dodecylsulfate (92). Zwit-
terionic surfactants (95), which allow tuning of retention properties, have also been used. For
example, the zwitterionic surfactant (dodecyldimethylamino) acetic acid allowed for control of
surface protonation and, therefore, the retentive properties of the monolith (96). A disadvantage
of semipermanent coating is that a small concentration of the surfactant usually must be present
in the eluent. This background concentration leads to a more complex eluent composition and
also affects detection and sensitivity. However, when a longer-chained carboxybetaine surfactant,
N-dodecyl-N,N-(dimethylammonio)undecanoate, was used to coat an RP silica monolith, the
coating stability was maintained without the addition of surfactant to the eluent (95).

A more permanent coating of the monolith surface can be achieved by the use of latex particles,
and this approach can significantly improve ion-exchange capacity. The permanent nature of the
coating eliminates the need for eluent additives, thereby allowing the use of a simpler, more flexible
eluent system; further, better detection limits can be obtained through this method, compared
with the semipermanent-coating approach. Glenn et al. (97) have demonstrated the difference
in stability between latex coating and surfactant coating. These authors compared a surfactant-
coated RP monolithic silica stationary phase with a latex-coated bare monolithic silica stationary
phase. The coating of the positively charged quaternary ammonium latex particles was achieved
by electrostatic interaction with negatively charged ionized silanol groups on the monolith. The
surfactant coating and latex coating were performed according to procedures reported elsewhere
(10, 65). An earlier study reported that didodecylmethylammonium bromide coatings were stable
for up to three weeks (91) but that a decoating and recoating procedure had to be performed every
three to five days to ascertain reproducibility. The retentive properties of the surfactant-coated
monolith were reduced by 10% after having been used for only 11 h, whereas the latex-coated
monolith retained its retentive properties within 1% after 2.5 months of use. Thus, evidence
from the anion separations performed over time led to the conclusions that (a) the stability of the
latex coating is much higher than that of the surfactant coating and (b) a higher efficiency can be
obtained with the latex-coated monolith (97).

5. ALTERNATIVE MONOLITHIC MATERIALS

In addition to the polymeric and silica-based monoliths discussed thus far, numerous other mate-
rials have been prepared as monoliths for use in chromatography. These materials include titania
(100, 101), zirconia (102), hafnia (103), and graphitized carbon (104). Titania (101) and zirconia
(102) monoliths were prepared via a sol-gel synthesis approach similar to that used in the prepa-
ration of monolithic silica. These two sol-gel synthesis approaches have the same disadvantages,
including shrinkage of the monolith. Proposed advantages of using titania or zirconia in lieu of
silica include these materials’ thermal stability, high mechanical strength, and good pH stability
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(103, 105, 106). Additionally (and perhaps importantly for the use of these materials in IC), ti-
tania and zirconia have surfaces with amphoteric hydroxide groups and, therefore, both anion-
and cation-exchange capabilities. Titania also interacts with phosphorus-containing compounds,
which has potential advantages in certain biological applications (107). The first monolithic graphi-
tized carbon column, prepared in 2003, used silica beads to impart the macroporous structure of
the material (104). These alternate monolith types are not as widely used in chromatographic
applications as silica-based and polymeric monoliths, although in the future they may present a
viable alternative to traditional monoliths.

6. MONOLITH CHARACTERIZATION

In chromatographic applications, both the bulk and surface properties of a stationary-phase ma-
terial are crucial to the suitability and usefulness of the material. Factors such as mechanical and
chemical stability are important and are related to the bulk of the material, and surface properties
influence retention characteristics. Techniques for the characterization of these properties are
therefore essential.

In the characterization of monolithic materials, an initial assessment of porous properties is
often performed by SEM, which allows one to visualize the homogeneity and porosity of the
monolithic materials. Other techniques used to assess porous properties include (a) mercury in-
trusion porosimetry for determination of the pore-size distribution and total porosity of a material
(b) and nitrogen adsorption/desorption for the determination of surface area and porosity. Both
techniques provide useful information and allow for material comparisons, but they can be used to
characterize the material only in its dry state—they cannot be performed directly on the monolith
in its capillary or column housing. The micro- and mesoporous properties of graphitized carbon
monoliths (104) and the macroporous properties of both silica-based and polymeric monolithic
materials (108) have also been assessed through transmission electron spectroscopy (TEM).
Whereas some examples use crushed monolith as the sample (104), one study characterized the
monolithic materials directly, via the capillary format, by using TEM and the aid of computa-
tional techniques (108). However, the need for embedding, staining, and microtomy destroys the
sample.

The ability to prepare some monolithic columns in situ in the desired mold is a major ad-
vantage. However, in situ synthesis makes characterization of the monolith somewhat difficult,
especially in small-diameter formats. To circumvent this difficulty, a second sample of monolith
is often prepared in parallel in bulk format, for example in a sample vial, and is then used for
characterization. Although this is often a convenient way of assessing the monolith properties
and enables comparison between materials prepared in the same-sized mold, the characteriza-
tion data obtained do not necessarily reflect the actual characteristics of the monolith prepared
in the mold. A comparison between the porous properties of poly(styrene-co-DVB) monoliths
prepared from the same polymerization mixture under identical conditions, but in three different-
sized molds (250-μm-inner-diameter fused-silica capillaries, 100-ml microvials, and 2-ml glass
vials), revealed significant differences in both the meso- and macroporous properties among the
three formats (109). The samples were analyzed by nitrogen adsorption/desorption and mercury
intrusion porosimetry and were visualized by SEM. The differences in porous properties that
could be observed via mercury intrusion porosimetry and nitrogen adsorption/desorption data
could not be seen in the SEM images of the samples. A reduction in the monolith mold size,
from a 2-ml vial to a 250-μm-inner-diameter capillary, led to both a decrease in surface area,
from 52.2 ± 4.7 to 34.6 ± 1.7 m2 g−1, and an increase in median pore diameter, from 310 to
544 nm.
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A technique that allows porous properties to be assessed in situ is inverse size exclusion. How-
ever, sets of suitable standards that do not undergo enthalpic interactions with the stationary phase
are required. Recently developed alternatives to the use of SEM, nitrogen adsorption/desorption,
and mercury intrusion porosimetry include near-IR spectroscopy, which has been used to char-
acterize silica and polymer particles as well as monoliths (110). The advantages of the technique
include its speed and that it is nondestructive. However, this study (110) does not clearly demon-
strate the usefulness of this for monolithic materials. In addition, the ease of operation may be
counteracted by the need for principal component analysis in data treatment. Another recent
approach is the use of confocal laser scanning microscopy for the characterization of the macro-
porous structure of monoliths (111, 112). Following image acquisition and processing, statistical
analysis is performed to extract information about the silica skeleton and the macroporous struc-
ture. The morphological information thereby obtained is comparable to that derived from TEM.
The authors (111) claim that this information is more easily accessed than TEM data, presum-
ably because there is no need for embedding and microtomy. However, the method requires the
covalent attachment of a dye, such as V450-succinimidyl ester, and therefore requires attachment
handles to be present on the silica. In this study, silica monoliths were amine-modified by use of
3-aminopropyltriethoxysilane (111).

Characterization of surface properties, including functional group content, yields vital infor-
mation not only about possible interaction sites for retention but also about sites for potential
further surface modification. The correlation between bulk and column monoliths may be even
more complicated to assess when it comes to the material surface properties, especially when
postpolymerization functionalization is employed. Although bulk preparation of a monolith is
fairly straightforward, the adaptation of surface-modification strategies to a bulk material is not
always easy, and therefore deductions drawn from results obtained for bulk material are difficult
to transfer to the capillary format. A characterization that can be performed in situ and online
would therefore be a very useful way to attain useful and interpretable results. Ideally, in monolith
characterization, the characterization approach should be nondestructive so that a prepared and
functionalized monolith can be characterized and then used for its intended purpose. To achieve
this goal, some investigators prepare and use the monolith and perform material characterization
after the chromatographic evaluation is completed. Although this procedure may be suitable for
monolith development, it is hardly sustainable in the long run and certainly does not suit users
aiming for long-term use of the monolithic column. Another possibility is the preparation of
duplicate/replicate columns, some of which may be used for characterization and others for chro-
matography. Chromatographic evaluation of the finished, functionalized monolithic stationary
phase may be the only truly informative way of assessing the surface functionality of the column
as it is intended to be used. The retention of standard analytes can be used to provide column
comparisons, whereas characteristics such as loading capacity and ion-exchange capacity can be
assessed via various breakthrough experiments.

Chromatographic evaluation requires the user to perform sometimes lengthy tests on each
prepared column to verify surface functionality. Obtaining an indication about the quality of the
monolith prior to chromatographic testing is certainly useful for the chromatographer. Elec-
tron probe microscopy, in combination with electrochromatographic evaluation, has been used to
characterize the obtained functionality of a monolithic column for use in CEC; the column was
prepared by photografting and photomasking to produce a gradient of AMPS functionality along
the column length (56). The investigators employed electron probe microscopy to verify the pres-
ence and position of sulfur atoms originating from the AMPS. Other successful examples of online
characterization include the use of contactless conductivity measurements for the determination
of column voids (113) and assessment of surface functionality homogeneity for both photografted
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Figure 4
(a) Predicting column performance using contactless conductivity detection. Contactless conductivity measurement performed along
the length of a latex-coated poly(styrene-co-DVB) monolith in a 30 cm × 200 μm inner-diameter capillary column. (b) Resulting
separation performance of column sections. Ion chromatography separation of IO3

−, BrO3
−, NO2

−, Br−, and NO3
−. The injection

volume was 1 μl, the eluent was 1 M KCl, the flow rate was 2 μl min−1, and the detection wavelength was 215 nm (116). Abbreviation:
DVB, divinylbenzene.

(114) and surfactant-coated (115) monoliths. Contactless conductivity measurements have also
been used to ensure sufficient material washing following material grafting (114). We recently
observed that although conductivity measurements do not appear to correlate well with the pore
size of the monolith, these measurements provide useful information about differences in bulk-
material porosity and hence homogeneity (116). We employed scanning contactless conductivity
measurements to verify column homogeneity, which was then related directly to chromatographic
performance for IC. Scanning contactless conductivity measurements across the entire length of
a 30-cm column indicated two distinct areas (Figure 4a). After cutting the monolith in half at the
point where the conductivity trace changed and performing a chromatographic evaluation of the
two parts as IC columns, we observed a clear correlation between the difference in the conductivity
trace and the separation performance (Figure 4b). These findings thus suggest that contactless
conductivity measurements can be correlated to chromatographic performance to perform quality
assessment of monolithic columns.
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7. FINDING THE MONOLITH THAT CAN DO THE JOB:
APPLICATIONS OF MONOLITHS IN ION CHROMATOGRAPHY

The choice of chromatographic column depends on both the intended separation and the com-
patibility of the column with the desired eluent. The commercial availability of both polymeric
and silica-based monoliths is significant in that it allows the use of monolithic columns to ex-
tend beyond research laboratories. The continued introduction of monolithic stationary phases
is also positive, given that the availability of more columns allows the chromatographer greater
choice when designing a new method. Both silica-based and polymeric monoliths for ion-exchange
chromatography are commercially available. Silica-based monoliths with ion-exchange function-
ality include Metrosep Dual from Metrohm AG (Herisau, Switzerland) under license from Merck
KGaA. RP-functionalized or bare silica monoliths that can be used as supports for a surfactant coat-
ing, as described above, include Chromolith R© from Merck KGaA and Onyx from Phenomenex,
Inc. (Torrance, California). Although these columns require somewhat complex modifications,
their commercial availability allows for the broad use of the developed modification procedures
throughout the scientific community. Commercially available polymeric monolithic columns
include convective interaction media (CIM) discs from BIA Separations (Ljubljana, Slovenia);
the ProSwiftTM, DNASwiftTM, and IonSwiftTM columns from Dionex Corporation (Sunnyvale,
California); UNO columns from Bio-Rad Laboratories (Hercules, California); and Bio-Monolith
columns from Agilent Technologies, Inc. (Santa Clara, California). In addition, so-called cryogels
used as support materials for some ion exchangers (53) are available from Protista (Lund, Sweden).
The CIM discs and the Bio-Monolith, ProSwift, and DNASwift columns are based on a poly-
methacrylate matrix, whereas the UNO columns are based on polyacrylamide and the IonSwift
column is based on a styrene-DVB backbone.

Monolithic media have been used for IC of such diverse analytes as small ionic species
and biomacromolecules (Table 1). Although commercial monolithic columns are in use, many
published studies involve the preparation and use of widely available in-house or modified materi-
als. Apart from the recently introduced IonSwift, which is intended for the analysis of organic acids
and inorganic anions, all commercially available polymeric monoliths are made for separations
of larger biomacromolecules. As mentioned above, polymeric monoliths are more widely used
for the separation of large analytes, such as proteins, and their silica counterparts are more often
used for analysis of smaller ionic species. However, there are exceptions. For example, Ueki et al.
(49) prepared a methacrylate-based polymer monolith for use in the separation of cations such as
Na+, NH4

+, K+, Mg2+, and Ca2+, and Connolly & Paull (117) used a methacrylate-based polymer
monolith for the separation of small inorganic anions. Both support monoliths were poly(GMA-co-
EDMA) materials prepared by thermally initiated radical polymerization. The cation exchanger
was prepared by sulfonation via ring opening of surface epoxide groups using sodium sulfite
(49), whereas the anion exchanger was produced by a grafting approach in which [2(methacry-
loyloxy)ethyl] trimethylammonium chloride was photografted onto the monolith surface using
benzophenone as the initiator (117).

Monoliths for biological applications are common and include both cation and anion exchang-
ers. The use of latex-coated monolithic supports has been extended to oligonucleotides (118,
119). DNA was extracted from whole blood with an efficiency of 52% through the use of an
amino hybrid silica monolithic column in capillary format (120). In another recent example, a
SAX hybrid silica capillary monolith was prepared for the enrichment of phosphopeptides from
a tryptic digest of α- and β-casein prior to MALDI TOF MS analysis. (79). Elution using 5%
formic acid solution as the elution buffer ensured compatibility with the matrix and satisfied
other requirements of the MALDI TOF MS analysis. Although many in-house manufactured
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monoliths intended for protein separations are still tested using only standard proteins, numerous
more interesting applications have been presented. For example, four lipase isoforms were success-
fully separated on a poly (GMA-co-EDMA) monolith modified with 30 kDa polyethyleneimine
(121).

Commercially available monoliths can be used for other challenging applications. With the aim
of developing a fully automated system designed to screen the interaction of metallodrugs with
proteins in biological samples, investigators used two monolithic discs (CIM mini-DEAE discs) in
parallel in the second dimension, following a size-exclusion chromatographic (SEC) separation.
The sample consisted of fetal calf serum incubated ex vivo with cisplatin, from which isolation
of protein fractions was achieved in the SEC dimension. Elution from the anion exchangers was
achieved with a gradient of NaCl in 20 mM tris-HCl, and detection was performed via inductively
coupled plasma MS. The use of monolithic discs ensured that gradient elution was fast (3 min),
and the use of two parallel discs enabled the second disc to be loaded with the next fraction
of the size-exclusion column as gradient elution of the first fraction was performed on the first
disc (122). Because the interactions of interest were both covalent and noncovalent, separation
of proteins in their native state was essential and could be achieved by use of SEC × IC. In an
attempt to extend the use of polymeric monolith media, we used commercially available ProSwift
cation exchangers in combination with both salt and pH gradients for the characterization of
monoclonal antibodies. Although a complete baseline resolution of antibody charge-state variants
was not achieved, the results indicated that pH gradient elution may be a viable alternative for
the characterization of monoclonal antibody charge-state heterogeneity (123). In our most recent
work (124), we improved the resolution by extending the approach to other buffer systems. The
use of simpler and more MS-compatible buffers in the creation of pH gradients is also promising
(124). Monoliths have also proven useful for the separation and isolation of still larger analytes,
such as viruses. A Bio-Monolith QA (where QA refers to quaternary amine) column was used to
separate intact adenovirus type 5 from contaminating proteins and DNA (125).

8. CONCLUSIONS

A hybrid silica having anion-exchange functionality incorporated by grafting of functional
monomers onto a 3-methacrylamidopropyltriethoxysilane anchor group illustrates the impact of
surface chemistry on chromatographic performance (Figure 5a). The resulting chromatograms
reveal identical elution order for the four nucleotides but markedly different retention, resolution,
and peak shape. This difference was attributed to the functional monomers used; a cyclic diamine
yielded the monolith with the highest retentive powers (89).

The importance of surface chemistry, especially in the separation of analytes prone to secondary
interactions, such as proteins, is not limited to ion-exchange functionality. The elution profile for
four proteins in cation-exchange mode on polymeric GMA-co-EDMA monoliths photografted
with AMPS (Figure 5b) shows a difference in elution between a monolith grafted only with
AMPS and one grafted with PEGMA prior to AMPS in order to decrease column hydrophobicity
(57).

Monolithic media are distinctly different from particulate media in terms of porous structure
and in situ manufacturing and modification strategies. There are advantages and disadvantages of
both silica and polymeric monoliths, ranging from their preparation and characteristics to their
possible modification strategies. For example, the pH stability and mechanical strength of poly-
meric monoliths exceed those of silica monoliths. The combination of macro- and mesopores
in silica monoliths offers the advantage of increased accessible surface area compared with the
macro- and micropores of polymeric monoliths. Regarding the introduction of surface
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a  Grafted hybrid silica monolith

b  Grafted polymeric monolith
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Figure 5
Influence of surface chemistry on chromatographic performance for (a) a grafted hybrid silica monolith and (b) a grafted polymeric
monolith. Panel a reproduced from Reference 89. Panel b reproduced from Reference 57 with permission.

functionality, the number of possible strategies is large, and new strategies will be developed.
The introduction of functionality to a monolith during its preparation (copolymerization or the
preparation of hybrid silica) seems to be straightforward, but it has drawbacks arising from the
need to reoptimize the polymerization mixture and conditions. The basic support structure (porous
properties, mechanical strength, etc.) needs to be controlled carefully, or the material will lose
its usefulness. In both polymeric and silica monoliths, more work remains to be done in the
development of support materials.

To achieve polymeric monoliths with bimodal macro- and mesoporous structures similar to
those in silica monoliths, further invention and optimization are required. For silica monoliths, a
careful choice of hybrid silica components can significantly enhance the ease with which subsequent
modifications can be performed. In terms of the introduction of specific surface functionality, for
both silica and polymeric monoliths, postpreparation processes, such as grafting and coating,
allow for the independent optimization of (a) support monoliths, including porous properties, and
(b) surface functionality. This is a distinct advantage, given that the optimization of the preparation
of support monoliths can be tedious. It also allows for more straightforward comparisons between
materials on the basis of surface functionality alone.

The commercial availability of both silica- and polymer-based monoliths as ion-exchange
chromatographic stationary phases is a positive development that has contributed greatly to the
use of ion-exchange monoliths beyond research laboratories. Therefore, the range of applications
of these media can be expected to expand.
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SUMMARY POINTS

1. Ion-exchange chromatography is an important chromatographic mode whose appli-
cations range from analysis of inorganic anions and metal ions to the study of larger
molecules such as peptides, proteins, and viruses. Monolithic media formed from both
polymeric and silica materials are used in IC applications.

2. The surface functionalities necessary to allow for ion-exchange interactions can be intro-
duced into a monolithic material either during preparation or during a postpreparation
functionalization step.

3. Introduction of functionality during preparation is straightforward. In the case of poly-
meric monoliths, this approach relies on copolymerization of functional monomers,
whereas for silica-based materials, hybrid silica is prepared. The major disadvantage
of these methods is that reoptimization of preparation conditions is needed for every
new surface functionality, which can often be a tedious task.

4. The use of postpreparation functionalization has the advantage of allowing for opti-
mization of the characteristics of the support material, and optimization of the surface
functionality, to be performed independently.

5. The range of possible strategies for the introduction of ion-exchange functionality into
a specific material depends largely on the characteristics of that material, especially the
availability of anchor groups to be used as reaction sites.

6. Surface grafting or coating can significantly alter the surface characteristics of a monolith.
The use of living polymerization in the surface-functionalization step allows for control
of the extent of grafting, and UV-initiated polymerization allows for the selective posi-
tioning of grafting in a chromatographic column. The use of hybrid silica is a convenient
way to introduce anchor groups for subsequent grafting.

FUTURE ISSUES

1. In the development of monolithic media for IC applications, careful control of both
support and surface properties is important. For biological applications, biocompatibility
of the monolithic material continues to be a concern; therefore, we anticipate continued
development within this area.

2. Polymeric and silica-based monoliths are generally used for different-sized analytes. Fur-
ther development of the support monoliths might help bridge the gap between these two
types of materials.

3. Strategies used in postpreparation functionalization can be expected to be optimized and
extended beyond currently used approaches. The use of living polymerization has not
been fully exploited, and the continued development of latexes and other coatings should
allow for even more refined fine-tuning of surface functionality originating from the
same support monolith.
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19. Viklund C, Svec F, Fréchet JMJ, Irgum K. 1996. Monolithic, “molded”, porous materials with high flow
characteristics for separations, catalysis, or solid-phase chemistry: control of porous properties during
polymerization. Chem. Mater. 8:744–50
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