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Abstract 
A technique to alter the morphology of the inner surface of fused silica capillaries has 
been developed. The internal surface area is enlarged by means of nano-wires of silica, 
which are grown from the capillary walls. The growth is initiated by the decomposition of 
the etchant precursor 2-chloro-1,1,2–trifluoroethylmethyl ether at elevated temperature 
and pressure. It is suggested that the formation of the nano-wires is a process where 
hydrogen fluoride is continuously consumed and re-liberated. The amorphous bulk silica 
wall is dissolved, vaporized and finally condensed, yielding a directional re-formation of 
silica into nano-wire structures. The unidirectional growth of the nano-wires seems to 
follow the well-known vapor-liquid-solid (VLS) mechanism since characteristic attributes 
of the VLS mechanism can be observed in the modified capillaries, such as spherical 
particles terminating each nano-wire. An alternative procedure was developed based on 
non-isothermal etching which enabled nano-wire outgrowth in fused silica capillaries with 
internal diameters exceeding 5 µm. The etched and modified capillaries are expected to be 
suitable for fluidic applications where a higher surface-to-volume ratio is beneficial, such 
as open tubular liquid chromatography as well as solid-phase micro-reactors and catalysis 
including enzymatic reactions.  
The last part of the thesis describes new techniques developed for matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry. A set of novel matrices based on 
polymers/oligomers of benzodioxins and thiophenes has been introduced. Using this 
approach, which has been given the name Polymer-Assisted Laser Desorption/Ionization 
(PALDI), the low m/z-range of the mass spectrum, from 180 to 1.000 Da, could be used 
without the abundant chemical noise which normally disturbs such MALDI-MS spectra.  
Some of the PALDI matrices also showed excellent behavior in the analysis of low 
molecular weight polymers. A methodology based on non-linear regression of cumulative 
frequency distributions in polymers has been developed to compare and evaluate different 
matrix/polymer/cation agent sample combinations for MALDI and PALDl-MS analyses 
of low molecular weight polymers. 
Finally, syntheses of hybrid-dendritic linear polyacrylates via ATRP as well as “graft-onto” 
routes, were evaluated by means of MALDI-TOF-MS. 
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2. Introduction to this thesis 

This thesis is based on five papers (I-V), which deal with two main subjects. The 
first part of the thesis describes the outcome of experiments, which have been 
performed to obtain a greater surface area and, in particular, a nano-structured 
surface morphology of the inner walls of narrow-bore fused silica tubes. Such 
modifications are expected to yield improved liquid-based open tubular separation 
columns.  
The second part of the thesis deals with new developments in MALDI TOF mass 
spectrometry, where the suitability of polymer-based matrices for the analysis of 
low molecular weight compounds has been investigated. 
These studies were extended to include an analysis of low molecular weight 
polymers, and this part of the work gradually became more or less a subject on its 
own. 
Before the results obtained are presented and discussed, a description of some of 
the relevant fundamentals of each topic is given, to provide the reader with an 
introduction to each of the fields.  
A brief introduction to scanning electron microscopy is given in an addendum to 
this thesis. This technology has been one of the key tools employed in the work. 

 

2.1 Short Background to liquid based separations 

In the chemical or bioprocessing industry, there is often a need to characterize a 
product or a compound present in a complex mixture. In this context 
chromatography is an outstanding method, for several reasons. Chromatography 
can separate almost any soluble or volatile substance if the right adsorbent material, 
carrier fluid, and operating conditions are employed. Further, chromatography can 
be used to separate labile substances since the conditions under which it is 
performed are rather mild. For these reasons, chromatography is extensively 
employed in the field of biotechnology, e.g., for the separation of proteins.1-4 
When a mixture of components enters a chromatographic column, the different 
components are flushed through the system at different rates. The continuous 
sorption/desorption process that takes place during the migration of the sample 
through the stationary bed is the essential mechanism for separation. The lower the 
affinity a molecule has for the stationary phase, the shorter is the time spent in the 
column. The chromatographic process does not always need to be sustained by the 
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action of a pump to propel the mobile phase through the column. Also electro-
osmotic principles (CEC) can be utilized.5-7 
The most commonly used liquid chromatographic system is the packed column. 
The column system consists of a restricted length of tubing which has been filled 
with a particulate material, normally spherical. The packed bed possesses many 
advantages over the open tubular system and it has since long become the system 
of choice. Since the packed bed can be considered to be a multi-flow path system, 
where the fluid flows in the many interstitial volumes between the particles, the 
system is very robust against clogging. The particles are often in the µm range, 
porous and possess a relatively large surface area.8 Such systems can thus 
accommodate concentrated samples and/or large sample volumes without sample 
overload.  
In its simplest form, an open tubular system consists of a channel with a diameter 
in the µm range. In principle, the channel may have any cross section, even though 
circular cross sections are most common. 
From a fluid mechanics point of view, there are some disadvantages associated with 
the packed bed system. Below, one of the fundamental relations of pressure-driven 
liquid separations is described in the well-known pressure drop equation:9  
 

2
0

d
Lu

P
⋅⋅

⋅=∆
ηφ           (eq. 2.1.1) 

 
where ∆P is the pressure drop over the column, η is the mobile phase viscosity, d 
is the diameter (either of the open tubular column or the diameter of the packed 
bed particle), L is the column length, and φ is the column resistance factor. For an 
open tubular system, φ is equal to 32 whereas in the case of the packed bed format, 
it is in the range of 500 - 1000.10 From equation 2.1.1, it is possible to derive the 
maximum linear velocity, u0 of the mobile phase that is attainable for a given 
pressure capability of the equipment, provided that L and d are known. 
The hydraulic resistance to flow is, thus, at least 15 times lower in the open tubular 
system (with a circular cross section). This means that, for a given maximum 
allowable pressure drop, the open tubular system can be at least 15 times longer 
than the packed bed system when dc ∼ dp. 
The longer the column, the more efficiently will a pair of adjacently eluting analytes 
be separated in the system. The resolution (Rs) between such peaks can be 
described by the chromatographic variables selectivity (α), column efficiency (N) 
and retention factor (k´) according to the well known equation: 
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where the column efficiency N, is proportional to the column length L in 
accordance with: 
 

⋅=
HETP

LN           (eq. 2.1.3) 

 
The denominator HETP is the Height Equivalent to a Theoretical Plate11 (where 
N becomes ‘the number of theoretical plates’). 
 
Thus, allowing a longer column in a pressure-driven liquid separation will increase 
the number of theoretical plates and consequently, the resolution.  The flow path 
characteristics of the column will also influence the HETP. 
The HETP number is a cooperative descriptor of the dispersion of the introduced 
sample band during the sample migration and is further defined according to the 
van Deemter equation,12  
 

( )ms CCu
u
BAHETP +⋅++=         (eq. 2.1.4) 

 
where A is a contribution to band broadening from eddy diffusion (not present in 
open tubular systems), B is a contribution from longitudinal diffusion (along the 
column axis) and the C-terms constitute contributions from the mass transfer in 
the stationary as well as the mobile phase. 
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Z defined as 
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Eq. 2.1.8 represents the Aris-solution13 for the stationary phase mass transfer of the 
open tubular system. Dm is the molecular diffusivity in the mobile phase (eq. 2.1.5), 
Ds the molecular diffusivity in the stationary phase (eq. 2.1.10, below), ε the 
Ds/Dm-ratio (eq. 2.1.7), φ the phase thickness ratio (φ = δ/d in eq. 2.1.8), and k´ 
the retention factor (product of phase volume ratio, m (m = 4φ+4φ 2), and the 
distribution coefficient, K). The Aris equation is valid for a cylindrical tube. 
When the stationary phase layer is very thin (φ < 0.1), eq. 2.1.8 reduces to the 
Golay thin film expression14,15; 
 

3

2φ≅Z            (eq. 2.1.9) 

 
which yields the extended Golay equation15 for open tubular systems. 
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In the open tubular case, no eddy diffusion is present and this decreases the overall 
band broadening in the system, thereby contributing to increased efficiency and 
resolution. 
However, there are serious limitations of pressure driven OT-LC.  Since the 
molecular diffusion in liquids is very small, it is necessary to use diameters 
comparable with the particle diameters of the packed system in order to obtain 
short separation times. The surface-to-volume ratio of such an open tube is very 
small compared to that of the packed bed equivalent, and a technically demanding 
sample introduction system is required. Sample volumes must be kept extremely 
small. Clarifying calculations by Poppe et al.16 revealed that a 1 µm ID column 
operated at optimal flow rate could give a resolution similar to that of a packed 
column (2 µm particles) but 100 times faster. Alternatively, the OT-LC system 
would achieve 3.2 times better resolution and yield 10 times as many theoretical 
plates in the same separation time. However, the narrow column ID would require 
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an injection volume of less than 1 pl, to keep the contribution to the overall sample 
dispersion at an acceptable level.16-18 
For analyte concentration levels of 10-7 – 10-8 M, a 1 pl injection would contain 
some ten thousand molecules.16 This eliminates the applicability of regular UV-
detectors and hence, laser fluorescence would be needed. 
Apart from the detection problem, the complexity in preparing suitable stationary 
phases should also be mentioned. In the packed bed format, a column normally 
contains 50 - 100 m2 of stationary phase surface per ml, whereas in open tubular 
columns (ID 1 - 5 µm) there will only be 0.8 - 4 m2 per ml.16 
To achieve fast “on- and off”- kinetics in the interaction between analyte and 
stationary phase, it has generally been accepted that the stationary phase thickness 
should be kept as small as possible. 
However, Swart et al.19-22 have reported the successful use of rather thick, in situ 
polymerized polyacrylate stationary phases in narrow bore OT-LC columns (4 - 10 
µm ID). Phase ratios exceeding unity were obtained by swelling of the stationary 
phase, which enhanced the diffusivity of the analytes in the stationary phase, and 
high peak capacities were obtained. 
The general conclusion to be made is that, from a fluid mechanics point of view, 
open tubular systems provide a more appropriate format than the packed bed 
variant. But the internal surface of the open tubular column should preferably be 
altered in such a way that an increase in surface area does not severely increase the 
hydraulic resistance and/or introduce eddy diffusion.  

 

2.2 Sol-gel-based columns 

The most promising attempt to achieve a compromise between the packed bed and 
the open tubular format has been the development of sol-gel-based columns.23-27 
The technology is based on the hydrolysation/condensation of alkoxy silanes to 
form a porous networks inside the column. Since the network consists of semi-
spherical particles covalently attached to each other, this type of column is referred 
to as a ‘monolithic’ column. The advantage of the monolithic column resides in its 
high permeability,25,28 which renders the system a large number of theoretical plates 
per unit pressure drop. This potential was already realized by Knox and Bristow 
some thirty years ago,29 but the actual development of this type of column is merely 
a decade old. 
Metal alkoxides of silicon,30 zirconia,31 and alminium32 have been reported for 
preparation of monoliths. The synthesis of monoliths and the various aspects of 
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the sol-gel technology are however beyond the scope of this text. References can 
be found elsewhere.25,33,34  
The major problem identified for silica-based sol-gel columns is the presence of 
axial non-uniformities, e.g., gaps due to instability of the monolith. The larger the 
ID of the column, the greater are such non-uniformities and the greater are their 
untoward effects on the column efficiency.26 
 

2.3 Chromatographic performance of Monolithic 
columns 

Early on, the group of Tanaka and Soga, working with monolithic materials in 
general, identified a set of design criteria for monolithic columns25,35,36; 

(1) The domain size of the skeleton oxide network needs to be tailored such as 
to be relatively small compared to the larger flow-through pores. 

(2) The flow-through pores should have typical dimensions of 2 - 5 µm. 
(3) The silica skeleton domain should contain a mesoporous surface. For the 

chromatography of small molecules, a median pore size of 5 - 25 nm seems 
optimal. 

(4) Technology to ensure that the monolith is covalently attached to the tubing 
is necessary. Voids between the cladding and the monolith lead to an 
immediate deterioration in the chromatography. 

 
As with the chromatographic properties of silica-based monoliths, results obtained 
by the group of Tanaka et al.27,37,38as well as reports from Bidlingmaier et al.,24 
Cabrera et al.39,40 and Guiochon et al.33,41-45 clearly indicate the superior performance 
of monoliths compared to packed, granular chromatographic media. Column 
performance was compared using the number of theoretical plates per unit time, 
unit pressure drop utilized, i.e., the separation impedance E, as introduced by 
Bristow and Knox10,29; 
 

K
HETP

N
t

N
P

N
Pt

E
2

0
2

0 1 =⋅⋅∆=
∆⋅

=
η

      (eq. 2.3.1) 

 
where t0 is the retention time of an unretained analyte (k´= 0) and K the 
permeability of the system. The equation describes the trade-off between analysis 
time, resolving power and pressure drop. The lower the separation impedance, the 
more favorable is the trade-off. 
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By comparing the descriptor of column performance E, between monolithic and 
ordinary 3 - 5 µm ID packed columns, it has been shown that an ordinary reversed 
phase analytical packed bed column operated at an optimal flow velocity has an E-
value between 3000 and 4000, while the monolithic silica columns have 
corresponding E-values between 300 and 700,35 i.e., a sevenfold smaller E.  E-
values even as low as 100 have been reported.37 Another important observation 
reported by several groups is that the minimum HETP-value of monolithic 
columns remains practically constant over large variations in mobile phase 
velocity.25,35,40 As a consequence, high flow rates can be employed without 
sacrificing the chromatographic resolution. Silica-based monolithic columns are 
now commercially available, with Chromolith being the most widespread and 
most tested one (based on the Nakanishi-Soga route46-48). Reproducibility in 
producing the monolithic column will be crucial for the future success of this 
product. So far, results on this issue have been promising.42,43  
Can monolithic columns, designed with care, be improved even further? Reports 
by Guiochon et al.42,43 and by Leinweber et al.28 have shown that the A-term of the 
van Deemter equation is significantly larger in a monolithic system than in a packed 
bed. The reason for this seems to be the relative lack of tortuosity of the flow in 
the monolithic column, whereas the flow in a packed bed is tortuous by definition. 
The flow-through pores are too large and too straight. Analytes can thus be carried 
much further without being mixed due to an inefficient exchange between 
streamlines. Keeping the skeleton domain size constant while enforcing a shorter 
mean free path of the flow-through pores, would decrease the contribution to band 
broadening due to eddy diffusion. 
Theoretical calculations based on computational fluid dynamics for the ‘ideal’ 
monolithic column reported by Desmet et al.49-55 have in fact come to virtually the 
same conclusion. A ‘monolith’, designed to have internal bundles of micro- 
columns in parallel, with intermediate interconnectivity (to increase the tortuosity), 
could, according to these authors,  yield “plate numbers > 100.000 in a few 
hundredths of a second, while offering the same mass loadability”.49 
It can thus be concluded that the monolithic column is a very promising attempt 
towards obtaining the perfect liquid separation column, but, and this should be 
emphasized, it is still by no means perfect and it has intrinsic flaws such as a large 
eddy diffusion. An open-tubular system, on the other hand, designed with an 
increased surface-to-volume ratio to accommodate larger sample volumes and 
enforcing an increased retention while maintaining the relative openness, would still 
be a very attractive pursuit for liquid chromatography. 
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2.4 Etched silica 

Over the years, many attempts have been made to chemically alter the morphology 
of silica surfaces. Experiments have been performed using a range of techniques 
from glass columns with granular silica coated walls or other attached granular 
material to increase the surface-to-volume ratio56,57 to advanced micro- machined 
silicon chips.58-63 
An interesting methodology was adopted by Pesek et al. who developed an etching 
scheme for fused silica capillaries.64-66 Their method is based on filling the 
capillaries with a saturated solution of ammonium hydrogen difluoride in methanol, 
and allowing the salt components to diffuse to the capillary wall, followed by 
evacuation of the methanol. Subsequently, the capillary was heat-treated at 573 - 
673 K for 3 hours. The authors have used such surfaces for electro-driven 
chromatographic separations. The etching agent, ammonium hydrogen difluoride 
was first employed by Onuska et al. to create larger surface-to-volume ratios in 
capillary gas chromatographic columns.67 The capillaries used in the studies 
reported by Pesek et al. had an ID of 20 - 50 µm.64-66 From the morphological 
investigations and scanning electron micrographs (SEM) published64 as well as 
atomic force microscopy images (AFM),68 it is evident that a corroded and etched 
surface is obtained, resembling ‘sand dunes or a sponge-like porous 
configuration’.64 The peak-to-valley maximum seems to be less than 1 µm, as 
judged from the SEM micrographs presented. These authors have presented no 
data regarding the sample load capacity of their system, but improvements in the 
sample volume size can be anticipated in those columns, judging from the 
morphology of the surface.64,68 Since no comparison between fully silanized, etched 
capillaries and non-etched, silanized capillaries was presented, it is difficult to 
estimate the increase in solute-bonded phase interaction (k´) and the degree of 
surface enlargement. Further, the separations presented in the 
electrochromatograms of analytes such as peptides and proteins using the etched, 
silanized capillaries are probably the result of both electro-driven chromatography 
and electrophoresis. As discussed in chapter 2, capillaries with 20 - 50 µm ID 
cannot be expected to perform efficiently as OT-LC columns, since radial diffusion 
paths of the analytes is too long. Theoretically, the fact that the system was electro-
driven permits the use of capillaries with a larger ID because of the essentially flat 
flow profile under electro-driven conditions.69-71 The performance of open tubular 
electro-driven systems is basically governed by the same extended Golay equation 
as the pressure-driven system, except that the flat velocity profile induces a lower 
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contribution to the overall band dispersion in the resistance to mass transfer in the 
mobile phase: 
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Thus, when k´ approaches infinity, the HETP-gain when the electro-driven mode 
is used instead of the pressure driven-mode is a factor of 11/6. For almost non-
retained peaks, there is an even greater reduction in HETP, and this permits the use 
of capillaries with a larger ID. 
However, using wide bore capillaries in the electro-driven mode may instead 
jeopardize the retention, and lead to poor resolution while displaying good peak 
efficiency (N). Significant improvements in performance for both pressure and 
electro-driven separations can be anticipated with capillary IDs of 1 - 2 µm, 
irrespective of whether the surface is enlarged or not.69 
The method devised by Pesek et al. exploits a simple way to achieve surface 
enlargement inside the capillaries by the action of thermally released hydrogen 
fluoride. The etching process encountered seems to show no sign of directed re-
deposition of the silica bulk material, as judged from the SEM micrographs 
presented (see fig. 1 in ref. 64).  Instead, the silica seems to be reformed in a 
random manner.  
The possible reason for this will be discussed further in chapter 3.5. 
  



Fabrication of New Silica Nano-structures and Development of New Concepts for MALDI-
TOF Mass Spectrometry 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 12

3. Silica Nano-wires 

3.1 Experimental Background 
 
From the discussion in the preceding chapters, it can be concluded that surface 
enlargement as well as the use of capillary tubing with reduced internal diameters 
would be desirable to achieve high performance OT chromatography columns. In 
this chapter, the studies reported in Papers I & II are summarized. 
Research into the development of capillary gas chromatography (GC) in the late 
1960’s and early 1970’s showed that the internal surface of a glass capillary could be 
modified using 2-chloro-1,1,2–trifluoroethylmethyl ether and a high temperature 
treatment. In 1968, Tesařik et al.72 were the first to describe the use of this fluoro-
ether as an etching agent. In their reported method, the substrates used were 
borosilicate and soda-lime glass capillaries and the authors concluded that the ether 
was decomposed at elevated temperature, probably to yield hydrogen fluoride. The 
purpose of their work was to increase the wettability of the glass surface for their 
GC capillary columns. However, no characterization of the surface morphology of 
the inside of the etched capillary, nor of the chemistry involved, was undertaken. In 
1975, a major contribution by Pretorius et al. revealed that a whisker-like surface 
could be obtained under optimized conditions using the etching reagent on 
borosilicate and soda lime glasses as substrates.73,74 Pretorius concluded that the 
fluorinated ether was decomposed to hydrogen fluoride but they did not present 
any theory regarding the  formation of  the whiskers. In this part of the thesis 
(based on papers I and II), a continuation of the research reported by Pretorius is 
described and a hypothesis for the mechanism of silica outgrowth is discussed.  
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3.2 Hydrogen fluoride etching of silica 

3.2.1 Earlier studies 

The reactivity of silica surfaces has been thoroughly investigated due to the vast 
number of applications where a knowledge of silica synthesis, solubility, 
hydrophobicity, conductivity, and transparency etc. is of major importance.8,75-77 In 
the semiconductor industry, etching of silica surfaces using hydrogen fluoride is 
performed on a daily basis to clean and smoothen silicon wafers as well as in  the 
patterning processes of these wafers. In most of the articles published, etching is 
performed at ambient temperature.78-83 
Experiments have been reported by several groups employing elevated 
temperatures for the etching either as vapor-solid systems or as a vapor-liquid-solid 
system.84-90 Both Lee et al.87 as well as Weston et al.90 conclude that anhydrous 
hydrogen fluoride can etch silica, while all other reports claim the opposite; i.e., that 
water must be present for the formation of the reactive species, HF2

-. Helms et al. 
speculate that water is needed to initiate a vapor phase etching85 and that the water 
formed in the subsequent reactions allows the reaction to continue. Habuka et al. 
go a step further, concluding that anhydrous hydrogen fluoride gas is non-reactive 
towards silica at temperatures between 523 and 1000 K.84 At higher temperatures, 
other constituents (H2) of the vapor may also react with the silica and this makes it 
difficult to interpret the data. 
The product of the hydrogen fluoride etching, hexafluosilicic acid (hydrofluosilicic 
acid, H2SiF6), decomposes to silicon tetrafluoride (SiF4) and hydrogen fluoride. 
Since silicon tetrafluoride has a high vapor pressure, its volatility ensures 
continuous etching in a hydrogen fluoride vapor environment. Wong et al.91 
conclude that the introduction of hydrogen chloride into 
the system has the initial effect of slowing down the pH-dependent formation of 
HF2

-. Miki et al., Wong et al. and Helms et al. suggest that, upon initiation of the 
etching, another reaction based on the action of hydrogen fluoride and physisorbed 
water takes place85,88,91: 
 
 

2HF(g) + H2O(ads)   →  H3O+
(aq) +HF2

-
(aq) 

 
SiO2(s) +2H3O+

(aq) +2 HF2
-
(aq) →   SiF4(g) + 4H2O(g) 
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3.2.2 Initial experiments 

In our attempts to modify the inner surface of open tubes by etching, a series of 
experiments were conducted, repeating the conditions described by Pretorius et al. 
Uncoated, wide-bore soda lime and borosilicate glass capillaries (200 - 300 µm ID) 
were filled with the etching agent. A scheme of filling and sealing the capillary was 
developed, using a pressurized steel container with two Swagelock adapters 
(penetrating the container lid, see figure 1). The filling procedure as well as 
experimental details of this part of the work can be found in paper I. The filled and 
sealed capillaries were placed in an oven at 573 – 623 K for 6 - 10 hours. The 
capillaries were then removed from the oven and in appearance the capillaries were 
completely black inside, as was also observed by Pretorius et al.  
 

 
 
Figure 1. Schematic of the capillary filling equipment. (1) Steel container, (2) Inserted vial 
containing the etching agent, (3) Capillary, (4) Three-way valve, (5) Helium tank, (6) 
vacuum pump 
Using the steel container, it became easier to control the degree of filling of the capillary. 
The end sealing of the capillary was performed by the action of the vacuum and a torch 
(the sealed ends where free of bubbles and air inclusions). The set-up allowed the use of 
small ID capillaries and work at high pressures. 
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From scanning electron microscopic studies (SEM) it was concluded that it was 
possible to reproduce the results reported by Pretorius et al. (see figure 2). Further 
comments on the characterization of the modified glass surface are given in section 
3.4. In order to remove residual carbon (soot) the capillaries were flushed with 
oxygen for 4 - 6 hours at 723 – 748 K.  
 
 

 
 
Figure 2. SEM micrograph of a 230 µm ID soda lime glass capillary, etched and oxidized 
according to the procedure described by Pretorius at al., with 8 % (vol./vol.) of the 
capillary filled with fluoro-ether. 
 
In the wide-bore whisker capillaries in soda lime and borosilicate glass prepared by 
the Pretorius procedure, we found sodium and boron as well as chloride and traces 
of fluorine in the whiskers themselves. After further analysis and elemental 
mapping, it was concluded that some whiskers were made up entirely of silicon 
dioxide while other whiskers and whisker-like crystals also contained sodium 
silicate, sodium chloride and boron salts. 
To verify that whiskers with different elemental compositions had been formed 
together with pure silicon dioxide whiskers, the O2-treated capillaries were cut into 
small pieces and leached with water, nitric acid (> 1 M), methanol or diluted 
hydrogen fluoride (< 0.1 mM). When pure water or hydrogen fluoride were used, 
the morphology of the internal structure in the capillary changed dramatically, 
obviously because of a high solubility of some of the whisker salts, while the 
morphology seemed virtually unaffected when nitric acid or methanol were used as 
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the leaching solvent. The sodium chloride crystals inside the capillaries seemed 
surprisingly intact after the nitric acid treatment. From these experiments it was 
evident that parts of the whisker structure may dissolve when flushed with liquids 
commonly used in liquid-based separations. 
BET-isotherm measurements, performed with an ASAP 2000 instrument 
(Micromeritics, Norcross, GA, USA) using liquid nitrogen as adsorbate, indicated 
surface areas 1000 - 5000 times larger than the calculated geometrical surface. The 
full adsorption-desorption isotherm could not be obtained due to hysteresis and 
very long equilibration times during the run. The whiskers did not seem to contain 
micro- or meso-pores, since the areas of the adsorption isotherm at a relative 
pressure of 0.7 - 0.85 did not follow the BET-model typical for that type of pore. 
The focus was now on producing the whisker-like surface inside smaller bore fused 
silica tubing. Initially, 10µm ID fused silica capillaries were subjected to the 
procedure outlined above. However, the outcome was disappointing. Instead of 
whisker outgrowth, the capillaries were only corroded and a thick film was 
observed (see figure 3). The film always disappeared when the capillaries were re-
heated in a stream of oxygen. 
 

 

A B

 
 
Figure 3. SEM micrographs of film formation in 10 µm ID capillaries, etched according 
to the Pretorius procedure. These particular capillaries were not subjected to oxidation 
prior to the SEM investigation. After flushing with a stream of oxygen, the films were 
completely removed. 
Attempts in which 2 µm ID fused silica capillaries were used as substrates yielded similar 
results (described in paper I). 
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3.3 Etching and nano-wire formation in fused silica 
capillary tubing 

The need to obtain an efficient OT-LC column dictates the use of very narrow 
bore capillaries, as discussed in chapter 2. Therefore, fused silica capillaries with 
dimensions of 2 - 5 µm ID were primarily employed in our studies. These capillary 
dimensions also possessed a favorable ID/OD-ratio (2/150 or 5/150) regarding 
their ability to withstand pressure during etching. 
Since the early attempts to use the Pretorius procedure failed with fused silica 
capillaries, a scheme of experiments was conducted where the amount of 2-chloro-
1,1,2–trifluoroethylmethyl ether was varied from 5 % (vol./vol.) up to 80 %, in 
increments of 10 %.  
When the results of these experiments were evaluated with SEM, it was surprising 
to observe a massive outgrowth of nano-wires from the internal perimeter of the 
capillaries (figure 4). As described in paper I, 25 - 40 % (vol./vol.) of 2-chloro-1,1,2 
–trifluoroethylmethyl ether was found to be optimal for the growth of the nano-
wires. 
 
 

 
 
Figure 4. A SEM micrograph of a 2 µm ID capillary, etched with 27 % (vol./vol.) of 
fluoro-ether, at 673 K for 12 h. The capillary was subsequently flushed with oxygen for 5 
h at 723 K. 
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3.3.1 Influence of etching time on nano-wire outgrowth 

The influences of other factors, such as the etching temperature, the residence time 
in the oven and the capillary diameter, were also investigated.  
To speed up the procedure of filling, etching and evaluating the capillaries, the 
oxidation step was omitted. In those cases where structural elements were observed 
inside the etched capillary, oxidation, cutting and subsequent re-evaluation by 
means of SEM was undertaken. 
In figure 5, a series of 2 µm ID capillaries are shown where the etching time was 3, 
6, 12 , 24 , 36 and 48 hours. All capillaries had been filled with 36 – 38 % 
(vol./vol.) of the ether. 
 

 

A B C

D E F

 
 
Figure 5. SEM micrographs of a time-based study conducted in 2 µm ID capillaries, 
filled with 37-40 % of etchant. The capillaries were all etched at 673 K, oxidized for 4-5 h 
at 723 K and subsequently cut and mounted for SEM. Captions A – F indicate etching 
times of 3, 6, 12, 24, 36 and 48 hours respectively. 
 
As can be seen in figure 5, the morphology, length and density of the nano-wires is 
dependent on the residence time in the oven. Full outgrowth was reached after ca 6 
hours, while prolonged etching resulted in thicker and less dense nano-wires, 
possibly caused by ‘sacrificial etching’ of some of the nano-wires to the benefit of 
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others. This time study showed that it was possible to control the nano-wire 
formation and the degree of outgrowth.  
 

3.3.2 Influence of etchant load on nano-wire outgrowth 

In another series of experiments, the influence of the fluoro-ether content on the 
nano-wire outgrowth was investigated. The fluoro-ether loading was varied 
between 15 and 80 %, in increments of 5 %, using 5 µm capillaries, etched for 20 
hours at 673 K. These capillaries were not flushed with oxygen prior to the SEM 
investigation and this revealed some key findings. The results are shown in 
figure 6. 
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Figure 6. SEM micrographs of 5 µm ID capillaries, etched for 20 hours at 673 K. The 
capillaries had not been flushed with oxygen prior to the SEM investigation. 
Captions, A – F, indicate the percentage of the total capillary volume filled with the 
fluoro-ether; 16, 21, 27, 32, 39 % (vol./vol.) respectively. 
 
As can be seen, with the lower loads of the fluoro-ether, nano-wire growth seems 
to start from spherical particles adsorbed onto the capillary wall. As the 
concentration of the ether was increased, a progressive growth of nano-wires could 
be observed (figure 6C and onwards). The spherical particles are lifted from the 
surface and move to the central part of the capillary lumen. When the capillary was 
flushed with oxygen, the spherical particles disappeared. 
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3.3.3 Etching of larger bore capillaries 

During the previous phase of the work, repeated attempts to grow nano-wires in 
larger bore (ID 10 - 30 µm) fused silica capillaries always failed. No consistent 
results were obtained, regardless of fluoro-ether loading. A protective film was 
normally formed (figure 7).  When such wide-bore capillaries were flushed with 
oxygen at 723 K and re-mounted for SEM analysis, it was found that the film had 
disappeared while the surface under the film showed scars and pits, indicating that 
the hydrogen fluoride had actually had access to the capillary surface during the 
etching. 
 
 

 
 
Figure 7. SEM micrograph of protective film formation in a 10 µm ID capillary. SEM 
micrograph taken prior to flushing the capillary with oxygen. 
 
 

3.4 SEM-EDS Analysis of nano-wires 

Analysis using an energy dispersive x-ray detector (SEM-EDS-analysis) was carried 
out to determine the elemental composition of the surface of the etched, fused 
silica capillaries that were not gold-coated prior to the analysis. 
The instrumental and specimen requirements for quantitative EDS are quite 
demanding.92 One of the key factors that determines the spatial scale on which the 
analysis can be carried out is the volume of the specimen penetrated by the 
electrons, i.e., the interaction volume in the specimen, as well as from where the 
detected x-rays originate, i.e., the sampling volume. This volume depends on the 
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elemental composition of the specimen, where low energy electrons combined with 
heavy elements yield the smallest possible sampling volume. It is thus difficult to 
reduce the sampling volume below 1 µm3. In the case of the nano-wires with a 
possible elemental composition of only light elements such as fluorine, carbon, 
silicon, oxygen and chlorine, it was difficult to reduce the energy of the electron 
beam producing the x-rays to sample only the signal from the wires, since at the 
low acceleration voltage that would be required, hardly any x-rays would be 
emitted. 
In an attempt to minimize the sampling and interaction volumes of the incident 
electron beam, the acceleration voltage, and thus the energy of the electron beam, 
E0, was gradually reduced while the EDS spectra obtained were compared for the 
different instrumental settings. 
 

Segment of the
cross section
yielding a strong
carbon signal
in non-oxidized borosilicate
and soda  lime glass
capillaries.

Structural element of etched,
non-oxidized 10 µm fused
silica capillary yielding a
strong carbon signal
when using a variable
E0- electron beam.

A

B

 
 
Figure 8. SEM micrographs showing different zones where a strong carbon signal (at 
0.28 keV) was obtained. (A) shows the cross section of an etched, non-oxidized soda lime 
glass capillary where the interaction volume of the incident electron beam is not a 
concern, while (B) is a SEM micrograph of the corresponding cross section of an etched, 
non-oxidized fused silica capillary. The structural element enveloped in (B) is also 
comparably rich in fluorine (measured at 0.68 keV). 
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At a certain minimal acceleration voltage where a signal was still detectable from 
elements such as silicon, carbon and oxygen, the different structural elements 
found earlier were evaluated. The signal from nano-wires gave, as expected, very 
strong silicon and oxygen responses (at 1.74 and 0.52 keV respectively). The film 
element of the structure revealed silicon, oxygen, carbon and fluorine whereas the 
spherical particles revealed the presence of silicon, oxygen and carbon.  
 

3.4.1 Oxidative test 

To further substantiate that the nano-wires were made of silica, pure oxygen was 
flushed through the capillaries at 923 K for 6 hours.  At this temperature, the film 
was completely removed as well as the spherical particles, while the nano-wires 
remained intact. In one particular experiment, an etched 2 µm ID capillary was 
inserted in the oven while the oven was continuously flushed with air at 1123 K for 
three hours. The nano-wires also remained intact after this treatment. 
 

3.4.2 Transmission Electron microscopy analysis 

Transmission electron microscopy (TEM) was used to evaluate whether the nano-
wires were crystalline or amorphous. However, to selectively remove the nano-
wires from the 2 µm ID capillaries and transfer them to a TEM grid proved to be 
very difficult. Wires grown in a 30 µm ID capillary, which were oxidized after 
etching, could however be successfully transferred and studied (figure 9).  Since the 
growth of nano-wires in larger bore capillaries did not give consistent results in 
terms of homogeneity, the ratio of wire length/capillary ID and appearance, it can 
not be concluded with certainty that these wires were representative of the silica 
nano-wires obtained in 2 µm ID capillaries although, they were grown under 
identical conditions in terms of the fused silica substrate, the fluoro-ether loading, 
the residence time and the temperature.  
Sample preparation for TEM is critical since the sample thickness should not 
exceed 100 - 200 nm in order to yield optimal resolution.92 The wires were removed 
using a 15 µm tungsten wire while collecting the debris from the capillary onto a 
TEM grid, placed below. By comparing SEM micrographs with low resolution 
TEM images, it was concluded that the wires inspected actually came from the 
etched capillary and were not splinters from the fused silica bulk. Selected area 
electron diffraction (SAED) patterns indicated that the wires were amorphous. 
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Figure 9. (A) The morphology of the etched and oxidized 30 µm capillary. (B) The nano-
wires after being blackened onto the electron transparent TEM grid. The scale bar 
represents 500 nm. (C) A nano-wire utilized for SAED analysis. The subsection enclosed 
by the black circle indicates a material thickness of 200 nm, the area selected for electron 
diffraction. The scale bar represents 100 nm. 
 

3.5 Chemical transformations and mechanism of 
growth  

At this stage, a hypothesis to descibe the chemical reactions leading to nano-wire 
formation was developed. The suggested scheme is presented in paper I and is 
based on the most probable decomposition of the fluoro-ether. As stated earlier by 
both Tesařik et al. and by Pretorius et al., the fluoro-ether decomposes at the 
elevated temperature to yield hydrogen fluoride. The reaction of hydrogen fluoride 
with silica has been outlined in chapter 3.2; both the reaction leading to the 
formation of hexafluosilicic acid and the reaction initiated by physisorbed water, 
leading to the formation of silicon tetrafluoride. The possibility that adsorbed water 
on the silica surface would persist at the temperature employed is doubtful 
although the reaction sequence may start with that particular reaction.  
It is suggested that hydrolysis of silicon tetrafluoride back to silica occurs on the 
spherical particle surface under conditions of a vapor-liquid-solid mechanism 
(VLS). Since hydrogen fluoride is re-formed during the reactions, the nano-wire 
formation becomes a sustained process. 
In the etching procedure presented by Pesek et al. (described in chapter 2.4), the 
outgrowth does not seem to be directional, as judged from published SEM 
micrographs. The main reason for this could be the lack of carbon in the system.  
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3.5.1 The VLS mechanism 

The VLS mechanism as a plausible pathway to the unidirectional growth of silicon 
whiskers was first described by Wagner et al. in 1964, using a mixture of hydrogen 
and tetrachlorosilane as vapor phase and gold “droplets” on a silicon substrate as 
the liquid phase.93 Wagner et al. concluded that the gold droplets were a necessity 
for whisker growth and that they acted as an alloying element and as a sink for the 
arriving silicon atoms. Since then, numerous reports have appeared on this topic 
and more comprehensive models of whisker growth have been presented.94-100 It 
can be concluded that the liquid droplet forms a solid solution with the vapor 
phase constituent condensing into it.95,97 When the droplet becomes supersaturated 
with the vapor phase or at some eutectic composition, precipitation starts 
directionally, lifting the liquid droplet from the substrate surface, by anisotropic 
effects at the liquid-solid interface.95  
 

3.5.2 Thin film formation 

Regarding the composition of the described epitaxial-like film, there are a large 
number of carbon-based compounds, which also include silicon, chlorine or 
fluorine. Carbon has been reported to be easily intercalated with especially 
fluorine.101 Graphite is known to react with fluorine gas over a wide range of 
temperatures, yielding two kinds of fluorine-graphite compounds; a fluorine-
graphite intercalated compound (GIC), CxF and the graphite fluorides (GCC, 
graphite covalent compound), (CF)n or (C2F)n.101,102 The former is synthesized at 
temperatures below 373 K in the presence of various fluorides, for example 
hydrogen fluoride. Normally, these compounds are prepared by fluorination at 573 
- 673 K.101 All known fluorine GIC´s and fluoride GCC´s decompose upon 
heating. However, fluoride GCC´s, which are rather stable phases due to the 
covalent character of the C-F bond, do not decompose until about 773 K.101,103 
No investigation of the decomposition temperatures in an oxidative atmosphere 
has yet been reported. It has been reported that silicon tetrafluoride vapor together 
with fluorine gas induces intercalation in graphite at 313 K and 50 bar, yielding the 
second-stage crystalline graphite salt, C24SiF5 (JCPDS no 38-0569).104 
To suggest that the epitaxial-like film is a fluorine-intercalated graphite phase must 
be regarded as a very speculative idea indeed. However, the SEM study shows that 
the carbon nucleation particles differ substantially in morphology from the 
protective epitaxial-like film even in cases where over-nucleation and aggregation of 
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the particles has occurred. The epitaxial-like film has a totally different appearance 
and orientation. 
 

3.5.3 The Role of water 

Attempts were also made to further investigate the influence of water on the nano-
wire growth process. A series of experiments were carried out where the 2-chloro-
1,1,2-trifluoroethylmethyl ether was mixed with 5 % (v/v) water. The fluoro-ether 
was miscible with water at this particular composition (as judged from optical 
inspection). Three capillaries, 2 µm ID, were filled with 31 - 39 % (vol./vol.) of the 
2-chloro-1,1,2-trifluoroethylmethyl ether/water mixture. The capillaries were 
subjected to the earlier described procedure and subsequently evaluated by SEM. 
No deviation in morphology was observed (results not shown) compared to that of 
the previously described samples.  Excessive amounts of water, either from the 
ether decomposition, intentionally added or physisorbed on the capillary walls, do 
not therefore seem to be a critical issue in the etching process. 

 

3.5.4 Alternative etchants 

Experiments were carried out to investigate whether other, structurally similar small 
compounds containing fluoro and/or chloro functionalities could also serve as 
etching agents. The complete list of compounds tested as well as details of the 
experimental conditions can be found in paper I.  It was concluded that besides the 
structurally similar 2-chloro-1,1,2-trifluoroethylethyl ether, the other tested 
fluororganic compounds yielded the epitaxial-like film. When these capillaries were 
flushed with oxygen, the surface beneath the film showed the corroded and scared-
pit-like morphology seen previously. It is interesting to note that several of the 
compounds, for instance ethyl-1,1,1,2,2-tetrafluoroethyl ether have a more 
favorable hydrogen/fluorine stoichiometry and they should thus be able to release 
more hydrogen fluoride upon decomposition than 2-chloro-1,1,2-
trifluoroethylmethyl ether. This, does not however seem to be important. 
Unfavorable kinetics seem to be the factors that lead to premature film formation.  
The exact role of chlorine remains elusive. However it can be noted that the 
presence of fluorine, hydrogen, oxygen and carbon in the alternative etchants does 
not seem to be sufficient to promote wire formation, whereas nano-wire outgrowth 
occurred when chlorine was present. 
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3.5.5 Homogeneity of the outgrowth 

In order to verify that the formation of nano-wires was consistent along the whole 
capillary length, a 2 µm ID capillary etched with 32 % (vol./vol.) of ether, 40 cm 
long, was cut into 10 segments of 3 cm length. Each segment was further cut into 3 
mm long pieces. Randomly, 15 pieces from each segment were mounted on SEM 
sample holders and inspected. Altogether 61 pieces were photographed and 
evaluated. The conclusion was that the capillaries are evenly etched along the whole 
length when prepared as described. 
Unfortunately, it was not possible to determine the internal surface area 
enlargement by BET measurements. The low density of the material and the 
apparent lack of mesopores on the capillary wire surface make it necessary to 
prepare at least 10 – 15 gram of sample which corresponds to 60 – 80 meters of 
prepared tubing. Also the capillaries must be cut into pieces 1 – 2 mm long to allow 
a fast entrance and equilibration of the liquid nitrogen or krypton used as 
adsorbate. This was not feasible. 
 
 

3.6 Non-isothermal etching: the ‘Hot Start’ procedure 

By accident, some 10 µm ID capillaries were inserted into the oven at a 
temperature of 753 K instead of the intended 673 K. After ca 10 minutes, the 
“mistake” was discovered and the temperature setting was changed to 673 K and 
the oven was kept at that temperature for the remaining etching period of 10 hours. 
When these capillaries were investigated in the SEM instrument, it was discovered 
that long nano-wires had grown from spherical particles randomly distributed in 
the capillary lumen (see figure 10). In order to further investigate this finding, a 
series of oven temperature profiles were evaluated under non-isothermal 
conditions. As described in Paper II, there seems to be a temperature-time window 
within which the growth of this type of nano-wire can be promoted in 
appropriately fluoro-ether-loaded capillaries. Basically, the nano-wires appeared 
with a starting temperature of 748 – 823 K, maintained for 10 – 30 minutes, 
followed by a cooling phase of 15 – 20 minutes and subsequently kept at 673 K for 
the remaining period. The nano-wires, as can be seen in figure 10, are kinked, 5 - 15 
µm long, 10 - 50 nm in width and occupy the entire capillary lumen. Many wires 
seem to stem from single carbon particles. This is in contrast to what was observed 
in isothermally etched, non-oxidized capillaries, where only one particle was present 
per nano-wire. 
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Before the implementation of non-isothermal etching, the growth of nano-wires in 
wide-bore fused silica capillary tubing never gave a consistent and evenly 
distributed outgrowth. Instead island-like regions of growth accompanied by 
corrosion and branched nano-wires were observed. 
 
 

A

B
 

Figure 10. SEM micrograph of silica nano-wires grown under non-isothermal conditions 
inside a 10 µm ID capillary. The capillary was not subjected to oxygen flushing prior to 
SEM analysis. (A) shows the full capillary cross section and illustrates the high degree of 
entanglement. (B) shows a close-up of spherical carbon particles, where each particle is 
connected to several nano-wires. 
 
It can be concluded from figure 10, that growth under non-isothermal conditions 
does not rely on spherical carbon particles having diffused and being adsorbed on 
the capillary walls prior to the hydrolysis of silicon tetrafluoride. Instead, a 
hydrolysis reaction seems to have occurred, with very fast kinetics, from carbon 
particles still in the free capillary lumen, thereby inhibiting any diffusive migration 
to the capillary wall. Several nano-wires have been seeded from each carbon 
particle. If this suggested hypothesis proves to be correct, a novel aspect of the 
VLS mechanism may have been revealed, where uni-directional growth from a 
liquid particle occurs without any solid substrate for the particle itself. 
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3.7 Self assembly into highly ordered structures 
without any template. 

An interesting additional observation was made during the evaluation of capillaries 
fabricated by the non-isothermal procedure. In some capillaries helical structures 
were observed together with nano-wires (figure 11). Several articles have been 
published on nano-structural silica of higher hierarchical order; ropes, tubes, 
gyroids and discoids etc., created by various complex template-assisted 
hydrolysis/condensation routes where surfactants assembling in hierarchical forms 
serve as template surfaces.105-109 The structures shown in figure 11 may be the first 
evidence of true self-assembly of higher hierarchical order nano silica without any 
template being present. 
It has previously been reported that growth under conditions of periodic 
instabilities yields whiskers with a waistline appearance,95 but not helix-shaped 
structures,  as shown in figure 11. 
 
 
 

  

A B C
 

Figure 11. SEM micrograph taken from a non-isothermally etched 10 µm ID capillary 

showing self-assembly of nano-sized silica of higher hierarchical order, in the form of a 

helix. 
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3.8 Fluidic aspects of nano-wire modified capillaries 

At the present stage of this work, liquid-based separations have not yet been 
performed with the modified, etched capillaries since there are serious issues of 
mechanical stability, as well as of sample injection and detection which need to be 
addressed first. In the heating steps of the etching and oxidation, the polyimide 
covering of the capillary is completely burned off, thus making the capillaries very 
fragile. This fragility could (with some difficulty) be handled when long capillaries 
(+ 50 cm) are utilized.  However, to embed the capillaries or to use capillaries with 
coating materials more resistant to the temperature conditions prevailing would be 
a better alternative. 
Inspection of an etched and oxidized 2 µm capillary, as shown in figure 12, 
indicates that there is a free path in the center of the lumen where the hydraulic 
resistance, φ, can be expected to be low, i.e., in the proximity of the Poiseuille value 
for open tubes (32). In the peripheral parts close to the capillary walls, the hydraulic 
resistance can be expected to be very much higher due to the high density of nano-
wires.  
It can also be observed that individual nano-wires are grown almost equidistantly 
around the inner circumference, with a distance between wires of 100 - 200 nm. 
The fact that the wires do not seem to be in contact with each other, possibly a 
consequence of the suggested growth mechanism, may have some implications. 
Most importantly, it creates an open structure. Since the depth of focus of the SEM 
image is limited, the issue of tortuosity, as described in chapter 2.3, cannot be 
commented on. 
However, if it is assumed that the part of the flow, streaming in the part of the 
capillary having a high hydraulic resistance can be neglected, then the effective 
diameter of the capillary seems to be about 900 nm. For a given capillary length, a 
given mobile phase composition (viscosity) and a hydraulic resistance of 32, the 
required pressure drop would be 5 times lower in the smooth, non-etched 2 µm ID 
capillary, operated at the same flow velocity as the etched 2 µm ID capillary having 
an effective diameter of 900 nm. The smooth 2 µm ID capillary could alternatively, 
be 5 times longer than the etched 2 µm ID capillary, when operated under identical 
pressure drop limitations. 
Further, having an effective diameter of 900 nm instead of 2 µm would not reduce 
the diffusional path of the analytes and the contribution to band dispersion from 
the resistance to mass transfer in the mobile phase, since the remaining part of the 
capillary diameter is also accessible to analytes.  
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However, it can be anticipated that the sample load capacity would be significantly 
higher in the case of the etched 2 µm ID capillary than in the smooth, non-etched, 
capillary and thus the requirements regarding the injector- and detector systems 
may become realizable. 
Since the degree of outgrowth can be controlled by varying the etching time 
(chapter 3.3.1) and etchant load (chapter 3.3.2), the hydraulic resistance and eddy 
diffusion characteristics could be tailored. 
 

~550
  nm

~550
  nm

~900
  nm

Subsection with low
hydraulic resistance  

 
Figure 12. SEM micrograph of the cross section of an etched and oxidized 2 µm ID 
capillary where subsections of the capillary cross section have been marked to illustrate 
how the liquid flow may be divided into flow paths with little hydraulic resistance and 
flow paths with a large hydraulic resistance. 
 
 
Another option would be to operate the systems by electro-endosmosis. As 
pointed out previously, electro-driven separations do not develop a parabolic flow 
profile and the resistance to mass transfer in the mobile phase will therefore be 
negligible. The small diameter needed for the pressure-driven system does not thus 
strictly apply. However, in order to obtain sufficient retention, the slow molecular 
diffusion in the liquid phase would still limit the useful diameter of the column.  
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An effect encountered when applying electro-endosmosis to very narrow pores or 
on structures which are in direct contact with each other, is the electrical double 
layer overlap which reduces the local flow velocity. The non-contact appearance of 
the nano-wires grown under isothermal conditions, with a spacing of several 
hundred nanometers, may therefore be advantageous. 
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4. Mass Spectrometry Techniques 

4.1 Introduction  

Mass spectrometry (MS), including MALDI-TOF, has gained increasing attention 
during the last decades due to the versatility of the technique as well as the 
extensive chemical information which can be obtained. 
Papers III–V deal with some new developments and applications of MALDI-TOF 
MS. It is thus appropriate to give an introduction to MALDI in this thesis, 
including the advantages and shortcomings of the technique,  
 
As early as 1913, J. J Thompson constructed a functional mass spectrometer, the 
parabola mass spectrograph, capable of separating and displaying the two neon 
isotopes.110 Since then, the technique has evolved into a broad scientific field 
including platforms for proteomics,111-114 high throughput screening115-119 and 
genomics.120-122  The common denominator for all mass spectrometers is the fact 
that charged species in a gas phase travelling through an electric or magnetic field, 
reach different speeds or directions depending on their mass and charge.123  Ionic 
species of different mass-to-charge ratios (m/z) are separated either in time or in 
space. 
A mass spectrometer can be divided into four major components; 1) the ion 
source, where the analytes are ionized and brought into the gas phase, 2) the mass 
analyzer, where the analytes are separated according to their m/z ratio, 3) the 
detector and 4) the data acquisition system. 
A discussion of mass spectrometry and ionization principles is further expanded 
below particularly for matrix assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS). 
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4.2 MALDI 

The invention of Matrix-Assisted Laser Desorption/Ionization (MALDI) mass 
spectrometry by Koichi Tanaka, was awarded the Nobel Prize in chemistry in 2002. 
The revolutionary finding of Tanaka was that macromolecules could be ionized 
from a solid phase by laser illumination of a co-crystal of a protein and ultra fine 
cobalt particles suspended in glycerol.124,125 Previously, ionization from the solid 
phase could be accomplished by techniques such as field desorption (FD), fast 
atom bombardment (FAB) and laser desorption (LD). In field desorption, the 
sample is applied to a thin tungsten rod with a delicate needle structure. When a 
high positive potential is applied to the rod, the intense electric field at the needle 
tips subtracts electrons from the analyte molecules and the ions formed are repelled 
from the surface. Unfortunately, field desorption suffers from having a rather low 
sensitivity.126 Also, the technique never became a choice for very large molecules 
(polymers) since the mass range was not beyond 5 kDa. FAB appeared in 1981127 
and is based on a fast moving jet of xenon or argon atoms, directed towards the 
sample (present in a glycerol matrix). High energy collisions with the sample 
molecules create both positive and negative ions, which are desorbed from the 
solution. The FAB technique is more versatile and can be used to study peptides 
and small proteins128 as well as polymers.129,130 Laser desorption can be considered 
as a forerunner of MALDI as it is known today.  
 

4.2.1 The ion source of MALDI 

In MALDI, a matrix is employed to assist in desorption of the analytes. The matrix 
molecule is such that light is strongly absorbed at the laser wavelength employed.  
The sample molecule is co-crystallized with the matrix on an electrically conducting 
target, normally a stainless steel or gold-plated plate. The energy of the impinging 
photons, in the form of a short laser pulse, is introduced into the crystalline 
sample/matrix deposit. This energy pulse results in a rapid heating and a micro-
explosion is induced.  In this process, the analyte is brought into the gas phase and 
is concomitantly ionized. The rapid heating and expansion of the plume of ions 
against the vacuum of the ion source results in a supersonic jet that carries the 
analyte and matrix ions away from the surface.131-133 
The molecules and ions move away from the MALDI target with the initial 
velocity, v0.  
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The mechanism of MALDI-ionization is still rather elusive. Several schemes have 
been proposed and it is probably a combination of different mechanisms that gives 
rise to ion formation.134-137 Depending on the mode of operation and on the 
instrumental settings, a variety of ions can be detected. In the positive ion mode, 
only positive ions are detected. The nature of the ionization process in MALDI is 
rather mild, predominately creating ions of charge state +1, and in most 
applications where positive ions are detected, the analytes form protonated positive 
ions, [A+H]+. The proton is normally abducted from the matrix. However, since 
the matrix/analyte stoichiometry is often 100 : 1 to 10.000 : 1, matrix-derived ions 
are always seen in the background of the mass spectrum. The most common 
matrices are small organic molecules with either a carboxy functionality or a 
hydroxy functionality or both. Table 1 presents a list of the most frequently used 
matrices for the analysis of polymers and peptides. 
Sometimes, especially when polymers and peptides are analyzed, metal ion adducts 
cationize the analytes.138,139 Salts of alkali metals such as sodium, potassium or 
lithium have been used as well as metal salts of the d-block metals such as copper 
and silver.138,140-145 The analyte ions formed can be denoted as [A+Me]+. Utilizing 
the negative ion mode, most analytes are ionized as deprotonated species, [A-H]- 
with matrices having a proton-accepting functionality such as an amine group. 
Finally, when dealing with small organic analytes with a low ionization potential, 
ionization can also be mediated through charge transfer, a process where an 
electron is abducted from the analyte to form a cation radical, [A]•+.146  
Apparently, depending on the instrumental settings, on the matrix, on the type of 
sample and on the laser wavelength used, different paths of ionization are possible. 
Suggested routes of ionization are photo-ionization, thermal ionization and excited-
state proton transfer, as well as the case where the analyte is already present in an 
ionic form.131  
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Structure Name Application Comment

 

N

OH

OH

O  
 

3-Hydroxy-
pyridine-2-
carboxylic acid, 
hydroxypicolinic 
acid147 

Oligonucleotides, 
nuccleic acids 

Used in 
Negative Ion 
Mode. 
Not used in 
this thesis 

 

HO

OH

OH

O

 
 

2,5-Dihydroxy-
benzoic acid, 
gentisic acid 
[DHB]148 

Peptides, proteins, 
polymers 

Used in paper 
IV-V 

 

HO

OH

O

CN

 
 

2-Cyano-3-(4-
hydroxy-phenyl)-
acrylic acid, 
[HCCA]149 

Peptides and 
proteins 

Used in paper 
IV-V 

 

HO

OH

O

OMe

MeO

 
 

3-(4-Hydroxy-3,5-
dimethoxy-
phenyl)-acrylic 
acid, 
sinapinic acid150 

Proteins and 
peptides 

Not used in 
this thesis 

 
OOH OH

 
 

1,8-Dihydroxy-
10H-anthracen-9-
one, Dithranol,151 
Anthracenetriol 

Polymers Used in paper 
IV 

N
H

O
HO

 

3-(1H-Indol-3-yl)-
acrylic acid 
[t-IAA]152,153 

Polymers Used in paper 
IV-V 

Table 1. Matrices commonly used for UV MALDI-TOF Mass Spectrometry 
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4.3 Mass Analyzers  

The mass analyzer is the part of the mass spectrometer where the different ionic 
species are separated on the basis of the m/z criterion. Separation of the different 
ions can in some mass analyzers take place the in time domain such as the time-of-
flight tube, where the different ions arrive at the detector at different times 
according to their m/z status, or in the space domain as in the magnetic sector 
instrument of the ion cyclotron. 
 

4.3.1 Time-of-Flight Instruments    

The time-of-flight mass analyzer (TOF) is the simplest mass analyzer. The principle 
is based on the relation between the mass-to-charge ratio of an ion and the velocity 
it acquires when the ion is accelerated in an electric field.154 
 
 

 

ion source
mass analyzer detector and TDC

the linear TOF mass spectrometer

1

2
3 4

 
 
Figure 13. A schematic of the linear time-of-flight tube. (1) represents the MALDI target 
and (2) the counter electrode (extraction electrode omitted). (3) is the field free flight tube 
and (4) is the detector, normally a micro-channel plate. The start and stop signals are fed 
into a TDC (time to digital converter). This is a digital clock that will give as output a 
number that is proportional to the time difference between the start and stop pulses. This 
number will be the channel address in a spectrum.  
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The relationship is given by:  
 

2

2mvzeVEkin ==  ⇒ 
m

Vev
v
eVzm ⋅⋅=⇒= 22/ 2    (eq. 4.3.1) 

 
where Ekin is the kinetic energy of an ion, z the number of charges, e the 
elementary charge, V the acceleration voltage, m the ion mass and v the ion 
velocity.  
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         (eq. 4.3.2) 

 
The time-of-flight is thus proportional to the m/z ratio. 
 
In the ion source, an acceleration voltage, V, is applied, which ejects the ions into a 
field-free flight tube. The flight times of the individual ion species through the tube 
are measured and translated into mass-to-charge ratios. The equations above are 
based on zero initial velocity.154 
In order to obtain sharp peaks in MALDI TOF mass spectrometry, it is necessary 
to employ laser pulses which are orders of magnitude shorter than the ion flight 
time. To further focus the ion packages hitting the detector, it is essential to narrow 
the kinetic energy span of the ions, because ions with the same m/z ratio will arrive 
at the detector at different times if they have a distribution of kinetic energies upon 
entering the field free flight tube.  
However, there will be a distribution of kinetic energies of ions with the same m/z. 
This distribution is dependent on the degree of planarity of the target where the 
matrix and analyte have been co-crystallized. Another contribution to the velocity 
distribution is the angle of the laser photons impinging on the target, which induces 
an angular spread. The laser is focused with dielectric mirrors of a given focal 
length, but the beam spot diameter can never be smaller than 2r according to the 
Gaussian spot size relation.155 
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⋅
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π

λ           (eq. 4.3.3) 

 
where r represents the beam radius at the focal point of the lens, f represents the 
focal length of the lens, λ is the wavelength of the laser light, and d0 is the beam 
diameter as measured at the lens. 
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The laser light energy will not therefore be homogeneous in the beam spot. 
It is very important to accomplish ionization and desorption from a highly planar 
surface, since ions which are desorbed from positions with different elevations 
result in an inherent discrepancy in travelled distance and, in addition, different 
acceleration potentials will be experienced by the ions. The initial velocity gained 
from the desorption event itself will be superimposed on the velocity gained by the 
ions from the acceleration due to the electric field.  
The MALDI instrument is a robust and simple construction in terms of ion 
transmission. The electronics controlling the pulse clock, the detector and the 
resolution of the time-to-digital converter (TDC) are, however, demanding since 
the electronic dead times required need to be of the order of nanoseconds. 

 

4.3.2 Time-lag focusing 

Time–lag focusing was first introduced by Wiley and McLaren in 1955.156 The 
acronym coined by these authors is nowadays often referred to as delayed extraction. 
The concept of time-lag focusing is very simple. The sample is irradiated with the 
laser pulse in a region free of electric field. During a time delay, normally a couple 
of microseconds, ions drift perpendicular to the target surface with the initial 
velocity, vo, which is imparted by the desorption event. Ions with a higher initial 
velocity move further away from the point of desorption than ions of lower initial 
velocity. After the time delay, tdelay, a voltage pulse is applied to create an electric 
field which accelerates the ions. Since the ions of high initial velocity would have 
travelled a longer distance into the applied electric field than the low initial velocity 
ions, they experience a weaker electric field strength. The ions that lag behind after 
the desorption event will now catch up. To enhance the resolution, the length of 
the delay time, the voltage pulse size and duration must be optimized for the ions 
to arrive at the same point in space at the same time. Ideally, this focal point would 
be the detector surface. By optimizing the parameters discussed, the velocity spread 
will be transformed into a spatial spread which can be reduced by the gating 
potentials used to focus the ions. Time-lag focusing, however, only works 
satisfactorily for the limited m/z range for which the instrumental parameters have 
been optimized.157-160  Some of the basic mathematics describing time-lag focusing 
for linear time-of-flight instruments has been exploited in paper III. 
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4.3.3 The reflectron time-of–flight tube 

The m/z range which can be optimized for, regarding the velocity spread using 
time-lag focusing, is limited. However, the introduction of the reflectron, by 
Mamyrin et al. in 1975, increased the attainable resolution and mass accuracy of 
time-of-flight instruments.161-163 
The reflectron is an ion mirror which reflects the ions, when they enter the 
electrostatic field of the reflectron, through a small angle to a second detector. Ions 
with equal m/z but with higher kinetic energy penetrate deeper into the reflector, 
delaying their time of arrival at the second detector relative to the slower low-
energy ions. 
 
 
 

detector ion mirror

ion source
 

 
Figure 14. A schematic of the reflector principle. The dark ions in the figure attain a 
higher kinetic energy in the desorption event. This velocity spread is compensated for in 
the reflectron since the lightly shaded low-energy ions of the same m/z do not penetrate 
as deep in the electrostatic field of the ion mirror and they therefore arrive at the second 
detector at the same time as the dark ions. 
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Depending on the instrumental design and the size of the reflector angle, the 
angular spread caused by the non-homogeneity of the laser beam diameter can also 
be corrected for by the reflector as outlined in figure 15. 
 
 

sample target

reflectron

detector

laser

 
 
Figure 15. Schematic illustrating the correction for angular spread using a reflectron. 
 
 
A disadvantage of the reflectron is its lower sensitivity compared with linear TOF-
instruments, since the ion transmission is lower. 

 

4.4 MALDI sample preparation 

A crucial issue in obtaining a high quality MALDI mass spectrum is sample 
preparation. Since the desorption event includes energy transfer from highly 
excited matrix molecules or ions, it is desirable that the analyte and matrix crystals 
are densely packed in the crystal lattice. This can be achieved by using a solvent 
where the two compounds have good miscibility and where the formation of 
crystals is very fast. Normally, a MALDI preparation involves the simultaneous 
mixing and deposition of a concentrated matrix solution with a highly diluted 
analyte solution. The most frequently used technique is the thin-layer 
preparation,164,165 where a volatile solvent for the matrix is used to obtain a planar 
crystal layer. The rapid evaporation of the solvent generates a film of very fine 
crystals. The sample, dissolved in the same solvent as the matrix, is applied on top 
of this matrix layer, and is co-crystallized with the matrix molecules on the surface. 
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The homogeneous and fine crystal structure leads to a reproducible analyte 
response and permits accurate mass measurement. However, conventional thin-
layer preparations result in large sample spots and the analyte concentration is 
therefore diluted. This is a disadvantage when only very small amounts of material 
are available. 
Over the years, a large number of other, slightly different procedures for the matrix 
analyte co-crystallization have been developed such as Dried-Droplet,148 Vacuum-
Drying,166 Crushed-crystal,167 Overlayer (also Two-layer and Seed-layer),168 
Sandwich,169 Spin-coating,170 Slow-crystallization (growing large crystals),166 
Electrospray deposition139,171 and the use of Matrix-precoated targets.172 Although 
each of these techniques probably serves a purpose, the many options available for 
sample preparation seem to illustrate the lack of a fundamental insight into the 
MALDI process. 
Despite occasionally published reports,173-177 MALDI is still considered to be a 
qualitative rather than quantitative technique. 
The main reason for this is the heterogeneity in the sample preparation, which 
leads to a heterogeneity of the signal from consecutive pulses. Therefore, ions 
detected from several pulses illuminating different parts of the sample crystal are 
often summed and averaged. 
 

4.5 Analysis of small molecules by MALDI-TOF MS 

Over the last decade, MALDI has proven to be an outstanding tool for 
characterization of peptides and proteins. Even though electrospray ionization has 
proven to be excellent in this respect, the ease by which MALDI analysis can be 
automated, the potential for high throughput analysis and the complementary 
information content of the MALDI mass spectrum have made MALDI an essential 
tool in peptide mass mapping of proteins.178-180 MALDI has also proven to be very 
useful in human genomics, for fast detection of Single Nucleotide Polymorphisms 
(SNPs) and nucleic acids.120,121,181 
For small molecule analysis however, MALDI has until now never been considered 
as a technique of choice despite the fact that in the analysis of, for example, 
combinatorial libraries and combinatorial synthesis products, there is a great need 
for high throughput analysis. MALDI is not quantitative and there has been a lack 
of suitable matrices. These issues are partly interrelated. In ionization-desorption, 
regardless of instrumental settings, the matrix undergoes a large number of less 
defined gas phase reactions such as dimerization, cationization and 
fragmentation.135,182,183 This leads to a MALDI mass spectrum where the lower part 
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of the m/z scale is heavily occupied by matrix–derived peaks. This chemical noise 
has a detrimental effect on the signal-to-noise ratio in this region of the mass 
spectrum.184 Since the MALDI technique, in theory, has an unlimited mass range 
and a high sensitivity due to high attainable ion transmission, and since it is very 
rapid compared to atmospheric pressure ionization (API), plus the fact that the 
ionization is considered to be mild, important prerequisites of a small molecule 
analysis technique are fulfilled with MALDI.  
Considerable attempts have been made to use MALDI as a technique for low 
molecular weight compounds. Early on, small molecule MALDI analysis was often 
performed with conventional matrices such as HCCA and DHB (see table 1). 
Analytes such as small peptides, quaternary ammonium salts and catecholamines 
were successfully analyzed using that approach.185 However, for a large number of 
analytes, DHB and HCCA have not provided consistent results, probably due to 
poor miscibility between the analyte and matrix solution in the condensed phase. 
To circumvent this problem, Ayorinde et al. successfully used porphyrine-like 
molecules as matrices in the analysis of a series of surfactants and fatty acids.186,187 
To eliminate the heterogeneity of MALDI (the “sweet spot behaviour”), liquid-
based matrices have been developed. Sunner et al. coined the term SALDI (Surface 
enhanced desorption) using a mixture of glycerol and graphite.188,189 Adding 
surfactants to the SALDI mixture has been reported to further increase the 
sensitivity of the method.190  Even though liquid matrices still attract a lot of 
attention, the methodology suffers from a limited mass range, low resolution and 
sensitivity. Tholey et al. successfully utilized ionic liquid matrices in the MALDI 
analysis of amino acids and vitamins.173 According to these authors, quantitative 
MALDI analysis was also possible due to the good homogeneity of the sample 
preparation. Ya-Shiuan et al. reported a novel matrix consisting of a sol-gel where 
DHB had been covalently attached to the porous silica support.191 The chemical 
noise in the m/z range of 0 - 500 Da seems encouragingly low, although, judging 
from published mass spectra, the resolution seems to have deteriorated. This could 
be due to a inferior planarity and to an increase in the thickness of the sample 
crystal.  
The most promising results have been reported by Siuzdak et al., who used porous 
silicon as a matrix for MALDI (the DIOS concept).192-195 Silicon films formed by 
plasma enhanced vapour deposition have also been utilized.196 Siuzdak et al. have 
shown examples of quantitative MALDI using the DIOS chips, but more examples 
may be needed to fully convince the mass spectrometry community. The DIOS 
method has been reported to yield protonated ions, probably because the silicon 
surface is hydride-terminated after the electrochemical etching. A main drawback 
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of the technology seems to be the fact that the performance of a DIOS surface 
deteriorates rapidly when it is exposed to air.195 
The principle of low chemical background ionization-desorption from porous 
silicon surfaces is even less well understood189 than the conventional MALDI 
process. Low band-gap materials such as silicon have several “fuzzy” and non-
predictable properties when the crystallite size is small enough for quantum 
confinement effects  to occur.197,198  
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5. PALDI matrices 

In the search for new concepts to analyze low molecular weight compounds by 
MALDI-TOF MS, an idea was conceived in our group to utilize organic materials 
with opto-electronic properties. Such organic materials have been attracting a lot of 
interest in solid state electronics over the last decades199 and work on conducting 
polymers reported by Shirakawa et al.200 was rewarded with the Nobel Prize in 
chemistry in 2000. 
Upon illumination with light with a wavelength energetically corresponding to the 
band-gap of the material, substances like polythiophenes and polyanilines emit 
electrons, i.e., showing photovoltaic properties.201,202 Such oligomeric systems are 
also photoluminescent.203,204 These properties have made such materials very 
interesting in the semi-conductor industry with applications such as light emitting 
diodes (LEDs)203,205-207 and field effect transistors (FETs).208,209 
The physical properties of the oligomeric systems, in terms of opto-activity, change 
rather drastically when going from the 4-mer to higher oligomers, as in the case of 
oligothiophenes.210,211  
 

5.1 Homology of PALDI matrices 

Consequently, in an initial study, a series of candidate matrices were evaluated 
according to the following procedure; 
The matrix candidate was first evaluated in LD experiments using various laser 
fluencies. The types of ions, fragments and dimers detected in both the positive 
and in the negative ion mode were analyzed. 
In the first instance, the analytes used had a low gas phase ionization potential.  
Another important study was the matrix miscibility with different solvents. The 
matrice candidates used in these preliminary tests are shown in table 2. A detailed 
description of the sample preparation is given in paper III.  
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Structure ID Monoiso 

Mass 
[Da] 

Comments 

SSSSSS

C10H21C10H21

 
In6 774.2549 Alkylated 

sextithiophene 

SSSSSS  
6Thio 493.9420 sextithiophene 

SSSS  
Qthio 329.9665 quarterthiophene

SSS  
terThio 247.9788 tertiarthiophene 

SS  
BiThio 165.9911 bithiophene 

S

S

SSSS

S

 
ET3T 427.8984 Tri-

thienodithiene 

S

SMeO

OMeMeO

OMe

 
Thianthrene 336.0490 Methoxy 

thianthrene 

S

S

S

S

S-(CH2)12-SHSH-(CH2)12-S  
198-1b 724.2461 Alkylated 

tetrathiofulvane 

O

O

O

O

O

O

O

O

O

O 5Dio 512.0743 Benzo-penta-
dioxene 

O

O

O

O

O

O

O

O

 
4Dio 406.0688 Benzo-quarter-

dioxene 

O

O

O

O

O

O

 
3Dio 300.0634 Benzo-tri-

dioxene 

O

O

 
P14 284.0837 Dioxa-pentacene

Table 2. The electron-rich compounds evaluated. The compounds have been further 
characterized in reports presented by Dahlstedt212 and by von Kiseritzky.213 
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The results of the laser desorption experiments showed that all the compounds 
listed in table 2, ionized excellently, and an important observation was that no or 
only minor fragmentation occurred. In addition, the compounds ionized by 
forming cation radicals rather than protonated ions. In subsequent experiments, the 
matrices were co-crystallized with metallocene analytes. It was also noted that the 
analytes ionized as radical cations. This is rather remarkable considering, for 
instance that 1,1’ferrocenedicarboxylic acid contains two carboxylic groups. 
However, using analytes such as ferrocene, 1,1’ ferrocenedicarboxylic acid, 
bis(pentamethylpentadienyl)iron, vinyl ferrocene and hydroxymethylferrocene as 
analytes at matrix/analyte stoichiometric ratios ranging from 10:1 to 200: 1, not all 
matrix candidates yielded good results. The matrices denoted In6, 3DIO, 4DIO, 
QThio, ET3T and P14 led to prompt ionization of the metallocenes, while the very 
low chemical background in this area of the m/z range was maintained. 
With some of the homologuous series of matrices, additional observations were 
made. Of the oligobenzodioxines, both the 3-mer (3DIO) and the 4-mer (4DIO) 
seemed to be suitable for metallocene analytes, whereas the 5-mer was not. 
Noteworthy is also that 3DIO turned out to be a far better matrix than 4DIO. In 
the case of the oligothiophenes however, the oligomer order of performance was 
the opposite. In 6 as well as Qthio were superior to the other oligothiophenes, i.e., 
lesser fragments from both matrix and analyte and a higher sensitivity for the 
analyte were obtained. 6Thio was not suitable because of its limited solubility in 
THF. There may be several reasons for the “reversed” order of performance 
observed in the oligothiophene homologuous series. For the smallest 
oligothiophene, biThio, a premature sublimation in the ion source due to its low 
molecular weight cannot be excluded. TerThio was readily detected and has a lower 
sublimation rate compared to biThio, but nevertheless it seemed not to be suitable 
as a matrix. 
Since the 3 - 6-mers of the oligothiophene series represent a transition from 
ordinary thiophenes with neither electro-activity nor photoluminescence to the 
photoactive state, it is interesting to note that their performance as matrices 
corroborates  the increasing degree of photo-activty. 
ET3T and P14 , not being part of any structural homology, yielded MALDI mass 
spectra where the analyte peaks observed were of an intensity similar to that of the 
corresponding peaks when 4DIO was used as matrix. P14 seemed to be 
contaminated, however, since other peaks than the molecular cation radical 
appeared with high intensity.  
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The term PALDI (Polymer-Assisted Laser Desorption/Ionization), was coined 
early on during the project when it was found that longer oligomers performed 
better than shorter ones. 
The use of well-defined oligomeric rather than polymeric matrices should, in 
general, be preferable, since possible problems related to the inherent polydispersity 
of polymers are absent. 
 

5.2 Formation of cationic radicals 

MALDI applications using oligothiophenes proved to be scarce in the literature, 
although Limbach et al. have reported a good performance of terthiophene as a 
matrix for small non-polar organic compounds.146 
For the analytes used in the initial study, the ionization potential was rather low 
(ranging from 6 to 7 eV), as can be seen in paper III. However, none of the 
analytes could be ionized with LD; thus the ionization was entirely due to the 
presence of the photo-active matrices in the preparations. According to Limbach et 
al.,146,214 as well as Einolf et al.,215 the gas phase ion energetics is guided by a set of 
rules. 
The cation radical formed from the matrix can only abstract an electron from an 
analyte if the ionization potential of the matrix exceeds the ionization potential of 
the analyte, as described in paper III; 
 
M + nhυ → M+• 
 
M+• + A → M + A+• 
 
when Ip

vert.(matrix) > Ip
vert.(analyte). 

 
The energy required to ionize a molecule by removing one of its electrons can 
either be vertical or adiabatic.216 
The adiabatic ionization energy is the lowest energy required to effect the removal 
of an electron, and it corresponds to the transition from the lowest electronic, 
vibrational and rotational level of the isolated molecule to the lowest electronic, 
vibrational and rotational level of the isolated ion. Adiabatic ionization energy data 
can be used to obtain values for the enthalpy of formation of the ion, M+•. 
The vertical ionization energy is the energy change corresponding to a reaction 
leading to the formation of the ion in a configuration which is the same as that of 
the equilibrium geometry of the ground-state neutral molecule. 
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The ionization of a molecule by photoionization and the subsequent formation of a 
radical cation is governed by the Franck-Condon principle,216 which states that the 
most probable ionizing transition is where the positions and momenta of the nuclei 
are unchanged. Thus, when the equilibrium geometries of an ion and its 
corresponding neutral species are very similar, the energy dependence of the onset 
of ionization will be a sharp step function leading to the ion vibrational ground 
state. When the equilibrium geometry of the ion is very similar to that of the 
neutral precursor molecule, the vertical and adiabatic ionization energies will be of 
the same magnitude. However, when the equilibrium geometry of the ion involves 
a significant change in one or more bond length/angle from that of the neutral 
species, the transition to the lowest vibrational level of the ion is no longer the 
most intense and the maximum transition probability (the vertical ionization 
energy) will favour the population of a higher vibrational level of the ion. The 
vertical ionization energy must therefore always be greater than or equal to the 
adiabatic ionization energy. 
There are a number different instrumental techniques which are dedicated to 
molecular ionization potential determinations such as Time-Resolved 
Photodissociation (TRPI),217-219 resonance-enhanced multiphoton ionization 
(REMPI),220,221 and Photoion-Photoelectron Coincidence Spectroscopy 
(PIPECO).222,223 Depending on the experimental settings, either the adiabatic or the 
vertical ionization potential can be determined.  
 

5.3 Density Functional Theory 

The ionization potentials for the investigated PALDI matrices reported in paper III 
have been theoretically calculated using methods based on Density Functional 
Theory (DFT). DFT has been very popular for calculations in solid state physics 
since the 1970s. However, it was not considered accurate enough for calculations in 
quantum chemistry until the 1990s, when the approximations used in the theory 
were greatly refined. Density Functional Theory (DFT) is now one of the most 
popular and successful quantum mechanical approaches to electronic structure 
calculations of molecular and condensed matter systems. Within the framework of 
DFT, the practically unsolvable many-body problem of interacting electrons is 
reduced to a solvable problem of a single electron moving in an averaged effective 
force field. This effective force field can be represented as a potential energy being 
created by all the other electrons as well as by the atomic nuclei, which are seen as 
fixed in terms of the Born-Oppenheimer approximation.224 In contrast to 
traditional methods like the Hartree-Fock method225, which are based on the 
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complicated many-electron wave function, DFT is written in terms of the electron 
density, giving this theory its name. For N electrons in a solid which obey the Pauli 
principle and repulse each other via the Coulomb potential, this means that the 
basic variable of the system depends only on three (the spatial coordinates x, y, and 
z) rather than 3*N degrees of freedom. The first Hohenberg-Kohn theorem asserts 
that the density of any system determines all ground-state properties of the 
system.226 Moreover, the second Hohenberg-Kohn theorem shows that there is a 
variational principle for the above energy density function E[n].226 If n' is not the 
ground state density of the above system, then E[n'] > E[n0].  For a stringent 
formalistic treatment of and a mathematical description of the DFT, specific 
literature is referred to.227-233  
In this particular work, all the structures used for ionization potential calculations 
were fully optimized at the B3LYP/6-31* level.234 In the case of In 6, the number 
of atoms was decreased by truncating the molecule, and replacing the decyl groups 
by ethyl groups, to speed up the calculations. The accuracy of the ionization 
potential calculations is expected to be within 0.2 – 0.3 eV.235,236 Further details are 
given in paper III.   
 

5.4 Ionization where Ip(Matrix) ~ Ip(Analyte) 

As described in paper III, the metallocenes primarily used as analytes had 
ionization potentials slightly higher than the corresponding calculated values of the 
five PALDI matrices tested. If one assumes that the DFT calculations in all cases 
would have predicted 0.2 - 0.3 eV lower Ip-values of the matrices, then the 
ionization potentials of the analytes and the matrices would be equal. Thus, the 
rules of gas phase ion energetics should be applicable. 
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Figure 16. PALDI mass spectrum of Ferrocene (Mmonoiso = 186.0132 Da), ionized with 
In 6 as matrix. The insert shows the expanded mass scale, the low chemical noise in the 
m/z-region and the isotopic pattern of ferrocene. With no matrix present, ferrocene does 
not ionize at the laser threshold used. 
 
 
3DIO, 4DIO, In 6 and Qthio seemed to be equally efficient, yielding very few 
matrix-associated fragments, low chemical background in the low mass range, and 
facilitate the ionization of the metallocene analytes using modest laser fluency with 
reasonable sensitivity (see chapter 5.5). 
The preparations of PALDI-matrices and metallocenes from THF were extremely 
thin, smooth and homogeneous (as judged from a microscopic examination). When 
a typical preparation was evaluated, signals from 50 pulses from different positions 
of the sample spot were normally collected, averaged and summed. There were no 
signs of “sweet spot” behaviour, and quantitative MALDI could therefore be 
feasible. However, when employing In 6 and 3DIO as matrices in an attempt to 
quantify ferrocene and bis(pentamethylpentadienyl)iron prepared from 0.5 - 500 
µM solutions of the analytes, an acceptable linearity (r2 ≥ 0.98) was only obtained 
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for a small concentration span (25 – 200 µM) of analyte. Obviously, the desorption 
event is a very complex process with several parameters affecting the ionization 
process in a non-linear way, which needs to be investigated further. 
 

5.5 Sensitivity 

In an effort to estimate the sensitivity for the analysis of metallocenes using the 
PALDI matrices, 50 laser pulses were averaged and summed. The resulting signal 
from every second pulse was accepted in the sum buffer regardless of the signal 
intensity.  
Another strategy where the whole sample spot is being ablated until no signal over 
a pre-specified threshold is obtained would have given a more accurate value on 
the issue of sensitivity. The analyte signal per pulse could then be related to the 
total amount of analyte deposited on the target surface.   
However, since a typical PALDI preparation usually yielded a matrix/analyte co-
crystal several millimetres in diameter, complete ablation of the analyte would have 
required several thousand pulses, which was not feasible. 
The detection sensitivity for the metallocenes was typically around 50 pmol/µl 
while as low as 0.5 pmol/µl solution of bis(pentamethylpentadienyl)iron could be 
detected with  a S/N > 50 for 50 summed pulses employing In 6, Qthio or 3DIO 
as matrices. 
Even though a S/N > 50 exceeds the statistical conditions normally employed for 
detection limits, extrapolation of this figure of merit to S/N ~ 3 would not be 
correct, since concentrations below 0.5 picomole/µl were not reproducibly 
detected. 
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Figure 17. PALDI Mass spectra of bis(pentamethylpentadienyl)iron (Mmonoiso = 326.1697 
Da) using 3DIO as matrix. The three PALDI mass spectra are aligned using the same 
scale of the ordinate axis. 
The signal using a solution of 0.5 pmol/µl of analyte yields a S/N = 50 at monoisotopic 
resolution. 
 

5.6 Ionization where Ip(Matrix) < Ip(Analyte) 

When the PALDI matrices were tested in sample preparations with other analytes, 
fragment-free mass spectra, including a low level of chemical noise, were obtained 
in several cases. 
For instance, 2,3-dihydroxynaphtalene and 3, 4, 5-trimethobenzamide were 
successfully ionized with 3DIO as matrix (see paper III). These analytes were 
detected as cation radicals in the positive ion mode and not as protonated species 
as one would be inclined to have excpected from their structural features. When 
these results were examined in the light of the gas phase energetics theory, it was 
ascertained that a set of anomalies were encountered since the ionization potentials 
of these compounds were of the order of 7.6 eV for 2,3-dihydroxynaphtalene and 
8.6 eV for 3,4,5-trimethobenzamide (see paper III for details). 
Since neither of these analytes was successfully ionized in typical LD experiments, 
an electron transfer from the PALDI matrices must have taken place. 
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As can be seen in paper III, the signal intensities of the analytes prepared from 200 
- 300 µmol/µl solutions are small but well distinguishable, due to the monoisotopic 
resolution obtained. 
Presently, no theory explains these results. A mechanism of energy pooling has 
been suggested in which several excited state matrix molecules cooperatively ionize 
the analyte molecule. As pointed out by Jenkins and Andrews,237 this type of 
mechanism could be either strictly cooperative or accretive. In the accretive case a 
matrix molecule from the first excited state, denoted Sa, is recombined with one or 
several other matrix molecules at higher electronic state manifolds, denoted Sb. 
Recombination of the matrix molecules in the Sa – Sb states with the analyte 
molecule would then yield enough energy to pass the ionization energy barrier. If 
the analyte also possesses a strong absorption band at or in the vicinity of the laser 
wavelength, the position of the first excited state of the analyte molecule must also 
be taken into consideration. 
Clearly, this suggested mechanism implies very favourable kinetics for the 
recombination to occur as well as unfavourable kinetics for other ionization routes 
such as proton transfer. Indeed, no protonated analyte ions were detected in the 
case of either 2,3-dihydroxynaphtalene or 3,4,5-trimethoxybenzamide when 
desorbed with DHB as matrix at the particular laser threshold. 
However, in several other cases where the analyte possessed a higher ionization 
potential than that of the matrix such as trans-stilbene (7.66 eV), tri-
phenyphophine (7.85 eV), dibenzothiophene (7.93 eV) and benzo-2, 1, 3-
thiadiazole (9.0 eV) no ionization occured when they were co-crystallized with 
PALDI matrices. These results are in agreement with the gas phase charge transfer 
ionization theory. 
 

5.7 Desorption of pre-formed ions 

In capillary electrophoresis, it is well known that basic proteins have a tendency to 
adsorb irreversibly onto negatively charged surfaces such as fused silica capillaries 
at their optimal operating pH, and that this has a severe impact on the 
electrophoretic performance. A remedy for this problem has been the use of 
capillaries dynamically coated with the cationic fluorosurfactant FC134 (3M 
Company, St. Paul, MN, USA), as reported by Emmer et al.238 However, the 
behaviour of the fluorosurfactant in solution and some of its characteristics below 
the critical micelle concentration (CMC) at solid/liquid interfaces are not fully 
understood, such as the thickness of the bi-layer and non-uniformities thereof that 
have been observed.239 It has been suggested that the surfactant contained 
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impurities responsible for the island-agglomeration behaviour at concentrations 
below the CMC. 
Analysis of this fluorsurfactant, using PALDI matrices or a fullerite (C60/C70- 
mixture) as matrices, provided data on the polydispersity of FC134. The very low 
chemical noise in the PALDI mass spectra indicated that FC 134 contained several 
analogues of the cationic fluorosurfactant. Truncation of the fluorocarbon tail as 
well as the variable degree of fluorination yielded two distinct distributions; F3C-
[CF2]n1-CF2-SO2-NH-C3H6-N(CH3)+

3 and 
FH2C--[CF2]n2-CF2-SO2-NH-C3H6-N(CH3)+

3, where n1 = 6 represents the intended 
structure of FC134, clearly seen in the mass spectrum at 599.14 Da (Mmonoiso = 
599.0660 Da). 
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Figure 18. PALDI mass spectrum of the fluorosurfactant FC134 desorbed utilizing 
QThio as matrix. The peaks assigned in the mass spectrum correspond to FC134 
dispersion seen in table 4 in paper III. 
 
In a continuation of the fluorsurfactant analysis by PALDI-MS, FC134 was 
analysed using free flow capillary electrophoresis and fractionation onto MALDI 
targets in nanolitre increments. By collecting the CE-effluent on a pre-crystallized 
layer of PALDI matrix, a high resolution image of the electropherogram could be 
re-constructed by combining PALDI data and electrophoretic migration times.240 
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5.8 PALDI matrices in the negative ion mode 

In the negative ion mode, the major matrix ion observed was the [M-H]- ion. It is 
possible to imagine that different negative ions can be formed from the parent 
compound, especially in the case of In 6, where the alkylations have induced some 
asymmetry in the molecule. However, a loss of α-protons seems to be the most 
likely route. 
In LD experiments, PALDI matrices exhibited low levels of chemical noise and 
hardly any fragmentation at the laser fluency used. When co-crystallizing analytes 
like 4-hydroxybenzaldehyde or 3-nitroacetophenone with PALDI matrices, matrix 
action occurred with the oligothiophene-based matrices (In 6 and QThio), but not 
with the benzo-oligodioxines (3DIO and 4DIO). 
 

5.9 Mass Calibration in the low m/z region 

An issue of central importance when MALDI is utilized for the analysis of low 
molecular weight compounds is to obtain reliable mass accuracy. 
Very few suitable procedures have been reported for mass calibration spanning the 
0 – 800 Da region. Low molecular weight peptides such as Bradykinin I and II can 
be used as calibrants, when co-crystallized with matrices such as DHB and HCCA. 
However, such sample preparations can affect the mass accuracy due to different 
crystal heights, compared to the PALDI analyte/matrix preparations.  
In internal calibration, calibrants as well as the analyte/matrix mixture are co-
crystallized. When the crystal is ablated by the laser, calibrants as well as the analyte 
are ionized and desorbed simultaneously. Being desorbed from the same crystal, 
the influence of non-planarities of the target is minimized.241 However, in the 
desorption process of a sample containing several compounds, there will be a 
discrimination of analytes which are less susceptible to ionization. This 
phenomenon is referred to as ion suppression.135,136 
The other methodology of mass calibration used is external calibration, i.e., an 
analyte/matrix co-crystal is surrounded by several calibrant/matrix co-crystals, each 
sample spot being ablated individually. The more calibrants being 
ionized/desorbed from a sample spot, the larger is the region of acceptable mass 
accuracy. The major advantage of the external methodology is the absence of ion 
suppression. 
Sjödahl et al., have reported a method where two individually crystallized spots in 
close vicinity to each other are illuminated by the same laser apex. A decreased ion 
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suppression was obtained while maintaining the mass accuracy associated with 
internal calibration.242 
In the present work, several compounds, ionizable as cation radicals were identified 
(see table 2).  However, data on ion suppression and initial ion velocities of cation 
radicals were not available in the literature and, in order to exclude ambiguities in 
the low molecular weight mass calibration procedures, an investigation on ion 
suppression effects as well as initial velocities was undertaken. Regarding the ion 
suppression effects of PALDI compounds, it was anticipated that compounds 
having a larger ionization potential might be suppressed by easily ionized 
compounds with low Ip-values. 
Of the compounds listed in table 2, TerThio, 3DIO, QThio, 4DIO, ET3T and In 6 
as well as Ferrocene and fullerite, were included in the study. The only evidence of 
ion suppression was found with the oligothiophenes and fullerite. The intensity of 
the C60- and C70-peaks decreased by almost an order of magnitude when the 
oligothiophenes were present in the co-crystal. The suppression effect of the 
fullerite was slightly reduced by first crystallizing the fullerite from a saturated 
toluene solution followed by deposition of the THF solution containing all 
additional calibrants. 
The delayed extraction method (DEM) used for evaluation of the contribution of 
initial velocities to the time-of-flight has been described in detail in paper III as well 
as by others.243 In short, the total time-of-flight using different extraction delay 
times was plotted as a function of the delay time. When there is a linear 
dependence of the total time-of-flight on the delay time for a certain compound for 
given instrumental settings (i.e., extraction voltages and distances), the slope of the 
total time-of-flight- vs.-extraction-delay plot is proportional to the initial velocity, 
v0.  
Since detailed data on the reflectron of the instrument used throughout this study 
were not available, all initial velocity experiments were carried out in the linear 
mode. This is not optimal in terms of resolution for sample preparations using up 
to 9 different calibrants in the mass range 186 – 840 Da. 
From measurements of the initial velocity ionizing the calibrants individually and 
desorption from co-crystals containing several calibrants, it was concluded that the 
majority of the compounds did not affect each other in the desorption event. 
Deviations from this behaviour were noted in the case of Ferrocene and 4DIO. 
The fullerite components that experienced a suppressed ionization when co-
crystallized with oligothiophenes seemed to be less affected in the desorption 
event.  
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As a result of the initial velocity measurements, it can be concluded that there is a 
mass dependence on the velocity when radical cations are formed. Small 
compounds such as Ferrocene and terThio reach high initial velocities (~1000 m/s 
resp. 890 m/s), while larger masses experience a slower desorption (see table 5, 
paper III). Initial velocities under proton transfer conditions reported previously, 
show a wide variation for both matrices (300 - 1770 m/s) and analytes (300 - 1000 
m/s).243-248 
 



Fabrication of New Silica Nano-structures and Development of New Concepts for MALDI-
TOF Mass Spectrometry 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 58

6. Analysis of Polymers 

The word Polymer is derived from the Greek poly and meros, meaning many and 
parts, respectively. Artificial polymeric materials are an integral part of the modern 
world. The world as we perceive it today would be unthinkable without artificial 
polymers as key materials in, for instance, constructions, clothing, furniture, 
vehicles, electronics and pharmaceuticals. 
Polymers can be designed with a wide range of properties using a plethora of 
different chemical strategies in their making and processing. 
A key aspect of a polymer is its mean molecular weight and the distribution of 
oligomers around this mean. These two parameters have a huge impact on the 
properties and possible applications of the particular polymer. Hence, a variety of 
techniques such as size exclusion chromatography (SEC), mass spectrometry, 
membrane and vapor phase osmometry, end-group analysis, ebulliometry, 
cryoscopy and viscometry have been dedicated to the measurement of the two 
parameters.249 
The present part of this thesis deals with the PALDI and MALDI analyses of low 
molecular weight polymers and the results obtained have been compared with data 
from SEC analysis. The work is described in detail in paper IV. The last part of the 
thesis is dedicated to the analysis of dendrons, dendrimers and dendronized, hyper-
branched polymers, partly described in paper V. 
 

6.1.1 Polymers and their distributions 

A polymer is a macromolecule, built up of one or several repeating units plus 
terminating groups. Depending on (1) the polymerization mechanism, (2) the 
concentration of the starting monomers and initiators and (3) whether these 
monomers and initiators possess several reactive functionalities, the outcome of a 
polymerization can result in macromolecules varying widely in size.250 
 
The total array of molecules defines the distribution. The distribution of a polymer 
is actually a discrete function, because the polymer molecules contain only integers 
of monomer units. The frequency function, F(r), is defined as the fraction of 
molecules of size r. 
Normalized, this can be written as250: 
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but, because the values of r used in the equation are significantly larger than unity, 
the discrete function may be replaced by a continuous function, F(r) dr, which can 
also be normalized as: 
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Strictly, the integral should go from unity to infinity but for the sake of simplicity 
F(0) can be assumed to be very small or zero. 
 
The weight fraction of molecules of the size r is given by; 
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In a molecular weight distribution, negative values of r have no meaning so the 
lower limit of the integral sign can be replaced by zero. For a true, continuous 
stochastic variable, however, there would always be a probability, > 0, that values 
from zero to - ∞ might occur. 
Regardless of the fact that the distribution of a polymer is a discrete function, 
polymer distribution data is almost exclusively being obtained as if the distribution 
was a continuous function (e.g., SEC, in which the peak envelopes all the oligomers 
of the distribution as one peak). Thus, the continuous case must also be 
considered. Whether polymer distribution data retrieved from MALDI analysis is 
to be considered as part of a discrete or of a continuous function may be debatable, 
since there is a limiting resolution also for the MALDI technique in the context of 
polymers with high molecular weights. 
The n-th moment of a distribution (continuous / discrete) is defined as: 
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where µ1 is the mean of the distribution. 
 
The variance of the distribution is σ2: 
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for the ‘continuous’ case, and: 
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for the case of a discrete distribution. 
  
   
The average of a continuous distribution is defined as: 
 

1
1 )(

)(

−
∞

∞−

−

∞

∞− =
⋅⋅

⋅⋅
=
∫
∫

i

i

i

i

i
drrFr

drrFr
r

µ
µ         (eq. 6.1.9) 

      
whereas the average of a discrete distribution is defined as: 
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The number average degree of polymerization is r1, often denoted Mn is given by: 
 
 

∑

∑

∑

∑
∞

=

∞

=
∞

=

∞

= =
⋅

==

1

1

1

1
1 )(

)(

)(

)(

r

r

r

r
n

r
rW

rW

rF

rFr
Mr        (eq. 6.1.11) 

 
and the weight-average degree of polymerization r2, often denoted Mw by: 
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The weight average is always larger than the number average because the larger 
species are counted more heavily (r2 vs. r) 
 
This results in: 
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σ2 is a measure of the breadth of the distribution and it will always increase as Mn 
increases. Thus, it is convenient to measure the spread of a molecular weight 
distribution by the ratio Mw/Mn, which is usually referred to as the polydispersion 
index (PDI). 
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6.1.2 Size Exclusion Chromatography 

 Size Exclusion Chromatography was introduced by Moore in the mid sixties.251-253 
In SEC, the column, the mobile phase and the pH are deliberately adjusted to 
provide conditions where the polymers to be analyzed have minimal ionic or 
hydrophobic interaction with the stationary phase material.254 Instead, the 
stationary phase contains pores of a certain size. High molar mass solutes can, 
depending on their size, partly penetrate into the pores and undergo interactions.255 
Thus, the two main processes are steric exclusion and to some extent, enthalpic 
interactions. The latter can have the character of adsorption or partition. In any 
case, it is an unwanted interaction since the conversion from the time domain to 
the molecular mass domain is achieved by inverse prediction from a calibration, 
performed with monodisperse standards of known molecular mass.   If only steric 
exclusion can be anticipated to occur in the column, the hydrodynamic volume of 
the polymers will vary linearly with the retention. Depending on the mass standards 
available and, to some extent, on the detectors used, SEC can provide valuable 
information not only on molecular mass distributions (MMD) but also on the 
chemical composition distribution (CCD),256 the functionality-type distribution 
(FTD),256 and the block length distribution (BLD)257-260 as well as on branching261-264 
and tacticity.265 
A major improvement of the reliability of SEC was effected by the developement 
of universal calibration by Benoit et al.261,266-269 Universal calibration is based on the 
use of the viscometric detector but it is often combined with the use of other 
detectors as well. 
Laser Light Scattering is a concentration sensitive method. For a given 
concentration, the scattered light is proportional to CMw, where C is the 
concentration and Mw is the weight average molecular weight.262,264 It is often 
combined with a viscometric detector and a UV or  refractive index detector. The 
viscometric detector response is evaluated by relating log([η]*M) to the elution 
volume, V. η being the limiting viscosity and M being the molecular weight 
according to the Mark-Houwink-Sakurada (MHS) relationship.270-273 
 
When scrutinizing SEC as a tool for MMD–characterization of polymers, a striking 
ambiguity emerges. Since the standard deviation of an eluted polymer peak can also 
be expressed by eq. 6.1.13, it becomes obvious that a narrowly distributed polymer 
with a PDI-value around 1.1, which from a polymer chemist’s point of view can be 
considered to be narrow, corresponds to a relative standard deviation of ca 30 % 
(i.e. relative to Mn). 
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The corresponding plate number of that particular peak in the SEC trace can be 
calculated as: 
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        (eq. 6.2.1) 

 
and this yields only 10 theoretical plates, which from chromatographer’s point of 
view means significant band dispersion. 
Care must therefore be taken when evaluating SEC chromatograms since the 
bandbroadening processes in the system can falsely be interpreted as an inherent 
polydispersity of the polymer sample.274,275 It is not possible to measure the 
contribution of chromatographic dispersion independently since: 
 

columnextraPDIobservedcolumn −−−= 2222 σσσσ     (eq. 6.2.2) 
 
 
Of the various sources of variance, only σ2

PDI is relevant since it originates from the 
steric exclusion selectivity of the column. The other sources such as dispersion 
from the column itself (σ2

column) and from injection, tubing, connectors and 
detectors (σ2

extra-column ) are only detrimental. The ideal case would be where σ2
observed 

~ σ2
PDI. However, due to the nature of macromolecules where (1) molecular 

diffusion is very slow and (2) large variations in the molecular diffusion over the 
sample band can be anticipated, this is difficult to achieve. 
It is particularly cumbersome to achieve ideal SEC conditions for polymer samples 
of low polydispersity. As discussed in detail by Popovici et al., when 
1 ≤ PDI ≤ 1.1, it is quite difficult to achieve ideal SEC conditions, since the 
chromatographic dispersion is then of the same order as the sample 
polydispersity.276 Several reports support this finding277,278 and, in the case of the 
monodisperse standards employed for mass calibration in SEC, several researchers 
have suggested that the real PDI values are much smaller than those specified by 
the suppliers.279,280 It seems especially difficult to measure MMD data in narrowly 
distributed polymers of low molecular weight.281 
 Another issue to consider regarding SEC is that multi-site attachment of repeating 
units can partly adsorb the polymer to the outside of the pores of the stationary 
phase. Solubility effects can further complicate the retention behavior since the 
dynamics of solubility depend on sample concentration, sample volume, and 
molecular mass of the sample as well as on the temperature.282 The contribution of 
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these factors to the retention is difficult to keep constant, and this diminishes the 
overall robustness of SEC. 
Two-dimensional SEC (2D-SEC) has recently emerged as a remedy for MMD and 
CCD determinations of polymers.283 Normally, an interactive reversed phase 
separation is followed by a comprehensive SEC separation, denoted as LC*SEC. 
The other option, SEC*LC, could also be used but for practical reasons the first 
mode has proved to be more feasible. To preserve the chromatographic separation 
achieved in the first dimension, it is imperative that the chromatography of the 
second dimension is fast, thus requiring a fast LC gradient of a SEC*LC system. 
Although many impressive LC*SEC separations have been published265,284-288 and it 
is easily understood that the technique has a great potential for polymer 
separations, there are nevertheless factors that need to be addressed properly for 
this to become a routine operation in an ordinary polymer laboratory. This includes 
the elimination of spurious peaks associated with the breakthrough volume of the 
LC separation.289 Also, the time factor should not be neglected. A typical 2D-SEC 
analysis normally takes several hours.283 
 

 

6.2 MALDI analysis of polymers 

6.2.1 Analysis of polymers using Soft Ionization 

When soft ionization techniques such as MALDI and API emerged, the analysis of 
MMD data of polymers quickly became a growing field of research. API-based 
ionization can yield a wealth of information on the MMD, CCD, FTD and BLD 
through the use of electrospray MS and MS/MS.290-295 However, the multiple 
charge states associated with electrospray ionization make it difficult to interpret 
polymeric mass spectra. Software to assist in the peak assignment of the mass 
spectra is now available, but API ionization has still not become the method of 
choice for the analysis of polymer MMDs. 
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6.2.2 MMD data derived from MALDI MS analysis 

The major impact made by the MALDI technique on the polymer society was due 
to the ease and speed with which a mass spectrum of a polymer could be obtained. 
Also, MALDI MS can give additional information on the polymer sample in 
addition to the MMD, such as end-group distribution, FTD and BLD.296-306 
However, an important issue is the extent to which MALDI-derived data reflect the 
true dispersion of a polymer or not. Many discrepancies between polymer MMD 
data derived with SEC and with MALDI have been reported but no definitive 
answer to this issue is yet available.307-309 
In many cases, the instrumental conditions of the MALDI can be set to yield a 
resolution of every single oligomer in a polymer distribution. For accurate 
abundance measurement of the polymer by MALDI MS, the ionization process, 
the ion transmission and the ion detection should be independent of the molecular 
mass. Lehrle et al., found for polymethylmethacrylate that there was a preferential 
desorption of lower molecular weight material. The laser intensity employed 
seemed to influence the mean molecular weight, i.e., the higher the laser intensity 
employed the lower was the mean molecular weight.310 Heavier oligomers were 
preferentially degraded by the action of the laser light. Gou et al. found that the 
sample preparation method employed was the most influential factor for accurately 
measuring the mean molecular weight.311 Montaudo et al.,312 devised a noise-
reduction procedure to enhance the S/N for heavier oligomers prior to the MMD 
calculation. Shimada et al. utilized equiweight and equimolar mixtures of 
monodisperse polystyrene (PS) standards to evaluate the intensity-vs-degree of 
polymerization issue, and they subsequently tried to calibrate their instrument to 
reduce discrimination.313 A similar approach has been reported by Scamporrino et 
al.314 This is obviously the most rational way to go about this problem. However, it 
is unlikely that the method will be a panacea for polymer analysis using MALDI, 
because the absolute monodispersity requirement on the calibrants can seldom be 
met. 
A general opinion in the MALDI community seems to be that, for narrowly 
distributed polymers, the MMD data derived from a MALDI mass spectrum can be 
regarded as accurate,303,312,315 but the limiting degree of polydispersity that can be 
tolerated without jeopardizing the accuracy of the data has yet to be formulated. 
For high molecular weight polymers with large distributions however, the bias 
between MMD data obtained by MALDI and data obtained by SEC seems 
undisputable in the MALDI community, an issue that has largely been attributed to 
shortcomings and a lack of detailed knowledge in the ionization of polymers. 
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6.3 MALDI, PALDI and low molecular weight 
polymers 

In paper IV, MALDI has been investigated in relation to the analysis of low 
molecular weight polymers (< 1 kDa). In order to compare different experimental 
conditions and matrices, a procedure employing cumulative distributions of MMD 
data was evaluated. Typical PALDI matrices, 3DIO and ET3T, were also utilized 
and the results were compared with those obtained with conventional MALDI 
matrices. 
 

6.3.1 The polymer samples 

The samples chosen for this study included low molecular weight standards of 
PEG and PS ranging between 580 – 2000 Da. None of the samples was entirely 
monodisperse but they all belonged to the group of ‘narrowly distributed samples’ 
where SEC is believed to be error-prone, with tabulated PDI-values below 1.13 
according to the manufacturers. The PEG samples were C2H6O-terminated and the 
PS samples were tert.-butyl-terminated. Since both samples were soluble in THF 
and since co-crystallization from that solvent produced thin crystals using all 
matrices included in the study, THF was used throughout.  
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P o l y et h y le n e  G l y c o l  6 0 0 

 
‘Method’ Mn [Da] Mw [Da] PDI 

Acc. to manufact. 620a 620a - 
SEC 515 531 1.03 

P o l y et h y le n e  G l y c o l  1 4 0 0 

‘Method’ Mn [Da] Mw [Da] PDI 
Acc. to manufact. 1444 1480 1.03 

SEC 1436 1462 1.018 
P o l y S t y r e n e  5 8 0 

 
‘Method’ Mn [Da] Mw [Da] PDI 

Acc. to manufact. 580b - 1.13 
SEC 533 595 1.116 

P o l y S t y r e n e  1 0 0 0 
 

‘Method’ Mn [Da] Mw [Da] PDI 
Acc. to manufact 910 990 1.09 

SEC 889 951 1.07 
P o l y S t y r e n e  2 0 0 0 

 
‘Method’ Mn [Da] Mw [Da] PDI 

Acc. to manufact 1830 2000 1.09 
SEC 1938 2054 1.06 

 
Table 3. Polymer samples used in paper IV. 
a Value reported by the manufacturer is from end-group titration and should be 
interpreted as a Mn value although the manufacturer claims it is the Mw value 
b The value provided by the manufacturer represents a Mp-value, i.e., the maximum of the 
SEC trace. 
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6.3.2 Experimental design and assumptions made 

Because the signal obtained in MALDI is proportional to the number of ions of a 
given mass, the untreated MALDI signal refers to the number average molecular 
weight, Mn. In the MALDI analysis of polymers, ionization is mainly accomplished 
by cationization, adding alkali and the d-block metal salts in the sample preparation. 
Polar polymers such as polyethylene glycols (PEG) tend to cationize well with alkali 
ions , but polymers with non-polar repeating units tend to favor ions of metals 
such as copper and silver.140,316,317 Whether the major part of the cationization takes 
place in the gas plume immediately after the laser pulse or whether it reflects the 
condensed phase equilibrium is not known. Contradictory results have been 
reported.140,143,316-318 Possibly, different polymers may show different propensities to 
cationize in the condensed phase. Since different mean molecular weights can be 
expected, depending on the degree of gas phase cationization, the delay time period 
of the instrument is an important parameter. Therefore, by varying the delay 
extraction time, it should be possible to include this variation of MMD in a model.  
To compare and evaluate the different analyte/matrix preparations used under 
different instrumental conditions, the polymer samples, co-crystallized with the 
matrices, were ablated with different laser intensities (50 - 100 % of full laser 
fluency), employing three different extraction delay periods of 200, 400 and 600 ns. 
At low laser intensities, the shortest oligomers should be favoured in the ionization 
process. Since the shorter oligomers have an important influence on the mean 
molecular weight value (Mn) but less influence on the weight-averaged molecular 
weight (Mw), the Mw-values and the corresponding PDI-values should become 
relatively smaller, when the laser intensity is decreased. Employing high laser 
intensity is accompanied by the risk of polymer degradation in the plume, which 
yields a lower Mw-value and/or an overestimated Mn-value. For low molecular 
weight polymers, there is also a risk of erroneous integration of the peaks 
corresponding to the low molecular weight oligomer using higher laser fluencies, 
since the occurrence of matrix-associated ions is heavily increased as well as the 
chemical background in the low m/z-region. 
Consequently, it should be possible to find a laser intensity setting yielding 
maximum values of Mw (and PDI), where these mechanisms are balanced. 
After signal integration, the signal intensity was changed from number-fractions to 
weight-fraction by multiplying the intensity with the relevant molecular weight of 
the oligomer. 
Throughout the study, a monoisotopic resolution was obtained for almost all the 
oligomers detected, and the relative mass error after calibration was < 300 ppm. It 
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was not therefore necessary to isotopically adjust the most probable peak height 
according to the binomial distribution of the isotopes. 
 

6.3.3 PALDI analysis of low molecular weight polymers 

The PALDI matrices used, 3DIO and ET3T, showed a different behavior from 
that of conventional matrices. In the analysis of PEG 600 and PS 580, the signal-
to-noise ratio when PALDI matrices were employed was better than that with 
conventional matrices by a factor of 4-5. In the context of PS 1000, the S/N was 
similar for PALDI- and conventional matrices, whereas for PEG 1400 and PS 2000 
the conventional matrices were superior to the PALDI equivalents. In the case of 
PALDI matrices, especially with 3DIO as matrix, the low chemical noise in that 
m/z region seems to be the most important factor in favor of the PALDI matrices.  
For the polymer samples with higher mean molecular weights (above 1 kDa), the 
PALDI matrices still showed a lower level of noise but this did not result in the 
high signal intensities obtained using conventional matrices. 
Even though sodium trifluoracetate (NaTFA) was intentionally added to the PEG 
samples in order to promote sodium adduct formation, adducts of potassium were 
also detected. A possible reason for this could be that the matrices themselves were 
contaminated with a potassium salt. As for the PS samples, the addition of silver 
trifluoroacetate (AgTFA) was necessary to ionize the polymers, regardless of the 
matrix employed. 
Charge transfer ionization, yielding radical cations when using PALDI matrices and 
small organic compounds, was not identified with any of the polymers studied. 
This is in full agreement with the gas phase energistic rules previously described. 
The styrene monomer has an ionization potential of 8.48-8.58 eV217,319,320 while 
ethylene glycol has a vertical value of 10.55 eV .319 
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Figure 19. The PEG 600-Na mass spectra utilizing (A) 3DIO, (B) ET3T, (C) DHB  and 
(D) Dithranol as matrices. The extraction delay was 400 ns and the laser fluency was set 
to 80 % (of maximal intensity). Peaks noted ‘∗’ represent Na-adducts, peaks noted ‘+’ 
represent K-adducts and peaks noted ‘■‘ represent the Li-adducts (only seen with 
Dithranol as matrix). Peaks a and b in panel A corresponds to the 3DIO singly charged 
dimer radical cation and its sodium adduct respectively. 
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6.3.4 Evaluation of MMD data derived from MALDI and 
PALDI mass spectra 

The data obtained by MALDI and PALDI mass spectrometry were analyzed and 
integrated. MMD data were calculated accordingly. Comparisons of the retrieved 
MMD data obtained using different matrices while varying both the extraction 
delay time and the laser intensity resulted in a rather complex picture. The results 
are presented in Figure 20, which shows that hardly any maximum values for Mw 
and PDI could be detected, regardless of the extraction time (see figure 20).  
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Figure 20.  Experimental values of Mw and PDI as a function of laser intensity at  
200 ns (-- --), 400 ns (--■--) and 600 ns (-- --) delay time. Nr 1 refers to preparations 
with 3DIO as matrix, No 2 with ET3T, No 3 with DHB, No 4 with dithranol, No 5 with 
t-Iaa and No 6 with POPUP. The abscissa scale has been omitted but the laser intensity 
was normally varied between 50 (just below the overall laser threshold for ionization of 
the polymer) and 100 % intensity, in increments of 10 %. The reproducibility of Mn and 
Mw values was between 2 - 6 Da provided the overall laser threshold was reached. For 
PEG 600, Mw and PDI data from the SEC analysis are included, as well as the Mw value 
from terminal hydroxyl group titration (manufacturer data) which could be interpreted as 
an Mn value.  
For PS 580, Mw and PDI values from SEC analysis are included as well as a PDI value 
provided by the manufacturer. The mean molecular weight of 580 Da was provided by 
the manufacturer. 
 
 
For some combinations of matrix, polymer, laser intensity and extraction delay, as 
in the case of PS analyzed with 3DIO, t-IAA or POPUP as matrix, there was a 
maximum in Mw, but this was not seen in most cases. 
The deviation in Mw and PDI between MALDI and SEC is also worth noticing. In 
the case of PEG, the SEC data seemed to systematically underestimate the Mw and 
PDI values, compared to MMD data from MALDI and PALDI analysis. In the 
case of PS, a similar pattern was observed for Mw, but for PDI the bias was in the 
reverse direction.  
This could possibly imply that with the SEC method used for at least one of the 
two polymer types, the retention was not entirely based on steric exclusion. 
In the case of PS 580, it has been reported that the diffusion coefficient in at room 
temperature in THF can be described as: 
 

b
m MAD ⋅=           (eq. 6.3.4.1) 

 
where M is the molecular weight, A is 0.04, and b is equal to - 0.57.321,322 For the PS 
580 sample, inserting the MALDI molecular weights of both the smallest and the 
largest detected species into equation 6.3.4.1, the difference in Dm between the 
oligomers is roughly a factor of 2. The flow rate chosen in the SEC part of the 
study may therefore not be optimal over the whole range of oligomers, and this 
causes an additional band dispersion in one of the SEC peak areas. 
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6.3.5 Cumulative distributions and regression analysis 

In an effort to evaluate to which degree ionization was accomplished and, if 
possible, to identify the part of the m/z range in which discrimination did occur, a 
scheme originally presented by Montaudo et al. and by Vitalini et al., was 
applied.312,323 These authors have devised an operation where the cumulative 
functions of Mw are plotted against a variable upper mass limit in order to show 
that a smoothing algorithm applied to the baseline increases the number of ionized 
and detected oligomers. In the evaluation process, Montaudo et al., applied a non-
linear parametric regression in order to obtain a good statistical measure of the 
cumulative Mw. The algebraic expression used by these authors could be described 
by modeling Mw(cum) as f1(x) with: 
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When this procedure was evaluated, it became clear that for the integrated mass 
spectra obtained in the analysis of the PEG and PS samples, other algebraic 
expressions such as the Boltzmann (denoted f2(x)) and sigmoidal functions 
(denoted f3(x)), improved the regression analysis and thus, yielded a better fit for  
the cumulative MMD functions. 
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The non-linear four-parametric regressions were evaluated by minimizing the 
squared cumulative residual, ∑Res(n) , where 
 

2
)()()( )(Re nCALCnEXPn YYs −=         (eq. 6.3.5.4) 

 
All the calculations converged. The correlation (r2) was always better than 0.998 for 
all three models in the case of Mn and Mw, but the polynomial model failed to 
predict PDI. The ‘theoretical’ PDIs were therefore modeled as: 
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for the Sigmoidal model. 
The evaluation process is depicted in Figure 21.   
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Figure 21. Evaluation scheme for each mass spectrum. (1) The PEG-Na peaks of the 
mass spectrum (PEG600/NaTFA/DHB) were first integrated and normalized. (2) The 
cumulative Mw, Mn and PDI values were then plotted against a variable upper mass limit, 
and a non-linear 4-parameter regression of the coefficients A, B, C and D was performed 
for the three models. (3) The experimental Mn, Mw and PDI values were compared with 
the ’maximum, theoretical’ values obtained for xn → ∞. 
 
 
From the regression of the cumulative functions, each mass spectrum was then 
evaluated in order to find out how close the experimental settings were in relation 
to those yielding the maximum theoretical Mw-, Mn- and PDI values (as x → ∞), 
thereby speeding up the experimental optimization and simplifying objective 
comparisons between different preparations. 
When the data were examined after applying the two non-linear models proposed, 
it was found that the experimentally obtained Mw and Mn-values were in good 
agreement with the predicted maximum theoretical values, as is shown in Figure 22. 
Thus, it can be concluded that distinct maxima existed for both Mw and PDI as a 
function of laser threshold, as anticipated from the theory. From these results, it 
could further be concluded that Mw values were higly dependent on the laser 
intensity but less dependent on the extraction delay time, whereas the PDI seems 
to be fairly independent on both these parameters.  
The polynomial model proposed by Montaudo et al. seemed to be less suitable to 
model the cumulative distributions of these polymers, as discussed in paper IV. 
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Figure 22.  Evaluation of experimental Mw and PDI by the Boltzmann (— — Mw and 
— — for PDI) and Sigmoidal models (—■— for Mw and —•— for PDI) of PS 580. 
The abscissa scale has been omitted but the laser intensity was normally varied from 50 
(just below the overall laser threshold) to 100 % intensity in increments of 10 %. 1a 
(upper pane, left) refers to Mw from preparation of PS with 3DIO/AgTFA at 600 ns 
extraction delay, 2a at 400 ns extraction delay and 3a at 200 ns extraction delay. In the 
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upper pane to the right (1b-3b) the corresponding PDI functions are displayed (using eqs. 
6.3.5.2-3). The lower (4a-15b) panes show the corresponding values from PS 580 
preparations with DHB/AgTFA (4a-6b), Dithranol/AgTFA (7a-9b), t-Iaa/AgTFA (10a-
12b) and POPUP/AgTFA (13a-15b). The laser setting yielding the maximum Mw and 
PDI values for each matrix is clearly visible. 
 
 

6.3.6 Statistical considerations 

From a strict statistical viewpoint, using the cumulative distribution instead of the 
probability density distribution should not give any advantages in the regression 
analysis, since the former is just the unrestricted integral of the latter. In this case, 
however, it was clear that it was empirically feasible to avoid the use of the 
probability distribution of oligomers and instead apply a parametric regression of 
the cumulative distribution. In paper IV, the MMD distributions are discussed in 
relation to the Gaussian normal distribution and its integral, which could be an 
appropriate approximation for any narrowly distributed polymer,250 yielding; 
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which yields the probability density function expressed with the parameters Mn and 
σ, as: 
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and the cumulative function expressed as: 
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Nevertheless, it could be argued that a narrowly distributed PS sample, probably 
polymerized by living anionic polymerization, would be better described by a 
Poisson distribution324:  
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Employing both the Gaussian (continuous) and the Poisson distribution (discrete) 
as model equations for the regression failed, yielding far worse fits. The Gaussian 
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distribution probably fails to comply with the retrieved MMD data because it is a 
two-parameter model (µ, σ2), while the Poisson model only contains one parameter 
(µ, µ). The parametric models, having 4 parameters, seem to handle the data set in 
a better way. 
It can further be argued that the PS sample could statistically constitute a left-
truncated Gaussian distribution, truncated at the value rL, thus: 
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It can be shown that the mean of the left-truncated Gaussian distribution is 
uniquely determined by the point of truncation, rL.325 When such a point is not 
known a priori, tables of standardized left-truncated Gaussian distributions with 
variable truncation points must be constructed in order to evaluate the mean and 
variance of the distribution.325-327 This regression test was not performed since it is 
probably very time consuming. 
 

6.3.7 PLS modeling of regression parameters 

Since a systematic variation was imposed on the coefficients describing the 
fundamental properties of the cumulative distributions, a strategy was adopted to 
treat the regression coefficients as ‘descriptors’ of the specific MALDI conditions 
(type of matrix, extraction delay, laser setting etc.). Ideally, the goal is to de-
convolute variations in the coefficients from the regression analysis in such a way 
that at least some of them are entirely attributed to a certain experimental 
parameter such as ‘type of matrix’ or ‘extraction time’. 
In order to obtain a more quantitative knowledge of how these parameters affect 
the ionization/desorption of the polymers, the coefficients from the three model 
regressions of the cumulative data set were subjected to a Partial Least Squares 
analysis (PLS-1 regression).328,329 The data matrix consisted of the instrumental 
vectors ‘Extraction time’, ‘Laser Intensity’ and the 12 coefficients (A1-3, B1-3, C1-3 
and D1-3). The experimentally obtained Mn and Mw values were used as ‘Y-
vectors’. Both X- and Y matrices were normalized prior to regression. Regression 
analysis was performed with full cross validation and a minimal number (5 - 6) of 
PLS components. The averaged prediction error in Da (Root Mean Square Error of 
Prediction, RMSEP) and correlation (r2) were also included, as shown in Figure 23. 
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From the results of the modeling, it became clear that the first PLS component, i.e. 
the laser intensity, accounts for the major part of the model variance (figure 24). 
 

A B

C D

 
 
Figure 23.  Yexp.vs. YPred. For PS 580 and PEG 600. Mw for PS 580 modeled in panel A 
and Mn in panel B. The PLS model consisted of data derived from 68 MALDI spectra, 
and 6 PLS components described 98 % of the variance of the data set. Mw for PEG 600 
modeled in C and Mn in D. The PLS model consisted of data derived from 39 MALDI 
spectra (dithranol not included), and 5 PLS-components described 97 % of the variance 
of the data set. 
 
 
The detailed interpretation of the PLS-models is described in paper IV. An overall 
model was found in the case of PEG 600, that described Mw and Mn and thereby 
also PDI (Figure 23). For the PS polymer, a more general model was also found 
that describes the ionization behavior as a function of the experimental settings 
(type of matrix, laser intensity and extraction delay). The PLS approach opens the 
way to construct much larger data sets for a more general modeling of MALDI 
desorption/ionization of polymers. It is not feasible to use the original MALDI 
spectrum in the multivariate regression. It would require an immense computer 
capacity since eeach spectrum consists of some hundred thousand data points, and 
reducing the data set by “clever” variable selection is known to be 
difficult.330-333 
 
 

Mw 
From 68 Spectra 
RMSEP = 9.2 Da 
r2 = 0.983 
 

Mn 
From 68 Spectra 
RMSEP = 9.5 Da 
r2 = 0.987 
 

Mw 
From 39 Spectra 
RMSEP = 3.8 Da 
r2 = 0.981 
 

Mn 
From 39 Spectra 
RMSEP = 3.9 Da 
r2 = 0.975 
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Figure 24. Scores of PLS components. 1 (abscissa) vs. PLS component 2 (ordinate) for 
the PS model of Mw. In the plot, three different clusters can be seen. 1 includes MALDI 
data from DHB- and 3DIO preparations, 2 includes MALDI data from dithranol and 3 
includes MALDI data from POPUP- and t-Iaa preparations. PLS component 1 (abscissa) 
seems to describe the model variance caused by variations in the laser intensity. 
 
 

Laser intensity 
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7.0 Dendritic materials 

The final chapter of this thesis deals with dendrons, dendrimers and dendronized 
polymers and strategies of synthesis and analysis. For these types of compounds, it 
is also important to be able to characterize the degree of dispersity, purity and 
molecular weight. 
Dendritic materials cover a special area of polymer science that has received a lot of 
attention in the last decade, even though the Nobel Laureate, P. J Flory, predicted 
and examined the potential of highly branched polymers already half a century 
ago.334 The globular shape of the branched dendritic polymers is characterized by a 
“layer upon layer” architecture leading to properties that differ dramatically from 
those of traditional linear polymers. 
These features have been successfully exploited in areas such as encapsulation,335 
light-harvesting technology,336 drug delivery,337 catalysis,338 separation technology,339 
coatings340  and adhesives.341 
 

7.1 Growth of dendrimers 

Dendrimers can be synthesized either divergently or convergently, or by a 
combination of both routes. In the divergent route, as pointed out by Tomalia et 
al.342 and by Newkome et al.,343 generational growth originates from a core moiety 
and continues radially outwards by iterative substitution and activation steps 
employing an ABx-monomer. After each added layer, the molecular weight and the 
number of end groups increases in proportion to the number of functionalities of 
the ABx-monomer.  Structural irregularities due to incomplete reactions in earlier 
generations will have a detrimental effect on the overall shape of the molecule.  
Therefore, divergent approaches are seldom used for the commercial production of 
dendritic material. 
The convergent strategy, first described by Hawker and Fréchet in 1990,344,345 is 
based on initiation from the terminal groups towards a focal point in order to 
produce wedges, i.e., dendrons, of the desired generational degree that are 
subsequently coupled to a core moiety. In this perspective, grafting can be sorted 
under convergent growth. Convergent growth requires chemistry using two 
different protecting groups, one at the focal point and one at the terminal group. 
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Figure 25. Schematic of dendritic growth by either a divergent route (1) or a convergent 
route (2), using a tri-functional core (•) and an AB2 monomer. 
 Dr. Michael Malkoch, reprinted with kind permission. 
 
 

7.2 The bis-MPA system 

The work presented herein (and in paper V) is based entirely on the chemistry of 
bis(hydroxymethyl)propionic acid, a tri-functional AB2-monomer having two 
hydroxyl groups and a tertiary carboxylic group. Extensive reports on bis-MPA-
based dendron and dendrimer synthesis and characterization have recently been 
presented by Malkoch346 and Löwenhielm.347 
By reacting bis-MPA with a compound such as benzyl bromide under basic 
conditions, the carboxylic acid group is protected345 and one key building block is 
formed (denoted ‘I’ in figure 26). 
The hydroxyl functionalities have proven to be selectively protected by means of 
acetyl chloride,345 yielding a di-acetate-protected monomer. By activating the 
carboxylic acid group of the protected monomer with acid chlorination using oxalyl 
chloride, the other key building block is formed (denoted ‘II’ in figure 26). By 
reacting building block I with block II in the presence of oxalyl chloride and di-
methyl formamide (DMF), the second generation dendron is formed with a benzyl-
protected carboxylic group. The benzyl ester can be removed by a 
palladium/carbon-catalysed hydrogenolysis. 
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Figure 26. A schematic of the convergent synthesis pathways included in the dendron 
synthesis of an acetate-functionalized mono-dendron. Upon activating the chlorine- 
protected carboxylic acid focal point, the dendron can subsequently be attached to a 
multifunctional core moiety. 
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However, the acetate-functionalized dendron depicted in figure 26 is of virtually no 
interest since the acetate groups are rather inactive. To successfully protect the 
hydroxyl groups without using acetyl chloride, a reaction with 2,2-
dimethoxypropane in acetone and p-toluene sulphonic acid as catalyst yields a 
protective acetonide group (figure 27). Since the acetonide group formed is 
sensitive to acidic conditions,346 an activation of the benzyl-protected carboxylic 
group by chlorination is not feasible. Instead, N,N´-dicyclohexylcarbodiimide 
(DCC) can be employed as coupling reagent.348 Selective de-protection of the 
acetonide-protected dendrons was achieved using an acidic ion-exchange resin, 
Dowex 50 WX2, in methanol. The route is schematically shown in figure 27. 
Further modification of the divergent synthesis strategy to produce bis-MPA 
dendrimers is achieved using an anhydride approach where DCC is used as 
dehydration agent for benzylidene-protected bis-MPA349 as described in figure 28. 
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alkali/crown ether

+

Dowex, H+ Pd,C, H2

+

DCC

DCC

 
 
Figure 27. Synthesis route for the bis-MPA dendron, protected with acetonide chemistry. 
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Figure 28. Schematic of the bis-MPA dendrimer synthesis using anhydride-DCC 
chemistry. 
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7.2.1 Analysis of bis-MPA-based dendrons and dendrimers 

NMR has been the most common technique to characterize bis-MPA based- 
dendrons and dendrimers. The unique shifts correlated to the starting material and 
end-product can easily be distinguished by 1H- and 13C-NMR. However, depending 
on the synthesis route employed and on whether growth is promoted convergently 
or divergently, different approaches must be adopted in the NMR analysis, since 
the chemical modifications may be associated either with groups located close to 
the core moiety or at the layers farthest away from the core moiety, and this affects 
the resolution and quality of the NMR spectra.348,349 
If reactions reach completion and a product is isolated, SEC can provide valuable 
data on both molecular weights and product purity. However, as discussed in 
chapter 6.1.2, SEC measures the hydrodynamic volume of a compound and this is 
correlated to the hydrodynamic volume of calibrants of known molecular weight. 
The calibrants usually employed in SEC are linear polymers. The hydrodynamic 
volumes and the intrinsic viscosities of linear polymers with a random coil 
conformations differ markedly from those exhibited by dendrons in general and by 
dendrimers in particular.257,261-263,350-354 While linear polymers show a log-linear 
relationship between viscosity and molecular weight according to the Mark-
Houwink-Sakurada equation, dendrimers exhibit a similar log-linear dependence up 
to a certain generational degree and then follow a declining trend with a further 
increase in the generation number.351 
Even though SEC equipped with a triple detector array including a differential 
refractive index, a differential viscometer and right angle laser light scattering 
(RALLS) has been used, higher generation bis-MPA-based dendrimers did not 
elute from the SEC column with migration volumes corresponding to their 
theoretical molecular weights.351 Further, and perhaps more disadvantageous, it has 
proven to be difficult to ascertain which detector or combination of detectors 
performs most accurately, for bis-MPA dendrimer samples covering several 
generations, with slight chemical differences in their core moiety and/or 
terminating groups.347,351,355 
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Figure 29. SEC trace of three different 4th generation bis-MPA-based dendrimers. 
Traces A and B (coinciding retention volumes) correspond to Acetonide-[G#4]-Ar and 
Benzylidene-[G#4]-TMP  respectively and trace C corresponds to Benzylidene-[G#4]-
Ar. 
 Dr. Peter Löwenhielm, reprinted with kind permission. 
 
 

A CB  
Figure 30. Molecular structures of the 4th generation dendrimers. The theoretical 
molecular weights of these compounds were; 
Acetonide-[G#4]-Ar (A) = 6493 Da, Benzylidene-[G#4]-TMP (B) = 7474 Da and 
Benzylidene-[G#4]-Ar (C) = 7646 Da. 
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In SEC, the elution order is normally, that larger molecules elute before smaller 
ones due to steric exclusion from the pores of the stationary phase. In the case 
described (in figure 30), this order was almost reversed, which suggests that the 
hydrodynamic volume of the bis-MPA-based dendrimers depends on the structure 
of the core moiety rather than on the terminal groups. 
 

7.2.2 Analysis of dendritic materials using MALDI-TOF 

As explained in chapter 6.2, MALDI can be a useful analytical tool for molecular 
weight characterization and purity assessment and therefore, a study was 
undertaken to optimize procedures for dendron and dendrimer analysis. A large 
variety of matrices, including DHB, Dithranol, Vitamin A, t-Iaa, POPUP, HCCA, 
Sinapinic acid and the PALDI matrix 3DIO were tested, as well as various 
cationizing agents and sample preparation procedures employing aqueous, protic or 
aprotic solvents. All combinations were tested at various laser intensities and 
different extraction delay periods.  
Of all the variants of dendrons, di-dendrons and dendrimers based on the bis-MPA 
building block (figure 31), trans-Indolyl acrylic acid (t-Iaa) stood out as a very 
suitable matrix when co-crystallized from THF using the dried droplet method. 
Previously, MALDI-TOF analysis of dendritic materials has been reported using a 
variety of different matrices and cationization salts including ferrulic acid, DHB, 
HCCA, Sinapinic acid, Vitamin A and Dithranol.356-358 
The results of the study can be summarized by the following observations. 
The dendrons and dendrimers were easily ionized at relatively low laser intensities, 
and the fragmentation was thus kept at a low level. Further, only cationized 
molecular ions were observed, regardless of molecular weight and matrix. Due to 
the conditions of synthesis, a variety of cations such as sodium, potassium and 
lithium were present in the samples. The addition of sodium by co-crystallizing the 
analyte/matrix solutions with NaTFA in THF was efficient in suppressing the 
formation of other adducts than sodium and in this way the sensitivity could be 
increased. 
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Figure 31. Types of dendrimers and dendrons employed in the optimization of the 
MALDI conditions. (1) represents a [G#2-4] of acetonide-Ar dendrimers, (2) 
represents [G#2-4] of hydroxyl-Ar dendrimers, (3) represents [G#2-5] of hydroxyl-
TMP dendrimers, (4) represents [G#2-4] of benzilidene-Ar, (5) represents [G#2-5] of 
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benzilidene-TMP dendrimers, (6) denotes the [G#3] acetonide-thioethyl-di dendron, 
(7) represents [G#2-3] of hydroxyl-decane acrylate dendrons and (8) represents [G#2-
4] of hydroxyl-thioethyl-Ar dendrons. 
 
Some features of MALDI and dendrimers/dendrons experienced for the 
acetonide-protected compounds (Nos 1 and 6 in figure 31) were that the dendritic 
molecule was often de-protected, either during sample preparation or during 
ionization/desorption, yielding a 40 Da loss per acetonide group relative to the 
molecular ion (see figure 32). Since more acidic matrices such as DHB increased 
the intensities of the - 40 Da series of peaks, this provided further support for the 
suggested de-protection mechanism. 
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Figure 32. MALDI spectrum of Acetonide-[G#3]-Ar, analyzed with DHB as matrix, and 
with NaTFA added. The molecular ion of [A+Na]+ at 3246.54 Da and a subsequent 
ladder of 12 variant ions with an equidistant spacing of 40 Da in-between. The magnified 
insert shows the isotopic distribution of the mother ion. Each ion in the ladder is believed 
to correspond to a loss of an acetonide-terminating group as depicted in the left-hand 
margin. 
 



 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 

 

93

1202 1204 m/z

1300 1500 1700 m/z

  1000

  3000

  5000

  7000

  9000
a.i. 1201.61

1271.64

1341.71

1411.78
1481.85

1551.91
1622.01

1692.03
1762.08

1832.12

OH
OH

OH

OH
OH

OH

OH
OH

O O

O
O

O O

O

O

O
O

O

O O
O

OH

OH
OHOHOHOH

OH

OH O

O

O
O

O
O

O
O

O O

O
O

O
O

OH
OH

OH

OH

OH

OH

OH
OH

OO

O
O

OO

O

O

O

O
O

OO
O

*

* * * *

 
Figure 33. MALDI spectrum of hydroxyl-[G#2]-Ar, analyzed with DHB as matrix and 
with NaTFA added. The insert shows a magnification of the molecular ion peak and its 
isotopic distribution at 1201.61 Da. The ladder in this mass spectrum consists of 
molecular ions with an equidistant spacing of 70 Da. It seems that the ladder reflects 
elongation of the dendritic arms by 70 Da per hydroxyl group. Peaks assigned ‘*’ are 
potassium ion adducts, spaced +16 Da relative to the main sodium distribution. 
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Figure 34. MALDI spectrum of a 5th generation dendrimer of Benzilidene-[G#5]-TMP, 
analyzed with t-Iaa as matrix and with NaTFA added, using the linear detector. As 
indicated in the spectrum, there is a series of equidistantly spaced peaks, positioned at 
n1*203.5 Da below the molecular ion, as well as n2*320.5 Da lower than the molecular ion. 
Both variants, n1-2 = 1, 2, .., can be seen. 
 
For the dendritic molecules terminated with hydroxyl groups (Nos 2, 3, 7 and 8 in 
figure 31), a similar observation was made regarding a series of peaks where the size 
of the molecular ion was successively increased by 70 Da. This suggested that the 
terminating hydroxyl groups had reacted either during synthesis, during sample 
preparation or in the ion source (figure 33). Ionization using different matrices 
revealed the pattern to different degrees. With DHB as matrix the number of peaks 
in the +70 Da series were almost as many as the number of hydroxyl groups of the 
dendritic compound being analyzed. 
The largest dendrimer, successfully ionized and detected with essentially no 
fragmentation was a 5th generation polymer (figure 34). 
 
The PALDI matrix 3DIO, was useful only for 2nd and 3rd generation dendrimers. 
Larger molecules were ionized to only a limited extent, thereby deteriorating the 
sensitivity. However, neither the – 40 Da series nor the + 70 Da series was 
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detected when the 3DIO was used as matrix. Since the 3DIO matrix does not 
possess any acidic protons, the acetonide group de-protection observed with the 
other matrices may therefore be attributable to the sample preparation or to events 
occurring in the ion source rather than during the dendrimer synthesis. 
 

7.3 Dendronized polymers 

In contrast to dendrimers, hyperbranched polymers have properties depending on 
both the linear polymer segments and the hyperbranched segments and they can 
vary widely depending on the nature of the dendritic and linear parts. 
The dendritic – linear polymers can be subdivided into several different units as 
shown in figure 35.  
 

1 2

3 4  
 
Figure 35. Different types of linear-dendritic polymers; (1) AB-diblock polymer, (2) 
dendronized polymer, (3) Star co-polymer and (4) ABA triblock polymer. 
 Dr. Michael Malkoch, reprinted with kind permission. 
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Of the aforementioned types of polymers, the synthesis of a dendronized polymer 
(the term being first coined by Schlüter359,360), will be given extra attention in this 
text. In the dendronized polymer, a linear core is surrounded by the pendant 
dendron side chains. As is obvious from figure 35, the major synthesis challenge in 
producing a dendronized polymer resides in the risk of obtaining imperfection of 
the structure due to steric hindrance. 
 

7.4 Dendronized aliphatic polymers by a 

combinatorial approach using divergent growth and 

ATRP 

As described in detail in paper V, a set of hybrid dendritic-linear polymers was 
synthesized by either a divergent “graft-onto” route or by atom transfer radical 
polymerization (ATRP). The core chain consisted of a polyacrylate while the 
dendrons were based on the usual bis-MPA aliphatic ester skeleton. The use of 
ATRP as a tool to polymerize macromonomers under controlled conditions has 
recently been presented in a thesis by Carlmark.361 
ATRP is a widely used radical polymerization technique independently introduced 
by Matyaszewski et al.362,363 and by Sawamoto et al.364 in 1995. All ATRP systems 
are composed of a monomer, an initiator and a catalyst (a transition metal and a 
suitable ligand). Homopolymerization of styrenes, (meth)acrylates  and 
(meth)acrylamides using ATRP has been reported.364-366 The technique has proven 
to be useful in the synthesis of polymers having narrow polydispersities.367 
The initiator used is typically an alkyl halide (RX), often a benzyl halide of bromide 
or chloride. It is important that the carbon being halogenated has radical stabilizing 
substituents in order to promote an initiation step faster than the propagation step 
of the polymerization.368 
Copper is the most common metal used for ATRP, although other transition 
metals have been reported to be useful.369 
The metal is used in conjunction with a large variety of ligands. The role of the 
ligand is 1) to solubilize the metal in the organic solvent, 2) to control the selectivity 
by steric and electrostatic interactions and 3) to influence the redox kinetics of the 
final metal complex.370  
There are several important kinetic restrictions on the initiation and propagation 
steps of ATRP which are beyond the scope of this text. References are given.363,370 
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A brief description of ATRP is given below. 
 
Initiation 
R-X + Cu(I) X/ Ligand  →  R• + X-Cu(II) X /Ligand 
R• + monomer → P1 

• 
 
Propagation 
Pn-X + Cu(I) X /Ligand   →  Pn 

• + X-Cu(II) X /Ligand 
Pn 

• + monomer → Pn+1 
• 

 
Termination (not pronounced in ATRP) 
Pn 

• + Pm • → Pn+m 
 
Detailed information on ATRP specifics is given in paper V. As in the case of 
dendron macromonomer synthesis route employed, the chemistry is described in 
chapter 7.2. To reduce steric hindrance of the arcylate back-bone, the bis-MPA 
dendrimer was constructed by a monoacrylated 1,10-decanediol core moiety,  
which introduces a spacer unit. 
However, it is important to note that ATRP could only be used when the 
macromonomer was a 1st or 2nd generation dendron. Efforts to utilize higher 
generation dendrons as macromonomers in the ATRP procedure failed. This could 
possibly be due to steric hindrance, which suggests that a longer alcohol would be 
more suitable in the core moiety position of the dendron, to increase the availability 
of the polymerizable group. 
In an effort to synthesize a polymerized dendritic-linear polymer with an acrylate 
backbone having a bis-MPA dendron of higher generation, the terminating groups 
of a 1st generation dendronized polymer were esterified using the anhydride 
approach previously described (chapter 7.2), yielding  2nd generation terminating 
acetonide-protected groups. Since coupling reactions seemed to work under the 
conditions which prevailed, as verified by 1H- and 13C-NMR, the reaction sequence 
was repeated once more to yield 3rd generation dendron side chains.  The NMR 
analysis indicated that this coupling also appeared to be successful. 
All variants from the 1st to the 3rd generation dendronized polyacrylate were 
analysed by SEC as well as MALDI-TOF MS. Not surprisingly, in view of the 
discussion in chapter 7.2.1, the MMD data derived using the two techniques 
differed. It was concluded that, using ATRP of the pre-fabricated bis-MPA acrylate 
dendron, the observed polydispersities were low, as measured with both SEC and 
MALDI. The acetonide-[G#1]-polymer was surprisingly more disperse than the 2nd 
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generation counterpart. The 1st-3rd generation dendronized polyacrylates, fabricated 
by the “graft-onto” route could not be ionized under the MALDI conditions used 
in this study. As indicated by the SEC analysis, the “graft-onto” route leads to an 
increase in dispersity of these polymers. The effect of this increased polydispersity 
on the MALDI analysis is not known. Further studies are needed to investigate 
this. 
 
 

5000 10000 15000 20000 25000 30000 m/z

  200
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 1000

 1400

a.i.

 
 
Figure 37. MALDI spectrum of Acetonide-[G#1]-CO2-(CH2)10-OCOCH=CH2 using t-
Iaa as matrix with NaTFA added. Analysis was performed using the linear detector. 
Difference in m/z between every adjacent peak was 372 Da which corresponds to the 
mass of the repeating unit. Mn was estimated to be 13.000 Da and the PDI was calculated 
to be 1.08. 
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8. Future Outlooks 

Both the fabrication of nano wires and the development of new concepts for 
MALDI TOF mass spectrometry, although two different topics, consitute 
fascinating research areas with some great challenges. I hope that the work 
presented in this thesis will be of help and will inspire others to continue with 
further developments and applications in these areas, both for improved open-
tubular liquid chromatography and new approaches for micro-reactors, as well as 
expanding the usefulness and scope of MALDI-TOF mass spectrometry. 
As pointed out in this thesis, the full potential of liquid chromatography, using the 
open-tubular format has not yet been exploited. The low sample load capacity has 
been one of the major shortcomings. The nano-wire concept, described in this 
thesis is likely to be a route to overcome this problem.  
However, several issues remain to be addressed. First, an outer coating of the fused 
silica capillary tubing with a better thermostability is required. The current 
polyimide coating disintegrates at the high temperatures, employed during the 
etching procedure. 
The resulting naked tube is very brittle, and cannot be used in practical 
applications. Recently, novel fluoropolymeric coatings have been developed by 
Polymicro Inc., which are claimed to have an improved thermal resistance. A still 
better alternative could be the use of metal-coated fused silica tubing. Aluminum-
cladded tubing has been commercially available for quite some time, but 
unfortunately not in the desired dimensions for OT-LC, 2-5 µm ID. However, it 
should be quite straightforward to also fabricate tubing with such reduced 
diameters. 
Second, the mechanical stability of the nano-wires is of central importance. In 
preliminary tests, helium of 70 bar have been used for flushing etched 2- and 5 µm 
ID capillaries, and no detrimental effects in terms of increased pressure drop or 
clogging were observed. However, high shear forces from pressure-driven liquid 
flow may have another impact on the nano-wires. 
A further important and obvious experiment would be to compare the retention 
characteristics for some typical small molecules (e.g., some aromatic compounds), 
using etched and non-etched capillaries with silanized and non-silanized surfaces. 
This would reveal some of the surface enlargement caused by the presence of the 
nano-wires. Also, experiments with a non-retained solute would provide valuable 
information on the intrinsic dispersion characteristics of the system. A study of 
pressure/flow characteristics is necessary to investigate the influence of nano-wires 
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on the hydraulic resistance, and to investigate the possible edge effect of the wires 
on the free-flowing path in the centre of the capillary. Moreover, experiments with 
electro-driven flow would be of great interest. 
In MALDI-TOF mass spectrometry, novel applications, matrices and hyphenation 
to improve the technology are emerging at an accelerated pace. It is thus difficult to 
predict the impact of the PALDI concept for small molecule MALDI analysis in 
the future. In this thesis, the limits of PALDI have been investigated in terms of 
the molecular weights of the analytes (polymers) as well as the types of molecules 
which are easily ionized with PALDI matrices. The mechanisms of ionization, 
charge transfer and cationization limit the technique to a subsection of analytes. By 
substituting some of the characterized PALDI matrices with functionalities such as 
carboxylic groups, aldehydes and alcohols, the proton transfer mechanism of 
ionization may become realizable, while still retaining the non-fragmentative 
pattern of these molecules. 
As for analysis of polymers in general and narrowly distributed polymers in 
particular, the debate on SEC versus MALDI-TOF may be resolved, as is often 
pointed out, with the hyphenation SEC-MALDI-TOF, using MALDI-TOF as an 
off-line detector for SEC fractions. The technique of fractionating SEC eluents 
directly onto a MALDI target with a pre-crystallized matrix is currently being used 
in the polymer community. Adding another selectivity dimension of MALDI, or 
another resolution dimension of SEC, may eventually resolve the issue of 
conflicting MMD data. 
The described procedure to evaluate polymer MMD data using cumulative 
distributions and non-parametric regression as presented in this thesis may prove 
useful for mono-modally distributed polymers. Presently, it is not possible to safely 
state that the empirical functions used to model cumulative data are universally 
valid even for all mono-modal distributions. The use of four rather than two 
parameters in the regression also imposes a risk of over-fitting. Some knowledge of 
the polymerization mechanisms may be required to compare regressions using the 
four-parameter models and regressions based on the models of the “most 
probable” cumulative distribution, whether it is Gaussian, Poisson, Flory-Schults or 
any other distribution. Another issue to consider in the regressional analysis of 
cumulative data is whether a polymer chemist is willing to perform all the 
calculations necessary to evaluate MMD data in this way. 
The possibility of describing MMD data from MALDI in terms of ‘descriptors’ 
rather than using full spectra or selecting a number of possibly ‘good’ variables 
(m/z-values) may prove very convenient when multivariate approaches are 
employed to de-convolute huge data sets. 
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Although 2D SEC, which is briefly touched upon in this thesis, offers many 
interesting possibilities for simultaneously evaluating molecular weight, chemical 
composition, branching, end groups and tacticity, the technique is currently not 
feasible for routine analysis in an ordinary polymer laboratory. 
The possibility of employing atom transfer radical polymerizations (ATRP) using 
macromolecular monomers such as dendrons and still obtaining narrow 
polydispersity of the resulting dendronized polymer, is described in this thesis. This 
opens up novel synthesis routes for an entirely new branch of polyacrylate material. 
Again, MALDI seems to be an excellent complement to SEC for the analysis of 
macromolecules of this degree of complexity. 



Fabrication of New Silica Nano-structures and Development of New Concepts for MALDI-
TOF Mass Spectrometry 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 102

9. Acknowledgements 
 

This work was performed at the Department of Chemistry, Division of Analytical 

Chemistry, Royal Institute of Technology, Stockholm, Sweden. This thesis would 

never have been completed without the generous and able assistance of many 

people. I would particularly like to express my gratitude to the following persons: 

 

first of all, to my supervisor Prof. Johan Roeraade, for sharing his valuable 

experience with me, for guiding me through the work, for all the mind-thrilling 

ideas for new projects and for his irresistible enthusiasm and sense of humour. I 

am also deeply indebted to Prof. Roeraade for the massive amount of time spent by 

him, enthusiastically reading all my manuscripts and the versions of this thesis, 

always giving sound and constructive suggestions to improve the material. 

 

Dr. Mario Curcio, Dr. Erik Furusjö and Tech. Lic. Theres Redeby for helping me 

out with all kind of issues, but specifically for being my kindest room-mates over 

these years. Dr. Johan Petersson for all the assistance in various computer-related 

issues and for being such a nice guy. 

Dr. Kjell Jansson at the department of Inorganic chemistry, at Stockholm 

University, for patiently allowing me to work with the SEM equipment and for all 

the scientific discussions we had on nano-wire formation as well as the invaluable 

help with TEM analysis. 

Dr. Fredrik von Kiseritzky, Dr. Emma Dahlstedt and assoc. Prof. Jonas Hellberg, 

at the department of Organic chemistry, KTH, for the interesting collaboration on 

PALDI-matrices. 

Dr. Michael Malkoch, Dr. Peter Löwenhielm and Dr. Hans Claesson, at the 

department of Fibre- and Polymer Technology at KTH, for all the interesting 

collaborations in the world of polymers, dendrons and dendrimers. 

 



 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 

 

103

All the former and present employees at the department for all the support and for 

the good time together; Gustav Sundqvist, Fredrik Aldaeus, Martin Kempka, assoc. 

Prof. Åsa Emmer, Dr. Johan Sjödahl, Catharina Silwferbrand-Lindh, Anders Björk, 

Jonas Bonn, Alf Jarméus, Kurt Benkestock, Dr. Erik Litborn, Kiki Price, Dr. 

Xiaotian Yang, Dr. Anders Hanning, Dr. Peter Lindberg, Dr. Matthew Rice, Adam 

Kloskowski, Dr. Ola Berntsson, Dr. Mårten Stjernström, Malin Svedberg, Karin 

Karlsson-Eklund, Dr. Sten Johansson, Rolf Jansson, assoc. Prof. Lars-Göran 

Danielsson and Prof. em. Folke Ingman.   

 

All my friends, for the laughs, adventures and many enjoyable occasions.  

 

Hammarby IF, for all the painfull, panic-inducing, depressive, dull and absolutely 

ecstatic moments of joy and sorrow at the Söderstadion arena.  

011121, I will bear that in my heart for the rest of my life! 

 

My mother Britt, my father Kidane and my sister Sara for their love and the 

support and encouragement as well as all the baby sitting. ♥ 

 

Linda Holmgren for being the person you are, for all the love and support!. 

You are  wonderful! ♥ 

 

Last but not least, I would like to thank my wonderful daughter Magda 

Woldegiorgis Lundh, for inspiring me to do the things that I do and, to be the 

person I am; you are the sunshine of my life! ♥ 

 

 

 



Fabrication of New Silica Nano-structures and Development of New Concepts for MALDI-
TOF Mass Spectrometry 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 104

I am indebted to the Nanochemistry Program, funded by the Swedish Foundation 

for Strategic Research, the Swedish Agency for Innovation Systems and the 

Swedish Science Council for financial support. 



 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 

 

 

105

10. List of Abbreviations 

OT-LC Open Tubular Liquid Chromatography 
CEC  Capillary Electrochromatography 
HETP Height Equivalent to a Theoretical Plate 
SEM  Scanning Electron Microscopy 
VLS  Vapor Liquid Solid 
MALDI Matrix-Assisted Laser Desorption/Ionization 
PALDI Polymer-Assisted Laser Desorption/Ionization 
DFT  Density Functional Theory 
Ip  Ionization Potential 
SEC  Size Exclusion Chromatography 
MMD Molecular Mass Distribution 
PEG  Poly(Ethylene Glycol) 
PS  Poly Styrene 
PLS  Partial Least Squares 
PDI  PolyDispersity Index 
ATRP Atom Transfer Radical Polymerization 
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