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Abstract 
 

In miniaturized liquid chromatography (LC) an online clean up system and/or pre-

concentration step, is essential to increase large loading capacity, loading speed could be used 

so the analysis is faster, and it is more robust (i.e. sample cleanup of salts and excess reagents. 

In this study the goal was to make efficient and robust reversed phase (RP) silica-based 

monolithic pre-columns with an inner diameter (ID) of ≤50 µm to be used in a switching 

system with an online pre-column.  

The silica skeleton was found to be the trickiest part to make in these columns, because they 

easily shrink and crack. Different procedures were investigated and a procedure was found to 

give the thinnest skeleton (0.4 µm) without shrinking/cracking. The solutions found to give 

the most homogenous skeleton was obtained with this procedure: Pre-treated and silanized 

fused silica capillaries were filled with a polymerization solution consisting of 4.5 mL 

tetramethoxysilane (TMOS), 1.06 g polyethylene glycol (PEG) (Mn = 10 000) and 10 mL 

aqueous acetic acid (0.01 M), which was allowed to react at 40 
o
C for 24 h. The capillary was 

subsequently filled with ammonium hydroxide (0.1 M) and allowed to react at 120 
o
C for 3h, 

before the skeleton was dried at 330 
o
C for 24 h. The reason for absence of shrinking/cracking 

was the final heating step at 330 
o
C.  

A “thiol-ene” click reaction was found to be an easy way to link the stationary phase (SP) to 

the skeleton. First vinylfunctionalization of the skeleton was carried out with 

vinyltrimethoxysilane (VTMS) followed by a click reaction with octanethiol, that gave a RP 

column with C8 as SP. Columns with plate height down to 70 µm were made, tested with a 

simple LC-UV system. One of the columns was successfully implemented in an LC-Mass 

Spectrometry (MS) system as a pre-column in combination with a 50 µm x 15 cm Accucore 

(2.6 µm) RP analytical column. A peak capacity of 79 was obtained, compared to a system 

with a commercial packed pre-column that gave a peak capacity of 47(measured at half peak 

height). Many procedures presented in papers were investigated and they are not good 

enough to reproduce a successful silica- based monolithic column.  
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1 Introduction  

Liquid chromatography (LC) that uses columns with high efficiency is often called high 

performance liquid chromatography or ultra-high performance, the latter using sub 3 µm 

particles. There are many different types of columns in LC both regarding stationary phase 

structure and ID [1]. The different types of columns classified according to their ID are shown 

in table 2. The conventional and narrow-bore columns are used with conventional LC 

instrumentation; while columns with 1 mm ID or less require more optimized equipment, with 

lower dead volumes in connections, etc. The different types of columns used are packed, 

monolithic and open tubular columns. Packed columns are by far most used. However, 

monolithic columns, especially in the narrow format are increasingly used. The monolithic 

columns made in this thesis have an inner diameter of 50 µm and are thus in the nano LC 

range. 

Table 2 Different types of columns in LC and their typical inner diameter, adapted from Saito et al 

[1]. 

Column Inner diameter (mm) 

Conventional LC 3-5 

Narrow-bore LC 2 

Micro LC 0.5-1 

Capillary LC 0.1-0.5 

Nano LC 0.01-0.1 

Open tubular LC 0.005-0.05 

 

In chromatography, the column separates the compounds in the sample because of their 

different retention on the stationary phase (SP), which is either the surface of the 

particles/monolith, or a compound bound chemically to the particles/monolith. The separation 

can be altered by either changing the mobile phase (MP) composition or type of SP. Common 

separation principles applied in LC is; RP chromatography, normal-phase chromatography, 

size-exclusion chromatography and ion exchange chromatography.  

Monolithic materials have been developed as an alternative to the classic particle packing 

materials for chromatographic separations in LC, especially in capillary liquid 

chromatography (cLC) and capillary electrochromatography (CEC) [2]. Compared to 
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traditional particle packed columns, they have larger permeability and faster mass transfer 

kinetics [2]. Monoliths can be prepared both in the conventional column size and the capillary 

format. In the capillary format, the monolith is chemically bound to the wall in the capillary 

and fills the whole capillary as a skeleton. In a packed column, particles are packed tightly in 

the column body, and they need a frit or a filter to maintain the particles in the column. Since 

monolithic capillary columns have the skeleton bound to the wall, they do not need frits. 

Practically, this means that monoliths can be made in long capillaries and then cut into 

smaller pieces because the skeleton is bound to the capillary wall [1]. The monolith has small-

sized skeletons and many throughpores, and this can simultaneously reduce the diffusion path 

length and flow resistance compared to that of a particle-packed column. The large 

throughpores/skeleton size ratio of the support structure, that is not possible in a packed 

column, can provide both high permeability (i.e. lower pressure) and high column efficiency 

in LC [3].  

In packed columns, silica particles are the most used, and figure 1a shows the structure of a 

silica-based surface to which RP C8 groups are bound. A silica-based monolithic column 

could in principle be made with similar chemistry. Figure 1b, shows an alternative binding 

surface of C8 groups to a silica surface with a thioether. The latter will be explored in this 

thesis.  

 

Figure 1 a) C8 bound to silica through silianization. b) C8 bound to silica through a thioether bond.  

  

(a) (b) 
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1.1 Miniaturization 

For limited samples, miniaturization of LC columns (i.e. downscaling of column ID) can be 

used to increase signals when used with a concentration sensitive detector (e.g. electrospray 

ionization (ESI)-MS), as a result of reduced chromatographic dilution [4]. For nano column 

LC, the ID is between 10 – 100 µm, and flow rates between 10-1000 nL/min. The enhanced 

sensitivity obtainable is illustrated in (figure 2). The dilution of the chromatographic band is 

proportional with the square of the column diameter [5].  

 

 

Figure 2 Chromatographic dilution process with a conventional and a narrow column. Figure 

optimized from Wilson et al [5]. 

 

Extra-column band broadening can be a problem in miniaturized LC. Because peak volumes 

are directly related to the square of the column diameter; the effect of various LC instrument 

band broadening sources becomes more obvious with smaller ID columns because of lower 

flow rates [6]. Dead volumes in connections and the injector and detector volume can reduce 

the efficiency. Another problem is that nano columns are not as robust as conventional LC 

columns, one of the problems is that they could more easily be clogged. There are also higher 

demands to the operator when using nano column LC compared to conventional LC, since 

making zero dead volume connections becomes more difficult as the dimensions become 

Radial 
dilution 

Reduced radial 
dilution 

Same axial 
dilution 

Diluted band enters 
detector = weaker signal 

More concentrated band 
enters detector = stronger 
signal 
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smaller. Another important factor for nano LC is the sample preparation, since the system is 

more fragile for clogging. The connecting tubing, which most often is fused silica capillaries 

for nano column LC, and the columns themselves more frequently become clogged by 

particles from the sample, from the MP or from fused silica parts that originals from 

crunching by fastening the connections too tight.  

The width of a chromatographic peak is affected by the band broadening in the column, 

tubing, injector and detector, as shown in equation 1. 

𝜎𝑡𝑜𝑡
2 = 𝜎𝑐𝑜𝑙

2 + 𝜎𝑡𝑢𝑏
2 + 𝜎𝑖𝑛𝑗

2 + 𝜎𝑑𝑒𝑡
2     Eq. (1) 

where σ
2

tot is the variance of the chromatographic peak, σ
2

col is the column variance column 

and σ
2

tub, σ
2
inj and σ

2
det are the contribution to band broadening from tubing, injector and 

detector, respectively [6].  

The pump delivering the mobile phase should give a constant and repeatable flow, and 

dedicated pumps for nano column LC are now commercially available, e.g. from Thermo and 

Waters. The injectors are typically 4 or 6 ports valve injectors with a loop; the 4 ports have an 

internal loop, while the 6 ports have an external loop. Both mass sensitive and concentration 

sensitive detectors are used in LC. The mass sensitives give a signal that is proportional with 

the amount of the analyte, and the peak area is independent of the flow rate. The 

concentration sensitive detectors give a signal that is proportional with the concentration of 

the analyte, and peak area is a function of the flow rate. One other difference between these 

two types is that the mass sensitive detectors are destructive, while the concentration sensitive 

detectors normally are not. Examples of concentration sensitive detectors are the UV-detector 

and fluorescence detector, and an example of a mass sensitive detector is the mass 

spectrometer (MS). However, when ESI is used, the MS is concentration sensitive (but is still 

a destructive detector). Today ESI-MS is the most common detector in nano column LC, 

because of giving high sensitivity and selectivity and possibly providing structure 

information.  

However, the less expensive UV detectors are also often used. The UV detector is also easy to 

operate, and can be used for gradient elution. The detector measures the UV-absorbance of 

analytes with a chromophore according to Beer-Lamberts law:  

  



5 

 

A=εbc        Eq. (2)  

where ε is the molar absorptivity, b is path length and c is the concentration of the analyte. A 

z-flow cell gives a longer path length, but also gives more band broadening due to larger 

detection volume, and a compromise between sensitivity and band broadening often has to be 

made. The instrumentation of a simple nano LC-UV system is shown in figure 3.  

 

Figure 3 Instrumentation of a simple nanoLC-UV system. 

1.2 Switching systems 

To obtain low concentration limits of detection, a large sample volume is needed. According 

to the down scale factor [5], the injection volume has to be reduced when the column ID is 

reduced to maintain chromatographic efficiency. However, by preparing the sample in a 

solvent which has lower elution strength than the mobile phase, a larger volume can be 

injected without contributing to band broadening. This can be done by direct injection on the 

column. However at the low flow rates used, injecting the sample takes long time. A better 

alternative is to use a pre-column in a column switching system. By using a short pre-column, 

a large volume can be injected at a higher flow rate. The instrumentation of a nanoLC-MS 

switching system is shown in figure 4.  

Another benefit with a column switching system is that the lifetime of the analytical column 

is increased. The downsides of column switching systems are that they are relatively 

complicated, and require an additional pump, and contain more connections that give more 

potential dead volumes, compared to a simple miniaturized LC system (figure 3).  

Pump 

Injector  
(4-port valve) 

Column 

Waste 

Waste 

UV detector 
computer 
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Figure 4 Instrumentation of a nano LC-MS switching system. 

A switching system can be automatic, operated by the pump software, or manual. A typical 

switching system set up is shown in figure 5. When the first valve (injector) is in loading 

position (figure 5 A), the loop can be filled with the sample. When valve 1 is switched to 

inject position, the mobile phase from the loading pump (pump 1) will push the sample to the 

pre-column, where the sample is focused (and concentrated) (figure 5 B). When the whole 

sample has been transferred to the pre-column, the second valve is switched and the mobile 

phase from pump 2 will either front flush or back flush the pre-column and transfer the 

sample to the analytical column (figure 5 C). In the figure back flushing is used. If the pre-

column is front flushed, band broadening can occur, when the sample goes through the pre-

column. The loading mobile phase (pump 1) delivers a non-eluting mobile phase and pump 2 

an eluting mobile phase. In an automated switching system the valves are programmed to 

switch after a certain time after injection, which is done by an auto sampler. 

Pump 1 

Injector 

Analytical column 

Waste MS detector computer Waste 

Pre-column 

Pump 2 
Loop 
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Figure 5 Schematic drawing of a switching system. A shows the loading position of both valves. B 

shows the injection position of valve 1, where the sample is transferred to the pre-column. C shows 

both valve in injection position where the second pump back flush the pre-column and transfer sample 

to the analytical column. 

 

The monolithic columns to be prepared in this thesis are to be used as pre-columns in such 

systems. 

  

Pre-column 

Pre-column 

Pre-column 
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1.3 Monolithic columns 

Monolithic columns are considered relatively easy to prepare, have good permeability, fast 

mass transfer and high efficiency compared with the traditional particle-packed columns. 

There are two main types of monolithic columns, the organic-polymer-based and the silica-

based. Mixtures of these two types, inorganic/organic monoliths, also exist. However, they 

are often called hybrids, and the word hybrid is used in many others different ways, e.g. for 

columns prepared with a mixture of tetramethoxysilane and methyltrimethoxysilane, therefore 

the word hybrid is not used in this thesis to avoid misunderstandings.  

Organic-polymer-based monoliths are commonly prepared in situ, i.e. inside the capillary, by 

heat- or photo-initiated free radical polymerization of suitable monomers and cross-linkers in 

the presence of porogens [7]. The organic monolithic columns can provide good pH stability 

and great flexibility to tune the chemical properties of monoliths by using a variety of 

functional monomers and crosslinkers [2]. Changing the porogenic solvents, as well as the 

polymerization temperature and time could also be done to change their porous and surface 

properties. However, the swelling in organic solvents and the deficiency in mechanical 

stability of organic monoliths result in shortening of lifetime and undesirable low retention 

reproducibility [7].  

Silica-based monoliths have high surface area, high mechanical stability, good solvent 

resistance and higher separation efficiency, but the surface functionalization of silica-based 

monolithic columns is labor-intensive and time-consuming compared to that of the organic 

monoliths [2, 7]. In this thesis, silica-based monoliths will be investigated.  

1.3.1 Characteristics of silica-based monoliths 

In the monolith there is a network of throughpores (also called macropores), the continuous 

porous solid around and between these throughpores is called the skeleton, figure 6. The 

average size of the skeleton is found to be in the range 0.3-5 µm [8]. The pores in the skeleton 

are called mesopores. The internal porosity of the skeleton is ca. 45-50 %. The mesopores are 

between 5 nm and 25 nm [8-10].  

The different properties of a monolith in the column format are controlled in different ways. 

The monolith permeability is controlled by the average size of the throughpores. The 
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monolithic efficiency is controlled by the average sizes of its throughpores and skeleton, by 

the structure of the mesopore network, and by the MP velocity. The monoliths retention 

ability is related to the specific surface area, the internal porosity and the pore size distribution 

of the skeleton and the SP attached [9]. The characteristics of a silica-based monolithic 

column are shown in figure 6. 

 

Figure 6 Scanning electron microscopy (SEM) pictures of a silica based monolithic column, showing 

the characteristics of the structure. The pictures are taken in-house with a high resolution SEM. 

 

When the MP flows through the column it will flow through the throughpores and mesopores 

because the monolith is chemically bounded to the capillary wall. The porous material is often 

characterized by the bimodal pore size distribution of the meso- and throughpores [9]. The 

average size of the throughpores controls the columns‘ permeability; hence the pressures at 

which the MP must be pumped into the column to maintain the desired flow rate [9]. The 

monolith must withstand the pressure applied to make the mobile phase pass through it and 

therefore there is a correlation between the total porosity of the monolith and its mechanical 

strength. 

Mesopores are as mentioned before found in the skeleton (figure 6), which are lumps of 

porous solid located between the channels made up by the throughpores. There is a 

correlation between the internal porosity and the specific surface area (that is the surface area 

of the skeleton included the surface area of the mesopores), of contact between the two phases 

of the chromatographic system, and hence retention of solutes [9].  

Through

Skel
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To have high efficiency, the column must have a small skeleton size, but the total volume 

occupied by the skeleton must be a significant fraction of the column volume, and the average 

size of the throughpores must be relatively large [9].  

When a silica skeleton is made, the preparation consists of hydrolyzing a silane or a mixture 

of silanes, e.g. tetramethoxysilane (TMOS) or methyltrimethxysilane (MTMS), in the 

presence of an inert compound (polyethylene glycol (PEG)) that is the porogen. This reaction 

is a polycondensation, which is exothermic. The product becomes insoluble and precipitates, 

and when the porogen is washed out (figure 7), throughpores appear. The ratio between the 

silanes and the porogen control the size of the skeleton and the throughpores. The mesopores 

are made with ammonia or urea [9].  

 

Figure 7 Simplified illustration of a cross section of a capillary, where the squares are the silanes (e.g. 

TMOS) and the circles are the porogen (e.g. PEG) that is inert.  

 

Throughpores 

When the concentration of the porogen is increased, the average size of the throughpores 

increases, until a limit that gives an empty column. The gel morphology can be controlled by 

adjusting the solvent composition, the porogen concentration and the temperature [9]. 

Separate particles are formed when high concentrations of porogen are used. If low 

concentration, no connections between the large pores will be formed, and the skeleton will 

be a large lump. The average size of throughpores has been estimated to be close to 1.7 µm 

while the external porosity was estimated to be 0.65, a value considerably larger than the 

external porosity of packed columns [9]. Tanaka et al reported that the throughpores were in 

the range 0.5-8 µm [8].  
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The mesopores 

The mesopores are obtained by a base corrosion method [11]. This is done by using the base 

resulting from the hydrolysis of urea at a temperature above 120 
o
C, or using aqueous 

ammonium hydroxide as the base. Urea is added in the initial mixture while aqueous 

ammonium hydroxide is filled in the capillary after the skeleton is made. Temperature and pH 

affects the median size of the mesopores. The size range of 5 and 25 nm average diameter can 

be obtained by using a concentration of 0.001 M to 1 M ammonium hydroxide with the 

temperature up to 120 
o
C [10, 11]. Mesopores could also be made by the molecular self-

assembly method, which result in a liquid-crystal phase with ordered arrangement (hexagonal, 

cubic, or laminar) [12]. The block polymer Pluronic F127 (figure 8) can be used as a 

mesoporous template [11].  

 

Figure 8 Structure of block polymer Pluronic F127 

1.3.2 Silica-based monolithic columns 

The silica-based monolith was invented by Tanaka and co-workers in the 1990s as silica rods 

[8]. The first silica-based capillary monolithic columns were developed by Nakanishi et al 

[13]. Their method was based on the hydrolysis and polycondensation of TMOS in the 

presence of PEG. Silica-based monolithic columns have also been made by another approach 

where a fused silica capillary is filled with a silica xerogel (the solid obtained when a gel is 

dried with evaporation of the liquid) from a potassium silicate solution, with subsequent 

modification of the surface by dimethyloctadecylchlorosilane. This is similar to the method of 

casting column end frits in fused silica tubing for packed capillary LC. This method was first 

described by Fields et al [14] in 1996. 

Silica based monolithic columns have also been made by packing fused silica capillaries with 

octadecylated 6 µm particles followed by a thermal treatment to form monolithic columns. 

The monolithic packing was subsequently reoctadecylated (reattached C18 groups to the 

monolith) in situ with dimethyloctadecylchlorosilane [15].  Silica particles have also been 
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incorporated into a sol-gel solution, which was filled into a fused silica capillary [16], with 

subsequent binding of SP. 

Tanaka et al adapted the original sol-gel method developed from the same group [13], but 

incorporated MTMS with TMOS in the silane mixture. This allowed in situ preparation of 

capillary monoliths with a diameter of up to 500 µm [17].  

Silica-based monolithic columns unique properties regarding low back pressure and high 

surface area make them the ideal candidates for miniaturized separation techniques. And since 

they do not swell or shrink in different solvents, they are useful in the whole domain of 

organic/aqueous mobile phases [8, 18]. Silica-based monoliths can in addition to the capillary 

format also be prepared in the conventional LC-format as rods, but not in the dimensions 

between these.  

Four steps are typically used to prepare a silica-based monolithic capillary column as shown 

in table 3. First the capillary has to be pretreated so the surface of the capillary could react 

with the silanization solution. In step 2 the silica skeleton is made. In step 3 vinyl groups are 

linked to the skeleton for subsequent binding of the SP by ene-thiol click reaction. 
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Table 3 Preparation steps of a silica monolithic column [18]. 

1.  

Pre-treatment 

Silanol generation 

 
2.  

Synthesis of 

silica skeleton 

The capillary is filled with the cold 

mixture of TMOS/MTMS and aqueous 

acetic acid with PEG and urea. The 

filled and blocked capillary is kept at 40 
o
C overnight for gelification and aging. 

Then, the temperature is raised slowly 

up to 120 
o
C and maintained at this 

temperature for 4 additional hours to 

form mesopores with the ammonia 

generated by hydrolysis of urea. A 

monolithic mass has been created and 

attached to the capillary wall, with large 

throughpores where the porogens are 

located. The concentration of reagents 

and porogens control the size 

distribution of these pores. 

 

3.  

Vinyl pre-

functionalizing 

Prior to surface modification by click 

chemistry, the silica monolith is 

prefunctionalized with 

vinyltrimethoxysilane (VTMS) to 

anchor vinyl groups onto the surface by 

covalent bonding. 
 

 

4.  

Ene-thiol click 

functionalization 

of monoliths 

The vinyl pre-functionalized silica 

support is filled with the grafting 

mixture containing the initiator and the 

functional reagent in tetrahydrofuran 

(THF). 
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Click chemistry 

Click chemistry is a term applied to chemical synthesis tailored to generate substances 

quickly and reliably by joining small units together [19]. 

Thiol-ene reactions are types of click chemistry and have attracted interest in preparation of 

monolithic columns since they possess several advantages such as simplicity, high efficiency 

and high selectivity [2]. They also have good compatibility with aqueous media [20]. The 

reaction mechanism is shown in table 3. This reaction results in covalent thiolether 

connections that are strong and stable and able to withstand rather harsh conditions [2, 20]. 

The thiol-ene reaction has been used to attach SP to the support in chromatography, including 

silica particle-packed columns and organic-based monoliths [18].   

The reaction is triggered either by an H-abstraction or by a free-radical reaction [18]. There 

are two different versions of the thiol-ene click reaction. In the thiol-ene version the silica is 

thiol functionalized and alkene monomers are in solution. In the ene-thiol alternative, the 

silica is vinyl functionalized and the thiol is in the solution, giving a monolayer-like 

functionalized surface [18]. In this thesis the ene-thiol version has been used and the steps are 

shown in table 3. The reason for using the ene-thiol reaction is that in the thiol-ene reaction, 

the vinyl monomers may polymerize in the solution and may further react with the thiol 

functions of the monolith, leading to loss of permeability. This could be avoided with the ene-

thiol reaction [18]. 
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Shrinkage of the silica skeleton 

When the silica skeleton is formed, the skeleton can shrink and this lead to cracks in the 

structure or detachment from the capillary wall (figure 9). This could happen when the 

TMOS and MTMS start the silanization and react with the reaction in figure 9 [21]: 

 

Figure 9 Reaction between silanes. 

The reaction could pull the silica skeleton together, as shown in figure 10, and therefore the 

skeleton will shrink and can detach from capillary wall or crack in the middle. This process 

will continue to cause a net contraction as long as the skeleton remains flexible [21].

 

Figure 10 (A) Two –OH groups combine and drag the silica skeleton closer together. The figure is 

reproduced after Brinker [21]. SEM pictures (B) of skeletons that 1) filled the whole capillary, 2) 

shrunk and detach from the wall and 3) cracked (this thesis).  

+ + 

OH HO O 

 

O 

A 

B 

1 2 3 

1 2 3 
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Application of silica-based monolithic columns in LC 

As silica-based monolithic columns have high permeability, they are especially suitable for 

fast analysis, e.g. for drug and metabolite determination. The analyses are usually carried out 

with a MS as the detector, which is sensitive and selective. The major advantage of using 

silica based monolithic columns compared to particle-packed columns, is the possible 

decrease in analysis time due to higher flow-rate. It is also claimed that monolithic columns 

provide better repeatability and reproducibility compared to packed columns [22]. Monolithic 

silica columns have also been applied in environmental and food analyses, where they showed 

a good reproducibility and extremely low detection limits [22]. Monolithic silica columns 

have also been introduced in the field of chiral separation, in three different approaches. The 

first one involves the addition of chiral selectors to the mobile phase. The second approach 

uses chiral selectors chemically bonded by an in situ derivatization of monolithic silica 

columns with chiral silanes. Finally, the third approach consists in activation of pore surface 

in monolithic silica columns with amino-, thiol-, or epoxide functionalities onto which the 

chiral selectors is absorbed or chemically bound. Since the permeability of chiral monolithic 

columns is similar to that of the packed chiral columns normally used, fast separations of 

enantiomers can be obtained [22]. The silica-based monolithic columns are also used in 

proteomics. They can also be used in two dimensional LC for separation of complex mixtures. 

1.3.3 Inorganic/organic monoliths 

Inorganic/organic monolithic columns are combination of organic- and silica-polymers [2], 

and get the advantages from both of them such as high surface area, excellent mechanical 

strength and thermal stability [7]. They also have wide pH range tolerance, high permeability, 

high column efficiency and better resistance to organic solvents than pure organic ones [7, 

20]. 

The first inorganic/organic monoliths were made in an one-pot approach, where the organic 

functional monomers were directly incorporated into the inorganic silanes, and then 

polycondensation and polymerization were carried out by stepwise reaction temperature. The 

morphology and permeability of the obtained monoliths can be easily adjusted by changing 

organic monomer content and polycondensation temperature [2].  
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One such one-pot approach to make a monolithic column was performed by first hydrolyzing 

alkoxysilanes (TMOS) in an aqueous mixture of acetic acid, PEG (Mn = 10 000) and urea on 

ice bath until forming a homogeneous solution, which was subsequently mixed with organic 

monomer (γ-methacryloxypropyltrimethoxysilane) and initiator (azobisiobutyronitrile) [2]. 

The resulting mixture was introduced into the capillary to form an inorganic/organic 

monolithic column at a given temperature. This method has also been investigated in this 

study (see appendix). 

1.4 Scanning electron microscopy  

Scanning electron microscopy (SEM) can be used to take high resolution pictures of the 

monoliths. The microscope operates by an electron beam that scans over the surface. The 

pictures are made by the reflected electrons. This is different to that of an optical microscope 

that uses a beam of light. In an optical microscope the resolution is limited by the wavelength 

of the light. The high-energy electrons could be compared with a much shorter wavelength 

than light [23-25]. The difference between a transmission electron microscope (TEM) and a 

scanning electron microscope is that in SEM a focused electron beam is scanning the surface 

area of a specimen, while in TEM the image is made by instantaneous illumination of the 

whole field [25]. The SEM gives a three-dimensional appearance of the image because of the 

large depth of field.  

In this study an environmental SEM (ESEM) is used. This is a special type of SEM system 

that allows the specimens to be examined under gaseous environments, or under low vacuum. 

In an ESEM is that the specimen chamber in low vacuum is separated from the main high-

vacuum chamber in a SEM system. The ESEM uses a short working distance to limit the 

scattering of the primary electron beam in the specimen chamber [25]. 

1.1 Mass spectrometric detection 

LC-MS systems are becoming more and more common because of their increased robustness 

and increased automation and performance. Compounds can be determined by MS if they can 

be ionized and transferred into gas phase. LC systems operate with liquid and high pressure, 

while MS operates with gas and vacuum. To get the liquid from the LC system to the gas 

phase in the MS, an interface is needed. The most used interfaces are the ESI, atmospheric 
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pressure chemical ionization and atmospheric pressure photoionization. The nature of the 

compounds determines which interface to be used, e.g. the polarity and the size of the 

compound [26]. In this study an ESI was used.  

ESI is used for compounds with polar groups and operates at atmospheric pressure (figure 

11). The actual ionization of the compounds can happen in the MP with pH adjustment or in 

the ion source. Ions are detected in either positive or negative mode. The ESI is used at low 

flow rate (<50 µL/min) and a nebulizer gas is added to aid solvent evaporation. The term 

nanospray is used when the flow is in nL/min, and in this case no nebulizer gas is used to aid 

the solvent evaporation.  

 

Figure 11 Schematic representation of the nanospray source. The figure is adapted from Lundanes et 

al [26] 

 

The ionized analytes passes then through a series of lenses and skimmers, which focus the ion 

beam. The pressure drops after each lens, and gradually becomes vacuum. There are several 

types of mass analyzers. In this study an Orbitrap MS was used. In an Orbitrap MS the ions 

oscillate around a spindle electrode with an electrostatic attraction in balance with centrifugal 

force. The oscillation causes image current which can be measured and the frequency 

correlates to m/z. The lower the frequency measured, the higher the m/z value.  
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1.2 Aim of study 

Silica-based capillary monolithic columns are commercially available in 100 µm ID format, 

however smaller ID columns, which are needed in combination with e.g. 10 µm ID polymer 

layer open tubular columns, cannot be purchased. Very few papers on preparation of 50 µm 

ID silica-based RP columns were published at the onset of this study [27-29]. Thus, the aim of 

the study was to develop efficient and robust 50 µm ID silica-based monolithic RP columns to 

be used as pre-columns in a nanoLC-MS switching system. 

  



20 

 

 



21 

 

2 Experimental 

2.1 Chemicals and materials 

TMOS, MTMS, VTMS, PEG (Mn = 10 000), urea, acetic acid, THF, lauroyl peroxide (LP), 

formic acid (FA), luteinizing hormone-releasing hormone human acetate salt (LH-RH) (≥98 

%), trifluoracetic acid (TFA), ethylbenzene, propylbenzene, block polymer Pluronic F127, 

caffeine and 1-octanethiol were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Triethylamine and sodium hydroxide pellets (99 %) (NaOH) were purchased from Merck 

(Darmstadt, Germany). LC-MS grade Acetonitrile (ACN) and HPLC grade methanol were 

purchased from VWR (Radnor, PA, USA). Polymide-coated fused-silica capillaries (50 µm 

and 75 µm ID) were purchased from Polymicro Technologies (Phoenix, AZ, USA). Type 1 

water came from a Milli-Q ultrapure water purification system connected to a Q-POD® 

element with a Millipak® express 40 filter (0.22 µm), from Millipore (Bedford, MA, USA). 

Toluene was purchased from Rathburn Chemicals (Walkerburn, UK) and uracil was 

purchased from EMD Millipore (Billerica, MA, USA). Nitrogen gas (99.99 %) was obtained 

from AGA (Oslo, Norway).  

2.2 Preparation of monolithic silica columns 

Pre-treatment  

A fused-silica capillary (3 m in length) was filled with 1 M aqueous sodium hydroxide 

solution and kept at 40 
o
C for 3 h. After that the capillary was washed with water and 

acetonitrile, and then dried with N2 gas according to the procedure by Hara et al [30].  

Skeleton formation 

The skeleton was made after two main procedures, where procedure I is shown in table 4, 

modified after Zou et al [29]. Procedure II where a modifications of the procedure by 

Motokawa et al [28]: A mixture of PEG (2.52 g), urea (4.05 g) and 0.01 M acetic acid (40 

mL) (hereafter referred to as por.1) was prepared and stored at 4 
o
C. Two mixtures of TMOS 

and MTMS, 90/10 ratio (hereafter referred to as sil.1) and 85/15 ratio (hereafter referred to as 

sil.2) respectively, were prepared and also stored at 4 
o
C. 1 mL of por.1 and 0.5 mL sil.1 were 
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mixed and stirred at 4 
o
C for 30 min, then heated in an ultrasonic bath from ATU ultrasonidos 

(Valencia, Spain) at 40 
o
C for 10 min. The mixture was then filled into a pre-treated fused-

silica capillary by a pressure bomb and nitrogen gas as shown in figure 12, and heated in an 

oven from Polaratherm (Salt Lake City, UT, USA) or an oven from Shimadzu (Kyoto, Japan) 

at 40 
o
C overnight before the temperature was slowly raised to 120 

o
C (0.1 

o
C/min) and kept 

at 120 
o
C for additional 4 h. The monolith was then cooled to room temperature and 

subsequently flushed with methanol for 30 min with a pressure bomb.  

  

Figure 12 Pressure-bomb that was used to fill and rinse columns and capillaries. Disposable vials 

(11.6 mm outer diameter) were used for the solutions.  

Vinyl pre-functionalizing 

The next step was the same for all columns and was according to Laaniste et al [18]. Addition 

of vinyl groups to the silica skeleton was done at 80 
o
C for 6 h after filling the monolith with a 

mixture of VTMS (5 %, v/v), trimethylamine (2.5 %, v/v) and methanol/water (95/5, v/v). 

The monolith was flushed with methanol for 30 min with the pressure bomb. 

Stationary phase functionalization 

The ene-thiol reaction was carried out according to Laaniste et al [2] using LP as thermal 

initiator instead of UV initiator. A solution of 1-octanethiol (0.19 to 1.19 M), initiator (LP 25 

mg) and THF as solvent was filled into the column and heated to 73 
o
C for 16 h. The monolith 

was subsequently washed with THF and dried with N2 gas.   

Vial with 
reagent 

Capillary 
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Table 4 Description of pre-treatment, procedure I, vinyl pre-functionalization and SP 

functionalization. Temperature in the lab was 22 
o
C ± 1 

o
C. 

Pre-treatment 

[30] 

Capillary (3-4 m, 50 µm ID) was filled with 1 M NaOH and the ends were sealed 

with a septum. The capillary was then put in the oven at 40 
o
C ± 1 

o
C  for 3 h ± 15 

min 

Washed with water 30 min ± 5 min 

Washed with ACN 15 min ± 5 min 

Dried with N2 30 min ± 5 min 

Synthesis of 

silica skeleton, 

procedure I 

[29] 

 

4.5 mL ± 0.1 mL TMOS  

1.06 g ± 0.01 g PEG (Mn = 10 000) 

10 mL ± 0.1 mL acetic acid (0.1 M) 

was prepared in a glass vial 

Solution was stirred with magnetic stirrer at 4 
o
C ± 1 

o
C  for 45 min ± 5 min (in 

fridge)  

The pre-treated capillary (25 or 50 cm long) was then filled with the solution and 

the ends were sealed with septum. Then it were put in the oven at 40 
o
C ± 1 

o
C  for 

24 h ± 15 min.  

The capillary was then filled with a 0.01 M ammonium hydroxide solution and the 

ends were sealed with septa. Then it was put in the oven at 120 
o
C ± 1 

o
C  for 3 h ± 

15 min. 

The septa were taken off the capillary and it was dried in the oven at 330 
o
C ± 1 

o
C 

for 24 h ± 15 min. 

Vinyl pre-

functionalizing 

[18] 

0.25 mL ± 0.01 mL VTMS (5 %, v/v) 

0.125 mL ± 0.001 mL triethylamine (2.5 %, v/v) 

5.625 mL ± 0.001 mL MeOH/water (95/5 %, v/v) 

was prepared in a glass vial 

The solution was filled in capillary containing skeleton. The ends were sealed with 

septa and it was put in the oven at 80 
o
C ± 1 

o
C for 6 h ± 15 min. 

Washed with MeOH 

Ene-thiol click 

functionalization 

of monoliths 

[18] 

5 mL ± 0.1 mL THF 

25 mg ± 1 mg LP 

1 mL ± 0.01 mL 1-octanethiol 

was prepared in a glass vial 

The capillary was filled and the ends sealed. It was put in the oven at 73 
o
C ± 1 

o
C 

for 16 h ± 1 h. 

Washed with THF 

Dried with N2 

 

2.1 Column characterization methods 

The plate height (H) was calculated with the equation  

H = L/N        Eq. (3) 

where L is the length of the column and N is the plate number that was calculated from  

N = 5.54 ∙ (tR/w0.5)
2
        Eq. (4) 
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where tR is the retention time of toluene and w0.5 the peak width at half peak height. 

The retention factor k was calculated from  

k = (tR – tM)/tM       Eq. (5) 

were tM is the migration time for uracil a compound which elutes through the column with no 

interaction with the SP.  

Peak capacity (PC) is a measure of the number of compounds that can be theoretically 

resolved in a column. The peak capacity is defined as 

𝑃𝐶 =  
𝑡𝑧−𝑡𝑎

𝑤𝑎𝑣0.5
         Eq. (6) 

Were tz is the retention time of the last eluting peak, and ta is the retention time of the first 

eluting peak. Wav0.5 is the average peak width at half the peak height [26].  

2.1.1  LC-UV  

An LC-UV system (figure 3) was used to measure and calculate the efficiency of the nano-

columns. The LC pump was either an Agilent 1100 or an Agilent 1200 series (Santa Clara, 

CA, USA). The MP was mixed from reservoirs, A and B; where A contained water and 0.1 % 

(v/v) FA and B contained ACN and 0.1 % FA. The injector was a Cheminert 4 port injector 

with a 50 nL loop from Vici Valco (Houston, TX, USA). The column was directly connected 

to the injector and connected via a 1/16” (0.25 mm bore) Valco union to the UV detector 

which had a 16 cm long (1.32 µL) capillary to the flowcell which was 8 mm x 100 µm ID (63 

nL). The UV detector was a Knauer K-2600 WellChrom. After the detector there was a 17 cm 

long (100 µm ID) capillary that was connected with a Valco union to a 9 cm long ≤100 µm ID 

capillary, acting as restrictor. A Perkin Elmer Nelson 900 series interface was used to convert 

the signals from the UV detector to the computer. TotalChrom software from Perkin Elmer 

instruments was used. A 25 µL syringe from SGE was used to inject the standard solution for 

column testing. The standard solution I consisted of 10 µg/mL uracil and 2.5 % (v/v) toluene, 

II contained 10 µg/mL uracil, 2.5 % (v/v) toluene, 2.5 µL/mL ethylbenzene and 2.5 µL/mL 

propylbenzene,  
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2.1.2 SEM 

Pictures were taken with a Scanning Electron Microscope (SEM, FEI Quanta 200 FEG-

ESEM, Hillsboro, OR, USA) under low-vacuum. A high resolution SEM, SU8200 from 

HITACHI, was used once. When pictures were taken, 1 cm of the capillary was cut off and 

attached with a carbon tape to the stage in the vacuum chamber. Prior to SEM pictures, the 

capillaries were checked for monolithic formation by a microscope from Motic (W10x/20, 

Hong Kong, China) 

2.1.3  LC-MS/MS  

This test was performed by Kristina E. Sæterdal [31]. An EASY nanoLC 1000 pump from 

Thermo was used in the LC-MS/MS system. 0.3 mL plastic snap ring vials with belonging 

snap ring caps, used in the auto injector, were from VWR. The fused silica capillary with 20 

µm ID was from Polymicro Technologies. The commercial pre-column used was a Acclaim 

PepMap
TM

 100 (75 µm x 2 cm, NanoViper, C18, 3 µm particle size, and 100 Å pore size) 

from Thermo, The silica-based monolithic column was column S92, 5 cm x 50 µm, C8. The 

analytical in-house packed column used was a 50 µm ID x 150 mm fused silica packed with 

2.6 µm Accucore particles (80 Å pore size) from Thermo prepared by Henriette Sjånes Berg 

[32].. The LC-column was coupled to a Q Exactive™ Hybrid Quadrupole-Orbitrap mMS 

(Thermo), equipped with a nanospray ion source, through a stainless steel nanobore emitter 

(ES542) 20 µm ID, both from Thermo. Both data processing programs, Proteome Discoverer 

(v1.4) and Xcalibur (v2.1) were from Thermo. 

1 µL of sample which consisted of tryptic digest of human serum albumin (HSA) or 

CYP27A1, was injected using the auto sampler implemented in the nano LC pump. The MP 

consisted of A: water + 0.1 % FA, and B: ACN + 0.1 % FA. The solvent gradient started at 3 

% MP B and was increased to 36 % MP B during 30 minutes, followed by increase to 95 % 

during 10 min and held at that percentage for 15 minutes. 

A voltage of 1.8 kV was applied to the nano emitter. All experiments were performed in 

positive mode. Both full-MS with data dependent MSMS (ddMSMS) and targeted MSMS 

(tMSMS) were used. In full MS, resolution was set to 70,000, with automatic gain control 

(AGC) at 1 000 000, a maximum injection time of 120 ms and a scan range from m/z 350 to 

1850. When turning to ddMSMS the resolution was lowered to 35,000, AGC target to 1e5 and 
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injection time to 60 ms. The normalized collision energy  was 30 eV, charges at 1 or >7 were 

excluded, and dynamic exclusion was set to 40 s. When targeted MS was used, the m/z of the 

three signature peptides was implemented in an inclusion list, with an m/z isolation window of 

+/- 4. No retention time was set, but injection time was set to 500 ms. Resolution was 35,000, 

AGC 100 000 and NCE 35 eV.  
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3 Results and discussion 

The aim of this study was to make efficient and robust silica-based monolithic pre-columns 

with inner diameter 50 µm suitable for incorporation in a nano LC-MS system. Previous 

attempts to make such columns in our group have shown that making such columns according 

to procedures in the literature was unsuccessful. To make silica-based monolithic columns the 

first thing that has to be made is the skeleton and the main problem has been to get a 

homogenous skeleton that fills the whole capillary without cracking [9, 21]. The next step is 

to make the anchor places for the SP; this can be done with vinyl functionalization. Then an 

ene-thiol click reaction can be performed to anchor a C8-thiol to the vinyl groups on the 

skeleton. The different steps are presented in figure 13. Various procedures for making the 

skeleton have been investigated in this study, however the procedure of  Laaniste et al [18] 

was used as a starting point.  

3.1 Preparing the silica skeleton 

The traits of the silica skeleton (i.e. size of skeleton, pore sizes and surface area) have to be 

optimized to obtain high-performance pre-columns. A literature search showed that various 

composition of the polymerization solution and temperatures had been used (see table 5). 

Heat treatment at 330 
o
C was only included in the procedure of Zou et al [29] and Motokawa 

et al [28]. The columns made by Laaniste et al and Guo et al [11, 18] were made in the 75 µm 

ID format. As a starting point, the procedure by Laaniste et al [18] was chosen because this 

was the most recent study on capillary monolithic column preparation, although in the 75 µm 

ID format.  
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Figure 13 The different steps investigated in this study and the reactions [11, 18, 27-30]. 
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functionalization 

Vinyl 
functionalization 

Ene-thiol click 
reaction (C8) 
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Table 5 Procedures investigated for making a silica skeleton.  

µm ID 100 µm 75 µm 50 µm 

Reference Hara et al [33] Laaniste et al 

[18] 

Guo et al [11] Motokawa 

et al [28] 

Motokawa et 

al [28] 

Silva et al [27] Silva et al 

[27] 

Zou et al [29] 

Silanization 

components  

TMOS 40 mL 15.3 mL 5.0 mL 40 mL 9 mL  

(unknown  % 

MTMS) 

  4.5 mL 

MTMS  

(% MTMS) 

 2.7 mL (15 %)  (0 %)  1.7 mg  

TEOS      Approximately 

500 mg 

5.0 mg  

Porogen 

components 

PEG 12.4 g 1.9 g 50 % 0.575 g 12.6 g 1.05 g 200 mg 1.3 mg 1.06 g 

F127   50 % 0.575 g      

Urea 9.0 g 4.05 g  9.0 g 2.03 g 200 mg   

Acetic acid 

(0.01M) 

100 mL 40 mL 10 mL 100 mL 20 mL 10 mL  10 mL 

Water       Unknown 

amount 

 

Ammonium 

hydroxide  

(0.1 M) 

      200 µL Filled 

capillary 

(0.01M) 

Solution preparation:  

temperature / time 

0 
o
C / 30 min 

 

0 
o
C / 30 min 

40 
o
C / 10 min 

0 
o
C /  30 min 

 

0 
o
C / 45 

min 

0 
o
C / 45 min 30 min stirring 

without TEOS. 

30 min stirring 

with TEOS 

Mixed in a 

vortex mixer 

before 

ammonium 

hydroxide 

was added 

0 
o
C / 45 min 

Oven:  

temperature / time 

30 
o
C / 

overnight 

120 
o
C / 3 h 

Heat treatment 

330 
o
C / 25 h 

40 
o
C / 

overnight 

Raised slowly  

120 
o
C / 4 h 

40 
o
C / 24 h 

120 
o
C / 1 h 

Cooled to 

room temp. 

30 
o
C / 

overnight 

120 
o
C / 3 

h 

Heat 

treatment 

330 
o
C / 25 

h 

40 
o
C / 

overnight 

120 
o
C / 3 h 

Heat treatment 

330 
o
C / 25 h 

100 
o
C / 1 h 

120 
0
C / 24 h 

40 
o
C / 2 h 

Dried at 120 
o
C overnight 

40 
o
C / 24 h 

Capillary is 

filled with 

ammonium 

hydroxide 

solution  

120 
o
C / 3 h 

Dried at 330 
o
C / 24 h 
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Various attempts to make silica skeleton with different amounts of TMOS, MTMS, PEG, urea 

and acetic acid were made to obtain a homogenous skeleton in 50 µm ID capillaries. The 

compositions are shown in table 6 together with SEM pictures of the resulting skeleton. 

These skeletons were made according to Laaniste et al and Hara et al [18, 33], but with some 

modifications. As shown in table 6 a skeleton made according to Laaniste et al [18], was the 

only skeleton that had good homogeneity, but only when it was made in the 75 µm ID format 

(S14), as was the ID that Laaniste et al used, showing that when the ID is downscaled, the 

skeleton is no longer homogenous and filling the whole capillary when using the same 

composition of chemicals.  

Therefore the amount of the various chemicals was varied to see the effect on the silica 

skeleton. When the amount of PEG, urea and acetic acid was halved, while keeping the 

TMOS amount the same, no skeleton was formed (column S16). When the amount of TMOS 

was increased to 30 %, the skeleton did not fill the whole capillary (S17 and S18). Decreasing 

the amount of acetic acid and water from 40 mL to 30 mL did not give a better skeleton 

(S11); the capillary was not homogeneously filled. The skeleton made according to Hara et al 

[33] with only TMOS and not MTMS (S13), had a small skeleton size, but the column had a 

small hole in the middle. None of the procedures resulted in a homogenous skeleton; thus 

other skeleton procedures had to be pursued. 

In the following the attempts to make columns/skeletons in 50 µm ID capillaries are 

presented. The procedures by Laaniste et al [18] were used as starting point and 

polymerization solution composition and temperatures used were investigated. 
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Table 6 Silica skeleton made with the composition that is shown in the diagram where the amount is 

shown in grams.  SEM pictures are included. The inner diameter was 50 µm except S14 that had 75 

µm inner diameters (the lengths were 50 cm).  There was used 0.1 M acetic acid. 

Composition of the chemicals used: SEM pictures: 

Original amount of chemicals. Ref 

[18] 
S14 S15 

 
  

Half the amount of PEG, urea and 

acetic acid. Ref [18] 
S16 

 
 

30 % TMOS Ref [18] S18 S17 

 
  

30 mL acetic acid(aq) instead of 40 

mL. Ref [18] 
S11 

 
 

Made only with TMOS. Ref [33] S13 
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3.1.1  Silica monolithic columns according to Laaniste et al. 

Since successful skeleton could be made in 75 µm ID capillaries according to Laaniste et al [18], their 

procedure (table 7) was modified in attempts to make successful skeleton/column in 50 µm ID 

capillaries.  

Table 7 The procedure by Laaniste et al [18] 

µm ID 75 µm 

Silanization components  TMOS 15.3 mL 

MTMS (% MTMS) 2.7 mL (15 %) 

Porogen components PEG 1.9 g 

Urea 4.05 g 

Acetic acid (0.01 M) 40 mL 

Solution preparation:  

temperature / time 

0 
o
C / 30 min 

40 
o
C / 10 min 

Oven:  

temperature / time 

40 
o
C / overnight 

Raised slowly  

120 
o
C / 4 h 

 

Silanized capillaries were filled with PEG, urea, acetic acid and TMOS+MTMS as shown in 

table 8. Subsequent vinyl functionalization was made with VTMS to anchor the thiol groups 

with the SP in the next step. In the last step, heat was used instead of UV-crosslinker. The 

column efficiency was tested by the simple LC-UV testing system. The plate heights are 

shown in figure 14. SEM pictures of three of the columns are shown in figure 15. The lowest 

plate height, 124 µm, was achieved for column S3, which had a somewhat higher amount of 

TMOS in the polymerization solution. The S2 column had a larger plate height then the rest 

of the columns, the reason for this are unknown. The columns made with higher TMOS 

concentration and lower PEG concentrations were quite similar to the others with respect to 

plate height and back pressure. 

According to the SEM pictures, the skeleton size was approximately 2.7 µm that is a rather 

thick skeleton. The skeleton size in silica-based monoliths is reported to be around 0.3-5 µm 

[8] so the procedure to Laaniste et al gave a skeleton inside this range. However a smaller 

skeleton size is wanted for higher efficiency [34] because the monolith gets a larger surface 

area with a smaller skeleton. The back pressure of the columns was low; all were below 40 

bar for 50 cm length. This is consistent with that the monolithic columns should have a low 

back pressure.  
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Table 8 Composition of the polymerization solution used to make the silica skeleton. 

PEG urea 0.01 M acetic acid TMOS+MTMOS (85+15,V+V) 

1.9 g 4.05 g 40 mL 18 mL 

 

 

Figure 14 The plate height of the 50 µm ID columns made according to Laaniste et al [18]. The 

pressure (in bar) for the tested 50 cm columns and retention factor of toluene are also included. Four 

columns were made according to Laaniste et al [18], as described in experimental. S3 was made with a 

larger amount of TMOS, and S5 were made with a smaller amount of PEG. The composition of the 

chemicals used in the skeleton formation step is shown in Appendix table 25. 

 

 

Figure 15 SEM pictures of 50 µm ID column S1, S3 and S5. 
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Since the skeleton size was rather large, a procedure for making skeleton of smaller size was 

pursued. To save some time in the search, the skeleton formation was only investigated since 

the SP attachment procedure seemed to work well. 

3.1.2 Skeletons made according to the procedure of Motokawa et al. 

In the study by Motokawa et al a 50 µm ID silica-based skeleton was made as shown in table 

9. Two procedures were used in their study, one with only TMOS and one with a 

TMOS/MTMS mixture. The TMOS/MTMS mixture was used to prevent shrinking in 100 and 

200 µm ID capillaries. However in the 50 µm ID capillaries the best efficiency was achieved 

with only TMOS [28]. Table 10 shows the composition of the porogen and silanization 

solutions used when attempting to make skeletons according to Motokawa et al [28]. 

Table 9 Procedures by Motokawa et al [28] 

µm ID 50 µm 

 Procedure I Procedure II 

Silanization 

components  

TMOS 40 mL 9 mL  

(unknown  % MTMS) 

MTMS (% MTMS) (0 %)  

Porogen 

components 

PEG 12.6 g 1.05 g 

Urea 9.0 g 2.03 g 

Acetic acid (0.01 M) 100 mL 20 mL 

Solution preparation:  

temperature / time 

0 
o
C / 45 min 0 

o
C / 45 min 

Oven:  

temperature / time 

30 
o
C / overnight 

120 
o
C / 3 h 

Heat treatment 330 
o
C / 25 h 

30 
o
C / overnight 

120 
o
C / 3 h 

Heat treatment 330 
o
C / 25 h 

 

Table 10 Porogen solution and silanization solutions used in the present study (after procedure II in 

table 9). 

POR 1 2.52 g PEG, 4.05 g urea and 40 mL 0.1 M acetic acid 

SIL 1 TMOS + MTMS (90+10, V+V) 

SIL 2 TMOS + MTMS (85+15, V+V) 

 

The resulting skeletons were investigated by SEM after they had been made in the oven at 40 

o
C overnight. The heating step to 120 

o
C was not included because at this step urea will 

hydrolyze and generate ammonia that forms the mesopores in the monolith and therefore not 

important for the main structure of the skeleton. The SEM pictures are shown in table 11. 
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With the sil.1 solution (90/10 %), capillary S24 that was made with 1 mL POR 1 and 0.4 mL 

SIL 1 was the only capillary that had a homogenously filled skeleton. S38 was made with the 

same amount of SIL 1, but this skeleton did shrink. Capillary S21 (with 0.5 mL sil.1) also had 

an apparently shrunken skeleton; hence shrinking is a problem with preparing silica skeleton. 

According to Motokawa et al [28] MTMS is used to prevent shrinking [28, 33]; therefore a 

solution with higher amount of MTMS should have been tested to see if shrinking can be 

avoided. That less amount of SIL 1 was needed compared to what Hara et al used [33], could 

be because a smaller inner diameter is used (Hara et al used 100 µm). With the SIL 2 solution, 

0.7 mL of SIL 2 gave the only homogenous skeleton in the first batch. In a second batch, 

capillaries S32 and S34 gave a homogenous skeleton without shrinking. They were made with 

0.3 and 0.5 mL SIL 2, respectively. Apparently it is a trend that smaller amounts of the 

silanisation solutions gave a homogenous skeleton, but it was not very repeatable.  

  



36 

 

Table 11 Mixtures tested for the making of the silica skeleton. For composition of POR 1, 

SIL1 and SIL 2 se table 10. SEM pictures of the silica skeleton in the capillaries are included. 

The skeleton was made in 30 cm long capillaries with 50 µm ID (x – not made). Pictures were 

taken at the part of the capillary. 

POR1+ SIL (mL) SIL1 (90:10 %) SIL2 (85:15 %) 

1+0.3 

S22 S37 S27 S32 

    

1+0.4 

S24 S38 S28 S33 

    

1+0.5 

S21 S39 S29 S34 

    

1+0.6 

S25 Not made S30 S35 

 

X 
  

1+0.7 

S23 S41 S31 S36 
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In table 12 the SEM pictures of the silica skeleton made according to Motokawa et al, are 

shown. All the capillaries had a problem with cracking and shrinking of the skeleton and none 

was suitable to be used as skeleton for preparing columns. The same procedure was also 

tested with MTMS in the solution to see if that could prevent the shrinkage. The SEM 

pictures of the capillaries made with 0, 5, 10 and 15 % MTMS are shown in table 13. The 

SEM pictures did not reveal any improvement in the skeleton structure compared to that made 

without MTMS. The skeleton still shrunk during polymerization and the throughpores were 

very small.  

Table 12 SEM pictures of skeletons made according to Motokawa et al [28]. All skeletons were made 

in the same way to check the repeatability. For each capillary the picture to the left is from the inlet 

part and the picture to the right is from the outlet part of a 50 cm long capillary. 

Batch Skeleton SEM pictures 

1 S42 

  
S43 

  
S44 

  
2 S45 

  
S46 

  
S47 
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Table 13 The SEM pictures of skeletons made with different amount of MTMS in the solution. Made 

after Motokawa et al [28] with some modifications. The percent is of 40 mL of TMOS and MTMS 

mixture. For each capillary the picture to the left is from the inlet part and the picture to the right is 

from the outlet part of a 50 cm long capillary. 

M
T

M
S

 

MTMS 

% 
Skeleton SEM pictures Trend 

15 % 

S51 

  

compact structure with few 

throughpores 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin skeleton with many 

throughpores (did crack and 

shrink). 

S52 

  

S56 

  

10 % 

S54 

  

S55 

  

5 % 

S64 

  

S65 

  

0 % S43 
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The same procedure was also used to make a skeleton in a capillary with an inner diameter 30 

µm as shown in table 14. This was done to see if a smaller inner diameter could prevent the 

shrinking and cracking, however this was not the case, with these conditions.  

Table 14 SEM pictures of skeleton made according to Motokawa et al [28], in 50 µm and 30 µm 

capillaries. (S66 is an example) see appendix for more (S66-S68 table 27 in Appendix). For each 

capillary the picture to the left is from the inlet part and the picture to the right is from the outlet part 

of a 50 cm long capillary. 

ID Skeleton SEM pictures Trend  

30 µm S66 

  
No improvements in the 

skeleton when the ID was 

reduced (did still crack). 

50 µm S42 

  
 

The next step was to examine if the amount of PEG in the solution had any input on the 

skeleton structure (table 15) Motokawa et al reported that by increasing the PEG content of 

the reaction mixture, a smaller skeleton was formed [28]. The result are shown in table 15, 

using 50 % (6.3 g) and 200 % (25.2 g) of the original composition, these rather extreme 

values were chosen to see the impact of PEG amount. In the capillaries made with 50 %of 

PEG, the skeleton had big lumps without throughpores. When the amount of PEG was 200 %, 

the capillary was empty. This was as suspected since PEG is the porogen that makes the 

pores. If it too small amount of PEG, the skeleton will be thick with small pores or a lump of 

the skeleton, while if too much PEG, the skeleton will became thin or an empty capillary. The 

impact of PEG amount could have been tested with smaller changes in the amount of PEG, 

but was not included in this study, because of time limitation.  
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Table 15 SEM pictures of skeletons made according to Motokawa et al [28], but with variation in 

PEG amount. For each capillary the picture to the left is from the inlet part and the picture to the right 

is from the outlet part of a 50 cm long capillary. 

P
o
ro

g
en

 

PEG (g) Skeleton SEM pictures Trend 

6.3 g  

(50 %) 

S61 

  

Big lumps 

without any 

throughpores 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Empty capillary 

S62 

  

12.6 g 

(100 %) 
S58 

  

25.2 g 

(200 %) 
S63 

  
 

The effect of the polymerization time was also suspected to have an impact on the skeleton 

formation. Capillaries filled with polymerization solution were kept in the oven for 16 h, 24 h 

and 48 h. The SEM pictures of the resulting capillaries are shown in table 16. No obvious 

difference in the skeleton could be observed; hence the shortest time was used in further 

polymerizations.  
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Table 16 SEM pictures of skeleton made according to Motokawa et al [28], with variation of time in 

the oven. For each capillary the picture to the left is from the inlet part and the picture to the right is 

from the outlet part of a 50 cm long capillary. 

T
im

e 

Time Skeleton SEM pictures Trend  

16 h S58 

  

No change in the 

structure with longer 

time. 

24 h S59 

  

48 h S60 

  
 

The amount and concentration of acetic acid were also examined. The concentration was 0.1 

M, 0.01 M and 0.001 M, and the amount of aqueous 0.01 M acetic acid was 75 mL, 100 mL 

and 125 mL (see table 17 and 18). No improvement in the skeleton was found for the 

different concentrations of aqueous acetic acid, and 0.01 M gave the best skeleton even 

though it is still cracked. The amount of acetic acid did not give a better skeleton. The 

capillary was empty or with lumps of skeleton some places.  
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Table 17 SEM pictures of the skeletons made with different concentration of acetic acid. The columns 

were made according to Motokawa et al, but with 5 % MTMS [28]. For each capillary the picture to 

the left is from the inlet part and the picture to the right is from the outlet part of a 50 cm long 

capillary. 

A
ce

ti
c
 a

ci
d

 [
M

] 

Concentration pH Skeleton SEM pictures Trend  

0.1 M 3.7 

S73 

  

Unclear effect 

S74 

  

0.01 M 4.1 

S64 

  

S65 

  

0.001 M 4.6 

S75 

  

S76 
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Table 18 SEM pictures of skeletons examined with different amount of 0.01 M acetic acid. The 

skeleton was made according to Motokawa et al, but with 5 % MTMS [28]. For each capillary the 

picture to the left is from the inlet part and the picture to the right is from the outlet part of a 50 cm 

long capillary. 

A
ce

ti
c
 a

ci
d

 [
M

] 

0.01 M 

acetic 

acid 

Skeleton SEM pictures Trend 

75 mL 

S69 

  

 

Lumps without 

throughpores 

 

 

 

 

 

 

 

 

 

Large throughpores. 

S70 

  

100 mL 

S64 

  

S65 

  

125 mL 

S71 

  

S72 
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In the procedure of Motokawa et al [28] a heating step was icluded after the skeleton was 

washed, and where the capillary was heated to 330 
o
C in 25 h. This step was not included in 

the first experiments in the present study. For the capillaries shown in table 19, heat treatment 

was included, but did not give a better skeleton since almost all of them ended up empty, but 

the skeletons that were made did not shrink. Only one batch was made with the heating step, 

so future testing has to be done to verify the impact of heat treatment. The skeleton size was 

1.3 µm wide and that is less than of those prepared by procedure of Laaniste et al (chapter 

3.1.1). 

Table 19 SEM pictures of the silica skeletons that was heat treated at 330 
o
C for 25h after procedure 

of Motokawa et al [28]. For each capillary the picture to the left is from the inlet part and the picture to 

the right is from the outlet part of a 50 cm long capillary. 

Skeleton SEM picture Trend 

S101 

  

When a skeleton was made there 

was no cracking/shrinking. But 

most of the capillary were empty 
S102 

  

S103 

  
 

So to conclude on the impact of different changes made to the procedures of Motokawa et al 

[28]: none gave a better column than the original procedure, and shrinking was still a big 

problem. Future examinations have to be done to see if the heating step has an effect.  
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3.1.3  Skeletons made according to Silva et al. 

Since skeletons made according to Motokawa et al [28] were difficult to make successfully, 

alternative procedures were explored. Table 20 shows the procedure used by Silva et al [27] 

who reported successful preparation of 50 µm ID columns with this procedure. 

Table 20 The procedure by Silva et al [27] 

µm ID 50 µm 

 MTMS (% MTMS)  

TEOS Approximately 500 mg 

Porogen components PEG 200 mg 

Urea 200 mg 

Acetic acid (0.01M) 10 mL 

Solution preparation:  

temperature / time 

30 min stirring without TEOS. 

30 min stirring with TEOS 

Oven:  

temperature / time 

100 
o
C / 1 h 

120 
o
C / 24 h 

 

Skeletons according to Silva et al were made, but with 365 mg TMOS instead of 500 mg 

TEOS, since TMOS is is used in the other procedures investigated in this thesis (calculations 

are shown in appendix). The polymerization solution contained 200 mg PEG, 200 mg urea 

and 10 mL 0.01 M acetic acid. The resulting capillaries were empty with no skeleton. Two 

batches with two capillaries in each were prepared. Compared to the procedure to Motokawa 

et al [28] the amount of TMOS, PEG and urea relative to the amount of aqueous acetic acid is 

approximately 10 times smaller. This could be the reason for the column ended up empty.  

Because this procedure did not give any sign of skeleton it was not further investigated. 
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3.1.4 Skeletons made according to Guo et al. 

Another procedure which has been reported to give successful preparation of skeletons, is that 

by Guo et al [11], however in the 75 µm ID format (see table 21). 

Table 21 The procedure by Guo et al [11] 

µm ID 75 µm 

Silanization components  TMOS 5.0 mL 

Porogen components PEG 50 % 0.575 g 

F127 50 % 

0.575 g 

Acetic acid (0.01M) 10 mL 

Solution preparation:  

temperature / time 

0 
o
C /  30 min 

 

Oven:  

temperature / time 

40 
o
C / 24 h 

120 
o
C / 1 h 

Cooled to room temp. 

 

 The difference in this procedure from the others is that Pluronic F127 was used instead of 

urea. Guo et al claims that Pluronic F127 effectively control the mesopore size distribution 

and the shrinkage during the gelation step 

[11]. Since volume shrinkage has been a main 

problem in the making of the silica skeleton, 

skeletons were made by this procedure. The 

skeletons were made in 50 µm ID instead of 

the 75 µm ID that Guo et al used. However, 

the formed skeletons did not fill the capillary 

all the way through, and also gave a high 

back pressure. The SEM pictures are shown 

in table 22. The skeleton that was formed 

was circa 0.9 µm in size, but since the 

skeleton had too much back pressure the 

procedure was dismissed. Compared with 

what Zou et al used [29] (see 3.1.5), the 

amount of silanization solution was 0.5 mL 

larger for the same volume of aqueous acetic 

acid. The porogen solution contained more of 

Table 22 SEM pictures of the skeletons made 

according to Guo et al [11]. For each capillary the 

picture to the left is from the inlet part and the 

picture to the right is from the outlet part of a 50 

cm long capillary. 

 

Skeleton SEM pictures 

S83 

  
S84 

  
S85 
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the F127 and PEG (1.25 g) compared to the amount of PEG (1.06 g) that Zou et al used. This 

shows that a larger amount of TMOS and PEG (and F127), does not give a better skeleton.  

3.1.5 Skeletons made according to Zou et al. 

Zou et al have prepared silica skeletons in the 50 µm ID format for CEC as shown in table 23. 

Table 23 The procedure by Zou et al [29] 

µm ID 50 µm 

Silanization components  TMOS 4.5 mL 

Porogen components PEG 1.06 g 

Acetic acid (0.01 M) 10 mL 

Ammonium hydroxide (0.1 M) Filled capillary (0.01M) 

Solution preparation:  

temperature / time 

0 
o
C / 45 min 

Oven:  

temperature / time 

40 
o
C / 24 h 

Capillary is filled with ammonium 

hydroxide solution  

120 
o
C / 3 h 

Dried at 330 
o
C / 24 h 

 

They did not use urea in the mixture, but filled the capillary with 0.01 M ammonium 

hydroxide after the skeleton was made. The capillary was filled and the skeleton was made in 

the oven at 40 
o
C for 24 h. Then the capillary was filled with ammonium hydroxide solution 

and placed in the oven at 120 
o
C for 3 h. Another step in Zou’s procedure was that the 

capillary was subsequently dried at 330 
o
C for 24 h. Skeletons were made according to the 

procedure of Zou et al (see table 24). Apparently the drying step at 330 
o
C stabilized the 

skeleton (no shrinking and cracking) as suggested by Zou et al [29]. However, in the present 

study stabilization did not happen all the time, so the procedure is not reproducible. When 

capillaries were taken out after the first (40 
o
C) and second heating step (120 

o
C) the skeleton 

did crack, showing that heat treatment at 330 
o
C is necessary. The size of successful skeleton 

was 0.4 µm; this is the thinnest skeleton achieved in this study and also gave the best 

efficiencies of columns prepared (see 3.2). The back pressure of these columns were higher 

(~85 bar) than the columns made after Laaniste et al [18] (~15 bar), because of smaller 

skeleton size, and therefore denser columns. The back pressure is however still low, and 

suitable for pre-column in a column switching system. 
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Table 24 Skeletons made according to procedure of Zou et al [29]. The skeletons are taken out at 

different times in the process. Picture to the left is from the inlet part and the picture to the right is 

from the outlet part of a 50 cm long capillary. 

Batch (temp.) Skeleton SEM comments 

1 (40 
o
C) S86 

  
4.5 mL TMOS, 1.06 g PEG and 

10 mL 0.01 M acetic acid and 

heating for 24 h 

2 (40 
o
C) S89 

  

1 (120 
o
C) S87 

  Then treated with 0.01 M 

ammonium hydroxide for 3 h 

2 (120 
o
C) 

S90 

 

  

1 (330 
o
C) S88 

  

Then drying at  

330 
o
C for 24 h. 

2 (330 
o
C) S91 

  

3 (330 
o
C) 

S92 

  

S93 

 

 

S94 
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4 (330 
o
C) 

S95 

  

S96 

  

S97 

  

5 (330 
o
C) 

S98 

  

S99 

 

 

S100A 

  

S100 B 
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3.2 Silica based monoliths tested on LC-UV system 

When successful skeleton was made, the C8 structure was attached as described in 

experimental. A simple LC-UV system (see experimental) was to measure the efficiency of 

the resulting silica-based monolithic columns made with C8 as stationary phase. The columns 

tested were based on skeleton made according to the procedure of Zou et al [29]. The plate 

heights obtained are shown in figure 16; the plate height varied from 287 to 6 µm. This 

variation is rather large and further work is needed to improve the repeatability. It should also 

be mentioned that dead volumes in the simple test system could have contributed to the high 

plate heights, even though this has been attempted corrected for (see appendix). However, 

these corrections resulted in negative values for some columns, showing that the plate height 

determination suffers from large uncertainty! 

 

Figure 16 The plate height of the silica-based monolithic columns made according to Zou et al [29]. 

Each column represents a new batch. The values presented are the average of 3 injections of toluene. 

The plate height measured has been corrected for extra-column band broadening contribution as 

described in appendix.  

One of the better columns, S92 (H = 118 µm), was tested with a sample that contained uracil, 

toluene, ethylbenzene and propylbenzene (figure 17). This was done to confirm that the 

column separated according to RP chromatography. Figure 18, shows that RP 
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chromatography indeed take place since log k is linear related to number of –CH2-groups. 

Since all the columns were made in the same way, it could be concluded that all the columns 

made are separating according to reversed phase chromatography.  

 

Figure 17 UV chromatogram of uracil, toluene, ethylbenzene and propylbenzene, separated on a 50 

µm x 21 cm C8 monolithic column (S92) using a mobile phase consisting of water/ACN/FA 

(70/30/0.1, v/v/v) at a flow rate of 0.5 µL/min. The injection volume was 50 nL and detection was 

carried out at 254 nm. The mixture was injected 3 times, and one time with each of the compounds 

alone to verify their retention time. There was some peaks between the uracil peak and the toluene 

peak, but they did not interfere with the other peaks, therefore they could be ignored. 

   

Figure 18 The log k value of toluene, ethylbenzene and propylbenzene using the conditions described 

in figure 17. 
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3.3 Comparison of retention factor on C8 monoliths 

and on an in-house packed C18 column 

The retention factor of toluene on the monolithic columns was compared with that on a 50 µm 

x 8 cm packed Accucore C18 column (2.6 µm particles) made in-house by Henriette Sjånes 

Berg [32]. The retention factors are shown in figure 19. The retention factor was quite similar 

on the packed column and the monolithic columns. The packed column was intended to be 

used as an analytical column and the monolithic column as a pre-column. An analytical 

column should provide a larger retention factor than the pre-column to give sufficient 

refocusing for obtaining good chromatography. By stronger refocusing of the analyte band 

when it is eluted from the pre-column onto the analytical column, band broadening and peak 

tailing are reduced [35]. The monolithic column that was used in the LC-MS/MS system was 

S93 (see 3.4). On this column the retention factor was 0.89, which is a little larger than that on 

the packed column (0.85), and hence could some band broadening due to imperfect 

refocusing.  
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Figure 19 Retention factors of toluene on the packed column and the monolithic columns. The 50 µm 

x 8 cm packed Accucore column (2.6 µm C18 particles) was made in-house by Henriette Sjånes Berg 

[32]. 

3.4 Silica-based monolithic columns tested as pre-

column in an LC-MS/MS system 

One of the silica-based monolithic column was tested as a pre-column with a packed column 

(C18) to explore its suitability as pre-column in column switching system. The analyses were 

done on a LC-MS/MS system with an Orbitrap MS. Three injections of tryptic digest of HSA 

and three injections of tryptic digest of  CYP27A1 (produced in-house by Kristina E. Sæterdal 

[31]) were performed. The intensity of the peaks achieved for HSA, is shown in figure 20. 

For comparison, the same experiments were carried out with a commercial packed column as 

pre-column. Figure 20 shows that the commercial pre-column gave much higher peak 

compared to that of the monolithic column. This could imply that some breakthrough could 

have occurred for the monolithic column. The peak capacities were also measured, using five 

fragments of the HAS digest. A peak capacity of 47 was found for the commercial pre-
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column system and 79 for the monolithic pre-column system. These numbers can be 

somewhat underestimated because no peptides could be detected in the end of the 

chromatography. However the monolithic column provided a higher peak capacity than the 

commercial packed pre-column. Figure 21 shows the chromatograms of CYP27A1 tryptic 

digest peptides. The first selected peptide was not found with the monolithic pre-column and 

some of the selected masses were found in two peaks. The chromatograms of HSA tryptic 

digest is shown in figure 22; these were used to calculate the peak capacity.  

 

Figure 20 Peak height of HSA peptides injected 3 times on A the commercial pre-column system and 

B the monolithic pre-column system. The analytical column was 50 µm ID x 150 mm fused silica 

packed with 2.6 µm Accucore particles made in-house by Henriette Sjånes Berg [32] and the 

chromatographic and MS conditions were as described in experimental. 
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Figure 21 Chromatograms of CYP27A1 tryptic peptides using the monolithic column (A) and 

commercial packed column (B) as pre-column. Flow rate was 130 nL/min, with a gradient of 3-36 % 

of MP B. tMS/MS settings were as described in the experimental section. Kristina E. Sæterdals [31] 

performed the analyses.  
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Figure 22 Chromatograms of HSA tryptic peptides using the monolithic column (1 a-c) and commercial packed 

column (2 a-c) as pre-column. ddMSMS was used as described in experimental. In the chromatograms boxcar 

smoothing is enabled (7 points) and the mass tolerance was 5 ppm. The m/z is 749.79, 814.37, 537.77, 435.88 

and 500.81 from the top. Kristina E. Sæterdals [31] performed the analyses.  
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4 Final discussion 

Silica-based monolithic columns could be made with C8 as a stationary phase in the 50 µm ID 

format. However, repeatable preparations of such columns are not easy. Cracking and 

shrinking constitute a huge problem when preparing these columns. Only columns made 

according to Zou et al [29] with a high temperature (330 
o
C) treatment after the skeleton 

formation step, which we believe may prevent cracking and shrinking, were successfully 

made. This step was not included in many of the procedures we found. But when the heating 

step was included in the procedure based on Motokawa et al [28], no skeleton was formed. 

However only one batch was tested, so more investigation is needed before a conclusion can 

be made. Figure 23 shows the different procedures tested and the plate height of the best 

column made. Only the procedures according to Laaniste et al and Zou et al [18, 29] gave a 

skeleton that did not crack or shrink and could be used for column preparation. The difference 

between these columns are that the skeleton made with the Laaniste et al [18] procedure gave 

a 2.7 µm wide skeleton and while that with the Zou et al [29] procedure gave a 0.4 µm 

skeleton. A smaller skeleton gives a larger surface area and therefore a better column; 

therefore the Zou et al [29] procedure resulted in lower plate height. The width of the skeleton 

was only measured on one skeleton from each procedure because the manual measurement 

with a ruler on SEM pictures is not a good method to measure the skeleton width, but it gives 

an indication of the difference between the columns. 

The columns could be used as a pre-column in a column switching system, as one of the 

columns gave a peak capacity at 79, compared to 47 with a commercially packed pre-column.  

Future work on these columns should include optimization of the vinyl-functionalizing step 

and the ene-thiol click reaction in addition to getting control of the structure formation. In this 

study, the procedure by Laaniste et al [18] was used without any optimization, and future 

examinations in making the silica skeleton have to be done; when another person in our group 

tried to make a column after the best procedure found in this thesis he was not able to make a 

successful column showing that it is still hard to make such columns repeatably.  
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Figure 23 Overview of the five procedures investigated and their resulting skeleton size. The SEM 

pictures show one of the columns/skeletons made from each procedure. Best plate heights for columns 

successfully prepared are included.  
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5 Conclusion 

This study has shown that a 50 µm ID silica-based monolithic pre-column could be made and 

used in a nano LC-MS/MS switching system, where CYP27A1 digest was analyzed. 

However, it was found difficult to prepare such monoliths repeatable. Even when a published 

procedure was fallowed carefully, the resulting skeleton shrinked and cracked. Apparently 

some details regarding the preparation are missing in the papers. 

Only two out of five procedures followed resulted in a homogenous skeleton which could be 

used for preparation of columns. Nonetheless this thesis presents a procedure which has 

potential for making such columns repeatable for future optimization of online pre-column 

nano LC-MS/MS. 
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6 Appendix 

6.1 Data for procedures made according to Laaniste et al. 

Table 25 Amount of the different components in the solution used to make the silica skeleton. Made 

after Laaniste et al with some modifications [18]. 

column S1 S2 S3 S5 S8 and S9 

TMOS (mL) 7.65 3.825 5 3.825 3.825 

MTMS (mL) 1.35 0.675 - 0.675 0.675 

PEG (g) 0.954 0.4779 0.480 0.447 0.4790 

Urea (g)  2.0255 1.0671 1.0538 1.0127 1.0200 

Acetic acid (0.01 M) (mL) 20 10 10 10 10 

 

Table 26 Calculations of column efficiency made after the procedure to Laaniste et al [18]. Three 

injections were performed for all columns. 

column N /m tR 

(min) 

N /m STD % STD tR 

(min) 

STD % STD tM 

(min) 

k p 

(bar) 

H (µm) 

S1 

  

  

1910.7 2.60 2109 177 8.4 2.60 0.025 0.97 1.84 0.411 20 237 

2165.2 2.57  

2250.2 2.62 

S2 

  

  

936.3 7.15 985 48 4.9 7.11 0.040 0.57 4.22 0.684 14 508 

985.8 7.07  

1032.8 7.10 

S3 

  

  

3852.5 7.12 4038,3 161 4.0 7.11 0.012 0.16 4.17 0.704 16 124 

4131.2 7.10  

4131.2 7.10 

S5 

  

  

2390.5 4.57 2511,7 109 4.3 4.54 0.036 0.79 4.17 0.089 36,9 199 

2600.7 4.55  

2543.9 4.50 

S8 

  

  

2382.8 4.77 2419,3 422 17.4 4.77 0.000 0.00 3.29 0.450 14 207 

2858.3 4.77  

2016.8 4.77 

S9 

  

  

1915.1 5.02 1957 180 9.2 4.94 0.075 1.53 3.3 0.497 18 255 

2154.4 4.93  

1802.4 4.87 
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6.2 Calculations for TEOS to TMOS for the procedure to 

Silva et al: 

500 g TEOS, molar mass 208.33 g/mol 

TMOS, molar mass 152.22 g/mol 

500 ∙10−3𝑔

208.33 
𝑔

𝑚𝑜𝑙⁄
= 0.0024 𝑚𝑜𝑙  

152.22 
𝑔

𝑚𝑜𝑙⁄ ∙ 0.0024 𝑚𝑜𝑙 = 0.365 𝑔 = 365 𝑚𝑔  

6.3 SEM pictures of columns made in 30 µm ID after 

procedure to Motokawa et al. 

Table 27 SEM pictures of the skeleton made according to Motokawa et al [28], but in 30 µm ID 

instead of 50 µm. 

ID Skeleton SEM pictures 

30 µm 

 

S66 

  

S67 

  

S68 
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6.4 Chromatograms and calculations for the procedure 

according to Zou et al. 

 

Figure 24 Chromatograms of three columns made after procedure to Zou et al [29]. Figure shows 

three injections of toluene and uracil.  

Table 28 Measurements and calculations of column efficiency using LC-UV system 

column N tR tm k Hmas. p cm σ2
tot σ2

tot σ2
col tR

2 N L Hcal. 

S88 275 5.09 2.82 0.8 399 8 11 0.72 0.52 0.37 25.9 384 110000 287 

S91 662 6.36 3.12 1.04 257 63 17 0.58 0.34 0.19 40.4 1167 170000 146 

S92 1775 4.96 3.2 0.55 118 68 21 0.28 0.08 -0.07 24.6 -2065 210000 -102 

S93 468 5.82 3.08 0.89 363 32 17 0.63 0.40 0.25 33.9 743 170000 229 

S95 1554 15.02 7.05 1.13 312 80 48.5 0.9 0.81 0.67 225.6 1878 485000 258 

S96 1612 15.23 7.01 1.17 318 86 48 0.89 0.79 0.65 232.0 1984 480000 242 

S97 2921 13.37 6.76 0.98 147 53 43 0.58 0.34 0.19 178.8 5158 430000 83 

S98 1951 14.64 7.01 1.09 251 24 49 0.78 0.61 0.46 214.3 2559 490000 191 

S99 2197 14.39 6.84 1.1 200 37 44 0.72 0.52 0.37 207.1 3067 440000 143 

S100A 2379 8.27 5.68 0.46 61 16 14.5 0.4 0.16 0.02 68.4 24288 145000 6 

S100B 2820 13.98 6.41 1.18 121 32 34 0.62 0.38 0.24 195.4 4511 340000 75 
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Example on the calculations of the band broadening: 

𝜎𝑡𝑜𝑡
2 = 𝜎𝑐𝑜𝑙

2 + 𝜎𝑡𝑢𝑏
2 + 𝜎𝑖𝑛𝑗

2 + 𝜎𝑑𝑒𝑡
2   

𝜎𝑡𝑢𝑏
2 + 𝜎𝑖𝑛𝑗

2 + 𝜎𝑑𝑒𝑡
2  are the width of the toluene peak measured on the system without a 

column. 

 

Figure 25 How to calculate the width of the peak. 

4.73 − 4.33 = 0.4  

0.4+0.35+0.4

3
= 0.38  

For column S88: 0.52 =  𝑥2 + 0.382  

𝑥2 = 0.52 − 0.14 = 0.37  

𝑁 = 5.54 ∙
𝑡𝑚

2

𝑥2 = 5.54 ∙
5.092

0.37
= 384  

𝐻 =  
𝐿

𝑁
=  

110000

384
= 287  

tM = 4.48 

19.46 

3.94 

4.33           4.73 

19.46 
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n
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Time (min) 
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6.5 Inorganic/organic monolithic column 

A one-pot preparation of a inorganic/organic monolithic column was investigated [2]. The 

columns were made with C8 as the functional group. The inorganic part in this procedure was 

TMOS and the organic part was γ-methacryloxypropyltrimethoxysilane (γ-MAPS). An ene-

thiol click reaction occurs between the vinyl group on γ-MAPS and the thiol group in C8-

thiol. The reaction mechanism is shown in figure 26. The advantage of this procedure is that 

it is done in one step with stepwise reaction temperature program, and it combines the merits 

of the organic polymer-based and silica-based monoliths [2]. The columns made according to 

this procedure in this thesis were not successful. The columns were empty or did not give 

enough retention (figure 27). Seven batches were made, and it was concluded that it did not 

work.  

 

Figure 26 Reaction to make the inorganic/organic monolithic column 

 

Figure 27 Chromatogram of toluene and uracil on the inorganic/organic monolithic column. 

Chromatographic conditions are in experimental. 
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6.6 BTSEY monolithic columns 

Bys(triethoxysilyl)ethylene (BTSEY) is a chemical that consist of two silanes combined with 

a vinyl group [36]. The BTSEY molecule makes up the skeleton and an ene-thiol click 

reaction between C8-thiol and the vinyl group in BTSEY is done to link C8 SP to the 

skeleton.  The Si-C bonds in the skeleton gives the monolith process excellent chemical and 

mechanical stability according to Wu et al [36]. The reaction is shown in figure 28. Only one 

column was made with this procedure and the result is shown in figure 29. The skeleton 

cracked in the making. The columns were not tested on a LC-UV system since they had to 

high back pressure.  

 

Figure 28 Reactions for the BTSEY monolithic column. 

  

Figure 29 SEM pictures of the BTSEY monolithic column.  
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6.7 Direct injection on three of the columns in a LC-

MS/MS system 

Injection of various compounds was done on S91, S92 and S93. The injection volume was 

large so breakthrough of some compounds was found. However, LH-RH could be 

successfully trapped, and gave peaks with a small width on all the columns in gradient 

elution. Three solutions were made: I containing 20 ng/µL LH-RH, 2 % ACN and 0.1% TFA, 

II containing 1 µg/mL caffeine, 2 % ACN and 0.1 % TFA and III containing 0.1 ng/µL 

sulfamethazine 2 % ACN and 0.1 % TFA. 

  

 

Figure 30 Monolithic columns tested in an LC-MS system with an Orbitrap. The solutions injected 

was: I with 20 ng/µL LH-RH with 2 % ACN and 0.1% TFA, II with 1 µg/mL caffeine with 2 % ACN 

and 0.1 % TFA and III 0.1 ng/µL sulfamethazine with 2 % ACN and 0.1 % TFA. 
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6.8 Calculations and measurements on the LC-MS/MS 

system 

Table 29 The intensities of two peptides using the commercially packed column and the monolithic 

column as pre-column. Three injections of CYP27A1 digest were performed on each column. 

 ATGAPGAGPGVR – 505.77 SIPEDTVTFVR - 632.34 

Pre-column 781.43 710.39 613.34 556.32 722.42 621.37 522.30 

2 cm acclaim  

pepmap  
 

458 23000 17500 5550 6370 2130 3560 

363 24400 17000 5880 6380 2330 3680 

276 20400 14500 5020 6650 2210 3610 

5 cm silica  

monolith  
 

- 12300 9510 3290 3950 916 2000 

- 14600 11600 3680 5110 1560 2440 

- 9860 7410 2490 3740 1200 2330 

 

Table 30 The intensities of two peptides using the commercially packed column and the monolithic 

column as pre-column. Three injections of HSA digest were performed on each column. 

 353.68 543.25 435.88 500.81 500.55 

Pre-column 

2 cm acclaim  

pepmap  

 

136000 3040000 5010000 420000 712000 

270000 7270000 8580000 897000 565000 

119000 3850000 13500000 1070000 1090000 

5 cm silica  

monolith  

 

- 380000 4960000 1250000 138000 

- 492000 1040000 956000 99400 

- 303000 1530000 961000 59000 

 

Table 31 Calculations of peak capacity using the monolithic pre-column. HSA digest was injected 

three times. 

Monolithic 

column 

TcVADESA

ENcDK (ta) 

EccEKP

LLEK 

ADDKETc

FAEEGKK 

LDELRD

EGK 

QTALVELVK 

(tz)  

Average  

m/z 749.79 435.88 814.37 537.77 500.81  

w1 0.055 0.065 0.045 0.055 0.1 0.064 

w2 0.05 0.075 0.05 0.07 0.135 0.076 

w3 0.055 0.08 0.07 0.06 0.14 0.081 

Retention 

time 

10.186  15.545  

10.533 17.074 

10.362 15.836 
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Table 32 Calculations of peak capacity using the commercially packed pre-column. HSA digest was 

injected three times. 

acclaim  

pepmap  

TcVADES

AENcDK 

(ta) 

EccEKPL

LEK 

ADDKET

cFAEEG

KK 

LDELRDE

GK 

QTALVELVK 

(tz) 

Average  

m/z 749.79 435.88 814.37 537.77 500.81  

w1 0,08 0,13 0,1 0,09 0,15 0,11 

w2 0,07 0,1 0,075 0,08 0,2 0,105 

w3 0,079 0,095 0,095 0,07 0,2 0,1078 

Retention 

time 

13,009  18,171  

12,944 18,015 

12,921 17,856 

 

Calculations of the peak capacity (PC): 

𝑃𝐶 =  
𝑡𝑧−𝑡𝑎

𝑤0.5
=

15.545−10.186

0.064
= 83.73  


