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1Motivation and Problem

Statement

”
It was a wild and stormy night on the West Coast of

Scotland. This, however, is immaterial to the

present story, as the scene is not laid in the West of

Scotland. For the matter of that the weather was

just as bad on the East Coast of Ireland.

— Stephen Leacock

The efficiency of the chromatographic separations is decisively affected by

the physical parameters of the column and the sample molecules, such as

the pore size and distribution of the stationary phase and the molecule size

and distribution of the sample. The most preferred method to investigate

the relative size of the sample molecules to the pores is Size Exclusion

Chromatography (SEC). It allows to get a more accurate picture of the impact

of the distributions on the separation because in an ideal case there is no

interaction between the sample molecules and the stationary phase, the

separation is only based on the size of the molecule relative to the pore

size. To take these effects into account however, a proper model is needed

which comprises the above mentioned distributions. The stochastic theory of

chromatography provides an appropriate tool to investigate the separation

process at a molecular level and allows considering the heterogeneity of the

pore sizes and the polymer polydispersion.

The main aims of this work were:

• integration of the pore size distribution into the stochastic theory

of chromatography to obtain the characteristic function and main

moments describing the chromatographic peak;

• investigation of the effects of the parameters influencing on the sepa-

ration by taking into account the possible pore geometries;
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• determination of the porous structure (pore size distribution and pore

geometry) of commercially available columns filled with totally porous

and superficially porous particles using the novel model;

• investigation of the difference in the porous structure of commer-

cially available silica-based monolithic columns of the first and second

generations using the novel model;

• integration of the molecule size distribution (polydispersity) into the

stochastic theory of chromatography to investigate the effect of that

on the separation and its efficiency for various pore geometries.

We first give a short overview about the stationary phases most often used

in analytical liquid chromatographic practice and the main band broadening

factors, the emergence of the chromatographic peak. Further on we introduce

the main aspects of size exclusion chromatography and its stochastic theory.

In the second part, the result of our work is presented. After the derivation

of the novel stochastic model containing the pore size distribution, we

demonstrate the effects of the parameters influencing the chromatographic

separation. The derived model is used to determine the pore geometry

and the pore size distribution of several chromatographic columns with

different structures. We also investigate the effect of the polydispersity by

integrating the distribution of the molecule size into the stochastic theory

of size exclusion chromatography and demonstrate the effects caused by

those parameters on the separation.
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2Literature review

”
Not everything that can be counted counts.

Not everything that counts can be counted.

— William Bruce Cameron

2.1 Column technology

Column packings in High Performance Liquid Chromatography (HPLC) are

usually filled in a metal or plastic cylindrical tube and consist of a rigid

support and in most cases an attached stationary phase. Based on the

morphology of the support material, we can distinguish columns where

the separation takes place on the surface area of spherical particles and

columns where the analyte wanders through a single monolithic mesh. A

monolith may be thought of as one big rigid sponge that fills the entire

column and composed of an interconnected, porous bed. The emergence of

monolithic columns offers a great alternative, however the most frequently

used chromatographic columns are packed with small spherical particles.

The size of these particles can be in various ranges, but the nowadays

typically used analytical columns are packed with particles of ca. 3 �m

mainly as a means for decreasing run time and increasing sample throughput.

Recently narrow-bore columns packed with sub–2 �m particles have been

introduced for Ultra-High Performance Liquid Chromatography (UHPLC)

measurements.

The structure of the support material is of main importance because the

interaction between the sample molecules and the stationary phase occurs on

the interface region of the bed. Both the spherical and monolithic adsorbents

are of high surface area which is provided by their porous interface, thus very

efficient separations can be achieved with them. For SEC, the specific pore

volume is very important, since this is where the separation takes place. If
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all other things are equal, a larger pore volume results in a better separation.

For retention chromatography, the pore volume however is only a necessary

evil, providing access to the internal surface. The surface area within the

pores of the particle is responsible for retention, and the surface area per

column volume (i.e. the phase-ratio) is a measure of the retentivity of the

material.

The support material is mainly synthesized from porous silica based on its

good physico-chemical properties such as rigidity, pH, mechanical stability,

manufacturability and reproducibility. Besides silica, other inorganic materi-

als (alumina, titania, zirconia, porous carbon), organic polymers (acrylamides,

styrene divinylbenzene, methacrylates, saccharides and vinyl-alcohols) and

silica-organo hybrids are also used, mainly for special tasks [1]. The surface

modification of the support material is chemically made as needed based on

the retention method. The most commonly used modifications are still C8

and C18.

Several particle configurations are currently available for HPLC. Based on

the degree of porosity, we can distinguish three types of spherical particles:

nonporous, totally porous and superficially porous particles. As mentioned

before, a novel group of stationary phases is represented by the monoliths.

2.1.1 Nonporous particles

The surface area of the nonporous particles equals to the geometrical surface

of the spheres. Due to the lack of pores, rapid separations with excellent

recoveries can be obtained [2, 3]. The column’s loadability however is

usually low and the pressure drop is high while using columns packed

with nonporous particles. The general application of these columns is

nevertheless only recommended for macromolecules and large biomolecules

[4, 5].

The separation becomes usually more effective as the surface of the solid

phase increases, eg. using porous support materials.

2.1.2 Porous particles

Most particles used in HPLC are porous and have high specific surface area

and pore volume. There are two types of porous stationary phase particles

2.1 Column technology 4



used in liquid chromatography practice: totally porous particles (TPP) and

superficially porous particles (SPP) (also called pellicular, fused-core, core-

shell or controlled-surface-porosity particles). Both of them have much

greater surface areas than nonporous particles. The only difference is that

the latter particles have a solid core and the porous layer of desired thickness

is syntesized around this core as a shell. The more realistic view of this

structure is that the porous part is formed as layers of little porous colloidal

particle aggregates which form diffusive pores with pore diameters of 8 to

30 nm.

Fig. 2.1 shows transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) photos showing the structure and the surface of a core-

shell particle. The use of these core-shell particles results in fast and highly

efficient separations and high peak capacities due to the shorter diffusion

path length and quick mass-transfer inside the porous layer.

Fig. 2.1: Left: TEM photograph of the cut of a 2.6 �m Kinetex core-shell particle
(SPP). Right: SEM photograph at the surface of a 2.6 �m Kinetex particle
[6].

Totally porous particles were the most commonly used until the more efficient

superficially porous particles were commercialized in the late 2000s. They

have diameters in the 1.5–5 �m range and are prepared by the aggregates of

small spheres which form the pores.

Due to the larger surface, TPPs are of greater column capacity but is several

cases also of lower efficiency compared to the equal sized SPPs. Although

the size of the TPPs could be decreased in order to increase the separation

efficiency, this would result in a significant increase in pressure drop and

temperature gradients which should be avoided. Columns packed with SPPs

having diameter of 2.7 �m (1.7 �m solid core covered by 0.5 �m thick shell)

achieved the same or better efficiencies than columns packed with 1.7 �m
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TPPs with the additional advantage of operating at back pressures that are

two or three times lower [7].

The study of the pore structure of the stationary phases used in liquid

chromatography has been of great interest among experts in the last decades

[8–11]. The porous particles are characterized by mainly three parameters:

the specific surface area, the specific pore volume, and the pore diameter.

These values strongly influence each other and also other circumstances

that should be considered while optimizing the separations:

• the pore diameter has to be large enough to allow the solvated analyte

to access the internal surface of the pores by diffusion to achieve an

interaction;

• the larger the pore diameter, the less the specific surface area will be;

• retention increases while decreasing the pore size (and thus increasing

the surface area);

• the maximum amount of sample that can be injected is proportional

to surface area thus the smallest possible pore diameter is suggested

to use;

• solute molecules must be able to enter the pores without hindrance

which requires as a rule of thumb eight times larger pores than the

solute molecules [12], and

• as particle size is decreased, the pressure drop increases.

The nature of the pores depends to some degree on the method used to

synthesize the particles. Except for some special cases, the internal structure

is homogeneous throughout the particle. Based on their diameters, pores

are classified by International Union of Pure and Applied Chemistry (IUPAC)

[13] as follows:

• micropores: less than 2 nm,

• mesopores: intermediate range (between 2 and 50 nm),

• macropores: exceeding 50 nm.

The micropore range can be further subdivided into micropores and submi-

cropores, the latter having a diameter less than 1 nm, but this borderline is

not yet fully defined [14].

The pore shape or geometry is also an important feature because if the analyte

molecules cannot diffuse through the pores, the separation is hindered. The

mostly assumed pore shapes are: slits, cylinders, and cones or spheres.

2.1 Column technology 6



2.1.3 Monolithic phases

Monolithic columns were introduced in the late 1980s and from that time

they have received increasing attention [15–22]. They can be visualized as a

single, continuous network and can be made either from porous silica or by

the co-polymerization of monomers such as styrene/divinylbenzene with

vinyl/divinyl methacrylate. This novel bed structure with large macropores

and small mesopores allows highly efficient analyses due to rapid mass

transfer [22, 23]. The resulting surface area is contributed mainly by the

mesopores, while flow through the column occurs in the macropores. In

monolithic beds the macropores (also called flow-through pores) are much

larger than the skeleton thickness, and the size of solid and void elements

and their size statistics do not strictly depend on each other.

The great advantage of monoliths is their permeability, so that the required

operational pressure is much less than it is for conventional packed bed

columns. Because of their higher external porosity, higher flow rates can

also be used without a corresponding loss in column efficiency. Another

essential feature of monolithic columns is that they require no frit systems

at the column inlet and outlet which would cause extra band-broadening.

Their void volume can reach as high as 80%. The pore structure permits the

separation of proteins, oligonucleotides, nanoparticles (DNA, RNA) and even

living organisms (viruses, bacteria) [24].

The first monolithic column was introduced in 2000 as Chromolith Perfor-

mance by Merck. It was a 100 mm�4.6 mm cylindrical rod sealed with a

polyether ether ketone (PEEK) tube. Its bimodal porous network consists of

macropores of 2 �m which provides high permeability and mesopores of 13

�m which ensures the large specific surface area. The monolithic columns

marketed till 2011 were members of the first generation monoliths (1G).

Despite the great efficiency shown by the 1G columns, some important

limiting factors were shown [25–27] in connection with the morphology of

these monoliths:

• the random geometry (pore size and spatial distribution) and large

domain size leads to a loss in efficiency;

• the irregularities on the surface of the porous silica skeleton lead to

higher film mass transfer resistance, and

2.1 Column technology 7



• the radially heterogeneous morphology introduces a mobile phase

velocity bias between the local regions of the column cross-section

leading to band-broadening and tailing of the peaks.

The second generation monoliths (2G) were introduced in 2011 as Chromolith

HighResolution columns where the domain size was decreased by ca. 30–35%

and radial heterogeneity of the macroporosity distribution was eliminated,

which substantially decreases transcolumn dispersion [25, 28]. Fig. 2.2

shows pictures obtained by SEM for both generations of monolith showing

structural differences at 2000:1 and 5000:1 magnifications.

Fig. 2.2: SEM images of bare-silica rods (4.6 mm � 150 mm) from the 1st (left) and
2nd (right) Chromolith generation at 2000:1 (top) and 5000:1 (bottom)
magnification [29].

The more homogeneous macropore space at the short-range interchannel

scale has brought a remarkable improved separation efficiency at unchanged

retention properties which has been evaluated for analysis of both small

molecules and large biomolecules [27, 29–32]. The result is 66.5% reduction

of the minimum plate height, compared to the 1G monoliths [29].
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2.2 Band broadening processes in liquid
chromatography

In chromatography the sample components become distributed over the

separation path as discrete zones and these zones expand continuously as

the separation process advances. The result of the separation depends on

whether the zones are narrow enough so that we can keep avoiding overlap

and cross contamination with adjacent zones [33]. Therefore the major

aim in chromatography is the limitation of zone spreading. To fulfill this,

one needs to understand the processes underlying the zone formation and

spreading.

The events contributing to zone spreading in separation systems are of a

random nature. The central limit theorem of statistics guarantees that a

sequence of random events of the most general kind will lead to a Gaussian

distribution function if the single random displacements are independent

and small compared to the final mean displacement [34]. If this is fulfilled,

the variances of the independent processes (�2
i ) contributing to the zone

spreading are additive. Thus the total variance can be written as

�2
total � �2

1 � �2
2 � �2

3 � � � � �
nX
i�1

�2
i : (2.1)

Since the apparent diffusion coefficients (Di) are directly proportional to the

respective variances and inversely proportional to the time (t) as

Di �
�2

i

2t
; (2.2)

they are additive in the same manner (Dtotal �
P
Di). With each increment

in zone spreading there is obviously a corresponding loss of separation

efficiency. Fig. 2.3 illustrates the contributions to overall band spreading

obtainable in a chromatographic system.

The spreading caused by the HPLC system (injection needle, needle seat

capillary, injection valve, connecting tubes, detector cell [35]) and column

hardware can be measured and optimized easily. The dead volume contains

only these effects and we can remove them the easiest way by deconvolution

of an inert, unretained component’s peak from the analyte’s peak we are

interested in. By this operation – which is also called as normalization to

2.2 Band broadening processes in liquid chromatography 9



Fig. 2.3: Contributions to overall band spreading in a chromatographic system

thy system volume –, we achieved that the initial zone of the analyte can be

approximated at relative low concentrations as a Dirac delta function, which

is an infinitely narrow zone of unit area. The diffusion and diffusion-like

processes in the column convert even such a delta function to a Gaussian

one with the passage of time (Fig. 2.4a). However if the initial zone was

already Gaussian, it becomes broader and lower as time passes (Fig. 2.4b). If

the initial zone cannot be approximated by a delta function, the final zone

can be obtained as a sum of Gaussian functions [33].

In the bed while separating the components from each other, several pro-

cesses occur: the analyte molecules travel with the mobile phase along

the column at high pressure while several adsorption/desorption steps oc-

cur. We can distuinguish three major sources of zone dispersion inside the

chromatographic bed [36, 37]:

• longitudinal diffusion along the mobile phase percolating through the

bed, which is inversely proportional to the mobile phase velocity since

the lesser time the band spends in the column, the lesser time it has

to diffuse;

• multipath (eddy) dispersion, due to the anastomosis of the channels

conveying the sample band across the bed of particles;

• mass transfer resistance, due to the time molecules need to diffuse

in and out of the particles and through their pores and due to slow

adsorption-desorption kinetics.

These three contributions account for the band broadening due to the mass

transfer processes encountered in any type of chromatographic column

2.2 Band broadening processes in liquid chromatography 10



Fig. 2.4: Formation of concentration profiles depending on the shape of the initial
profile [33]

(packed, or monolithic columns), independent of the physical state of the

mobile phase (gas, liquid, or supercritical fluid), the flow regime (laminar

to turbulent), or the nature of the stationary phase (liquid, solid, or narrow

pores where molecular movements are hindered) [38].

2.3 Distributions contributing to band broadening

In the previous chapter, the classical, long known peak broadening factors

were discussed. However, other contributions can also affect the peak

shape and thus separation efficiency. In this section the distributions of the

stationary phase particles and the distribution of the molecule size affecting

the separation efficiency will be discussed. Others such as temperature-

induced effects won’t be addressed.

2.3.1 Particle size distribution

The physical characteristics of particles are important and manufacturers

monitor the particle properties in various ways. The size of the particles

is especially important, as this largely determines the size of the channels

between particles and thus the efficiency of the packed column. However,

the particle size cannot be defined by a single value, it is governed by a

distribution that may cover a wide range [39]. The particle size and its

2.3 Distributions contributing to band broadening 11



distribution can be obtained either with electron microscopy, or with special

instruments such as Coulter counter which provide more convenient and

quantitative information. The typical relative standard deviation of the

particle size is 5% for superficially porous particles and 10–20% for totally

porous particles but it strongly depends on the method used to characterize

it [40].

The importance of particle diameter in influencing separation has been

discussed several times in practice and by chromatographic models as well

[39, 41–48]. There are several contradictory consequences that were drawn

on the efficiency of the separations. According to one of the most recent

papers published which is in good agreement with measured data, there is

no evident correlation between the particle size distribution and column

efficiency [47]. Beside this, a narrow particle size distribution provides lower

pressure drop for comparable efficiency.

2.3.2 Pore size distribution

As demonstrated in Section 2.1.2, porous particles can be characterized also

by their specific surface area, specific pore volume and pore diameter which

depend strongly on each other. The pores provide the surface area neccesary

for separations in adsorption or partition chromatography and the molecules

are separated according their size relative to that of the pore diameter’s in

SEC. The pore diameter, however – similarly to the particle size – is not a

constant, well-definable value, the pores of modern porous stationary phase

may exhibit a momentous pore size distribution (PSD) which is an important

feature of the adsorbent [13]. Experimental data confirm that the size of

pores can cover a rather wide range including pores in the molecular size

range as well as macroscopic fissures and cracks thus the pore size should

preferably be presented on a logarithmic scale [39, 49]. This is shown in

Fig. 2.5.

The nature and the breadth of the PSD have significant impact on the mass-

transfer properties of the stationary phase thus on the efficiency of the

separation, since the hindered diffusion of the molecules in the pore network

gives a critical contribution to band broadening.

There are a number of methods for determining relevant information about

the porous media. Particle surface-area and PSD typically are measured by

2.3 Distributions contributing to band broadening 12



Fig. 2.5: Pore size distribution of three superficially porous particles (SPP) obtained
from low temperature nitrogen adsorption data [39].

low temperature nitrogen adsorption (LTNA) at 77 K using the Brunauer-

Emmett-Teller procedure (BET) or by mercury intrusion [14, 50, 51]. The

former is based on the physisorption of gases while the latter is based on

the controlled penetration of fluids. Both methods are based on certain

assumptions, for example, on the pore shape. LTNA measurements are

used for microporous and mesoporous silica but mercury intrusion is only

good for mesoporous and macroporous silica. For mesoporous silica, nearly

the same pore volume distributions were found by means of porosimetry

and nitrogen sorption for mean pore diameters between 4 and 40 nm [14],

however in other cases porosimetry gives slightly smaller values for the pore

diameter [52]. Mercury intrusion does not work well for fragile particles (with

a large pore volume and also for monolithic columns) or for soft polymer

particles.

These techniques are either too expensive or they destroy the chromato-

graphic column so it cannot be used for any further analysis. It is also

possible that they give irrelevant information because fake assumptions are

made while deriving values of parameters. For example it was long neglected

that the size of nitrogen molecule is much smaller than the size of the analyte

molecules used in chromatographic practice so that the pore volume derived

from such measurements and the conclusions that were drawn could have

been quite misleading [39].

The surface modification should also be taken into account. It was usually

assumed, that the molecular area of nitrogen is 1.62 nm2 [53] but it was

2.3 Distributions contributing to band broadening 13



shown that nitrogen adsorption is less localized on hydrophobic surfaces

due to weaker adsorbate-surface interactions and has more freedom for

lateral movement, thus effectively occupying a larger area of the surface.

Therefore the use of the 1.62 nm2 value would lead to an underestimation

of the actual surface area of hydrophobic surfaces and we should rather use

2.05 nm2 [54].

Inverse Size Exclusion Chromatography (ISEC) is a very comfortable and

preferred method to derive information about the structure of the porous

packing material, such as the intersticial porosity of the packed bed or

PSD of various porous particles and monoliths [6, 55–58]. ISEC has several

advantages in comparison to other methods determining the porous struc-

ture. While in mercury intrusion and nitrogen absorption dry experimental

environment with high pressure and low temperature are necessary that

cause the structural damage of the porous material, in ISEC intact structural

information of materials can be achieved without morphological changes. In

addition, ISEC is operated under typical chromatographic conditions, so it is

a relatively convenient approach [10]. It only needs an HPLC instrument with

minor changes, is very gentle with the stationary phases and enables the

determination of the PSD within the entire range of 1 to 400 nm of various

types of stationary phases [59].

The porous structure of the chromatographic particles is of great complexity

and that has a number of consequences during the separation process. The

physico-chemical properties of HPLC stationary phases play an important

role on column performance and efficiency. The proper characterization of

the pore structure and the PSD is relevant, because the mass transfer across

the particles is greatly affected by the nature of the pores.

Knox and Scott have developed a rather sophisticated model to determine

the pore size distribution from SEC data [8]. The calibration curve of SEC

can predict roughly the same PSD as mercury intrusion porosimetry results.

The model has two assumptions: the pores should be cylindrical and the

sample molecules should be spherical. For a continuous distribution of

pore diameters they obtained the cumulative pore size distribution function

(G�R� where R stands for the pore cylinder’s radius) by a simple differential

procedure as

G�R� � KSEC �
3
2

�
dKSEC

d ln rG

�
� 1

2

"
d2KSEC

d�ln rG�2

#
; (2.3)
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where KSEC is the partition coefficient in SEC, and rG is the radius of the

sample molecule.

2.3.3 Polydispersity

Size Exclusion Chromatography is more often used to obtain molecular

size or molecular weight than for separating polymers from each other

[60]. This determination relies on a calibration process where a number

of special standard polymers with well-known molecular weight are eluted

and a calibration curve is drawn by their partition coefficient (lnMW vs. K).

The retention properties of the unknown sample are then compared with

the calibration data to determine the weight or size of the investigated

molecule. Even though we say that these standards used for the calibration

process have well-defined molecular weights, they do have a distribution.

Manufacturers use a quantity to characterize the fitness-to-purpose of these

polymers, the polydispersity (P ).

The polydispersity of a polymer sample is defined as the ratio of the weight-

and number-averaged relative molecular weights of the polymer sample [61]:

P � MW=Mn (2.4)

Although there is a new recommended IUPAC terminology for polydisper-

sity [62] where ‘degree-of-polymerization dispersity’ and shortly the word

‘dispersity’ is recommended for use, we rather use the term polydispersity

because this is still the common way how polymer scientist refer to the

distribution of polymer molecules.

The knowledge and the effect of polydispersity – that it increases the peak

width and leads to a decrease in separation efficiency – is almost of the same

age as SEC [63–66]. It is very difficult, if feasible at all, to obtain experimentally

the real polydispersity by SEC. However, the first equations that described

the contribution of polydispersity to the height equivalent to a theoretical

plate (HETP) value greatly underestimated the effect of polydispersity [63,

64], it was proven that similarly to a new equation given by Knox [61], the

data given by the manufacturers overestimate it as well [67, 68].

As indicated in Eq. 2.1, the variances of the independent events can be

divided into contributors and we can distinguish the contribution of the

2.3 Distributions contributing to band broadening 15



kinetic events (�2
kin) and that of the polydispersity (�2

P ) to the total band-

broadening as

�2 � �2
kin � �2

P : (2.5)

The elimination of the first term of Eq. 2.5 so the measurement of �2
P is

experimentally impossible. Although recent improvements in experimen-

tal detection techniques in SEC made precise determination of molecular-

weight-distribution possible, Netopilík showed that for samples with low

polydispersity, the errors due to the band-broadening and due to the in-

terdetector volume increases as polydispersity decreases [69]. The effect

of polydispersity is in fact so large that even with P � 1:01 it is difficult

to make accurate determinations of �2
kin because polydispersity of even a

relatively narrow polymer fraction will contribute substantially to the total

width of the eluted peak [61]. These results show that there is a need for

a theoretical model to demonstrate the limitations of the contribution of

polydispersity.

2.4 Size Exclusion Chromatography

Size Exclusion Chromatography is defined as the differential elution of

solutes from the porous stationary phase caused by different degrees of steric

exclusion [70]. The stationary phase used in SEC is always a mechanically

stable porous media. The molecules traveling along the column in the mobile

phase can enter the pores if the size of the pore is larger than that of the

molecule. However it is still uncertain which exact size parameter determines

the separation, in general it is accepted that the gyration radius or diameter

of the molecule is used to determine whether the molecule can enter the

pore [71].

In ideal SEC there is no interaction between the molecules and neither the

stationary nor the mobile phase particles so that the separation is entropy-

driven. There are however another mechanisms responsible for the migration

of the molecules along the column (hydrodynamic and stress-induced diffu-

sion, the polarization effect, multi-path, enthalpic and soft-body interactions

and the so-called wall effect), they can be ignored in almost every case. The

main mechanism responsible for retention of micromolecules in SEC is the

size-exclusion effect [72] and for macromolecules it is the combination of

the size-exclusion and the hydrodynamic effects [73].
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There are two types of molecules that are of major importance in SEC based

on their size: the completely permeable particle (indicated by a subscript

’perm’ in the equations) that is small enough to visit all the pores, and

the barely excluded particle that is too large to enter the pores and will

be excluded (indicated by a subscript ’excl’ in the equations). The former

molecules have access to the stagnant and moving zone of the mobile phase

as well while for the latter molecules only the interstitial volume between

the stationary phase particles is available.

The operational aspects of SEC are presented in Fig. 2.6, where V0 indi-

cates the column void volume obtained by the retention volume of an ex-

cluded molecule, and Vperm is the volume available for the totally permeable

molecules. Solutes of intermediate range have hydrodynamic radii between

that of excluded and totally permeable molecules.

The partition coefficient (KSEC) can easily be calculated by means of the

retention volumes of the above mentioned and the unknown molecules by

KSEC �
Vi � Vexcl

Vperm � Vexcl
� Vp

Vp;perm
� tp
tp;perm

; (2.6)

where after multiplication by the mobile phase velocity, the numerator stands

for time spent by the investigated molecule in the pores of the stationary

phase particles and the denominator indicates the residence time spent by

the completely permeable particle in the pores (subscript p refers to pore).

As mentioned above, the retention of macromolecules arises from either size-

exclusion effect, hydrodynamic effect or a combination of them according

to their size relative to the pore size of the stationary phase [73]. Therefore,

the retention volume (VR) is written as

VR � VpKSEC � V0KHDC � Vsystem (2.7)

where KHDC accounts for the hydrodynamic chromatography contribution

and Vsystem is the volumetric contribution of the system [73, 74]. KHDC is

defined as

KHDC �
1

1� 2reff
r0
� C

�
reff
r0

�2 (2.8)
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Fig. 2.6: Hypothetical SEC calibration curve (a) and chromatogram (b) [1]

where C is a constant which depends on the packing-carrier-polymer system

(here C � 2:698 [75]), r0 the hydraulic radius of the packing material and

reff the effective size of macromolecule:

reff �
p
�
2
rG (2.9)

where rG is the mean gyration radius of the molecule. It was shown [74] that

by combining the Kirkwood–Riseman relationship with the Stokes–Einstein

equation, one gets a direct relation of the gyration radius to the molecular

weight (MW) as

rG �
kBTMBW
4��K

; (2.10)

where kB is the Boltzmann constant, T is the temperature, � is the viscosity

of the mobile phase, B is the exponent of the power law relating the diffusion

coefficient of the polymer to the reciprocal of its molecular weight and K is a

constant. Since K and B are tabulated for various polymer–solvent systems,

rG can safely be used. The typical value for B is 0.549 and for K is 3�10�8

m2/s [74]. The hydraulic radius of the packing material, r0 is:

r0 �
dp

3
"e

1� "e
(2.11)
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where dp is the diameter of the particle and "e is the external porosity of

the packing material.

In a widely used retention model [60, 74, 76] the ratio of the gyration radius

of the molecule (rG) to the radius of the pore opening (rp) is a unique size

parameter:

� � rG

rp
; (2.12)

which is used to define the partition coefficient as

KSEC �

8<: �1� ��m if 0 � � � 1

0 if � > 1
(2.13)

where m is a constant whose value depends only on the pore geometry.

SEC can be used to determine the molecular weight or size of a molecule by

a calibration process (see Section 2.3.3), and by using the inverse way, ISEC

is an appropriate tool to investigate the properties of the stationary phase

(pore geometry and PSD). For the effective use of ISEC however a proper

theory is needed which relates PSD to the retention time of polymers. The

stochastic theory seems rather suitable for describing SEC among the basic

theories of chromatography.

2.5 Stochastic theory of Size Exclusion
Chromatography

The molecular, or stochastic theory of chromatography is a microscopic

model introduced by Giddings and Eyring in 1955 for adsorption chromatog-

raphy [77]. It uses random variables and probabilistic terms to describe the

migration of the molecules along the chromatographic column at a molec-

ular level. The theory assumes that, if we ignore the axial dispersion, the

number of adsorption and desorption steps is determined by a Poisson

process and the time that a molecule spends bound to the stationary phase

(residence or sojourn time) is determined by an exponential distribution.

The stochastic theory is completely independent of the physical-chemical

mechanisms responsible for the retention; therefore it can be used in any

field of chromatography. Accordingly, the model has been extended and im-

proved for several chromatographic methods such as adsorption, partition,
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ion-exchange or Size Exclusion Chromatography. It was adapted to SEC by

Carmichael [78–81].

The stochastic approaches may become very complex to work with for situa-

tions except the most simple case of adsorption, so it was not conveniently

used until the characteristic function (CF) approach was introduced to this

field [82]. The CF method made the use of stochastic theory of chromatogra-

phy simpler even for complicated cases such as heterogeneous adsorption

chromatography [83]. Later the effects of the mobile phase dispersion were

introduced (stochastic-dispersive model) and they involved an increasing

number of parameters specified in the description of the system [84].

Fig. 2.7: Chromatography as a stochastic process. The elution profile is the
probability density function of the retention times of the individual
molecules.[85]

SEC is based on the random migration of molecules, where randomly occur-

ring entrapment and release of molecules in the mesopores of the stationary

phase builds up the separation process. The stochastic theory of SEC as-

sumes that a molecule of a certain size enters and leaves the pores np times

on average during the migration along the column and spends �p time on

average in a single pore. After leaving a pore, the molecule spends �m time

on average in the mobile phase before entering another pore. All these

variables are random quantities, therefore each molecule has an individual

path while migrating along the column (Fig. 2.7). However the molecules

of the same size behave in a similar manner, because of the anomalies in

the retention paths of the molecules we observe a nearly Gaussian curve as

chromatographic peak. The observed retention time of a peak is the mean

of the distribution of the individual retention times and the width of the

peak is described by the standard deviation.
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The average number of the pore ingress steps (if � takes a value between 0

and 1) can be written as

np � nperm �1� ��me ; (2.14)

and the residence time in the pores will be:

�p � �perm �1� ��mp ; (2.15)

residence time spent by the completely permeable particle

where nperm and �perm are the average number of the pore ingress steps and

the average time spent in a single pore by a completely permeable particle,

respectively, andme andmp are constants depending on the ingress and the

egress processes, respectively. Both of np and �p take the value 0 if � > 1.

As Dondi et al. showed earlier [76], parameters me, mp and m are related

as

m �me �mp; (2.16)

where the geometry parameter, m is exactly the same as in Eq. 2.13. Thus

it can be seen that both the pore ingress and egress processes affect the

selectivity of SEC.

The relationship between m, me, and mp can be re-expressed when we

introduce parameter � to characterize the relative contribution of the pore

egress process to the overall size-exclusion effect [86]:

� � mp

m
: (2.17)

The characteristic function is the main equation of the stochastic theory.

Formally it is the Fourier transform of the elution profile and it contains

all the information about the separation process. In this simple case the

following CF describes the system the best:

��!� � exp

(
np

"
1

1� i!�p
� 1

#)
; (2.18)
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where i is the imaginary unit and ! is an auxiliary real variable (frequency).

In this case the probability density function (PDF) (the time-domain signal)

can be written as the inverse Fourier transform of the CF as:

f�t� �
s
np

t�p
e�t=�p�npI1

 s
4npt
�p

!
; (2.19)

where I1 is a modified Bessel function of the first kind and first order.

There is a simple relationship between the CF and the moments about the

origin. The kth moment of the chromatographic peak can be calculated from

the CF (Eq. 2.18) by the moment theorem of the Fourier transform as

�k � i�k
"

dk��!�
d!k

#
!�0

: (2.20)

It is well-known that the first moment is the mean residence time and the

second central moment is the variance of the observed chromatographic

peak. The third central moment gives information about the peak symmetry.

Using the equation above we obtain these moments as

�1 � np�p; (2.21)

�02 � 2np�2
p ; (2.22)

�03 � 6np�3
p : (2.23)

The above equations are only valid if we assume that the pore size in the

stationary phase particles is uniform.

For heterogeneous kinetics, the simplest stochastic model cannot be em-

ployed. Cavazzini et al. extended the stochastic model of chromatography

to the case where the stationary phase consists of more than one types of

adsorption sites and for the case when the adsorption energy of the sites is

determined by a distribution [83]. It was assumed that if there are several

types of adsorption sites in the column, the molecules bind with a certain

probability to each of them. Thus, the PDF describing the peak shape can be

obtained as the probability-weighted convolution of the PDFs of the different
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sites. For example, for two different adsorption sites the following CF was

obtained:

��!� � exp
�
n1

�
1

1� i!�1
� 1

��
exp

�
n2

�
1

1� i!�2
� 1

��
(2.24)

The corresponding peak shape is:

f�t� �
 s

n1

t�1
e�t=�1�n1I1

 s
4n1t
�1

!!

�
 s

n2

t�2
e�t=�2�n2I1

 s
4n2t
�2

!!
; (2.25)

where the subscripts refer to the respective sites and the sign � stands for

convolution. The calculation of the moments and that of the peak profile is

difficult in time domain – if it is possible at all, so it cannot practically be

used in this form.
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3Experimental and methods

”
It doesn’t matter how beautiful your theory is, it

doesn’t matter how smart you are. If it doesn’t

agree with experiment, it’s wrong.

— Richard P. Feynman

3.1 Calculations

To derive the models for stochastic theories containing the effects of pore

size distribution and polydispersity, all calculations were carried out with the

software package Mathematica 9 (Wolfram Research). The elution profiles

were obtained via numerical inverse Fourier transform using 1024 points.

In all cases rp;0 was set to 12.434 nm based on the value obtained for the

Aeris Widepore stationary phase. The other parameters used for a certain

calculation are indicated there. The moments were obtained using the

equations derived below and validated via integration of the peak profiles.

Monte Carlo simulation by generating one million normally distributed ran-

dom numbers was carried out in Mathematica 9 to show the relationship

between the breadth of the molecule size distribution and the polydisper-

sity.

Iterative alignments were performed in Gnuplot using the data obtained

from the ISEC measurements.

3.2 Tools and materials

The measurements were carried out at the Department of Analytical and

Environmental Chemistry, University of Pécs. An Agilent 1100 liquid chro-

matograph equipped with a dual solvent delivery system, an auto sampler, a
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column thermostat and a diode array UV detector was used for all measure-

ments. Data were collected with Chemstation software. The following C18

columns were used (data given by manufacturers):

• Columns packed with superficially porous particles (SPP):

Phenomenex Aeris Peptide (dp=3.6 �m, dcore=2.6 �m, rp=5 nm),

Phenomenex Aeris Widepore (dp=3.6 �m, dcore=3.2 �m, rp=10 nm),

Phenomenex Kinetex (dp=2.6 �m, dcore=1.9 �m, rp=5 nm),

Phenomenex Kinetex (dp=5 �m, dcore=3.6 �m, rp=5 nm),

• Columns packed with totally porous particles (TPP):

Zorbax Eclipse Plus (dp=3.5 �m, rp=4.75 nm),

Waters Symmetry (75�4.6 mm, dp=3.5 �m, rp=5 nm),

Waters Symmetry (150�4.6 mm, dp=5 �m, rp=5 nm),

• Monolithic columns:

Chromolith Performance (fully end-capped),

Chromolith HighResolution (fully end-capped),

where dp and dcore are the total diameter and the core diameter of the

stationary phase particle, respectively. Each column (other than the Waters

Symmetry ones) was of 100�4.6 mm. The Phenomenex Kinetex columns

and the Waters Symmetry columns will be distinguished by their particle

diameters, so that Kinetex 2.6 �m, Kinetex 5 �m, Symmetry 3.5 �m and

Symmetry 5 �m will be listed. The Phenomenex Aeris Peptide, Phenomenex

Aeris Widepore and Zorbax Eclipse Plus columns will be referred to as

Aeris Peptide, Aeris Widepore and Zorbax, respectively. The Chromolith

Performance column will be referred to as first generation monolith while

the Chromolith HighResolution column as second generation monolith.

For the success of the ISEC procedure, one should use standards with low

polydispersity and a mobile phase strong enough to eliminate solute interac-

tion with the stationary phase. Polystyrene standard were purchased from

Varian, (Varian, Inc. USA). The molecular weights (MW), polydispersities (P )

and the calculated gyration radii (rG) of them are listed in Table 3.1.

HPLC grade tetrahydrofuran (THF), purchased from Fisher Scientific (Fisher

Scientific, Ltd. UK) was used at all experiments. The viscosity of THF was

0.55 mPa s (293.15 K). The mobile phase flow rate was kept at 0.50 cm3/min

for eluting the single polystyrene standards. Each measurement was executed

with 100% THF containing eluent. The column thermostat was set at 293.15 K.
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Tab. 3.1: Polystyrene standards used for obtaining experimental data; polydisper-
sity data are given by manufacturer, rG was calculated using Eq. 2.10.

MW (Da) P rG (nm)

580 1.12 0.736
1480 1.06 1.231
1530 1.07 1.253
3070 1.04 1.837
3950 1.03 2.109
6930 1.03 2.872
10,110 1.02 3.532
31,420 1.02 6.585
70,950 1.03 10.299
170,800 1.02 16.682
578,500 1.02 32.593

1,233,000 1.05 49.381
1,412,000 1.04 53.196
2,782,100 1.04 77.193
3,250,000 1.04 84.070

The concentration of all the samples was 0.50 mg/cm3 dissolved in THF.

The injected volume was 1.00 �L. The components were detected at 254 nm.

The retention volumes of polystyrene standards were corrected for the

extra-column volume measured at the same condition for each polymer.

The average extra-column volume (Vsystem) was 0.050� 5.698�10�4 cm3

for the packed beds and 0.070�7.98�10�4 cm3 for the monoliths. This

difference was observed because a capillary tube was exchanged by service

between the consecutive experiments.
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4Results and discussion

”
As far as the laws of mathematics refer to reality,

they are not certain; and as far as they are certain,

they do not refer to reality.

— Albert Einstein

4.1 Effect of pore size distribution

In Size Exclusion Chromatography (SEC), the most important factor is the

pore size of the stationary phase, since the separation is based on the size

of the analyte molecules relative to the pore size.

In ideal SEC, because there is no physico-chemical interaction between the

sample molecules and the stationary phase surface, the type of the silica

and the chemical modification have no effect on the retention and on the

selectivity. The size of the stationary phase particles of the modern HPLC

columns varies in a quite wide range, and it has been recently demonstrated

that there is no evident correlation between the particle size distribution and

column efficiency [47]. The effect of the structure of the stationary phase

particle (e.g. non-porous particles, TPP, SPP) on the separation efficiency is

quite significant, because diffusion within the particles has a strong impact

on the brand broadening in all modes of HPLC. The size-exclusion effect does

not exist on non-porous particles, only the hydrodynamic effect is present.

The totally porous particles have a large pore volume where the molecules

can diffuse and macromolecules may spend long time there, thus slow pore

diffusion gives rise to band broadening of the observed peaks. In the case

of the superficially porous particles the pore volume is more limited and the

diffusion times are shorter [87].
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Results obtained with LTNA confirmed that the presently commercially

available HPLC columns do not have a uniform pore size, but contain pores

in a relatively wide pore size range [39]. This is an important aspect, because

molecules of a given size are not equally likely to enter each pore which

ultimately leads to the distortion in the peak shapes in practice.

4.1.1 Model derivation – Integrating pore size distribution into
the stochastic theory of Size Exclusion Chromatography

The stochastic theory describes the chromatographic process at the molecu- Sepsey, A., Bacskay, I.,

Felinger, A., Molecular

theory of Size Exclusion

Chromatography for

wide pore size

distributions, J.

Chromatogr. A, 2014,

1331, 52–60.

lar level so it is obvious to introduce the pore size distribution (PSD) into that

in order to obtain more relevant information about the retention properties.

The concept introduced by Eq. 2.24 can be extended to multisite heteroge-

neous adsorption and the following characteristic function is obtained when

x type of sites are present, each with a relative abundance of pj, (j � 1; : : : ; x)

[83]:

��!� � exp

8<:n
24 xX
j�1

pj
1

1� i!�j
� 1

359=; : (4.1)

Equation 4.1 can be extended for a continuous distribution of sites.

When modeling SEC, one can use the same idea. The only thing we should

change is the nomenclature used, so that we say pore entrance and release

instead of adsorption and desorption, respectively.

If all the pores were of the same size, one would obtain the characteristic

function and the moments of the band profile as written by Eqs. 2.18 to

2.20. However, when the pore size is governed by a distribution, the PDF of

the PSD (��rp; rp;0; ��) must be included and we should replace rp by that

PDF in Eq. 2.12 and thus in Eqs. 2.14 and 2.15, because both the number

of pore entries and the individual sojourn times of the molecules in a pore

depend on the size of the molecule relative to the size of the pore. Then the

characteristic function could be obtained by combining the PDF of the PSD

with the characteristic function as

��!; rp� � exp

"Z1
rG

��rp; rp;0; ��np

 
1

1� i!�p
� 1

!
drp

#
: (4.2)
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Experimental evidence shows that the PSD of HPLC packing materials can

be described by a log-normal distribution [39]. Thus the PDF used for

��rp; rp;0; �� is

��rp; rp;0; �� �
1p

2��rp
exp

0@��ln rp � ln rp;0
�2

2�2

1A ; (4.3)

where rp;0 and � represents the maximum and width of the log-normal

distribution, respectively. One should note that the true first absolute and

second central moments of the log-normal distribution (Eq. 4.3) are

�1;log�norm � rp;0e�
2=2; (4.4)

and

�02;log�norm � r2
p;0e

�2
�
e�

2 � 1
�
: (4.5)

For the sake of simplicity, however, further on we refer to rp;0 and � as

the mean and the standard deviation of the log-normal distribution, respec-

tively.

We obtain the characteristic function in the case of log-normal PSD when we

combine Eqs. 4.2 and 4.3 as

��!� � exp

24 1p
2��

Z1
rG

np�rp�
rp

exp

0@��ln rp � ln rp;0
�2

2�2

1A ·

·

 
1

1� i!�p�rp�
� 1

!
drp

#
: (4.6)

The above characteristic function describes the peak shape in Fourier domain

for SEC when the pore sizes are not uniform. The peak shape itself can

be calculated as the inverse Fourier transform of ��!�. Unfortunately,

Eq. 4.6 cannot be evaluated analytically for the general case. Nevertheless,

the calculation of the moments is possible in some cases. An analytical

expression of the moments can only be obtained if parameters me and mp

are both integers. Intuition suggests and extensive data processing of SEC

data confirms that for the ingress process me > 0 in Eq. 2.14 and for the

egress process mp < 0 in Eq. 2.15 [86].
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The first absolute moment as well as the second and the third central mo-

ments of the elution profile will be obtained respectively from Eq. 4.6 using

Eq. 2.20 as

�1 � nperm�perma; (4.7)

�02 � 2nperm�2
perma; (4.8)

�03 � 6nperm�3
perma: (4.9)

By substituting Eq. 2.14 and Eq. 2.15 into Eq. 2.21 and using 2.13 we compare

the obtained expression with Eq. 4.7, we can see that parameter a is actually

equal to KSEC and has the form of

a � KSEC �
1
2

’X
k�0

����ke
k2�2

2

 
’
k

!
erfc

 
k�2 � ln�p

2�

!
: (4.10)

Parameter a – and thus KSEC – strongly depends on the pore shape. To

obtain the first absolute moment, �1, ’ �me �mp should be used which is

equal to m thus depending on ’ � 1, 2 or even 3, the pore is slit shaped,

cylindrical or conicalspherical, respectively. The second central moment can

be calculated using ’ �me � 2mp, and the third central moment by using

’ �me � 3mp.

The correctness of the derived moments can be justified by calculating their

limit values in � ! 0. These limits give in all cases Eqs. 2.21–2.23 where

Eqs. 2.14–2.15 are used.

Parameter a can only be calculated by Eq. 4.10 when ’ > 0. For instance,

when m � 3 and � � �1, thus mp � �3 and me � 6, while calculating the

third central moment, ’ would be -3 and the analytical calculation of that

moment is not possible with the equations written above. Nevertheless, the

first and the second moments can be still evaluated. The first three moments

can be calculated in all the cases when � � �0:5. For � < �0:5 one would

get ’ < 0 for the calculation of the third moment and it is not possible to

use Eq. 4.10 in 4.9.

One can always obtain the elution profile with the inverse Fourier transform

of Eq. 4.6 and calculate the moments by numerical integration of the peak

profile.
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4.1.2 Graphical demonstration of the novel model

The equations above demonstrate that PSD will have important consequences

on retention time and peak shape. We obtain the relative pore accessibility

by plotting parameter a against the size ratio, � when no pore geometry is

assumed, i.e.m � 0 and a certain value of the standard deviation of the PSD

is substituted. This is illustrated in Fig. 4.1/a). In the case of uniform pores

(� � 0), there is a sharp distinction between the molecules that visit the pores

and the ones that are excluded. All the molecules that are small enough to

fulfill � < 1, i.e. molecules for which rG < rp can visit all the pores. On the

other hand, every molecule for which � > 1 is excluded from all the pores.

However, when a range of pore sizes are present in the stationary phase

so that � > 0, there are pores that are accessible for the molecules larger

than rp;0 too. The broader the PSD, the smoother is the transition between

inclusion and exclusion. The rest of Fig. 4.1 shows the effect of � and � on

the partition coefficient in case of m � 1 (slit shaped pore geometry), m � 2

(cylindrical pore geometry) and m � 3 (conical or spherical pore geometry),

respectively.

s=0

s=0.2

s=0.4

s=0.6

s=0.8

s=1

a.

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

r

K
S
E

C

s=0

s=0.2

s=0.4

s=0.6

s=0.8

s=1

b.

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

r

K
S
E

C

s=0

s=0.2

s=0.4

s=0.6

s=0.8

s=1

c.

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

r

K
S
E

C

s=0

s=0.2

s=0.4

s=0.6

s=0.8

s=1

d.

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

r

K
S
E

C

s = 0

s = 1

s = 0

s = 0 s = 0

s = 1

s = 1 s = 1

Fig. 4.1: The influence of the pore shape parameter (m) and the size of the molecule
relative to the pore size (�) on the partition coefficient when a; the pore
geometry is not included (m � 0, relative pore accessibility), b; slit shaped
pores (m � 1), c; cylindrical pores (m � 2) and d; conical or spherical
pores (m � 3).
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To exploit the effect of the PSD on the elution profile, we calculated various

chromatograms by changing the standard deviation of the PSD and the

size of the solute molecule relative to the pore size. As mentioned in the

experimental section (Section 3.1), the mean pore size (rp;0) was set to 12.434

nm in the calculations to demonstrate the effect of the PSD. The PDFs of the

log-normal distribution used for demonstrations are shown in Fig. 4.2.

Fig. 4.2: Probability density functions of the log-normal distribution when the mean
of the pore size is rp;0 � 12:434 nm and the breadth of the distribution
(� ) is 0.1, 0.5 and 1, respectively.

The effect of increasing the breadth of the PSD (� ) on the chromatograms

can be seen in Fig. 4.3 for a relatively large molecule, when the relative size

parameter is � � 0:95. This figure illustrates the positive effect of the PSD

on the chromatographic process, where the solid lines represent � � 0:1,

the long-dashed lines amounts to � � 0:5 and the short-dashed lines stand

for � � 1. Depending on the pore shape, the retention times of the profiles

vary in a quite wide range. However, it can be seen in all cases that the

retention time increases and the skew of the elution profile decreases as �

increases. The assumed sample molecules are very large, they rarely can get

inside the pores. Once they enter a pore however, they cannot escape from

it and the molecule remains trapped at the same position as time passes (n

is very small and � is very large). Most of the molecules, however, cannot

enter a pore and for this reason they are unretained and elute at the void

time. This is best illustrated by the green solid line that stands for conical

or spherical pore shape (m � 3) and relatively small standard deviation

(� � 0:1) in Fig. 4.3. This narrow distribution is also demonstrated for the

case of cylindrical pores, where we obtain an exponential decreasing line as
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Fig. 4.3: The effect of the breadth of the PSD (� ) on the calculated chromatograms
for slit shaped pores, for various pore geometries when the size parameter
� is 0:95. In the inserts the changes in the skew and in the first absolute
moment of the chromatograms are plotted.

the elution profile. As the standard deviation of the pore size is increased,

the elution profile becomes a Gaussian peak and if � � 1 one obtains the

most symmetric profile for every kind of pore shape.

For smaller molecules (� � 0:1 to 0:5), the trends when � is increased are

rather different depending on the pore shapes. In case of slit shaped pores,

� has a more dominant effect on the KSEC value than for the other pore

geometries. This was already demonstrated in Fig. 4.1. For example if the

particular molecular size equals to the half of the average pore size i.e.

� � 0:5, the retention time would increase when m � 2 or 3 and decrease

whenm � 1 while increasing � . Simultaneously the chromatograms become

more asymmetrical which is most significant for conical pore geometry

(m � 3). For smaller � values the retention time will decrease for each pore

geometry while � is increased.

The relative molecule size (�) is of utmost effect on the retention time, i.e.

on the first moment. The larger the �, the less the molecule is included. By

calculating the skew of the peak profiles, we can see that the peaks become

more asymmetrical as � increases. Chromatograms are plotted in Fig. 4.4

for different pore shapes and molecular sizes. The retention times of the

observed chromatogram changes considerably. We can conclude that the

PSD has only slight influence on the behavior of the small molecules while its

effect on the large molecules (� > 0:5) is intensive. The larger the molecule,
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Fig. 4.4: The effect of the size parameter (�) on the calculated chromatograms for
slit shaped pores, for cylindrical pores and for spherical or conical pores
when the breadth of the PSD is � � 0:5. In the inserts the skew and the
first absolute moment of the chromatograms are plotted.

the harder it can enter the pores, but once it enters a pore it gets stuck there

and remains at the same position as time passes. That is why the peaks of

large molecules slightly below the exclusion limit (i.e. with high � values)

become extremely broad and skewed.

Parameter � expresses the relation of the pore ingress and egress processes

(see Eq. 2.17). We calculated elution profiles for various � values for the three

mentioned pore shapes. The observed profiles are demonstrated in Fig. 4.5

where the relative size parameter (�) was set to 0:95 and the variance of the

PSD was � � 0:5. In this configuration the size of the sample molecules is

very close to the pore size, however the effects of changing the parameter

� is very meaningful. As it could be expected, the retention time (the first

moment) does not depend on �. The second central moment and the skew

of the observed profiles increase as � decreases. This is demonstrated in

the subfigures of Fig. 4.5. Assuming slit shaped pores (m � 1), the relation

of the ingress and egress processes does not affect the peak symmetry as

much as in the other geometries (m � 2 and 3) where the peaks become

more asymmetrical as � increases. The same tendency could be observed

for all values of �: the profiles become more asymmetrical as � decreases.

From the results presented in Figures 4.3 to 4.5 we can conclude that the

effect of the parameters studied (�, � , �) is the most intensive in case of
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Fig. 4.5: The effect of the relative contribution of the pore egress process to the
overall size-exclusion effect (�) on the calculated chromatograms for slit
shaped pores, for cylindrical pores and for spherical or conical pores when
the size parameter is � � 0:95, and the breadth of the PSD is � � 0:5. In
the inserts the changes in the skew and in the second central moment of
the chromatograms with � are plotted.

conical or spherical pores and the least intensive when slit shaped pores are

assumed.

We investigated how the peak resolution and the efficiency of the separation

are affected by the PSD. The analytical calculation of the relative resolution

is only possible if the first absolute and the second central moments of the

peak are calculated for integer me and mp values. There are only a few

situations this calculation can be done.

The change of the resolution and the number of theoretical plates with

the breadth of PSD are reported in Figures 4.6 and 4.7. Several important

conclusions can be drawn from the data presented in the figures. Based on

the molecule size, the curves can be divided into two cases. In the first case,

the molecules are small enough to separate them by SEC and neither the

relative resolution nor the number of theoretical plates is affected by the

PSD. This can be seen in Figs. 4.6 and 4.7, where the plots referring to the

small molecules (small � values) hardly show any change as � increases,

while the relative resolution and the number of theoretical plates for the

larger and especially for the largest molecules (higher � values) significantly

increase as � increases. The effect is stronger as the value of m increases
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Fig. 4.6: Relative resolution for calculated chromatograms of differing size param-
eters (�). The pore shape parameter (m) and the relative contribution of
the pore egress process to the overall size-exclusion effect (�) were varied
as a; m � 1 and � � �1, b; m � 2 and � � �0:5, c; m � 2 and � � �1
and d; m � 3 and � � �1.

Fig. 4.7: Number of theoretical plates for calculated chromatograms of differing
size parameters (�). The pore shape parameter (m) and the relative
contribution of the pore egress process to the overall size-exclusion effect
(�) were varied as a; m � 1 and � � �1, b; m � 2 and � � �0:5, c; m � 2
and � � �1 and d; m � 3 and � � �1.
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(i.e. in the case of cylindrical and spherical or conical pores relative to slit

shaped pores).

This observation drives us to more general conclusions in the field of chro-

matography, because the size-exclusion effect is not only important in SEC,

but also in other chromatographic methods, such as reversed phase or Hy-

drophilic interaction chromatography (HILIC) separations of macromolecules.

In those cases, the hindered pore diffusion is very important, and the size-

exclusion process becomes more important than the other effects of the

retention.
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4.2 Pore structure determination of various columns

Based on the model derived in Section 4.1, we determined the pore structure

(porosity, PSD and geometry) of nine commercially available C18 columns.

Three of them were packed with totally porous particles, four of them were

packed with superficially porous particles and two of them were monoliths

of 1G and 2G, respectively. All measurements were executed at the same

conditions, i.e. on the same instrument, with neat THF eluent, at the same

temperature and flow rate, using polystyrene standards as indicated in the

experimental part (Section 3.2). First, the results obtained for TPP and SPP

filled columns are represented. In the second part of this section, the two

generations of monolith columns are compared based on their structural

properties.

4.2.1 Pore size distribution and pore geometry of superficially
porous and totally porous particles

The polystyrene standards listed in Table 3.1 were injected individually on Bacskay, I., Sepsey, A.,

Felinger, A.,

Determination of the

pore size distribution

of high-performance

liquid chromatography

stationary phases via

inverse size exclusion

chromatography, J.

Chromatogr. A, 2014,

1339, 110–117.

each column. Fig. 4.8 shows a series of superposed size-exclusion chro-

matograms obtained on a Phenomenex Aeris Widepore column. According

to the size-exclusion mechanism the smallest polystyrene has the largest

retention volume, and the polystyrene with the largest molecular weight

elutes first. These peak shapes shown in Fig. 4.8 are in good agreement with

the literature, where it was demonstrated that peak shapes strongly depend

on the molecular size relative to the pore size [84]. Here the red dashed

lines show symmetrical peaks because the molecules are small enough to

enter the pores, while excluded molecules and the ones that are just below

the exclusion limit form the asymmetrical blue profiles.

To determine the pore shape, first we assumed uniform pore size (monopore

structure). In Fig. 4.9 the distribution coefficient is plotted against the the

size parameter, � and Eq. 2.13 was fitted to the respective calculated KSEC

values of the polystyrenes via m, the pore geometry constant. This KSEC

ignores the PSD and assumes that the spherical molecules are all of the

same size. We can see that for both the TPPs and the SPPs, the respective

m values are between 2.14 and 3.07, so further on we assume cylindrical or

conical/spherical pores.

4.2 Pore structure determination of various columns 38



Fig. 4.8: Superposition of SEC chromatograms obtained with polystyrene standards
on a Phenomenex Aeris Widepore column. Red (dashed) and blue (solid)
lines indicate the molecules that can enter the pores and the molecules
that are excluded form the pores, respectively.

Fig. 4.9: Exclusion curves of various HPLC columns ignoring the PSD; KSEC and �
were calculated using Eq. 2.6 and Eq. 2.12, respectively. Eq. 2.13 is fitted
via m to the calculated KSEC values.
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Fig. 4.10: SEC calibration curve obtained on a Phenomenex Aeris Widepore column.
VR is corrected for the extra-column volume; rG is calculated using
Eq. 2.10

Traditionally the plot of the logarithm of the molecular weight versus the

retention volume (log MW vs. VR) is called as the calibration curve in SEC

(as shown in Fig. 2.6) that shows the accessibility of the stationary phase

to samples. However the molecular weight is related to the gyration radius

of the molecules (see Eq. 2.10) and by plotting VR against rG, we easily can

obtain the void volume (the volume of mobile phase to load the column, V0),

the pore volume (Vp) and the pore size (rp) by nonlinear fitting of Eq. 2.7

using Eq. 2.13 to the retention data of the polystyrene standards. This is

shown in Fig. 4.10 with solid orange line for data obtained on a Phenomenex

Aeris Widepore column. The obtained results of the same fitting procedure

for the other columns used in this study are listed in Table 4.1 for cylindrical

(m � 2) and conical/spherical (m � 3) geometry assumed.

A Fisher test was performed to compare the variance of residuals (�2) of the

fittings. There are no significant differences at 5% significance level between

the goodness of fit (the F values are between 1:28 and 2:74, Fcritical � 2:98),

while assuming cylindrical and conical pore shape.
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Tab. 4.1: Parameters obtained for the monopore model in case of cylindrical (m � 2) and conical/spherical pores (m � 3); V0, Vp, and rp were obtained
by nonlinear fitting of Eq. 2.7

m=2 m=3
Column V0 (cm3) Vp (cm3) rp (nm) �2 V0 (cm3) Vp (cm3) rp (nm) �2

Aeris Peptide 0.682�0.002 0.221�0.009 5.757�0.295 5.058�10�5 0.682�0.002 0.231�0.009 7.627�0.372 3.622�10�5

Aeris Widepore 0.666�0.002 0.158�0.005 14.666�0.961 4.472�10�5 0.666�0.002 0.162�0.004 19.527�1.094 2.725�10�5

Kinetex 2.6 �m 0.690�0.003 0.226�0.011 5.389�0.319 7.404�10�5 0.690�0.003 0.239�0.012 7.027�0.415 5.790�10�5

Kinetex 5 �m 0.698�0.001 0.220�0.011 6.375�0.441 8.392�10�5 0.698�0.001 0.224�0.010 8.777�0.576 6.101�10�5

Zorbax 0.680�0.002 0.234�0.010 5.097�0.255 5.777�10�5 0.680�0.002 0.249�0.011 6.609�0.324 4.302�10�5

Symmetry 3.5 �m 0.502�0.004 0.238�0.004 4.980�0.068 3.241�10�6 0.502�0.004 0.261�0.004 6.350�0.068 1.489�10�6

Symmetry 5 �m 0.954�0.002 0.427�0.010 4.429�0.091 3.996�10�5 0.954�0.002 0.454�0.019 5.724�0.225 1.094�10�4

Tab. 4.2: Parameters obtained for the stochastic model with wide PSD in case of cylindrical (m � 2) and conical/spherical pores (m � 3); Vp, rp;0 and
� were obtained applying a non-linear fitting of Eq. 2.7 with the novel formula of KSEC, Eq. 4.10.

m=2 m=3
Column Vp (cm3) rp;0 (nm) � �2 Vp (cm3) rp;0 (nm) � �2

Aeris Peptide 0.266�0.008 4.671�0.189 0.696�0.045 2.845�10�6 0.320�0.029 5.665�0.835 0.965�0.119 1.303�10�5

Aeris Widepore 0.168�0.003 12.434�0.428 0.603�0.059 4.939�10�6 0.169�0.003 17.089�0.588 0.527�0.067 4.868�10�6

Kinetex 2.6 �m 0.263�0.026 4.657�0.572 0.567�0.164 4.509�10�5 0.268�0.027 6.287�0.786 0.509�0.188 4.561�10�5

Kinetex 5 �m 0.269�0.010 5.042�0.272 0.817�0.054 3.883�10�6 0.273�0.010 6.842�0.384 0.778�0.060 4.165�10�6

Zorbax 0.282�0.021 4.158�0.394 0.635�0.105 1.700�10�5 0.289�0.023 5.573�0.558 0.594�0.119 1.797�10�5

Symmetry 3.5 �m 0.241�0.018 5.089�0.290 0.187�0.217 1.844�10�5 0.258�0.016 6.597�0.336 0.121�0.317 7.100�10�6

Symmetry 5 �m 0.477�0.018 4.203�0.132 0.325�0.057 4.526�10�6 0.495�0.023 5.571�0.212 0.196�0.131 5.823�10�6



Fig. 4.11: Normalized exclusion curves obtained for various HPLC columns when
the pore size distribution is considered. VR is corrected for the extra-
column volume; V0 and Vp obtained from Table 4.2; � is calculated using
Eq. 2.12.

As we already know, this monopore structure is not valid for the modern

porous stationary phases which exhibit a rather wide PSD. To obtain the void

volume, V0, the pore volume, Vp, the mean pore size, rp;0 and the breadth

of the PSD, � from experimental data, we should fit Eq. 2.7 combining with

the KSEC derived in the novel model (Eq. 4.10). The fitting is shown for the

data obained with a Phenomenex Aeris Widepore column in Fig. 4.10 with

blue dashed line. The obtained numerical results of this fitting are listed in

Table 4.2 for the columns used in this study. The Fisher test, performed as

above, shows no significant differences (the calculated F values are between

1.01 and 1.10 while the Fcritical is 3.18 at 5% significance level) between the

fitted models whether cylindrical or conical pore shapes were assumed. We

should note that the V0 values obtained were the same as for the monopore

model because the interstitial volume of the column and its estimation is

unaffected by the PSD.

By comparing the monopore model of SEC with the model assuming wide

PSD and cylindrical pore shape (Fig. 4.10), we can see and Fisher test also

proves that the goodness of fit is significantly better at 5% significance level

in the latter case (F � 3:40 to 21:61, Fcritical � 2:85).
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Tab. 4.3: Numerical comparison of the pore size distributions calculated with
the stochastic and with the Knox model with the pore size given by
manufacturers; rp;0 is the mean and � is the standard deviation of the
distribution, �1;rp real mean pore radius (obtained usind Eq. 4.4). Data is
presented in nanometers.

Column Stochastic model Knox model
rp;0 � �1;rp rp;0 � �1;rp

Aeris Peptide 4.671 0.696 5.951 6.282 0.748 8.310
Aeris Widepore 12.434 0.603 14.913 14.977 0.653 18.536
Kinetex 2.6 �m 4.657 0.567 5.469 5.427 0.601 6.501
Kinetex 5 �m 5.042 0.817 7.040 8.045 0.870 11.746

Zorbax 4.158 0.635 5.087 5.228 0.668 6.535
Symmetry 3.5 �m 5.089 0.187 5.180 4.622 0.230 4.746
Symmetry 5 �m 4.203 0.325 4.431 4.052 0.351 4.309

Fig. 4.11 shows the normalized exclusion curves of the investigated columns

where the novel model is fitted to measured data. The fitted curve of the

Aeris Widepore column differs the most from the others because this type of

particle has the largest pore size among the investigated ones. We can draw

interesting conclusions while comparing the data obtained for the pore sizes

by fitting (Tables 4.1 and 4.2) and the data given by the manufacturers (see

Section 3). The Aeris Widepore column is marketed as having average pore

radius of 10 nm, while the other columns are marketed having average pore

radius of 5 nm (except Zorbax column with rp �4.75 nm). The calculated

pore size values are in good concordance with that of the manufacturer’s

data except for the Aeris Widepore column, where the closest derived value

is 12.434 nm which is obtained for cylindrical pore shape. We can see that

the calculated rp values are higher for conical pore geometry.

The curves in Fig 4.11 except for Aeris Widepore column run together as

long as the hindered diffusion of the polystyrenes is not considerable in

the pores. The curves obtained for the two Symmetry columns decrease the

deepest due to the rather narrow PSD of those stationary phases.

To prove the correctness of the stochastic model of SEC using wide PSD,

we applied the often used PSD model developed by Knox et al. to our ex-

perimental data [8]. The comparison of the results obtained with the Knox

model and with the stochastic model, respectively, for the seven investigated

columns is presented in Fig. 4.12. One can conclude at first glance that the

curves do not differ extremely, the models give similar results.
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Fig. 4.12: Comparison of the results of the Knox model with those of the stochastic
model with wide PSD obtained for each investigated stationary phase.

In order to go beyond simple visual comparison, we fitted the log-normal

distribution (Eq. 4.3) to the data obtained with the Knox model. The numerical

results are presented in Table 4.3. It can be seen that the parameters

calculated with the Knox model slightly overestimate the data given by the

manufacturers (rp � 5 nm, except for the Aeris Widepore column where
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Fig. 4.13: Comparison of the pore size distribution of the various columns; pore
sizes and PSDs are estimated by the stochastic theory assuming cylin-
drical pore shapes. rp;0 and � obtained from Table 4.2, substituted to
Eq. 4.3.

rp �10 nm and Zorbax column where rp �4.75 nm). The mean of the PSD

calculated using the stochastic model however slightly underestimates the

manufacturers’ data. Nevertheless, the agreement is rather good. These

two models give much better estimations that agree more for stationary

phases having narrow PSD as we can see for the Symmetry columns. We

also obtained satisfactory agreement between the two approaches for the

stationary phases having wider PSD. Therefore, we can conclude that Eq. 4.10

is accurate to describe KSEC when the pore size exhibit a broad distribution.

It has been found by Knox et al. that the results of mercury intrusion

porosimetry agree well with the estimated PSD using their SEC model. Since

the currently presented stochastic theory with wide PSD yields results very

similar to the Knox model, we can conclude that our model gives a rather

realistic description of the structure of HPLC particles.

The difference of the pore size distribution of totally porous and superficially

porous stationary phases is obvious in Fig. 4.13 where the PDFs are shown

for the investigated stationary phases. The Zorbax column is an exception,

because the variance of it’s PSD is as high as for the SPP filled columns. The

technologies to produce TPPs and SPPs are completely different. The wide

PSD of superficially porous particless arise from the method of the shell

synthesis [88].
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4.2.2 Pore size distribution and pore geometry of monolithic
columns

The novel model introduced in Section 4.1.1 allows to characterize the Bacskay, I., Sepsey, A.,

Felinger, A., The pore

size distribution of the

first and the second

generation of silica

monolithic stationary

phases, J. Chromatogr.

A, 2014, 1359, 112–116.

porous structure of the monolithic columns as well, thus we used it to

determine the mesopore structure and the characteristic domain size of

1G and 2G, silica-based C18 monolithic HPLC columns. We carried out

inverse size-exclusion experiments using the same polystyrene standards

and experimental procedure as for the columns packed with totally porous

particles and superficially porous particles and represented the experimental

results via the molecular theory of ISEC expanded for pore size distribution.

Fig. 4.14 represents the calibration curves obtained with the 1G and 2G

monolithic columns where the retention volumes, VR are plotted against the

gyration radius of polystyrenes, rG. One can see that the standards that can

enter the mesopores have rather similar retention volumes on both columns

and the difference between the columns is more pronounced for excluded

polystyrenes, i.e. in the range of hydrodynamic chromatography.
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Fig. 4.14: SEC calibration curves obtained for the 1G and 2G monolithic columns.
Eq. 2.7 with KSEC expressed by Eq. 4.10 was fitted to the measured
retention volumes via parameters V0, r0, Vp, rp;0, and � . VR is corrected
for the extra-column volume and rG was calculated using Eq. 2.10.
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Tab. 4.4: Parameters obtained by the stochastic model of SEC with wide pore size
distribution. The macropore volume (V0), the macropore radius (r0),
the mesopore volume (Vp), the mesopore radius (rp;0), and the standard
deviation of the PSD (� ) were obtained by nonlinear fitting of Eq. 2.7 with
KSEC expressed by Eq. 4.10. The average value of the pore radius (�1;rp )
was calculated using Eq. 4.4.

Monolithic column
1G 2G

V0 (cm3) 1.225 � 0.011 1.160 � 0.007
r0 (�m) 1.545 � 0.280 0.949 � 0.075
Vp (cm3) 0.265 � 0.007 0.343 � 0.008
rp;0 (nm) 7.446 � 0.326 8.297 � 0.318
� 0.580 � 0.093 0.369 � 0.120
�2 3.465 � 10�5 6.659 � 10�5

�1;rp (nm) 8.810 8.882

The lines in Fig. 4.14 show the results of nonlinear fitting of Eq.2.7 to the VR

vs. rG data with KSEC expressed by Eq. 4.10. The model defined by Eqs. 2.7

and 2.13 has two assumptions: the sample molecules are spherical and the

mesopores are cylindrical. Parameters V0, r0, Vp, rp;0, and � were also fitted.

The numerical results are listed in Table 4.4.

In case of monolithic stationary phases, V0 and r0 refer to the volume of

macropore space and the radius of macropore, respectively. The macropore

volume shifted towards a lower value, from 1.225 cm3 to 1.160 cm3 for 2G

Chromolith column, it is a 5.3% reduction. The radii of macropores are found

to be 1.55 and 0.95 �m in case of 1G and 2G monoliths, respectively. We

estimated nearly 40% reduction of r0. Our results are in good agreement with

the observations of Hormann et al. who applied mercury intrusion porosime-

try, scanning electron microscopy, confocal laser scanning microscopy, and

numerical reconstruction of the morphology with chord length distribution

method [29]. The differences between the absolute results arise from the dif-

ferent assumptions of characteristic distances and inaccuracy of the applied

methods.

In our evaluation, we employed hydrodynamic chromatography to char-

acterize the macropores. In hydrodynamic chromatography, the effective

hydraulic radius of the macropore is the size parameter that characterizes

the size of the macropores [75]. When confocal laser scanning microscopy is

used to characterize the macropores, the distribution of the chord lengths
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measured in the voids are determined regardless of the shapes of the macro-

pores [29].

The increased mesopore volume, Vp ��22:7%� of the 2G Chromolith can be

explained with the well described highly structured shape of the monolith

[27, 29, 89]. The value of mesopore radius is changed from rp;0 � 7:45 q,nm

to 8.30 nm and the standard deviation of the PSD is reduced from � � 0:58

to 0.37 nm. The difference of PSD between the two generations of monolithic

columns is obvious in Fig.4.15. The distribution of the mesopore sizes of

the 1G Chromolith is broader and more asymmetrical, than that of the 2G

column.
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Fig. 4.15: Comparison of the PSD of the 1G and 2G monolithic columns; mesopore
sizes and their distribution are estimated by the stochastic theory. rp;0
and � were obtained from Table 4.4 and substituted to Eq. (4.17).

The mesopore sizes determined with ISEC (14.9 nm and 16.6 nm for the

1G and 2G monoliths, respectively) are somewhat higher than the values

the manufacturer reports (13 nm and 15 nm). The difference, however is

insignificant, no more than 10–15%. The origin of that deviation lies most

probably in the different ways of pore size determination. Each method

has its own bias as pore sizes are estimated with various physical methods.

Hormann et al. [29], for instance, reported 11.8 and 14.7 nm mesopore size
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for the 1G and 2G monolithic columns on the basis of mercury intrusion

porosimetry.

Due to the asymmetrical log-normal distribution of mesopore sizes, rp;0 is

not the real average value of the pore sizes but that can be obtained with

calculation of the first moment of log-normal distribution as noted in Eq. 4.4.

Practically, there is no difference between the two generations of monolithic

when the real average mesopore sizes are compared (Fig. 4.15, Table 4.4),

the �1;rp values coincide.

The pore structure and morphology of the silica-based monolithic columns

have been thoroughly studied with different approaches, such as mercury

intrusion porosimetry, scanning electron microscopy and confocal laser

scanning microscopy, etc. Our investigation has revealed that simple chro-

matographic experiments can also provide substantial and accurate informa-

tion regarding the pore structure of monolithic columns. The combination

of ISEC experiments with a proper theory can be an attractive alternative to

characterize the mesopores and macropores of stationary phases with tools

that are present in a chromatography laboratory.
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4.3 Effect of Polydispersity

While investigating the effect of the pore size distribution on the separation

in SEC, we assumed that the standard polymers are of uniform size. This,

however, is not true. Even though the standards used for the calibration

process have well-defined molecular weights, they do have a distribution in

their molecular weight and manufacturers use a quantity to characterize the

fitness-to-purpose of these polymers, polydispersity (P ).

We already know that polydispersity leads to an increase in the peak width

thus decreases the efficiency of the separation. This effect however can’t be

obtained experimentally by SEC, thus there is a need for a theoretical model

to demonstrate the limitations of the contribution of polydispersity. We

integrate polydispersity into the the microscopic (stochastic) theory of SEC

to obtain the real contribution of polydispersity to the retention properties

and efficiency.

4.3.1 Integrating polydispersity into the Stochastic Theory of
Size Exclusion Chromatography

To determine the molecular weight distribution of a sample, an accurate Sepsey, A., Bacskay, I.,

Felinger, A.,

Polydispersity in

size-exclusion

chromatography: A

stochastic approach, J.

Chromatogr. A, 2014,

1365, 156–163.

calibration process is needed where the knowledge of the accurate molec-

ular weight and size of the standards is of a great importance. When the

size-exclusion process is described at the molecular level by the stochastic

theory, polydispersity must be incorporated. This will provide a closer under-

standing of the influence of polydispersity and one will get a clearer picture

about its consequences on the separation process and on the retention

properties.

The concept for multiple-site adsorption can be extended for a continuous

distribution of sites in adsorption chromatography as well as for a continuous

distribution of pore sizes in SEC (Section 4.1.1). Following the same reasoning

we can take polydispersity of the sample into account. When y types of

molecules are present, each with a relative abundance of pj, (j � 1; : : : ; y),

the characteristic function is then written as

��!� � exp

8<:np

24 yX
j�1

pj
1

1� i!�p;j
� 1

359=; ; (4.11)
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where �p;j is the time spent by the jth molecule in a pore. We should note

that however Eq. 4.11 looks identical to Eq. 4.1, it holds other information

about the relationship of the molecules and the pores.

Eq. 4.11 can be extended to a continuous distribution of molecular sizes.

Because both the pore ingress and egress processes are influenced by poly-

dispersity, the PDF of the molecular size distribution, ��rG; rG;0; ��, should

be introduced to the model. The term rG in Eq. 2.12 and also in Eqs. 2.14

and 2.15 should be replaced by that PDF. Then the following characteristic

function is derived:

��!� � exp

"Z rp

0
��rG; rG;0; ��np�rG�

 
1

1� i!�p�rG�
� 1

!
drG

#
; (4.12)

where np�rG� and �p�rG� represent the dependence of np and �p on the

gyration radius of the molecule.

Polydispersity is described by three types of distributions in the literature:

Poisson, log-normal, and normal distribution. Although referring to the

central limit theorem for large numbers, both the Poisson and log-normal

distributions can be approximated by normal distribution; here we show the

characteristic function and the derived moments for both the log-normal

and normal distributions.

Log-normal distribution

The log-normal distribution of the gyration radius of the molecules is defined

as

��rG; rG;0; ��log�norm � 1p
2��rG

exp

 
�
�
ln rG � ln rG;0

�2

2�2

!
; (4.13)

where rG;0 and � represent the mean and the standard deviation of the

distribution, respectively. After substituting Eq. 4.13 into Eq. 4.12 and

calculating the moments by Eq. 2.20, the following moments are derived:

�1 � nperm�perma
log�norm
’ ; (4.14)

�02 � 2nperm�2
perma

log�norm
’ ; (4.15)
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where alog�norm
’ is determined by the following expression:

alog�norm
’ � 1

2

’X
k�0

����kek2�2=2
 
’
k

!
erfc

 
k�2 � ln�p

2�

!
; (4.16)

where ’ refers to the proper sum of me and mp for the different moments

and thus strongly depends on the pore geometry. For the calculation of

�1, ’ � me �mp should be used and if ’ � 1, the pore is slit shaped, if

’ � 2 it is cylindrical and if ’ � 3, the pore is either conical or spherical.

In this case alog�norm
’ is equal to KSEC. The second central moment can be

calculated using ’ � me � 2mp, and the third central moment by using

’ �me � 3mp.

Note that Eqs. 4.14 to 4.16 are identical to the ones we obtained for the size-

exclusion process of monodisperse samples on stationary phase particles

with log-normal PSD (see Section 4.1.1). Thus, we can conclude that PSD of

the stationary phase and polydispersity have absolutely identical effect on

the band profile as long as their distributions are identical. There is no way

to tell their influence apart.

Normal distribution

For further calculations we use the normal distribution in this work. In case

of normal distribution, the following PDF is used:

��rG; rG;0; ��norm � 1p
2��

exp

 
�
�
rG � rG;0

�2

2�2

!
; (4.17)

where rG;0 and � represents the mean and the standard deviation of the

normal distribution, respectively.

The characteristic function of the peak shape for normal PSD will be obtained

by integrating Eq. 4.17 into Eq. 4.12:

��!�0 � exp
�

1p
2��

Z rp

0
np�rG�·

· exp

 
�
�
rG � rG;0

�2

2�2

! 
1

1� i!�p�rG�
� 1

!
drG

#
(4.18)

One should exercise caution when Eq. 4.18 is used, because as polydispersity

increases, smaller fraction of the molecules can enter the pores. The fraction
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of polymer molecules that can enter the pores should be determined by inte-

grating the PDF of the normal distribution between the proper limits. After

taking this into account, a new equation was derived for the characteristic

function:

��!� ��1� ��� � exp
�

1p
2��

Z rp

0
np�rG� ·

· exp

 
�
�
rG � rG;0

�2

2�2

! 
1

1� i!�p�rG�
� 1

!
drG

#
(4.19)

where � represents the fraction of the molecules that are small enough to

enter the pores:

� � 1p
2��

Z rp

0
exp

 
�
�
rG � rG;0

�2

2�2

!
drG (4.20)

Eq. 4.19 is the characteristic function of the elution profile for a polydisperse

sample at any value of �. It contains detailed information for the separation

process and the chromatogram can be calculated as its inverse Fourier

transform. Eq. 4.19, however, cannot be evaluated analytically for the general

case, only the calculation of the moments is possible. A simple analytical

expression of the moments can only be obtained if parameters me and mp

are both integers, me > 0 in Eq. 2.14 and mp < 0 in Eq. 2.15 as mentioned

before for the pore size distibution.

To obtain KSEC and the moments of a peak profile, one needs to know the

size parameter, � and the relative standard deviation of the molecule size

distribution, �r defined as the ratio of the standard deviation of the molecule

size distribution to the mean of that distribution:

�r �
�
rG;0

(4.21)

Subscript r in Eq. 4.21 shows that�r depends on the radius of the molecules.

The relation between polydispersity, P defined by Knox and the relative

standard deviation of the distribution of molecular weights, �M is relatively

simple [90]:

�2
M � P � 1: (4.22)

The relationship between the weight and radius of polymer molecules is

defined by Eq. 2.10 and as mentioned there, the typical values for parameter
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B are around B � 0:5. Therefore molecular weight is roughly proportional

with the square of the molecular radius for polymers: MW / r2
G .

The distribution of molecular weights will be no longer normal, it will differ

from the distribution of the radii. Monte Carlo simulation by generating

one million normally distributed random numbers was carried out. The

simulation shows that a relationship �M � 2�r can be established. Thus,

polydispersity is related to the size distribution of the molecules as

4�2
r � P � 1: (4.23)

The moments of the elution profile will be obtained from Eq. 4.18. They are

similar to the moments obtained for log-normal distribution (see Eqs. 4.14

– 4.15), but only if all the molecules can enter the pores, i.e. if � � 1. In this

case the following equations can be used:

�1 � nperm�permanorm
’ ; (4.24)

�02 � 2nperm�2
permanorm

’ ; (4.25)

where anorm
’ strongly depends on the molecular size and on the pore shape

and its expression becomes more complex as m increases.

Parameter anorm
’ depends on which moment is being calculated and on the

pore geometry, thus on the value of me and mp. For the sake of brevity, we

introduce the normalized variable

 � 1� �p
2�r�

(4.26)

anorm
0 is used if m �me �mp � 0 in �1, or if me � 2mp � 0 in �02.

anorm
0 � 1

2
erfc �� � (4.27)

anorm
1 is used if m �me �mp � 1 in �1, or if me � 2mp � 1 in �02.

anorm
1 � 1� �

2

"
erfc �� �� 1p

� 
exp

�
� 2

�#
(4.28)
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anorm
2 is used if m �me �mp � 2 in �1, or if me � 2mp � 2 in �02.

anorm
2 � �1� ��

2

2

"
2 2 � 1

2 2 erfc �� �� 1p
� 

exp
�
� 2

�#
(4.29)

anorm
3 is used if m �me �mp � 3 in �1, or if me � 2mp � 3 in �02.

anorm
3 � �1� ��

3

2

"
2 2 � 3

2 2 erfc �� ��  
2 � 1p
� 3 exp

�
� 2

�#
(4.30)

Although anorm
’ and thus the moments of the band profile can only be

calculated analytically when me �mp > 0 for �1 or me � 2mp > 0 for �2.

Nevertheless, one can always obtain the elution profile numerically with

the inverse Fourier transform of Eq. 4.18 and calculate the moments by

numerical integration of the peak profile.

The effect of polydispersity becomes more complicated as the size ratio

exceeds above � � 0:5. In this case � is getting smaller than 1, and anorm
’ can

not be used any more. The reason for this is that a fraction of the molecules

is excluded from the pores and elutes as a split peak. Thus, new equations

were derived for the first absolute and for the second central moments that

incorporate the effect of �. For �1 this means only a multiplication by �. For

the calculation of �02, the solution is not so simple. The extension of these

equations to the split-peak scenario is beyond the scope of this dissertation.

The equations shown above do not include the impact of the fraction of

the molecules that cannot enter the pores, i.e. they consider only the cases

where split peak are not observed; � < 0:6 (see Fig. 2).

4.3.2 Graphical demonstration of the novel model

The molecular model of chromatography and polydispersity described by

normal distribution was used to show the effect of polydispersity on the

retention properties in SEC. To properly understand the effect of polydisper-

sity, all parameters that have impact on the band profile have to be taken into

account. Thus, we calculated chromatograms by inverse Fourier transform

for various parameter combinations to observe the caused effects.

For a monodisperse sample P � 1, while for a narrowly distributed standard

P � 1:05 is a typical pre-estimate. According to the Monte Carlo simulation

this latter polydispersity corresponds to �r � 0:113, which is a moderately
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Fig. 4.16: Effect of the relative standard deviation of the molecule size distribution
(polydispersity), �r on the size distribution of the sample molecules.
The average molecule size was set to 5 nm and the individual curves
represent the percentage probability of the molecule sizes if �r is 0.1,
0.2 and 0.3, respectively.

broad distribution. In Fig. 4.16, the effect of the relative standard deviation, �r

on the distribution of the size of the sample molecules is shown. The average

molecule size was set to rG � 5 nm and the individual curves represent the

percentage probability of the molecule sizes if �r � 0:1, 0.2 and 0.3. It

can be concluded that even a narrow distribution has a large impact on

the molecular size. If �r were set to zero, all the molecules would be of

the same size and we would only see a high pulse at 5 nm. In the present

study, the effect of polydispersity will not be investigated for �r > 0:3, which

value corresponds to P � 1:32 according to the Monte Carlo simulation.

Furthermore, Fig. 4.16 confirms that when �r > 0:3, a significant part of the

the distribution would span to negative sizes and the model would lose its

physical background.

Table 4.5 summarizes the �r values calculated using Eq. 4.23 for various

polydispersities. It can be seen that these values are in good agreement with

the ones obtained via the Monte Carlo simulation.

As polydispersity increases, a fraction of the molecules will be excluded

from the pores, since the distribution will span beyond the pore size and the

characteristic function that considers partial exclusion is given in Eq. 4.19.

The fraction of the molecules that can actually enter the pores (�) may

significantly drop if � > 0:5, depending the value of polydispersity. This

4.3 Effect of Polydispersity 56



Tab. 4.5: Relative standard deviation values calculated according to the polydis-
persity, P using Eq. 4.23 and Monte Carlo simulation, respectively.

P �r (Eq. 24) �r (MC)

1.00 0 0
1.05 0.112 0.113
1.10 0.158 0.162
1.15 0.194 0.199
1.20 0.224 0.233
1.25 0.250 0.263
1.30 0.274 0.291

effect is shown in Fig. 4.17. Every single line represents the percentage of

the molecules that can enter the pore at the given value of � for the range

0 < �r < 0:3. For the other values of �, (0 < � < 0:5), � is essentially equal

to 1.
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Fig. 4.17: The dependence of parameter � on the relative standard deviation of
the molecule size distribution (polydispersity), �r and on the ratio of
the gyration radius of the sample molecule to the pore size, �. At the
proper values of �, only the shown percentage of molecules can enter
the pores.

Figure 4.18 shows the effect of polydispersity on the partition coefficient at

various pore geometries. This can be achieved by depicting the four anorm
’

functions (see Eqs. 28-31 in Appendix) in case of ’ � 1, when the obtained

expression is equal to KSEC. In Fig. 4.18.a,m � 0, so no geometry is assumed.

It can be seen that in the near monodisperse case (�r � 0:01) there is a sharp

step at � � 1. This means that the molecules that are smaller than the pore
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Fig. 4.18: The effect of the relative standard deviation of the molecule size distribu-
tion (polydispersity) (�r) and the size of the molecule relative to the pore
size (�) on the partition coefficient (KSEC) at various pore geometries. a;
the pore geometry is not included (m � 0 i.e. relative pore accessibility),
b; slit shaped pores (m � 1), c; cylindrical pores (m � 2) and d; conical
or spherical pores (m � 3).

size can enter the pores while the molecules that are larger than the pores

are all excluded. This sharp division gets blurred as we increase the value

of �r, because there will be molecules that are either smaller or larger than

the average molecule. These molecules behave differently because of their

size. The same effect can be seen in Figs. 4.18.b, to 4.18d where slit shaped,

cylindrical and conical or spherical pore shapes are expected, respectively.

The exclusion limit tends to decrease as the pore geometry becomes more

complex.

Usually, it is assumed that polydispersity does not affect the retention time

(the first absolute moment) of the band profile, and only its band-broadening

effect is studied. Fig. 4.19 demonstrates the effect of the relative standard

deviation of the molecular size, �r on the chromatogram and on its first

absolute and second central moments. The ratio of the molecule size to the

pore size was � � 0:5 thus all the molecules can enter the pores according

to Fig. 4.17 in the investigated range of �r. It can be noticed that – in

contrast to general beliefs – the increase in polydispersity leads to a shift

of retention time (except for m � 1) and also causes band-broadening.
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Fig. 4.19: The effect of the relative standard deviation of the molecule size dis-
tribution (polydispersity), �r on the calculated chromatograms for slit
shaped pores, for cylindrical pores and for spherical or conical pores
when the size parameter is � � 0:5. In the inserts the first absolute
moment and the second central moments of the chromatograms are
plotted. Parameters used for the calculations: nperm � 1600, �perm � 1,
� � �1.

The extent of retention time shift and band-broadening is increasing with

the value of the pore geometry constant (m), thus with the complexity of

the pore geometry. The chromatograms calculated for slit shaped pores

have relatively high retention time and peak width compared with the other

geometries. Therefore, we can conclude that the higher the complexity of

the pore geometry the more efficient the separation is.

The effect of the size ratio parameter, � on the chromatograms, as well as

on their first absolute and second central moment can be seen in Fig. 4.20.

Classical SEC behavior and properties are present: by increasing parameter

�, the molecules are more excluded from the pores and are eluted sooner.

Because our model contains no other effect than polydispersity, we can

say, that the effect is significant. The observed trend in the second central

moments is because of the excluded ratio of the molecules appear at zero

time as a Dirac delta. The farther the observed peaks are from zero, the

more their second central moment changes because of the contribution of

�; for slit shaped pores (m � 1) one can see a high broadening in the range

0:6 < � < 0:8 and a quick decay to � � 1. Form � 2 andm � 3, the observed

peaks are near to the Dirac delta so we perceive band constriction.

4.3 Effect of Polydispersity 59



Fig. 4.20: The effect of the size parameter (�) on the calculated chromatograms for
slit shaped pores, for cylindrical pores and for spherical or conical pores
when �r � 0:2. In the inserts the the first absolute moment and the
second central moment of the chromatograms are plotted. Parameters
used for the calculations: nperm � 2000, �perm � 0:4, � � �1.

Fig. 4.21: The effect of the relative contribution of the pore egress process to
the overall size-exclusion effect (�) on the calculated chromatograms
for slit shaped pores, for cylindrical pores and for spherical or conical
pores when � � 0:5 and �r � 0:2. In the inserts the first absolute
moment and the second central moment of the chromatograms are
plotted. Parameters used for the calculations: nperm � 2000, �perm � 0:4,
� � �1.
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In Fig. 4.21, the effect of the relative contribution of the pore egress process

to the overall size-exclusion effect (�) on the chromatograms and on their

first absolute and second central moments are showed. By calculating these,

we used �r � 0:2 and � � 0:5. The first absolute moments of the peaks do

not change for the individual pore geometries. As the egress processes come

to the foreground, the band-broadening becomes more significant. Similarly

to the other cases presented earlier, the alteration can be best observed for

the conical or spherical pore shapes.
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5Conclusion

”
Challenges are what make life interesting;

overcoming them is what makes life meaningful.

— Joshua J. Marine

The stochastic theory of Size Exclusion Chromatography (SEC) was extended

for log-normal pore size distribution (PSD) and for polydisperse samples

where the molecule size is described by a normal and log-normal distribution.

By assuming a pore geometry (slit shaped, cylindrical, and conical or spher-

ical), the statistical moments of the peak profiles can easily be calculated

using the derived equations and the representation of the chromatograms is

feasible by inverse Fourier transform of the characteristic functions.

The results presented for the calculated chromatograms verify previous

observations and experiences: both the PSD and the polydispersity have

strong influence on the retention properties (retention time, peak width, and

peak shape) of macromolecules. We can conclude that for the separation

of macromolecules, the wide PSD will increase retention and efficiency.

Therefore in all modes of liquid chromatography, the efficient separation of

macromolecules calls for a broad PSD.

The novel model accounting for PSD is usable to develop SEC measurements

and so to obtain relevant information from the pore structure by a non-

destructive way in basis of containing information about both the pore

geometry and the distribution of the pore sizes.

By using our newly developed model, Inverse Size Exclusion Chromatography

has become a more accurate method to investigate the structure of a porous

HPLC packing material (pore size and its distribution) without destroying

the column than it was before. The stochastic theory of SEC with PSD was

used to calculate the pore sizes and PSD of various commercially available

HPLC columns; four of them were packed with superficially porous particles
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and three were packed with totally porous particles. The novel model of

SEC fits significantly better to the experimental results than the monopore

model for all the columns investigated. By this fittings, we can get a realistic

view of the structure of stationary phases and choose the most appropriate

column to separate a complex sample.

The stochastic theory of SEC extended for log-normal PSD was used to es-

timate the pore size and the pore size distribution of the 1G Chromolith

Performance and the 2G Chromolith High Resolution monolithic columns via

Inverse Size Exclusion Chromatography. One can observe a significant dif-

ference between the SEC calibration curves of these two monolithic columns.

The slopes of the curves are entirely different in the hydrodynamic range, i.e.

for the molecules excluded from the mesopores. From the hydrodynamic

effect, the sizes of the macropores were determined. The macropore sizes

were found to be r0 � 1:55 and 0.95 �m in case of 1G and 2G monoliths,

respectively. The 22.7% increase of mesopore volume can be attributed to

the highly structured macropore and skeleton structure of 2G monoliths.

Although the distribution of the mesopore sizes of the 1G and 2G stationary

phases differ, the real mean radii of the mesopores are similar: 8.8 and 8.9

nm, respectively.
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6Thesis points

1. The stochastic theory of Size Exclusion Chromatography was extended

for log-normal pore size distribution. Chromatograms and their statis-

tical moments were calculated by the novel model assuming certain

pore geometries.

2. The parameters affecting the retention properties were changed indi-

vidually to investigate their effect. It was shown that the effect of the

model parameters studied (�, � , �) and that of the quantities charac-

terizing the separation (N, relative resolution) are the most intensive

in case of conical pore geometry. The pore size distribution has minor

influence on the retention properties of small molecules compared to

the larger molecules.

3. The novel model was used to ascertain the pore size distribution and

the pore geometry of various porous, spherical HPLC packing materials.

The fitting of our model is in better concordance with the experimental

data of non-destructive ISEC measurements compared to the model

where no pore size distribution was assumed. It was confirmed that the

pore size distribution of superficially porous particles packed columns

is always broader compared to the totally porous particles packed

columns which arise from the synthesis method.

4. The mesopore size and the pore size distribution of the two monolith

generations were determined with ISEC measurements of polystyrene

standards on 1G Chromolith Performance and the 2G Chromolith High

Resolution monolithic columns. It was concluded that although the

pore size distribution of the 2G monolith is narrower compared to the

1G monolith, there is no difference in the average mesopore size of the

two generations.

5. The stochastic theory of Size Exclusion Chromatography was extended

for polydisperse samples (where the molecule size is described by
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a distribution). Chromatograms and their statistical moments were

calculated for several pore geometries to investigate the effect of this

distribution on the retention properties. It was concluded that the

increase in polydispersity leads to a shift of retention time and causes

band-broadening.
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List of Symbols

Greek Symbols

� relative contribution of the pore egress process to the

overall size exclusion effect

�2 variance of residuals

� fraction of the molecules that are small enough to enter

the pores

� viscosity of the mobile phase

��rG; rG;0; ��lognorm probability density function of lognormal distribution

for molecule size

��rG; rG;0; ��norm probability density function of normal distribution for

molecule size

�0k kth central moment

�k kth absolute moment

! auxiliary real variable in frequency domain

��!� characteristic function

 normalized variable in Eqs. 4.26–4.30

� size parameter, ratio of rG to rp

�2 variance

�m average elementary time spent by a molecule in the

mobile phase before entering a pore
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�perm average time spent in a single pore by a completely

permeable particle

�p average elementary time spent by a molecule in a single

pore

"e external porosity of the packing material

’ auxiliary variable to calculate moments

��rp; rp;0; �� probability density function of lognormal distribution

for pore size

erfc error function

Other Variables

a parameter in Eqs. 4.7–4.9

alog�norm
’ parameter in Eqs. 4.14–4.15

anorm
’ parameter in Eqs. 4.24–4.25

B exponent of the power law relating the diffusion coeffi-

cient of the polymer to the reciprocal of its molecular

weight

C constant which depends on the packing-carrier-polymer

system

D diffusion coefficient

dcore diameter of the core of the stationary phase particle

dp diameter of the stationary phase particle

dp particle diameter

F calculated value for Fisher-test

Fcritical critical value for the Fisher-test

i imaginary unit

I1 modified Bessel function of the first kind and first

order

K constant in Eq. 2.10
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kB Boltzmann constant, 1.38�10�23 J/K

KHDC partition coefficient accounting for the hydrodynamic

chromatography contribution

KSEC partition coefficient in SEC

m pore geometry constant

me geometry constant depending on the ingress process

Mn number-averaged relative molecular weight

mp geometry constant depending on the egress process

MW weight-averaged relative molecular weight (molecular

weight)

nperm average number of the pore ingress steps by a com-

pletely permeable particle

np average number of entrapment/release of a molecule

in the pores

P polydispersity

p relative abundance

r0 hydraulic radius of the packing material

reff effective size of macromolecule

rG gyration radius of a molecule

rp radius of the pore opening

T temperature

t time

tp;perm time spent by the completely permeable particles in

the pores of the stationary phase particles

tp time spent by the investigated molecules in the pores

of the stationary phase particles

V0 void/total exclusion volume of the column is SEC

Vexcl volume available for the excluded particles
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Vp;perm pore volume available for the totally permeable parti-

cles

Vperm column volume available for the totally permeable par-

ticles

Vp pore volume

VR retention volume

Vsystem volumetric contribution of the system
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Glossary

1G first generation monoliths

2G second generation monoliths

BET Brunauer-Emmett-Teller procedure

CF characteristic function

HETP height equivalent to a theoretical plate

HILIC Hydrophilic interaction chromatography

HPLC High Performance Liquid Chromatography

ISEC Inverse Size Exclusion Chromatography

IUPAC International Union of Pure and Applied Chemistry

LTNA low temperature nitrogen adsorption

PDF probability density function

PEEK polyether ether ketone

PSD pore size distribution

SEC Size Exclusion Chromatography

SEM scanning electron microscopy

SPP superficially porous particles

TEM transmission electron microscopy
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THF tetrahydrofuran

TPP totally porous particles

UHPLC Ultra-High Performance Liquid Chromatography

Glossary 77
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