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Abstract 
 

Though the vast majority of routine separations in liquid chromatography (LC) are 

performed on standard-bore columns, in recent years there has been significant interest in 

micro-format LC systems, resulting in the development of capillary and micro-bore scale 

columns and instrumentation. Capillary scale LC separations provide lower mobile phase 

consumption and facilitate the analysis of smaller sample volumes, whilst simultaneously 

offering the possibility of fast analysis times and potentially higher separation efficiency. 

Furthermore, reducing the diameter of the column reduces the dilution of the sample as it 

passes through the column, thus improving detection sensitivity. Several novel instrument 

developments and approaches for capLC are discussed in this work, including their design, 

implementation, evaluation and application.  

 

One of the current trends in both standard and capillary format LC is the utilisation of high 

temperatures, including temperature programmed separations, as well as the application of 

thermally responsive stationary phases. However, most commercially available column 

ovens cannot provide the high ramp rates, sectioned heating or high temperatures that may 

be required. In an attempt to address these issues, several prototypes of a novel segmented 

column heater, based on thermoelectric (TEC) modules for capillary and micro-bore LC 

were developed. The devices had a broad operating temperature range with a fast heating 

rate, allowing very rapid temperature programming, with precise and isolated zoned 

column temperature control. To demonstrate application, the developed systems were 

applied to reversed-phase and ion-exchange mode capillary separations. The devices were 
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further applied to the fabrication of monolithic stationary phases via thermally-initiated 

polymerisation. 

 

Interest in capillary LC has also focused on separations utilising porous layer open tubular 

(PLOT) columns. Such columns with an organic porous polymer monolithic layer 

(monoPLOT) offer significant potential for LC applications arising from variation of 

surface chemistry and simple surface modification procedures, high flow-through 

permeability and low column backpressure. However, monoPLOT columns can be difficult 

to fabricate, and column to column reproducibility is often poor. The production of long 

monoPLOT columns suitable for use in gas chromatography adds further difficulties. 

Furthermore, there are currently no methods for in-process control during monoPLOT 

column fabrication, with existing approaches relying on empirical or experimental data 

resulting in poor repeatability. 

 

Two techniques which allow the fine control of monoPLOT layer thickness and 

morphology were developed, and were based on both photo- and thermal-initiated 

polymerisation approaches. In the first case, an automated technique using a UV/IR reactor 

with a capillary feed-through system was utilised for the automated fabrication of both UV- 

and IR-initiated polymer monoPLOT columns. Relationships between direct exposure 

times, intensity and layer thickness were determined, as were the effects of capillary 

delivery rate (indirect exposure rate), and multiple exposures on the layer thickness and 

axial distribution of the layer. In the second instance, polymer monoPLOT columns were 

fabricated using a novel laminar flow thermal-initiation method, allowing tight control over 

layer thickness and morphology. In this case, relationships between polymerisation mixture 
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linear flow velocity and layer thickness were investigated, as was the effect on layer 

porosity and structure. 

 

Lastly, two methods for in-process layer measurement during monoPLOT column 

fabrication were developed, using optical absorbance and capacitively coupled contactless 

conductivity respectively, significantly improving column to column reproducibility. 
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CHAPTER 1.   INTRODUCTION 

 

(1.1) STATIONARY PHASES FOR CAPILLARY LIQUID CHROMATOGRAPHY 

(1.2) TEMPERATURE EFFECTS IN LIQUID CHROMATOGRAPHY 
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Current trends in analytical chemistry in general, and liquid chromatography (LC) in 

particular, are towards the miniaturisation of instrumentation, greener chemistry, reduction 

of hazardous solvent waste and increasing the separation speed [1-6]. Although systems 

that accommodate standard bore columns continue to dominate in routine separations in 

LC, the past 15 years has seen a significant amount of development in the area of micro-

scale separations, leading to what is commonly termed today „capillary‟ liquid 

chromatography, since separations performed at this scale offer many benefits over stand-

bore systems. Perhaps two of the most obvious advantages of capillary LC are the cost 

savings to be gained from reduced running costs, and the reduced environmental impact of 

using less solvent. Comparing a standard bore and capillary column, the saving in solvent 

volume will be relative to the square of the proportion of column radii, so a considerable 

cost saving can be made. Compared with 4.0 – 4.6 mm standard bore columns, capillary 

column diameters are significantly smaller at 10 – 250 μm. Previously, the term „Capillary 

LC‟ referred to columns of diameter 100 – 500 μm, and „Nano-LC‟ between 10 and 100 

μm, however the term has become more generalised, broadly describing all sizes of 

capillary up to around 250 μm ID.  

 

In terms of separation performance there are also considerable gains to be made. Analyte 

diffusion is reduced (diffusion increasing proportionally with the square of the column 

radius), providing potential for improvements in resolution, efficiency and mass sensitivity 

due to reduced dilution of the sample [7], however conversely, increased diffusion may 

provide potential for improvement in resolution and efficiency for coated capillary column 

formats. This increase in mass sensitivity facilitates the separation of very small amounts of 

sample [8,9], a factor that is of huge benefit in the fields of proteomics, forensics, bio-
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separations, etc., where often only minute amounts of individual analytes are available. 

Another advantage of capillary columns, which is often overlooked, is the reduced amount 

of stationary phase within the column, allowing easier exploration into new stationary 

phase development [6]. Often, new and novel stationary phases require either expensive 

materials and/or synthesis. Reducing the amount of stationary phase required for the 

investigation of chemical structure and selectivity, column stability etc., further reduces the 

cost and provides increased accessibility to the development of chromatographic materials. 

 

Temperature too can be applied more easily to capillary LC than to standard bore 

separations. Due to their small ID, capillary columns have a lower thermal mass and so 

equilibrate to temperature changes more quickly, allowing the application of rapid 

temperature programming. This, and other advantages of capillary columns specifically 

regarding temperature applications, and the effect of temperature itself in the 

chromatographic process, make up the first two experimental Chapters of this work.  

 

A further advantage of reducing column diameters can be seen in hyphenated techniques, 

such as LC-MS, particularly electrospray ionisation mass spectrometry, which benefits 

from increased sensitivity through the use of low column flow rates [10]. Electrospray 

ionisation can be performed with flow rates as high as 500 μL/min, however the highest 

sensitivity is achieved using much lower flow rates in the low μL/min and nL/min range 

[6,11]. 
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1.1 Stationary phases for capillary liquid chromatography 

Capillary columns come in three different formats; particle packed [12], monolithic 

[4,13,14], and open tubular (OT) columns [93,113]. Particulate column beds are still the 

most popular due to their high efficiency and good batch-to-batch reproducibility. 

Monolithic phases are characterised by high flow-through permeability, usually without 

significant impact on efficiency at increased flow rates, whilst OT columns can offer very 

low backpressures. Each of these column formats can be prepared in a range of materials, 

most common of which are silica, organic polymers, and organic-silica hybrids. However, 

metal oxide and carbonaceous substrates may also be used. Each of these may be modified 

with a very wide range of functionalities. 

 

 

1.1.1 Particle packed stationary phases 

Particle packed capillary columns offer several advantages over their standard bore 

counterparts. As particles become smaller and smaller, separation efficiency increases 

dramatically with low plate heights and flat van Deemter curves possible [15-17]. Particle 

packed columns typically exhibit high surface areas giving high sample capacities. 

However, these advantages come at the cost of extremely high column back pressures, 

typical values being between 500 and 1200 bar, however, over 5000 bar has also been 

reported [6]. Separations performed at such pressures are usually termed Ultra High 

Performance Liquid Chromatography (uHPLC or UPLC). Such high pressures demand the 

use of smaller bore columns with low volumes, capable of withstanding such high 

pressures, and require the use of high pressure pumping equipment capable of delivering 

flow at extreme pressures [18]. However, due to such high back pressures, separations 
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performed on packed columns must be performed at low flow rates and as such can take an 

excessive amount of time. Furthermore, fabricating frits for particle packed columns at 

capillary scale presents significant challenges [19-20] and the narrow diameter of capillary 

also makes packing the column a difficult task. 

 

The material type and size of particles can vary considerably. Typically, particles are either 

silica or polymer based, with silica particles being the most common, however polymer 

particles are becoming more and more popular in recent years [4,21,22]. The structure of 

silica particles used in modern HPLC can be either porous [23], non-porous [24] or 

superficially porous [25], sizes ranging from sub-µm to approximately 10 µm, and are 

typically spherical in structure. Pore sizes too can vary considerably and commercially 

available particles can have pore sizes from 50 to over 1000 Å. Polyethylene [26,27] and 

polypropylene [27] are the most common polymer based particles, however, polystyrene 

[28,30], polymethacrylate [29,30], polyhydroxymethacrylate [30], and polyvinyl alcohol 

[30] are also used. In addition to silica and polymer particles, cellulose, agarose, dextrin, 

and chitosan, and ceramic particles such as hydroxyapatite and zirconia are sometimes used 

in certain modes of LC, however, to a much lesser extent. 

 

 

1.1.2 Monolithic stationary phases 

Following renewed interest in capillary electrochromatography (CEC) in the mid to late 

1990‟s there has been a surge of interest in the application of monolithic materials in 

separation science, and today monoliths find application in many modes of 

chromatography. 
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As discussed earlier, particle packed columns have been used in chromatography for more 

than 30 years and in capillary format they still remain the most popular among 

commercially available columns. However, the separation performance of such a column is 

mainly determined by the particle size and distribution. The quality of the column is also 

determined by the homogeneity of the packed bed itself and the packing of particles within 

a column, and in particular capillary columns, can be very challenging indeed [9,16]. In 

contrast to particle packed columns, monolithic columns are made of a single piece of 

porous material, usually organic [31-36] or inorganic [37-39] polymers. Monoliths present 

an attractive alternative to particle packed columns [40-41] primarily due to their low back 

pressure, high permeability and convection dominated mass transfer. Additionally, since 

the monolith is chemically attached to the walls of the capillary, there is no need for a 

column frit. 

 

The first monolithic columns were fabricated in the 1970s by Ross et.al. [42] from 

polyurethane. Shortly after, Knox and Bristow [8] suggested that the presence of large 

communicating pores would provide a network through which the mobile phase could flow. 

As a result of the increased hydrodynamic flow the speed of the separation would also 

increase. They further suggested that the surface area required for the adsorption and 

desorption processes could be obtained by creating mesopores on the surface of the 

monolithic structure. 

 

Such a porous structure allows the application of higher flow rates in comparison with 

packed columns. Additionally, since the inlet bed settling is absent in these columns, the 

reliability, reproducibility and lifetime of the column is potentially increased and efficiency 
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is maintained over the lifetime of the column. Monolithic stationary phases can be 

classified by the monolithic material itself; e.g. silica, organic polymers, metal oxide, 

carbon, and organic-silica hybrid monoliths. 

 

1.1.2.1 Silica monolithic stationary phases 

Compared with polymer monoliths, silica monoliths have a larger surface area, are very 

mechanically stable, and demonstrate excellent resistance to swelling or shrinkage in 

solvents [43-44]. The silica monolithic structure can be characterised by the lowest 

theoretical plate height, shown to be approximately 5 m (185,000 N/m) [52], while 

Leinweber et.al. showed that the performance of monolithic columns can be comparable to 

a column packed with 1 m particles [45]. However, unlike polymer monoliths the 

fabrication process for silica monoliths is a complicated procedure [43] and their operation 

is limited due to their narrow working pH range. The preparation of silica based monoliths 

progressed in 1990s with the invention of silica rod columns [46-47]. A synthetic route to 

silica monolith production was developed by Nakanishi and Soga [48] and applied by 

Tanaka [49]. The method was based on the hydrolysis and polycondensation of 

tetramethosysilane in the presence of poly(sodium styrenesulphonate) or polyethylene 

oxide, which was used as template. A later method based on the packing of fused silica 

capillaries with octadecyl silica (ODS) particles followed by thermal treatment to form 

monolithic columns was suggested by Horvath et al. [50]. After sintering, the monolithic 

column was octadecylated in-situ with dimethyloctadecylchlorosilane. Further 

improvements of this technique used hybrid silanes [51].  
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The sol-gel process, described above [48], typically involves phase separation due to the 

polymer template and sol-gel transition due to polycondensation of the silica precursor, 

which leads to a continuous silica network with a defined pore structure. Further thermal 

treatment results in monolithic silica columns with a bimodal pore structure consisting of 

macro- (or through-pores) and mesopores in the silica skeleton. This method allows 

independent control of the pore size. It is possible to prepare monolithic silica columns with 

macropores in the range of 1 – 8 m, while keeping the size of mesoropores constant at 13 

nm. In 2000 the first commercially available silica monolithic column, the Chromolith 

column, was presented by Merck KGaA [52]. A typical scanning electron microscopy 

(SEM) image of a porous monolithic silica is shown in Figure 1.1. 

 

  

Figure 1.1 – SEM images of a silica monolith, (a) the typical porous structure with 

macropores, and (b) the mesoporous structure of the silica skeleton. Reproduced from [51]. 

 

Silica-based monoliths in capillary format have also been recently prepared, the general 

method for their fabrication being the same as for standard-bore columns. Tanaka et al. 

have demonstrated the preparation of capillary based silica monoliths which exhibit high 

permeability, high surface area, with a user defined pore size [53-56]. An advantage of this 

(a) (b) 
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technique over that for standard bore columns is that since the monolith is prepared in-situ 

in the fused silica capillary, the monolith itself is chemically bound to the walls. This 

eliminates the problem of wall effects that are typical for standard bore silica monolith 

columns which are encased in column housing after all rod fabrication steps are completed 

[51,57]. A good example showing the superior performance of capillary monolithic silica 

column over its standard bore counterpart is presented in Figure 1.2.  

 

 

Figure 1.2 – Separation of isomeric naphthalenedisulphonic acids (NDSA) (1. uracil, 2. 

1,5-NDSA, 3.,6-NDSA, 4. 1,3-NDSA, and 5. 1,7-NDSA) on silica-based monolithic 

columns, (A) Chromolith Performance RP 18e, 4.6 mm ID, flow rate = 1 mL/min, and (B) 

Chromolith CapRod RP 18e, 100 μm ID, flow rate = 1.3 μL/min. UV detection: 225 nm. 

Mobile phase: 0.4 M Na2SO4 in water. Reproduced from [58]. 
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In Figure 1.2, chromatograms showing the separation of isomeric naphthalenedisulphonic 

acids on a standard bore (4.6 mm ID) and capillary columns (100 μm ID) are presented. 

Both columns were reversed-phase (RP) ODS monolithic phases with the same 

morphology (pore size and surface area). It can clearly be seen the peak efficiency and 

resolution were much higher for the capillary column, and allow the separation of peaks 

that co-eluted on the standard bore column. 

 

1.1.2.2 Polymer monolithic phases 

Compared with particle packed columns, polymer monoliths generally have a lower 

efficiency (particularly for small molecules) and loading capacity [59]. An interesting 

comparison was presented by Moravcova et al. [58], who performed separations of 

alkylbenzenes on particulate and monolithic polymethacrylate capillary columns using the 

same separation conditions, including flow rate. The two chromatograms of the separations 

are shown in Figure 1.3, and it can be seen that the efficiency was higher for the particle-

packed column. 

 

Generally, this type of polymeric stationary phases is applied to the separation of proteins 

or high molecular weight compounds [43], however recently, several authors have also 

shown relatively high efficiency separations of small molecules [60,61]. The main 

disadvantages of polymer monoliths, which are common to nearly all polymer stationary 

phases, are relatively poor mechanical (and in some cases structural) stability, and swelling 

or shrinkage in some solvents [43]. However, polymer monoliths have several advantages 

over other types of stationary phase. 
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Figure 1.3 – Separation of alkylbenzenes (1. uracil, 2. benzyl alcohol, 3. benzaldehyde, 4. 

benzene, 5. toluene, 6. ethylbenzene, 7. propylbenzene, 8. butylbenzene, 9. amylbenzene, 

and 10. hexylbenzene) on a (A) polymethacrylate monolithic capillary column at flow rate 

= 2.1 μL/min, and on (B) particulate Superspher RP-8 capillary column at flow rate = 2.2 

μL/min (B). Mobile phase: 30:70% H2O/ACN. UV detection at 254 nm. Reproduced from 

[58].  

 

Apart from the general advantages of monolithic phases, such as low backpressures and 

high flow through permeability, the physical structure (pore, mesopore and globule sizes) 

of the polymer monolith can be highly developed and is readily tailored for specific types 

of separation or analyte. Furthermore, the surface chemistry of the polymer monolith can be 

easily varied for specific functionality using simple surface modification procedures which 

can be carried out in-situ, making them ideal for use in capillary and microchip formats. 

Polymeric stationary phases are also highly chemically stable even under harsh conditions, 
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for example at extreme pH values and/or high temperatures. In their work on micro-bore 

titanium housed polymer monoliths, Nesterenko et al. demonstrated excellent column 

stability by separating acetophenone, benzene, toluene and naphthalene at high 

temperatures (100 °C), repeatedly over a 55 hr period [62]. They further separated nine 

pesticides on the same 100mm × 0.8mm ID column at 70 °C. 

 

These properties mean that although there continues to be a huge interest in polymer 

monolithic phases in LC, this type of stationary phase (albeit in OT format) is also suitable 

for use in gas chromatography (GC), where high flow rates and temperatures are common, 

and where stationary phase stability is paramount. Monolithic columns were initially used 

in GC almost 35 years ago [63-65] however their use was overshadowed by the 

introduction of OT columns [66] and so did not attract much interest. Recently, Svec and 

Kurganov [68] applied both polymer and silica columns to GC, showing that monolithic 

phases allowed very fast separations while providing column efficiencies comparable to 

that of particle packed columns. They concluded that monolithic columns have many 

advantages in GC, and in particular polymer monoliths are likely to attract most attention, 

enabling the analysis of compounds which contain a large percentage of water such as 

environmental samples. 

 

Most commonly, polymer monoliths act as reversed-phase substrates and are generally 

fabricated through free-radical polymerisation methods, the most common approaches 

being thermal- and photo-initiation techniques [67]. For both methods the approach is 

similar, with the suitable functional monomers being polymerised in the presence of 

appropriate porogens and the desired amount of free-radical initiator. 
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Figure 1.4 – SEM image of a polystyrene-divinylbenzene (PS-DVB) polymer monolith. 

 

The empty capillary was filled with the polymerisation mixture and exposed to the required 

amount of energy in the form of light or heat for photo- and thermal-initiation, respectively. 

Both polymerisation time and energy can be varied to obtain different monolithic structures 

with different morphologies and surface area. The reaction rate for free-radical 

polymerisation is not a simple function of temperature, or light intensity as the process 

consists of several steps [69,70]. Most important is the rate of initiation, which is highly 

dependant on energy applied, since the half-life of initiators decreases with an increase in 

temperature or light intensity. As a result, the decomposition rate of the initiator, the 

number of radicals produced, the formation of a larger number of polymerisation nuclei, 

and consequently the overall polymerisation rate are higher at elevated temperatures or 

light intensities. In this case, as the formation of new polymerisation centres is faster than 

the growth of globules, the supply of monomers runs low fast and the number of globules is 

large, but their size stays small which leads to smaller voids between globules. This means 
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that higher polymerisation initiation energies will lead to the formation of smaller pore and 

globule sizes.  

 

The duration of polymerisation also has a significant effect upon the morphology and the 

pore size of the resultant monolith. Longer polymerisation times lead to the formation of 

larger monolith globules resulting in smaller voids between them, and as a result leads to 

smaller pores and a higher density of the monolith [69]. Greiderer et al. [71] showed how 

polymerisation time can significantly affect the stationary phase morphology and 

subsequent efficiency on 1,2-bis(p-vinylphenyl)ethane (BVPE) columns. After 60 mins 

polymerisation the structure possessed a bimodal pore distribution (macro and mesopores 

were present) providing much higher surface area (102 m
2
/g), more suitable to the 

separation of small molecules. However, the structural integrity of the resultant monolith 

was weak, leading to rapid column degradation [72]. On the contrary, long polymerisation 

times under the same conditions led to the formation of a monolithic structure with a 

significantly smaller surface area (32 m
2
/g) [71], with such a change in monolith 

morphology significantly affecting the efficiency. The difference in separation efficiency 

between stationary phases prepared during 60 min and 300 min polymerisation can be 

clearly seen in Figure 1.5. Longer polymerisation times led to the formation of larger 

globules and subsequently lower surface area. A separation performed on this column 

exhibited poor peak shape despite the use of gradient elution. 
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Figure 1.5 – Effect of polymerisation time on the separation efficiency of monolithic BVPE 

capillary columns for alkylbenzenes (1. benzene, 2. toluene, 3. ethylbenzene, 4. 

propylbenzene, 5. butylbenzene, 6. pentylbenzene and 7. hexylbenzene). Separation 

conditions were identical in each case: solvent: (A) H2O; (B) ACN, gradient: 30–100% B 

in 5 mins, flow rate: 10 μl/min. UV-detection: 210 nm. Reproduced from [71]. 
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1.1.2.3 Metal oxide monolithic phases 

Another type of monolithic phase are those composed of a metal oxide (i.e. zirconia, 

alumina, titania) monolith. Compared with silica or polymer monoliths, metal oxide phases 

offer excellent chemical and mechanical stability, even at high temperatures [73]. Metal 

oxide monoliths built on titania supports have been reported [74-76], however, zirconia 

(ZrO2) is probably the most common metal oxide support for chromatographic applications 

and stationary phases based on this material are readily available [74,77-80]. 

 

Work on metal oxide monoliths was first reported by Wu et al. in 1999 [81]. In this work, a 

capillary column was packed with zirconia particles, the particles themselves being 

effectively glued together in a polybutadiene matrix. Other approaches involve the 

fabrication of a silica monolith which is then coated with a metal oxide such as zirconia 

[82] or titania [83]. In their work, Hoth et al. fabricated zirconia and hafnia (HfO2) metal 

oxide monoliths using an approach somewhat similar to one that is used for the fabrication 

of silica monoliths. It was based on the hydrolysis of zirconium or hafnium chlorides 

followed by polycondensation of zirconia or hafnia, respectively. This was done in the 

presence of propylene oxide which was added to induce polymerisation. Figure 1.6(a) and 

(b) show SEM images the fabricated hafnia and zirconia monolith respectively, clearly 

showing the monolith morphology and flow through pores. 
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Figure 1.6 – Scanning electron microscopy (SEM) images of (a) hafnia-monolith inside a 

50 µm ID. column and (b) of a zirconia monolithic pellet. Reproduced from [73] 

 

Hoth et al. further fabricated a 29 cm hafnia monolithic column in 50 µm ID capillary and 

tested its suitability by successfully separating pyridine, pyrazole and imidazole (see Figure 

1.7). 

 

 

Figure 1.7 – Separation of three components (1. pyridine, 2. pyrazole, and 3. imidazole) on 

a hafnia monolithic column. Column: 29 cm x 50 μm ID (21 cm effective length). Mobile 

phase: 5 mM phosphate buffer pH 7.1. UV detection at 214 nm. Reproduced from [73] 

(a) (b) 
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1.1.2.4 Carbon monolithic phases 

Although many works on carbon monoliths exists, very few deal with their applications in 

chromatography [84,85]. Carbon monoliths have generated a lot of interest due to their 

excellent adsorption properties and although their synthesis is straight forward, usually 

done via a templating method, they are difficult to manufacture in a format useful for LC. 

Firstly, the pyrolysis process is carried out at very high temperatures, typically >1200 °C, 

and secondly, the carbon monolith is prone to shrinkage as it undergoes pyrolysis [86] and 

so will simply detach from the walls of the column even if the column housing can 

withstand such high temperatures. Where attempts to apply carbon monoliths to 

chromatographic separations were performed, such monoliths had to be encased in a 

column housing after the completion of all fabrication steps, which can be very technically 

challenging. 

 

To date, the vast majority of works on carbon monoliths in the area of separation science 

has been performed on standard-bore monoliths. Nevertheless, a recent work by Shi et al. 

[86] showed the fabrication and application of carbon monoliths to solid phase micro 

extraction (SPME). In this work the carbon monolith was prepared via a polymerisation – 

carbonisation method, using a PS-DVB polymer monolithic structure as the base monolith. 

Carbonisation was then performed through pyrolysis at 900 °C for 5 hrs. The resultant 

carbon monolith was observed to have a bimodal pore structure – see Figure 1.8. 
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Figure 1.8 – SEM images of the carbon monolith at different magnifications, (a) 600X and 

(b) 20,000X. Reproduced from [86]. 

 

Shi et al. performed SPME directly on the carbon monolithic rod, using it for the extraction 

of phenols after which they injected the sample onto a GS-MS. In comparison to 

commercially available SPME fibres the group found that their monolithic carbon rod 

resulted in a faster extraction equilibrium and a higher extraction capacity. 

 

1.1.2.5 Organic-silica hybrid monoliths 

As discussed, both silica and polymer based monoliths have many advantages and 

disadvantages: the first have excellent mechanical stability, high surface area and 

efficiency, but are chemically active, while the latter exhibit great chemical stability even at 

extreme pH, but are prone to shrinkage and swelling in certain solvents. Attempts to 

combine the advantages of both types of materials and reduce the impact of negative factors 

have resulted in the development of organic-silica phases. 
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The first organic-silica hybrid monoliths were introduced by Hayes and Malik [87] in 2000. 

Compared with polymer and silica monoliths, organic-silica phases exhibit a higher 

mechanical and pH stability, are less prone to shrinkage during fabrication [88], and are 

generally more straight forward in their production [89]. They can be produced through the 

simultaneous hydrolysis and condensation of organo-functionalised trialkoxysilanes 

(providing the desired functional groups) and tetraalkoxysilanes (such as 

tetramethoxysilane) which result in the formation of a hybrid silica matrix with the organic 

functionalities covalently incorporated (Figure 1.9). The organic moieties are attached via 

Si-C linkages, which are more hydrolytically stable than Si-O which is typically used in 

attaching functional groups to the surface of the silica matrix. The entire process can be 

carried out via one or two step catalysis. 

 

  

Figure 1.9 – SEM images of polyacrylamide hybrid monoliths. Reproduced from [43]. 

Due to their properties, organic-silica monolithic phases can be used for a broad range of 

applications. They are commonly used in capillary LC for the separation of drugs [90], 

polyaromatic hydrocarbons [91] and protein digests [92]. 

(a) (b) 
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1.1.3 Open tubular columns 

Open tubular columns possess a layer of stationary phase around the inside circumference 

of the column, while maintaining an open void in the centre. This type of column was 

initially proposed for GC by Golay [93] over 50 years ago and following this pioneering 

development, OT capillary GC has practically replaced packed-column GC for most 

analytical applications, with porous layer open tubular (PLOT) columns now well-

established as a common OT column format [68].  

 

By the late 1970s, following the work done by Tsuda et al. [94], OT columns were also 

finding application in micro-bore LC [95,96] and although they continue to be used in some 

capillary LC applications, predominantly they are used in GC [97], capillary electrophoretic 

methods such as capillary zone electrophoresis (CZE), and capillary 

electrochromatographic methods such as CEC [98-103]. There are numerous publications 

on the design, performance, and properties [94,104-109] of OT columns and also 

comparisons with particle packed phases [110,111]. In LC, OT columns have several 

advantages over packed columns, the main advantages being low column back pressure and 

fast analysis times. Other sometimes overlooked advantages include reduced solvent 

consumption and small sample volumes [112]. Additionally, in contrast with particle 

packed columns, the high permeability of OT columns permits the use of much longer 

columns. However, compared to OT GC columns, the diameters of OT LC columns must 

be 10
2
 – 10

3
 times smaller in order to gain comparable efficiencies. This necessary 

reduction in diameter is due to the much reduced diffusion coefficients in the liquid and 

stationary phases and as a result the benefit of reduced backpressure is often lost due to use 

of very long columns [141]. Theoretical models [113-114] have shown that OT columns 
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can provide high resolution, fast separations, with superb efficiencies. In their recent work, 

Causon et al. showed that a 5 μm ID porous silica OT column would be superior in terms 

of kinetic performance compared with packed columns of the same dimensions [114]. 

 

Open-tubular structures within capillaries can be further divided into two categories. The 

phase itself may be comprised of a non-porous layer (film coating, or immobilised non-

porous particles) [110,115] or PLOT structures containing a layer of porous material. A 

variation of the latter type are monolithic porous layer open tubular (monoPLOT) columns 

which have the stationary phase covalently bound to the capillary wall, resulting in a very 

stable structure. Porous layer structures can provide high capacity due to their higher 

surface area as compared with non-porous, wall-coated polymeric coatings (WCOT). 

However, the commercial techniques used in the formation of all such stationary phases 

upon the walls of capillary columns are of course highly proprietary.  

 

A common approach for the fabrication of PLOT columns is to immobilise a layer of 

stationary phase particles onto the inner wall of the column [116]. Deposition of solid 

layers of adsorbents for PLOT column production required very stable suspensions of 

particles to be immobilised. A frequent problem in the manufacture of such columns can be 

blockage of the PLOT column after coating procedures. Since in many cases stationary 

phase is not chemically bonded to the column wall, the stability of the layer ultimately 

depends on the constant nature of the forces that hold it to the column wall, which can be 

reduced with an increase of temperature and pressure which is a common problem in GC. 

This can lead to a gradual loss of adsorbed stationary phase as well as sudden break up and 

wash off the column. This effect is commonly known as column bleed. 
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However, column bleed can be reduced or eliminated completely if the stationary phase is 

chemically bonded onto the capillary wall and this can only be achieved via in-situ 

fabrication. In comparison with other types of OT capillary columns, the range of bonded 

porous layer stationary phases is rather limited. This relative lack of bonded polymeric 

PLOT columns for use in GC, and indeed capillary LC, is due mainly to the many 

challenges associated with the controllable manufacture of such columns of varying 

dimensions. 

 

The past decade has seen an extensive amount of work done in the development of bonded 

polymer OT (particularly monoPLOT) phases for use in capillary LC. Like full monolithic 

phases, PLOT columns can be fabricated from a variety of different materials, for example 

silica, titanium oxide, and both organic and inorganic polymers. 

 

1.1.3.1 Silica PLOT columns 

Silica PLOT columns were first fabricated by Tock et al. by the precipitation of pre-gelled 

polyethoxysilane from solution in both a dynamic and static coating procedure [117,118]. 

However, the resultant phases had a low porosity and consequently poor retention and 

capacity. Some years later Crego et al. formed thick film layers inside capillaries through 

the hydrolytic in-situ polycondensation of tetraethylorthosilicate (TEOS), and although the 

resultant separations were promising, retention capacity was poor [115]. More recently, 

Colón et al. developed TEOS and C18-TEOS phases for OT reversed-phase LC [119-121] 

and electrochromatography [122-123], with unmodified silicon dioxide surfaces having 

been used to generate efficiencies up to 1 million theoretical plates in chip [124,125], single 

[126] and multipath [127] capillary formats. Further recent work by Forster et al. [128] 
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investigated the fabrication of a sol-gel derived silica PLOT column in various column 

sizes, 100, 50, and 15 μm ID. The authors found that only a thin layer of silica could be 

formed in the 100 and 50 μm ID capillary, with most of the particles aggregating and 

falling to the bottom of the capillary due to gravity. However, in the 15 μm ID capillary the 

authors were able to fabricate a covalently attached layer of silica (see Figure 1.10). The 

prepared column was subsequently successfully applied to the normal-phase separation of 

anisole isomers (see Figure 1.11). 

 

 

Figure 1.10 – SEM image of a silica layer formed in a 15 μm ID capillary. Reproduced 

from [128]. 
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Figure 1.11 – Separation of anisole isomers (1. toluene, 2. anisole, 3. 3-Nitroanisole, 4. 4-

Nitroanisole, 5. 2-Nitroanisole). Column dimensions: 6m x 15 um ID. Mobile phase: n-

heptane/1,4-dioxane 95/5 (v/v) in isocratic mode. Linear flow rate was calculated to be 3.6 

mm/s. UV detection at 225 nm. Reproduced from [128]. 

 

1.1.3.2 Titanium dioxide 

In the last 10 years there has been interest in titanium dioxide particle packed phases 

[129,130] for screening complex biological mixtures, etc. as this type of phase has several 

advantages over silica based columns [131,132]. There is little work reported on titania 

columns in OT format, however in recent years titania OT capillary columns have been 

applied to capillary microextraction (CME) [133], and for the enrichment of 

phosphopeptides [134]. In their work to apply titania monoPLOT columns to CME, Wu et 

al. [133] fabricated a thin layer of mesoporous titania on the inside of a fused silica 

capillary by means of a sol-gel technique, in order to preconcentrate V, Cr and Cu found in 

human urine and lake water. The authors reported high sensitivity and selectivity when 

combined with electrothermal vaporisation inductively coupled plasma mass spectrometry 

(ETV-ICP-MS) [135]. 
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More recently, Lin et al. [136] fabricated an OT titania based column through the 

deposition of TiO2 nano-particles on the inside of a fused silica capillary by liquid phase 

deposition (LPD), using the column to successfully concentrate phosphopeptides. This 

fabrication technique involves filling the capillary with a precursor solution consisting of 

(NH4)2TiF6 and H3BO3 followed by immersion in a water bath at 35 °C for 16 hrs for LPD. 

After LPD and washing of the capillary, the layer was aged by calcinating the TiO2 nano-

particle structure by heating it to 300 °C for 2 hrs. The resultant column was used as an in-

tube SPME device followed by direct infusion MS detection for the isolation and analysis 

of phosphopeptides from tryptic digest of phosphoproteins. The authors reported that the 

TiO2 films were still stable even after several hundred extractions. 

 

1.1.3.3 Polymer PLOT columns 

Polymer monolithic PLOT columns, with a solid porous structure similar to fully 

polymerised monolithic columns, are generally fabricated using either photo- or, more 

frequently, thermally-initiated free radical polymerisation. However, unlike fully 

polymerised monolithic columns, OT polymer monolith formats can present significant 

challenges in their synthesis. The primary difficulty in their fabrication lies in controlling 

the rate of polymerisation so that only a polymer layer is formed, while at the same time 

ensuring that the morphology of the layer is not adversely affected. It is well known that the 

morphology of the monolithic structure is highly dependant on the rate of polymerisation 

[69]. In this respect, since thermally initiated polymerisation is a slower process than photo-

initiated fabrication, it is perhaps more suited to the fabricated of this type of polymeric 

structure. 
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A significant amount of work on thermally-initiated polymerisation of PLOT columns has 

been carried out by Karger et al. [137-141]. In these studies the authors prepared 10 μm ID 

columns for multi-dimensional [139] and hyphenated LC-MS [138,141] through the 

polymerisation of a PS-DVB mixture in fused silica capillaries at 74 °C for 16 hrs. Figure 

1.12 shows an SEM of the resultant polymer monolithic layer. 

 

 

Figure 1.12 – SEM image of a PS-DVB PLOT column prepared in a 10 µm ID fused silica 

capillary. Reproduced from [138] 

 

The diameter of the capillary further plays a large part in the success of fabrication, i.e. as 

capillary bore size increases it becomes increasingly difficult to form a porous layer 

structure. In a recent work, Nischang et al. [142] investigated the effect of capillary 

diameter on polymerisation within the confined space of a capillary. They found that the 

ease of fabrication of the porous polymer monolith is directly aided by an increase in 

surface-to-volume ratio of the capillary, i.e. the larger the bore of the capillary, the easier it 

is to fabricate a porous monolith in the whole volume of the capillary. Conversely, the 

smaller this ratio, the easier it becomes to form a bonded porous layer, retaining an open 
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tubular structure. Figure 1.13 shows their findings in different capillary sizes using different 

monomer mixtures, with decreasing macropore sizes from M1 to M4. 

 

 

Figure 1.13 – Dependence on capillary diameter of the morphology of photo-polymerised 

monoliths derived from a variety of polymerisation mixtures resulting in different 

macropore sizes (decreasing macropore size M1 to M4). No surface treatment was used on 

the fused-silica capillaries. Reproduced from [142]. 

 

An excellent example of the separation power of a 4.2 m x 10 µm ID PS-DVB PLOT 

column is shown in Figure 1.14. In this example the authors identified over 3000 unique 

peptides covering 566 proteins, achieving detection levels in the attomole to sub-attomole 

level. Peak capacity was reported to be in the region of approximately 400. However, the 
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disadvantage of using such narrow bore columns is extremely high backpressure even at 

very low flow rate (~200 bar at 20 nl/min). 

 

 

Figure 1.14 – Base peak chromatogram from the microSPE-nano-LC/ESI-MS analysis of a 

4-ng tryptic in-gel digest of a single SDS-PAGE cut of M. acetivorans, separated on a 4.2 

m x 10 µm ID PLOT column. A 4 cm x 50 μm ID PS-DVB monolithic column was used as 

the microSPE pre-column. Reproduced from [141]. 

 

The other common approach for free radical polymerisation is through photo-initiation. 

Although photo-initiated polymerisation is somewhat easier to apply than thermally-

initiated polymerisation, it has some disadvantages. Firstly, the rate of photo-initiated 

reaction is much faster than thermally-initiated, making it difficult to control the rate of 
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polymerisation sufficiently in order to form a monolithic porous layer structure. Secondly, 

inhomogeneity of the incident light may cause non-uniform layer growth within the 

capillary, and so it is vital that the light used to initiate polymerisation is homogenous from 

all sides of the capillary. Furthermore, photo-initiated polymerisation of certain compounds 

(PS-DVB for example) or within certain types of capillary (such as polyimide-coated 

capillary) can be difficult as the compounds or material may absorb at the wavelength being 

used. Conversely, photo-initiated polymerisation can be achieved over a wide range of 

wavelengths suited to particular initiators [143]. It is also highly controllable, since the 

power (intensity) of the light can be changed rapidly. Most importantly, due to the many 

variable parameters of photo-initiation it is possible to tightly control monolith 

morphology, and in the case of PLOT columns, the thickness of the layer. 

 

In the work by Eeltink et al. [144] the authors fabricated a 20 and 50 µm ID butyl 

methacrylate (BuMA) – ethylene dimethacrylate (EDMA) PLOT columns with layer 

thicknesses between approximately 0.5 and 1.0 µm by exposing a capillary filled with 

polymerisation mixture to 254 nm light for 2 min. The initial resultant porous monolithic 

layer exhibited poor homogeneity, being significantly thicker on the side facing the light 

source of a standard UV chamber (see Figure 1.15(a)). The authors then repeated the 

experiment but rotated the capillary at 100 rpm during polymerisation, resulting in a highly 

homogenous layer (see Figure 1.15(b)). Using a 40 cm x 20 µm column with a 0.5 µm 

layer, the authors performed CEC separations of thiourea and benzene derivatives, 

demonstrating a rapid high efficiency separation (up to 400,000 plates/m) at 60 °C , which 

can be seen in Figure 1.16. 
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Figure 1.15 – SEM images of a 50 um ID capillary coated under stationary conditions 

(A) and revolving at 100 rpm (B). Reproduced from [144]. 

 

 

 

Figure 1.16 – CEC separation of thiourea and benzene derivatives, (1. thiourea, 2. 

benzene, 3. methylbenzene, 4. ethylbenzene, 5. propylbenzene, and 6. butylbenzene) at 60 C 

with pressurised flow (inlet pressure = 5,000 Pa) and EOF (20 kV). Column: 40 cm x 20 

um ID EDMA monoPLOT column with a 0.5 μm layers, photo-grafted with META. Mobile 

phase: 40:60% ACN:Tris buffer (10 mM, pH 8). UV detection at 200 nm. Reproduced from 

[144]. 
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Two other notable studies which attempted to address the problem of non-uniform layer 

growth were presented by Abele et al. [145] and Nesterenko et al. [146]. In the first 

instance the authors used a highly novel technique, polymerising a porous layer inside 25, 

50 and 100 µm ID capillaries through the application of an evanescent light wave. 

Evanescent wave (EW) polymerisation had previously been suggested for the fabrication of 

submicron layers [147,148], however it had never been previously applied to synthesis 

within a capillary. 

 

In order to achieve this, the authors placed a 365 nm UV light emitting diode (LED) at the 

end of a Teflon coated capillary filled with a glycidylmethacrylate – 

ethylenedimethacrylate (GMA–EDMA) polymerisation mixture, ensuring the incident light 

shone axially on the capillary, and successfully fabricated porous polymer layers between 2 

and 25 µm. This is possible since the refractive index of the Teflon coating is lower than 

that of the fused silica, ensuring total internal reflection (TIR) along the length of the 

capillary. However, the authors emphasised, that the technique is not applicable to the 

fabrication of porous layer in polyimide coated capillary since the refractive index of 

polyimide is higher than that of fused silica. Another downside of this approach is the 

limited length of layer which can be formed due to the absorption of the light and losses in 

the fused silica medium and the authors were only able to fabricate a monoPLOT column 

of approximately 7 cm. 

 

The approach by Nesterenko et al. [146] was proven to be more effective in the fabrication 

of longer monoPLOT columns, and in this work the authors were able to produce 50 µm ID 

columns of approximately 27 cm. This was achieved by repeatedly passing a 365 nm light 
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source over a capillary filled with GMA–EDMA polymerisation mixture. Although the 

incident light was from one side only, the capillary was placed on a highly reflective 

surface. The authors noted that by „scanning‟ the capillary in this way it was possible to 

produce a highly uniform layer due to the incident light causing a moving evanescent light 

wave along the length of the capillary. The authors used two prepared columns joined 

together (total length 51 cm) to perform separation of a test mixture of proteins, which is 

presented in Figure 1.17. Importantly, the pressure drop across the column of less than 1.5 

MPa shows a great potential of such columns to low pressure capillary chromatography. 

 

Figure 1.17 – Separation of 8 proteins (1. ribonuclease, 2. insulin, 3. cytochrome C, 4. 

horseradish peroxidase, 5. carbonic anhydrase, 6. enolase, 7. alcohol dehydrogenase and 

8. phosphorylase) on a diol functionalised monoPLOT column. Column: 51 cm x 50 µm ID, 

5 μm layer. Mobile phase: A: 0% ACN, 0.1% TFA; B: 90% ACN, 0.1% TFA. Gradient 

elution: 0.0–20.0 min from 100% A to 100% B; 20.0–20.1 min from 100% B to 100% 

A;20.1–60 min 100% A, pH 1.9. Flow rate = 0.4 mL/min. UV detection at 210 nm. 

Reproduced from [146] 
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1.2 Temperature effects in liquid chromatography 

Temperature is an important, yet often neglected, separation parameter in liquid 

chromatography. Precise control of column temperature can, and has been, used to 

manipulate run times, improve peak efficiency and resolution, increase analyte signal-to-

noise ratios, reduce mobile phase solvent consumption, and even change peak elution order 

[149-152]. Isobaric temperature programming can also be a promising alternative to 

gradient elution in cases where the required range of the elution strength is not too wide, for 

instance, for the separation of closely related macromolecules [153]. Varying temperature 

has been shown to both reduce overall retention and, in cases, improve selectivity for 

smaller molecules in both reversed-phase [154] and in ion exchange chromatography [155-

157], and greatly affect the retention and resolution of biomolecules [158,159]. 

 

In recent years, the limits of high performance liquid chromatography have been pushed 

further and further, and the importance of temperature on the chromatographic process has 

become paramount in achieving the best possible results. Temperature programming is one 

of the major tools at the disposal of chromatographers in the quest for faster analysis, 

specifically when it comes to capillary and micro-scale separations due to their low thermal 

mass, high thermal conductivity, and thus fast thermal equilibration times. One area where 

temperature programmed chromatography plays an important role is in rapid 

chromatography, with faster separations being one of the driving forces behind the 

continuous development of the field, particularly in capillary scale LC. Higher temperatures 

generally reduce the viscosity of the mobile phase, reducing backpressure, and allowing the 

application of higher flow rates, which when combined with a reduction in retention (as in 

reversed-phase chromatography for example), means that run times can be significantly 
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shortened. Two examples of how the application of high temperature can be used to reduce 

run times are shown in Figures 1.18 and 1.19. In Figure 1.18 the separation time was 

reduced from 11 mins to approximately 2 mins, as the reduced viscosity of the mobile 

phase also allowed the application of a higher flow rate; 0.85 mL/min at 80 °C compared to 

only 0.35 mL/min at 40 °C. An improvement in efficiency can also be seen. 

 

 

Figure 1.18 – Analysis of phenylurea pesticides (1. fenuron, 2. metoxuron, 3. chlortoluron, 

4. diuoron, 5. isoproturon, 6. linuron, and 7. chloroxuron) on a Zorbax StableBond-C18 

column (50 mm x 2.1 mm ID, 1.8 µm dp). Mobile phase: ACN/water (30:70%). DAD 

detection at 245 nm. Reproduced from [160]. 

 

High temperature liquid chromatography has also been developed as an example of “green 

chemistry”, and many practitioners have employed critically heated water as the mobile 

phase with some considerable success [161-163]. Temperature has been used in various 

methods with thermally responsive materials, most common of which are polymers [153-

155] These materials range in function from changing hydrophobicity (trap and release) 
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with temperature to mechanical action (through swelling or contraction). 

 

 

Figure 1.19 – Separation of polymer additives by isothermal elution at 50 8C (A) and by a 

temperature program from 100 to 150 °C (B). Column, 3 mm Hypersil ODS, 100 A, 0.32 

mm ID x 69 cm. Mobile phase: DMF–acetonitrile (10:90%), flow rate = 5 ml/min. UV 

detection at 280 nm. Reproduced from [164]. 

 

Conversely, poor temperature control during the separation process may have the opposite 

effect to many of those benefits that can be seen in high temperature separations, namely 

shifting retention times, and ultimately resulting in a loss of efficiency. Figure 1.20 shows 

the theoretical effect of column and eluent temperature, and of frictional heating within the 

column on band broadening. Depending on the type of column, mobile phase, and 

separation parameters, small differences in temperature along the column can have a 

dramatic impact on the results. Even separations performed at room temperature can be 

adversely affected by poor temperature control of the column compartment and/or the 

mobile phase. These negative effects become particularly evident in uHPLC, where 

frictional heating of the mobile phase can occur due to the density of the packed particles. 



 37 

 

Figure 1.20 – Band broadening due to thermal effects: (a) ideal case, no thermal effects; 

(b) effect of incoming mobile phase that is at a lower temperature than the column; (c) 

effect of frictional heating; (d) combined effects of cold incoming mobile phase and 

frictional heating. An oven temperature of 70 °C is assumed. Reproduced from [165] 

 

High pressure separations can cause excessive frictional heating of the mobile phase with 

longitudinal temperature gradients within the column increasing to the point that the 

column outlet temperature can be over 10 °C higher than the column inlet [166,167]. In 

these instances precise temperature control and regulation of the entire column is of 

considerable importance. 
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1.2.1  Low temperature chromatography 

1.2.1.1 Sub-ambient chromatographic separations 

The application of temperature to liquid chromatography is not simply limited to ambient 

temperatures and above. There has also been much work done on sub-ambient and even 

sub-zero separations. Chromatography in the sub-ambient region and down to around 0 °C 

is uncommon except in cases where the analytes to be separated are thermolabile at ambient 

temperature [168-171]. However, besides the separation of thermally sensitive analytes, 

there are a few other cases where separations at sub-ambient temperatures may be 

necessary. An example of this can be seen in the separation of some biological species 

which might undergo chemical reactions or conformational change at room temperature, for 

example some biologically active peptides [172-176]. Diagnosing such reactions and their 

interplay with chromatographic retention is often done through increasing the flow rate, and 

usually co-eluting peaks at lower flow rates will gain some resolution at higher flow rate. 

However, for solutes that undergo such on-column reactions, the effect of temperature on 

the chromatographic process can be much more dramatic as compared with the effects of 

flow rate. It has been shown, that for a simple model using proline dipeptides, a separation 

done at 1 °C resulted in two otherwise co-eluting peaks (at 23 °C) being completely 

resolved, with an increase in resolution, efficiency and sensitivity [172], as shown in Figure 

1.21.  
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Figure 1.21 – Comparison of separations of Leu-Pro performed at (a) 23 °C and (b) 1 °C 

on a LiChrosorb RP-18 250 x 4.6 mm ID (dp 10 μm) column at a flow rate of 2.0 ml/mm. 

Mobile phase: 0.050 M phosphate in MeOH, pH 6.0 (10:90%). UV detection at 210 nm. 

Reproduced from [172]. 

 

Similar work has also been carried out on analytes of biologically active peptides 

containing 1-prolyl down to temperatures as low as -15 °C. In this case rapid isomer 

interconversion between cis- and trans-isomeric forms of the prolyl peptide was shown to 

result in classical secondary equilibrium effects in the peak shapes [173] as can be seen 

from Figure 1.22. A detailed examination of the dynamic effects of secondary equilibria on 

the chromatographic process was performed by Melander et al. [174] and an improvement 

in the separation of many other biological analytes at sub-ambient temperatures has also 

been reported
 
[175,176].A more common application for sub ambient temperature in LC is 

on-column focusing. This is achieved by holding the column inlet at a low temperature, 

typically less than 5 ºC. This effectively allows solute enrichment at the head of the column 

and previous works [177-184] have shown sample volumes to be increased by a factor of 

10
3
 simply by employing this method [178]. 

(a) (b) 
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Figure 1.22 – Separation of Val-Pro-Leu isomers at (a) room temperature, mobile phase 

MeOH with 0.05 M phosphate (pH 7.0) (15:85%), flow rate 2.0 ml/mm, at (b) -0.1 °C, 

mobile phase MeOH – phosphate buffer (pH 7.0) (20:80%), flow rate 2.0 ml/mm, and at (c) 

-11 °C, flow rate 1.8 ml/min. Column = Pecosphere C18 33 cm x 4.6 mm ID (dp 3 μm). UV 

detection at 210 nm. Reproduced from [173]. 

 

In their study, Molander et al [178] evaluated column focusing efficiency by injecting 

large, 500 µL samples onto the column at different temperatures, applying the same loading 

flow rate, and using peak height measurements as an indicator of focusing efficiency. As it 

can be seen from Figure 1.23, the peak heights significantly increased with temperature 

decrease from 20 °C to 5 °C. Greibrokk et al. also demonstrated several examples of solute 

focusing through the application of temperature gradients which started at some low initial 

temperature, typically between 5 and 7 ºC [177-184]. After the desired amount of sample is 

injected onto the column the temperature is ramped up, subjecting the sample to 

programmed gradient elution. 
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Figure 1.23 – The influence of loading temperature on enrichment-column focusing of 

Irganox 1076 (60 ng) when using a loading flow rate of 5 μL/min and an injection volume 

of 500 μL. Reproduced from [178] 

 

By using this method the authors demonstrated that the use of sub-ambient temperatures 

was an effective way of loading large sample volumes onto analytical columns and 

improving the limits of detection particularly for trace determination. This method is 

particularly suited to capillary scale columns. 

 

1.2.1.2 Sub-zero °C chromatographic separations 

In comparison with high temperature chromatography, there are much fewer studies 

reporting on sub-zero liquid chromatography, with much of the published work at these 

temperatures being in the area of liquid-liquid extractions and preparative methods prior to 

separation on a chromatographic column [185]. An interesting work undertaken at sub-zero 

temperatures describes affinity chromatography using Sepharose-bound L-trialanine p-

nitroanilide for the affinity binding of porcine pancreatic elastase, which was adsorbed in a 
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hypersaline medium at −14 °C and eluted with a mobile phase of 50% (v/v) ethylene 

glycol[186]. 

 

One of the most exciting applications of sub-zero temperatures in LC is in the area of ice 

chromatography [187-198] which uses only water ice as the stationary phase [193,198-201] 

at temperatures between -5 °C to almost -20 °C. Ice based chromatography presents a 

simple stationary phase on which it is possible to carry out normal phase separations and 

several compounds, including estrogens, amino acids, and acyclic polyethers, have all been 

successfully separated by this method with hexane-based mobile phases. Okada et al. [198] 

performed a separation of nine amino acids using just ice as the stationary phase and a 

mobile phase of diethylether in hexane. The separation was performed at –10 °C and is 

shown in Figure 1.24. 

 

 

Figure 1.24 – Separation of o-phythalaldehyde derivatives of amino acid esters with step 

gradient elution at −10 °C; 5.4% diethylether in hexane (0 – 23.8 min) → 26.5% 

diethylether in hexane (23.8 – 40.0 min) → 50.0% diethylether in hexane (40.0 – 50.0 min). 

Reproduced from [198]. 
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However, the application of sub 0 °C temperatures to the chromatographic process is not 

simply confined to the creation of stationary phases or as a parameter in the 

chromatographic process. Freezing has also been used to create “ice-valves” in micro-

fluidic platforms to control flow [202]. 

 

Recently Eghbali et al. [203] demonstrated analyte trapping on the end of a column which 

was applied to separations of large bio-molecules, in this case proteins and peptides. This 

was achieved by cooling the end segment of a reversed phase column to approximately -20 

°C. The authors noted that biological analytes such as these typically have large retention 

enthalpies, thus temperature has a significant effect on their retention behaviour.  

 

 

1.2.2 High temperature chromatography  

Historically, the use of elevated temperatures in liquid chromatography did not generate 

much interest and was certainly not widely used, even though the benefits of performing 

separations at higher than ambient temperatures have been well known for over 40 years 

[204,205]. Two exceptions to this were its application in size exclusion and ion-exchange 

chromatography [164], but for the most part, the role of temperature in the chromatographic 

process was often one of simple thermostatting rather than being employed as a useful 

chromatographic tool. Part of the reason for this was due to the lack of commercially 

available column ovens capable of high temperatures, but more significantly it was because 

thermally stable stationary phases simply did not exist. In addition, during the latter half of 

the last century pumping technology was developing quickly and improvements in 

pumping control and mixing was enabling the use of reproducible, compositional mobile 
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phase gradients with the result that high temperature separations attracted very little 

attention. As recently as 1996, a publication [206] reported that half of all HPLC systems 

being sold did not come with a column oven. In the past few decades however, column 

technology has moved on considerably and in recent years there has been renewed interest 

in high temperature LC, particularly given the growing popularity of microbore and 

capillary scale LC. The low thermal mass of these small columns allows for almost 

instantaneous thermal transfer and today the use of higher than ambient temperatures is 

recognised as a valuable tool in LC, particularly in reversed-phase separations. Currently 

most modern liquid chromatographs are sold complete with integrated column oven 

compartments, most being capable of heating to at least 80 °C. There have been a number 

of comprehensive reviews and book chapters published on the subject of high temperature 

LC [151,160,164,207-212].  

 

1.2.2.1 Application of temperature 

Nowadays most commercially available LC systems come with some degree of column 

heating, usually in the form of a column compartment, however some instruments also 

offer extended compartments which house not only the column, but also the injector and 

inlet tubing. In general LC applications, temperature can be applied to the column in a 

number of ways. The column can be heated by direct contact through heating blocks (direct 

contact), by being immersed in a water bath (or by using a water jacket), or through the use 

of an air bath or circulating air oven [207,211,231]. Clearly, the most efficient of these 

approaches is the water bath or water jacket due to their superior heating capacity, however 

direct contact systems come a close second, their major limitation being in the way the 

column contacts the heating blocks. Unfortunately, water bath systems are seriously limited 
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by the temperature gradients which they can achieve, while water jacket systems fare only 

slightly better due to their smaller thermal mass. Air bath systems can provide fast thermal 

gradients, depending on the efficiency of the system, and most circulating air ovens give 

thermal response times of approximately 30 °C/min. In this respect, direct contact systems 

out perform other types of column oven. Provided the contact between the column and the 

heating block(s) is thermally efficient, extremely high ramp rates have been reported. 

Furthermore, some groups have modified GC column heaters for use with capillary scale 

columns - GC column heaters providing ramp rates of up to 1800 °C/min [213]. 

 

1.2.2.2 The effect of temperature on LC separations 

The effect of a temperature increase on the separation efficiency is described in the 

following pages. It is well known that diffusion coefficients in the mobile (Dm) and 

stationary (Ds) phases are highly dependent on temperature (eq. (1.1) and (1.2)): 
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where T is temperature, M2 is molecular weight of solvent, V1 is molar volume of solute, η 

is viscosity of mobile phase, Ψ2 is association factor of solvent, εt is porosity, δ is 

constrictivity, and η is tortuosity. 
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The terms B (longitudinal diffusion) and C (mass transfer) of the van Deemter equation 

(eq.1.3) are both related to the diffusion coefficients in mobile and stationary phases which 

it turn are affected by temperature. 

Cu
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eq. (1.3) 

Looking firstly at the B-term, it can be rewritten as: 
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eq. (1.4) 

where B is the longitudinal diffusion coefficient, u is the linear velocity of the mobile 

phase, ζ
2
 is variance resulting from diffusion and L is column length. This can be further 

shown as: 
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eq. (1.5) 

where Dm is the diffusion coefficient of solute in mobile phase. The C-term can be 

presented as: 

uCCC msu )(   

eq. (1.6) 

where C is the coefficient of resistance to mass transfer, Cs is the coefficient of mass 

transfer in the stationary phase and Cm is the coefficient of mass transfer in the mobile 
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phase. The mass transfer terms also can be described relative to the diffusion coefficients in 

the mobile and stationary phase respectively: 
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where k’ is capacity factor, d is thickness of stationary phase, r is column radius, Dm is 

diffusion coefficient of solute in mobile phase, and Ds is diffusion coefficient of solute in 

stationary phase.  

 

There have been many studies showing the advantages of high temperature separations 

across different modes of liquid chromatography [149,150,152,214]. The most obvious 

advantage of running a separation at higher than ambient temperatures is the reduction in 

column backpressure due to a decrease in mobile phase viscosity. The drop in pressure 

means that the user can run at higher flow rates, therefore increasing the speed of the 

separation. Importantly, the use of elevated flow rates in conjunction with increased column 

temperatures has much less of an impact on separation efficiency. The effect on 

temperature on efficiency at different flow rates is presented in Figure 1.25, and it can be 

seen that at high linear velocities where the C-term is the dominant contributor to 

theoretical plate height, the van Deemter curve remains shallow. Due to improved mass 

transfer at elevated temperatures, the cost to column efficiency from running at higher than 

optimal flow rates is greatly reduced. 
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Figure 1.25 – Plate height vs. linear velocity at various temperatures for moderately 

retained solutes. Experimental conditions: 3 μm ZirChrom-PS column, 5 cm x 4.6 mm ID, 

40% ACN/60% water,  = 25 °C, octanophenone, k = 3.87,  = 80 °C decanophenone, k 

= 3.15,  = 120 °C, decanophenone, k = 5.70,  = 150 °C, decanophenone, k = 1.65. 

Reproduced from [151]. 

 

In addition to this, there is a relationship between temperature and analyte retention, which 

is described by the van‟t Hoff equation (eq. (1.11)), and is derived from general 

thermodynamic equation: 
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Where H
0
 is the enthalphy of adsorption, R is the gas constant, T, is absolute temperature 

in kelvin, S
0
 is the enthropy of adsorption and K is the equilibrium constant [215]. The 

equilibrium constant K is proportional to the retention factor k according to the following 

equation: 
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kK lnln   

eq. (1.10), 

where  is the phase ratio (Vs/Vm). Thus the relation between retention factor and 

temperature can be written as: 
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Figure 1.26 shows the practical application of the relationship between retention factor and 

temperature for eight different polystyrenes of increasing molecular mass, showing that 

adjusting the temperature may significantly affect the retention and selectivity. Faster flow 

rates and lower retention factors mean that run times can be considerably shorter in 

comparison to separations carried out at room temperature; up to 50 times faster in some 

instances [216].  

 

 

Figure 1.26 – Van’t Hoff plot of polystyrenes, demonstrating the impact of temperature on 

the retention of compounds with different molecular mass. Reproduced from [164]. 
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In addition to decreasing the analysis time, the use of high temperature has many other 

significant effects. Improvement of peak shape and column efficiency have been reported 

for a variety of stationary phases including zirconia [209,217], carbonaceous sorbents such 

as Hypercarb [218], organic polymers [219] and bare silica [220]. As described earlier, 

analyte diffusivity increases at higher temperatures which improves column efficiency due 

to improved mass transfer. Figure 1.27 shows a separation of caffeine derivatives on a 

zirconia-based column at 25 °C and 150 °C, with a significant improvement in peak shape 

and efficiency at the higher temperature.  

 

Figure 1.27 – Effect of temperature on the separation of caffeine derivatives (1, 

hypoxantine; 2, theobromine; 3, theophilline; 4, caffeine; 5, ß-hydroxy-ethyltheophilline). 

Column: ZirChrom-DB-C18 50 mm x 4.6 mm: (a) 25 ◦C, flow rate = 1 mL/min, water–

methanol 60:40% (v/v); (b) 150 ◦C, flow rate = 7 mL/min, water. Reproduced from [231]. 
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Separation selectivity and resolution can be significantly improved and so peaks that co-

elute at room temperature can often be separated at higher temperatures or through the 

application of thermal gradients (also known as temperature programming). A good 

example of the effect of temperature of peak selectivity is presented in Figure 1.28, which 

shows a separation of a mixture of six steroids at different temperatures. Additionally in 

many instances the analyte signal-to-noise ratio can also be increased [209,211]. 

 

Figure 1.28 – Effect of temperature on resolution. Separation of benzene and six steroids 

(1. benzene; 2. hydrocortisone; 3. cortisone; 4. prednisolone; 5. dexamethasone; 6. 

hydrocortisone acetate; and 7. testosterone) on a NIPAAm-BMA-DMAPAAm (IBD) 

terminally-modified column at (a) 10 °C,and (b) 50 °C. Mobile phase: H2O. Flow rate = 

1.0 mL/min. UV detection at 254 nm. Reproduced from [221]. 

 

Isobaric (constant pressure) separations are also possible using temperature programming 

and this offers an excellent alternative to solvent gradient elution where the required range 

of the elution strength is not very wide. 
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1.2.2.3 Water-only separations 

Higher temperature reduces the dielectric constant of water, so hotter water begins to take 

on the characteristics of an organic solvent [222]. Figure 1.29 shows the effect of 

temperature on the dielectric constant, surface tension, and viscosity of pure water, and on 

water/acetonitrile and water/methanol mixtures.  

 

 

Figure 1.29 – Effect of temperature on (a) dielectric constant, (b) surface tension and (c) 

viscosity for pure water, and water/acetonitrile and water/methanol mixtures. Reproduced 

from [222]. 

 

This means that as higher temperatures are used, less organic solvent within the mobile 

phase is required for the separation. Indeed, a growing application of high temperature LC 

is within the area of „green‟ chemistry, where only pure water is used as the mobile phase 

for reversed-phase separations [210,230]. Two excellent recent examples are shown in 

Figure 1.30, where Smith et al., [230] separated a mixture of alkylbenzenes and 

phenylalkanols using superheated water as the mobile phase at temperatures up to 190 °C 

on a C18 bonded ethylene bridged hybrid column. 
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Figure 1.30 – Separation of (a) alkylbenzenes at 190 °C at 4 ml/min and (b) phenylalkanols 

at 170 °C at 1 ml/min on C18 bonded ethylene bridged hybrid column. Reproduced from 

[230]. 

 

Kephart and Dasgupta [223] performed separations using superheated water, and in this 

work the authors investigated up to the boundary of supercritical water, successfully 

separating several n-butyl-benzenes at temperatures up to 370 °C. This work is of particular 

interest as several observations regarding the technical difficulties with operating at such 

high temperatures were made. The authors noted that supercritical water was a highly 

aggressive solvent and at 370 °C caused catastrophic failure of fused silica capillaries 

within only 1 hr of use. The presence of a silica pre-saturator extended the lifetime of the 

column to 10 hrs, however, such a short column lifetime is of very limited use. Even at 250 



 54 

°C the lifetime of the capillary was approximately 3 days when used without the silica pre-

saturator. Later Causon et al. [224] studied the stability of a poly(divinylbenzene) 

monolithic column when using pure water at temperatures up to 250 ◦C and showed that the 

monolith was stable and attached to the inner walls of the capillary for up to 30 h of 

operating at 220 ◦C. 

 

Several comparisons [225-227] of solvent composition against temperature have shown that 

a 1% increase in MeOH concentration was equivalent to an increase in temperature of 

around 4ºC. Other comparisons have been made with acetonitrile-water mobile phases with 

similar results. The combination of solvent and temperature gradients together, and indeed 

the simultaneous use of the two, is considered to be a highly effective way to control peak 

retention and selectivity. In general, it is the entropy dominated separations that will benefit 

most from temperature programming over solvent gradient programming. 

 

1.2.2.4 The effect of temperature on detection sensitivity 

In addition to the many advantages of applying high temperature to the separation itself, 

there are also some other positive aspects which are not so obvious, particularly concerning 

the detector. Often, in the course of high temperature LC, post-column cooling is required 

prior to UV or fluorescence detection, however there have been many studies done which 

show that high mobile phase temperatures improved detector response, particularly for 

evaporative light scattering detectors [209]. High eluent temperatures are also of benefit 

when using LC-MS and studies have shown many advantages including reduced run times 

and improved sensitivity and detection[228,229]. Figure 1.31 shows a series of 

chromatograms of a separation of sulfonamides under various conditions, including a 
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solvent and temperature program. However, the inset in the figure shows the MS peak area 

for each compound under solvent and temperature programming conditions, and the 

improvement in sensitivity, particularly for peak 4, can clearly be seen. 

 

 

Figure 1.31 – Green chromatography of a sulfonamide mixture (1. sulfamethazine, 2. 

sulfamethizole, 3. sulfachlorpyridazine, and 4. sulfamethoxine) on a Hypercarb column 100 

mm  x 3 mm ID (dp 5 µm), at various conditions, (a) isocratic 50% B, isothermic 50 °C; (b) 

solvent program 50 to 100% B in 5 min, isothermic 50 °C; (c) isocratic 50% B, 

temperature program: initial 40 °C, hold 0–2 min, ramp 40–180 °C at 20 °C/min. Flow 

rate = 0.5 mL/min. Mobile phase: A, 0.1% acetic acid in water, B, 0.1% acetic acid in 

ethanol. DAD detection at 273 nm. Inset: MS peak area under conditions (b) and (c). 

Reproduced from [160]. 
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1.2.2.5 Stationary phase and analyte stability at elevated temperatures 

There continues to be a widespread reluctance to use high temperature mainly due to the 

popularity of silica based stationary phases and their intolerance to water-based eluents at 

elevated temperatures. Silica based phases have a reputation as being notoriously unstable 

when used at elevated temperatures, and in some cases even short term exposure to high 

temperatures may permanently degrade the column [156,158]. High temperatures often 

increase the solvating strength of the mobile phase, and (both non-bonded and bonded) 

coatings may be easily removed. The aggressive use of temperature, even with just water as 

the mobile phase, can lead to rapid degradation of the stationary phase [159]. The 

underlying supports of the stationary phase can also be attacked causing the structure to 

either collapse or simply wash off the column (column bleed), a condition that is most 

common in GC. Occasionally a column may be conditioned by cycling the column 

temperature under flow or by flushing the column with a strong mobile phase at high 

temperature. However, depending on the type of column there may be a loss of stationary 

phase, reducing both capacity and efficiency and ultimately resulting in the destruction of 

the column. Having said this, there are many columns now commercially available that 

have excellent thermal stability and which demonstrate excellent reproducibility when used 

at elevated temperatures. In addition, even separations done on silica columns which are 

prone to degradation at elevated temperatures can often benefit from temperature 

programming provided the upper temperature limits are not excessive. Over 100 ºC most 

silica based C18 phases will rapidly degrade [231]; however, once the temperature is kept 

below 70 ºC, most reversed-phase columns will experience no problems whatsoever. On 

the other hand, phases such as cross-linked polystyrene, graphitic carbon, and zirconia (to 

name a few) have demonstrated excellent stability at temperatures exceeding 240 ºC 
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[211,231]. Analyte stability may also be affected by the application of high temperatures 

particularly if the analyte in question is a thermally labile species. Many compounds 

(especially biomolecules and bio-active compounds) will undergo rapid degradation at 

elevated temperatures and this is probably the main reason that high temperature LC has yet 

to be accepted by the wider pharmaceutical industry. However, the occurrence of on-

column degradation depends not only on the reaction rate of the analyte at the given 

conditions, but also the length of time which the analyte is exposed to these conditions 

[232]. Theoretically, any on-column reaction might be rendered insignificant if the increase 

in the analyte‟s reaction rate at high temperatures was offset by the reduction in the time 

that the analyte spends in the column [233]. Although the compound might degrade at the 

applied temperature, the combined effects of reduced retention and higher flow rate might 

well result in the analyte eluting before it has time to degrade. A recent study illustrated this 

particularly well by separating three proteins at 120 ºC on a silica based column using a 

mobile phase consisting of 0.1% TFA [234], shown in Figure 1.32. This further highlights 

the importance of very rapid temperature programming in LC. 
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Figure 1.32 – Separations of a protein mixture (1. ribonuclease, 2. insulin; and 3. α-

chymotrypsin) performed on a HC-C8 phase at 120 °C, (A) injection made immediately 

after column equilibration at 120 °C; (B) after 24 hr; (C) after 50 hr. Conditions: 120 °C, 5 

mL/min, injection volume 1 µL. Solvent (A) 0.1% TFA in water; solvent (B) 0.067% TFA in 

ACN. Linear gradient from 10 to 90% B in 0.3 min (dwell time is 0.2 min). UV detection at 

220 nm. Reproduced from [234]. 

 

1.2.2.6 The effect of eluent pre-heating and post-column thermostating 

There are a number of considerations that must be taken into account besides the stability 

of the column and analytes in question. The effect of difference between temperature of the 

inlet mobile phase and the column temperature is shown in Figure 1.33. It can clearly be 

seen that the difference of ~16 °C significantly affects peak shape, causing them to split, 

while fine temperature adjustment results in excellent peak shape and complete resolution 

of all peaks of the test mixture. In order to minimise band broadening the mobile phase 

should be pre-heated to within at least 6 ºC of the column temperature and this is especially 

critical for columns larger than 2 mm in diameter [165,235-238].  
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Figure 1.33 – Effect of the inlet solvent temperature on separation. Flow rate = 2 ml/min, 

incoming and oven temperatures shown in figure. Reproduced from [165]. 

 

Likewise, at the column exit, the eluent should be temperature controlled depending on the 

mode of detection being employed. For most standard optical detectors the mobile phase 

may need to be cooled prior to entering the detector. At higher temperatures a pressure 

restrictor (usually just a coil or section of narrow bore tubing or capillary) will often be 

required between the column and detector, the purpose of which is to prevent the mobile 

phase from boiling before it has a chance to cool sufficiently [151,211,238]. If the column 

ID is too large (typically >2 mm) then there will be considerable thermal lag, so rapid 

temperature programming will not work effectively and will probably cause band 

broadening (this can occur due to axial and/or radial temperature gradients within the 

column). An excellent example of this is presented in Figure 1.34, reproduced from the 

work by Jones [207]. In this example the author applied a temperature program to a 4.6 mm 

ID stainless steel housed column, heating at 40 °C/min from 40 °C to 200 °C. The author 

recorded the temperature at the start, middle, and exit of the column, comparing it to the 
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actual temperature of the column oven. As can be seen from the figure, some areas of the 

column suffers from excessive thermal lag, between 45 – 50 °C in some instances. 

 

 

Figure 1.34 – Column temperature lag during a temperature program from 40 °C to 200 

°C at 40 °C/min, after an initial hold 1 min. The column was 4.6mm internal diameter x 

150 mm long. Mobile phase: H2O, flow rate = 3 mL/min, and was maintained in a liquid 

state by applying 250 psi backpressure to the column outlet. The mobile phase preheater 

was programmed to track the oven temperature. Reproduced from [207]. 

 

The next decade promises to be very exciting with regard to high temperature LC, 

particularly as the boundaries of what is possible are constantly being pushed further. 

Although the application of elevated temperatures may not become common place across 

all modes, it is most likely, given that it is such a useful tool, that temperature programming 

will become the norm. Having said this, there is a worldwide push towards reducing 

solvent consumption and separations carried out at high temperature is the logical solution. 

With the market moving towards greener and faster separations we will probably see the 

sizes of analytical columns becoming smaller and smaller, more suited to rapid temperature 
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programming and high temperatures. In addition, with mass spectrometers becoming more 

affordable, we can expect an increase in the use of LC-MS in analytical labs, a technique 

which benefits from the application of elevated temperatures. 

 

 

1.3 Conclusions 

Capillary scale LC offers many benefits over standard bore separations and continues to 

grow in popularity in many different modes of chromatography. Furthermore, the extensive 

work done in the area of monolithic stationary phases over the past 15 years has added a 

further dimension to LC separations and capillary LC in particular. With the trend towards 

smaller column sizes and rapid separations, there exists a need for capillary scale 

instrumentation, not only in analytical sense, but also as an aid for the development and 

fabrication of capillary columns. The work carried out in the following Chapters of this 

thesis aims to address this need for new and novel instrumentation. The design, 

development, and application of a rapid direct contact column oven suitable for capillary 

and micro-bore scale LC is presented. Additionally, extensive work on the fabrication of 

monoPLOT columns through both photo- and thermal-initiation is carried out, with an 

emphasis on control of the procedure and column reproducibility.  
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Abstract 

A new direct contact platform for the precise control of capillary column temperature based 

upon the use of individually controlled sequentially aligned thermoelectric (TEC) units is 

presented. The platform provides rapid temperature control for capillary and microbore 

liquid chromatography columns and allows simultaneous temporal and spatial temperature 

programming. In this work, two working prototypes were developed with an operating 

temperature range of 15 to 150 °C and 5 to 200 °C for the Mk.1 and Mk.2 prototypes, 

respectively. Ramp rates for both of these prototype column heaters were approximately 

400 °C/min. A third, commercial prototype was also developed under funding from Science 

Foundation Ireland. 

 

The systems were evaluated for a number of non-standard capillary based applications, 

such as the direct application of temperature gradients with both linear and non-linear 

profiles, including both static column temperature gradients and temporal temperature 

gradients, and the formation of in-capillary monolithic stationary phases with gradient 

polymerisation through precise temperature control. 

 

Chapter 2 details the design, development, and testing of both the Mk.1 and Mk.2 column 

heaters and compares their performance to a commercially available column oven. Future 

work, including the development of a commercial prototype of the TEC column heater is 

also discussed. 

 

Chromatographic applications and evaluation of the Mk.1 and Mk.2 column heaters are 

shown in Chapter 3.  
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Aims 

The aim of the work presented in Chapter 2 was to design, develop, and build a segmented 

TEC based column heating and cooling unit. Due to its segmented design it can provide 

longitudinal and spatial temperature gradients. The proposed heating/cooling platform can 

also find use as a tool in various hyphenated techniques that demand minimal additional 

column band broadening and require temperatures or ramp rates outside the traditional 

operating envelope of conventional column ovens. 
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2.1 Introduction 

Most commercially available LC systems offer some degree of column heating, usually in 

the form of a column compartment. Some instruments also offer extended compartments 

which house not only the column, but also the injector and inlet tubing, such as the TCC-

3000SD and NCS-3500RS nano/cap systems from Dionex. Other systems also offer 

independently controlled heating zones within the column compartment, such as the 

Shimadzu Nexera range of instruments. Column temperature can be controlled in various 

ways: heating blocks, water jackets and baths, as well as the more common circulating air 

ovens. Heaters based upon water jackets and baths have been found to be the most efficient, 

due to their superior heat capacity. However, such column heaters generally exhibit a rather 

limited temperature range (though water can be replaced with other liquids with greater 

heat capacity for temperatures greater than 100 °C) and a prohibitively slow rate of heating 

and cooling, in applications where any form of temperature gradient is required. In the case 

of heating blocks, performance strongly depends on the degree of contact with the column, 

and in commercial examples where this close contact is maintained, these type of heaters 

are generally efficient in heat transfer [1] and also exhibit reasonable heating rates of 

approximately 20 – 30 °C/min. Circulating air ovens have a heating capacity that depends 

on the heating rate of the air and speed at which this heated air can be circulated around the 

column. This type of oven is suitable for isothermal operation (very limited in their heating 

and cooling rates, typically <10 °C/min) but not for rapid temperature programming – in 

practice they are the slowest and most inefficient. In addition, very few commercially 

available column ovens are capable of heating above 80 °C [2-6] while fewer still are 

capable of cooling below 10 °C [5]. Capillary and microscale HPLC lends itself very well 

to rapid heating and high-temperature operation, as the column mass is small and the 
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columns have thin walls (predominantly manufactured in fused silica housing), thus 

possessing low thermal mass and high thermal conductivity (~1.4 Wm/k). Currently 

however, there are very few column heaters specifically designed for both capillary and 

microscale HPLC, and those that do exist are very limited in heating rate and range. 

Moreover, none can provide the generation of longitudinal gradients and most have only 

limited temperature data acquisition capability [2-5]. Column heating/cooling platforms 

based upon thermoelectric units combine the advantages of direct contact ovens (fast 

thermal transfer rates) and of circulating air ovens (broad elevated temperature range). 

Indeed, rapid direct contact heating or cooling can be applied through an array of TEC 

modules, which would consist of many distinct thermally isolated zones, making it possible 

to generate both temporal and spatial temperature gradients. This approach introduces a 

number of novel features previously unavailable, including the ability to spatially apply 

heated or cooled zones for potential on-column thermally controlled trap and release 

applications, or to apply instant or dynamic temperature gradients to the column. In 

addition, such a heating/cooling platform could also find use as a tool in various 

hyphenated techniques that demand minimal extra column band broadening and require 

either high or low temperatures. Such precise and rapid localised control of temperature 

using single TEC modules has previously been reported in micro-fluidic platforms, mainly 

for control of fluid flow [7-10] but also for PCR amplification of DNA [11] and the 

thermally actuated trap and release from thermo-responsive polymer gels [12]. 
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2.2 Experimental 

2.2.1 Materials 

For the development and construction of column heater prototypes Mk.1 to 3 the following 

materials were used: 

 12 x 12 mm single stage TEC units (TEC Microsystems GmbH, Berlin, Germany) 

were used in the Mk.1 and Mk.2 column heater. 30 x 30 mm single stage TEC 

units (Radionics Ltd., Dublin, Ireland) were used in the Mk.3 column heater. 

 Rapid prototype parts were manufactured from Acrylonitrile butadiene styrene 

(ABS) and soluble support material (Laser Lines Ltd, Oxon, UK). 

 Enclosures were designed in-house and manufactured by Advanced Design Ltd., 

(Wexford, Ireland). 

 Raw materials (PEEK, Delrin, aluminium) were purchased from Alperton 

Engineering Ltd., (Dublin, Ireland).  

 Fabricated parts were manufactured by WIC Contracting Ltd., (Dublin, Ireland). 

 Electronic components were purchased from Radionics Ltd., (Dublin, Ireland), 

Farnell Ltd., Leeds, United Kingdom, and EPCOS AG, (Munich, Germany). 

 Circuit boards were designed in-house and fabricated by Beta Layout Ltd., 

(Shannon, County Clare, Ireland). 

 USB6009 cards (National Instruments UK & Ireland, Newbury, UK) were used 

for data acquisition. Coding for the devices was done through the LabView virtual 

instrument environment, 2009 version.  

 A PicoLog ADC16 (Pico Technology, Cambridgeshire, UK) system was used for 

preliminary data acquisition. 
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 Power supplies for the column heaters were purchased from Komplett.ie, (Dublin, 

Ireland). 

 AS1802 thermally conductive silicon was purchased from ACC Silicons, 

(Bridgwater, UK). 

 Loctite 5910 high temperature silicon was purchased from Murphy Engineers Ltd., 

(Dublin, Ireland). 

 Electrolube Thermal Bonding System (TBS) was purchased from Electrolube, 

(Derbyshire, UK). 

 Heat sink compound was purchased from Radionics, (Dublin, Ireland). 

 High temperature insulating material, Puren NE-B2 40 HT (Puren GMBH, 

Überlingen, Germany) was used for thermal insulation between the heating zones 

at their mountings.  

 Teflon coated (15 μm thickness) fused silica capillary, 100 μm ID, 375 μm OD 

was purchased from Composite Metal Services Ltd., (Charlestown, UK). 

 

 

2.2.2 Reagents 

All chemicals were reagent or analytical grade purity.  

For the fabrication of monolithic stationary phases the following reagents and chemicals 

were used: 

 Lauryl methacrylate (LMA), ethylene dimethacrylate (EDMA), butyl methacrylate 

(BuMA), 1-propanol, 1,4-butanediol, 3-methoxysilylpropyl methacrylate, and UV-

initiator dimethoxy-2-phenyacetophenone (DAP) were purchased from Sigma-

Aldrich (Gillingham, UK).  
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 All solvents which were used for the preparation of HPLC mobile phases and for 

the synthesis and washing of prepared monoliths, namely, tetrahydrafuran (THF), 

acetonitrile (ACN), sodium hydroxide (NaOH), hydrochloric acid (HCl), and 

methanol (MeOH), were purchased from Lab Scan (Gliwice, Poland).  

 Deionised water purified by a Milli-Q system (Millipore, Bedford, MA, USA) was 

utilised throughout the experiments. 

 

 

2.2.3 Instrumentation 

 For the temperature/pressure response studies a Dionex Ultimate 3000 nano-HPLC 

system (Dionex, Sunnyvale, CA, USA) was used, incorporating an FLM-3000 

column compartment which was used only for the performance comparison with 

the TEC array module.  

 Rapid prototype parts were printed on a Dimension SST 768 rapid prototyper 

(Dimension 3D Printers, MN, USA). 

 The thermal camera used was an A20 Thermovision FLIR infra-red camera (FLIR 

Systems, West Malling, UK). Data acquisition and capture was done using FLIR 

Systems FSCAP, Ver 1.2. 
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2.2.4 Software 

Software used in the development, design, and control of the column heaters are listed 

below: 

 For data acquisition, Chromeleon 6.8 software (Dionex, Sunnyvale, CA, USA) 

was used. 

 Mechanical design of the column heaters was done through AutoCAD 2006, 

(AutoDESK Ltd., Hampshire, UK) and Solidworks 2004 (Solidworks UK, 

Cambridge, UK). 

 Electrical design of the column heaters was done through PSpice 9.1 student 

version (Cadence Design Systems, Berkshire, UK), and Target 3001 (TARGET 

3001!, Eichenzell, Germany), a freeware open-source design and simulation 

package. Electrical drafting packages used also included Design Spark, a freeware 

package provided by Radionics Ltd. 

 Control of the Mk.2 column heater was done through the LabView virtual 

environment, (National Instruments UK & Ireland, Newbury, UK). 

 The Mk.3 column heater was controller through onboard PIC (Peripheral Interface 

Controller) control. The software was coded in C in the MpLab IDE (Integrated 

development Environment) obtained from Microchip Technology Inc., Arizona, 

USA, and complied using the CCS compiler, a freeware compiler (Custom 

Computer Services Inc., Wisconsin, USA). 

 A PicKit2 (Radionics Ltd., Dublin, Ireland) was used to program the onboard PIC 

on the Mk.3 column heater. 
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 An Atmel AVR Mk.2 programmer (Radionics Ltd., Dublin, Ireland) was used to 

program the AVR microcontroller on the Mk.3 column heater touch screen. 

 

 

2.2.5 Experimental procedures 

2.2.5.1 Capillary silanisation 

Fused silica capillaries were initially pretreated through activation of the surface silanol 

groups of the inner walls by sequential flushing with 1 M NaOH, deionised water, 0.1 M 

HCl, deionised water, and acetone. The pretreated capillary was silanised using a 50 %wt 

solution of trimethoxysilylpropyl methacrylate in toluene at 60 °C for 24 hrs. After 

silanisation the capillary was washed with acetone for 3 hrs. 

 

2.2.5.2 Fabrication of reversed-phase columns (capillary format) 

The LMA-EDMA column was prepared according to the procedure described by Eeltink et 

al.[13]. The monomer mixture consisted of 24 %wt LMA, 16 %wt EDMA, 45.5 %wt 1-

propanol, 14.5 %wt 1,4-butanediol, and 0.4 %wt of dimethoxy-2-phenyacetophenone (with 

respect to monomers). The initiator (DAP) was weighed out into the mixture vessel, and the 

porogen mixture (1-propanol and 1,4-butanediol) was added, followed by the monomers. 

The mixture was vortexed and deoxygenated under a flow of nitrogen for 10 min. A desired 

length of 100 μm ID silanised capillary was filled with the monomer mixture and exposed 

to 2 J cm
2
 of UV radiation. The resultant monolithic column was washed with MeOH to 

remove residual porogen and unreacted monomers.  
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2.3 Design and development 

The primary design criteria for the column heater was to develop a platform which could 

not only provide dynamic, longitudinal, and spatial gradients along the length of the 

column, but also have a rapid response, further allowing the application of fast temperature 

programming. Columns with an internal diameter larger than ~2 mm can exhibit radial 

temperature gradients during temperature programming, particularly if the applied gradients 

are fast. This makes larger columns unsuitable for use with rapid temperature programming 

and so the design goal of the column heater was to accommodate smaller columns, 

specifically capillary and microbore scale. The second design requirement was to develop a 

system which had the capacity to take columns of a useful length and so the column heater 

was designed to take columns up to 130 – 150 mm long. 

 

In order to provide segmented heating for longitudinal gradients it was necessary to use 

multiple individual heating elements and to achieve fast ramp rates these elements were 

required to have a low thermal mass, enabling them  to equilibrate quickly to temperature 

changes. Furthermore, in order to provide fast negative ramp (cooling) rates the heating 

elements should be able to lose or pump thermal energy away quickly. An ideal type of 

heating/cooling element with these characteristics is the Peltier, or thermoelectric module. 

The Peltier effect is termed as the conversion of a difference in temperature between the 

two sides of the module into a potential difference or vice versa and is thermodynamically 

reversible depending on the applied polarity. 

 

TEC modules are used extensively in the electronics industry, usually for cooling 

components that are prone to overheating. They do this by acting as a very effective heat 
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pump, drawing heat from one side of the device and emitting it on the other. The level of 

cooling that can be achieved by a TEC module depends on the amount of heat that can be 

drawn away from the hot side of the device and the ability of the attached heat-sink to 

dissipate the heat. The direction of heat transfer through the device depends on its polarity, 

so by simply switching the polarity of the TEC unit in the circuit, it is possible to both heat 

and cool the same side of each individual unit (see Figure 2.1).  The modules selected for 

use in the TEC column heater were chosen based on their operational temperature range 

and low thermal mass, so the system response would be very fast. 

 

 

Figure 2.1 – Schematic of TEC module (cooling mode). 

 

TEC modules are constructed of multiple P-N junctions, each junction containing two 

dissimilar metals, for example Cu & Fe (see Figure 2.2). The performance of the module is 

dependant on the property of the P-N junction and in the case of the TEC column heater 

bismuth-telluride Peltier modules were used. The contact surfaces of the device were 

ceramic (Al2O3).  
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Figure 2.2 – TEC module structure. 

 

Since the „pumping‟ direction is dependant on polarity it allows both heating and cooling 

on the same side of each module. Some TEC modules can also be used over very broad 

temperature ranges, from sub-zero to >200 °C. The solder melt temperature of the TEC 

modules used in all three iterations of the developed column heater was 230 °C so the 

upper temperature limit was set to 200 °C for all three devices. 

 

 

2.3.1 Mk.1 Column heater 

The Mk.1 prototype of the TEC column heater was constructed from a single dimension 

array made up of ten individual single stage 12 x 12 mm TEC modules, thus allowing the 

generation of complex and dynamic temperature profiles and gradients along the array. The 

total length of the array was 130 mm. The modules were arranged so that there was a gap of 

approximately 0.5 mm between each one, thermally isolating it from its neighbour. Each 

TEC module was wired independently so that both heating and cooling could take place 
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simultaneously and independently along the array. For the prototype device, the capillary 

column was attached to the array of TEC modules using commercially available thermal 

paste, ensuring good thermal conductivity between the TEC module surfaces and the 

column. This prototype was compatible with capillary scale columns and micro-fluidic 

chips. The low thermal mass of the capillary columns attached using the thermal paste 

meant any radial thermal gradients, which could possibly occur in larger diameter columns, 

were negligible in this instance. Since the thermal paste was not an adhesive, it also 

allowed for the easy removal of the column. Temperature control of the device was 

achieved by monitoring the temperature of each individual TEC unit. A thermistor mounted 

on the surface of each unit measured the surface temperature and the data was fed to a basic 

data acquisition circuit which collected data from each segment of the module. 

Temperature control was achieved through simple thermostat switches, one for each TEC 

module. 

 

The system used a simple forced air cooled heat exchanger to dissipate heat during cooling 

operations (see Figure 2.3). During operation below ambient temperature or during cooling 

mode, air is passed from the heat exchanger through a series of fins attached to the bottom 

surface of each TEC unit (the hot side of the modules), and so by dissipating this heat it 

allows the working surface of the unit to cool.  

 

The Mk.1 prototype had an input voltage of between 2 and 5 VDC, drawing a maximum 

current of up to 15 A. For this early prototype the useful operating range of the device was 

kept to 15 – 150 °C. To operate at temperatures above 150 °C more complex control and 
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power circuitry was required – the objective of the 1
st
 prototype was for a proof of principle 

study and so the design was kept reasonably simple.  

 

 

Figure 2.3 – Mk.1 prototype TEC column heater, showing control board (a), heat 

exchanger (b), Peltier module and thermistor (c), column (d), and fan (e). 

 

Likewise, to achieve temperatures below 15 °C a more efficient heat exchanger was 

required as thermal sinking occurred at higher currents. Thermal sinking occurs when the 

module cannot lose enough heat to the heat exchanger and so begins to heat up due to either 

resistive heating or simply due to heat sinking through the device from the hot side. A 

graph of the response curve for temperature against input current for the 12 x 12 mm TEC 

modules is shown in Figure 2.4. The red area highlights the inefficiency of this early heat 

exchanger and operating inside this region resulted in thermal sinking of the module. Thus, 

during cooling operations, current to each individual TEC module was limited to 350 mA.  

(a) 

(b) 

(c) 
(d) 

(e) 
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Figure 2.4 – 12 x 12 mm Peltier response for temperature vs input current. 

 

 

2.3.2 Mk.2 Column heater 

The Mk.2 prototype column oven was designed to be an improvement over the Mk.1 

prototype, both in terms of performance and versatility. The Mk.2 column heater could 

accommodate columns up to 150 mm long and 8 mm in diameter as well as column fittings. 

In this design, pairs of TEC modules contacted the column from both sides ensuring a more 

uniform radial temperature profile, see Figure 2.5. The TEC modules are mounted in „jaws‟ 

which open to a maximum width of 30mm. 

 

HEATING 

COOLING 
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Figure 2.5 – Mk.2 TEC column heater prototype set up with 7 channels (~90 mm long), 

showing heat exchanger (a), column (b), silicon pad with embedded thermistor (c), and 

TEC module (d). 

 

Column contact was provided using soft thermally conductive silicon gel pads, ensuring 

excellent thermal transfer between the array and column, see Figure 2.6. For large columns 

(as shown in Figure 2.5), the column itself was encased in thermally conductive silicon to 

ensure proper thermal transfer. This approach also allowed the column fittings to be heated 

and cooled along with the column. Temperature feedback was provided by a thermistor 

which was embedded in the silicon gel pads close to the column contact surface. For each 

module, and thus each pair of pads, one thermistor provided the temperature process value. 

(a) 

(b) 

(c) 

(d) 
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Each pair of TEC modules was individually controlled and monitored through dedicated 

closed-loop control, in this case proportional-integral-derivative (PID) loops. 

 

Figure 2.6 – Detail of thermally conductive silicon gel pads which contact the column. 

 

PID controllers are a generic control loop feedback mechanism, widely used in industry for 

control applications. Each control loop constantly compared the desired set point with the 

process value, changing the output to the system (in this case the TEC modules) so that the 

desired set point was acquired. Set point values for each zone could be entered by the user 

via the program graphical user interface (GUI). Each module had two dedicated PID 

controllers, one PID loop handling heating operations, while the other controlled cooling. 

This setup was essential in this case as the thermal response of each TEC unit was very 

different depending on whether the unit was in heating or cooling mode. By using this 

approach, the user could very effectively “tune” the control loops for heating and cooling, 
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and so high ramp rates and fast thermal response were possible while obtaining high 

precision with minimal overshoot. 

 

The control and management program for the device was created in the LabView virtual 

instrument (VI) environment and allowed complex gradients and temperature programming 

to be carried out. This environment also allowed the user to acquire data from each of the 

temperature controlled zones. Figures 2.7(a) and (b) show the two screens on the GUI, the 

main page where temperature set points and programs can be entered, and the parameters 

page which allows control settings to be input. 

 

 

Figure 2.7(a) – Column heater, graphical user interface, page 1 (main screen). 
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Figure 2.7(b) – Column heater, graphical user interface, page 2 (parameter screen). 

 

Due to the complexity and power of this system, additional control circuits and a power 

supply were constructed. These can be seen in Figure 2.8. 

 

 

Figure 2.8 – Mk.2 column heater showing column heater unit (a), control and I/O boards 

(b), and power supply (c). 

(a) 

(b) 

(c) 
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One of the main advantages of the Mk.2 column heater was its modular design which 

allowed the user to tailor the device to accommodate the specific dimensional requirements 

of the column or micro-fluidic chips they are using. By using this approach the user simply 

attaches the required number of heating/cooling zones, up to a maximum of 10 modules, 

which equates to a column heater length of 150 mm. Figure 2.9 shows some of the 

heating/cooling modules separated from one another. The „quick-click‟ mechanism for 

joining the modules together is show in Figure 2.10. 

 

 

Figure 2.9 – Image of column heater showing individual modules including some that have 

been removed from the assembly. 



 98 

 

Figure 2.10 – Detail of ‘quick-click’ mechanism which allows individual heating/cooling 

modules to be joined together as required by the user. 

 

For low temperature or extended cooling operations another type of module could be 

substituted. This module is designed with an aluminium heatsink which draws and 

dissipates heat away from the TEC allowing cooler temperatures to be achieved. 

 

Details on the design and construction of these systems and of the column heater itself can 

be found in Appendix A. 
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2.4 Testing - Results and discussion 

Initial testing of the device was achieved through thermal imaging of the array during 

heating and cooling operations and also through system response measurements, i.e. ramp 

rates, upper and lower temperatures, extended operations at temperature, etc. 

 

 

2.4.1 Thermal imaging 

The thermal response of the assembled systems was recorded using a thermal imaging 

camera. This approach allows the detection of any temperature variations between each of 

the heating zones and the attached capillary, whilst also allowing real-time monitoring of 

the thermal equilibration of the column. Any variation in colour would indicate that thermal 

transfer between the TEC units and the column was inefficient and that the column 

temperature was lower than the TEC modules. It was also possible to measure surface 

temperatures at various spot locations using this approach. This was crucial for validating 

the control function of the device. An example of spot measurement can be seen in Figure 

2.11. It is important to note that thermal imaging was used only in the testing of the system 

and was not subsequently used or required during chromatographic studies carried out with 

the device. 

 

 

Figure 2.11 – Spot location measurement of four TECs at 30, 35, 40 and 45 °C 

respectively. 
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Figure 2.12 shows a typical set up with the thermal imaging camera and Mk.1 TEC column 

heater.  

 

 

Figure 2.12 – Typical set up of thermal imaging camera and TEC column heater during 

initial testing. 

 

Figures 2.13(a) to (c) show examples of thermal images taken during different heating and 

cooling modes for the TEC column heater, each with a capillary column attached. Figure 

2.13(a) shows the column heater operating in isothermal mode at 45 °C. Figures 2.13(b) 

and 2.13(c) show two thermal gradients along the length of the column, from 30 °C to 50 

°C and from 23 °C to 20 °C. Images (b) and (c) shows that there was no heat transfer 
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between zones which radically distinguishes the TEC based column heater from traditional 

contact column ovens.  

 

 

 

 

Figure 2.13 – Thermal images of isothermal operation at 45 °C (a), gradient mode 

operation, from 50 to 30 °C (b), and cooling mode gradient from 20 to 23 °C (c). 

(a) 

(b) 

(c) 
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Most importantly these images show that the heat generated by each TEC module is 

transferred directly to the column itself, as the column in each image, and on each 

individual unit, is not distinguishable from each TEC.   

 

 

2.4.2 System response 

The working temperature ranges of the Mk.1 and Mk.2 prototype TEC arrays were 

restricted to 15 – 150 °C and 5 – 200 °C, respectively. It was found that the system 

response for both devices was extremely fast, with heating and cooling rates of almost 400 

°C/min. To place this in context, a direct comparison of these devices and a leading 

commercial air bath column oven (Dionex TCC-3000SD) was made, with the latter 

exhibiting a maximum heating rate of just 9 °C/min. With comparison to the commercial 

column oven, the response of the TEC column heaters was approximately 40 times faster. 

Figure 2.14 shows this comparison graphically, comparing the rate of change (ROC, 

°C/min) against response time (sec) for the TEC column heater (a) and a leading 

commercially available air bath oven (b). The graphs show the heating rates of both column 

heaters, and it can be seen that the TEC column heater reaches its maximum rate of heating 

after only 2.2 sec, while the commercial system only reaches its maximum rate of heating 

after 300 sec. The performance of the system was also tested by measuring the individual 

response of each of the units against time and by also monitoring their thermal stability 

over time.  
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Figure 2.14 – Comparison of heating rates between the TEC column oven (a), and a 

leading commercially available air bath oven (b). 

 

The system response and stability were investigated while continuously cycling between 

two set point temperatures of 16 and 40 °C (see Figure 2.15, inset shows temperature 

stability at 40 °C over approximately a 15 min period).  

 

It was found that the deviation from steady state temperature was in the region of ±0.2 °C 

over a 1 hr period and ±0.5 °C over 24 hrs. In the initial Mk.1 design, units which were 

operating in cooling mode and then subsequently “switched off”, would automatically 

return to heating mode (default state). Thus residual current in the circuit causes a slight 

heating effect for an instant, the result of which can be seen at 3200 sec in Figure 2.15.  

 

(a) (b) 
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Figure 2.15 – TEC unit response over 1 hr, cycling between 16 and 40 °C. 

 

The actual column heating/cooling effectiveness of the TEC column heater was evaluated 

through measurement of the rate of change of column back-pressure with a change in 

temperature. For this study, a single step thermal gradient program was applied and the 

column backpressure change was recorded. These results were again compared to those 

obtained for a commercial air bath oven, for which the same temperature program was used 

and the backpressure change was studied on the same column (LMA-EDMA polymer 

monolithic column, 150 mm x 100 μm ID). For the example shown in Figure 2.16, the flow 

rate was set to 4 μL/min (pumping 50% ACN) and the starting temperature was 25 °C. A 

flow rate of 3 μL/min was used for the examples shown in Figures 2.17 and 2.18. The 

temperature was ramped up to 60 °C in a single step, and once the column temperature 

reached 60 °C, the temperature was set to return directly to 25 °C. Figure 2.16 shows the 

temperature and pressure response of the column for the air bath oven, which had a 

maximum heating rate of 9 °C/min, taking 28 min to reach set point temperature. This 

compared with the TEC column heater which took less than 30 sec to reach the desired set 
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point (see Figure 2.17). The completion of the full heating/cooling cycle took 

approximately 60 min for the air bath oven, compared to less than 4 min for the TEC 

column heater. 

 

Figure 2.16 – Comparison of column temperature and pressure under maximum heating 

rates for a leading commercially available air bath oven. 

 

 

Figure 2.17 – Comparison of column temperature and pressure under maximum heating 

rates for the TEC column oven. 
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This simple demonstration highlights the fact that current commercial air bath type ovens 

can support only very shallow gradients, outside of which the programmed temperature 

profile does not match that experienced by the column. Column back pressure profiles, as 

shown in Figures 2.16 and 2.17 are a convenient way of graphically visualising the rate and 

degree of actual column temperature change (which is directly related to mobile phase 

viscosity and therefore column back-pressure), in response to changes in the programmed 

column temperature. A further graphical representation of this can be seen in Figure 2.18. 

In this case the temperature was cycled between 27 and 62 °C and the corresponding 

column back pressure recorded. 

 

 

Figure 2.18 – Comparison of column temperature and pressure during temperature 

cycling. 
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2.5 Further development  

2.5.1 Mk.3 Column heater  

The Mk.3 column heater was developed and built under a Technology Innovation 

Development Award (TIDA) from Science Foundation Ireland (SFI). The purpose of the 

award was to develop and characterise the next generation of miniaturised column heater, 

demonstrating its significant advantages and enhanced functionality relative to 

conventional column heating devices. As part of this award funding was also received to 

employ a research assistant for 6 months. 

 

 

Figure 2.19 – Mk.3 TEC column heater. 
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The Mk.3 TEC column heater was designed to be a completely standalone device which 

can be used with any LC instrument and so the footprint of the unit is a mere 295 x 166 

mm, with an overall height of 150 mm. The unit is designed with an eluent and fitting 

preheater (30 mm and 40 mm long respectively) making the total useful length 226 mm and 

can accommodate columns and fittings up to 8 mm in diameter. The Mk.3 device was 

designed with a touch screen interface and a serial communication port allowing the 

temperature data to be downloaded directly to a PC. In addition, complex temperature 

programs can be uploaded to the instrument. 

 

Like the Mk.2 design, the Mk.3 column heater uses flexible thermally conductive silicon to 

ensure excellent thermal contact between the column and the heating/cooling elements. In 

this instance however, the module or zone width has been increased to 15 mm. The 

heating/cooling zones are made up from aluminium plates which contact much larger 30 

mm TEC piles. The TEC piles are constructed from three 30 mm TECs which has a two-

fold effect on performance. 

 

Firstly, by using TEC piles such as this, the maximum temperature difference (ΔT) between 

the hot and cold side of the pile will be much larger, three times that of a single TEC of the 

same type. This means that there is much less heat transfer into the heatsink during heating 

and (more importantly) cooling operations. The net effect of this is that much lower 

temperatures can be reached. 

 

Secondly, by employing TECs in piles, the overall heating and cooling power is greatly 

increased. This has the effect of increasing the rates of heating and cooling whilst also 
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improving the low end cooling capability. Currently this prototype is awaiting further 

commercial development to make the device more flexible thus allowing its application to 

standard bore LC columns. As such, characterisation and application of the device are 

beyond the scope of the current thesis. An exploded view of the Mk.3 column heater is 

shown in Figure 2.20. 

 

 

Figure 2.20 – Exploded view of Mk.3 column heater. 
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2.6 Conclusions 

The work presented in Chapter 2 shows the development of a new type of direct contact 

heating/cooling platform for the precise thermal control of capillary and microbore 

columns. Three prototypes were presented, from an initial concept device built for proof of 

principle to a standalone commercial prototype designed for ease of integration with 

chromatographic instrumentation. It was shown that the developed systems have a broad 

temperature range, from 5 to 200 °C with a ramp rate of approximately 400 °C/min. Steady 

state response was also measured and found to be within ±0.2 °C over a 1 hr period and 

±0.5 °C over 24 hrs. The devices were also monitored using thermal imaging to ensure 

thermally isolated zones were not sinking into cooler areas of the device. Finally, the 

performance of the devices was compared to that of a leading commercially available 

column heater. 
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Abstract 

Having a high degree of temperature control is extremely important in various modes of 

liquid chromatography, as is fast thermal equilibration. Two developed TEC based column 

heaters providing direct contact heating, rapid response, and precise control of temperature 

were evaluated in a number of modes of chromatography. A dual temperature and flow rate 

gradient was utilised for the separation of a mixture of five alkylbenzenes. This approach 

resulted in the significant improvement of peak shape and the reduction of the overall 

retention time by 66% while still maintaining baseline resolution. A dual rapid temperature 

and solvent gradient separation of polyaromatic hydrocarbons (PAHs) was successfully 

carried out with five PAHs separated within 8 min. 

 

The TEC column heater was also applied to several thermally initiated polymerisation 

reactions to form in-capillary monolithic phases. The formation of these in-capillary 

monolithic stationary phases with gradient polymerisation through precise temperature 

control was investigated. It was possible to achieve very fine control over the polymer 

morphology, the formation of which was extremely temperature dependent. The in-chip 

polymerisation of a polymer monolith phase was also performed and it was shown that by 

using segmented heating and cooling, a very fine monolith boundary could be formed 

despite a large thermal mass. This achievement can be of great importance for production 

of stationary phases within a micro-fluidic device which cannot be fabricated through 

photo-initiated polymerisation. This Chapter also discusses a preliminary investigation into 

thermally initiated monolithic porous layer open tubular (monoPLOT) columns using the 

TEC column heater to finely control the temperature during the polymerisation process. 
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Aims 

The aim of the work presented in Chapter 3 was to apply the Mk.1 and Mk.2 TEC column 

heaters to different chromatographic and synthetic applications. The work aimed to 

investigate various reversed-phase and ion exchange separations. Furthermore, it was 

envisaged that the flexibility of the column heater could also be applied to several 

fabrication applications through thermal initiation in both capillary and micro-fluidic chip 

format. 
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3.1 Experimental 

3.1.1 Reagents and materials 

For the fabrication of monolithic stationary phases the following reagents and chemicals 

were used: 

 Lauryl methacrylate, ethylene dimethacrylate, butyl methacrylate, 1-propanol, 1,4-

butanediol, styrene, divinylbenzene (DVB), 3-methoxysilylpropyl methacrylate, 1-

decanol, benzophenone, and UV-initiator dimethoxy-2-phenyacetophenone were 

purchased from Sigma-Aldrich (Gillingham, U.K.).  

 The thermal initiator, azobisisobutyronitrile (AIBN), was obtained from DuPont 

(Le Grand Sacconex, Switzerland). 

 Standard solutions of ethylbenzene, propylbenzene, butylbenzene, and 

pentylbenzene were purchased from Sigma Aldrich (Gillingham, U.K). 

 All solvents which were used for the preparation of HPLC mobile phases and for 

the synthesis and washing of prepared monoliths, namely, tetrahydrofuran, 

acetonitrile, toluene, and methanol, were purchased from Lab Scan (Gliwice, 

Poland).  

 Deionised water purified by a Milli-Q system (Millipore, Bedford) was utilised 

throughout the experiments. 

 Teflon coated (15 μm thickness) fused silica capillary, 100 μm ID, 0.375 mm OD 

was purchased from Composite Metal Services Ltd. (Charlestown, U.K.). 

 A 26 mm long glass/silica chip micro-fluidic chip with rectangular channel 

dimensions of 50 x 100 μm was fabricated and provided by the Tyndall Institute 

(Cork, Ireland). 
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3.1.2 Instrumentation 

 Capillaries were filled with monomer mixture and washed using a KDS-100-CE 

syringe pump (KD Scientific, Inc., Holliston, MA, USA). 

 For the chromatographic studies, a Dionex Ultimate 3000 nano-HPLC system 

(Dionex, Sunnyvale, CA) was used, incorporating an FLM3100 column 

compartment which was used only for the performance comparison with the Mk.1 

and Mk.2 TEC column heaters. For data acquisition, Chromeleon 6.8 software 

(Dionex, Sunnyvale, CA) was utilised. Chromatography was performed with a 

flow rate of 1 μL/min, and detection was by UV at 254 nm using a 3 nL flow cell.  

 A SputterCoater S150B (BOC Edwards, Sussex, U.K.) was utilised for coating 

capillary monolithic stationary phase samples with a 60 nm gold layer. 

 Scanning electron microscopy (SEM) analysis was performed on a S-3400N 

instrument (Hitachi, Maidenhead, U.K.).  

 Optical microscopy evaluation of micro-fluidic chip samples was performed on a 

Meiji Techno EMZ-8TR stereomicroscope (Meiji Techno UK Ltd., Somerset, 

U.K.).  

 

 

3.1.3 Experimental procedures 

The experimental procedures used for the silanisation and fabrication of reversed-phase 

columns in a capillary format are as detailed in Section 2.2.5. 

 

3.1.3.1 Fabrication of reversed-phase column with gradient of pore size 

Gradient polymerisation was performed on a butyl methacrylate monomer mixture. The 

monomer mixture consisted of 24 %wt BuMA, 16 %wt EDMA, 60 %wt 1-decanol, and 1 
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%wt AIBN. The monomer mixture was prepared as per the procedure described by 

Nesterenko et al. [1]. As per this procedure, AIBN was first dissolved in the porogen, then 

monomers were added to the mixture, which was then vortexed, deoxygenated under the 

flow of nitrogen for 10 min, and centrifuged. A length of silanised capillary was filled with 

the monomer mixture and exposed to a profiled heating program on the TEC array module.  

 

3.1.3.2 Fabrication of reversed-phase columns (micro-fluidic chip format) 

A polystyrene-divinylbenzene stationary phase was fabricated by on-chip thermal 

polymerisation in a micro-fluidic channel. The monomer mixture consisted of 20.3 %wt 

styrene, 20.5 %wt DVB, 51.2 %wt 1-decanol, 8 %wt THF, and 1 %wt AIBN (with respect 

to monomers). The initiator (AIBN) was weighed out into the mixture vessel and the 

porogen mixture (1-decanol and THF) was added, followed by the monomers. The mixture 

was vortexed and deoxygenated under a flow of nitrogen for 10 min. The micro-fluidic chip 

was filled with the monomer mixture and exposed to a heating program on the TEC unit 

array module. 

 

3.1.3.3 Fabrication of reversed-phase monoPLOT columns 

A LMA-EDMA monoPLOT column was fabricated by thermal polymerisation by placing a 

150 mm length of capillary filled with monomer mixture in the TEC column heater. The 

monomer mixture consisted of 24 %wt LMA, 16 %wt EDMA, 45.5 %wt 1-propanol, 14.5 

%wt 1,4-butanediol, and 0.4 %wt of AIBN (with respect to monomers). The initiator 

(AIBN) was weighed out into the mixture vessel, and the porogen mixture (1-propanol and 

1,4-butanediol) was added, followed by the monomers. The mixture was vortexed and 

deoxygenated under a flow of nitrogen for 10 min. A 150 mm length of 50 μm ID silanised 
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capillary was filled with the monomer mixture and was placed in the Mk.2 TEC column 

heater. One end of the capillary was left open, while the other end of the capillary was 

attached to a 1 mL syringe filled with monomer mixture. The column heater temperature 

was set to 60 ºC and heat was applied for 30 min. After 30 min the flow rate of the syringe 

pump was set to 1 µL/min and monomer mixture was allowed to flow through the capillary 

for 2 min. The purpose of this was to ensure that complete polymerisation was not allowed 

to occur by constantly removing short chain polymers which had formed in the middle of 

the capillary. This process was repeated for 3 hrs. The resultant monoPLOT column was 

washed with MeOH to remove residual porogen and unreacted monomers. 

 

3.1.3.4 Fabrication of ion-exchange columns 

Firstly a 150 mm x 100 μm ID LMA-EDMA column was prepared according to the 

procedure described in Section 2.2.5.2. The column was then washed with MeOH for 1 hr. 

Benzophenone (50 mg) was weighed out into the mixture vessel and 1 mL of MeOH was 

added. The mixture was vortexed until all of the benzophenone had dissolved and then 

deoxygenated under a flow of nitrogen for 10 min. The column was then filled with this 

mixture and exposed to 2 J cm
2
 of UV radiation. Once treated with benzophenone the 

column was washed with MeOH for 1 hr at 3 l/min flow rate. A 6% solution of 

sulfopropyl methacrylate was then prepared in MeOH, vortexed until all of the sulfopropyl 

methacrylate had dissolved and deoxygenated under a flow of nitrogen for 10 min. The 

capillary column was then filled with this mixture and exposed to 2 J cm
2
 of UV radiation. 

The column was washed again with MeOH for 1 hr at 3 L/min flow rate and then washed 

overnight with 10 mM ethylenediamine made up in H2O. 
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3.1.3.5 Preparation of standard solutions 

Standard solutions were prepared as per Table 3.1. 

 

Table 3.1 – Preparation of standard solutions. 

Analyte Solvent 
Concentration 

(mg/mL) 

thiourea 50:50 ACN/H2O 0.05 

ethylbenzene 50:50 ACN/H2O 0.05 

propylbenzene 50:50 ACN/H2O 0.05 

butylbenzene 50:50 ACN/H2O 0.05 

pentylbenzene 50:50 ACN/H2O 0.05 

Mg
2+

 H2O 0.005 

Ca
2+

 H2O 0.012 

Ba
2+

 H2O 0.025 

phenol H2O 0.05 

p-cresol H2O 0.05 

2-nitrophenol H2O 0.05 

2,4-dichlorophenol H2O 0.05 

diethylphthalat Acetone 340 

benz(a)anthracene Acetone 0.04 

chrysene Acetone 0.04 

benzo(a)pyrene Acetone 0.04 

diethylhexylphthalate Acetone 670 
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3.2 Results and discussion 

In order to demonstrate the practical application of the TEC colum heater for capillary 

HPLC, a number of separations were carried out in both reversed-phase and ion exchange 

modes. Furthermore, thermally initiated polymerisation applications were investigated in 

both capillary and micro-fluidic chip formats. 

 

 

3.2.1 Reversed-phase separations 

3.2.1.1 Separation of alkylbenzenes on a LMA-EDMA monolithic column at elevated 

temperatures 

A simple mixture of alkylbenzenes (ethylbenzene, butylbenzene, and pentylbenzene) and 

thiourea was separated on a reversed-phase LMA-EDMA monolithic capillary column (150 

mm x 100 μm ID) attached to the TEC unit array. The purpose of this experiment was to 

demonstrate that the device could operate effectively as a simple column heater.  

 

The performed separations are presented in Figure 3.1, with all parameters (flow rate, 

analyte concentration, injection volume, and mobile phase composition) other than 

temperature were kept constant. The separation was performed initially at 20 ºC at a 

constant flow rate of 1 µL/min. The separation was repeated a further 6 times, each time the 

temperature being increased by 5 ºC. Peak parameters (resolution, selectivity, width at half 

height, asymmetry, and theoretical plates per meter) were calculated under different 

temperature conditions for each separation and are presented in Table 3.2. As expected, 

retention times for each analyte dropped with the temperature increase and improvements 

were observed in peak widths. Column efficiency for all analytes was found to be 
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maximum at 35 ºC (Table 3.2), after which it began to decrease possibly due to 

conformational changes of the polymer chain structure of the stationary phase at higher 

temperatures. However, the effectiveness of the device as a simple column heater was 

demonstrated by the expected peak data shown in Table 3.2, with column equilibration time 

between injections being a matter of just seconds.  

 

 

Figure 3.1 – Separation of three alkylbenzenes (1. ethylbenzene, 2. butylbenzene, and 3. 

pentylbenzene) at varying temperatures performed on Mk.1 column heater. Column: 150 

mm x 100 μm ID LMA-EDMA monolithic column. Mobile phase: 50:50 ACN/H2O, flow 

rate 1 µL/min. UV detection at 254 nm. 
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3 



 

1
2
2
 

 

Table 3.2 – Comparative peak data for Figure 3.1 at varying temperatures, flow rate 1 µL/min. 

Method  
Temperature 20 °C 

  
Temperature 25 °C 

  
Temperature 30 °C 

      

  
Rs α W1/2 Asy 

   
Rs α W1/2 Asy 

   
Rs α W1/2 Asy 

 

Analyte  N/m   N/m   N/m 

ethylbenzene - - 0.34 1.32 6100   - - 0.33 1.34 6200   - - 0.31 1.37 6400 

butylbenzene 2.31 2.48 0.49 1.20 10300   2.36 2.46 0.45 1.25 11600   2.25 2.40 0.41 1.29 12000 

pentylbenzene 1.63 1.58 0.65 1.19 12400   1.70 1.57 0.60 1.22 13600   1.62 1.55 0.53 1.25 14300 

                     

  Temperature 35 °C 
  

Temperature 40 °C 
  

Temperature 45 °C 
      

  

Rs α W1/2 Asy 

   

Rs α W1/2 Asy 

   

Rs α W1/2 Asy 

 

  N/m   N/m   N/m 

ethylbenzene - - 0.31 1.40 6600   - - 0.30 1.43 6100   - - 0.30 1.46 5800 

butylbenzene 2.27 2.38 0.40 1.33 12400   2.19 2.42 0.38 1.36 12000   2.01 2.34 0.37 1.39 11300 

pentylbenzene 1.66 1.55 0.51 1.27 15200   1.61 1.54 0.48 1.32 15100   1.54 1.54 0.45 1.36 14700 

                     

  
Temperature 50 °C 

              

                

  

Rs α W1/2 Asy 

               

  N/m               

ethylbenzene - - 0.30 1.48 5700               

butylbenzene 1.95 2.34 0.36 1.43 11100               

pentylbenzene 1.50 1.54 0.44 1.39 14200               
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3.2.1.2 Separation of phenols on a LMA-EDMA monolithic column at sub-ambient, 

ambient, and elevated temperatures 

The practical application of the Mk.1 TEC column heater was also tested by separating a 

mixture of phenols (phenol, p-cresol, 2-nitrophenol, and 2,4-dichlorophenol) at both sub-

ambient, ambient, and elevated temperatures. The purpose of this experiment was to 

demonstrate that the device could operate effectively in all modes (cooling, thermostatting 

at room temperature, and heating) and in a stable fashion. The mixture of phenols was 

separated on a reversed-phase LMA-EDMA monolithic capillary column (150 mm x 100 

μm ID) that was directly attached to the TEC unit array. 

 

The performed separations can be seen in Figure 3.2, where all parameters (flow rate, 

analyte concentration, injection volume, and mobile phase composition) other than 

temperature were kept constant. The separation was performed initially at 15 ºC at a 

constant flow rate of 1 L/min. The separation was repeated a further 2 times at room 

temperature (25 ºC) and at 50 ºC. Peak parameters (resolution, selectivity, width at half 

height, asymmetry, and theoretical plates per meter) were calculated for each separation at 

different temperature conditions and are presented in Table 3.3. As before, a drop in 

retention for each analyte was observed, with improvements in column efficiency and peak 

widths at increased temperatures. These effects can be attributed both to decrease of mobile 

phase viscosity and to an increase of diffusion and mass transfer in the stationary phase. 
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Figure 3.2 – Separation of four phenols (1. phenol, 2. p-cresol, 3. 2-nitrophenol, and 4. and 

2,4-dichlorophenol) at varying temperatures performed on Mk.1 column heater. Column: 

150 mm x 100 μm ID LMA-EDMA monolithic column. Mobile phase: 50:50 ACN/H2O, 

flow rate 1 µL/min. UV detection at 254 nm. 
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Table 3.3 – Comparative peak data for Figure 3.2 at vaying temperatures, flow rate 1 µL/min. 

Method  
Temperature 16 °C 

  
Temperature 25 °C 

  
Temperature 50 °C 

      

  

Rs α W1/2 Asy 

   

Rs α W1/2 Asy 

   

Rs α W1/2 Asy 

 

Analyte  N/m   N/m   N/m 

phenol  - - 0.44 1.52 2400   - - 0.39 1.55 3000   - - 0.25 1.67 5100 

p-cresol  1.98 2.09 0.68 1.27 2400   2.08 2.04 0.59 1.38 2900   2.20 2.07 0.37 1.54 4400 

2-nitrophenol 5.07 3.14 1.10 0.67 5200   5.40 3.08 0.95 0.74 6200   5.47 3.01 0.59 0.89 7600 

2,4-dichloro- 

phenol. 
5.74 2.81 3.06 1.22 4400   6.15 2.76 2.59 1.31 5200   5.91 2.54 1.47 1.37 6100 
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3.2.1.3 Separation of alkylbenzenes on a LMA-EDMA monolithic column at elevated 

temperatures under isothermal and isofluentic conditions 

This experiment was carried out to test the ability of Mk.1 TEC column heater to operate at 

higher temperatures (85 °C) and also in temperature programmed mode. The separation 

was performed under both isothermal and isofluentic conditions and with various 

combinations of single and dual temporal gradients of temperature and flow rate. The 

performed separations are presented in Figure 3.3, with all other parameters, such as 

analyte concentration, injection volume, and mobile phase composition kept constant. The 

peak parameters (area, height, resolution, width at half height, and asymmetry) were 

calculated for all the separations shown under each of the applied conditions (see Table 

3.4). Initially, the separation was performed at ambient temperature at a set flow rate of 1 

μL/min. As shown in Figure 3.3(a), under these conditions a complete resolution of all five 

analytes was achieved in approximately 20 min. Using the TEC array module set to a 

constant 85 °C, while maintaining the flow rate at 1 μL/min, resulted in a faster overall 

separation, complete in just 12 min, see Figure 3.3(c). However, simply increasing the 

temperature also resulted in decreased resolution, leaving toluene and ethylbenzene peaks 

unresolved. Neither was any significant beneficial increase in peak height or area observed, 

with peak shape (peak width and asymmetry) for both separations approximately the same. 

Combining the application of high temperature (85 °C) and increased flow rate (4 μL/min) 

significantly shortened the analysis time to just 4 min. In this case, although peak width and 

asymmetry improved, resolution between early eluting peaks deteriorated further, leaving 

toluene and ethylbenzene unresolved, with both peak area and height also significantly 

reduced, see Figure 3.3(f). In order to speed up the separation while maintaining peak 

resolution, a series of gradient conditions were investigated. Single gradients of 
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temperature and flow rate were applied separately and were then compared to a dual 

temperature/flow gradient. In the first instance, a single temperature gradient from 25 to 85 

°C was applied from 3.5 to 6.5 min while maintaining a constant flow rate of 1 μL/min. The 

start of the temperature gradient was delayed to ensure complete separation of the first two 

peaks.  

 

 

Figure 3.3 – Separation of five alkylbenzenes (1. toluene, 2. ethylbenzene, 3. 

propylbenzene, 4. butylbenzene, and 5. pentylbenzene) at varying flow rate and 

temperature performed on Mk.1 column heater: (a) temperature 25 °C, flow rate 1 μL/min, 

(b) temperature gradient 25-85 °C from 3.5 to 6.5 min, flow rate 1 μL/min, (c) temperature 

85 °C, flow rate 1 μL/min, (d) temperature 25 °C, flow gradient 1-4 μL/min from 5.3 to 6.3 

min, (e) temperature gradient 25-85 °C from 3.5 to 6.5 min, flow gradient 1-4 μL/min from 

4.3 to 8.0 min, (f) temperature 85 °C, flow rate 4 μL/min. Column: 150 mm x 100 μm ID 

LMA-EDMA monolithic column. Mobile phase: 50:50 ACN/H2O. UV detection at 254 nm. 

 

(a). 

(b). 

(c). 

(d). 

(e). 

(f). 

1 
2 3 4 5 
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During the application of the gradient, the column backpressure change was recorded, 

confirming that the shape of the programmed gradient was identical and simultaneous to 

that generated by the TEC array module. With comparison of chromatograms obtained 

using the temperature gradient, shown as Figure 3.3(b), to the isothermal separations at 25 

°C (Figure 3.3(a)) and 85 °C (Figure 3.3(c)), a reduction in peak width was observed, 

causing an increase in peak height while simultaneously maintaining asymmetry values and 

resolution between peaks. It can also be seen that overall separation time decreased by 40% 

compared with the separation at ambient temperature (Figure 3.3(a)). In the second 

instance, a flow gradient from 1 μL/min to 4 μL/min was applied from 5.3 to 6.3 min, while 

maintaining a constant temperature of 25 °C, shown as Figure 3.3(d). 
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Table 3.4 – Comparative peak data for Figure 3.3 under varying applied flow and temperature gradients. 

        Temperature gradient 25 - 85°C  

from 3.5 min to 6.5 min, flowrate 1 

L/min 

  
Temperature 85 °C,  flowrate 1 

L/min Method  Temperature 25 °C, flowrate 1 

L/min 

    

      

Analyte  Rs α W1/2 Asy 

  

Rs α W1/2 Asy 

  

Rs α W1/2 Asy     

toluene  - - 0.39 1.30   - - 0.38 1.18   - 0.39 0.39 - 

ethylbenzene 1.45 1.57 0.42 1.37   1.4 1.51 0.31 1.50   0.84 1.68 0.39 1.24 

propylbenzene 2.51 1.70 0.47 1.50   2.26 1.48 0.3 1.59   1.51 1.72 0.4 1.45 

butylbenzene 3.64 1.70 0.58 1.56   3.02 1.45 0.34 1.56   2.29 1.68 0.43 1.58 

pentylbenzene 4.38 1.65 0.8 1.70   3.44 1.44 0.43 1.71   2.92 1.61 0.55 1.77 

                  

                  

  Temperature 25 °C, flow 

gradient 1 - 4 L/min from 5.3 

min to 6.3 min 

  Temperature gradient 25 - 85 °C 

from 3.5 mins to 6.5 min, flow 

gradient 1 - 4 L/min from 4.3 min to 

8.0 min 

  
Temperature 85°C, flowrate               

4 L/min 
      

      

                  

  Rs α W1/2 Asy   Rs α W1/2 Asy   Rs α W1/2 Asy 

toluene  - - 0.37 1.16   - - 0.31 1.05   - - - - 

ethylbenzene 1.61 1.39 0.24 1.09   1.33 1.24 0.18 1.30   0.25 0.12 0.12 - 

propylbenzene 2.11 1.22 0.14 1.47   2.07 1.22 0.15 1.45   1.32 0.13 0.13 1.31 

butylbenzene 3.04 1.23 0.19 1.49   2.69 1.20 0.14 1.41   1.91 0.15 0.15 1.35 

pentylbenzene 3.75 1.32 0.26 1.55   2.96 1.20 0.16 1.45   2.33 0.19 0.19 1.44 
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In this case, the start of the flow gradient was delayed to ensure complete separation of the 

first two peaks. With comparison of the peak shapes and overall chromatogram to those 

achieved under isofluentic conditions at 25 °C (Figure 3.3(a)) and 85 °C (Figure 3.3(c)), an 

improvement was observed in peak resolution (compared with Figure 3.3(c)), with peaks 

for toluene and ethylbenzene being fully resolved while width and asymmetry values 

noticeably improved. In addition, the application of a flow gradient reduced the time 

separation by 48% compared to the separation at 25 °C. Finally, in order to achieve the 

complete resolution of all peaks, yet maintaining a fast run time, a rapid dual gradient of 

both flow and temperature was applied, shown in Figure 3.3(e). In this case, the applied 

temperature gradient was run from 25 to 85 °C over 3.5 to 6.5 min, while a simultaneous 

flow gradient was applied from 1 μL/min to 4 μL/min over 5.3 to 6.3min. With comparison 

of this separation with the individual gradient runs, namely, the temperature gradient 

(Figure 3.3(b)) and flow rate gradient (Figure 3.3(d)), it can be seen that the overall 

separation time has been further reduced to just under 8 min, equaling a 66% reduction 

compared to the isofluentic separation at 25 °C (Figure 3.3(a)). Furthermore, the applied 

dual gradient resulted in the complete resolution of all sample components, with both peak 

width and asymmetry improved compared to each of the previous runs and peak heights 

(thus signal to noise ratio) generally unaffected. 
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3.2.1.4 Separation of polyaromatic hydrocarbons using rapid temperature programming 

In past decades considerable work has been done in the area of separation of polyaromatic 

hydrocarbons (PAHs). This interest and need are attributed to their carcinogenic and 

mutogenic properties and their effect on human health is a matter of international concern. 

The US Environmental Protection Agency lists 16 PAHs as “priority pollutants” and which 

are most frequently used for environmental PAH studies [2]. These include, naphthalene, 

acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, dibenz[a,h]anthracene, benzo[g,h,i]perylene, and indeno[1,2,3-cd]pyrene. 

PAHs form during the incomplete combustion of organic materials and can exist in coal-tar, 

soot, pitch, crude oils, and oil products such as rubber tyres and plastics [3]. Of more 

significance however is the occurrence of PAHs in environmental conditions which can 

have a direct impact on human health such as tobacco smoke and automobile exhaust 

fumes. Additionally, land usage that might lead to contamination with PAHs (land fills, 

vehicle scrap yards, oil refineries, coal and gas plants, petrol filling stations) often results in 

that land becoming useless for redevelopment due to environmental or health concerns. 

Reliable and accurate methods are crucial to the detection of these compounds and indeed 

much work has previously been done on the separation of PAHs through high performance 

liquid chromatography[4-11]. However, the separation of many PAHs, especially isomers, 

remains extremely difficult, and often resolution between eluting analytes is poor. 

 

This more complex separation was carried out to demonstrate the effectiveness of the 

device during rapid gradient operation and to utilise the Mk.2 TEC column heater with a 

commercial particle packed reversed-phase column. A mixture of PAHs (diethylphthalate, 
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benz(a)anthracene, chrysene, benzo(a)pyrene, and 2,4-diethylhexylphthalate) was 

successfully separated on a Waters X-Bridge BEH130 C18  100 mm × 300 µm column (dp 

3.5 µm) using a combination of solvent and rapid temperature gradients. The column 

(including fittings) was encased in thermally conductive silicon in order to aid in heat 

transfer between the TEC column heater and column. 

 

In previous sections, the rate of the temperature gradients was approximately 20 °C/min, 

however during this experiment the rates of heating was increased to 55 °C/min. Initially, a 

separation of five PAHs was performed at ambient temperature with an ACN concentration 

gradient only. However, in these conditions no resolution for benz(a)anthracene and 

chrysene was achieved, see Figure 3.4(a). A further separation was carried out employing a 

temperature gradient from 25 to 80°C over 3 min. It can be seen from Figure 3.4(b) that no 

resolution could still be achieved for benz(a)anthracene and chrysene and indeed 

benzo(a)pyrene was observed to co-elute with these analytes. On the contrary, the 

application of a rapid temperature gradient allowed the complete separation of the test 

mixture, as it can be seen from Figure 3.4(c).  

 

These changes in selectivity may be attributed to a few factors. Firstly, peak efficiency 

increases at elevated temperatures due to the change of mass transfer and distribution 

coefficients of the analytes between the phases. The approximate dependence of the 

diffusion coefficient on temperature in liquids can be found using the equation: 
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where T1 and T2 are temperatures 1 and 2 respectively (kelvin). Dm is the diffusion 

coefficient in the liquid phase (m
2
/sec) and  is the dynamic viscosity of the solvent (Pa.s). 

Subsequently, the diffusion into the porous media of the stationary phase is also dependent 

on the diffusion in the liquid phase: 

 



 t
S

D
D   

 (eq. 3.2)[12] 

Where D is the diffusion coefficient in liquid filling the pores (m
2
/sec), t is the porosity,  

is constrictivity and  is tortuosity (the last three parameters are dimensionless). 

 

Efficiency, as described by the van Deemter equation, is dependent on both diffusion in the 

mobile phase and diffusion in the stationary phase (through term B and C) so it is clear that 

efficiency is a temperature dependent parameter. 

 

Selectivity,  (eq. 3.3) is a function of the relative mobility of analytes and is a 

thermodynamic parameter that is dependent on temperature. At a particular given 

temperature it will depend only on the nature of the separated compounds and properties of 

the mobile and stationary phases. 
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It can be concluded that temperature has a significant effect on selectivity, thus application 

of temperature gradient can facilitate an improvement in selectivity. As a result, application 

of a very rapid temperature gradient with the stationary phase that was suitable for fast heat 

transfer allowed complete baseline separation of all five PAHs of interest. 
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Figure 3.4 – Separation of five polyaromatic hydrocarbons (1. diethylphthalate, 2. benz(a)anthracene, 3. chrysene, 4. benzo(a)pyrene, and 

5. 2,4-diethylhexylphthalate) at (a) 25 °C using a solvent gradient of 5% to 95% ACN applied from 0.0 to 5.0 min, (b) using a temperature 

gradient from 25 – 80 °C applied from 4.0 to 7.0 min and solvent gradient of 5% to 95% ACN applied from 0.0 to 5.0 min, and (c) using a 

rapid temperature gradient from 25 – 80 °C applied from 4.0 to 5.0 min and solvent gradient of 5% to 95% ACN applied from 0.0 to 5.0 

min. Column: Waters X-Bridge BEH130 C18 100 mm × 300 µm column (dp 3.5 µm). Mobile phase: 5 – 95% ACN/H2O gradient, flow rate 10 

µL/min. UV detection at 254 nm. 

 

(a) 

 

(b) 

 

(c) 
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3.2.2 Ion-exchange separations 

3.2.2.1 Separation of cations on a lauryl methacrylate column functionalised with sulfo 

groups at elevated temperatures 

Although temperature effects in ion chromatography are rather small [14], it was 

considered interesting to evaluate the performance of the Mk.2 column heater with a 

polymer-based grafted strong cation exchanger for the separation of selected cations at 

elevated temperatures. A mixture of cations (magnesium, calcium, and barium) was 

separated on a sulfonated LMA-EDMA monolithic capillary column (150 mm x 100 μm 

ID) at varying temperatures, from 20 °C to 40 °C, and at a constant flow rate of 1 µL/min. 

The performed separations are presented in Figure 3.5. As expected, the temperature effect 

on the retention and was overall very slight, yet most profound for the strongest retained 

cation, Ba
2+

. For all cations it was found that the efficiency increased with the increase of 

temperature, which can be attributed to the change in distribution coefficients and increased 

mass-transfer. Peak data for Figure 3.5 is shown in Table 3.5. 



137 

 

 

Figure 3.5 – Separation of three alkali earth metals (1. magnesium, 2. calcium, 3. barium) 

at varying temperatures. Column: 150 mm x 100 μm ID LMA-EDMA monolithic column 

functionalised with sulpho groups. Mobile phase: 10 mM CuSO4, flow rate 1 µL/min. 

Indirect UV detection at 214 nm. 
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Table 3.5 – Comparative peak data for Figure 3.5 at varying temperatures, flow rate 1 µL/min. 

Method  
Temperature 20 °C 

  
Temperature 25 °C 

  
Temperature 30 °C 

      

  
Rs α Wb Asy 

   
Rs α Wb Asy 

   
Rs α Wb Asy 

 

Analyte  N/m   N/m   N/m 

Magnesium - - 0.97 1.06 10600   - - 0.97 1.05 11600   - - 0.96 1.05 14100 

Calcium 1.72 1.20 0.87 1.25 11800   1.77 1.20 0.84 1.21 11700   1.83 1.19 0.80 1.25 12000 

Barium 2.14 1.28 1.573 2.21 7200   2.13 1.27 1.51 2.16 7600   2.13 1.26 1.39 1.52 9100 

                     

  
Temperature 35 °C 

  
Temperature 40 °C 

       

           

  

Rs α Wb Asy 

   

Rs α Wb Asy N/m 

       

  N/m          

Magnesium - - 0.94 1.07 15200   - - 0.91 1.06 16800        

Calcium 1.65 1.19 0.76 1.38 13200   1.85 1.20 0.72 1.10 15100        

Barium 1.86 1.25 1.33 2.00 9900   2.11 1.23 1.26 1.92 10900        
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3.2.3 Fabrication of reversed-phase stationary phases 

3.2.3.1 Gradient of porosity 

It is well-known that in order to obtain fine control of monolith porosity during thermal 

polymerisation, the precise control of the reaction temperature is crucial. The 

polymerisation process itself is a complex series of reactions, each affected to some degree 

by the exact system temperature. The most important of these is the initiation rate, which is 

highly dependent on temperature, since the half-life of initiators decreases with increases in 

temperature. As a result, the rate of the formation of free radicals and, subsequently, the 

speed of the chain growth and formation of globules and the overall polymerisation rate are 

each higher at elevated temperatures [15]. As the formation of new polymerisation centres 

is faster than the growth of globules, the supply of monomers runs low fast and the number 

of globules is large, but their size stays small, leading to smaller voids between globules. 

Essentially, the entire pore size distribution is shifted smaller with an increase in 

temperature, although most obviously seen for the larger flow-through pores. Therefore, the 

ability of the designed column heater to precisely control the temperature of separate zones 

within a capillary was exploited to optimise and better understand the fabrication of porous 

polymer monoliths within capillary columns. In this experiment, the TEC array module was 

used to polymerise a monolithic column with a longitudinal density (pore size) gradient. To 

achieve this, a capillary filled with BuMA-EDMA polymerisation mixture was attached to 

the TEC units and a heating profile from 60 to 54 °C programmed over six distinct thermal 

zones, with 1 °C spatial increments. Polymerisation of the complete monolith was 

performed for 16 hrs, after  which the monolith was washed with MeOH for 1 hr, cut into 

segments, corresponding to each temperature zone, and dried.  
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Figure 3.6 – SEM images of a BuMA-EDMA monolith formed using a thermal gradient for 

16 hrs at (a) 60 °C and at (b) 54 °C. 

 

The porous structure of each of these segments was characterised using SEM. Figure 3.6 

shows SEM images of two selected zones of the monolith polymerised at (a) 60 °C and (b) 

54 °C. It can be clearly seen that the size of polymer globules and flow-through pores differ 

for these sections. From each of the six sets of SEM images, the average size (n = 30) of the 

pores were determined and plotted against the exact polymerisation temperature. This 

relationship is presented as Figure 3.7. 

 

(a) 

(b) 
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Figure 3.7 – Plot of average pore sizes against increasing polymerisation temperatures for 

a single capillary housed BuMA-EDMA monolith, polymerised over 16 hrs on the TEC 

column heater. 

 

The plot clearly shows an increase in pore size with a decrease in polymerisation 

temperature. The graph also shows how the TEC array can also be utilised to produce 

polymer monoliths of relatively predictable porous structure resulting in the controlled 

formation of axial gradients of porosity, something very much more difficult to achieve 

using alternative air heaters, water baths, or indeed UV polymerisation approaches. 

 

3.2.3.2 On-chip fabrication 

With the on-going interest in the development of micro-fluidic based separations, 

considerable interest has been focused on the packing and formation of various types of 

stationary phases in such devices, including monolithic stationary phases [16]. Although 

there have been various methods established to house such phases into micro-fluidic 
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channels [17-18], often it is required to polymerise only a specific zone of the channel, and 

depending on the chip material (which eliminates application of traditional heating systems 

such as water, oil baths, or air circulated ovens) the entire micro-fluidic chip must be 

immersed. Additionally, depending on the desired chemistry of the stationary phase, UV 

polymerisation may not be possible as some monomers (for example, polystyrene and 

divinylbenzene) absorb in the UV region thus inhibiting the reaction.  

 

As the TEC column heater can provide both heating and cooling of specific and subsequent 

zones, its application to the on-chip thermal polymerisation of polystyrene monolithic 

stationary phases in fixed zones of micro-fluidic channels was investigated. In order to 

achieve selective polymerisation such as this, the channel was exposed to a well defined 

thermal profile, which allowed polymerisation to occur in the appropriate heated area, 

while the area(s) where polymerisation was not desired were simultaneously cooled. Since 

the individual TEC unit dimensions were 12 x 12 mm, the polymerised zone in the channel 

was 12 mm long. 

 

For this experiment, a single pre-treated channel (see Section 3.1.3.2) of a glass/silica chip 

(26 mm long with channel cross-section dimensions of 50  100 μm) was filled with the 

styrene monomer mixture. The chip was then attached to the TEC column heater by 

applying a thin layer of thermally conductive silicon paste between the contact surfaces to 

ensure a good thermal transfer between the chip and the heater. Due to the large thermal 

mass of the glass chip, a temperature program was applied to facilitate uniform radial 

porosity as described by Nesterenko et al. [1]. Specifically, the temperature of the heating 

zone on the TEC array module was slowly ramped up to the initial dwell temperature of 50 
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°C over a period of 30 min. This temperature was held for a further 30 min, after which the 

set point was again increased to the final polymerisation temperature of 60 °C at a rate of 2 

°C every 10 min. On either side of the heating zone two cold areas were programmed with 

a temperature setpoint of 25 °C to prevent thermal polymerisation outside the selected 

zone. Polymerisation was performed for a period of 24 hrs after which the fabricated 

monolithic stationary phase in the channel was washed with MeOH. The formed monolith 

was then inspected under an optical microscope and the boundary between the polymerised 

and unpolymerised zones was found to be approximately 100 µm (see Figure 3.8). This 

application further demonstrates how the TEC array module is capable of generating very 

well defined thermal profiles, even when attached to objects with a relatively large thermal 

mass and high thermal conductivity, such as the glass/silica chip. 

 

Figure 3.8 – On-chip selective polymerisation of a polystyrene monolith showing the 

boundary. The boundary was measured at approximately 100 μm. 

BOUNDARY 



144 

3.2.3.3 Thermally initiated monoPLOT columns 

MonoPLOT columns possess a porous layer of stationary phase on the inner surface of the 

capillary tubing, maintaining an open-tubular structure after the completion of all column 

preparation steps [1]. This type of column has many benefits and applications – these are 

discussed in detail in Chapters 4 and 5. Chapter 5 deals exclusively with thermally initiated 

monoPLOT columns, however a part of this work is included here as the columns detailed 

in this Section were fabricated using the TEC column heater.  

 

A 150 mm length of 50 µm ID capillary filled with PS-DVB polymerisation mixture was 

placed in the TEC column heater. One end of the capillary was left open while the other 

end was connected to a 1 mL syringe which was also filled with polymerisation mixture. 

The syringe was held in a syringe pump so that polymerisation mixture could be pumped 

through the capillary. A heating profile was created which would slowly bring the column 

heater temperature up to 60 °C at a rate of 15 °C/min. After 30 min polymerisation mixture 

was pumped through the capillary at a rate of 1 µL/min for 2 min. This process was 

repeated for a total of 3 hrs after which the capillary was washed with MeOH for 1 hr, 

dried, and then cut into segments for SEM analysis. Two SEM images of the monoPLOT 

column are shown in Figure 3.9. Average layer thickness was measured at 60 locations at 

10 places along the column and was found to be approximately 2.5 µm. However, the RSD 

of the monoPLOT layer was calculated to be unacceptably high at 67.5%. 
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Figure 3.9 – SEM images of a PS-DVB monoPLOT column fabricated in the Mk.1 TEC 

column heater. Average layer thickness was measured at 2.5 µm (n = 60), RSD = 67.5%. 

 

As can be seen from Figure 3.10, the layer thickness is non-uniform resulting in a high 

RSD value. Maximum and minimum layer thickness was measured at approximately 26 µm 

and 2 µm respectively. The wide distribution of layer thickness is largely due to the way 

that the capillary was attached to the TEC column heater. This polymerisation was carried 

out on the Mk.1 column heater, and so the capillary was attached to the TEC array using 

thermally conductive paste. The Mk.1 column heater could only apply heat from one side, 

and so there was more layer growth on the bottom side of the capillary that was closest to 

the TEC modules. However, this experiment was only a preliminary one to survey the 

purpose of demonstrating additional capability of the developed heating platform.  
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3.3 Conclusions 

The results presented in Chapter 3 have demonstrated the design, versatile capabilities, and 

applications of a novel direct contact column heating/cooling platform based on TEC 

arrays. It was shown that the developed systems can provide very rapid heating/cooling 

with rates of up to 400 °C/min, with further rapid thermal equilibration of the capillary or 

microbore column attached. The unique platform was demonstrated with several 

chromatographic separations involving the application of dual temperature/flow rate 

gradients and also rapid temperature programming, with beneficial results. Due to the 

specific features of thermoelectric modules (precise temperature control, fast response), 

further demonstrative applications were investigated and presented, such as the fabrication 

of monoliths incorporating a gradient of porosity (in capillary format) and the precise 

positioning of monoliths with well-defined boundaries in chip formats, where in both 

instances the precise spatial control of temperature during polymerisation is essential. 

Further, the fabrication of thermally initiated monoPLOT columns using the column heater 

was presented. 
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Abstract 

PLOT columns possess a porous layer of stationary phase covering the inner surface of the 

capillary tubing, preserving an open-tubular structure after the completion of all column 

preparation steps. One of the main difficulties in the fabrication of photo-initiated 

monoPLOT columns is achieving a uniform porosity in the monolith, or across the porous 

layer. In most commercially available UV reactors, the light source is commonly located on 

the top at the oven, thereby providing UV light from one direction only. Such ovens rely 

heavily on diffuse reflection and scatter within the oven to effectively polymerise the target. 

For such UV reactors, it has been shown that the layer thickness and polymer density of the 

monolith are higher on the side of the column facing the light source [3]. 

 

In the work presented in the current Chapter, automated monoPLOT column fabrication 

techniques, based upon both UV and IR-induced photo-initiation are presented. As part of 

this work, several novel pieces of instrumentation were developed to aid in the fabrication 

process. The developed approaches allow the preparation of columns of varying length due 

to an automated capillary delivery method, with precisely controlled and uniform layer 

thickness and monolith morphology, from controlled optical power and exposure time. 

 

For the technique involving UV-initiated polymerisation, the relationships between direct 

exposure times, intensity and layer thickness were determined, as were the effects of 

capillary delivery rate (indirect exposure rate), and multiple exposures on the layer 

thickness and axial distribution. Layer thickness measurements were taken by scanning 

electron microscopy (SEM), with the longitudinal homogeneity of the stationary phase 

confirmed using scanning capacitively coupled contactless conductivity detection (sC4D). 
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The new automated UV polymerisation technique presented in this work allows the 

fabrication of monoPLOT columns with a very high column-to-column production 

reproducibility, displaying a longitudinal phase thickness variation within  0.8% RSD. 

Preliminary work in the development of IR-initiated polymerisation of monoPLOT 

columns and the optimisation of the technique relative to the polymerisation and porogen 

mixtures is also investigated. Chromatographic test separations of proteins on columns 

produced by both UV and IR photo initiation are also presented. 

 

 

Aims 

The aim of the work presented in this chapter was to develop a reproducible method for the 

controlled photo-initiated polymerisation for the production of PLOT chromatographic 

columns in both the UV and IR range. The method offers a simple, highly controllable 

solution to the complex task of manufacturing bonded phase porous layer open tubular 

columns by photo polymerisation.  
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4.1 Introduction 

Porous layer open-tubular capillary columns possess a porous layer of stationary phase 

attached to the inner surface of the capillary tubing, maintaining an open-tubular structure 

after the completion of all column fabrication steps. Chromatographic separations on 

modern PLOT columns can result from various solute−sorbent interactions, in addition to 

simple partitioning, involving a wide variety of functionalised surfaces. Over the past few 

decades, numerous PLOT columns have been developed and applied in many different 

areas of separation science. In GC, open tubular columns offer many advantages over their 

packed counterpart, notably high efficiencies, low back pressure, and fast analysis times. 

Typically, open tubular columns are produced by applying a layer of stationary phase onto 

the inner wall of the capillary. Since in many cases it is not chemically bonded to the 

capillary, the stability of this stationary phase layer ultimately depends on the constant 

nature of the surface tension forces that hold it to the column wall. These surface tension 

forces can be reduced with an increase in temperature or by the solutes passing through the 

column. As a consequence, the stationary phase film can suddenly break up and wash off 

the column – this is known as column bleed. 

 

Bonded (or immobilised) wall coated stationary phases (where the stationary phase is 

polymerised in-situ), are highly desirable as the stationary phase is extremely stable and 

much less prone to column bleed. PLOT structures provide high capacity separations due to 

their higher surface area as compared with non-porous, wall-coated polymeric coatings 

(WCOT). The commercial techniques used in the immobilisation of stationary phases on 

the walls of capillary columns are highly proprietary and there are few bonded porous layer 

polymeric stationary phases commercially available. The lack of bonded polymeric PLOT 
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columns for GC is due to the many problems associated with the manufacture of such a 

column. Firstly, as suggested, the stationary phase must be bonded to the wall of the 

capillary, ideally polymerised in-situ. This is extremely difficult to do even on a short 

column, and so producing long columns as might be used in GC (>10 m) presents even 

more difficulties. 

  

Open tubular columns were initially proposed for GC by Golay [1] and, following this 

pioneering development, OT capillary GC has practically replaced packed-column GC for 

most analytical applications, with PLOT columns now well-established as a common OT 

column format [2]. Furthermore, electrophoretic methods, such as capillary zone 

electrophoresis (CZE), are predominantly OT capillary-based, with related techniques, such 

as capillary electrochromatography (CEC), having been developed using not only particle-

packed and monolithic-type stationary phases, but also now commonly with PLOT 

columns [3-6]. In addition to the above techniques, the application of PLOT columns to 

micro-solid phase extraction (μ-SPE) has also been reported [7,8]. As far back as the late 

1970s, there have been attempts to apply OT format columns to LC separations [9-11], 

although, in most early cases, practical and instrumental restrictions meant that only limited 

interest was generated. Over the past decade, most instrumental issues have been largely 

resolved, and sensitive small volume detectors, compatible with capillary format, together 

with gradient pumps capable of sub μL/min flow rates, have become readily available. This 

has seen OT capillary-LC, and, in particular, the use of PLOT columns in LC attracting 

considerable attention. Indeed, recently, the use of PLOT capillary columns for high-

efficiency and high-peak-capacity separations, coupled with mass spectrometric detection, 

in areas such as proteomics, has been reported by several leading groups [12-14]. In 
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addition, recent studies into the optimal structures for PLOT columns in liquid 

chromatography for high-efficiency separations have also been reported [15]. One approach 

to produce the stationary phase within PLOT columns is to immobilise a thin layer (usually 

<10 μm) of small particles to the inner surface of the capillary column. This has been 

shown with metal oxides [16], carbon, molecular sieves [2], metal nano-particles [17], and 

various derivatives of styrene [7,18] However, a potential disadvantage of this approach is 

the leaching or bleeding of particles from the wall over time, which affects not only the 

separation performance, but also may result in damage of detectors, especially mass 

spectrometers. An alternative approach is the direct covalent attachment of a porous 

polymer layer to the inner surface of the capillary tubing. This type of stationary phase can 

provide a highly developed surface area, as required for chromatographic performance and 

capacity, and is also both physically and chemically stable, for example, being compatible 

with both basic and acidic buffer systems. In addition, the use of such porous polymeric 

stationary phases provides the substrate upon which surface chemistry can be relatively 

easily varied, through simple surface modification procedures, which can be carried out in-

situ. To date, the majority of PLOT columns produced, based on immobilisation of a 

polymeric phase as a single porous layer (monolithic structure) onto the inner surface of the 

column tubing, have been obtained through the application of thermally initiated 

polymerisation [14,5,6,19-22]. A thermally initiated approach to polymerisation is 

discussed in detail in Chapter 5. 
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4.1.1  UV initiated monoPLOT columns 

Recently, several research groups have presented PLOT columns produced by UV-initiated 

polymerisation [3,25,26]. Eeltink et al. [3] prepared capillary columns with methacrylate 

ester-based monolithic-type porous polymer coatings via UV initiated free-radical 

polymerisation of butylmethacrylate and a cross-linker (ethylene dimethacrylate), using 1-

octanol as a porogen. However, it was shown that obtaining a uniform polymer layer is a 

non-trivial task. If the capillary filled with the polymerisation mixture was placed under a 

UV light source, where it remained motionless during all the irradiation time, the resulting 

polymer coating was found to be non-uniform. Rotation of the capillary at 100 rpm during 

polymerisation resulted in the formation of a more uniform layer; however, the overall 

technique could only produce relatively short PLOT columns, restricted by the UV 

chamber dimensions. Abele et al. [25] recently introduced a novel evanescent wave (EW)-

initiated photo-polymerisation technique, using a single light-emitting diode (LED) for the 

fabrication monolithic PLOT columns. The EW photo-polymerisation was induced by the 

evanescent field created at the inner wall of a transparent polytetrafluoroethylene-coated 

fused silica capillary illuminated axially and acting as a light waveguide. The authors 

proposed the resultant PLOT columns for use as capillary reactors, within nano-liquid 

chromatography (nano-LC), CEC, and related separation methods. It was shown that 

columns with a layer thickness ranging from 2 μm to 25 μm were obtained; however, again, 

only short columns (<11 cm) could be produced using this approach, as layer thickness 

would vary along the column length, decreasing with the increase of distance from the light 

source increased, because of attenuation within the silica medium. Following this work, 

Nesterenko et al. [26] reported the preparation of slightly longer monoPLOT columns using 

an automated UV scanning technique. In this work, capillaries filled with polymerisation 
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mixture were repeatedly exposed to light from the scanning source at a wavelength of 365 

nm. The UV source was moved along the length of the capillary column at a uniform scan 

rate and for an optimized length of time (up to 25 min). The monolithic phase was formed 

during this perpendicular illumination. This method resulted in the fabrication of columns 

with a very uniform layer thickness which was confirmed using sC4D. However, using this 

method, it was only possible to produce columns as long as 30−40 cm. Therefore, it can be 

seen that the preparation of surface bonded porous phases within open-tubular columns, of 

a uniform layer thickness and able to provide sufficient phase capacity for application 

within capillary-LC, still remains a considerable challenge. It should be noted that sC4D is 

not suitable for characterising the pore morphology of the monolith and is only sensitive to 

large scale morphological features such as layer thickness, voids, etc. 

 

 

4.1.2  IR initiated monoPLOT columns 

There have been very few works reported on the fabrication of polymer monolithic phases 

at wavelengths > 400 nm. Dulay et al. [34] performed the first monolithic synthesis at 

wavelengths outside the UV region by forming a sol-gel stationary phase in polyimide 

coated capillary at 470 nm. More recently, Walsh et al. [35] also produced polymer 

monoliths using 470 nm and also in polyimide coated media using LED sources at 660 nm 

[37].
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4.2 Experimental 

4.2.1 Materials 

For the development and construction of the UV/IR reactor unit and flow-through curing 

oven, and the fabrication of photo-initiated monoPLOT columns the following materials 

were used: 

 Boxes and enclosures were purchased from Radionics Ltd., (Dublin, Ireland). 

 Rapid prototype parts were produced as per Section 2.2.1. 

 Raw materials (aluminium, stainless steel, etc) were purchased from Alperton 

Engineering Ltd., (Dublin, Ireland). 

 Fabricated parts (such as reactor chamber, feed through mechanism, motor 

mounts, etc) were manufactured in-house. 

 Electronic components were purchased from Radionics Ltd., (Dublin, Ireland) and 

Farnell Ltd., (Leeds, United Kingdom). 

 Circuit boards were designed in-house and fabricated by Beta Layout Ltd., 

(County Clare, Ireland). 

 Fabrication of system board, circuits and enclosure were done by Heery 

Technologies (Kells, Co. Meath, Ireland). 

 Teflon and polyimide coated (15 μm thickness) fused silica capillary, 25, 50, 75, 

and 100 μm ID, 0.375 mm OD was purchased from Composite Metal Services 

Ltd., (Charlestown, United Kingdom). 
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4.2.2 Reagents 

All chemicals were reagent or analytical grade purity. For the fabrication of monolithic 

stationary phases, reagents and chemicals used were as per Sections 2.2.2 and 3.2.1. 

Additional reagents used during the IR fabrication of monoPLOT columns included: 

 4-vinylbenzyl chloride, isopropanol, trifluoroacetic acid, and N-methoxy-4-

phenylpyridinium tetrafluoroborate (MPPTFB) were purchased from Sigma-

Aldrich (Gillingham, U.K.). 

 N,N Dimethylacrylamide was purchased from Spectra Group Ltd., (Millbury, 

Ohio, United States). 

 The IR initiator, 2-[2-[2-chloro-3-[(1,3-dihydro-1,1,3-trimethyl-2H-benz[e]indol-

2-ylidene) ethylide- ne]-1-cyclohexen-1-yl]ethenyl]-1,1,3-tri-methyl-1H- 

 benz[e]indolium (H-Nu 815), and co-initiator, (butyltriphenyl-borate) borate V, 

were purchased from Spectra Group Ltd., (Milllbury, Ohio, United States). 

 

 

4.2.3 Instrumentation 

 For the evaluation of column longitudinal homogeneity, a TraceDec capacitively 

coupled contactless conductivity Detector (Innovative Sensor Technology GmbH, 

Strasshof, Austria) was used. Settings for scanning the column were as follows: 

frequency, 3× HIGH; voltage, −6 dB; gain, 50% and offset, 0.  

 Additional instrumentation used during the fabrication process are as listed in 

Section 3.2.2. 
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4.2.4 Software 

 Design software used during the development of the UV/IR ovens are as listed in 

Section 2.2.4. 

 For the data acquisition TraceDec Monitor V. 0.07a software (Innovative Sensor 

Technology GmbH, Strasshof, Austria) was used. 

 

 

4.2.5 Experimental procedures 

4.2.5.1 Capillary silanisation 

Capillary silanisation was carried out as per the procedure in Section 2.2.5.1. 

 

4.2.5.2 Formation of free-radical layer on capillary wall 

In order to facilitate the formation of a more uniform layer during UV polymerisation, 

silanised capillaries were further treated with benzophenone to introduce a layer of free 

radicals on the inner surface of the capillary. For this, a solution of 50 mg of benzophenone 

in 1 mL of MeOH was prepared, vortexed and deoxygenated under a flow of nitrogen for 

10 min. The desired length of silanised capillary was filled with the mixture and exposed to 

1 J/cm2 of UV radiation at 254 nm. The capillary was subsequently washed with MeOH for 

30 min at a flow rate of 3 μL/min. 
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4.2.5.3 Fabrication of reversed-phase BuMA-EDMA monoPLOT columns by UV photo-

initiation 

The monomer mixture used consisted of 24 %wt BuMA, 16 %wt EDMA, 60 %wt 1-

decanol, and 0.4 %wt dimethoxy-2-phenyacetophenone, with respect to monomers. The 

mixture was prepared by first dissolving initiator in the porogen, followed by the addition 

of the monomers. The solution was vortexed and deoxygenated under a flow of nitrogen for 

10 min. The desired length of pretreated capillary was filled with the monomer mixture and 

the ends of the capillary were sealed with rubber septums. The filled capillary was loaded 

and aligned into the flow-through UV reactor, and the speed and intensity settings on the 

device were set to the desired values. For static tests, the capillary was kept stationary and 

was subjected to the desired amount of UV radiation through timed exposures and 

irradiation intensity variation. For dynamic tests and fabrication of monoPLOT columns, 

the UV LEDs were first switched on and then the capillary was fed at a fixed rate through 

the UV chamber, the linear rate being chosen to give the desired exposure time. For 

multiple exposures, the capillary was passed through the chamber the appropriate number 

of times in order to provide the required amount of radiation. After each pass, the feed 

motor was reversed once the end of the capillary was reached and the next run was then 

started. After the completion of all desired steps, the capillary was drawn out from the UV 

chamber and both ends of the capillary were removed as the last few centimetres of 

capillary at each end received higher doses of radiation, due to the way the capillary was 

loaded into the device. Post curing, the resultant monoPLOT column was washed with 

MeOH at a flow rate of 1 μL/min for 1 hr to remove residual porogen and unreacted 

monomers. 

 



161 

4.2.5.4 Fabrication of reversed-phase PS-DVB monoPLOT columns by IR photo-initiation 

The monomer mixture consisted of 12 %wt styrene, 12 %wt 4-vinylbenzenyl chloride, 16 

%wt divinylbenzene; the composition and ratio of both the porogen mixture and initiator 

was varied during the experiment, see Section 4.4.2. The mixture was vortexed, centrifuged 

for 1 min at 13,000 RPM, the supernatant removed, and deoxygenated under a flow of 

nitrogen for 10 min. The desired length of silanised capillary was filled with the monomer 

mixture and the ends of the capillary were sealed with rubber septums. The capillary was 

coiled and loaded into the UV/IR chamber. Chamber power was set to 2 mW/cm
2
 for each 

polymerisation and curing time varied. Post curing, the resultant monolithic column was 

washed with MeOH at 1 μL/min for 1 hr to remove residual porogen and unreacted 

monomers. 

 

4.2.5.5 Preparation of standard solutions 

Standard solutions were prepared as per Table 4.1. 
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Table 4.1 – Preparation of standard solutions 

Analyte Solvent 
Concentration 

(mg/mL) 

Insulin  

(INS) 

0.1 % TFA in H2O 

0.01 

Ribonuclease B  

(RNase B) 
0.005 

Trypsin  

(TRY) 
0.02 

Ribonuclease A  

(RNase A) 
0.01 

Cytochrome C  

(Cyt C) 
0.01 

Myoglobin  

(MB) 
0.012 

Horseradish Peroxydase  

(HRP) 
0.04 

Phosphatase B  

(PP2) 
0.08 

Carbonic Anhydrase  

(CA) 
0.02 

Concanavalin A  

(Con A) 
0.01 



163 

4.3 Theory 

There have been many studies devoted to the mechanism of the formation of polymer 

phases within PLOT columns [27−29]. Various parameters, such as surface-to-volume 

ratio, polymerisation kinetics, surface tension at the capillary inner wall, and wettability 

with the polymerisation mixture affect the formation of the monolith in capillaries with ID 

< 10 μm, resulting in deviation from the bulk porous structure and leading to the formation 

of PLOT columns.  

 

The classical equation for the polymerisation rate is given as: 
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where: 

[M] = concentration of monomer  

Ri = initiation rate 

kp = coefficient of propagation rate 

kt = coefficient of termination rate 

 

However, in the case of photo-initiated reactions, this equation takes the form: 
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or 
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where: 

Φ = quantum yield for initiation 

Ia = absorbed light intensity 

IO = incident light intensity 

ε = extinction coefficient 

[In] = photo-initiator concentration 

b = layer thickness  

It can be seen from eq. (4.3) that the rate is directly proportional to the light intensity, Ia. As 

a result, variation of light becomes a key factor to the control of polymer layer growth. 

 

 

4.4 Design and development 

4.4.1 UV/IR reactor 

A UV/IR reactor comprised of 60 LEDs (30 of each type) with wavelengths of 365 and 830 

nm respectively was developed, shown in Figure 4.1. LEDs were chosen as a light source 

as they are available in many different wavelengths, they are cheap, and although providing 

less optical power compared with bulbs, their intensity may be varied or indeed the light 

can be pulsed; using bulb light sources neither of these is possible. The reactor was 

constructed from a standard electrical acrylonitrile butadiene styrene (ABS) enclosure with 

dimensions of 190 x 110 x 65 mm and allowed both static and flow-through 



165 

polymerisation. The latter one is performed when the polymerisation mixture is pumped 

through the stationary capillary. The UV/IR oven was capable of supplying 1.8 – 2.4 

mW/cm
2
 of IR light at 830 nm and 12 – 37 µW/cm

2
 of UV light at 365 nm. 

 

 

Figure 4.1 – Exterior of UV/IR oven. 

 

The inside of the oven (Figure 4.2) was lined with aluminium foil in order to provide highly 

reflective surfaces and improve homogeneity of light intensity in the centre of the box. 

However, this arrangement proved to be problematic during polymerisation of IR initiated 

monoliths (see Section 4.5.2) as the majority of the incident light was above and below the 

capillary resulting in a non-uniform polymer layer structure.  
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Figure 4.2 – Interior of UV/IR reactor. 

 

Small apertures were made in the centre of each side of the reactor for the introduction of 

the capillaries into the chamber and for supporting capillaries equidistant from the light 

sources in order to ensure as homogeneous irradiation as possible. This system was tested 

for the fabrication of both fully polymerised and monoPLOT columns by IR and UV 

initiation in both static and flow through conditions. This oven was developed as a proof of 

principle device and precursor to the feed through oven which is described in Section 4.4.2. 
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4.4.2 UV/IR feed-through curing oven 

A prototype feed-through UV curing oven was designed and built for the fabrication of 

monoPLOT columns of variable length and phase thicknesses. The design of the oven unit 

takes into consideration the different media that may be polymerised through UV and IR 

initiation, i.e. capillary columns etc., thus it was necessary to provide a means by which 

capillary columns of extended length may be polymerised, such as columns that may be 

used in GC. The oven uses a polar array of UV and IR LEDs mounted around the 

circumference of a hollow tube (the reaction chamber), see Figure 4.3. These LEDs have a 

wide viewing angle, meaning that they emit light from the face of the light source at a 

highly divergent angle. The oven was capable of supplying 12.5 – 16.5 mW/cm
2
 of IR light 

at 830 nm and 50 – 172 µW/cm
2
 of UV light at 365 nm. 

 

The device was equipped with guides allowing the capillary to be passed through the centre 

of the oven in order to provide most uniform exposure along the length of the capillary 

from all sides. A simplified schematic of the assembly is shown in Figure 4.4. Feeding the 

capillary through the chamber allows the manufacture of columns of various length, even 

over dozens of meters. The internal surfaces of the oven were coated with highly reflective 

paint, to ensure the emitted light is directed towards the centre of the oven where the 

capillary is fed through. The capillary is fed through the oven using a set of motorised 

guide rollers. The speed of the guide rollers can be adjusted allowing the exposure time per 

unit length of the capillary to be very accurately set. In addition to the draw speed, the 

intensity of the light can be adjusted and irradiating light can also be pulsed. These 

configurable settings give a high level of control to the polymerisation process. 
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Figure 4.3 – Schematic of UV/IR reactor chamber constructed from a polar array of UV  

LEDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 – Schematic of UV/IR oven, guide rollers and spool assembly. 

 

A photodiode for monitoring the intensity of the light was mounted inside the UV oven and 

provided constant feedback. This input was brought back to the control board and used to 

control the output to the LEDs (i.e. the intensity of the light) through a PID loop. 
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Figure 4.5 – UV/IR oven showing chamber, feed mechanism, and control unit. 

 

The system was tested in both static and dynamic conditions for fabrication of both short 

(<10 cm) and long (>1 m) monoPLOT columns and the effect of light intensity and 

exposure time on layer thickness in both modes was studied. The work shows that, by 

altering the intensity and exposure time, and through repeated exposures, it was possible to 

fabricate monoPLOT columns with uniform layer thicknesses ranging from <100 nm to 

several micrometers.  
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4.5 Results and discussion 

4.5.1 monoPLOT fabrication by UV initiation 

Within a fused-silica capillary, particularly where the inner surface has been pretreated with 

initiator, polymer growth is thermodynamically favoured to occur from the capillary wall 

inward. This is even more so with photo-initiated polymerisation, because light intensity 

will decrease radially toward the center of the capillary. Where polymerisation conditions 

are limited by either time or dynamic flow, a porous layer structure results, rather than 

complete polymerisation throughout the capillary. Early attempts to produce photoinitiated 

monoPLOT columns [26] were conducted while using simple silanisation of the capillary 

walls with trimethoxysilylpropyl methacrylate. Although showing promising results, this 

approach would often lead to the formation of a non-uniform layer or areas of the capillary 

wall, where little or no polymerisation would occur (Figure 4.6(a)). For columns with a 

thicker polymer layer, this problem was more pronounced and clearly visible. In the 

production of PLOT columns, it is important that homogeneity is maintained as the layer 

thickness increases. If the layer does not grow at the same rate around its circumference, 

the thicker regions will continue to grow at a faster rate than the rest of the layer, which can 

eventually result in a partially blocked column or structural weakness within the monolith.  

 

As a number of side reactions, such as recombination, may take place during the 

polymerisation process and due to inefficient synthesis of the radical species, chain reaction 

initiation never occurs 100% efficiently. In order to increase the efficiency of the initiation 

reaction and to facilitate more uniform layer growth, it was decided to introduce an 

additional capillary pretreatment step, namely the grafting of benzophenone, a radical 

polymerisation initiator, directly onto the surface. This ensured initiation of the 
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polymerisation reaction with equal probability along and around the inner walls of the 

capillary column. For the proof of this concept, two sample monoPLOT columns were 

prepared under similar conditions; however, one column was subjected to a benzophenone 

pretreatment, while the second one was only silanised. As it can be seen from the Figure 

4.6(b), pretreatment with benzophenone led to the formation of a far more uniform 

monolithic layer.  

 

  

Figure 4.6 – SEM images of a polymer layer formed (a) on a silanised surface and (b) on a 

silanised surface also treated with benzophenone. 

 

The effects of light intensity and exposure time were investigated in a series of static tests. 

It is known that the kinetics of the UV initiated reaction (and, as a result, its speed) is 

dependent on the light intensity [30], as it was shown earlier eq. (4.3) in Section 4.3. Initial 

studies were carried out to determine the useful operating limits of the device, with respect 

to the intensity setting of the UV LEDs and the exposure time to which the capillary was 

subjected. These limits were determined through fabricating monolithic layers within 100 

μm ID capillary, varying both UV light intensity and exposure time. It was found that the 

optimum range for the optical power of the chamber was 5−7 mW (66 – 92 µW/cm
2
). At 

low power settings, below 4 mW, polymerisation was very slow and the resulting layer was 

(a) (b) 
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very fragile. Above 7 mW, polymerisation occurred at such a fast rate that it was almost 

impossible to control it, making the fabrication of a uniform layer extremely difficult. It 

was also observed that fabrication at high power settings often resulted in partial or 

complete over polymerisation of the capillary. It was found that the morphology of the 

polymer layer can also be varied through the adjustment of the UV light intensity. Thus, at 

2 mW, polymerisation was extremely slow and the resultant polymer layer exhibited larger 

pore sizes, namely, 1.25 ± 0.38 μm (measured from SEM images, n = 15) and a less-

uniform structure (see Figure 4.7a).  

 

  

Figure 4.7 – SEM images showing the different morphology of the polymer monolith layer 

at two different power settings: (a) 2 mW and (b) 7 mW.  

 

However, the use of higher power settings provided the formation of pores of smaller 

dimensions: 0.68 ± 0.17 μm at 6 mW, and 0.47 ± 0.16 μm at 7 mW (Figure 4.7(b)). This 

shows that the UV light intensity has an effect on polymerisation thermodynamics similar 

to that of temperature in thermally initiated polymerisation, where the reaction rate is 

slower at lower temperature and increases with higher temperature [31]. First, the initiation 

rate in the case of non-chain initiator decay is proportional to the efficiency of the initiator 

(f, which is usually between 0.5 and 1.0), the constant of the initiator decay, kd, and the  

(b) (a) 
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initiator concentration, [In]. 

 

 ln2 di fkR   

eq. (4.4)[30] 

However, the rate of polymerisation is dependent on light intensity (eq. (4.3)), providing a 

higher polymerisation rate at higher intensity. Since the formation of new polymerisation 

centers is faster than the growth of globules, the supply of monomers runs low more rapidly 

and the number of globules is large, but their size remains small, which leads to smaller 

voids between globules. Two sample SEM images showing the layers formed at two 

different power settings but with the same exposure time are also shown in Figure 4.8(a) 

and (b). The difference in layer thickness is clear; however, it was also possible to see a 

variation in the morphology of the polymer layer, with a larger globule and pore size for the 

6 mW exposure (Figure 4.8(a)), compared to the higher power 7-mW exposure (Figure 

4.8(b)).  

  

Figure 4.8 – SEM images of the monoPLOT layer prepared via UV irradiation at (a) 6 mW 

for 18 s and (b) 7 mW for 18 s. 

 

The next experiments were carried out to measure the average thickness of the monolith 

layer at increasing exposure times, and this was performed at three different power settings 

(b) (a) 
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between 5 and 7 mW. Exposure times were varied from 7 s to 25 s. For each monoPLOT 

column fabricated under a particular condition, the layer thickness was determined from 

SEM images. Figure 4.9 shows the relationship between exposure time and layer thickness 

for different power and time settings. It can be seen that the thickness of the polymer layer 

grows exponentially with time. Such behavior can be explained from consideration of 

reaction kinetics. Eq. (4.3) also shows that the rate of the reaction is dependent on the layer 

thickness, b; thus, the thicker the layer, the more negative the exponent value becomes, and, 

as a result, the reaction rate increases. However, the variation in layer thickness 

homogeneity also increases at higher exposure times and with increasing intensity of the 

incident light. This creates a problem, because, in order to achieve the optimum 

morphology in the polymer layer, it is necessary to polymerise within this given intensity 

range; however the rate of polymer growth at these intensities  

 

Figure 4.9 – Plot of average layer thickness against exposure time for power settings of 5, 

6, and 7 mW. 
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is extremely high, and, therefore, control of exposure time must be very precise. The 

developed approach to column fabrication was readily amenable to both flow-through 

polymerisation and timed exposure experiments. Therefore, to investigate the possibility to 

more precisely control monoPLOT layer formation (without changing the composition of 

the monomer mixture), two new polymerisation approaches were investigated using the 

device. These were (1) pumping the monomer mixture through the capillary during 

polymerisation, “flow-through polymerisation”, and (2) multiple exposures, irradiating the 

monomer filled capillary with several repeated short exposures. Flow-through 

polymerisation was investigated as an approach, because the liquid flow would remove 

short polymer chains and supply fresh monomer mixture, facilitating polymerisation 

specifically on the sites that are already attached to the capillary walls, providing more-

uniform layer growth. The monomer mixture was pumped through the capillary at a fixed 

flow rate of 1 μL/min, corresponding to a linear velocity of 2.1 mm/s in a 100-μm capillary. 

This low flow rate was chosen to minimise any damage to the monolithic layer forming 

during polymerisation by other polymerised particles that could be caught in the flowing 

stream. It was observed that flow-through polymerisation greatly reduced the rate of growth 

of the polymer layer, giving a more linear relationship between exposure time and layer 

thickness. Comparative images for monoPLOT columns prepared in flow-through and 

static conditions can be seen in Figures 4.10(a) and 4.10(b), respectively.  
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Figure 4.10 – Comparison of two monoPLOT columns polymerised under (a) static and (b) 

flow-through conditions. 

 

The columns produced under flow-through conditions were exposed to UV light at 7 mW 

for 65 s, receiving a total dosage of 455 mJ. However, static exposure to 455 mJ would 

result in complete polymerisation across the capillary. The column produced under static 

conditions was exposed to light, also at 7 mW, but for just 13 s, giving a dosage of 91 mJ. 

The average layer thickness for the column prepared by flow-through polymerisation was 

332 nm, whereas for the static approach, it was 1.4 μm. It is worth noting that the flow-

through approach produced a polymer layer, which, although thinner, was extremely 

uniform along the length and circumference of the column. It is also worth noting here that 

the monomer mixtures used in both the static and flow-through polymerisation were 

identical. In both instances, the monomers were used without removal of any 

polymerisation inhibitors; as such, the changes in the rate of polymerisation observed could 

only be attributed to the physical differences in the polymerisation process using the two 

approaches. One of the advantages of the photo-initiated polymerisation is the ability to 

initiate and halt the reaction relatively rapidly, compared to thermally initiated 

polymerisation approaches [30]. Applying this approach, in which radicals are generated 

(a) (b) 
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over short periods of time, it was hoped that this situation would facilitate a more controlled 

polymerisation process and thus allow the fabrication of a more homogeneous layer. For 

multiple exposures, the polymerisation mixtures were similar to those discussed previously 

during static testing. However, in this instance, the full dose of radiation would be delivered 

in smaller discrete doses, thus controlling the duration of the reaction. Since the minimum 

draw speed of the device was 7.2 mm/s and the chamber length was 65 mm this gave a 

minimum dynamic exposure time of ~9 s. In order to record useful data at parameters that 

could be further used in dynamic testing, it was decided to use 9 s as the exposure time for 

each dose of UV energy. For the static study, a length of capillary was filled with a 

monomer mixture, as before, and aligned within the UV chamber. The polymerisation 

study, as described earlier, was repeated for three power settings; 5, 6, and 7 mW. 

However, in this case, the dose of radiation was given in 9 s doses, and the number of doses 

was varied. The resultant polymer layers were inspected and their thickness was measured 

as done previously, using SEM. A comparison of constant exposures against multiple short 

exposures (passes) for chamber powers of 6 and 7 mW is shown in Figure 4.11. It can be 

seen that, for a given total energy supplied, the rate of polymer growth for multiple 

exposures was considerably slower and therefore more controlled. In addition, when 

compared with the data shown in Figure 4.9, it can be seen that the variation in layer 

thickness is also much lower, compared to long single exposures.  
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Figure 4.11 – Comparison of layer thickness for multiple exposures (passes) at 5, 6, and 7 

mW for dynamic tests. 

 

Using the results obtained from the above static tests, it was possible to determine the range 

of best parameters for dynamic tests and for polymerisation of longer monoPLOT capillary 

columns. Therefore, a length of pretreated capillary was filled with monomer mixture, and 

its ends were capped, and then the capillary fed into the UV reactor. For dynamic studies, 

the capillary was exposed to UV radiation while, at the same time, being drawn through the 

UV chamber at a fixed speed. In this case, the linear speed was set to its minimum value of 

7.2 mm/s, giving each unit length of capillary an exposure time of 9 s for each pass. At a 

power setting of 7 mW, this corresponds to 63 mJ of energy per pass. A setting of 6 mW 

will yield 54 mJ per pass, and 5 mW will give 45 mJ. The results of this dynamic study can 

be seen in Figure 4.12.  
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Figure 4.12 – Comparison of layer thickness at two different power levels, 6 and 7 mW, for 

both continuous and 9-s multiple exposures. 

 

It was interesting to observe that the layer thicknesses obtained were considerably thicker 

compared to static tests, which were carried out under the same conditions and indicated 

that there was a far higher rate of polymer growth with longer capillaries. The reason for 

the increased rate of polymer growth is assumed to be from light scattering within the 

capillary. The propagation of light through fused-silica capillaries has already been well-

documented [25,32] and it has been shown that the capillary can transmit a considerable 

amount of light along its length. During dynamic fabrication, the capillary was exposed to 

some UV radiation before being drawn into the UV chamber, because of light propagation 

along the capillary. 
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The same effect will also be present on the other side of the UV chamber, where the post 

exposure capillary was also further irradiated. This results in an overall thicker polymer 

layer, because the total dosage per unit length is higher. As part of the dynamic study, 

several long monoPLOT columns were formed, with lengths ranging from 300 mm to 1750 

mm. All of these columns were characterised using sC4D, which is known to be a non-

destructive technique for the characterisation of capillary stationary phases [33] and several 

were further evaluated via SEM analysis. The layer thickness measurements and 

homogeneity of one such 300-mm example is presented in Figure 4.13. The layer thickness 

was determined from the SEM images of the cross sections of the monoPLOT column. For 

this, a 300-mm-long monoPLOT column (after sC4D scan) was cut into thirty 10-mm-long 

sections and the layer thickness was measured from the SEM images (n = 30). Although 

layer thickness measurements were intermittent, it can be seen that the average thickness of 

the polymer layer is ~310 nm and it is consistent along the column. At the same time, the 

sC4D scan showed that the layer was homogeneous (sC4D RSD = 0.22%) and confirmed 

that there were no voids or blockages along the length of the column. Further work yielded 

a 1750-mm column and the sC4D characterisation of this column is shown in Figure 4.14. 

The RSD of layer thickness for this column is 0.78%. A 10-mm segment from the end of 

the column was removed and was further inspected via SEM, showing the resultant 

polymer layer to be very uniform with an average layer thickness of ~400 nm. 



 

1
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Figure 4.13 – Layer thickness and sC4D characterisation of a 300 

mm column produced over five exposures at 7 mW. 

 

Figure 4.14 – sC4D characterisation comparison between a 1750 mm 

monoPLOT column produced over five exposures at 7 mW and a 

silanised silica capillary. Capillary feed rate was 7.2 mm/s, giving an 

exposure time of 9 s. 
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4.5.2 monoPLOT fabrication by IR initiation 

As discussed earlier, very little work has been carried out on the fabrication of porous 

monolithic materials via IR-initiated polymerisation, yet photo-initiation by IR has many 

benefits. Polymerisation using IR light is advantageous mostly due to the fact that 

monolithic phases can be produced in polyimide coated capillary; this is not possible using 

UV light as polyimide absorbs strongly in the UV region and up to approximately 600 nm. 

Furthermore, compounds such as styrene also absorb in the UV region, thus making photo-

initiation of styrene based stationary phases impossible using UV light. These limitations 

are discussed in further detail in Chapter 5. Exposure to IR light is also less damaging to 

the human eye or tissue making it far safer than UV. Thus, here the possibility of 

monoPLOT production via photo-initiation in the near IR range (830 nm) was investigated. 

 

Another advantage of IR initiated reactions over UV initiated, particularly with regard to 

the manufacture of monoPLOT columns, is the high extinction coefficient, ε > 250,000 

L/mol/cm (and thus corresponding high absorptivity) of the photo initiators used; in this 

case H-Nu 815. Light in the visible and IR region has a higher penetration ability compared 

to UV light [38], however, the use of an initiator with a high extinction coefficient leads to 

the absorbance of significantly more light and so the amount of light penetrating deep into 

the cavity of the capillary is greatly reduced. A high percentage of the incident light is 

absorbed by the polymerisation mixture at the walls of the capillary ID and so the growth of 

the polymer occurs almost exclusively from the capillary wall inwards. Using the Beer-

Lambert Law an approximate comparison of the percentage of light transmitted (%IO) 

through a 100 μm ID capillary for three different photo initiators can be made – see Table 

4.2. 
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Table 4.2 – Comparison of percentage of light transmission for three photo initiators 

Initiator %wt ε (L mol
-1

 cm
-1

) 
Abs 

(AU) 

@1 μm 
%IO 

@1 μm 

@100 μm @100 μm 

DAP*  

λ = 342 nm 
0.4 1.2 x 10

3
 

1.873 x 10
-4

 99.9% 

1.873 x 10
-2

 95.7% 

H-Nu 635
†
  

λ = 635 nm 
0.4 2.3 x 10

5
 

1.242x 10
-2

 97.1% 

1.242 5.7% 

H-Nu 815
 

λ = 815 nm
 0.4 >2.5 x 10

5
 

1.324 x 10
-2

 96.9% 

1.324 4.7% 

* 2,2-Dimethoxy-2-phenylacetophenone 

†
 2,4,5,7-Tetraiodo-3-hydroxy-9-cyano-6-fluorone 

 

From Table 4.2 it can be seen that for DAP used at a wavelength of 342 nm, the optical 

power of the light transmitted through to the opposite side of a 100 μm ID capillary is 

95.7% of that of the incident light. This is highly problematic for the fabrication of a 

monoPLOT column since the optical power of the light at any location within the capillary 

is almost the same as that which is incident at the boundary of the capillary ID. However, 

for H-Nu 815, the intensity of the light at the opposite capillary wall has fallen to just 4.7% 

that of the incident light. Compared with photo initiation using DAP, this approach is much 

more favorable for the fabrication of open tubular formats. However, this method requires 

the use of a light source capable of providing an even coverage of light on all areas of the 

capillary since the penetrating ability of the IR light in such polymerisation mixtures is low. 

Figure 4.15 represents a good example of a PS-DVB polymer layer formed using this 

method with a non-homogenous light source. In this case the IR light was provided from 

above and below the capillary using the device described in Section 4.3.1 and the effect on 

the monolith growth can be clearly seen. 
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Figure 4.15 – SEM image of a non-uniform porous PS-DVB layer inside a 100 µm ID 

polyimide coated capillary due to non-homogenous light. 

 

The initiator used in this work is a new and experimental compound and so very little was 

known about its reactive properties. According to manufacturer’s instructions [40], to 

enhance initiator performance, H-Nu 815 had to be used as a two-component mixture with 

co-initiator butyltriphenyl-borate (borate V), further complicating the system. Structures for 

these two compounds are shown in Figure 4.16(a) and (b). 

 

            

 

Figure 4.16 – Chemical structure of (a) H-Nu 815 and (b) borate V. 

 

(a) (b) 
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The mechanism for the formation of free radicals from H-Nu 815 and borate V can be 

given by: 

Cy
⊕
[RB(Ph)3]

⊖ 

hv 

[Cy] + R + (Ph)3B  
eq. (4.5)[39] 

where Cy is H-Nu 815 and RB(Ph)3 is borate V. 

 

During the initial experiments problems with solubility of the initiator were discovered. 

According to the manufacturer’s guidelines it was expected that the initiator would be 

soluble in methacrylate type monomers and although the recommended solvents (1-

decanol, 1,4-butanediol, 1-propanol, and N,N Dimethylacrylamide) were used, a gold flake 

type precipitate was observed. However, change of the colour of the solution to dark green 

indicated that some initiator was getting into the solution. In early studies the supernatant of 

the solution was utilised for polymerisation, but it was found that results were not 

reproducible and in almost all cases no (or very little) polymerisation was observed. 

However, when it was possible to fabricate a monolithic phase the porosity was extremely 

low and the phase itself was not homogenous. Heating or sonication of the polymerisation 

mixture did not improve solubility of the initiator. 

 

In their work, Kabatc and Paczkowski [39], studied two- and three-component photo-

initiator systems that are used in visible light induced polymerisation, where five cyanine 

dyes were investigated as photo-sensitisers in combination with one or two co-initiators. It 

is known that irradiation of cyanine organoborate salts with visible light results in efficient 

generation of free radicals [41]. However, for the systems containing dye and N-

alkoxypyridinium salt, it was found that the latter one also acts as a source of free radicals 
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formed in the second photochemical reaction between dye radical and N-alkoxypyridinium 

salt. So Kabatc and Paczkowski found that the use of three-component systems comprising 

of cyanine dye, organoborate and N-alkoxypyridinium salts were 4.05 to 8.25 times more 

efficient as photoinitiators compared to the systems consisting of the dye and organoborate 

only. Based on these findings, the same approach in the case of H-Nu 815 and borate V 

system was applied, and 2.5 %wt N-methoxy-4-phenylpyridinium tetrafluoroborate (with 

respect to monomers) was added to the polymerisation mixture. However, solubility of the 

initiator and co-initiators remained poor and as before little or no polymerisation was 

observed to occur even after exposure to 2 mW/cm
2
 of IR light for 24 hrs. 

 

Walsh et al. [36], in their work on fabrication of polymer monoliths photoinitiated at 660 

nm using a sensitiser dye with a structure similar to H-Nu 815, suggested the use of a 

mixture of acetonitrile, isopropanol and 1-decanol as the porogen mixture for 

polymerisation. As no problems with solubility were reported, it was decided to use a 

similar porogen mixture, comprising of 15 %wt acetonitrile, 20 %wt isopropanol, 22 %wt 

1-decanol. After vortexing the mixture it was observed that the colour of solution turned 

clear deep emerald green, with no visible precipitate. This effect is expected to be attributed 

to the increase in polarity of the porogen mixture.  

 

This time complete polymerisation of the mixture was achieved, however, the resultant 

monolith was extremely dense. The use of polar solvents as porogens in styrene and 

methacrylate systems is well known to produce smaller pores, smaller globules, and denser 

monolith [41], precisely what was observed in this case. In Figure 4.17(a) a section of 

monolith formed using this mixture and possessing extremely dense structure is shown. 
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The porogen mixture was then experimentally optimised to ensure that solubility was 

maintained while monolith porosity was increased. The resultant optimal polymerisation 

mixture consisted of 12 %wt styrene, 12 %wt vinylbenzene chloride, 15.5 %wt 

divinylbenzene, 18 %wt acetonitrile, and 39 %wt 1-decanol. In both cases the amount of 

initiator was the same, 0.5 %wt H-Nu 815, 0.5 %wt borate V, and 2.5 %wt MPPTFB (with 

respect to monomers).  

  

Figure 4.17 – SEM images of porous PS-DVB layers formed inside a 100 µm ID polyimide 

coated capillary. Polymerisation mixture: 12 %wt styrene, 12 %wt vinylbenzene chloride, 

15.5 %wt divinylbenzene, (a) 15 %wt acetonitrile, 20 %wt isopropanol, 22 %wt 1-decanol, 

and (b) 18 %wt acetonitrile, 39 %wt 1-decanol. In both cases the amount of initiator was 

the same, 0.5 %wt H-Nu 815, 0.5 %wt borate V, and 2.5 %wt MPPTFB (with respect to 

monomers). Polymerisation conditions: Exposed to 2 mW/cm
2
 of IR light at 830 nm for 4 

hrs. 

 

From Figure 4.17(a) and (b) the difference in porosity can be clearly seen; by removing 

isopropanol from the porogen mixture and optimising the amount of acetonitrile it was 

possible to produce a more porous monolithic structure with larger pores and globules. 

From the work carried out by Kabatc et al. [39], it is clear that the amount of MPPTFB has 

a significant effect on the efficiency of the polymerisation. A further study was carried out 

to observe the effects of the amount of MPPTFB present in the mixture, the aim being to 

(a) (b) 
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further optimise the growth of the polymer layer by altering the amount of MPPTFB. The 

experiment was performed using between 0.5 and 2.5 %wt of MPPTFB in the same PS-

DVB polymerisation mixture; other than the percentage of MPPTFB the polymerisation 

mixture remained the same, and the efficacy of the system was calculated by measuring the 

layer growth. Samples of capillary were filled with polymerisation mixtures containing 0.5, 

1.0, 1.5, 2.0 and 2.5 %wt MPPTFB and were exposed to 2 mW/cm
2
 of IR light at 830 nm 

for 4 hrs. The samples were then washed and the layer thickness measured for each was 

measured from SEM images (n = 6 – 12). The relationship between %wt MPPTFB in the 

solution and layer thickness is shown in Figure 4.18. 

 

 

Figure 4.18 – Comparison of polymer layer thickness and %wt of MPPTFB in the 

polymerisation mixture. Polymerisation mixture: 12 %wt styrene, 12 %wt vinylbenzene 

chloride, 16 %wt divinylbenzene, 18 %wt acetonitrile, 40 %wt 1-decanol, 0.5 %wt H-Nu 

815, 0.5 %wt borate V, and varying %wt TFB (with respect to monomers). Polymerisation 

conditions: Exposed to 2 mW/cm
2
 of IR light at 830 nm for 4 hrs. 

 

As expected, with an increased amount of MPPTFB in the polymerisation mixture, the 

layer formation was observed to be faster, showing a linear relationship between the layer 
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thickness and the percentage of MPPTFB. It is interesting to note that the percentage of 

MPPTFB in the polymerisation mixture had no noticeable effect on the morphology of the 

monolithic structure with pore and globule sizes being comparable across the range of 

MPPTFB used. This occurs due to the fact that the MPPTFB simply acts as a secondary 

source of free radicals [39]. Figure 4.19 shows three sample SEM images of polymer layers 

formed using (a) 0.5 %wt, (b) 1.5 %wt, and (c) 2.5% wt MPPTFB, where it can be seen 

that the morphology of the monoliths was the same. 

 

  

 

Figure 4.19 – SEM images of PS-DVB 

polymer layer formed within a 100 µm ID 

capillary using (a) 0.5% wt, (b) 1.5 %wt, 

and (c) 2.5% wt TFB. Polymerisation 

mixture and conditions as per Figure 

4.18. 

 

 

 

Although only preliminary experiments were carried out in relation to the fabrication of IR-

initiated monoPLOT columns, the results were found to be very promising, as it was 

possible to tailor the conditions easily in order to obtain the desired layer thickness.

(a) (b) 

(c) 



190 

4.5.3 Chromatographic applications 

4.5.3.1 Separation of proteins on a BuMA-EDMA monoPLOT column 

Initial chromatographic performance of the UV prepared monoPLOT column was 

evaluated by separating a mixture of proteins (Insulin, Ribonuclease B, Trypsin, 

Ribonuclease A, Cytochrome C, Myoglobin, Horseradish Peroxydase, Phosphatase B, 

Carbonic Anhydrase, Concanavalin A). The column used was a reversed-phase BuMA-

EDMA monoPLOT column, 50 µm ID x 60 cm long with a layer thickness ~2 µm. The 

first step was the optimisation of the flow rate. For this study, a simple 45 min, acetonitrile-

water (0.1% TFA constant) mobile phase gradient was applied from 1 to 90% acetonitrile. 

This study was carried out at flow rates from 0.1 to 0.5 µL/min. This flow rate range was 

chosen based on the work by Nesterenko et al. [26] where the authors studied the effect of 

flow rate between 0.1 and 1.5 µL/min, showing that the optimal flow rate was between 0.2 

and 0.4 µL/min for a column of similar dimensions. From figure 4.20 it can also be seen 

that the optimal flow rate was 0.2 µL/min. This figure also correlates well to the optimal 

flow rate range calculated relative to the internal diameter of the column [43]. As 

previously mentioned, one of the expected advantages of this type of column is a reduced 

backpressure. Luo and co-authors [44-46] used Darcy’s law [47] to calculate permeability 

of long (4.2 m x 0.01 mm ID) PLOT columns using: 

 

P) /  . (  xk   

eq. (4.5) 

where: 

k = permeability 

 = linear velocity 
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μ = solution viscosity 

x = column length 

P = pressure drop.  

 

Their column provided a backpressure of ~20MPa at a flow rate of 20 nl/min and the 

permeability was calculated to be 1.3 x 10
-12 

m
2
, which was 4 times lower than for the 

corresponding bare capillary with an ID of 10 μm. The same approach was applied in this 

study; in this case, the back pressure for the 600 x 50 µm ID monoPLOT column varied 

 

Figure 4.20 – Separation of ten proteins (1. INS, 2. RNase B, 3. TRY, 4. RNase A, 5. Cyt C, 

6. MB, 7. HRP, 8. PP2, 9. CA, and 10. Con A) at varying flow rates using a 45 min 

gradient from 1 to 90% acetonitrile: flow rate (a) 0.5 µL/min, (b) 0.4 µL/min, (c) 0.3 

µL/min, (d) 0.2 µL/min, and (e) 0.1 µL/min. Column: 60 cm x 50 μm ID BuMA-EDMA 

monoPLOT column, layer thickness ~2 µm. Mobile phase: ACN/H2O gradient from 1 to 

90% with 0.1% TFA. UV detection at 214 nm. 
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from 0.15 MPa at 0.1 µL/min to just 1.35 MPa at 0.9 µL/min when water was used as 

mobile phase. This gives a permeability of approximately 4 x 10
-10 

m
2
. These findings show 

great potential for faster low pressure separations above this flow rate. For further 

chromatographic evaluation of this column the flow rate of 0.2 µL/min was used. In the 

next experiment, the optimisation of the gradient slope was performed, varying the gradient 

over 20 min, 35 min, 45 min, and 55 min. A comparison of the obtained chromatograms is 

shown in Figure 4.21, and again it can be seen that the optimal gradient conditions were 

achieved for chromatogram (b) (35 min gradient). 

 

Figure 4.21 – Separation of ten proteins (1. INS, 2. RNase B, 3. TRY, 4. RNase A, 5. Cyt C, 

6. MB, 7. HRP, 8. PP2, 9. CA, and 10. Con A) using a constant flow rate of 0.2 µL/min with 

different gradients from 1 to 90% acetonitrile: (a) 20 min (b) 35 min, (c) 45 min, and (d) 55 

min. Column: 60 cm x 50 μm ID BuMA-EDMA monoPLOT column, layer thickness ~2 µm. 

Mobile phase: ACN/H2O gradient from 1 to 90% with 0.1% TFA at a flow rate of 0.2 

µL/min. UV detection at 214 nm. 
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One of the most important factors to examine for this type of stationary phase is the 

stability of the phase and how robust it is over time. During the course of this 

chromatographic study a stationary phase stability test was carried out by injecting a 

standard mixture using the same separation conditions. A total of 30,000 column volumes 

was passed through the column between the first and last injection in this test. The %RSD 

of the tR of the last peak on this chromatogram (Con A) was found to be only 0.9% showing 

excellent column stability. Figure 4.22 shows an overlay of five separations of the protein 

test mixture recorded over the duration of the study. 

 

Figure 4.22 – Stability study showing chromatograms recorded over a total of 30,000 

column volumes (approx. 6000 column volumes between each separation). The %RSD of 

the tR of the last peak (Con A) = 0.9%. Column: 60 cm x 50 μm ID BuMA-EDMA 

monoPLOT column, layer thickness ~2 µm. Mobile phase: ACN/H2O gradient from 1 to 

90% over 45 min (constant 0.1% TFA) at a flow rate of 1.0 µL/min. UV detection at 214 

nm. 
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4.5.3.2 Separation of proteins on a PS-DVB monoPLOT column 

Initial chromatographic evaluation of an IR prepared monoPLOT column was also carried 

out by separating the same mixture of proteins as per Section 4.4.4.1. The column used was 

a reversed-phase PS-DVB monoPLOT column, 100 µm ID x 30 cm long with a layer 

thickness ~1-2 µm.  

 

 

Figure 4.22 – Separation of ten proteins (1. INS, 2. RNase B, 3. TRY, 4. RNase A, 5. Cyt C, 

6. MB, 7. HRP, 8. PP2, 9. CA, and 10. Con A) using a constant flow rate of 0.9 µL/min with 

a 45 min gradient from 1 to 90% acetonitrile. Column: 30 cm x 100 μm ID PS-DVB 

monoPLOT column, layer thickness ~1–2 µm. Mobile phase: ACN/H2O gradient from 1 to 

90% with 0.1% TFA at a flow rate of 0.9 µL/min. UV detection at 214 nm. 

 

The purpose of this experiment was not to optimise the separation, it was simply to confirm 

that a viable reversed phase layer existed in the capillary and that a separation of a simple 
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mixture was possible. The observed results were quite impressive considering the wide 

bore of the monoPLOT column and its very short length compared to those usually used for 

LC separations [44-46]. 

 

 

4.5 Conclusions 

The results presented herein demonstrate a new technology and approach for the fabrication 

of monoPLOT columns by photo-initiation with precisely controlled layer thickness and 

length. The fine control of the monolith morphology and the formation of polymer layers 

have been demonstrated at several intensities of UV light at 365 nm, at various exposure 

times and also using IR light at 830 nm. These novel methods have a great potential and 

open up many more possibilities for the fabrication of monoPLOT columns and provide 

some interesting insights into the polymerisation process and the various user-controlled 

effects that can be employed during polymerisation. Although the application of the 

prepared columns was to the separation of relatively simple test mixtures of proteins, their 

potential to low pressure separations was further demonstrated. 
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LAMINAR FLOW THERMAL INITIATION 
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Abstract 

A novel scalable procedure for the thermally initiated polymerisation of bonded monolithic 

porous layers of controlled thickness within open tubular fused silica capillaries 

(monoPLOT columns) is presented. Porous polymer layers of either polystyrene-

divinylbenzene or butyl methacrylate-ethylene dimethacrylate, of variable thickness and 

morphology were polymerised inside fused silica capillaries utilising combined thermal 

initiation and laminar flow of the polymerisation mixture. The procedure enables the 

production through thermal initiation of monoPLOT columns of varying length, internal 

diameter, user defined morphology and layer thickness for potential use in both LC and 

GC. The morphology and thickness of the bonded polymer layer on the capillary wall is 

strongly dependent upon the laminar flow properties of the polymerisation mixture and the 

changing shear stress within the fluid across the inner diameter of the open capillary. Due 

to the highly controlled rate of polymerisation and its dependence on fluid shear stress at 

the capillary wall, the procedure was demonstrably scalable, as illustrated by the 

polymerisation of identical layers within different capillary diameters. 

 

 

Aims 

The aim of the work presented in Chapter 5 was to develop a method for the production of 

monoPLOT columns in polyimide coated capillary through thermal initiation which also 

allowed fine control over polymer layer thickness and morphology. The work aimed to 

investigate the effect of laminar flow on the polymerisation process, specifically on the rate 

of layer growth and also on the structure of the formed layer. 
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5.1 Introduction 

A technique for the production of monoPLOT columns in capillaries of large internal 

diameter was presented in Chapter 4. The technique utilised photo-initiated in-situ 

polymerisation, however, its application was limited to polymers, and resultant polymer 

structures, which could be produced by photo-initiation within the UV region, and within 

UV transparent media. Polystyrene-based materials are commonly used as reversed phase 

and hydrophobic substrates in both LC and GC. PS-DVB based stationary phases are 

considered advantageous in GC due to their high thermal stability compared with 

alternative hydrophobic polymers. However, there are a number of difficulties related to the 

fabrication of open tubular columns with a PS-DVB stationary phase. Firstly, photo-

initiated polymerisation within the UV region is not possible due to the strong UV 

absorbance of styrene itself. Additionally, fused silica capillary, of the type commonly used 

in GC, is coated with polyimide for strengthening and supporting the brittle fused silica 

capillary. This coating also absorbs in the UV region, and further upwards to approximately 

600 nm (see Figure 5.1), thus making in-situ polymerisation by UV photo-initiation 

impossible regardless of the polymerisation mixture. Thermal initiation of polymers such as 

PS-DVB, although unrestricted by UV absorbance limitations, is notoriously difficult to 

control in the production of open tubular or layered structures. Earlier studies [3-7] have 

demonstrated that the fabrication of thermally initiated PLOT type columns is possible; 

however, stationary phase layers could only be obtained in capillaries of small ID, typically 

less than 25 µm, but these dimensions are too small for application in GC and of limited 

application in capillary LC [4] due to high column backpressures. Chuang et al. [8] has 

reported the thermal polymerisation of a polystyrene ‘monolithic’ layer inside a 75 µm ID 

capillary, however the layer thickness achieved was only 300 nm with little or no porosity. 
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Figure 5.1 – Optical absorbance of some common polyimide polymers. 

 

In all other studies dealing with the thermal polymerisation of porous polymer layers within 

capillaries, the resulting porosity has also been shown to be poor with layer thicknesses 

achieved only equalling that of the polymer globule size. The limited successes detailed 

above, can be mainly ascribed to the difficulty in controlling the thermal polymerisation 

process as compared to photo-initiated polymerisation. More often than not, attempts to 

form polymeric PLOT columns through thermal initiation will result in over polymerisation 

across the entire section of the capillary [4].  

 

As mentioned above, there are very few studies which have succeeded in producing highly 

porous polymer layers (typical monolithic porous polymer structures) within capillaries of 

ID >25 µm. The difficulty in the polymerisation of porous layers in larger diameters stems 

from the increased number of parameters in such systems, including for example, surface 

tension. However, porous layer structures have been successfully polymerised in much 
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larger diameter tubing. In the work by Shen [9], the in-situ polymerisation of 

divinylbenzene in a 762 µm ID stainless steel tube was shown, with the layer formed 

through static polymerisation at 80 °C for 7 hr. Stainless steel has a high thermal 

conductivity compared with silica, and the polymerisation mixture at the tube walls would 

reach polymerisation temperature very quickly, as compared with the centre of the tube. 

However, having such a thermal gradient in the tube results in a highly non-uniform layer, 

with low porosity and globule size at the wall, which increases dramatically towards the 

centre. In this study it was demonstrated that it was possible to control neither the pore size, 

morphology nor the thickness of the layer. 

 

Very little work has been done on laminar flow polymerisation within capillaries, and no 

prior studies have been reported on the fabrication of porous polymer ‘monoPLOT’ type 

columns by either ‘flow through’, or laminar flow thermal polymerisation. Prior reports on 

laminar flow polymerisation describe exothermic reactions in large scale reactors [10-12] 

for the bulk manufacture of polymers, which have limited relevance in regard to 

polymerisation within micro-bore capillaries of the type discussed herein. In Chapter 4 

flow-through photo-initiated polymerisation was attempted with mixed results. From 

analysis of results herein, it would appear that within this early study the flow velocities 

used were excessively high, resulting in turbulent flow, less than ideal phase morphology, 

and loss of pore structure. 

 

Therefore within this current study, the development of a highly controlled thermally 

initiated method for the fabrication of PS-DVB monoPLOT columns in large ID capillary 

(from 50 to 200 μm) is presented. Precise control over layer thickness and morphology was 
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delivered through the application of laminar flow within the monomer mixture through the 

capillary during polymerisation. 

 

 

5.2  Experimental 

5.2.1 Reagents and materials 

All chemicals used within this study were of reagent or analytical grade purity.  

- Ethylene dimethacrylate, butyl methacrylate, styrene, divinylbenzene, 4-

vinylbenzyl chloride, 1-decanol, toluene, and 3-methoxysilylpropyl methacrylate, 

trifluoroacetic acid and proteins used for chromatographic evaluation of prepared 

column (Insulin, Ribonuclease B, Trypsin, Ribonuclease A, Cytochrome C, 

Myoglobin, Horseradish Peroxydase, Phosphatase B, Carbonic Anhydrase, 

Concanavalin A) were all purchased from Sigma-Aldrich (Gillingham, UK).  

- The thermal initiator, azobisisobutyronitrile (AIBN), was obtained from DuPont 

(Le Grand Sacconex, Switzerland).  

- All solvents which were used for the preparation, or for the synthesis and washing 

of prepared monoliths, namely, sodium hydroxide, hydrochloric acid, acetonitrile, 

acetone, and methanol, were purchased from Lab Scan (Gliwice, Poland).  

- Deionised water was supplied from a Milli-Q system (Millipore, Bedford, MA, 

USA).  

- Polyimide coated (15 μm thickness) fused silica capillary, 25, 50, 75, and 100 μm 

ID, 0.375 mm OD was purchased from Composite Metal Services Ltd. 

(Charlestown, U.K.). 
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5.2.2 Instrumentation 

- Capillaries were filled with monomer mixture and washed using a KDS-100-CE 

syringe pump (KD Scientific, Inc., Holliston, MA, USA). 

- Formation of the monolithic layer was carried out in a water bath, using a Yellow 

Line MST Basic hotplate with TC1 temperature controller and glassware (VWR 

Ltd., Dublin, Ireland).  

- A Rheodyne 6-port switching valve (Rheodyne, Cotati, CA, USA) was used to 

switch between the polymerisation mixture and MeOH flows.  

- Laminar flow studies were carried out using a PHD2000 syringe pump, purchased 

from Harvard Apparatus (Holliston, MA, USA).  

- An Upchurch Model # 565 flow cell (IDEX Health & Science LLC, Washington, 

USA) was used to measure flow rates.  

- Additional experiments using flow gradients used a Dionex Ultimate 3000 nano-

HPLC system (Dionex, Sunnyvale, CA, USA).  

- A SputterCoater S150B (BOC Edwards, Sussex, UK) was used for coating 

capillary monolithic stationary phase samples with a 60 nm gold layer.  

- Scanning electron microscopy (SEM) analysis was performed on an S-3400N 

instrument (Hitachi, Maidenhead, UK).  

- Optical microscopy evaluation of samples was performed on a Meiji Techno 

EMZ-8TR stereomicroscope (Meiji Techno UK Ltd., Somerset, United Kingdom).  

- Fluid viscosities were measured using an Anton Paar MCR 301 Rheometer (Anton 

Paar GmbH, Graz, Austria). 
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5.2.3 Experimental procedures 

The experimental procedures used for the silanisation and fabrication of reversed-phase 

columns in a capillary format are as detailed in Section 2.2.5. 

 

5.2.3.1 Fabrication of BuMA-EDMA monoPLOT columns 

The BuMA-EDMA monomer mixture consisted of 24 %wt BuMA, 16 %wt EDMA, 59.6 

%wt 1-decanol, and 0.4 %wt AIBN (with respect to monomers). The initiator (AIBN) was 

weighed out into the mixture vessel, and the porogen mixture (1-propanol and 1,4-

butanediol) was added, followed by the monomers. The mixture was vortexed and 

deoxygenated under a flow of nitrogen for 10 min. 

 

5.2.3.2 Fabrication of PS-DVB monoPLOT columns 

The PS-DVB monomer mixture consisted of 12 %wt styrene, 12 %wt 4-vinylbenzyl 

chloride, 16 %wt divinylbenzene, 18 %wt toluene, 41.6 %wt 1-decanol, and 0.4 %wt AIBN 

(with respect to monomers). The mixture was prepared as described in Section 5.2.3.1. 

 

5.2.3.3 Laminar flow polymerisation 

For the in-column polymerisation, the desired length (from 30 cm to 1.5 m) of silanised 

capillary was coiled and one end connected to a port on the switching valve which was 

mounted above a heated water bath. The two inlet ports of the switching valve were 

connected to a syringe filled with polymerisation mixture and another syringe filled with 

MeOH, respectively. Both syringes were placed in a syringe pump. The coiled capillary 

was immersed in the water bath and the other end was left open so that the polymerisation 

mixture could flow through it. A typical experimental set-up is shown in Figure 5.2. 
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Figure 5.2 – Polymerisation process experimental set-up. 

 

The polymerisation mixture was pumped through the capillary at the desired linear flow 

velocity, namely 0.25, 0.5, or 1.0 mm/s. After flow was established the water bath was 

brought up to a polymerisation temperature of 60 °C. 

 

The formation of the porous polymer layer was allowed to continue for the desired length 

of time, after which the water bath was evacuated and the hot water was replaced with cold 

water to quench any further reaction. The switching valve was also switched over to flush 

the capillary with MeOH in order to remove all unreacted monomer. Once the capillary had 

been thoroughly washed it was removed and dried with nitrogen. In the above 

polymerisation set-up, thermal gradients, both axial and longitudinal, were avoided, as the 

dimensions of the capillary permitted almost instant thermal equilibration of the monomer 

mixture [18]. Additionally, the linear flow velocity was very low, further facilitating faster 
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thermal equilibration. Given the high thermal conductivity of fused silica, capillary 

dimensions and flow rate, a longitudinal thermal gradient could exist only at the very 

column entrance, which for each column produced was later removed and discarded. 

Therefore, in the current work, thermal gradients could have no measurable effect upon 

monolithic layer thickness. 

 

 

5.3 Theory 

The method proposed herein uses the effect of laminar flow to build up a porous polymer 

layer on the inside of a fused silica capillary through thermal polymerisation. Due to the 

small diameter of the fused silica capillaries (typ. 10 – 400 µm ID), fluids flowing through 

them exhibit extremely low Reynolds numbers. Furthermore, these types of capillary 

possess remarkably smooth inner surfaces, with root-mean-square roughness values of 

approximately 0.4 – 0.5 nm [14]. The combination of such a narrow, smooth bore and low 

Reynolds number, results in highly laminar flow within the capillary, causing the effective 

formation of ‘stream tubes’ within the flowing liquid (see Figure 5.3). 

 

 

 

Figure 5.3 – Laminar flow model for a narrow bore capillary (adapted from [15]). 
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Figure 5.3 shows a schematic of fluid flowing through a capillary and the various forces 

affecting its flow structure and profile, where: 

y = distance above capillary wall 

dy = thickness of each shearing layer 

dx = distance moved by each shearing layer relative to the adjacent layer 

u = linear velocity of any layer  

du = increase in linear velocity between any two adjacent layers 

p = force due to pressure 

dp = capillary pressure drop between up and downstream end  

τ = shear stress 

dτ = increase in shear stress over adjacent layer 

 

When a fluid flows over a surface, the layer in contact with the surface will have a linear 

flow ≊ 0 mm/s, since the fluid is effectively attached to the surface. The layers of fluid 

above the surface are moving and so shearing layers will exist within the fluid, each layer 

moving a distance, dx, in a time, dt, relative to the layer outside it. The ratio dx/dt will vary 

with the change in linear flow velocity between layers, giving du = dx/dt, inducing a shear 

stress (τ) between the layers which corresponds to a shear strain, γ. Shear strain can be 

defined as [15]: 

 

y

x
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d
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eq. (5.1) 
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It follows that the rate of shear strain will be:   
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eq. (5.2) 

For Newtonian fluids the rate of shear strain is directly proportional to the shear stress 

between the layers in the fluid. The constant of proportionality in this case is the dynamic 

viscosity of the fluid, µ, giving: 

 

    

eq. (5.3) 

Thus, the dynamic viscosity of the fluid can be defined as: 
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 eq. (5.4) 

From equation (4) it can be seen that for a given dynamic viscosity, µ, and linear flow 

velocity, u, the shear stress, τ, will change across the radius of the capillary, reaching a 

maximum at the capillary wall, where the effective linear flow velocity, u ≊ 0 mm/s (see 

Figure 5.4).  
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Figure 5.4 – Relationship between fluid linear flow velocity and shear stress, τ, across the 

bore of a capillary column.  

 

During polymerisation, the rate of polymer growth at the wall of the capillary is heavily 

dependent on the liquid shear stress at the capillary walls. During no-flow conditions 

polymer growth will initially start at the capillary walls as the silica has a high thermal 

conductivity (~1.4 Wm/k) [16]. However, since there is no flow, the shear stress in the fluid 

will be zero and provided the entire capillary has equilibrated to polymerisation 

temperature, polymer growth will occur throughout the mixture. Under laminar flow 

conditions, this cannot occur and net growth of the polymer layer is from the capillary walls 

inwards towards the centre of the capillary, as shown in Figure 5.5. Applying heat energy to 

the outside of the capillary with a flowing polymerisation mixture will subject the outer 

streams of the mixture to more energy due to the lower linear flow velocity at the capillary 

walls. Since the linear flow velocity decreases radially in the capillary due to laminar flow, 

free radicals and short polymer chains are also removed more slowly at the capillary wall 

zones than at its centre.  
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Figure 5.5 – Growth of porous polymer layer upon capillary walls under laminar flow 

polymerisation conditions. 

 

Theoretically this polymerisation process should be scalable between capillaries of different 

diameters. However, although the scaling process is straightforward, it is first necessary to 

calculate the linear flow velocity which provides the optimum relative shear stress at the 

capillary walls for the desired layer thickness and morphology. This can be done 

experimentally, but once calculated the process can be scaled for any given polymerisation 

mixture. 

 

Figure 5.6 shows a comparison between shear stresses within the liquid in a 50 µm ID 

(solid black line) and 100 µm ID (broken black line) capillary for a given volumetric flow 

rate, FR = N. The shear stress in the 100 µm ID capillary at the desired flow rate, FR = n, is 

also shown. In scaling from a 50 µm ID capillary to 100 µm ID, the relative shear stresses 

in the polymerisation liquid must be considered. Assuming that the polymerisation mixture 

and temperature are held constant (and thus the liquid viscosity), then the volumetric flow 

rate for the larger diameter capillary must be adjusted to ensure that the shear stress at the 
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capillary wall for the larger bore capillary (broken red line) equals that of the smaller 

diameter capillary. This should give approximately the same thickness and porosity of layer 

coating for the larger capillary as for the smaller capillary.  

 

 

Figure 5.6 - Comparison between shear stress, τ, across capillary bore sizes of 50 and 100 

µm ID at a given flow rate, FR = N. 
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Figure 5.7 – Comparison of dynamic viscosities, µ, for BuMA-EDMA and PS-DVB 

polymerisation mixtures between 25 and 70 °C. 

 

Figure 5.7 shows a comparison of the dynamic viscosities for the BuMA-EDMA and PS-

DVB mixtures. The influence of fluid viscosity on the formation of the porous layer will be 

discussed later. 

 

BuMA-EDMA 

PS-DVB 
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5.4  Results and discussion 

5.4.1 Porous layer morphology 

Following each polymerisation experiment, 10 samples of the capillary were removed, 

washed, and evaluated via SEM. The average pore and globule sizes were measured (n = 

50) and plotted against linear flow velocity, u. This was carried out for both BuMA-EDMA 

and PS-DVB polymerisation mixtures. Figure 5.8 shows the recorded pore and globule 

sizes in response to linear flow velocity for these two polymer phases. The responses show 

a very clear rapid decrease in the layer porosity with increasing linear flow velocity, and at 

velocities of 1.0 mm/sec and above, the layers contained no observable pore structure 

whatsoever. 

  

Figure 5.8 – Pore and globule sizes (dashed and solid lines respectively) for (a) BuMA-

EDMA and (b) PS-DVB porous layers in relation to various linear flow velocities of the 

polymerisation mixture. 

 

(a) (b) 
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Figure 5.8 also shows how the average globule size similarly decreases with increased flow 

velocity. However, it is also interesting to note that the variability (%RSD) of the pore 

structure decreases significantly for both polymers from 0.25 to 0.5 mm/s, showing that it 

was possible to tightly control the layer morphology under these conditions. Figure 5.9 

shows SEM images of two 100 µm ID capillaries containing porous PS-DVB layers 

obtained at different linear flow velocities, (a) 0.5 mm/sec and (b) 0.25 mm/sec, each 

polymerised for 90 mins at a temperature of 60 °C. 

 

  

  

Figure 5.9 – SEM images of porous PS-DVB layers formed within 100 µm ID at different 

linear flow velocities, (a) 0.5 mm/sec and (b) 0.25 mm/sec. Polymerisation time was 90 

mins for each sample at a temperature of 60 °C. Insets (c) and (d) show SEM images of 4 

and 5 µm layers formed at a linear flow rate of 0.5 mm/sec in 100 µm ID capillary at a 

temperature of 60 °C. Polymerisation time was 135 mins.  

(a) (b) 

(c) (d) 
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Layer thicknesses were measured to be in the order of 1.2 µm and 3 µm, respectively. The 

difference in layer morphology is clear from close inspection of Figure 5.9(b), which shows 

that although 0.25 mm/sec produces a much larger pore and globule structure, it also 

develops a much less homogenous layer. The layer thickness %RSD for (b) was measured 

at 51%, compared to just 20% for (a). Figures 5.9(c) and (d) illustrate the more 

homogeneous phase coverage which can be achieved at the linear flow velocity of 0.5 

mm/sec within the 100 µm ID capillary (temperature of 60 °C). Under these conditions 

homogenous PS-DVB layers of 4 and 5 um, with desired porous monolithic type polymer 

structure were obtained. 

 

It is clear that once a layer of polymer begins to form on the surface of the capillary two 

further factors will begin to affect the polymerisation process. Firstly, the layer (regardless 

of its porosity) will reduce the effective ID of the capillary, causing the linear flow velocity 

to increase for a given volumetric flow. Figure 5.10 shows a simple comparison of the 

percentage change in linear flow velocity, u, for layer thicknesses between 1 and 10 µm 

within capillaries of ID between 50 and 200 µm. For simplicity, here the effects of layer 

porosity and increased surface friction have been ignored; however, these additional effects 

would be negligible.  
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Figure 5.10 – Comparison of the % change in linear flow velocity, u, for layer thicknesses 

between 1 and 10 µm in capillaries between 50 and 200 µm ID. 

 

Figure 5.10 shows how this increase in linear velocity with stationary phase growth will be 

most apparent in smaller ID capillaries, making this approach difficult to control for 

capillaries smaller than 50 µm ID. It can be seen that a layer of 4 µm thickness will result in 

a 44 % increase in the fluid linear velocity for a 50 µm ID capillary, and just a 17 % 

increase in a 100 µm ID capillary. The increased linear flow velocity will negatively affect 

the rate of layer growth and the morphology of the layer structure. If the linear flow 

velocity increases too much, it may cause part of the stationary phase layer to break away, 

potentially blocking the column. Should this take place, complete polymerisation will 

rapidly occur with the process no longer in control. For these reasons it is recommended 

that a flow gradient be used for capillaries with an ID less than 75 µm, the volumetric flow 

rate being reduced as the layer builds to ensure a constant linear flow velocity.  

 

50 µm ID 

100 µm ID 

150 µm ID 

200 µm ID 
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Figure 5.11 – 100 µm ID column with a 10 – 15 µm PS-DVB porous layer, showing layer 

non-uniformity.  

 

A secondary effect of layer growth is a reduction in laminar flow and an increase in 

turbulent flow, which will also have an increasingly negative impact on the further growth 

of the layer. Turbulent flow will result in a loss of layer homogeneity, and this can be seen 

from the high %RSD (typically > 35%) obtained for thicker layers. Figures 5.11(a) and (b) 

illustrate this phenomenon, showing examples of a 100 µm ID column with a 10 – 15 µm 

layer which exhibited layer non-uniformity, possibly due to turbulent flow during the 

polymerisation process. Layer homogeneity is lost since turbulent flow may remove shorter 

polymer chains that are weakly attached to the layer and deposit them elsewhere, resulting 

in a non-uniform structure. Once this process begins it will continually worsen as the layer 

becomes less and less uniform resulting in increased turbulence within the polymerisation 

mixture. 

 

 

(a) (b) 
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5.4.2 Controlling layer thickness 

A study showing the possibility of precise control of layer thickness of two types of 

monolithic phases, fabricated in capillaries of various ID and using different flow velocities 

was performed. In Figures 5.12 and 5.13, comparisons between layer thickness and linear 

flow velocity for PS-DVB in 50, 100 and 150 µm ID capillaries and BuMA-EDMA in 50 

and 100 µm ID capillary are presented respectively.  

 

For both figures it can be seen that the rate of layer growth increases dramatically above 60 

mins for PS-DVB, and above approximately 90 mins for BuMA-EDMA. Moreover, for 

Figure 5.12(a), (b), and (c) that there is good correlation between the layer thicknesses, 

illustrating how the process is easily scalable to larger diameter capillaries. Figures 5.12(a-

c) also confirm that the optimum linear flow velocity was 0.5 mm/sec, giving a 

homogenous PS-DVB layer thicknesses of approximately 18 and 14 µm after 150 mins in 

the 100 µm ID and 150 µm ID capillaries, respectively. As the layer size decreases so too 

does the %RSD showing that not only is the process scalable, but is also very reproducible 

for layers up to 5 µm.  



 

2
2
2
 

 

 

 

 

 

 

 

(a) (b) (c) 

Figure 5.12 – Comparison of layer thickness against linear flow rate for a PS-DVB porous layer fabricated 

in a (a) 50 µm ID, (b) 100 µm ID and (c) 150 µm ID capillary at linear flow rates of 0.25, 0.5, and 1.0 

mm/sec. Polymerisation temperature was 60 °C. 
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(a) (b) 

Figure 5.13 – Comparison of layer thickness against linear flow rate for a BuMA-EDMA porous 

layer fabricated in a (a) 50 µm ID and (b) 100 µm ID capillary at linear flow rates of 0.25, 0.5, and 

1.0 mm/sec. Polymerisation temperature was 60 °C. 

0.5 mm/s 

1.0 mm/s 
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The relationship between linear flow velocity and layer thickness for a BuMA-EDMA layer 

in 50 and 100 µm ID capillaries is shown in Figure 5.13(a) and (b). Again, there is good 

correlation between the rates of layer growth in the two capillary sizes. As per the PS-DVB 

layer, the %RSD value for the 50 µm ID capillary is slightly higher (35% compared with 

21% for the 100 µm ID capillary) at 0.5 mm/sec flow, probably due to increased turbulence 

in the fluid due to layer build up. 

 

It is interesting to note that the layer formation occurred more slowly in case of the BuMA-

EDMA phase, as compared to PS-DVB. The formation of a 3 μm layer in 50 μm ID 

capillary at a flow velocity of 0.5 mm/s took ~180 min for BuMA-EDMA, and only ~120 

min for PS-DVB. This may be partially related to the BuMA-EDMA polymerisation 

mixture exhibiting a higher viscosity (see Figure 5.7), which causes an increase in shear 

stress (see eq. (5.3)) and slows down the layer formation compared with the PS-DVB 

mixture. Clearly, the viscosity of the polymerisation mixture plays a significant role, as 

generally methacrylate based monomers are characterised by a higher reaction rate of the 

chain growth step, compared to styrene based monomers [17]. 
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5.4.3 Initial chromatographic performance evaluation 

One of the key advantages of monoPLOT columns is high flow-through permeability, 

which makes them a promising type of stationary phases for low pressure chromatography. 

Although PLOT columns have been applied in LC separation [4], the PS-DVB columns 

were based upon 10 μm ID fused silica capillary of 4.2 m length. These long PLOT 

columns showed great efficiency and peak capacity for the separation of protein digests, 

however, the separation time and backpressure were extremely high.  

 

Herein, as expected, a significant reduction in column length and increased internal 

diameter (300 x 0.1 mm ID, layer thickness 2 μm), compared to the above study [4], 

obviously resulted in much lower peak capacities and efficiencies. However, the low 

pressure liquid chromatographic separations obtained demonstrate considerable potential 

for further optimisation, including the formation of columns of greater length. Initial 

chromatographic performance was investigated by separating a mixture of 10 proteins 

using a simple 35 min acetonitrile-water gradient (0.1% TFA) from 1 to 90% ACN. 

Column temperature was kept constant at 22 °C. The flow rate applied was 1 μL/min, and 

importantly the backpressure was only 0.6 MPa. This initial low pressure separation 

obtained on the above column is shown in Figure 5.14. 
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Figure 5.14 – Separation of ten proteins (1. Insulin, 2. Ribonuclease B, 3. Trypsin, 4. 

Ribonuclease A, 5. Cytochrome C, 6. Myoglobin, 7. Horseradish Peroxydase, 8. 

Phosphatase B, 9. Carbonic Anhydrase, and 10. Concanavalin A) under ACN-water 

gradient conditions: from 1 to 90% acetonitrile (0.1% TFA) over 35 min, flow rate 1 

μL/min. Column: 300 mm x 50 μm ID PS-DVB monoPLOT column, layer thickness ~2 µm. 

UV detection at 214 nm. 
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5.5 Conclusions 

A new method for the fabrication of thermally initiated monoPLOT columns with fine 

control over the polymerisation process was described. The proposed method allows 

precise control of both layer thickness and morphology, and is potentially applicable to a 

variety of polymer phases within a large variety of capillary formats, significantly 

expanding the range of monoPLOT columns available for application within both GC and 

LC. Herein, the process was demonstrated with two polymers, namely PS-DVB and 

BuMA-EDMA, and on three column sizes, showing the process to be scalable and with a 

high dependency on fluid shear stress within the capillary. The relationship between linear 

flow velocity of the fluid and both layer thickness and morphology was demonstrated at a 

polymerisation temperature of 60 °C. An initial chromatographic evaluation was shown for 

the low pressure separation of a test mixture of proteins. 
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Abstract 

Although several techniques for the fabrication of monoPLOT columns have been 

developed, they all rely on empirical and experimental data and require re-optimisation 

once transferred between capillary housings of different dimensions. Therefore, there is a 

need for an in-process method for the control of the polymer layer growth. 

 

Two techniques for the in-process measurement of polymer stationary phase growth inside 

fused silica capillaries during the fabrication of monoPLOT columns are introduced, based 

on optical absorbance in the IR range and C4D. In the first case, the relationship between 

optical absorbance and polymer layer thickness was investigated for BuMA-EDMA 

polymers, formed inside 100 µm ID Teflon and polyimide coated capillaries by photo- and 

thermal-initiation. The optical absorbance for a range of layer thicknesses was measured 

and the effect of the optical aperture size was evaluated through the use of 8 and 100 µm 

optical fibres. The success of the technique proved to be highly dependent on the alignment 

of the capillary between the optical fibres and crucially on the surface quality of the 

capillary coating, resulting in %RSD values for layer thickness of between 22 and 27%. 

The technique was also limited by the optical power of the light source, requiring long data 

integration times for the 8 µm optical fibre. Secondly, the relationship between effective 

capillary diameter and C4D response was investigated for two polymers, BuMA-EDMA 

and PS-DVB over a range of capillary diameters and layer thicknesses. The technique was 

shown to be very precise, with a measured %RSD for layer thickness of < 10%. 

 

The described methods can be used with both photo- and thermally-initiated approaches for 

monoPLOT fabrication and in the case of C4D provide an accurate, real-time measurement 
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of the porous layer growth within the capillary, which should vastly improve column-to-

column reproducibility.  

 

 

Aims 

The aim of the work presented in Chapter 6 was to develop methods for the non-

destructive, in-process measurement of the polymer layer growth during the fabrication 

process of monoPLOT columns. This worked aimed to develop two online measurement 

methods, namely optical absorbance and capacitively coupled contactless conductivity 

defining their relationship with polymer layer thickness. 
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6.1 Introduction 

Several techniques for the manufacture of PLOT columns exist [1-7] and include both 

thermal- and photo-initiated methods. However, in the majority of these techniques, it is 

difficult to precisely control layer thickness and morphology. In Chapters 4 and 5 two 

methods which allow the fine control of both layer thickness and morphology were 

presented. In Chapter 4 the capillary was subjected to repeated exposures to UV light, 

slowly building up the required layer thickness while also maintaining the desired 

morphology. The main disadvantage of such an approach was the need for the optimisation 

of the reaction conditions (number of passes and UV light intensity) when the 

polymerisation mixture was changed, or capillary of different ID or length were used, 

which can be quite laborious. In Chapter 5 this problem was addressed by the introduction 

of laminar flow polymerisation which uses the laminar flow properties of the 

polymerisation mixture as it is pumped through the capillary to control layer growth and 

morphology. 

 

Although the above methods have shown good column to column reproducibility for fully 

polymerised monoliths, there is still a significant amount of experimental work which must 

be done to achieve the required layer thickness and pore morphology in case of monoPLOT 

columns. Changing the pore structure and/or layer thickness usually means the 

development of new procedures, and so the manufacture of monoPLOT columns in 

different capillary sizes, with different layer thickness and structure creates a lot of 

additional experimental work. As a result, there is a significant need for in-process checks 

during the fabrication process simply as a quality control measure.  
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In this Chapter, two non-invasive, in-process methods for measurement of the layer growth, 

involving optical absorbance and C4D are presented and their application to existing 

approaches to the fabrication of monoPLOT columns through both photo- and thermal-

initiation is discussed. Additionally, the advantages, disadvantages, and suitability of the 

methods are discussed, particularly in relation to the accuracy of the method and with 

respect to the reproducibility of the fabrication process which is being employed. 

 

 

6.2 Experimental 

6.2.1 Reagents and materials  

Materials used for in-process layer measurements during monoPLOT fabrication were as 

described in Sections 4.2.1 and 5.2.1. Additional materials used in this Chapter are listed 

below: 

 Rapid prototype parts were produced as per Section 2.2.1. 

 Boxes and enclosures were purchased from Radionics Ltd., Dublin, Ireland. 

 Fabricated parts were manufactured in-house. 

 Electronic components were purchased from Radionics Ltd., Dublin, Ireland, 

and Farnell Ltd., Leeds, United Kingdom. 

 For the absorbance measurements using the precision aperture, 20 µm precision 

pinholes were purchased from Edmund Optics, York, UK. 

 Fibre optic cables (8 & 100 µm) and connectors were purchased from Fibre 

Pulse Ltd., Mayo, Ireland. 
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All chemicals were reagent or analytical grade purity. For the fabrication of monolithic 

stationary phases reagents and chemicals used were as per Sections 2.2.2 and 3.2.1. 

 

 

6.2.2 Instrumentation 

 Capillaries were filled with monomer mixture and washed using a KDS-100-

CE syringe pump (KD Scientific, Inc., Holliston, MA, USA). 

  Fabrication of thermally-initiated monoPLOT columns for off-line optical and 

C4D characterisation was carried out in a water bath, using a Yellow Line MST 

Basic hotplate with TC1 temperature controller and glassware (VWR Ltd., 

Dublin, Ireland).  

 Thermal-initiation of monoPLOT columns using C4D as an in-process 

measurement was carried using a Dionex Ultimate 3000 nano-HPLC system 

(Dionex, Sunnyvale, California, United States).  

 A PHD2000 syringe pump, purchased from Harvard Apparatus (Holliston, MA, 

United States) was also used to pump polymerisation mixture during the 

fabrication process.  

 A Rheodyne 6-port switching valve (Rheodyne, California, United States) was 

used to switch between the polymerisation mixture and MeOH flows.  

 The light source used during absorbance measurements using fibre optics was a 

DH-2000-FHS Deuterium Tungsten Halogen Light Source purchased from 

Ocean Optics, Dunedin, Florida, USA. 
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 Optical absorbance was measured using a USB650 spectrometer purchased 

from Ocean Optics, Dunedin, Florida, USA. 

 For the measurement of layer growth by C4D during thermal-polymerisation, a 

TraceDec capacitively coupled contactless conductivity Detector (Innovative 

Sensor Technology GmbH, Strasshof, Austria) was used. Settings used during 

the measurement were as follows: frequency, 3× HIGH; voltage, −6 dB; gain, 

50% and offset, 0.  

 A purpose built, C4D sensor head, designed to operate at elevated temperatures 

was specially made for these experiments by Innovative Sensor Technology 

GmbH.  

 Data acquisition was done via TraceDec Monitor V. 0.07a software, also 

supplied from Innovative Sensor Technology GmbH.  

 A SputterCoater S150B (BOC Edwards, Sussex, United Kingdom) was utilised 

for coating capillary monolithic stationary phase samples with a 60 nm gold 

layer.  

 Scanning electron microscopy (SEM) analysis was performed on a S-3400N 

instrument (Hitachi, Maidenhead, United Kingdom).  

 

 

6.2.3 Software 

 Absorbance measurements were taken using SpectraSuite (version 2008), 

purchased from Ocean Optics, Dunedin, Florida, USA. 
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 C4D measurements were taken using eDAQ Chart (version 5.2.18) purchased 

from eDAQ Pty Ltd., NSW, Australia. 

 C4D measurements were also taken using TraceDec Monitor (version 0.07a) 

purchased from Innovative Sensor Technology GmbH, Strasshof, Austria. 

 Pressure data acquisition was made using Chromeleon 6.8 software purchased 

from Dionex, Sunnyvale, CA, USA. 

 

 

6.2.4 Experimental procedures 

6.2.4.1 Capillary silanisation 

Capillary silanisation was carried out as per the procedure in Section 2.2.5.1. 

 

6.2.4.2 Fabrication of BuMA-EDMA monoPLOT columns 

The fabrication of BuMA-EDMA monoPLOT columns by photo-initiation was carried out 

as per the procedure in Section 4.2.5.3. Thermally-initiated fabrication of BuMA-EDMA 

monoPLOT columns was carried out as per the procedure in Section 5.2.3.1. 

 

6.2.4.3 Fabrication of PS-DVB monoPLOT columns 

The fabrication of PS-DVB monoPLOT columns by thermal-initiation was carried out as 

per the procedure in Sections 5.2.3.2 and 5.2.3.3. For studies carried out with C4D, a 

solution of 1 %wt 10 mM NaCl prepared in H2O was added to the PS-DVB polymerisation 

mixture to increase its conductivity.  
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6.2.4.4 Measurement of monoPLOT layer thickness by optical absorbance 

A previous work by Florea et al. [8] successfully characterised a spiropyran coating inside 

fused silica capillaries using optical absorbance. In this work, the author used micro-fluidic 

connectors and couplings to align 100 µm fibre optic cables with 100 µm ID Teflon coated 

capillaries. The same arrangement was employed for the measurement of the monoPLOT 

layer thickness, see Figures 6.1 and 6.2. 

 

 

Figure 6.1 – Arrangement of fibre optic and coupling assembly for the in-process 

measurement of monoPLOT layer thickness using optical absorbance. 

 

In order to accurately measure the absorbance across the monoPLOT column, it was first 

necessary to align the optics precisely with the centreline of the capillary. This was 

achieved using a 4-port coupling which aided in the alignment of the optical fibres and 

Capillary 

Optical fibre 
(from source) 

Optical fibre 
(to spectrometer) 
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capillary. Standard 1/16
th

 OD micro-fluidic connectors were used to connect and hold the 

optical fibres in place as shown in Figure 6.1. For online studies, this arrangement was 

mounted next to a feed through UV curing oven which allowed the capillary to be fed 

through the device, facilitating the in-process measurement of the layer growth (see Figure 

6.2). Optical power of the light source was approximately 1100 µW/cm
2
 at 700 nm. This 

wavelength was used for all optical absorbance studies.  

 

 

Figure 6.2 – Instrumentation set-up during the in-process measurement of monoPLOT 

layer thickness. 

 

6.2.4.5 C4D measurements during thermally-initiated polymerisation 

C4D measurements can be applied to both thermal- and photo-initiated polymerisation. It 

was noted that in both cases the signal-to-noise ratio (SNR) of the output signal was 
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dramatically improved by pumping the polymerisation mixture through the capillary during 

the fabrication process. Two inlet ports of the switching valve were connected to two 

syringes filled with polymerisation mixture and with MeOH, respectively. Both syringes 

were placed in a syringe pump. The desired length of silanised capillary was coiled and one 

end connected to an outlet port on the switching valve which was mounted outside an air 

oven. The coiled capillary was mounted in the air oven and the other end was left open so 

that the polymerisation mixture could flow through it to waste. The C4D cell was attached 

to the capillary so that it was also mounted within the air oven. 

 

The polymerisation mixture was pumped through the capillary at a linear flow rate of 0.5 

mm/s. After flow was established and the C4D response had stabilised the air oven 

temperature was increased to 60 °C. The C4D response rose with an increase in 

temperature and once the oven temperature stabilised the C4D response also became steady 

state. After some time, formation of the porous polymer layer began and thus the effective 

internal diameter of the capillary reduced causing the C4D response to fall. The formation 

of the porous polymer layer was allowed to continue until the desired C4D output was 

reached, after which the capillary was removed from the oven. The switching valve was 

also switched over to flush the capillary with MeOH in order to remove all unreacted 

monomer. Once the capillary had been thoroughly washed it was removed and dried with 

nitrogen. 
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6.3  Theory 

6.3.1 Optical absorbance 

Several methods exist for the measurement of thin film thickness, ranging from β- and X-

ray techniques [9,10], electrical impedence and conductivity [11,12], to tactile methods 

such as atomic force microscopy (AFM) [13,14,16]. Various optical techniques can also be 

applied [10,13,15], including optical absorbance. Optical absorbance is a commonly used 

method and finds application in a wide variety of detection and measurement techniques 

[17]. It should be noted that in this case the measured absorption is due to attenuation of the 

light signal, caused by both absorption of the layer material and scattering of the light. 

 

Using Lambert’s absorption law it is possible to directly apply optical absorption to the 

measurement of the polymer layer thickness within a monoPLOT column. The fractional 

change in intensity of the incident beam, -dIO/IO, will be proportional to the thickness and 

density of the polymer layer. This relationship can be represented as: 

 

xII OO d d   

eq. (6.1) 

where: 

 IO = intensity of incident light 

 µ = linear attenuation coefficient of the layer 

 dx = layer thickness 

 

The linear attenuation coefficient, µ, is related to the density of the material, ρ, which in 

turn is related to the porosity. 
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Integrating eq. (6.1) gives: 


d

O xII
0

d )/ln(   

eq. (6.2) 

The transmission of light through the polymer layer can also be expressed in terms of 

absorbance, A: 

)/(log10 OIIA   

eq. (6.3) 

Since the intensity of the incident light drops due to absorption within the polymer layer, 

and the level of absorption is relative to the thickness and density (porosity) of the layer, 

then it is possible to relate absorption to the physical properties of the polymer layer. 

 

 

6.3.2 C4D response 

Early reports on contactless conductivity detection were published in 1980 by Gas et al. 

[18,19], however, C4D as we know it today was developed by two independent research 

groups in 1998 [20,21] as a detection method for small inorganic ions in capillary 

electrophoresis. Two radial electrodes (which are placed around the capillary at 

approximately 2 - 5 mm apart) supply and detect an induced current in the solution within 

the capillary. The magnitude of the detected signal is proportional not only to the 

magnitude of the excitation signal, but also to the concentration and mobility of the ionic 

charge carriers within the solution. A complete explanation of the fundamental concept 

behind C4D is beyond the scope of this work but can be found in the excellent review by 

Kuban [22]. 
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C4D has been previously used to characterise stationary phase homogeneity of packed 

columns [23,24] polymer monoliths formed within capillaries [25] and layer thickness of 

preformed monoPLOT columns in off-line approaches [1]. The application of C4D to the 

detection of polymer layer growth with a capillary is technically relatively straightforward; 

however, there are some considerations which must be taken into account. First of all the 

polymerisation mixture must contain a charged species in order to generate any kind of 

useful signal and so a 1 %wt solution of 10 mM NaCl prepared in H2O was added to the 

polymerisation mixture. Secondly, the type of polymerisation is important – for photo-

initiated polymerisation the C4D cell must be placed outside the reaction chamber, or else 

the electrodes should span the chamber so as not to mask any area of the capillary. For 

thermally-initiated polymerisation the C4D cell must be immersed in the air or water bath, 

and so some additional considerations must be made for this setup, these will be discussed 

later. 

 

 

Figure 6.3 – Equivalent circuit diagram of a typical C4D cell. 

 

An equivalent circuit diagram of the C4D cell is shown in Figure 6.3. In this model, Rref 

represents the resistance of the solution between the electrodes. When a charged species 

passes through the detector the resistance of Rref decreases due to the increased conductivity 
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and thus the corresponding voltage drop across the cell, VRref will change. There is an 

inverse relationship between resistance and conductivity: 

 




1
  

eq. (6.4) 

where: 

 σ = conductivity of the conductor material 

 ρ = resistivity of the conductor material 

 

Resistance is not only a function of the electrical resistivity of the conductor material (in 

this case the polymerisation solution) but also depends on the geometry of the conductor. 

The resistance, R, of a conductor of uniform cross section is given by: 

 

A

L
R   

eq. (6.5) 

where: 

 L = length of conductor 

 A = cross sectional area of conductor 

 

As can be seen from eq. (6.5), the resistance of a conductor is inversely proportional to its 

cross sectional area. The volume of polymerisation mixture that exists between the 

excitation and pick-up electrodes (separated by a distance, L) can be viewed as the resistor 
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in the case above. At the start of the polymerisation process, no porous polymer layer exists 

within the capillary and so the effective cross sectional area, Aeff, of the resistor is equal to 

the capillary cross sectional area (see Figure 6.4). As the layer grows, the effective capillary 

cross sectional area, Aeff, will get smaller, increasing the resistance, RRef, and causing a 

larger voltage drop across the C4D cell. By measuring the change in voltage drop, ∆VRref, it 

is possible to measure the porous layer build up inside the capillary. Since the conductivity 

(and hence the resistance) of the volume between the electrodes is proportional to the ionic 

mobility of the solution, pumping the mixture through the capillary during the 

polymerisation process results in a very stable response.  

 

 

Figure 6.4 – (a) Section view of capillary and C4D electrodes during the polymerisation 

process and (b) the reduction in the cross sectional area, Aeff, due to layer growth. 

 

 

a) b) 



246 

6.4 Results and discussion 

6.4.1 Measurement of layer by optical absorbance 

Prior to optical absorbance measurements it was first necessary to choose a suitable 

wavelength which could be used for both Teflon and polyimide coated capillaries and a 

range of different polymers. From Figure 5.1 (Section 5.1) it can be seen that polyimide 

absorbs strongly up to approximately 600 nm.  

 

An initial experiment was carried out to measure the near-IR absorbance spectra of the 

BuMA-EDMA polymerisation mixture and a 4.2 µm BuMA-EDMA polymer layer, both in 

Teflon coated capillary, see Figure 6.5. Based on the absorbance spectra, 700 nm was 

selected as the optimal wavelength for the measurement of optical absorbance. This 

wavelength was chosen as it is suitable for both Teflon and polyimide coated capillary. 

 

Studies of layer thickness were initially carried out on a BuMA-EDMA layer formed in 

Teflon coated capillary by photo-initiated polymerisation. This experiment attempted to 

measure monoPLOT layer growth during the fabrication process, by feeding the capillary 

through the optical detector (see Figure 6.2). However, these early results had a low SNR 

and repeatability due to poor alignment. In order to allow the capillary to pass freely 

through the optical detector a small amount of clearance was required between the sleeve 

and the capillary which had a negative impact by allowing the capillary to move relative to 

the axis of the optical fibres. 
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Figure 6.5 – Absorption spectra for a 100 µm ID Teflon coated fused silica capillary in the 

near-IR range (500 – 1000 nm) using a 100 µm optical fibre; (a) empty, (b) filled with 

BuMA-EDMA monomer mixture, and (c) with a 4.2 µm BuMA-EDMA polymer layer. 

 

A second study was carried out to measure layer monoPLOT layer thickness off-line. This 

was achieved by forming a BuMA-EDMA monoPLOT column using the laminar flow 

polymerisation technique already described (see Sections 5.2.3.1 and 5.2.3.3) and removing 

samples at different periods during the process. A total of 10 samples were taken, with 

layer thicknesses ranging from 100 nm up to ~5 µm. The samples were immediately placed 

in the optical detector and the level of absorbance recorded at 30 locations along the 

sample. The samples were then washed with MeOH and a precise  

 

 

 

(a) 

(c) 

(b) 
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Figure 6.6 – Relationship between monoPLOT layer thickness and optical absorbance at 

700 nm for PS-DVB formed inside a 100 µm ID polyimide coated fused silica capillary 

using (a) 100 µm and (b) 8 µm optical fibre. 

a) 

b) 
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measurement of the layer thickness was made using SEM analysis. The results are 

presented in Figure 6.6(a). The results show excellent linearity between the optical 

absorbance and layer thickness, however, %RSD was measured at approximately 27%. 

 

Clearly, using a 100 µm optical fibre would have serious limitations in the measurement of 

layer thicknesses in capillaries with internal diameters smaller than 100 µm, and so the 

experiment was repeated with a modified optical cell using a 8 µm optical fibre. The results 

for the 8 µm fibre are presented in Figure 6.6(b). Again, excellent linearity was observed 

and a %RSD of 22%. However, using an optical fibre with such a small diameter meant 

that the measured response was extremely low. In order to improve the response, a 

spectrometer integration time of approximately 10 sec was required. Since each measured 

thickness was made up of n = 30 samples, it took several minutes to record each data point. 

From Section 5.4.2 it can be seen that the rate of polymer growth is exponential and the 

layer thickness can more than double over several minutes making this technique difficult 

to employ, particularly for thicker layers where the polymer growth is fast. However, the 

technique could be improved in terms of speed and sensitivity by using a higher power light 

source. A further drawback of the technique is that optical absorbance will be sensitive to 

the morphology of the polymer layer, with denser, less porous layers absorbing more light 

than more porous structures.  
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6.4.2 In-process measurement of monoPLOT layer using C4D 

Prior to using C4D response as an in-process measurement for layer thickness, it was 

necessary to show that the C4D cell was stable during repeated long exposures to elevated 

temperatures. Initial studies had shown that after some time the C4D response displayed 

excessive baseline drift and decreased SNR. Further exposure to elevated temperatures (60 

°C) resulted in a permanently damaged C4D cell which exhibited poor SNR and sensitivity. 

Using a purpose built C4D cell designed to operate at 60 °C the stability tests were 

repeated. Figure 6.7 compares stability of the standard and high temperature C4D cells over 

a 20 hr period. 

 

 

Figure 6.7 – Comparison of baseline drift for a standard TraceDec C4D cell () and a 

purpose built high temperature C4D cell () over a 20 hr period at 60 °C. 

 

As can be seen from Figure 6.7, the C4D cell designed to operate at high temperatures 

remained stable even after 20 hrs of repeated exposure to 60 °C. Secondly, it was necessary 

to demonstrate that the technique was repeatable, regardless of the position of the C4D cell 

on the capillary. In order to achieve this, polymerisation mixture without the thermal 
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initiator (AIBN) was pumped through a 30 cm length of empty 100 µm ID capillary at a 

temperature of 60 °C. The C4D response was measured every 5 mm (60 locations) along 

the column. This was repeated for another 30 cm length of 100 µm ID capillary with a 

known layer thickness of ~2 µm, again at a temperature of 60 °C. The linear flow rate was 

varied between 0.25 and 1.5 mm/s with no change in the response observed. Figure 6.8 

represents the C4D response for both capillaries at each location, showing a very stable 

signal for both scans. The difference in the magnitude of signal between empty capillary 

and monoPLOT with 2 μm layer is clear. 

 

 

Figure 6.8 – C4D response recorded at 60 locations for an empty 100 µm ID capillary () 

and for a 100 µm ID capillary with a 2 µm porous layer (). Output is approximately 601 

and 557 mV respectively. 
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Figure 6.9 – (a) C4D response recorded during polymerisation of a ~400 nm layer inside a 

50 µm ID capillary and (b) SEM image of fabricated layer. Polymerisation conditions: 

mixture = BuMA/EDMA with 1% 10 mM NaCl, temperature = 60 °C, linear flow rate = 

1.0 mm/s. Change in C4D response was recorded as 3.3 mV, corresponding to a theoretical 

layer thickness of 370 nm. (c) C4D response recorded during polymerisation of a ~3.3 µm 

layer inside a 100 µm ID capillary and (d) SEM image of fabricated layer. Polymerisation 

conditions: mixture was PS-DVB with 1% 10 mM NaCl, temperature = 60 °C, linear flow 

rate = 0.5 mm/s. Change in C4D response was recorded as 63.8 mV, corresponding to a 

theoretical layer thickness of 2.98 µm. 

 

 

 

 

(a) 

(b) 

(c) 

(d) 
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During in-process measurements, the C4D cell was placed inside the air oven and the 

output was recorded during the polymerisation process. Figure 6.9 shows two examples of 

layer formation and C4D response during polymerisation of BuMA/EDMA and PS-DVB 

layers at flow rates of 1.0 and 0.5 mm/s respectively. C4D response fluctuations due to 

oven temperature instability at the start of the process can be clearly seen in Figure 6.9(a). 

Figure 6.9(c) shows a more stable C4D response, with only slight overshoot, again due to 

some variation in oven temperature. It is interesting to note that the porosity of the layer has 

only a slight, but negligible impact on the measured output. For the example shown in 

Figure 6.9(a), the drop in C4D response (∆VRref) was recorded at 3.3 mV which 

corresponds to a theoretical layer thickness of 370 nm. The actual average layer thickness 

(see Figure 6.9(b)) was measured at ~400 nm, %RSD ~7.5 %. For Figure 6.9(c), the ∆VRref 

value was 63.8 mV which corresponds to a theoretical layer thickness of 2.98 µm. The 

actual layer thickness (see Figure 6.9(d)) was measured at ~3.3 µm, %RSD 9.6 %. 

 

A further study of ten samples was carried out for capillaries of both 50 and 100 µm ID 

with layers of thickness 400 nm up to 15 µm. The measured C4D response for each 

capillary was plotted against the average measured layer thickness in each case and Figure 

6.10 shows the linear relationship between C4D response and effective capillary ID, IDeff. 
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Figure 6.10 – Relationship between effective capillary ID and C4D response, showing both 

bare capillary () and capillary with monoPLOT layer (). 

 

Although this technique has been shown to be very precise, demonstrating a good level of 

stability and relatively easy to implement, it has some limitations. Firstly, static 

polymerisation within the capillary is not possible as no useful C4D response is obtained - 

the polymerisation mixture must be allowed to flow through the capillary. Secondly, it is 

necessary to ‘spike’ the mixture with some charged species. For the two polymerisation 

mixtures presented within this work, the addition of 1 %wt of 10 mM NaCl had no 

noticeable effect on the layer morphology or pore structure, however that is not to say that 

other types of monomer mixture would not be affected. Indeed, initial work in the 

development of this technique used 2 %wt of 10 mM NaCl, which resulted in the formation 

of smaller pores and thus lower porosity for the same polymerisation conditions (see Figure 

6.11). Average pore and globule sizes for the BuMA-EDMA polymerisation mixture were 

measured from SEM images. For the polymerisation mixture containing 1 %wt of 10 mM 

NaCl, the pore and globule sizes were found to be 0.69 ±0.24 µm and 0.97 ±0.27 µm 
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respectively, while using 2 %wt of 10 mM NaCl the values were 0.26 ±0.10 µm and 0.60 

±0.14 µm. The observation correlates well with the theory for the formation of 

methacrylate polymers where the introduction (or increase in %) of a polar solvent in the 

porogen mixture leads to the formation of smaller pores and globules [26]. 

 

 

Figure 6.11 – SEM image of overpolymerised BuMA-EDMA monoPLOT column fabricated 

from a polymerisation mixture containing 2 %wt of 10 mM NaCl.  

 

Perhaps the most difficult aspect of applying C4D as an in-process tool in the fabrication of 

monoPLOT columns lies with the long term stability of the electronics in the cell itself. 

From Figure 6.7 it can be seen that for a standard TraceDec C4D cell operated at 60 °C, the 

device will begin to deteriorate rapidly after approximately 8 hrs use. Even for the high 

temperature cell, extended use above 60 °C was not advised by the manufacturer.  

 

Lastly, temperature has a large effect on the output signal and it is imperative that the oven 

is very temperature stable. Ion mobility increases with temperature and so any temperature 
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fluctuations within the oven will cause signal fluctuations and reduce the overall accuracy 

of the technique.  

 

 

6.5  Conclusions 

Two novel methods for the in-process measurement of layer growth during fabrication of 

monoPLOT columns are described and their potential shown. In the case of optical 

absorbance, a linear relationship between the fabricated monolithic layer and the 

absorbance was demonstrated for a BuMA-EDMA polymer. This study was carried out on 

100 µm ID capillaries over a range of layer thicknesses up to ~4.2 µm. The method was 

further evaluated for two different types of optical fibre and the application and limitations 

of the technique to in-process and offline measurements was discussed. In addition, a linear 

relationship between C4D and effective cross-sectional area of the capillary was also 

demonstrated. The proposed method was demonstrated with two types of polymer, namely 

PS-DVB and BuMA-EDMA, on two column diameters, and over a wide range of layer 

thicknesses, from 400 nm up to 15 µm. The method was also tested for stability and 

considerations for its implementation were discussed. The application of C4D to the 

fabrication process allows precise, non-invasive, real time measurement of the growth of 

the polymer layer, enabling the user to finely control the fabrication process. This method 

can also be used as a quality control test, allowing the user to characterise the monoPLOT 

column during production. 
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CHAPTER 7. 

 

FINAL CONCLUSIONS AND FUTURE WORK  
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Several novel instrument developments, platforms, and approaches for capillary 

chromatography were presented. The aim of the developed platforms was to broaden the 

horizons of capillary chromatography and facilitate miniaturisation of LC instrumentation. 

 

A new type of direct contact heating/cooling platform for the precise thermal control of 

capillary and microbore columns was developed. Three prototypes of the device were 

constructed and thoroughly tested. The developed systems had a broad temperature range, 

from 5 to 200 °C with a ramp rate of approximately 400 °C/min, and also exhibited 

excellent steady state response, within ±0.2 °C of the setpoint temperature over a 1 hr 

period and ±0.5 °C over 24 hrs. Several chromatographic separations involving the 

application of dual temperature and flow rate gradients, and also rapid temperature 

programming were performed on the developed systems. Further applications such as 

fabrication of polymer monoliths in capillary and chip format, monoPLOT columns, and 

monolithic phases with gradients of porosity were investigated and the precise spatial 

control of the position of monolithic sections was demonstrated. 

 

Novel technologies for the fabrication of monoPLOT columns using both photo- and 

thermal-initiation were introduced. In the first case, an approach for photo-initiated 

fabrication using a feed through in-house built device was developed. This platform 

allowed the manufacture of long, wide bore monoPLOT columns using light sources in 

both the UV and IR region. Fine control of the monolith morphology and the formation of 

polymer layers were demonstrated. The second method developed was based upon the 

fabrication of thermally initiated monoPLOT columns with fine control over the 

polymerisation process through the use of thermally initiated laminar flow polymerisation. 
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The relationship between linear flow velocity of the fluid and both layer thickness and 

morphology was investigated and the process was shown to be scalable, with a high 

dependency on fluid shear stress within the capillary.  

 

An initial chromatographic evaluation of the developed monoPLOT stationary phases was 

also shown. Columns prepared via the fabrication methods described were utilised for the 

separation of a text mixture of proteins, showing that these novel type of monoPLOT 

columns exhibit a great potential for low pressure capillary liquid chromatography. 

 

Two methods for the in-process measurement of layer growth during fabrication of 

monoPLOT columns were developed and their potential and application were investigated. 

The first approach was based upon the linear relationship between the thickness of the 

fabricated monolithic layer and optical absorbance, while the second method was based on 

C4D measurements, using the linear relationship between conductivity and effective cross-

sectional area of the capillary. The performance of both methods was tested on a variety of 

capillary columns of various diameters over a range of layer thicknesses for both PS-DVB 

and BuMA-EDMA polymer monolithic layers. RSD values for optical absorbance and C4D 

measurements were observed to be between 22 – 27% and <10% respectively. 

 

Future work will initially focus on the reproducible fabrication of long (>10 m) monoPLOT 

columns and the impact of column parameters, such as layer morphology (thickness, 

porosity, etc.) on fundamental chromatographic indicators (retention, selectivity, 

efficiency). The developed stationary phases will be thoroughly studied for their 

chromatographic application in GC and in emerging chromatographic modes, such as a low 
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pressure capillary LC. The work will progress towards the development of miniaturised 

chromatographic systems based around these new column technologies including the 

developed heating/cooling platform. 



 

 

 

 

 

 

 

 

APPENDIX A 

 

Mk. 2 & 3 COLUMN HEATER DESIGN INFO.  

  

 


