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Abstract

FUNDAMENTAL STUDIES ON ULTRAFAST SEPARATIONS AND

DEVELOPMENT OF GEOPOLYMER BASED

BASE-STABLE STATIONARY

PHASE MEDIA

Rasangi M. Wimalasinghe K.K.D.G., PhD

The University of Texas at Arlington, 2018

Supervising Professor: Daniel W. Armstrong

This thesis consists of two sections. In the first section fundamentals of ultrafast
separations is discussed. Ultrafast chromatography is an emerging area of separation
science due to its applicability in high-throughput separations and purifications. State of
the art superficially porous particles packed short and ultrashort columns are utilized to
obtain the amenable speed and chromatographic efficiency required in ultrafast
chromatography. Modifications to state of the art HPLC and UHPLC instrumentation
required in cases where ultrafast separations are needed. Sub-second liquid
chromatographic separations and ultrafast separations of biomolecules and complex

mixtures are demonstrated. Fundamentals behind the analytical chromatographic column



packing are discussed as efficiently packed columns are necessary in ultrafast

chromatography.

Secondly, first reported utilization of geopolymers in liquid chromatography is
discussed. A simple synthesis route has been proposed, and complete characterization of
porous geopolymer particles has been performed using various characterization
techniques. Geopolymer stationary phases have been successfully utilized in normal
phase chromatography and hydrophilic interaction liquid chromatography (HILIC). Further,
its HILIC characteristics are compared with other existing HILIC phases. This dissertation
will be a resource to understand the fundamentals of ultrafast separations and utilization

of geopolymers in the field of separation sciences.
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Chapter 1

INTRODUCTION

1.1 Fundamental Studies on Ultrafast Separations

1.1.1 General Introduction to Ultrafast Chromatography

Improving analysis speed has been recognized as one of the major challenges for
separation scientists for past few decades. As needs for complex sample analysis and the
number of samples increase, chromatographic speed and efficiency are among the
features in demand to increase the peak capacity and throughput.® Utilizing conventional
high pressure liquid chromatography (HPLC) columns (250 mm x 4.6 mm i.d.) with 5 um
fully porous particles (FPPs), achiral and chiral separations can be obtained within a time
window of several minutes to hours with adequate efficiency. Significant developments in
particle technology have taken place in the last decade. The introduction of sub 2 um FPP
and superficially porous particle (SPP) technologies allowed tremendous advances in field
of liquid chromatography in terms of speed and an increase in the number of theoretical

plates in short columns.?

The definition of ultrafast chromatography changed over time. The limit always
decreases with advances in column technology and instrumentation. Contemporary
standards of ultrafast chromatography are separations under 60 seconds. Regardless,
most achiral and chiral ultrafast separations are now under 30 seconds.?* Ultrafast
separations, even in the milliseconds time domain have been attempted using classical
techniques such as capillary zone electrophoresis, specialized electrophoretic microchips
and wide bore hydrodynamic separations utilizing unique detection techniques such as on-

column detection along with digital image processing. 510 Sub-minute or sub-second HPLC



separations are more challenging due to instrument hardware and computational
limitations such as: difficulties in minimization of extra column dispersion, flow rate
limitations, and inadequate sampling frequencies.!! Systematic approaches to overcome

these limitations will be discussed in the following sections.

1.1.2 Requirements for Ultrafast Chromatography

Maintaining the chromatographic resolution of a particular critical pairs of analytes
will be challenging when using very short columns compared to traditional long columns.
Resolution can be improved by improving efficiency, retention of the analytes and
increasing selectivity of the stationary phase. When short columns are chosen,
improvements in efficiency will significantly influence the resolution. Efficiency can be
improved by the utilization of small particles (e.g., 1.7 um superficially porous particles
(SPP)), optimization of column packing, and controlling extra column band broadening.
Selectivity and retention factors can be optimized by choosing the appropriate stationary
phase. Another crucial consideration in the ultrafast domain is the detector performance of
the chromatography system. This includes the sampling frequency and response time of

the detector.

1.1.2.1 Utilization of Small Particle Packed Short Columns and Packing Optimization

A straightforward approach to improve chromatographic efficiency is to decrease
the particle size. The particle diameter is inversely proportional to chromatographic
efficiency. Sub 2 micron fully porous particles (FPP) results in improved chromatographic
efficiencies at the cost of very high back pressure (usually more than the upper pressure
limits of ordinary HPLC: 400 bar). SPP technology is increasing in popularity as it provides
similar chromatographic performances to sub 2 pm FPPs with a more permeable

chromatographic bed resulting a reduced operating back pressure. Note that back pressure

2



is inversely proportional to the square of particle diameter.1? Higher surface roughness of
SPP results in a packed bed with more axial heterogeneity minimizing the contribution of
eddy dispersions in band broadening. 12 Also, SPP based columns can be operated at high
flow rates with a less significant loss of efficiency. The morphology of a superficially porous

particle is shown in Figure 1.1.

Porous Shell

Solid Core

Figure 1.1 Morphology of a superficially porous patrticle

The improved efficiencies of SPP columns for small molecules are due to the packed bed
uniformity and lower eddy dispersion compared to FPP packed columns. 1315 Contribution
of mass transfer effects on band broadening is reduced for larger molecules such as
proteins, oligonucleotides, etc. with small diffusion coefficients and small molecules
exhibiting sluggish adsorption-desorption kinetics even at higher flow rates when SPP
packed columns are utilized. 1618 The solid core of these particles results in reduced trans
particle length, therefore, the accessibility for longitudinal diffusion is limited and reduced.

921 As a result, a smaller van-Deemter B term is expected. 19-2

Column packing is a vital process in producing high efficiency column. Traditionally
HPLC column packing is considered as an art more than a science. The quality of the

packed bed is determined mainly by,



e Suspension rheology and microscopic properties — Shear thickening vs. shear
thinning, dispersed slurry vs. agglomerated slurry
e Slurry concentration

e Packing pressure — packing pressure >> operating pressure.

In slurry packing, the empty analytical column is connected to the slurry chamber with a
pre-column. The slurry is pushed downward using a pneumatic pump under high pressure
usually with a push solvent. Usually, columns packed with disperse slurries produce higher
efficiencies (approximately two fold increment) and resolutions compared to columns
packed with agglomerated slurries.2??2 Non-optimal slurry concentrations can give arise to

fronting peaks.?? In packing optimization, all these factors must be addressed.

1.1.2.2 Controlling Extracolumn Band Broadening

To accomplish ultrafast separations, it is crucial to select correct column
dimensions since retention time, and resolution is compromised with very short columns
are used. Extracolumn band broadening has a significant effect on efficiency in ultrafast
chromatography since columns as short as 0.5 cm are utilized. In general, early eluting
peaks are impacted by extra column band broadening more than the late eluting peaks.
Consequently, in ultra-fast separations, special attention must be paid to minimize extra
column band broadening as much as possible. Therefore, UHPLC is the instrument of
choice for ultra-fast separations rather than ordinary HPLC. The primary sources of extra
column dispersion are the detector cell and connection tubings. Furthermore, the injection
needle and needle seat volume also have a considerable contribution to extracolumn band
broadening. Narrow diameter connection tubing such as Thermo NanoViper (75 pum ID),

and Agilent A-Line (75 pum ID) can be utilized at the cost of elevated back pressure to



minimize connection tubing volume. Further required instrument modifications will be

discussed in Chapter 5.
1.1.2.3 Detector Settings

A chromatogram is a concentration profile over time. The detector should be able
to exactly track the analyte concentration as it is coming off from the column. In modern
state of the art HPLC/UHPLC systems, the user has a certain degree of freedom to choose
detector parameters such as sampling frequency (number of data points collected per
second) and response time (time for the signal to increase from 10% to 90%). Recently it
has been reported that sampling frequency and rise time has an effect on peak shapes

and these parameters play an important role in ultrafast separations.!

250 Hz 100 Hz
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Figure 1.2 Effect of sampling frequency on the output signal in sub-second
chromatography. Chromatograms are simulated with appropriate sampling frequency on

Microsoft Excel 2016. Standard deviation at the time domain is set to be 0.02 s.



Figure 1.2 shows chromatographic peak profiles detected at different sampling
frequencies. At 50 Hz and 10 Hz (Figure 1.2c and d) distorted peak shapes are observed
(Compare with 250 Hz and 100 Hz (Figure 1.2a and b)). Therefore, permanent data loss
occurs. The required sampling frequency is determined as described by the sampling
theorem. 23 According to the sampling theorem, a continuous time signal is represented
and recovered when the sampling frequency is greater than or equal to the twice the
highest frequency component of the parent signal. 22 When the sampling frequency is
above the required sampling frequency, noisy baselines are expected. In general, higher
sampling frequencies are advantageous in ultrafast chromatography. Increased baseline
noise during over sampling can alter qualitative and quantitative detection limits during

trace analysis. Therefore, the determination of the right sampling frequency is crucial in

any analysis.
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Figure 1.3 Computer simulation of a hypothetical separation under a second in

(A) time domain and (B) frequency domain via Fourier analysis.

Sampling frequencies and efficiencies required for sub-second separation can be
studied via computer simulations as shown in Figure 1.3 (MATLAB version 7.110.854

(Mathworks, Natick, MA)). Fourier analysis of the signal (Figure 1.3.B) discloses the



maximum frequency component of the original signal (sub-second chromatogram shown
in Figure 1.3.A) to be 25 Hz. Therefore, according to the sampling theorem minimum of 50
Hz (25 Hz x 2) sampling frequency must be acquired in ultrafast chromatography. State of
the art HPLC/UHPLCs provide a range of sampling frequencies, mostly sampling
frequency up to 160 Hz — 250 Hz. Some instrumentation designs allow the user to choose
sampling frequency and rise time/response time independently (e.g., Thermo, Shimadzu)
while others offer a pre-defined combination of sampling frequency and response time
(e.g., Agilent). The effect of two very different sampling frequency and response time
combinations on signal detection is demonstrated below (Figure 1.4). As a rule of thumb,

the smaller response time, better the signal.
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Figure 1.4 An schematic example of the effect of the choice of sampling frequency-

response time

1.1.3 Applications of Ultrafast Chromatography

There are at least two important applications that require ultrafast chromatography.
One is as the second dimension of two dimensional liquid chromatography (2D-LC) and

another is high throughput screening for method development.
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1.1.3.1 As the second dimension of 2D-LC

Two dimensional liquid chromatography is a powerful tool in separation sciences
as it provides convenience to complex sample analysis. A typical 2D-LC instrumentation

setup is shown in Figure 1.5

Column -1

Pump-1 — Auto —Bm=gl— Detector Modulator —LPump—ZJ
sampler

First dimension Column -2

Second dimension

Figure 1.5 Conventional two dimensional liquid chromatography setup

Peak purity analysis is one of the main applications of 2D-LC. Samples of biological origin
such as proteins are complex by nature. Most of the time single dimension separations do
not provide enough resolution for successful analysis of complex samples. Therefore,
comprehensive 2D-LC is utilized in most of the complex biological sample analysis. In
comprehensive 2D-LC, the first dimension effluent is sequentially sampled and injected
into the second dimension as sharp pulses by a modulator. This process is called
modulation. In practice, the modulation period is limited to a few seconds. Usually, with
higher the modulation rates, the quality of the separation increases. However, the second
dimension run time should be less than the modulation period to avoid the occurrence of
wrap round peaks.?* Therefore, the second dimension should be able to provide extremely
fast separations. Hence the proposed ultra-high efficiency columns will be an ideal choice

for the comprehensive 2D-LC 2" dimension.



1.1.3.2 High Throughput Screening

Achiral and chiral method development play a major role in screening and impurity
profiling in drug discovery and product development processes. In most cases, classic
separation methods are utilized such that the analysis times range from several minutes to
hours. As the number of samples increases, the time required to complete the analysis
also increases tremendously. Ultrafast chromatography is a great tool to increase the
throughput as it increases the number of samples analyzed per unit time compared to
traditional method development protocols. Its implementation is more economical

compared to traditional techniques as much less solvent is consumed.

1.2 Development of Geopolymer Based Base-Stable Stationary Phase Media

Separation scientists continue to develop of new stationary phases with improved
chromatographic figures of merits such as hydrolytic stability, different selectivity, higher
efficiency, etc. to address some common issues in routine chromatographic method
development. As shown in the schematic (Figure 1.6) when the peaks of interest
(impurities) reside on the tail of the main peak, accurate quantitation is challenging as it is
difficult to define the true baseline. (Figure 1.6A). Also, scaling the analytical HPLC method
to a preparative liquid chromatography method to separate and isolate impurities is not
facile with the separation shown in Figure 1.6.A. As an alternate, the separation can be
obtained on a stationary phase with different selectivity as shown in Figure 1.6B where the

small impurity peaks elute before the main peak.

Also, the HPLC result shown in Figure 1.6B is more easily transferred and scaled

to preparative liquid chromatography for separation and isolation of impurities. Therefore,



availability of stationary phases with distinct selectivities is advantageous in addressing the
above mentioned issues. Further, in 2D-LC orthogonality is one of the main measures of
the quality of the separation. To maintain the orthogonality, distinct selectivities of the first
dimension and the second dimension stationary phases are important. Availability of the

stationary phases with distinct selectivities expands the method development capabilities

in 2D-LC.
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Figure 1.6 Baseline separation of impurities by utilizing stationary phases with different

selectivity (Schematic representation)

1.2.1 What are Geopolymers?

Geopolymers are X-ray amorphous polycondensed aluminosilicates?® with an
array of interesting and unique chemical and physical properties such as excellent
mechanical strength, chemical resistance, heat resistance etc.?® Geopolymers have been
used as construction materials, fire resistant materials, and sorbents for many years. 27
Due to their physicochemical nature, geopolymers make a promising chromatography

stationary phase material. Although their comprehensive applications in separation
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sciences has not been reported. One reason could be the fabrication of spherical
geopolymer particles with micron level particle size has been extremely challenging. We
report the first successful synthesis of spherical geopolymer micron size range particles

and demonstrate their utilization in high performance liquid chromatography.

The reaction of solid aluminosilicate with concentrated aqueous alkali followed by
a polycondensation reaction, results in solid geopolymers.2> They consist of 3D polymeric
network of -Si-O-Al- bonds.?82° The Al/Si ratio determines the microstructure and surface
chemistry of the geopolymers.?® Aluminum and silicon can be found as tetrahedrally
coordinated AlI** and Si4*.26.:3031 The overall negative charge arises from aluminates in the

polymeric network and they are charge-balanced by the alkali metal counterions. 26:30.31

1.2.2 Synthesis Aspects of Geopolymer Particles

There are multiple categories of geopolymers based on their starting materials
such as metakaolin geopolymers and fly ash geopolymers. As its name implies, most of
the starting materials arise from natural sources. Metakaolin is dehydroxylated kaolin while
fly ash is an industrial waste. Since the composition of fly ash is not well defined,?® we
prefer metakaolin as starting material. The factors affecting the physiochemical properties

of final geopolymer material are explained below.

Al/Si ratio — The elemental ratio of Al and Si in the geopolymer reaction mixture is crucial
in controlling the mechanical strength of the final product. When higher Si/Al ratios are
utilized, mechanical strength of the final material increased (Si/Al ratios of 1.15 to 2.15
have been reported in the literature). 2° The reason being Si-O bonds are stronger than Al-

O bonds, when more Si is present, the population of Si-O is greater than Al-O bonds. 32
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Type of alkali — The most common types of alkali are sodium and potassium hydroxide.
Potassium geopolymers are known to show better mechanical strength than sodium
geopolymers.32 When the geopolymers are synthesized using mixed alkali a remarkable

change in the Al and Si ordering in the polymeric network is found.?®

Temperature — Curing temperature also is an essential factor in tailoring physicochemical
properties of geopolymers. The kinetics of geopolymerization reaction can be accelerated
by higher curing temperatures which also enhances the mechanical strength. Typical
curing temperatures vary from 35 C — 100 C.32:32 Based on our experimental observations
sintering at high temperatures (= 500 'C) via subjecting to slow temperature ramps can
further increase the mechanical strength. Usually, geopolymers are synthesized in block

form using a desired type of mold if necessary (Figure 1.7).

Figure 1.7 Metakaolin geopolymers synthesized in block form

A few attempts at geopolymer particle fabrication has been reported in the
literature utilizing techniques such as thermal spray drying and ball milling geopolymer solid
blocks.3%34 They resulted in irregular particles or spherical particles in the millimeter size

range making them less useful in chromatography. In this work, a novel synthetic scheme
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has been implemented based on “reverse emulsion templating.” An edible oil has been
utilized as the continuous phase, and the aqueous geopolymer mixture was used as the
dispersed phase. The aqueous geopolymer reaction mixture contains an aluminosilicate
source, fumed silica, and concentrated alkali such as KOH or NaOH. Excess base in the
geopolymer reaction mixture reacts with the oil and produces glycerol and soap molecules.
Therefore, the emulsion system is stabilized. Each aqueous droplet corresponds to a
geopolymer particle. After the geopolymerization reaction reaches completion ( = 8-72
hours), particles are extracted into water. Sintering at high temperatures increases the
mechanical strength of the particles. Powder X-ray diffraction (Broad “structure” around 26)
and energy dispersive spectroscopy analysis are confirmatory tests of the
geopolymerization. Further characterization has been done using scanning electron

microscopy, laser diffraction particle size analysis and pH titrations.

1.2.3 Chromatographic Performance

Given the hydrophilic nature of the geopolymers, they can be utilized in hydrophilic
interaction liquid chromatography (HILIC), normal phase chromatography (NP), and
supercritical fluid chromatography (SFC). In this work, we report the first comprehensive
chromatographic assessment of geopolymers as a stationary phase media.
Chromatographic features such as selectivity, hydrolytic stability, and efficiency of
geopolymers are compared to silica, the most common chromatographic support. The
geopolymer phases showed excellent pH stability (at basic pHs) and unique selectivity for

a broad range of compounds compared to silica and other HILIC phases (Chapter 6).
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1.2.4 Future Work

Geopolymers have a significant potential to be utilized in chromatography and as
well as in different branches of the separation science. Different types of geopolymers can
be synthesized utilizing various starting material. For instance, synthetic kaolin/metakaolin
based geopolymers can be utilized to synthesize trace metal free geopolymers (Figure 1.8,
Table 1.1). This is expected to produce improved peak shapes especially for nitrogen

containing compounds.

Figure 1.8 Scanning electron micrograph of geopolymer particles synthesized from high

purity metakaolin form synthetic kaolin

As expected trace metal impurities were not observed in geopolymers synthesized from
high pure metakaolin from synthetic kaolin. This topic is the subject of future work in our

laboratory.
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Table 1.1 Comparison of elemental composition of geopolymers synthesized from natural

and synthetic starting material from energy dispersive X-ray spectroscopy

Element Geopolymer from natural Metakaolin from high purity kaolin
metakaolin )
Atom weight %
Atom weight %

@) 50.05 + 0.56 49.61 + 0.56
Al 11.3+0.19 12.97 £0.20
Si 27.07 £0.26 26.34 + 0.26
K 10.03£0.18 11.08 £ 0.20
Ti 0.54 + 0.07 _
Fe 1.01+0.11 _

1.3 Organization of Dissertation

The first section of this thesis will be related to fundamental studies of ultrafast
chromatography. All the theory, practical implementations and recent advances in ultrafast
chromatography will be discussed. Chapter 2 will be dedicated to addressing fundamentals

behind HPLC column packing. In Chapter 3, high throughput and ultrafast separations in
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hydrophilic interaction liquid chromatography are discussed. Hydroxypropyl B-cyclodextrin
bonded SPP stationary phases have been evaluated in this regard. Chapter 4 examines
the concept of high throughput and ultrafast separations in the septation of small biological
molecules. Macrocyclic glycopeptide bonded SPP stationary phases have been evaluated,
and development of fast tryptic peptide separation protocols have been discussed. In
Chapter 5, liquid chromatographic separations under a second are discussed including

instrument modifications and data processing.

The second part of this thesis will be related to the development of base-stable
geopolymer chromatographic stationary phases. The novel geopolymer particle synthesis
approaches will be discussed. Complete characterization of the material and

chromatographic evaluations will be presented.
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Chapter 2

FUNDAMENTAL AND PRACTICAL INSIGHTS ON THE PACKING OF MODERN HIGH-

EFFICIENCY ANALYTICAL AND CAPILLARY COLUMNS

2.1 Abstract

New stationary phases are continuously developed for achieving higher
efficiencies and unique selectivities. The performance of any new phase can only be
assessed when the columns are effectively packed under high pressure to achieve a stable
bed. The science of packing columns with stationary phases is one of the most crucial
steps to achieve consistent and reproducible high-resolution separations. A poorly packed
column can produce non-Gaussian peak shapes and lower detection sensitivities. Given
the ever larger number of stationary phases, it is impossible to arrive at a single successful
approach. Thecolumn packing process can be treated as science whose unified principles
remain true regardless of the stationary phase chemistry. Phenomenologically, the column
packing process can be considered as a constant pressure or constant flow high-pressure
filtration of a suspension inside a column with a frit at the end. This process is dependent
on the non-Newtonian suspension rheology of the slurry in which the particles are
dispersed. This perspective lays out the basic principles and presents examples for
researchers engaged in stationary phase development. This perspective provides an
extensive set of slurry solvents, hardware designs, and a flowchart, a logical approach to
optimal column packing, thus eliminating the trial and error approach commonly practiced

today. In general, non-aggregating but high slurry concentrations of stationary phases tend
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to produce well packed analytical columns with small particles. Conversely, C18 packed

capillary columns are best packed using agglomerating solvents.

2.2 Introduction

Stationary phase development in separation science is an active and prolific
research area. Once the stationary phase has been developed, the particles must be
packed into columns to perform separations. A frustrating situation for a researcher arises
when the desired selectivity is achieved but the column efficiency, measured as the
reduced plate height h (plate height H/particle diameter dp), turns out to be greater than 2
along with a non-Gaussian peak shape. A range of chromatographic materials have been
developed such as bare silica, modified silica, non-porous or macroporous polymers,
inorganic oxides (TiO2, Al203, and Zr0O2),3537 carbon coated silica,33° diamonds, boron
doped diamonds,*® and porous graphitic carbon.4242In Figure 2.1, we show the scanning
electron micrographs (SEM) of several particle morphologies namely, fully porous sub-2
pum silica (FPP), 2.7 um superficially porous silica (SPP), latex coated sulfonated polymer,
and 5 pm porous graphitic carbon.*®* To overcome packing challenges, a thorough
understanding of the properties of suspensions and hardware design is required. Several
properties are desirable for a packed column such as Gaussian peaks with h < 2, and a
mechanically stable bed which can survive 500-1000 injections. This perspective highlights
the current scientific understanding along with our own experience with 20 different
stationary phases (the list appears in the Sl), provides insights in packing small particles

of various polar and non-polar chemistries from the literature and from other practitioners.
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These approaches were developed over the course of packing several hundreds of

columns in various dimensions

NPSD fully Core-shell silica
(M) ®) TR

porous silica

Latex coated Porous graphitic
polymers carbon

325KX 500K 95mm  SE1  PGC

Figure 2.1 Scanning (SEM) and transmission (TEM) electron micrographs of
various stationary phases (A) SEM of narrow particle size distribution (NPSD) 1.9 um
fully porous silica (9500x), (B) TEM of 3.6 um superficially porous silica (shell thickness
0.5 ym) adapted from ref 99 with permission from Phenomenex, (C) 5 um latex coated
sulfonated styrene divinylbenzene (9000x) adapted from ref with permission from
Elsevier, (D) 5 um porous graphitic carbon (3250x), adapted from ref Copyright 2013

American Chemical Society.
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2.3 Experimental, Results and Discussion

2.3.1 Phenomenological Understanding of the Slurry Packing Process.

The column packing process is a pressure filtration of a suspension into a

cylindrical mirror polished tube with a frit at the end (Figure 2.2).

@ Pressure gauge

] Screw

( cap

;::

Heating
jacket

Slurry chamber

High
pressure
pneumatic

pump

Reservoir

Figure 2. A downward slurry packing system for packing analytical columns (up to 20,000
psi). The connection tubings are connected by a collar and gland type or Swagelok
fittings. The pre-column should be at least 5-10 cm long with the same i.d. as the column

being packed.
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The force of filtration is obtained from a pump which can operate in a constant pressure or
constant flow mode. The current understanding of the slurry packing process of columns
is far from complete because it is difficult to model suspension rheology, particle to wall
friction, and behavior of the particle solvent interface under extreme pressures ranging
from 4000 to 30,000 psi. As the bed of particles is formed, the secondary consolidation
processes take place to make a tighter bed under pressure.** The pressure is such that it
is 2-3 times the expected pressure on the chromatograph. After the column is packed, the
pressure is removed and the column is capped. There are numerous column geometries
with the options of construction materials such as stainless steel, polyether ether ketone
(PEEK), and PEEK or glass lined stainless steel tubes. The column nomenclature is
typically classified as capillaries (20 pum to < 1 mm i.d.), microbore (1 - < 2.1 mm i.d.),
narrow bore (> 2.1 - 3.9 mm i.d.), and normal bore columns (3.9 - 5 mm i.d.). Preparative
columns employ slurry packing or mechanical approaches such as dynamic axial packing
or radial compression to obtain high efficiency preparative columns and will not be

considered here.4®

2.3.2 Hardware Design Considerations.

Well-designed column packing hardware is critical to achieve high efficiency
columns in any format. Figure 2.2 is a schematic of the hardware: a solvent reservoir
connects to an ultrahigh pressure pump which pushes the suspension of particles held in
a slurry chamber attached to a pre-column and an empty column. Under pressure, a tightly
packed bed builds up in a dynamic fashion (with an axial density gradient of particle
concentration). We prefer pneumatically driven pumps (30,000 psi max.) which operate in
a constant pressure mode. The main drawback of penumatic pumps is the large pressure

pulsations during the “breathing cycle” of piston strokes. Electrically driven piston pumps
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(up to 18,000-25,000 psi) can also used either in constant flow or constant pressure mode.
If accurate flow rates are required, up to 30,000 psi, specially designed syringe pumps can
be used. Typically 10, 20, 40, and 80 mL slurry chambers with 1.4 cm (or narrower) i.d. are
employed for 2.1 to 4.6 mm i.d. columns. Verzele*® achieved maximum efficiency when the
geometries of the slurry chamber and the column matched. It is important to match the pre-
column diameter extending from the slurry chamber with the column for a smooth transition
of the suspension into the column. Any disturbance by a poor design/bent tubing, damaged

seals usually leads to a failed column.

The slurry chamber can be externally heated by circulating hot water as shown in
Figure 2.2 using a heating jacket.*® For the slurry chamber design, the pushing liquid can
be made to enter the chamber at a 90° angle rather than vertically. If vertical entrance is
preferred, a flow distributor which distributes the liquid in horizontal directions is used. The
logic behind this design is to prevent rapid mixing of the suspension with the pushing
solvent. The outlet frit retains the stationary phase inside the column during packing. Frits
should be chosen to withstand pressures (4000-30,000 psi) during column packing. The
theoretical importance of frit designs and flow distribution properties is discussed
elsewhere and it should be ensured to use high quality frits made from small sintered

particles.4”

The packing methods for capillaries usually involves high pressures (5,000-40,000
psi) using pneumatically driven pumps.*® Alternatively, for capillary packing, a high
pressure generator is a manually operated piston screw pump can also be employed (High
Pressure Equipment Company, PA). These pumps can compress small volumes of liquids

(< 100 mL) to extremely high pressures without producing pressure pulses. A schematic
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of a custom designed system is shown in Figure 2.3 which is based on the system designed

by Jorgenson.*°

Capillary 5
/.

Microscope

High pressure
pneumatic pump High pressure

Air (¢

@Y T 9]

Slurry
High pressure = chamber
valve I 1
Magnetic
Reservoir stirrer

Figure 2.3 A high-pressure upward slurry packing system for capillaries (up to 30,000-
60,000 psi). The microscope can be used for examining the bed as the capillary is being

packed.

The capillary is placed in a small suspension chamber (stirred with a small magnetic bead),
and high pressure is applied from a pneumatic pump directly to a bolted chamber. The
packing behavior can be monitored by an optical microscope. For packing capillary
columns, the column frits are often prepared in-house by the Kasil frit method and other
technigues.®® Additionally, the capillaries can also be packed in a downward fashion
without a stir bar just like an analytical column. The key requirement in such design is to
have a precision engineered bore in the outlet, matching the i.d. of the capillary. This allows
smooth transition of the suspension of the particles into the capillary rather than clogging
the capillary head (a common problem). Capillaries are often sonicated during packing.

Several commercial slurry chamber designs have pressure limitations of 9000 psi and
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utilize He gas to push the solvent through capillaries. The readers can consult the classic

work on high pressure hardware design by Spain and Paauwe.5!

2.3.3 Fundamental Insights into the Slurry Packing Process.

The following sections describe the theoretical considerations in the column

packing process to achieve good results.

2.3.3.1 Particle Size Distribution and its Role in Column Performance.

The concept of “reported” particle diameter is rather complex and there are several
ways to express the particle size. To theoretically estimate h, the true particle diameter
must be known for making any judgements on the packing procedure. The Sauter diameter
dsquter IS cOmMmonly used for quoting chromatographic particle sizes. It represents the
diameter of a sphere that has the same volume to surface area ratio as a particle and it is

defined as:52

3
dsquter = ;:z—zgi ..................................................................... Equation 2.1
Where n is the number of particles and d, is the particle diameter. The Sauter diameter is
easily determined by Coulter-counter techniques.52 One may employ scanning electron
microscopy (SEM) and measure the particle diameter, e.g. by using ImageJ software for n
>500 followed by using the equation (2.1).53 It will be clear from Figure 1 that there is no
“unique” particle size and, at times, there is a significant departure from the nominal particle
size. Another specification for size distribution is the percentile ratio, deo/d10; where deo and

dio are the particle diameter at 90" and 10t percentile of the particle size distribution (PSD),
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respectively. The closer the value of deo/d1o is to unity, the narrower is the particle size
distribution. Commercial stationary phase particles rarely come close to deo/di0 of unity.
Titan particles (1.9 um , Supelco, Sigma-Aldrich) marketed as “monodisperse” silica have
a doo/dio ~ 1.3, while other suppliers for sub-2 um silica have even higher ratios.> The
larger size distribution can have a very significant effect on the bed density and affect the
efficiency in deleterious ways (as per recent reports)>556 or beneficial ways (e.g. having a
small percentage of large particles).>” Sometimes adding 5-10% of larger particles than the

nominal size being packed implemented in practice to ease the packing process.*°

2.3.3.2 Role of Stationary Phase Fines in a Column Performance.

Fines refer to very small spherical or irregular particles found in particulate
materials (e.g. in Figure 2.1D). The problems in particle size distribution mainly arise if
smaller particles (and fines) are the major cause of size distribution rather than larger
particles. Higher back-pressure than expected from the nominal size is observed in such
cases. A study on fines concluded that “it is not so much the width or span of the particle
size distribution, but rather the presence of fines that greatly determines the
chromatographic performance of particulate columns.”>> SEM will reveal the quality of the
particles, presence of debris or foreign material before and after synthesis. If magnetic bars
are used for small scale synthesis, some particles may be crushed by mechanical/grinding
forces. This is true for soft materials or silica of low mechanical strength, porous graphitic

carbon, or coated particles such as carbon clad zirconia etc.

25



2.3.3.4 Picking Suspension Solvents for a Given Stationary Phase.

Choosing the right and stable suspension medium for given particles is very

important for successful packing. The term “stable” suspension refers to the fact that the

critical suspension properties do not change significantly in a given time-frame of the

column packing process. All suspensions are thermodynamically unstable but may be

kinetically resistant to settling (compare the stability of colloids).5® Table 1 shows an

extensive summary of slurry solvents utilized in packing for various surface chemistries. It

is also useful to consider wettability, dispersion state, viscosity, density of the solvent, and

shear thickening/ thinning properties before finalizing the choices (vide infra).

Table 2.1 A guide to choosing slurry solvents for capillary and analytical columns.

Suspension with chosen solvent should be examined by optical microscopy.

(a)

Silica: MeOH>960, |PAS1-63  Acetone,’1.6465 70:30 IPA:MeOH, 1:1 5% Tween

20:ethylene glycol,6 50/2.5/47.5 ethylene glycol/Tween 20/Water,5” IPA:CCla4

(b)

Cyano Silica Phases: Anhydrous EtOH®1, (50:50) — (90:10) Toluene:IPA,5?

(©

Reversed Phase Silica Phases (C18 type): 50:50 MeOH:IPAS%869 1:1
paraffin:CCls %71 Acetone,’>’> 1:2 acetone:hexane,’® CHCI3, 7277 80:20

CHCI3:MeOH (with acidic additives), 95% EtOH:n-propanol:toluene 1:1:1(v/v)

Reversed Phase Silica Phases (C4/C8 type): Anhydrous EtOH®!, Anhydrous

IPA,6L7172 50:50 Acetone: IPA,1 (50:50) — (90:10) THF:IPAS!

(d)

Silica based HILIC Phases including Amino Silica and Sugar Bonded
Phases: 98:2 ACN: 1M NH4NOs, 70:30 Dichloromethane:MeOH, (50:50 — 90:10)

Toluene/IPAS?
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(e)

Polymeric lon-Exchangers/ Stationary Phases: Pure deionized water (heated
slurries),*378 2:1 Acetone:H20,”® Acetic acid/ethylene diamine/polyethylene
glycol/mono(nonylphenyl)ether in DI water, Note: Polymeric phases usually swell

in organic solvents unless highly cross-linked

(f) | Carbon Based Phases including Porous Graphitic Carbon: MeOHS:,
dichloromethane®?, neutral surfactants such as Igepal in water
Modified hydrophilic PGC: Pure deionized water8!

(g) | Hybrid Materials: Carbon coated zirconia (IPA), Carbon coated silica (N-
methylpyrrolidone), Polymer coated zirconia (IPA, 50:50 IPA:THF), Core-shell
diamonds (50:50 acetone:water)

(f) | Additional Successful Blends for Dispersing Stationary Phases: 50:50

IPA:THF, 50:50 IPA:acetone, 50:50 MeOH:acetone, 50:50 IPA:chloroform with
organic acid additives such as formic acid, 80:20 MeOH:cyclohexanol, 80:20
MeOH:glycerol, 80:20 EtOH-cyclohexanol, 80:20 1-butanol cyclohexanol, 80:20
EtOH-anhydrous dimethylsulfoxide, 50:50 MeOH:dioxane, 85:15
Dichloromethane: MeOH, Acetone:Dichloromethane, butanol:dimethylsufoxide,

pure acetone (the ratios can be varied depending on achieving a dispersed state)

2.3.3.5 Wettability and Surface Energies.

One of the most obvious requirements is to choose a solvent which will wet the

stationary phase surfaces. An incorrect match leads to “creaming” i.e. the stationary phase
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rises to the surface. For example, water will not wet C18 silica, or a carbonaceous phase
(see pictures in Sl); the stationary phases keeps floating on the surface despite having
higher densities than water. The wetting process originates from a balance of surface
forces. Thermodynamically, if the spreading coefficient S, as defined in equation (2)8384, is
positive, then wetting will occur spontaneously. Here y represents surface energies, the
subscripts S refers to solid and L refers to liquid phases, and LS represents the liquid-solid

interface.

N el (2 0 a2 70 I Equation 2.2

Harkins and Feldman®3 noted that free surface energy of solids is usually larger than liquids
e.g. silica has a surface energy (ys) of 287 mJ/m?2, whereas water has surface energy of
72.2 mJ/m2, the spreading coefficient is likely to be positive assuming y,s to be small.8>
Silica is indeed thoroughly wetted by water. Organic materials such as polymeric phases
have usually lower surface energies than inorganic materials. In other cases, especially for
aqueous dispersions, wetting agents such as neutral, cationic, or anionic surfactants will
usually lower y;, and y,s. For instance, porous graphitic carbon phase (PGC), which is not
wettable by water at all, forms a stable suspension in the presence of neutral surfactants
such as Igepal. As Table 2.1 shows, surfactants such as Tween 20 (polyoxyethylene-
sorbitan monolaurate), Igepal DM-970, sodium lauryl sulfate, and polyethyleneglycol
mono(nonylphenyl) ether have led to significant improvement for packing C18 silica, bare
silica, and ion-exchange resins in narrow bore tubes as well as capillaries.6.67.80 Note that
adding the surfactants may not be the first priority, since wetting agents not only affect the
surface tension and viscosity but can also lead to an unstable suspension. Kirkland pointed
out a very interesting solvent: hexafluoro-2-propanol (HFIP) which he termed as a

“universal” slurry medium.8 He postulated that the reason for the capability of HFIP to
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handle a wide variety of stationary phase types is that the molecule has low surface energy
at one end from the halogen atoms, and high surface energy (hydroxyl groups) at the other
side of HFIP. Thus, HFIP can “energy match” various stationary phase chemistries. Thus,
Kirkland concluded “high surface energy, polar unmodified silica requires methanol or
some other high surface energy or polar solvent. Modified particles with much lower
surface energy, such as C8 or C18 (which still contains many polar unreacted silanol
groups), should be packed with a lower surface energy, less polar solvent such as

tetrahydrofuran, methyl-t-butyl ether, or mixtures such as acetonitrile/chloroform.”86

2.3.3.6 Viscosity and Density Considerations of Solvents and the Suspension.

The viscosity and density of the solvent(s) both contribute to the suspension
stability as predicted by the Stokes law on settling velocity v. For a suspension of porous

particles of finite concentration, the settling velocity v is:

v (1-9) ™ d2{op,(1-e)+ai(er-D)}g

DBy TTTTTTITIIIeIeee Equation 2.3

Where (1 — @) *a hindered settling is function of particles in suspension of volume fraction
@, opand g,are the densities of the particle skeleton and the liquid, 7 is the viscosity of the
liquid, and g is the gravitational constant. The ¢; is the particle porosity and &, is the fraction
of a total particle volume.®” The particle skeleton densities can be measured with a He
based stereopycnometer.8” The skeleton density of porous silica is 1.98-2.19 gm/cm3.87
From an examination of the modified Stokes law (equation 2.3) for the settling of porous
particles, it is clear that a lower particle density and a higher solvent viscosity will prevent
settling. This concept led to use of balanced density methods (now obsolete because of
toxicity concerns of brominated solvents). A better metric for choosing solvents systems is
their kinematic viscosity % rather than individual density or viscosity values e.g. acetone,
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chloroform, methanol, and isopropanol (IPA) have kinematic viscosities of 0.41, 0.38,
0.745, and 2.7 cSt, respectively. Thus, a suspension made in pure IPA will settle very
slowly, but it will also be very viscous and will pack extremely slowly with small particles.
Often peak shoulders are observed in very viscous suspensions when packed at medium
pressures of 10,000 psi. Binary solvent mixtures offer greater flexibility in tuning the
density, viscosity and surface energies of the slurry system. For example, adding acetone
to IPAin 1:1 ratio would bring its viscosity from 2.6 down to ~ 0.6 ¢St which can offer higher
flow rates under constant pressure packing. Perhaps, the “universal” nature of hexafluoro-
2-propanol (HFIP) as a suspension medium is due to its high density 1.596 g/mL which is

closer to silica and low viscosity 1.03 cP (compare from water 1 cP).
2.3.3.7 Non-Newtonian Behavior of Suspensions.

In the previous section, the physicochemical properties of neat solvents or their
mixtures were highlighted. The particle concentration affects the surface tension as well as
the viscosity of the suspension.®® If we express volume fraction ¢ of particles in a
suspension as the wvolume occupied by particles/total supension volume , then the
relative viscosity 7, (compared with the pure solvent system), as the particle
concentration increases, the relative viscosity of suspension becomes a higher order

polynomial function as shown in equation 4.89
Mret=1HBOHB1DZ e i Equation 2.4

Where, B is a constant. This relationship shows a faster viscosity increase as the particle
concentration is increased. In reality, most suspensions are non-Newtonian which implies

that their viscosity is dependent on the flow rate (or shear rate). One can estimate the shear
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stress 7 and the wall shear rate y under constant velocity conditions with a pressure drop

AP in a tube of radius r and flow rate of V/t.:90

................................................................. Equation 2.5

Only three papers have paid attention to practical rheology, in detail, in column packing
and with non-Newtonian suspension behavior.4367.9 The suspensions which become very
viscous with flow rate are shear thickening and the ones which drop the viscosity are shear

thinning (Figure 2.4).

Viscosity =2

Shear rate =

Figure 4. The change in the microstructure of a suspension explains the transition to
shear thinning and shear thickening. In equilibrium, random collisions among particles
make them naturally resistant to flow. But as the shear rate increases, particles become
organized in the flow, which lowers their viscosity (shear thinning). At yet higher shear
rates, hydrodynamic interactions between particles dominate over random collisions and
the viscosity increases significantly (shear thickening). Adapted from ref °1 with

permission from the American Institute of Physics.
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Paradoxically, all hon-aggregating solid suspensions, which often produce the highest
plates, display reversible shear thickening under the right conditions.®? These conditions
are dependent on particle properties (size distribution, shape, particle-particle interactions),
continuous phase viscosity and the nature of suspension deformation (extensional or shear
type).?2 On the other hand, agglomerated suspensions can have permanent clusters
(flocculates), and are typically shear thinning. Light scattering experiments (using Bragg
diffraction) have shown that there is microstructural changes when suspensions make
transitions from Newtonian to non-Newtonian behavior; these changes are referred to flow
induced order-disorder transitions (Figure 3.4).8° The term hydroclusters is used to
describe this localized flow induced suspension density variations (which can form in

protic/aprotic solvents). These rheological ideas are summarized by Barnes.%2

2.3.3.8 Fundamental Problems with Narrow Diameter Columns.

Herein a fundamental issue with narrow diameter columns is highlighted, which
are increasingly becoming popular because of LC-MS compatibility. Improved detection
sensitivity (less dilution of the injected band) when operated at the same linear velocity as
a wider bore column, saving of solvent and expensive stationary phase are additional
benefits. Unfortunately, narrow bore columns present significant theoretical and practical
challenges. From the following equation (6) obtained from solving the diffusion problem in
3 dimensions in an empty tube, two critical problems in narrow bore columns are

discussed.®3

-(z-ut)?>  r?

C(r,z,t)= exp -
(4mt)3/2D /D, [4Dat 4Dt

| IO Equation 2.6
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Where C is the analyte concentration, r, z are radial and axial coordinates at time t, M is
injected mass, D is the dispersion coefficient in the radial direction and Dais the dispersion
coefficient in the axial direction, u is the linear velocity. The first problem pertains to the
limiting case of the last term in the equation 6, (4D, * dead time) < 12, where r¢ is the
column radius. This situation corresponds to the elution time being smaller than the time
to “see and explore” the total radius of the column. Herein, the influence of packing
heterogeneities near the wall is negligible but the flow path distribution at the inlet and the
outlet of the column is not (hence the importance of frits). The problem is clearly illustrated
in Figure 2.5, where the low retention band traveling in center has a separate velocity as

well as a separate band shape compared to the wall.

1.5x10° -
Wall
—~ 1.0x10° -
<L k=0.1
> .
= Center J 1 mL/min
[ \
L S \ flow rate
c S 7 \
0.0
56 57 58 59 60
Time (s)

Figure 2.5 The velocity bias between the wall region and the center of a radially
heterogeneous packed bed (packed by the manufacturer). Sample: p-benzoquinone,
recorded by electrochemical detection at the center and the wall of the outlet frit. Column:
10x0.46 cm i.d. Kinetex-C18 2.6 ym SPP. MP: 30/70 water/methanol, k = 0.1. Adapted

from reference 3. Copyright 2013 American Chemical Society
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It is now well established as to why a hon-Gaussian peak shapes arise due to velocity bias
around the column walls.®* It can be shown that there is significant velocity bias in the
center and the wall by implanting electrochemical detectors at radial positions on the
column outlet.?® Such wall effects were well known in chemical engineering 50 years ago.%
The "wall region” extends to 30-50 particle diameters. Conversely, if (4D, * dead time) >
> 12, this implies that solute spends enough time in the column to reach radial equilibration
and “see and explore” the walls. This case pertains to narrow (capillary like) columns.
Counterintuitively, one rarely sees fronting or tailing in packed capillaries, rather the peaks
are symmetrically broad.*® Any distortion introduced by the heterogeneity near the walls is
compensated by the trans-column diffusion. Two types of wall effects were recognized and
understood much later in chromatography.® The first is the geometrical wall effect just
because the particles cannot penetrate the walls; the second wall effect is the oscillation in

the porosity of the bed as one goes from wall towards the center.%7.%8

2.3.4 Practical Insights into Packing High Efficiency Analytical and Capillary Columns.

This section will discuss the practical considerations in slurry packing of capillary
and analytical columns while providing a useful set of guidelines. These concepts have
been developed after an experience of packing of over 17 different surface chemistries.
The chemistries comprise chiral, HILIC, polymeric, reverse phases, silica based ion-
exchangers, zwitterionic phases, porous graphitic carbon, and carbon clad zirconia
particles in analytical/narrow bore formats. The flow chart in Figure 2.6 is a general outline
for packing when starting with a new stationary phase. If a priori information on the packing
procedure is not available, one can start by picking 5 slurry solvents (use HPLC

grade/anhydrous solvents) from Table 2.1 after thoroughly cleaning, defining, and drying
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(if applicable) the stationary phase and the hardware. It may be useful to determine the
charge on the stationary phase, if dealing with hydrophilic chemistries or polar chemistries
by zeta potential measurements. Fines, if visible in the SEM, can be removed by
suspending the stationary phase in a low viscosity solvent. A note of caution: Presence
of moisture in the stationary phase, high humidity, or moisture in the hardware can result
in poor efficiency especially with halogenated solvents because of particle aggregation.®®
For some charged polymeric phases, organic solvents cannot be employed (because of

swelling), there even pure deionized water as suspension medium can produce reduced

plate heights of < 2.43

<__ Clean, remove fines and dry* the stationary phase >
-

[ Prepare 5 solvent systems based on the surface chemistry (see Table 1 for examples) ]

Each particle separate — fully dispersed, Few particles clumped — partially agglomerated, All particles clumped — fully agglomerated
Additional tests: settling in Wintrobe tubes, vial settling test, filament test, shear thickening test
2.0 to 4.6 mm i.d. columns I 30 to 400 ym i.d. capillaries
N

—__ Choose a fully dispersed and a slow seflling suspension |

[ Perform optical microscopy of suspensions (0.1-0.5% w/v) and classify the dispersion }

Begin trial pack with initial conditions
choose 7-10% wiv suspension, apply ~1000 psi‘cm bed
Leieli, Sizs e e 30 {0 75 pm i.d. | 100 to 400 pm i.d.
[ Test an unretained and a retained analyte ]
Begin trial
[ Perform total peak shape analysis (Figure 7) ] paim‘\;'th
Low N (h>>3) | High N (2h<3) conditions
Broad G ian or f Fronting, Tailing,
‘ otZiHn au:zfs € shoulders on left, minimal
9P Minimal tailing fronting
l Change slurry concentration
High N {2<h<2.5} | Low N {h>>2)
Choose another +5% wiv [ 5% WiV ] 1
slurry system, oot e Study slurry concentration .
ensure moisture offect until h < 2 Choose_a different
removal in Optimize until peaks are assessed {up to 20% wiv) suspension system
solvents, particles, to be symmetric via the total peak
d hard # i
LA SliETna EelEs { Study the effect ultrasonication on capillary during packing }
Study the effect of pressure increase (increments of 100-200 il llfh Sy GRRETEEIS
psi per cm bed length)
Expose column to its maximum intended flow rate for 30
[ Expose the column to its maximum intended flow rate for 30 J min and study bed stability
min and study bed stability

*Drying is not important if agueous slurries are used

Figure 2.6 The flow chart for logical optimization of slurry packing.
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Once a suitable choice of the solvent system is made from preliminary judgements of
density, viscosity, and wettability; optical microscopy of the suspensions should be
performed. It is the most useful qualitative predictor of packed column’s performance.
Figure 2.7 shows a comparison of microscopic images of two silica and a polymeric

stationary phase in dispersed and agglomerated forms.

(A) CF7-DMP 2.7 um SPP ) GF7-DMP 2.7 um 8PP
Agglomerated R A

E : Dispersed

300um 300um:-

(C) Sulfonated EVB-DVB 4.4 ym (D) Sulfonated EVB-DVB 4.4 um

- 0 ~r N Y O N B gh
P 0 B 2 ¥ o Ag 2 O 8 oop 0‘ DISpe&
, Vo . ’ ‘ O 0 ]

Figure 6. Optical microscopy of stationary phase suspensions. Derivatized cyclofructan-7
bonded to 2.7 ym SPP in (A) 98:2 methanol: 1M NH4+OAc — agglomerated slurry and (B)
1:1 CHCIs:IPA — dispersed slurry. A suspension of 4.4 um non-porous sulfonated
ethylvinylbenzene-divinylbenzene in (C) 0.1M MgCl2 — agglomerated slurry and (D)

Deionized water — dispersed slurry.

To perform optical microscopy, place few drops of a dilute suspension and observe the

suspension near the edges of the cover slip. The evaporating liquid (at the air interface)
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causes motion in the suspension and one can easily see how the particles would travel
during the column packing process. One major problem occurs when the solvent’s
refractive index matches with that of silica (e.g. CClas + silica). In such cases, small amounts
of other solvents can be added until the particles are visible. A slurry that promotes
dispersion of particles would pack in a “layer by layer” fashion forming a random closed
packed structure and resulting in a tightly packed high-efficiency column at high flow rates.
Oppositely, an agglomerated slurry can induce packing of stationary phase particles in
clusters leading voids in the beds. For capillaries, we wish to point out a stark difference
for C18, where agglomerated suspensions followed by sonication have produced the best
results.#8.60 Unfortunately, there are very few packing details published on other stationary
phase chemistries in capillaries. For now, it may be useful to keep the “world” of capillaries

separate from the narrow bore and analytical columns.

A settling test or vial test,*® should be performed by letting a sonicated suspension
settle and monitoring the nature of the bed so formed in small vials or better in Wintrobe
tubes (narrow test tubes with a length scale, see Sl). A loose bed (or lager height in a
Wintrobe tube) is an excellent test of a poor solvent system. As a caveat, very dispersive
suspensions but in a low viscosity solvent (acetone/dichloromethane system) may settle
very fast yet yield excellent columns. Settling speed alone is not a good predictor. A simple
rheological test to determine shear thickening in a given solvent, referred as “the filament
test” or “test on a spatula”, can be done as follows. One can make a very concentrated
suspension by adding few drops of slurry solvent on the stationary phase in a vial. Quickly
moving a thin spatula, one can notice the resistance offered by suspension in the motion
of the spatula, followed by drying/cracking. As the motion is stopped, the suspension
becomes wet and shiny (from the so-called dilatancy effect). Lifting the spatula from such

suspensions forms a flowing filament.
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After choosing the slurry, carefully pour the sonicated suspension into the slurry chamber
(e.g. with a syringe), the top-up solvent should be very carefully trickled into chamber
without disturbing the slurry concentration. The first column can be packed as a trial based
on the initial parameters suggested in Figure 2.6. The criteria for choosing a push solvent

are given in Table 2.2.

Table 2. Criteria for choosing push solvents

(a) Degassed solvents with relatively low compressibility at high pressures (>
10,000 psi) and low viscosity e.g. acetonitrile, MeOH, isooctane, toluene,
hexane, acetone, hexane:IPA, or in some cases with aqueous slurries, pure
water can be used.

(b) Ideally, agglomerating solvent for the stationary phase

(c) Density should be lower than the solvent blend used in the chamber so that the
push solvent floats on the suspension

It should not be very compressible at the packing pressures nor denser than the slurry
itself. For instance, if hexane is chosen, at 10,000 psi, it will be compressed as 158x10-
6/bar. We prefer a pressure ramp starting from 0 psi to the final pressure (in 10-20 seconds)
for safety and improved reproducibility. The packing pressure is typically chosen to be at
least twice (or thrice) the operating pressures. We consistently see a significant efficiency
loss, if the packing pressure is similar to the operating pressure especially in short columns.
In general, for 4.6 mm i.d. columns, 10,000 to 12,000 psi is sufficient, whereas narrow bore
columns are typically packed at 16,000 psi to 30,000 psi for particle sizes <5 um silica or
other inorganic oxides. Polymeric/carbonaceous materials cannot handle this pressure.
Once the column is packed, the system should be allowed to come to the atmospheric

pressure and the column should be removed as soon as possible, flattened with a blade
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knife, and fitted with a frit. An unretained solute peak and a well retained solute peak should

be analyzed for plate count and a total peak shape assessment should be performed.1%°

2.3.4.1 Total Peak Shape Analysis after Packing Experiments.

During packing experiments, one may obtain non-Gaussian peak shapes. The

departure from Gaussian shape of an unretained analyte is a manifestation of flow

heterogeneity problems from poor velocity distribution in the packed bed (Figure 2.8).
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Figure 2.8 Gaussian test applied to experimental peaks for testing a peak shape after

column packing. The peaks show concurrent fronting and tailing which remain

undetected by the USP tailing factor. The residuals here show the problematic regions of

the peaks (A) Column: teicoplanin bonded 2.7 ym SPP (15x0.21 cm i.d.). Analyte: 1st

eluting enantiomer of 5-methyl-5-phenylhydantoin, (B) the bottom 5 cm section of a long

column packed with 2.7 um SPP silica in IPA slurry. Analyte: uracil. Retrieve the total

peak shape analysis template from ref 100,

In Figure 2.8A, a peak with concurrent fronting and tailing is shown, the asymmetry of which

is not identifiable by asymmetry factors such as USP tailing factor As.1°° However, with use
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of Gaussian superimposition at the peak top, one can detect concurrent fronting and tailing.
The example shown in Figure 2.8B is a seemingly symmetric peak which only shows its
concurrent slight fronting in addition to tailing when analyzed with Gaussian
superimposition. See free Excel based template provided as a Sl which automates the total

peak shape analysis.19°

2.3.4.2 Practical Insights with Illustrative Examples.

lllustrative examples based on fundamentals discussed above will be
demonstrated below. The general principles are straightforward and applicable to virtually
all stationary phases. All columns were packed with a pneumatically driven Haskel (DSHF-
202) pump using slurry chambers (10, 20, 40, 80 mL) from Scientific Systems Inc. (USA)
and pushed with either methanol or acetonitrile. The packing hardware utilized in all
experiments was similar to that shown in Figure 2.2, except that the push solvent entered
vertically through a flow distributor. The glassware/ apparatus was oven dried and
disposable Norm-Ject syringes (Henke Sass Wolf) were used for volume measurements
of solvents. All slurry concentrations reported in this work are %w/v as g/mL.
Chromatography was performed on an optimized Agilent 1290 Infinity series UHPLC.21!
As suggested in the flow chart, the SEMs revealed the absence of fines or broken/cracked
particles in the silica used in the following experiments. The efficiencies of the peaks were
calculated by the half-method whereas distorted peak efficiencies were determined by the
second moments (Agilent OpenLab). The peak asymmetries (As) are based on the USP
tailing wo.os/2fo.05, where wo.os is the width at 5% peak height and fo.os is the distance from
the leading edge to the peak maximum at 5% peak height. The results and phenomenon

illustrated below are reproducible as shown in the Figure 2.9E.
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2.3.4.3 Dispersed Slurries Produce Better Columns.

Figure 2.9 shows a very important and general phenomenon that has a profound effect on

the column performance.

5 x 0.46 cm i.d. CF7-DMP 2.7 pm SPP 10 x 0.21 cm i.d. C18 1.9 ym FPP
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Figure 2.9 Performance comparison of dispersed vs. agglomerated slurries on analytical
and narrow bore columns with different surface chemistries. (A) and (B) show the 5 x
0.46 i.d. columns packed with 2.7 ym SPPs bonded to cyclofructan-7 dimethylphenyl

carbamate (CF7-DMP) analyzed with 1,3-dinitrobenzene using 70/30 heptane/EtOH at

1.0 mL/min. (C) and (D) show the 10x0.21 cm i.d. columns packed with C18 bonded 1.9
pum FPP silica analyzed using a mixture of uracil, 1,3-dinitrobenzene, and biphenyl (in
order of elution) using 60/40 ACN/Water at 0.2 mL/min. ( E) is the replicate of (C) to

demonstrate the reproducibility of the phenomena and results.
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Itis postulated that dispersed suspensions should pack “layer by layer” producing a uniform
bed without channeling or voids resulting in high efficiency columns. On the other hand,
agglomerated suspensions can pack as “loose clumps” piling up on each other resulting in
a loose bed. Intuitively, one would expect to have more voids in such a bed structure.
These concepts are shown using a 2.7 um SPP dimethyl phenyl cyclofructan-7 bonded
chiral (polar) stationary phase and a 1.9 ym FPP bonded C18 silica (Figure 2.9).
Additionally, two different column geometries were chosen to illustrate the key differences
between agglomerated and dispersed suspensions. As pointed out earlier, a dispersed and
agglomerated suspension will have the opposite rheological behaviors, shear thickening
and shear thinning, respectively.’9? To obtain a dispersed suspension, various
combinations of several organic solvents (chosen from Table 2.1) were assessed via
microscopy (Figure 2.7 A-B), sedimentation, and shear thickening test. It was found that a
mixture of 1:1 chloroform: IPA provided a dispersed slurry and 98:2 MeOH: H20
(ammonium acetate) agglomerated the particles. The kinematic viscosities of 1:1
Chlorofom:IPA and 98:2 MeOH-H20 are 0.58 and 0.76 cSt, respectively.102103 A ftrial
packing was performed with 5 %w/v concentration at 10,000 psi in a 5x0.46 cm i.d. column.
Figure 2.9A and 2.9B show the peak profiles from a dispersed and agglomerated slurry,
respectively. Although identically packed otherwise, a change of slurry dispersion state
provided more symmetric peaks with 178,000 N/m and h = 2 (Figure 2.9A) while the
agglomerated slurry produced only 77,400 N/m (Figure 2.9B) and h = 4.8 which is a ~ 60%
decrease in efficiency.2 The lower backpressure of the agglomerated slurry column also

indicates a more loosely packed bed.

For an achiral example, a 1.9 ym FPP silica C18 was packed in 10x0.21 cm i.d.
columns. Using a procedure similar to that described for 4.6 mm i.d. columns; two slurry

mediums were used that provided a dispersed slurry (85/15/0.1 CHClz/MeOH/formic acid;
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literature value of kinematic viscosity of 85/15 CHCls/MeOH?* is 0.38 cSt) and an
agglomerated slurry (absolute EtOH, kinematic viscosity 1.51 cSt) under an optical
microscope. Using 8% w/v slurries, two 10x0.21 cm i.d. columns were packed at 12,000
psi and their performance comparison is shown in Figure 2.9C and 2.9D. The dispersed
slurry produced far greater number of plates (217,000 N/m) as compared to the
agglomerated slurry (142,000 N/m, a ~35% decrease). Also apparent are the significantly
enhanced peak asymmetries for dispersed slurries while the agglomerated slurry shows
more tailing. The remarkable efficiencies seen in Figure 2.9C far outperform the
specifications of many 10x0.21 cm i.d. C18 columns from major manufacturers (170,000
N/m). Consistent with our postulate on agglomerated suspensions forming a loose bed, the

agglomerated slurry column showed a 10 bar lower (~5%) backpressure.

Note that in each successful case of dispersed suspensions, the additional benefit
comes from the low kinematic viscosities of chloroform-2 propanol and chloroform
methanol (<1 cSt) with relatively high densities which is consistent with our discussion on
choosing appropriate solvent systems. In contrast, simply choosing a low kinematic
viscosity solvent such as hexane/pentane/acetone will not produce a good column.
Additionally, our previous experience with Hypercarb, polymeric cation exchangers, fully
porous (1.9 to 5 pum) and core-shell particles of various sizes (1.5 to 2.7 ym) convincingly
illustrate the advantages of using dispersed suspensions producing near theoretical plate

height of two particle diameters.243:54,105-107

2.3.4.4 Can Agglomerated Slurries Ever Produce Good Columns in Analytical or Narrow

Bore Formats?

In our experience?4® and that of others,1%® analytical and narrow bore columns

packed with agglomerated suspensions of particles have invariably performed poorly (as
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shown in Figure 2.9), regardless of the stationary phase chemistry. The failure rate is very
high but occasionally one might obtain acceptable efficiency. However, reproducibility of
such experiments is very low. For example, aqueous slurries of 4.4 um sulfonated
ethylvinylbenzene-divinylbenzene in presence of Al¥*, Mg?*, and Na* ions which caused
particle agglomeration (Figure 2.7C) always produced very low efficiency columns. When
pure DI water was used, it dispersed the particles because of their high negative zeta
potential (-52 mV) and produced high efficiencies.*® Silica has a very negative zeta
potential in water (-56 mV) implying a highly charged surface hence it is difficult to
agglomerate. For the native 1.9 ym FPP silica, no suitable slurry solvents could fully
agglomerate the silica particles except toluene, which produced permanent flocculates.
Similarly, 1.9 um fully porous silica when packed using pure THF (~ 23% w/v slurry conc.,
agglomerated) into 5x0.3 cm i.d. columns produced very low plate counts (83,800
plates/m). A mixture of oleylamine and hexadecyl-trimethyl-ammonium bromide, when
added in EtOH, partially agglomerated the silica particles. The adsorption of the surfactant
and amine on the surface can produce a pseudo-C18 like phase. A 5x0.21 cm i.d. column
packed with this 18 % w/v slurry at 8000 psi produced 200,000 N/m ina 2.1 mm i.d. column
with slight tailing (See Figure 2.10). A similar attempt for a positively charged phase
hydrosilylated quinine (2.7 ym SPPs) failed in agglomerated suspensions. This stationary
phase provided high efficiencies (180,000 N/m), when packed with a dispersive suspension
of chloroform:IPA.197 Our recommendation is to start with dispersed slurries for quickly
optimizing column packing processes. Partially agglomerated suspensions, especially of
ion-exchangers, may produce good columns. For the capillaries, researchers have shared
with us,*® that partially dispersed or high concentration suspensions produce very high
efficiencies with theoretically expected plate heights H= 2d, (see more discussion in the

following capillary sections).
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Figure 2.10 Performance of agglomerated slurries for polar 1.9 um bare silica packed in
5x0.21 cm i.d. column with 18% w/v/w 100/0.1/0.075 EtOH/oleylamine (assay: 80-90%
C18 content)/hexadecyl-trimethyl-ammonium bromide slurry. Analyzed using a mixture of

uracil and cytosine (in order of elution) with 90/10 ACN/100mM NH4OAc at 0.2 mL/min.

2.3.4.5 No Column is Axially or Radially Homogeneous.

Figure 2.11 shows interesting examples of a long 0.46 cm i.d. column packed with
2.7 ym bare SPP silica. The IPA slurry was chosen because it dispersed the particles;
however, it does have a high viscosity to density ratio (2.7 cSt). Three 5x0.46 cm i.d.
columns, connected in series, with unions were packed at 10,500 psi using a 4.3% wi/v
suspension. In general, high viscosity and dispersive suspensions are shear thickening
and often produce fronting peaks due to high shear rate at the column walls. IPA
suspension of SPP particles displays shear thickening effect. The question arises if a
column performs poorly, is the entire column bad or are only certain sections of it. Figure
2.11 shows the chromatographic performance of three sections. There are several

remarkable features in the figure: (a) the bottom column section shows the highest back-
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pressure and poorest column efficiency (b) and the top column shows (generally lower

pressure) and comparable efficiency (within error) to the middle section.
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Figure 2.11 Packing homogeneity of various parts of a column investigated through
packing of 2.7 ym SPPs in 5x0.46 cm i.d. columns in series using a 4.4% w/v IPA slurry
at 0-10,500 psi final pressure and evaluated chromatographically individually. Sample:

uracil. Mobile phase: 1:1 MeOH:Deionized Water, 1.0 mL/min, 254 nm.
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We also observed that the top section is metastable i.e. high efficiency but settles
with time. This is consistent with the fact the top column section experiences the least force
under constant pressure mode. In fact, the total column length dictates which sections of
a column will perform the best e.g. for a 15 cm column, the bottom and the middle sections
were the best as shown previously.” However, the authors employed 10 ym C18 silica
particles using acetone suspensions. Our studies with 2.7 yum SPPs (bonded or non-
bonded) showed that bottom sections always perform poorly regardless of chosen slurry
solvent than the middle or top sections for 15 cm formats. In the constant pressure mode,
the initial flow is very fast but drastically decreases as the hydraulic resistance increases
from the packed bed. In a constant flow mode, the pressure builds up as the bed is formed
while the flow remains constant. In each case, the entire column does not experience the
same pressure drop. The smaller asymmetry of the bottom section (As=1.2) is deceptive
because the peak is both fronting and tailing as revealed by the total peak shape analysis
(Figure 2.8B).190 Performing the total peak shape analysis reveals interesting properties of
the sections. The bottom section, which packs the fastest in the constant pressure mode,
has the highest contribution from fronting to the overall peak distortion. This contribution
decreases with middle section and is the lowest for the top section. This trend is consistent
with the equation 5 (y = 4V/ mirét), which shows that the shear rate will be highest at the
walls and high shear rate (high flow) will produce shear thickening effects in a viscous
suspension, such as IPA. This implies that the wall region is different from the bulk packed
region making it radially heterogeneous as well. Alternatively, instead of section packing,
one can do peak parking experiments to assess which part of a column is “bad” along its

entire length from the shape of the distorted peak.1%°
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2.3.4.6 Narrow Bore Columns are Not Easy to Pack.

In narrow bore columns, the wall effects can easily affect the column efficiency
resulting from the proximity of the column wall to the injected band. One can roughly
estimate the time it takes for radial equilibration as (d?/4D,). It can be shown,?? with L/u of
<50s,ina2.1 mmi.d. column, it will take 1000 s for an analyte to reach the walls, whereas
for a 4.6 mm i.d. column, it will take 5000 s. Since the wall region, is “different or
heterogeneous” in the packing structure than the rest of the bulk, narrow bore columns

usually offer lower plates than their 4.6 mm i.d. counterparts.

From a practical perspective, narrow bore column typically show two major
problems namely, higher permeability (which implies loose packing), and up to 40% lower
plates as compared to their wider bore counterparts (3 or 4.6 mm i.d.), even in the absence
of extra-column effects. Note that the all the packing phenomena in going from a 4.6 i.d. to
2.1 mm i.d. remain the same. As we decrease the diameter, for the same pressure, the
absolute force decreases since force = pressure x area. Not only the absolute force, but
linear velocity changes with the column diameter. Thus, narrow bore columns with sub-2
pum particles are often packed at 15,000-30,000 psi in industrial settings. However, this
might be an “overkill” situation since medium pressures with the right slurry choice may be
adequate to form a random closed packing and further pressurizing may simply decrease
the permeability. Figure 2.12, shows the difference in peak shape distortion as the column
diameter changes from 4.6 mm to 3 mm i.d. after being packed with 1.9 um FPP silica
using the same conditions (3.4-3.5 % w/v, 80:20 IPA: CHCIs). It is clear, that the 3 mm i.d.
column shows significantly more distortion (what we refer to as a “foot” in the

chromatographic peak) as seen from lower efficiency and USP tailing.
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Note that in this case, although the slurries were fully dispersed, the kinematic
viscosity of 80:20 IPA:CHCIz is 1.9 cSt.103 The density of the solvent system is 0.83 g/mL.
As we stated in the theory section, high kinematic viscosity solvents can lead to fronting or
peaks with “foot” on the leading edge. This is a consistent effect seen with many stationary
phases and it is most likely a rheological phenomenon rather than stationary phase

chemistry related issue. The cure is described in the next section.
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Figure 11. Enhancement of wall effects in a narrow and analytical bore column packed
identically with bare 1.9 ym FPP silica at 11,000 psi final consolidation pressure. (A)
5x0.3 cm i.d. column, 0.425 mL/min. (B) 5x 0.46 cm i.d. column, 1.0 mL/min. Mobile

phase for both chromatograms was 80/20 ACN/25mM NH4O0Ac. Sample: uracil, adenine,
and cytosine (in the order of elution). Efficiency is calculated by statistical moments to

account for peak shapes that strongly depart from the Gaussian profile.
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2.3.4.7 Shear Thickening is a Kinetic Process: The Influence of Slurry Concentration on

Column Performance.

Often dispersed suspensions produce a so-called “foot” on the front side of
otherwise narrow of the peaks which probably arises from the shear thickening effects. The
peak efficiency in such cases, if calculated by half-height method in Figure 11, gives
226,000 N/m (h = 1.6). Shear thickening suspensions (dispersed) may lead to channeling
(thick suspension tend to crack), if given sufficient time during packing. Figure 2.13 shows
a comparison of three different slurry concentrations on the performance of 5x0.3 cm i.d.

columns packed with 1.9 um FPP silica using a dispersed slurry.

It is apparent that the lower slurry concentrations (3.5 and 10% w/v) led to low
efficiencies (75000-89,200 N/m) along with a distinct foot on the leading edge of every
peak. This systematic behavior is an indication of channeling or cracks in the packed bed.
Increasing the slurry concentration is known to prevent formation of large voids in packed
bed and, accordingly, as the slurry concentration is increased to 23% wi/v, significantly
higher efficiencies (206,000 N/m) along with improved peak symmetries are noted. Our
hypothesis is that since shear thickening is a kinetic effect, a 23 % wi/v suspension packs
the column very fast as compared to more dilute slurry concentrations, thus mitigates the
non-Newtonian behavior. This phenomenon is reproducible and general rather than
stationary phase specific. As indicated in the flow chart, Figure 2.6, it is recommended to
start with a 7-10% wi/v slurry concentration for columns and further tune the peak shape to
make it symmetrical. If tailing is seen instead of fronting, the slurry concentration can be
lowered to prevent particle agglomeration. A question often brought up is that whether by
increasing slurry concentration in a dispersive medium, are we essentially agglomerating

the particles? This is a misconception because even with high slurry concentration, optical
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microscopy shows that the particles are indeed separate from each other. The particles
are close, but not flocculated (clumped); this criterion still differentiates this concentrated

suspension in a dispersive medium from an agglomerated one.
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Figure 2.13. Effect of varying slurry concentrations on 5x0.3 cm i.d. columns packed with
1.9 um fully porous native silica using a dispersed slurry of CHCIs/IPA using a pressure
gradient 0-8,000 psi followed by 8,000-11,000 psi for 15 min each. Sample: mixture of
uracil, adenine, and cytosine (in the order of elution). Mobile phase: 80/20 ACN/25 mM
NH4OAc, 0.425 mL/min, 254 nm. (A) 3.5% w/v slurry concentration (B) 10% w/v slurry

concentration (C) 23% w/v slurry concentration, N obtained using statistical moments.
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2.3.4.8 Influence of Packing Pressure in Short Analytical Columns.

The packing pressure is a factor that can be altered to affect the rate of bed
formation and the performance of the column as indicated in Scheme 1. Besides column
efficiency, a packed bed should be stable to >1000 injections and the pressure shocks it

receives at every injection from valve switching.
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Figure 2.14 Effect of packing pressure on the chromatographic performance of 5x0.3 cm
i.d. columns packed with 2.8 ym native SPP silica using dispersed slurry 1:1 acetone:
IPA slurry (ca. 16% wi/v concentration). Sample: uracil and cytosine (in order of elution).
Method: 90/10 ACN/100mM NH4OAc, 0.425 mL/min, 254 nm. (A) 5000 psi, (B) 8000 psi,
(C) 10,000 psi, and (D) 12,250 psi packing pressure. Pressure ramp was from 0 to the

final pressure
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A dispersed slurry of 1:1 acetone:IPA (found using the approach in Figure 2.6 and solvents
from Table 2.1) was used to pack bare 2.8 ym SPP silica in 5x0.3 cm i.d. column at 5000,
8000, 10000, and 12250 psi, respectively. The column packed at 5000 psi performed the
best with 194,000 N/m followed closely by the columns packed at 10000 and 12250 psi
which produced about 175,000 N/m (Figure 2.14). This experiment shows that very high
packing pressures may not be necessary for packing narrow-bore columns and even
pressures as low as 5000 psi can be adequate for a 5-cm column, since pressure drop per
unit length is what matters rather than the absolute pressure value. However, if the short
column is to be used at high flow rates, higher packing pressure should be employed. For
example, a 5000 psi packed column should not be employed if the working pressures are
> 5000 psi. One practical exception for very high pressure packing is the guard columns
(0.5 to 1 cm) which we still pack at 10,000 psi for 2 um silica SPP or FPP (considering the

length including the bed packed in the pre-column).

2.3.5 Packing of Capillary Columns.

Capillaries, like narrow bore columns, save solvent and expensive stationary
phase, and provide high detection sensitivity. Unlike the analytical bore columns, there is
no fronting or tailing in capillaries because of fast lateral diffusional relaxation provided the
capillaries are long enough to satisfy the Aris-Taylor dispersion requirements.*® Capillaries
have produced phenomenal efficiencies (h as low as 1.0) which have never been observed
in analytical or narrow bore columns.*® As the trend of moving to smaller particle size
continues, this work only covers packing methods for capillary packed with sub-2 ym SPP
and FPP, largely derived from the work of Jorgenson on C18 chemistries.4849.60,76,110-114
When choosing to pack a capillary column, the same principles apply-optical microscopy

is the best predictor of the packed capillary. Figure 2.15A shows a comparison of slurry
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solvents on the performance of capillary columns packed with 1.1 ym C18 SPPs. The
proprietary solvent is very dispersive, whereas acetone and hexane are partially
agglomerating, and MeOH produced large aggregates. It is clear from the van Deemter
curve that a flocculated suspension is beneficial in producing higher efficiencies for
reversed phases in capillaries. The logic behind choosing agglomerated suspension is that
snow-ball effect, where a clump containing large number of particles simply piles up on the
bed reducing the size discrimination between the wall and the central region.*® Microscopy
videos of capillaries being packed clearly show this effect, whereas dispersed dilute
suspensions pack in the center as a pile and the particles roll-off towards the walls.4998
Following the guidelines in Figure 2.6, next the slurry concentration should be optimized.
Figure 2.15B shows that increasing the slurry concentration from 0.3 to 2.5% w/v drastically
enhances the capillary performance (173,000 to 318,000 N/m). Through studies of capillary
bed structure with confocal laser scanning microscopy, it was discovered that the bed
heterogeneity between the capillary column’s wall region and the bulk packed region is the
key contributor to poor performance and so is the presence of voids.%8115116 This
heterogeneity can be influenced with changes in slurry concentration as increasing the
slurry concentration leads to an even distribution of voids across the bed improving its

uniformity. %7112

Increasing the slurry concentration also leads to an increased number of voids in
the packed bed, eventually resulting in diminishing returns.®”12 Figure 2.15C shows a
recent study that demonstrated performance improvement from ultrasonication during
packing with concentrated slurries (20% wi/v) and achieved an impressive reduced plate

height of 1.05 for capillary packed with 2.0 um C18 bridged ethyl hybrid (BEH) FPPs.48
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Figure 2.15. The van Deemter plots (h vs. reduced velocity v) of packed capillaries which
show the effect of packing C18 SPP particles in (A) various slurry solvents and (B)
various slurry concentrations in an agglomerating solvent in 30 um i.d. capillaries.

Dashed black lines represents ideal limits in (A) and (B). The effect of ultrasonication

during packing with high slurry concentration (20% wi/v) with C18 FPP in 1 mx75 um i.d.

is shown in (C).
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Compared to this, the columns not sonicated during packing but packed identically
otherwise, produced h in the range of 1.8-2.2. It was reported that the use of ultrasonication
(at 80 kHz) during packing prevented formation of large voids typically formed when using
high concentration slurries.*® To the best of our knowledge, first use of ultrasonication
during packing of analytical and capillary columns was reported by Light’* and Novotny17,
respectively. For metallic analytical columns, the metal can absorb the ultrasonic energy
(typical sonic bath), and we have seen poor packing results in doing so. Itis highly desirable
to learn whether there are any drawbacks of ultrasonication on column stability and lifetime.
In this publication and many others from the past decade, there are no systematic results
on long term bed stability with agglomerated slurries, because such beds, may be
metastable because of their high permeability. In packing capillary using supercritical fluids,

stable beds have been reported after 6 months of use.18

2.3.6 Future Directions for Column Packing and Improving Chromatographic Efficiency

It is apparent that emerging techniques in improving column efficiencies will try to
circumvent the problems of axial and radial heterogeneities of the packed beds; which are

main causes of poor column performance.

2.3.6.1 Colloidal Crystals as Chromatographic Beds.

One of the most interesting directions in enhancing column efficiencies using
monodisperse colloids which organize themselves in long-range-ordered crystals.1*® This
arrangement is excellent for any chromatographic columns since simulations have shown
that a crystalline bed can provide extremely high efficiencies (h < 1).12° The authors tested
simple cubic (sc), body-centered cubic (bcc), and face-centered cubic (fcc) arrangement
of particles, and concluded that zone broadening is less for the fcc structure than the sc

and bcc structures at the van Deemter minimum. Surprisingly, the random packed bed,
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outperformed at higher flow velocities. It is known that uniformly sized silica particles can
self-assemble into highly ordered fcc crystals.1?! Reproducible packing studies and packing
procedures are yet to be demonstrated for making crystalline packed capillaries from

colloidal crystals.

2.3.6.2 3D printing of columns and Wall Patterning.

Three dimensional (3D) printing can possibly bring a paradigm shift in separation
science, where 3D printed columns will circumvent many packing problems and wall
effects. It is possible to obtain crystalline packing in simulations which can be 3D printed
to obtain an ideal packed bed. In the first proof of concept of a 3D printed column, the
researchers simulated perfectly ordered beds with octahedral beads (115 um apothem)
packed in a simple cubic configuration.?2 The models were then printed by UV curing of
acrylonitrile-butadiene-styrene powder layers. A complete column including a bed, flow
connectors, and flow distributors were printed. An interesting capability of 3D printing is the
possibility to embed the particles in the wall. This approach will break the geometrical
discontinuities which occur near the walls of all existing capillary and analytical columns.
In 2016, Agilent Technologies (Santa Clara, CA) patented a technology of creating spiral
patterns on the column walls referred to as “structured walls” to potentially circumvent
these geometrical constraints.'23 However, no supporting chromatography was provided.
Of course, for chromatographic purposes, a 3D-column must be able to withstand high
pressures and provide high surface area. Other alternatives such as pillar-array columns
have emerged as ordered separation media which can also provide very high

efficiencies.124
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2.3.7 Non-Conventional Column Packing Approaches.

Although the slurry packing at high pressures has remained a preferred method of
packing columns, other methods such as packing using supercritical fluids,118.125.126 g|ectro-
kinetic packing,’?” and packing by centripetal forces have been tested with mixed
results.125128,129 packing capillaries using supercritical CO2 has also been considered a
viable alternative to the traditional slurry packing.11® Packing capillaries using centripetal
forces uses acceleration of particles with an in-house designed apparatus that can spin the
columns during packing.12812° This approach could significantly improve the productivity
due to the possibility of packing multiple columns simultaneously as well as rapid speed of

packing.t30

2.3.7.1 Active Flow Management (AFM).

AFM is not a column packing approach; however, it is a clever way to circumvent
the radial heterogeneities of the packed bed as highlighted in the limiting cases of equation
6. In AFM, the analyte is introduced into the center of the column. A “curtain flow” of mobile
phase prevents the solute from seeing and exploring the wall region of the column.131 A
segmented outlet fitting is designed to allow sampling of the central region of the band.
With this approach, significantly higher efficiencies are obtained because of the elimination
of the wall effects (a virtually infinite diameter column) as well as concentrating the sample
in the central zone. The sample from the central section is passed through a detector as a
plug. Note that in this column technology, only the inlet and outlet ports have been altered.
A traditional main body of the column (cylindrical tube) is utilized. It was shown that for a 5
pm C18 column (100x4.6 mm), which the reduced plate heights of butyl benzene

decreased from 2.9 to 2.3, just by the curtain flow approach.
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2.4 Conclusions and Perspectives.

Herein a unified approach toward the science of making high efficiency
reproducible packed columns was presented. Theoretical considerations and non-
Newtonian properties of suspensions were shown. The non-linear viscosity behavior of
suspensions can govern the nature of the packed bed (e.g. jammed state, shear thickened
state etc.). Therefore, column packing can be considered as an ultrahigh pressure filtration
process of a non-Newtonian suspension. After gaining experience from a range of non-
polar to polar stationary phases with modern SPP and FPP of narrow particle size
distribution, a flow chart was developed to provide a logical progression of packing
stationary phases of any chemistry. Illustrative examples were shown showing different
packing phenomena and suspension properties. Results indicate that concentrated non-
aggregating suspensions usually produce better packed analytical and narrow bore
columns. The best packed capillaries usually require aggregating solvents. New directions
in colloidal crystals, 3D printing are laid out and the use of non-conventional approaches
such as 3D printing and active-flow management are highlighted. Future work on
guantitative suspension rheology is needed to understand and model the dynamics of the
column packing process — a technology which will continue to evolve for several decades

to come.
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Chapter 3

HYDROXYPROPYL BETA CYCLODEXTRIN BONDED SUPERFICIALLY

POROUS PARTICLES BASED HILIC STATIONARY PHASES

3.1 Abstract

(R,S)-hydroxypropyl modified B-cyclodextrin (RSP-CD) is a well-known chiral
stationary phase. In this work hydrophilic interaction liquid chromatographic (HILIC)
selectivities of RSP-CD was demonstrated. Further, an evaluation of chromatographic
performances of fully porous particles (FPPs) and superficially porous particles (SPPs)
based of RSP-CD stationary phases was performed. The RSP-CD bonded SPP based
stationary phase showed faster and more efficient HILIC separations compared to the FPP
based stationary phases. In addition, the SPP based RSP-CD stationary phase showed
excellent selectivities for many classes of small polar molecules. Since the SPP based
stationary phase allowed for separations performed at high flow rates without significant
loss of efficiency, ultrafast separations (analysis times under one minute) also was

accomplished utilizing SPP based RSP-CD stationary phase.

3.2 Introduction

Hydrophilic interaction liquid chromatography (HILIC) is an increasingly popular
chromatographic technique due to its ability to separate many classes of polar compounds
(e.g., sugars, amino acids, peptides, proteins, neurotransmitters, salicylic acid derivatives,
nucleic acid bases and nucleosides) which cannot be well separated/retained by reversed

phase liquid chromatography'32134, HILIC utilizes a polar stationary phase and mobile
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phases consisting of polar aprotic organic solvents, typically acetonitrile and small amounts
(i.e.; < 30%) of agueous components!35136, One of the retention mechanisms of HILIC is
the partitioning of analytes between bulk mobile phase and a water rich stagnant mobile
phase layer!®”. Other reported mechanisms emphasize that polar-polar interactions such
as hydrogen bonding and electrostatic interactions also play an important role in the

retention mechanism132,

A wide variety of HILIC stationary phases have been utilized for the separation of
different classes of compounds36-143, Lucy et al. have employed a particular set of probe
molecules to evaluate 29 commercial HILIC columns which were categorized as either
bare silica gel, amino, amide, diol, or zwitterionic 138. Columns within a similar category
showed slight differences, but in general were fairly similar to one another 138, One unigue
class of HILIC phases are based on cyclic oligosaccharides. Cyclofructans for example,
have proven to produce excellent HILIC separations of small polar compounds such as

nucleic acid bases and nucleosides, beta blockers etc.18.143-145

Cyclodextrins (CD), another class of cyclic oligosaccharides, are composed of D-
(+)-glucopyranose units linked by a-(1-4)-linkages %2. CDs have toroid like structures
where the mouth is hydrophilic and the cavity is hydrophobic 132, CDs and their derivatives
are commonly utilized in enantioselective chromatographic separations 2132146147 HJ||C
achiral separations of small polar molecules such as beta blockers, nucleic acid bases and
nucleosides, xanthines, carboxylic acid derivatives analogues and maltooligosaccharides
on the ASTEC Cyclobond | 2000 (native B-CD bonded to fully porous silica) have been
reported43-145. (R,S)-hydroxypropyl modified B-CD (RSP-CD) possesses additional
hydroxyl groups, which can be used in increasing the polarity of CD and perhaps enhancing

its utility as a HILIC selector. All prior reports which use CDs as HILIC selectors were
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performed on fully porous particle (FPP) based columns. The number of versatile
applications of superficially porous particles (SPPs) is increasing rapidly since SPPs can
be utilized to obtain fast separations without losing efficiency 148. Compared to FPPs with
similar dimensions, SPPs have less surface area, therefore, decreased analysis times

have been observed 149,

Since better packing homogeneities are obtained for SPP based columns
compared to FPP based columns, reduced contributions of Eddy dispersions to band
broadening have been observed for the former 57148150, Therefore, SPP based columns
show reduced plate heights less than that of FPP based columns 48, The presence of the
shell leads to shorter trans-particle path lengths in SPPs 1618 Therefore, separation
efficiencies of particularly large molecules with small diffusion coefficients and small
molecules possessing slow adsorption-desorption kinetics can be improved when using

SPP based columns 16-18,

3.3 Experimental

An Agilent 1200 series HPLC (Santa Clara, CA) with quaternary pump, degasser,
auto- sampler, and temperature-controlled column chamber and diode array detector was
used throughout this study. Agilent ChemStation Rev.B.01.03 was used under Microsoft
XP operating system environment for data processing. Unless stated otherwise all the
experiments were performed at ambient temperature. 2.7 um superficially porous silica
with a pore size of 120 A was obtained from Agilent Technologies (Santa Clara, CA). 3 pm
fully porous silica with a 100 A pore size was purchased from Glantero (Cork, Ireland). A
commercially available 5 pm RSP-CD based column (Cyclobond |1 2000 HP-RSP, 150 mm

X 4.6 mm i.d.) was obtained from Supelco (Bellefonte, PA). R,S-hydroxy propyl ether
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(Sigma, St. Louis, MO) derivatized CD bonded silica (3 um fully porous and 2.7 um
superficially porous) stationary phases were synthesized according to methods described
in the literature 151, Stationary phase material was slurry packed into 100 mm x 4.6 mm i.d.

and 150 mm x 4.6 mm i.d. stainless steel columns for evaluation.

HPLC grade acetonitrile (ACN) was purchased from Sigma-Aldrich (St. Louis,
MO). A Milli-Q water purification system (Millipore, Billerica, MA) was used to purify water.
Reagent grade acetic acid (HOAc) and ammonium acetate (NH4OAc) were obtained from
Sigma-Aldrich (St. Louis, MO). All the analytes (structures are shown in Figure 3.1) were
obtained from Sigma-Aldrich (St. Louis, MO). Analytes were dissolved in acetonitrile or
water or acetonitrile/methanol/water mixtures. Solvents were vacuum degassed for 5
minutes before running experiments. Chromatographic conditions are specified in the
Results and Discussion section. The pH was adjusted for the aqueous mobile phase

component before mixing with the organic modifier.
Related chromatographic parameters were calculated using the equations given below.
Efficiency (N) = 16(tr /wb)?, Retention factor (k) = (tr- to)/to

Where, tr = retention time of a particular analyte, to = column dead time, and W = baseline
peak width. To determine dead time a pure solvent, e.g. ACN, was injected under isocratic
conditions. The observed peak from the change of the refractive index in distinction to the

mobile phase versus the solvent was used in the determination of the column dead time.
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Figure 3.1 Classes of compounds separated on the RSP-CD stationary phases in HILIC

mode. (A) nucleic acid bases and nucleosides (B) water soluble vitamins (C) beta

blockers (D) salicylic acid derivatives
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3.4 Results and Discussion

3.4.1. Comparison of FPP and SPP Based HILIC Phases.

HILIC separations of uracil, adenosine, and cytosine using the RSP-CD stationary
phases based on three types of silica (5 and 3 um FPPs and 2.7 um SPPs) are illustrated
in Figure 3.2. As illustrated in Figure 3.2, with decreasing particle size, efficiency is
increasing. The 2.7 um SPP based column showed higher efficiency for all three analytes

when compared to FPP based columns.
80700

132700
(A) 170700

A 2.7 pm SPP

Figure 3.2 Comparison of efficiencies for RSP-CD 2.7 um SPP, 3 um FPP and 5 um
FPP based stationary phases. Chromatographic conditions: ACN: 25 mM NH4OAc
(90:10), 0.75 mL min-1, 25 °C, and UV detection at 254 nm. Analytes: Uracil, Adenosine
and Cytosine (in order of elution). Efficiencies are given in plates per meter

corresponding to each peak in the chromatograms.

For the 5 um FPP silica based stationary phase, decreased retention was

observed compared to the 3 um FPP silica based stationary phase. This is due to the total
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CD loading on the silica which relates directly to the silica gel surface area 46. Though the
exact surface area of the commercial 5 um material is not known, it is clear that it is lower

than the in-house produced 3 um media.
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Figure 3.3. Kinetic plots for RSP-CD 2.7 um SPP, 3 um FPP and 5 um FPP silica based
stationary phases. ACN: 25 mM NH4OAc (90:10), 25 -C and UV detection at 254 nm.

Analyte: Adenosine

Kinetic plots for RSP-CD SPP and FPP silica based stationary phases are shown
in Figure 3.3. For the 5 um and 3 um FPP RSP-CD stationary phases, 0.25 mL/min and
0.5 mL/min optimum flow rates were observed respectively while for SPP stationary phase
an optimum flow rate of 1.0 mL/min was observed. Height equivalent theoretical plates (H)
at optimum flow rate (Hmin) of 2.9 x 10> m, 1.4 x 10° m, 7.5 x 10-®* m were observed for 5
pm FPP , 3 um FPP and 2.7 um SPP RSP-CD stationary phases respectively. Further the
lowest reduced plate height (h = 2.8) was found for the 2.7 um SPP based column. Also,

H increased by a factor of 2.64, 1.35 and 1.33 for 5 um FPP, 3 um FPP and 2.7 um SPP
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RSP-CD stationary phases respectively when flow was increased from optimum flow rate
to 2.0 mL/min. Therefore, the 2.7 SPP RSP-CD stationary phase is more beneficial than

the FPP RSP-CD stationary phases when operating at high flow rates.

3.4.2. Evaluation of SPP Based HILIC Phase.

Lucy et al. constructed selectivity plots to evaluate the hydrogen bonding
capabilities, hydrophilic nature, and ion exchange characteristics of wide variety of HILIC
stationary phases 138, Herein, the RSP-CD SPP stationary phase was evaluated to
compare its retention factor ratio data with data presented by Lucy et al. under the same
experimental conditions and the obtained values are given in Table 1. Compared to
retention factor ratio data presented by Lucy et al., the RSP-CD SPP stationary phase is
more hydrophilic than most available HILIC stationary phases including bare silica phases.
Furthermore, the cation exchange behavior is less than that of bare silica HILIC phases
and much greater than that of amine HILIC phases. The extent of hydrogen bonding
capability exhibited by RSP-CD SPP is greater than bare silica HILIC phases but
comparable with diol and zwitterionic HILIC phases. Therefore, the RSP-CD SPP phase

demonstrates many unique hydrophilic characteristics in the HILIC mode.

Table 3.1. Retention factor ratios for selected probe molecule pairs.

Test pair Stationary phase characteristic | Retention factor ratio
Cytosine/Uracil Hydrophilic characteristics 3.50
BTMA/Cytosine lon exchange characteristics 2.80

Adenosine/Adenine Hydrogen bonding capability 0.91
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The effect of pH on the separation of small polar molecules using the RSP-CD
SPP stationary phase has been tested with salicylic acid, uracil and BTMA at pH 3.0, 4.5
and 6.0 (Figure 3.4). Buffer concentration (30 mM) and pH of the aqueous component were
adjusted before mixing with the organic modifier. The pKa of uracil is 9.45. Therefore, within
the range of pH 3.0-6.0 uracil remains uncharged. As a consequence, the retention factor
of uracil remains unchanged. BTMA (cationic at all pH values) showed consistent retention
at pH 6.0 and 4.5, but decreased retention was observed at pH 3.0. This is an indication of
decreased activity of free surface silanol groups leading to decrease retention of BTMA at

low pH values. Interestingly, the retention of salicylic acid was little affected by the change

in pH.
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Figure 3.4 Effect of aqueous buffer pH on the separation of selected probe molecules

using the RSP-CD SPP stationary phase. Analytes: salicylic acid, uracil, and

benzyltrimethylammonium chloride (BTMA) (in order of elution). Chromatographic

conditions: column - 100 mm x 4.6 mm i.d., flow rate: 1 mL min-1 and UV detection at

220 nm. (A) ACN: 30 mM NH4OAc, pH 6.0 (80:20), (B) ACN: 30 mM NH40Ac, pH 4.5

(80:20) and (C) ACN: 30 mM NH40Ac pH 3.0 (80:20).
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Efficiencies are given in plates per meter corresponding to each peak in the
chromatograms. 10 mM to 20 mM since ammonium ions compete with BTMA for
interactions with free silanol groups. From 20 mM to 30 mM buffer concentration, retention
time decrease was not very significant perhaps indicating that most active silanol groups
had been saturated at buffer concentrations around 20 mM. Figure 3.5 shows effect of
buffer concentration on the separation of salicylic acid, uracil, and BTMA. At pH 4.5,
salicylic acid (pKa = 2.97) is negatively charged and free silanol groups are deprotonated.
Therefore, salicylic acid is repelled electrostatically from the stationary phase. When the
buffer concentration is increased, electrostatic repulsions can be minimized. Therefore,
salicylic acid showed increasing retention time with increasing buffer concentration. On the
other hand, uracil is uncharged at pH 4.5. Therefore, a pronounced effect on buffer
concentration was not observed. BTMA showed a considerable decrease in retention time
when buffer concentration was increased from from 10 mM to 20 mM since ammonium
ions compete with BTMA for interactions with free silanol groups. From 20 mM to 30 mM
buffer concentration, retention time decrease was not very significant perhaps indicating

that most active silanol groups had been saturated at buffer concentrations around 20 mM.

69



92200 145100

118500

(A)

130600 143600 110200

(8)

131300 141300 103700

(©
2

é 4 5 min

Figure 3.5. Effect of aqueous buffer concentration on separation of selected probe
molecules on RSP-CD SPP stationary phase. Analytes: salicylic acid, uracil, and BTMA
(in order of elution) Chromatographic conditions: column - 100 mm x 4.6 mm i.d., flow
rate: 1 mL min-1 and UV detection at 220 nm. (A) ACN: 10 mM NH40Ac, pH 4.5 (80:20),
(B) ACN: 20 mM NH40Ac, pH 4.5 (80:20) and (C) ACN: 30 mM NH4O0Ac, pH 4.5 (80:20).
Efficiencies are given in plates per meter corresponding to each peak in the

chromatograms.

Since SPP silica based columns can be operated at high flow rates with modest back
pressure, ultra-fast separations can be obtained using these stationary phases 2148, |nitially
under mild conditions five beta blockers were separated within 4.5 minutes as shown in
Figure 3.6A. Increasing the flow rate to its maximum of 3.0 mL/min due to pressure
maximum of 400 bar at ambient temperature under the given chromatographic conditions
(Figure 3.6B) allowed for a decrease in analysis time by 65% while efficiency loss was only
about 20%. In order to obtain faster flow rates, the temperature was increased to 45 °C as
to decrease the viscosity of the mobile phase. At 45 °C and a 4.3 mL/min flow rate ultra-

fast separation (i.e. analysis time less than 60 s) of five beta blockers was obtained as
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shown in Figure 3.5C. Therefore RSP-CD SPP stationary phase is beneficial in highly

efficient, ultra-fast separations.
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Figure 3.6 Ultrafast separation of five beta blockers using the RSP-CD SPP (100 mm x
4.6 mm i.d.) column. Chromatographic conditions: 80/20 ACN/ 20 mM NH4OAc, pH 4.5,
UV detection at 254 nm. (A) Flow rate: 1.0 mL min-1, ambient temperature, (B) Flow rate:

3.0 mL min-1, ambient temperature, and (C) Flow rate: 4.3 mL min-1, 45 oC. Analytes:

(1) carvedilol, (2) alprenolol, (3) acebutolol, (4) nadolol, (5) atenolol (in order of elution).

HILIC separations of other selected classes of compounds (nucleic acid bases and
nucleosides, water soluble vitamins and salicylic acid derivatives) on the SPP based
stationary phase are shown in Figure 3.7. Separation of five water soluble vitamins was
obtained under 12 minutes and nucleic acid bases and nucleosides were separated under
nine minutes as shown in Figure 3.7A — 3.7B. Five salicylic acid derivatives were separated

within 2.5 minutes with considerably high efficiency as shown in Figure 3.7C.
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Figure 3.7 Separation of (A) nucleic acid bases and nucleosides, (B) water soluble
vitamins and (C) salicylic acid derivatives using the RSP-CD 2.7 um SPP silica (150 mm
x 4.6 mm i.d.) column. Efficiencies are given in plates per meter corresponding to each
peak in the chromatograms. Chromatographic conditions: (A) ACN: 20 mM NH4OAc pH
4.1 (90:10), 1.0 mL min-1, UV detection at 254 nm. Analytes (in order of elution): (1)
uracil, (2) thymine, (3) thymidine, (4) uridine, (5) adenosine, (6) adenine, (7) cytosine, (8)
cytidine, (9) guanine, (10) guanosine. (B) ACN: 20 mM NH40Ac pH 4.1 (90:10), 1.0 mL
min-1, UV detection at 254 nm. Analytes (in order of elution) : (1) nicotinamide, (2)
pyridoxine, (3) riboflavin, (4) ascorbic acid, (5) nicotinic acid. (C) ACN: 20 mM NH40Ac
pH 4.1 (85:15), 1.0 mL min-1, UV detection at 228 nm. Analytes (in order of elution) : (1)
methyl salicylate, (2) salicylamide, (3) salicylic acid, (4) acetyl salicylic acid, (5) 4-amino

salicylic acid.

3.5 Conclusions

The new RSP-CD, 2.7 um SPP stationary phase resulted in more efficient
separations at all flow rates compared to fully porous particles-basedF columns. Also, the
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SPP based phase allowed for fast separations without substantial loss of efficiency at
higher flow rates in the HILIC mode compared to RSP-CD fully porous silica based
stationary phases. The RSP-CD SPP stationary phase provided excellent fast separations
of many classes of small polar compounds with considerably high efficiency (> 100,000
plates per meter in most of the cases). It can be also considered that changes in aqueous
buffer concentration and pH on HILIC separations on RSP-CD SPP have an influence on
many of the chromatographic parameters such as retention and efficiency in the separation
of small charged polar molecules over uncharged small polar molecules. Ultra-fast
separations are also possible with this RSP-CD SPP column since they allowed
separations at high flow rates. An expanded use of RSP-CD SPP as a HILIC stationary

phase for separation of small polar molecules is expected.
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Chapter 4

SEPARATION OF PEPTIDES ON SUPERFICIALLY POROUS PARTICLES
BASED MACROCYCLIC GLYCOPEPTIDE LIQUID CHROMATOGRAPHY

STATIONARY PHASES: CONSIDERATION OF FAST SEPARATIONS

4.1 Abstract

Macrocyclic glycopeptide based liquid chromatography stationary phases are
known for highly selective peptide separations. Fast and ultra-fast (tR < 1 minute) high
efficiency separations were achieved using superficially porous particle (SPP) based
stationary phases. Separations of pharmaceutically important classes of peptides such as
enkephalins, bradykinins etc. have been achieved in less than 5 minutes in the isocratic
elution mode. Selectivity for peptides structurally similar to one another was improved when
using teicoplanin based stationary phases compared with commercial C18 stationary
phases. Ultra-fast isocratic separations of structurally related peptides were obtained using
teicoplanin and vancomycin based, short SPP columns. Acidic mobile phases produced
better separations. Ammonium formate was the optimal mobile phase buffer additive. Use
of an appropriate combination of macrocyclic glycopeptide stationary phase and mobile
phase permits faster and more ESI-MS (Electrospray lonization - Mass Spectrometry)
compatible isocratic separations than previous gradient approaches. Tryptic peptide
separation characteristics of the teicoplanin stationary phase is demonstrated. Additionally,
teicoplanin showed tryptic peptide separations with different selectivities compared to C18

commercial stationary phases.
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4.2 Introduction

Peptide-based therapeutics are emerging as potential high value, broadly
applicable compounds in drug discovery pipelines 152, Under traditional drug development
protocols, peptides were considered marginal therapeutic drug candidates because of their
facile deactivation by human peptidases and proteases 152153, However, it was known that
peptides can be chemically modified to increase bioavailability and can be designated as
artificial variants of naturally existing potent drug therapeutics %4, For instance, increased
bioavailability has been observed for chemically modified Met-Enkephalin and Leu-
Enkephalin 155156, Most of these therapeutic peptides and their analogues are structurally
related to each other. Some peptides differ from one another only by one amino acid in
their sequence and this is known as a single amino acid polymorphism (SAAP) 157.158 More
specifically, some peptides are different from each other only by an inversion of chirality of
a single stereogenic center (single amino acid chiral polymorphism (SAACP)/peptide
epimers) 157159 Many naturally existing peptide epimers, such as deltrophins and

dermorphins, are also available due to post translational modifications 160161,

Highly selective separation techniques often are necessary to analyze closely related
peptides. Liquid chromatography, especially reverse phase HPLC and LC-MS are popular
techniques for such analyses due to their robustness and improving speed of analysis for
biological molecules 162164 Radical directed dissociation mass spectrometry, NMR
spectroscopy and stereoselective enzyme digestion also are used for distinguishing among
SAACP peptides 159165166 Proteomic strategies and electrophoresis are also employed in

separation and identification of peptides 157.167.168,

A wide variety of stationary phases have been utilized in peptide separations. In most

cases, C18 bonded silica has been used with gradient elution 16216%  Macrocyclic
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glycopeptide bonded silica are the most selective class of stationary phases for separating
both SAAP and SAACP peptides 170171, The retention mechanism of peptides on
macrocyclic glycopeptide stationary phases has been explained as a combination of
electrostatic interactions, dipole-dipole interactions and hydrogen bonding 171. Regardless
of the nature of the stationary phase and in spite of using a variety of solvent gradients, it
is not uncommon to see long analysis times for many peptide separations 158169172 Alsq,
severe solvent gradients can make ESI-MS detection and especially quantitation more

difficult.

Superficially porous particles (SPPs, 2.7 um diameter) based columns exhibit similar
efficiencies as sub 2 um fully porous particles (FPPs) based columns with considerably
reduced back pressure allowing the former to operate at higher flowrates 13148173, For small
molecules improved efficiencies are exhibited by SPP columns due to the uniformity of
packed bed and reduced eddy dispersions compared to FPP columns 1315 Larger
molecules like peptides, proteins etc. with small diffusion coefficients and small molecules
with slow adsorption-desorption kinetics exhibit lower band broadening even at higher flow
rates 1618, Nonporous core of shell particles results lower packed bed volume. Therefore,
reduced accessibility for longitudinal diffusion is granted. As a result, a smaller van-

Deemter B term (longitudinal diffusion) is observed 1°-21,

Peptides resulting from enzymatic digestion of a protein are different from each other by
charge, chain length, hydrophobicity, etc. Therefore, they can be utilized as column
performances evaluation standards 174, Furthermore, LC-MS analysis of sequence
dependent enzyme catalyzed protein digests is a versatile peptide mapping technique
175176 Here we report for the first time, tryptic peptides separations characteristics on

teicoplanin bonded SPPs and compare the results with C18. The major goal of this work is
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fast and effective separation of peptides under fast isocratic conditions using SPPs. The
SPPs are bonded with teicoplanin (T) and vancomycin (V) selectors. Apart from tryptic
peptide separations, we demonstrate fast and ultra-fast (tR < one minute) separations for

different classes of peptides such as enkephalins, bradykinins, etc.

4.3 Material and Methods

4.3.1.Materials

HPLC grade solvents, acetonitrile (ACN), tetrahydrofuran (THF) and methanol
(MeOH) were purchased from Sigma Aldrich (St. Louis, MO). All mobile phase additives,
buffers and 5-methyl-5-phenylhydantoin were also obtained from Sigma Aldrich (St. Louis,
MO). Sources and amino acid sequences of all the peptides utilized in this study are given
in Table S1 (see Supplementary Information section). Milli-Q-water purification system
(Millipore, Billerica, MA) was used to purify water. Mass spectrometric grade solvents,
acetonitrile and water were purchased from Honeywell (Morris Plains, NJ). Since heme
group cannot be digested enzymatically, in our study we utilize equine apomyoglobin
(myoglobin without its heme group) tryptic digest in order to demonstrate column
performances [36]. Apomyoglobin is considered as a stable model protein without disulfide
bonds [37-39]. Trypsin cleaves proteins from c-terminus side of arginine and lysine when
either is not followed by proline [35, 40]. Lyophilized tryptic digest (reduction — dithiothreitol
and alkylation — iodoacetic acid) of equine apo-myoglobin was purchased from nanoLCMS
Solutions (Ranco Cordova, CA). Amino acid sequences of expected equine apo-myoglobin

tryptic peptides are given in Table 01.
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4.3.2 HPLC and LC-MS Instrumentation

The Agilent 1200 series HPLC (Santa Clara, CA) equipped with degasser,
guaternary pump, auto sampler temperature controlled column chamber and UV-visible
diode array detector was used for all HPLC work. Instrument was controlled by Agilent
ChemStation Rev.B.01.03 under Microsoft XP operating system environment. Surveyor
HPLC system connected to Thermo Finnigan LXQ linear ion trap with ESI source (Lake
Elsinore, CA) was utilized in LC-MS studies. The instrument was controlled by Thermo
Fisher Scientific Xcalibra 2.0 data acquisition and processing software under Microsoft
Windows environment. Only half of the HPLC effluent was directed into the MS using flow
splitting technique (1: 1 ratio). All mobile phase compositions are given as volume: volume
(v:v). pH is given for aqueous mobile phase component before mixing with organic modifier.
All solvents were vacuumed degassed for 5 minutes before running experiments. Peptides
were dissolved in mobile phase solvents or MeOH as concentration of 1 mg/mL.
Experiments were performed at room temperature unless otherwise stated. UV detections

were carried out at 220 nm and/or 280 nm.
4.3.3 Stationary Phases

Teicoplanin (T) and vancomycin (V) antibiotic macrocyclic glycopeptide chiral
selectors were attached covalently to 2.7 um SPPs surface (Poro shell - Agilent
Technologies, Wilmington, DE) as described by Armstrong and co-workers 163,164. Core
diameter and shell thickness of SPPs are 1.7 um and 0.5 um respectively. T and V
stationary phases were slurry packed into 100 mm x 4.6 mm i.d. and 50 mm x 4.6 mm i.d.
stainless steel columns. Pore size of particles is 120 A and surface area is 120 m2/g.
Agilent (Santa Clara, CA) Poroshell 120 EC-C18 (2.7 um SPP) 100 mm x 4.6 mm i.d.

column was utilized for LC-MS comparison purposes.
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4.4 Results and discussion

4.4.1 Retention and Separation Characteristics of Peptides on Macrocyclic Glycopeptide

Chiral Stationary Phases

(a) (b}
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Figure 4.1 (a) Retention behavior characteristics of peptides with acidic, neutral and basic
side chains on 2.7 um SPP T. Chromatographic conditions: column — 50 mm x 4.6 mm
i.d., flow rate — 2.0 mL/min, temperature - 40 °C and mobile phase composition — ACN:
50 mM NH4HCOg, pH 3.0. (b) Stereoisomeric resolution of epimeric peptides F versus
regular chiral probe (5-Methyl-5-phenylhydantoin ) on 2.7 um SPP T. Chromatographic

conditions : column — 50 mm x 4.6 mm i.d., , flow rate — 1.0 mL/min, detection - UV
detection at 220 nm , temperature — room temperature and mobile phase composition —

ACN : 2.5 mM NH4HCOz, pH 3.2.

It has been well known since the mid-1980s that the retention behavior of proteins
and peptides on stationary phases is sensitive to the nature of the mobile phase and
produce “U” shaped retention curves with changing organic modifier compositions 77, The
same is true for macrocyclic glycopeptide based stationary phases 178. Figure 4.1a shows
typical “U” shaped curves when the retention factors of Leucokinin I, Leu-Enkephalin and

Bradykinin 153-160 gre plotted against organic (or agueous) modifier content (v:v).

79



- » - [DAla2,DLeu5] Enkephalin and [D-Ala2] Leu-Enkephalin sterecisomeric resolution
- @ - 5-Methyl-5-phenylhydantoin chiral resolution

—+— [DAla2,DLeu5] Enkephalin retention factor

—— [D-Ala2] Leu-Enkephalin retention factor

—+— 5-Methyl-5-phenylhydantoin enantiomer-1 retention factor”

14.0 4 —4— 5-Methyl-5-phenylhydantoin enantiomer-2 retention factor r 18.00
+ 16.00
12.0 1
 14.00
10.0 1
r 12.00
s
S 807 L 1000 &
5 c
[ S
£ 60 800 5
14
+ 6.00
4.0 4
 4.00
20 4
+ 2.00
0.0 0.00
0 100

% Organic content

Figure 4.2 Stereoisomeric resolution and retention factors of epimeric peptides ([DAla2,

DLeu5] Enkephalin and [D-Ala2] Leu-Enkephalin) versus regular chiral probe (5-Methyl-

5-phenylhydantoin ) on 2.7 um superficially porous particles based teicoplanin stationary
phase. Chromatographic conditions: column — 50 mm x 4.6 mm i.d., flow rate — 1.0
mL/min, detection - UV detection at 220 nm, temperature — room temperature and

mobile phase composition — ACN : 2.5 mM ammonium formate, pH 3.2.

chosen probe peptides have acidic, neutral and basic side chains respectively. The “U”
shape retention curve was observed regardless of charge of the peptide. Peptides show
poor solubility at high concentrations of organic modifier and their retention is related to

their solubility in organic rich mobile phase 177:179, HILIC behavior of hydrophilic peptides
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also can be considered in this particular case where the organic modifier is ACN.
Therefore, with increasing ACN content, retention of peptides also can be observed as
expected in typical HILIC separations. At higher aqueous concentrations, peptides exhibit
typical reversed phase retention behavior. Lowest retention is typically observed in the
vicinity of 1:1 (v:v) organic modifier; aqueous component mobile phase compositions.
Thus, as for C18 stationary phases, reverse gradient separations are straight forward on

macrocyclic glycopeptide chiral stationary phases.

Chromatographic resolution of separation of two peptide epimers ([DAla2,DLeu5]
Enkephalin and [D-Ala2] Leu-Enkephalin) is plotted against mobile phase % organic
modifier content on a teicoplanin column (Figure 4.1b) and compared to the behavior of a
small molecule enantiomeric separation. 5-Methyl-5-phenylhydantoin showed high
stereoisomeric resolution at high organic and high aqueous concentrations, whereas the
peptide epimers showed the opposite trend. At high organic or aqueous concentrations
peptides produced broad and less efficient peaks. In contrast at moderate organic or
aqueous concentrations, sharper, and more efficient peaks were observed. Therefore,
increased resolution is observed for peptides with decreasing organic or aqueous
concentrations. In comparison, 5-Methyl-5-phenylhydantoin enantiomers show typical
reversed phase retention behavior while SAACP peptide pair produce a “U” shape

retention curve (Figure 4.2).
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4.4.2 Effect of pH on Retention and Separation of Peptides

When peptides possess amino acid residues with acidic or basic side
chains, their protonation and deprotonation contribute to their residual charge. Therefore,
unlike C18 stationary phases, the charge of macrocyclic glycopeptide stationary phases is
sensitive to pH. Therefore, pH further alters retention behavior of peptides on these
stationary phases. Figure 4.3 shows the effect of pH on retention of some selected peptides

using a teicoplanin stationary phase.
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Figure 4.3 The pH effect on retention and separation of peptides containing acidic, basic,
acidic and basic both and neutral side chains utilizing 2.7 um SPP T. Analytes : 1-
Leucokinin I, 2- Leu-Enkephalin, 3- Angiotensin Il human, 4- Bradykinin (Amino acid
sequences are given in Supplementary information: Table S1.) Chromatographic
conditions : column — 100 mm x 4.6 mm i.d., flow rate — 2.0 mL/min, detection - UV
detection at 220 nm , temperature - 40 °C and mobile phase composition — ACN : 50 mM

ammonium formate (27:73).
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At low pH, decreased retention was observed for peptides with basic side chains
(bradykinin). Carboxylic acid groups of side chains (leucokinin I) tend to be deprotonated
with increasing pH. Therefore, decreasing retention is observed as repulsive electrostatic
interactions originating from deprotonated carboxylic acid groups of the stationary phase
predominate. Peptides with neutral side chains also show the same trend since C-terminus
carboxylic acid groups can become deprotonated. In addition, higher efficiencies were
observed at low pH conditions. Therefore, low pH is often beneficial for fast and higher

efficiency peptide separations.

4.4.3. Effect of Mobile Phase Buffer Type in Separation of Peptides

A study of the effect of five different mobile phase buffers/additives
(CF3CO2NH4, TFA, HCO2NH4, HCO2H, and CH3CO2NH4) was done. (The pH of the mobile
phases containing CF3CO2NH4, HCO2NHa4, and CH3CO2NH4 were adjusted to pH 3.0 by
adding corresponding acids to the mobile phase aqueous component.) The experiments
were performed in a constant mobile phase mode (Organic: aqueous ratio and buffer
concentrations are kept constant.) and also in a constant retention time mode. Constant
retention times were obtained utilizing two different strategies. In one approach, constant
retention times were obtained by adjusting mobile phase organic: aqueous ratio without
changing buffer concentrations. In the other approach, the aqueous buffer concentrations
are adjusted while maintaining the organic: aqueous ratio constant. Experiments were
performed utilizing four bradykinin family peptides as probe molecules as shown in Figure.
4.4. and Figure. 4.5. This type of comparison is essential in any method optimization,
especially in LC-MS where the counter ion concentration affects signal intensity.HPLC

methods developed in this work using 4.6 mm 1.D. can be successfully transferred to LC-
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MS by utilizing narrow bore columns or flow splitting technique that allows only a certain

portion of effluent to enter into the MS.

4.4.3.1 Constant mobile phase conditions

When NH4CF3COO, NH4HCOO, and NH4CH3COO are used as mobile phase
buffer additives, at a concentration of 35 mM, baseline separation of all four peptides was

observed.

ACN: 35 mM NH,CF,COO
(23:77)

ACN: 35 mM CF,COOH
(23:77)

04 05 06 07 08 09 min

2 3 §* ACN:35mM NH,HCOO
AJ\Q&W)

ACN: 35 mM HCOOH
(23:77)

1 ACN: 35 mM NH,CH,CO0

1L 2 5 4 (23:77)
A )\

1 2 3 4 5 6 7  min

Figure 4.4 Effect of buffer additive type on retention and separation of bradykinin
peptides on teicoplanin stationary phase. Organic to aqueous ratio and buffer
concentrations are kept constant. Analytes: 1- Bradykinin (2-7), 2- Bradykinin (2-9), 3-
Angiotensin | Converting Enzyme Inhibitor, 4- Bradykinin Chromatographic conditions:
column — 100 mm x 4.6 mm i.d., 2.7 um core shell silica, flow rate — 2.0 mL/min,

temperature - 40 °C.
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The best peak shapes, efficiencies, and selectivities were observed with
NH4HCOO and NH4CF3:COO. Therefore, mobiles phase containing 35 mM CFsCOOH or
HCOOH did not produce baseline separations of the bradykinin peptides under these
experimental conditions. Elution strength (nearly per their acidity) of each buffer/additive

can be ordered as CFsCOOH > HCOOH > NH4CFsCOO > NH4HCOO = NH4CHsCOO.

(a) Constant retention time by adjusting organic: (b) Constant retention time by adjusting buffer
aqueous ratio keeping buffer concentration constant concentration keeping organic: aqueous ratio constant

w

1 4 ACN: 35 mM NH,CF,CO0 I 1 5 4 ACN: 15 mM NH,CF,CO0

2 3 (19.5:80.5) l\‘k(zszm
ACN: 35 mM CF,COCH

1 4 ACN: 1.3 mM CF,COCH
;1 4 (4:96) 2 3 (23:77)

4

3 ACN: 35 mM NH,HCOO
AJ\ (23:77)
1
2 3 4 ACN:35mMHCOCH CN 14.5 mM HCOOH
(14:86) (23 77)
1

—

ACN: 35 mM NH,HCOO
(23:77)

‘fH
="

1 ACN: 35 mM CH,COOH ACN: 35 mM CH,COOH
l 2 3 4 (23.77) 3 4 (2377

A AN NSNS
1 2 3 4 5 6 7 min 1 3 4 5 6 7 min

Figure 4.5 Effect of buffer additive type retention and separation of bradykinin peptides
on teicoplanin stationary phase. Analytes: 1- Bradykinin (2-7), 2- Bradykinin (2-9), 3-
Angiotensin | Converting Enzyme Inhibitor, 4- Bradykinin (Amino acid sequences are

given in Table S1.) Chromatographic conditions: column — 100 mm x 4.6 mm i.d., 2.7 um
superficially porous particles, flow rate — 2.0 mL/min, detection - 220 nm UV-DAD
detector, temperature - 40 °C.
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4.4.3.1 Constant retention time mode

By adjusting the aqueous to organic modifier ratio, similar elutrophic strength was
obtained for all mobile phases while keeping the buffer/additive concentration constant
(35mM). Hence, baseline separation of probe peptides with constant retention was
obtained with all five mobile phase conditions as shown in Figure 4.5. With CF3CO2NH4
and HCO2NH4 as buffers, better peak shapes were obtained while other additives lead to
mostly tailing peaks. In addition, when ammonium formate was used as the buffer, better
efficiency and selectivity were obtained. Baseline separations at constant retention times
shown in Figure 4.5 was obtained by adjusting the mobile phase buffer/additive
concentration and maintaining aqueous to organic modifier ratio (23:77) constant. Except
for HCO2NHg4, all buffer/additives resulted in tailing peaks. Again both CF3CO2NH4 and
HCO:NH4 gave comparable efficiencies and selectivities. Better peak shapes and
efficiencies were observed when using HCO2NH4 as the mobile phase additive compared
to other mobile phase additives used in this experiment. In general, HCO2NH4 can be
designated as the most effective buffer additive in peptide separations when using the

teicoplanin stationary phase.

4.4.4 Effect of Mobile Phase Organic Modifier on Retention and Separation of Peptides

Methanol, ethanol, and acetonitrile are commonly utilized organic modifiers in
peptides separations 171, In this work, we report the effect of these organic modifiers on
peptide separation efficiency and selectivity when using teicoplanin stationary phase.
Figure 4.6 Shows the effect of MeOH, ACN, and THF on the separation of peptides (two
vasopressin probe peptides) in the constant mobile phase mode (Figure 4.6.a) and

constant retention time mode (Figure 4.6.b). The best selectivity is observed with MeOH in
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the constant mobile phase mode and with THF in the constant retention mode. The highest
efficiency was observed with ACN in both cases. Both ACN and THF produced more
symmetric peak shapes in all cases, whereas Methanol produced tailing peaks in the
constant mobile phase mode. It is apparent that aprotic organic modifiers are more

effective for peptide separations when using the teicoplanin stationary phases.

(a) Constant mobile phase keeping organic: aqueous (b) Constant retention time by adjusting organic: aqueous

ratio a constant ratio
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Figure 4.6 Effect of mobile phase organic modifier on retention and separation of
peptides on teicoplanin stationary phase. Analytes: 1- [Arg8] Vasopressin /AVP, 2- [Lys8]
Vasopressin, Chromatographic conditions: column — 100 mm x 4.6 mm i.d., 2.7 um core

shell silica, flow rate — 1.0 mL/min, , temperature 40 °C.
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4.4.5. Comparison of Chromatographic Performances of Teicoplanin and Vancomycin 2.7

pm SPP Stationary Phases

Macrocyclic glycopeptide stationary phases have wide utility in separations of
peptides as demonstrated previously 158171, Most of the reported peptides separations
were performed using teicoplanin and ristocetin 158171, |n addition, in this work utilization of
vancomycin is examined as shown in Figure 4.7. The overall charge of the stationary
phases play an important role in selectivity. Three common peptides classes (vasopressin,
LHRH, and enkephalins) were separated on both stationary phases. The mobile phases

with equal elutrophic strength were used.

(a} - Vasopressin peptides {b) — LHRH peptides (c) — Enkephalin peptides
2

4] 1 AGN:NH,HCO, 50 mM, pH 3.0
(35:65), 40 °C. 2.0 mLfmin,

(1) ACN:CF,COMNH, 45 mM, pH 3.0 (22.5.77.5), 40 °C, 5} ACN:NH,HCO, 2.5 mM, pH 3.2 (85:35), 1.0 mLimin
2.0 mLdmin

1 ACN:CF,CONH, 45 mM, pH 3.0 (18:81), 40%C ACN:NH,HCC, 2.5 mM, pH 3.2
@) 1 2 Ggg;*‘;’;?gzzﬁg mﬂ-PH 30 @) Zomimin @) 2 (7.5 205) 1.6 mLimin °
= g mbL/min N
) 3+442 v 3
1 +6+
\ } \ v 5 Shord v

1+ 15 2 25 3 mn 1 2 3 4 5 mn 1 2 3 4 5 & 7 &min

Figure 4.7 Comparison of chromatographic performances of teicoplanin and vancomycin-
2 2.7 um SPP stationary phases (100 mm x 4.6 mm i.d.). (a) Vasopressins: 1- [Arg8]
Vasopressin /AVP, 2- [Lys8] Vasopressin (b) LHRH: 1- LHRH free acid, 2- [D-Phe2, D-
Ala6]-LH-RH, 3. [D-Ala6]-LH-RH acetate salt hydrate, 4. [D-Lys6]-LH-RH, 5- [des-pGlul]-
LH-RH(c) Enkephalins: 1. [DAla2, DLeu5] Enkephalin acetate salt 2. [DAla2] Met-
Enkephalin 3. [D-Ala2] Leu-Enkephalin 4. Met-Enkephalin 5. Leu-Enkephalin 6. [Ala2]

Leu-Enkephalin
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Vasopressin peptides can be baseline separated on both stationary phases while
teicoplanin showed five times higher efficiencies than vancomycin (Figure 4.7). Teicoplanin
provided baseline separation of five LHRH peptides with twice the efficiency compared to
vancomycin where baseline separation was not observed. Baseline separation of six
enkephalin peptides in the HILIC mode (based on retention behavior, see Figure 4.1 and
Figure 4.2) were obtained using teicoplanin stationary phase with an efficiency of
approximately 120,000 plates per meter whereas vancomycin did not give baseline
separation of all six peptides. It is important to note that the last reported separations of
LHRH, enkephalins and vasopressin peptides utilizing 5 pum FPPs based commercial
teicoplanin stationary phases had analysis times of 30-50 minutes 1%8. Separations
reported in this work using SPPs based teicoplanin stationary phases are < 5 minutes. In
addition, all of the above reported separations are obtained in the isocratic mode. In
contrast, most of these peptides have only been separated in the gradient mode using C18

stationary phases 172180,

4.4.6 Ultrafast Peptide Separations

SPPs based stationary phases can provide fast separations without substantial
loss of efficiency and they can be operated at high flow rates with moderate back pressure
2181 Both teicoplanin and vancomycin SPPs based short columns (5 cm x 4.6 mm i.d.)
can be utilized in ultra-fast separations of both SAP and SAACP peptides as shown in
Figure 4.8. Separation of [DAla2,DLeu5] Enkephalin and [D-Ala2] Leu-Enkephalin on a
SPP based teicoplanin column is achieved within 30 seconds (Figure 4.8) [D-Ala2] Leu-

Enkephalin and [Ala2] Leu-Enkephalin were separated within 30 seconds on vancomycin
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Figure 4.8 Ultra-fast enantiomeric (b and e) and non-enantiomeric (a, c, d, and f)

peptide separations on teicoplanin and vacomycin-2. Chromatograms a, b and ¢ were

performed on Teicoplanin stationary phase whereas chromatograms d, e and f were

performed on Vancomycin-2. Column : 2.7 um SPP 50 mm x 4.6 mm i.d. (a) flow rate —

3.5 mL/min, temperature — 40 °C and mobile phase - ACN: NH4HCO250 mM, pH 3.0

(35:65). (b) flow rate — 4.0 mL/min, and mobile phase- ACN: NHsHCO2 5 mM, pH 3.2

(65:35). (c) flow rates — 3.0 mL/min, and mobile phase — ACN: NH4HCO2 20 mM, pH 3.0

(15:85), (d) flow rate — 3.0 mL/min, temperature - 40 °C and mobile phase — ACN :

NH4HCO2 50 mM, pH 3.0 (30:70). (e) flow rate — 5.0 mL/min, and mobile phase — ACN:

NHsHCO2 5 mM, pH 3.2 (79.5:20.5), (f) flow rate — 3.0 mL/min, mobile phase — ACN:

NH4HCO2 50 mM, pH 3.0 (45:55)
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(Figure 4.8). Bradykinin (2-7) and Bradykinin (2-9) are structurally related SAP peptides.
that are separated in 45 seconds (Figure. 5a). All the peptides utilized in separations shown
in Figure. 4.8, play important pharmaceutical roles as endorphins, inflammatory mediators,

blood pressure regulators, etc. 182183,

4.4.7 Comparison of Peptide Separations on Teicoplanin and C18 2.7 um SPP Stationary

Phases

2 Teicoplanin - Isocratic

(a)

C18 - Isocratic
6+3

1

. AN
4 5 6+3 (18 dient
+ -
(c) 5 gradien
'\ N 1
1.5 25 3.5 4.5 5.5

Time (minutes)

Figure 4.9. Comparison of enkephalin peptides separations on teicoplanin and C18 2.7
um SPP stationary phases. Column dimensions: 100 mm x 4.6 mm i.d. Flow rate 1.0
mL/min, analytes: 1. [DAla2, DLeu5] Enkephalin acetate salt 2. [DAla2] Met-Enkephalin
3. [D-Ala2] Leu-Enkephalin 4. Met-Enkephalin 5. Leu-Enkephalin 6. [Ala2] Leu-
Enkephalin. Mobile phase: A - ACN, B — 2.5 mM NH4HCO2, pH 3.2 (a) A: B (63:35) (b) A:

B (23: 77) (c) A: B (20:80) to A: B (50:50) in 7 minutes
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C18 is the most utilized stationary phase for the separation of peptides and proteins in
the reversed phase mode. A performance comparison of C18 and teicoplanin stationary
phases is given in Figure 4.9. All six peptides were baseline separated with efficiency of =
150000 plates per meter on the teicoplanin column in the isocratic mode. Best
separations of the same six enkephalin peptides on the C18 stationary phase in both
isocratic and gradient modes are shown in Figure 4.9 a and Figure 4.9 b respectively.
[Ala2] Leu-Enkephalin and [D-Ala2] Leu-Enkephalin (analytes 6 and 3) coeluted in both
separation modes when the C18 stationary phase is utilized. Also, C18 showed lower

efficiency (N = 130000 plates per meter) in the isochratic isocratic mode than teicoplanin.
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Figure 4.10 Kinetic performances of 2.7 um superficially porous particles based C18 and

teicoplanin stationary phases. Analyte: Leu-Enkephalin (Amino acid sequence are given

in Table S1.) Chromatographic conditions: C18 and teicoplanin — RP-LC mode — ACN:2.5
mM, pH 3.2 ammonium formate (23:77), teicoplanin — HILIC mode —ACN:2.5 mM,

ammonium formate, pH 3.2 (65:35).
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The SAACP pair, [DAla2, DLeu5] Enkephalin and [D-Ala2] Leu-Enkephalin were
baseline separated on both stationary phases. The [D-Ala2] Leu-Enkephalin and [Ala2]
Leu-Enkephalin SAACP pair was baseline separated only on teicoplanin. All SAP pairs

were baseline separated on both stationary phases.

Kinetic performances of SPPs based C18 and teicoplanin stationary phases were
also compared (Figure 4.10). Leu-Enkephain was chosen as the probe peptide. Both
stationary phases were evaluated the in reversed phase liquid chromatography mode. C18
shows better performances at higher linear velocities. Though reversed phase mode is the
ideal operation mode for C18, it may not be the case for teicoplanin. When operated in the
HILIC mode, at higher linear velocities teicoplanin showed better performances than C18.
Comparatively similar performances were observed at slower linear velocities for both
stationary phases regardless of the mode of operation. Therefore, more efficient
separations can be obtained using teicoplanin stationary phase when it is operated its

optimal mode.

4.4.8 Tryptic Peptide Separations on Teicoplanin- LCMS

Capability of separations of complex peptides mixtures using teicoplanin
stationary phases was demonstrated. Both isocratic and gradient modes were examined.
Tryptic peptide separations on teicoplanin stationary phase have not been reported
previously. A comparison of C18 and teicoplanin columns is given in Figure 4.11 (constant
retention mode). The selectivity of teicoplanin peptide separations in the gradient mode
was significantly different than that obtained for C18 column. Also, the teicoplanin
stationary phase separated more peptides than the commercial C18 stationary phase. In

the isocratic mode, teicoplanin produced fast but less selective separations.
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Figure 4.11 Comparison of equine apomyoglobin tryptic digest peptides separations
(LCMS) on teicoplanin and C18 and 2.7 um SPP stationary phases. Column dimensions:
100 mm x 4.6 mm i.d. Amino acid sequences of tryptic peptides are given in Table 1
.Mobile phase: solvent A - 0.1% HCO2zH in 30% water in ACN, solvent B - 0.1% HCOzH
in water (a) A: B (30:70) , (b) A: B (5:95) for 2 minutes and from A:B (5:95) to A:B (40:60)
in next 13 minutes (c) A: B (5:95) to A: B (40:60) in 15 minutes. Flow rate 1.0 mL/min and

only 50% of the flow was directed to ESI-MS detector

The teicoplanin column had peak capacity of 50 in the isocratic mode. However, it

produced nearly three times higher peak capacities in the gradient elution mode.
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Interestingly both C18 and teicoplanin produced comparative peak capacities in gradient

. . " . tnVN dt
elution mode (Isocratic peak capacities were calculated using the n = 1 + ftl e

where n is peak capacity, tn is retention time of last eluted peak, t1 is retention time of first

eluted peak and N is number of theoretical plates 183.

. . . t .
Gradient peak capacity was calculated using the n = 1 + ;g where n is peak

capacity, tg is gradient time and w is the average peak width 18418 Twenty peptides and
lysine were identified using teicoplanin and 19 peptides and lysine were identified when
C18 was used (For peptide identity and number of missed cleavages see Table 4.1. Each
peptide was identified via ESI-MS extracted ion chromatogram. Some identified peptides
do not show sharp peaks in the total ion chromatograms shown in Figure 4.11). HK and
GHHEAELKPLAQSHATK were not identified in either case. The teicoplanin stationary
phase is compatible in reversed phase mode with MS compatible mobile phases in peptide
separations. Hence teicoplanin is a competitive stationary phase with C18, for analyzing
tryptic peptides and for obtaining different selectivities. Note that Tryptic peptides 21, 22,
23, and 24 were not identified when the teicoplanin stationary phase was used. Tryptic
peptides 21, 4, 9, 7, 8, and 24 were not identified when the C18 stationary phase was

used.)
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Table 4.1 Amino acid sequences, nhumber of amino acid residues ([M+H]*) and retention
orders on teicoplanin and C18 stationary phase of predicted equine apomyoglobin tryptic
digest peptides. (Tryptic digestion of equine apo-myoglobin was dissolved in ACN: 0.1 %
HCOOH in water (5:95) as concentration of stock solution is 1 pmol of protein per pL.

Highlig hted peptides were not detected.

Amino acid sequence Range Number [M+H]* Elution
of missed order
cleavage
s

YNEFISDAIIHVLHSK 103-118 0 1885.98 20

GHHEAELKPLAQSHATK 80-96 0 1853.96 21

GLSDGEWQQVLNVWGK 42385 0 1815.90 14

VEADIAGHGQEVLIR 17-31 0 1606.86 17

HPGDFGADAQGAMTK 119-133 0 1502.67 15

HGTVVLTALGGILK 64-77 0 1378.84 19

LFTGHPETLEK 32-42 0 1271.66 18

ALELFR 134-139 0 748.44 11

TEAEMK 51-56 0 708.32 5

ASEDLK 57-62 0 662.34 4

ELGFQG 148-153 0 650.31 2
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NDIAAK 140-145 631.34 6
IPIK 99-102 470.33 9
FDK 43-45 409.21 22
HLK 48-50 397.26 23
YK 146-147 310.18 7
FK 46-47 294.18 8
HK 97-98 284.17 24
K 63-63 147.11 3
K 78-78 147.11 3
K 79-79 147.11 3
YKELGFQG 146-153 941.47 10
ASEDLKK 57-63 790.43 12
HKIPIK 97-102 735.49 21
FDKFK 43-47 684.37 16
FKHLK 46-50 672.42 1
FKHLKTEAEMK 46-56 1361.72 13
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4.5 Conclusions

SPP based macrocyclic glycopeptide stationary phases showed wide utility in
peptide separations including tryptic peptide separations. High efficient fast and ultrafast
peptide separations were achieved using SPP based columns in this work. Ultra-fast SAAP
and SAACP peptide separations were obtained using both teicoplanin and vancomycin
SPP based stationary phases. Separations were further improved by optimizing mobile
phase organic modifier type, pH and mobile phase additive type. Shorter retention times
were obtained when THF was used as the mobile phase organic modifier, but when ACN
was used as a mobile phase organic modifier, it provided higher efficiency. Also by varying
the organic modifier content SAACP peptide resolution can be optimized. Due to provided
higher efficiency, ammonium formate can be designated as the most compatible mobile
phase additive among the mobile phase additives used in this study when use teicoplanin
stationary phase. The teicoplanin stationary phase resulted more efficient baseline
separations of bradykinin peptides, vasopressin peptides and enkephalin peptides
compared with vancomycin stationary phase. The teicoplanin stationary phase showed
better selectivity in SAAP and SAACP peptides (enkephalins) baseline separations where
C18 commercial stationary phases did not show baseline separations of all enkephalin
peptides. Tryptic peptide separation characteristics of teicoplanin stationary phase were
demonstrated comparatively to C18 commercial stationary phases using myoglobin tryptic
digestion. Teicoplanin resolved 20 peptides and lysine where C18 resolved 18 peptides
and lysine with different selectivities. Therefore, teicoplanin is a competitive stationary
phase with commercial C18 stationary phases in tryptic peptide separations. Further, more
MS compatible and isocratic separation methods have been developed in this work.
Superficially porous particle based macrocyclic glycopeptide stationary phases can be

successfully used to achieve more efficient, fast and ultra-fast separations of
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pharmaceutically important peptides. Teicoplanin stationary phases should be considered
as potential stationary phase for proteomics applications. Since these stationary phases
provided fast and efficient separations, they can be potentially utilized as a good second
dimension stationary phase in both heart cutting and comprehensive two-dimensional

liquid chromatography.
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Chapter 5

SALIENT SUB-SECOND SEPARATIONS

5.1 Abstract

Sub-second liquid chromatography in very short packed beds is demonstrated as
a broad proof of concept for chiral, achiral, and HILIC separations of biologically important
molecules. Superficially porous particles (SPP, 2.7 um) of different surface chemistries
namely, teicoplanin, cyclofructan, silica, and quinine were packed in 0.5 cm long columns
for separating different classes of compounds. Several issues must be addressed to obtain
the maximum performance of 0.5 cm columns with reduced plate heights of 2.6 to 3.0.
Modified UHPLC hardware can be used to obtain sub-second separations provided extra-
column dispersion is minimized and sufficient data acquisition rates are used. Further,
hardware improvements will be needed to take full advantage of faster separations. The
utility of power transform, which is already employed in certain chromatography detectors,
is shown to be advantageous for sub-second chromatography. This approach could prove

to be beneficial in fast screening and two dimensional liquid chromatography.

5.2 Introduction

One of the basic tenets of separation science is to achieve adequate resolution in
the shortest possible time. Not surprisingly, the relative meaning of “shortest possible time”
has evolved over five decades, where early separation of biological molecules in 30-60 min
was once considered fast liquid chromatography.18:187 By current standards, ultrafast
liquid chromatography is usually considered as sub-minute separations although the lower

limit will continue to decrease with developments in smaller particle synthesis, improved
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packing technologies, design of the column hardware and peak detection methods.?!?
Recently, researchers have shown unprecedented separation speeds of 4-5 seconds in
packed beds by using high efficiency particles for both achiral and chiral separations in
liquid chromatography as well as supercritical fluid chromatography.354188-191 |t is not
uncommon to obtain plate heights H<2dp (dp = particle diameter) with superficially porous
particles (SPP) or fully porous sub 2 um particles with exceptionally narrow size
distribution.’®? The excellent performance of the former arises from lower contributions to
eddy dispersion in the band broadening processes.1®® These efficiencies are providing an
impetus to separation scientists to push the boundaries of analysis speed by utilizing very
short columns. Ultrafast liquid chromatography is a very promising approach for high
throughput screening methods!®4 or in two dimensional chromatography of complex

samples where it is necessary to have high speed separations in the second dimension

195198

To date, ultrahigh speed separations of a few seconds or as low as milliseconds
have been achieved in special electrophoretic microchip plates or in capillary zone
electrophoresis.>® Other approaches such as shear driven chromatography and wide bore
hydrodynamic separations have also shown some promise in this regard.®1° Special
detection technologies were employed such as on-column detection followed by image
processing to extract the peak profile.61%° Handling of rapidly eluting peaks in the domain
of conventional liquid chromatography is currently hindered by extra-column dispersion
and even the data sampling rates on many commercial UHPLCs. The ideal
chromatographic output from extremely high efficiency columns and fast eluting peaks is
convoluted by several factors. The shape of the injector pulse, the cup-flow distribution
pattern of the inlet and outlet frits, diffusion and mixing in plumbing unions, flow profiles in

the tubings, data sampling rate and embedded noise suppressing algorithms in any
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chromatographic set-up all affect the true peak shape in deleterious ways.11:290 Secondly,
in the majority of UHPLCs, the maximum flow rate is limited to 2 to 5 mL/min, which is

another factor limiting separation speed.

The aim of this work is to analyze the conceptual and practical aspects of sub-
second separations on state of the art ultrahigh performance instruments using 0.5 cm
packed columns with 2.7 um SPP particles. We discuss and propose simple instrumental
modifications and simple mathematical approaches allowing chromatographers to
circumvent the challenges in ultrafast LC (vide supra) and obtain sub-second separations.
Shortest possible analytical column dimensions available commercially (0.5 x 0.46 cmi.d.)
are used with four different chemistries (silica, cyclofructan-6, teicoplanin, and quinine
bonded phases). These column chemistries are compatible with normal, reversed phase,
HILIC, and polar organic/ionic modes and are used for a broad proof of concept. The polar
organic mode uses ACN as a major component of the mobile phase while MeOH is used
to adjust the retention time with small amounts of acid/base additives to modify the

selectivity.
5.3 Experimental
5.3.1 Materials

All HPLC solvents, buffers, and analytes were obtained from Sigma-Aldrich (St.
Louis, MO). The 2.7 um superficially porous particles with 1.7 um core diameter and 0.5
pum shell thickness were provided by Agilent Technologies (Wilmington, DE). Surface area
of the particles is 120 m2/g and pore diameter is 120 A. Mobile phase compositions are
given as volume/volume (v/v). The pH and mobile phase additive concentrations are given
for the aqueous portion of the mobile phase before mixing with organic modifier and all

experiments were conducted at room temperature.
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5.3.2 Stationary Phases

The stationary phase materials were synthesized by AZYP LLC (Arlington, TX).
Teicoplanin, cyclofructan-6 and quinine based stationary phases were prepared according
to the reported methods.151.178.201 The stationary phase material was either packed into 0.5
cm x 4.6 mm i.d. empty guard columns by Agilent Technologies, (Wilmington, DE) or
packed in our laboratory using dispersed slurry techniques and pneumatic pumps.
Superficially porous silica (2.7 pm) guard columns was purchased from Agilent
Technologies. As reported earlier,? it was found that dispersed suspensions of core-shell
particles produced optimum results with pressures of 10,000 psi. These pressures were
necessary to stabilize the bed against high flow rates (5 mL/min max on the UHPLC) for
sub-second chromatography. For further characterization of the column volume (and to
estimate the dead times), pycnometry was performed using the density difference method
with water and methanol ( n=3).29 The dead volumes of the column were found to be 75,
69, and 75 L for SPP silica, SPP teicoplanin and SPP quinine respectively. Therefore, at
5 mL/min the average dead time of SPP guard column (in Agilent’s hardware) would be
0.83 to 0.89 s. These dead times are consistent with the elution time of acetone under

HILIC mode conditions.

5.3.3 Instrumentation

The Agilent 1290 UHPLC is equipped with a degasser, quaternary pump, auto-
sampler, temperature controlled column compartment, and diode array detector. The
instrument was controlled by OpenLabs CDS ChemStation software (Rev. C.01.06 [61],
Agilent Technologies 2001-2014) under Microsoft Windows 8.1. In order to operate the
instrument at highest flow rate possible (5.0 mL/min, without pressure restriction); the in-

line filter was removed. The pump outlet was directly connected to a pre-saturator column
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(5 x 0.46 cm i.d.) filled with silica (M.S. Gel, D-50-120A, AGC SciTech Co., Ltd.). This
column has two roles (a) to act as a filter (b) saturate the incoming mobile phase with
dissolved silica before it hits the analytical column. This process ensures long life of a
column without any back-pressure. The auto-sampler and the column oven were by-

passed.

(A) ()

Figure 5.1. (A) Guard column design utilized in this work (Agilent Technologies,
Wilmington, DE) (B) Direct connection of column to the UHPLC detector (C) Complete
chromatographic set-up for sub-second chromatography. Rheodyne (7520) connected to
7 cm NanoViper, the NanoViper is joined to the 0.5 cm column and the permanent 3 cm

extension from the guard column is coupled to the detector.

The pre-saturator column outlet was then connected to a Rheodyne 7520 manual injector
(Rheodyne LLC, Rohnert Park, CA) with internal loop size of 1 pL. Full loop injections were
made. The Rheodyne was connected to the column via 7 cm x 75 um NanoViper tubing
and the column outlet was directly inserted into the UHPLC detector flow cell. The final
instrument setup after modifications is shown in Figure 6.1. The column consists of a 0.5
cm long barrel with a permanently sealed frit at one end followed by a 3 cm x120 um

stainless steel extension. The detector has a dispersion volume V(o) of 1 yL (G4212-
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60008). Although smaller flow cells are available (0.6 pL dispersion), there is a potential of
bursting the flow cell with compressible mobile phases at high flow rates. The retention
times were determined with respect to the pressure pulse generated by manual injection.
Extra column volume dispersion of the system and retention time determination protocol

are show in Table 6.1 and Figure 6.2.

PMP1,PMP1A, Pressure  (SPPTeico_new-gly+dans-asp 2016-05-25_2.D)
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Figure 5.2 Determination of true starting point of injection from the respective pressure

profile.

5.3.4 Data Processing.

Peak deconvolution and fitting of the peaks as exponentially modified Gaussians

(EMG) and moment analysis were performed on PeakFit software v4.12.
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Table 5.1 Instrument hardware parts and their contribution to extra column volume

(represented by the means of their dimensions) after modifying the UHPLC

Instrument hardware part Dimensions Volume Perfect
Mixer
L Variance/pL?
Rheodyne  manual injector - 1 1
(model 7520)
nanoViper connection tubing | 70 mm x 75 pm i.d. 0.31 0.096
from the injector to the column
inlet
Detector flow cell volume Not disclosed 1 1
variance (stated as
variance)
Guard column extension 30 mm x 120 um 0.34 0.12
id.
SUM 2.2

5.4 Results and Discussion

5.4.1 Preparation and Characterization of Short 0.5 cm x 0.46 cm i.d. Columns.

In order to achieve sub-second liquid chromatography, short 0.5 cm columns were
chosen. There is a question of which column diameter is best? Potentially, the narrow i.d.
columns (0.21 or 0.30 cm i.d.) would provide very high superficial linear velocities at the
maximum flow rates in the UHPLC, e.g. at 5 mL/min the superficial linear velocities in 0.46,
0.30 and 0.21 cm i.d. columns would be 0.501, 1.17, and 2.40 cm /s, respectively. It might
appear that the 0.21 cm i.d. format would be the most suitable diameter for ultrafast

separations. Unfortunately, the practical difficulties encountered in packing a 0.21 cm i.d.

106



column and minimizing the extra-column effects override the benefits of narrow bore
columns currently. Even in the long column format for superficially porous particles, the
0.21 cm i.d. columns achieve about 60% of the plates of the 0.46 cm i.d. format. For further
work, 0.5 cm x 0.46 cm i.d. columns were chosen for slurry packing; since the wall effects

are virtually negligible in 0.46 cm i.d. columns.

(A) (B)
E Sub-second Chromatogram 1 Fourier Transform of the
Chromatogram
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o
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Figure 5.3 Computer simulation of a sub-second separation with rms noise of £0.06
under a second in (A) time domain, (B) frequency domain via Fourier analysis, (C) time
domain signal at 1000 Hz of sampling frequency, and (D) time domain signal at 40 Hz of

sampling frequency. Computer simulations are done with OriginPro 2015 (Origin Lab

Corporation, MA).
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5.4.2 Is the Sampling Frequency Available for Sub-Second Chromatography?

For sub-second chromatography, it was necessary to simulate the separation and
assess the required sampling frequency based on the efficiencies observed in the 0.5 cm
columns. Shannon’s theorem dictates that in order to accurately capture the analytical
signal, the minimum sampling frequency must be equal to twice the maximum frequency
components in the signal being acquired.?® In Figure 6.3(A), we simulate two sub-second

Gaussian peaks in the presence of root mean square noise of £0.06 units.

This is the typical noise expected in a modern UV UHPLC detector. The plates
counts of 0.5 cm column (150 -200 per second) were set on basis of realistic numbers
obtained under very high flow rates (~ 5 mL/min). In order to extract the frequency
components of such signals, Fourier transform (FT) of this simulated chromatogram was
done. As the FT shows > 95 % of the useful chromatographic information is under 15 Hz.
Shannon’s theorem guides us to sample the data at a minimum of 2x15 Hz, therefore 40
Hz and 1000 Hz should be sufficient as shown in Figure 6.3C and 6.3D. Note the number
of points is less than 20 points per peak in the 40 Hz chromatogram. Two modern UHPLCs

can sample the data up to 160 to 250 Hz respectively.

In the near future, ever higher efficiencies are likely in very short columns, and then even
these sampling frequencies and response times may be insufficient in sub-second
chromatography. The Agilent's UHPLC employed here couples the sampling frequency
with a rather sophisticated undisclosed digital filter which behaves very closely like a
centered moving average with Gaussian weights.1! The effect of this coupling is shown in

the Figure 6.4.
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Figure 5.4 Effect of sampling frequency with coupled noise removing Gaussian kernel
embedded in the data acquisition software of Agilent's UHPLC. A real sub-second
separation of dansyl-L-aspartic acid and glycine (in order of elution) under one second at
(A) 160 Hz, 0.016 s, (B) 40 Hz, 0.13 s, and (C) 10Hz, 0.5 s. Column - 0.5 cm x 4.6 mm

i.d. SPP Teicoplanin, ACN: water (30:70), 5 mL/min, detection — UV at 220 nm.

5.4.3 Hardware Considerations in Sub-Second Chromatography.

To achieve ultrafast separations in packed 0.5x0.46 cm i.d. columns, packing approaches,
and extra-column dispersion of UHPLC needed extensive optimization. The most
convenient approach to make very short columns is to pack the superficially porous
particles in available (empty) guard columns using dispersed slurry techniques.'%¢ Based
on the previously optimized hardware? (low dispersion UHPLC auto-sampler, 25 cm x75
pm tubing, and 1pL detector), 600-700 plates at optimum flow rates (0.8 mL/min) were

considered as well-packed columns as shown in Table 6.2.
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Table 5.2 The column efficiencies of 0.5 cm long columns (0.46 cm i.d.)

Stationary phase Efficiency (plates per column length)
Uracil Cytosine
Silica 535+5 643 +7
Cyclofructan-6 575+8 697 +12
Teicoplanin 569 + 2 614 +5
Quinine 539+4 678+9

This efficiency (N) corresponds to H~ 2.3dp to 3.0dp, without subtracting any source of
dispersion. For column lengths of 0.5 cm, the extra-column dispersions on any state of the
art UHPLC cannot be ignored.!* Assuming all the extra-column volumes behaved as a
perfect mixer,!1 the extra-column variances were estimated to be 2.2 plL2. The second
moment analysis also confirmed that the extra-column variance was only ~ 11% of the
chromatographic peak variance at low flow rates. Despite this ultra-low dispersion, there is
an additional fundamental challenge with very short connection tubings (3 and 7 cm)
employed in this work. Indeed, the Aris-Taylor Gaussian dispersion breaks down because
of short residence time of the analyte in the tubings.2°2 The eluting peaks (in the absence
of column) were observed to produce non-Gaussian tailing profiles, as predicted by Golay
along with a “foot” at the tailing end.2%2 The “foot” or the hump is marked with an arrow in

Figure 6.5C.

It is interesting that this peak shapes neither fits and exponentially modified Gaussian
(EMG) nor other empirical versions of peak fitting software (PeakFit v 4.12) such as the
“Half Gaussian Modified Gaussian (GMG)” models or their hybrids (EMG-GMG).
Obviously, even those relatively poor fit models (R2 ~ 0.98) show that the second moment

is higher in terms of pL? than the second moment at low flow rates (0.8 mL/min). Similar
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peak shapes with “foot” in the tailing region without columns were reported by Gritti et al.?03
The tailing envelope may be superimposed on the band profile eluting from very short
columns. A simple but elegant approach for overcoming such fundamental challenges in

sub-second chromatography is outlined in the last section of this monograph.

0.0174 + 0.0005 s2 0158 + 0.003 52 Peak shape not 0.00788 +0.00012 52
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Figure 5.5 Demonstration of effect of extra column effect originating from short

connection tubing. Chromatographic conditions - Column: 0.5 cm x 4.6 mm i.d. 2.7 um
core shell silica guard column (Agilent Technologies), mobile phase: ACN: water (80:20),

analyte : thymine, connection tubing: 70 mm x 75 pm i.d. NanoViper (A) at 0.8 mL/min
without column, (B) at 0.8 mL/min with the column, (C) at 5.0 mL/min without the column,
and (D) 5.0 mL/min with the column (second moments are given with the corresponding

peak)

5.4.4 lllustrative Examples of Sub-Second Chromatography.

Examples of several different chiral and non-chiral sub-second separations in various

chromatographic modes are given in Figure 6.6 and Table 6.3.
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(A) Chiral
N-(3,5-Dinitrobenzoyl)-DL-Leucine

D N

0.0 0.5 1.0 15 2.0
Seconds

(C) RPLC mode

Glu-Asp  Gly-BAla

AN

0.0 0.5 1.0 15 2.0
Seconds

(B) HILIC mode

Mellitic 4-aminosalicylic
acid acid
0.0 0.5 1.0 1.5 20
Seconds
(D) HILIC mode

4-Formyl-benzene-
1,3-disulfonic acid

N-Ac-D-Ala
Methyl benzenesulfonate

0.0 0.5 1.0 15 2.0
Seconds

Figure 5.6 Sub-second chromatography on various stationary phases using 0.5 x 0.46 cm

i.d. columns: (A) SPP Quinine, 70:30 (ACN:20 mM NH4CO2H), 5 mL/min (B) SPP silica,

94:6 (ACN:15 mM NH4CH3CO02), 5 mL/min (C) SPP Teicoplanin, 42:58 (ACN:20 mM

NH4CO2H), 5 mL/min, (D) SPP Teicoplanin, 70:30 (ACN:Water), 5 mL/min. Data

sampling rate 160 Hz. For Figure (A) and (D) see next section on power transforms

Table 5.3 Sub-second screening for achiral, chiral in various chromatographic modes

Analyte

Chromatographic
conditions (stationary tr1
phase, mobile phase, and (s)

flow rate)

tr2 (S) Rs*

Rs**

Chiral separations
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Teicoplanin, 60:40

DNPyr-DL-
(MeOH:20 mM NH4COzH), | 0.56 0.91 12 | 16
Leucine
5 mL/min
Teicoplanin, 70:30
DNPyr-DL-
(MeOH:20 mM NH4COzH), | 0.66 1.00 14 | 1.9
Norvaline
5 mL/min
(x)-4-Methyl-5-
Teicoplanin, 100% MeOH,
phenyl-2- 0.60 0.98 15| 21
5 mL/min
oxazolidinone
Teicoplanin, 40:20:40
N-Acetyl-Alanine (MeOH: ACN: 5 mM 0.56 0.99 15 | 2.2
NH4CO2zH), 4 mL/min
N-(3,5-
Quinine, 70:30 (ACN:20
Dinitrobenzoyl)- 0.66 0.98 13| 1.6
mM NH4CO2zH), 5 mL/min
DL-Leucine
Achiral separations - HILIC mode
Cyclofructan, 95:5 (ACN:15
Mellitic acid  +
mM NH4CHz3CO32), 5 0.49 0.90 25 | 45
Benzamide
mL/min
Mellitic acid + Silica, 95:5 (ACN:15 mM
0.48 0.91 24 | 35

Benzamide

NH4CHsCO2), 5 mL/min
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Mellitic acid +

Silica, 94:6 (ACN:15 mM

8. 4-Amino 0.48 0.93 1.8 | 3.9
NH4CHsCO2), 5 mL/min
salicylicacid
Mellitic acid  +
2,3-
dihydroxybenzoic
_ Silica, 94:6 (ACN:15 mM | 0-48 0.66 12| 26
9. acid +
4-AMinG NH4CH3CO2), 5 mL/min (tre3=0.93) | 1.1 | 2.8
salicylicacid
4-Formyl-
benzene-1,3-
disulfonic acid +
Teicoplanin, 70:30 (ACN: 0.61 1219
10. 0.40
N-Ac-D-Alanine + Water), 5 mL/min (trs=0.87) | 1.1 | 1.7
Methyl
benzenesulfonate
Achiral separations - Reversed phase mode
Acetylsalicylic Teicoplanin, 35:65
11. acid + (ACN:20 mM NH4CO2H), 5 | 0.60 0.94 18 | 25

Salicylamide

mL/min
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Salicylicacid +

Teicoplanin, 40:60

12. (ACN:20 mM NH4COzH), 5 | 0.61 0.93 15| 23
Methylsalicylate
mL/min
4-Formyl-
benzene-1,3-
) , ) Teicoplanin,40:60 (ACN:20
13,  disulfonic acid + 0.55 0.87 18 | 28
mM NH4CO2zH), 5 mL/min
Methyl
benzenesulfonate
Dansyl-Asp + Teicoplanin, 30:70
14. 0.44 0.81 20 | 31
Gly (ACN:Water), 5 mL/min
Asp-Asp-Asp-Asp Teicoplanin, 33:67
15. + (ACN:20 mM NH4CO2H), 5 | 0.47 0.88 19 | 3.0
Gly-Gly mL/min
Asp + Teicoplanin, 35:65
16. 0.44 0.78 18 | 2.7
B-Ala (ACN:Water), 5 mL/min
Teicoplanin, 26:74
Gly-Asp +
17. (ACN:20 mM NH4CO2H), 5 | 0.59 0.84 13| 20
Gly-Val
mL/min
Teicoplanin, 42:58
Asp-Asp +
18. (ACN:20 mM NH4CO2H), 5 | 0.56 0.98 18 | 29
Gly-Trp

mL/min
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Teicoplanin, 40:60
Glu-Glu +
19. (ACN:20 mM NH4CO2H), 5 | 0.52 0.90 1.7 | 2.8
Gly-Leu
mL/min
Teicoplanin, 42:58
Glu-Asp +
20. (ACN:20 mM NH4CO2zH), 0.54 0.99 19 | 2.9
Gly-pAla
5 mL/min

Baseline sub-second separations are more easily achieved when the first analyte elutes
before the dead time e.g. due Donnan exclusion. The separation window becomes small
between the dead time and 1 s. However, this upper 1s limit is arbitrary in this work and
ultrafast separations can be readily achieved in a few seconds. 4,9 Using a flow rate of 5
mL/min, the dead time is estimated to be ~ 0.8 s from pycnometric measurements on the
silica column. Figure 5.6A shows the enantiomeric separation of N-(3,5-dinitrobenzoyl)-DL
leucine on a SPP quinine phase. In Figure 5.6B, a HILIC mode separation of mellitic acid
from benzamide is shown. Note that mellitic acid is repelled from the stationary phase.
Similarly two dipeptides Glu-Asp and Gly-BAla are baseline separated on the teicoplanin
bonded SPP column (Figure 5.6C). Examples of four additional pairs of dipeptides are
shown in Table 1. In Figure 5.6D we show that it is possible to perform ultrafast screening
by resolving 3 peaks ( two sulfonic acids and a derivatized amino acid) under a second
using the methods outlined in the next section. A doubly charged sulfonic acid is repelled
from the stationary phase like mellitic acid. It is also important to have retention time
reproducibility for sub-second separations. Using the HILIC the mode, six injections were
made and retention times calculated for mellitic acid and 4-aminosalicylic acid. The % RSD

for the retention time of both peaks was found to be < 2% (See Figure 7).
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Figure 5.7 Reproducibility of sub-second separations. SPP silica, 94:6 (ACN:15 mM

NH,CH,CO,), 5 mL/min.

5.4.5 The Power of “Power Transform” in Sub-Second Chromatography.

It can be noted that under ultrafast separations and short columns, the peaks are
non-Gaussian (tailed) due to trans-velocity biases in the tubings, frits as well as the
particulate bed (vide supra). Additionally, if the peaks are eluting before the dead time (due
to Donnan exclusion) the efficiencies of such peaks can be compromised. In Table 6.3, the
efficiency of dansyl aspartic acid and glycine are 90 and 240 respectively. The former
analyte elutes at 0.44 s which is much before the dead time (0.8 s). . Under the highest
flow rates available on the UHPLC (5 mL/min), the 0.5 cm SPP columns provided about
150 to 200 plates. Using the simplest expression for peak capacity in the isocratic mode,
and where there is a possibility of a peak eluting before the dead time, we can write the
peak capacity (P) for a sub-second separation in a time span of 0.4 to 1.0 s (see Table

6.3), with a chromatographic resolution of 1 as2%4
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Using the same approach for the peak capacity for analogous higher efficiency
separations, it is determined that for N= 500, P = 6, and for N = 1200, the P =9). In Figure
4, we demonstrate the full potential of fitting 3 peaks under a second in the HILIC mode.
The resolution (~ 0.6) is a result of the extra-column tailing effect alluded to above. The
chromatographic profile of peaks can be deconvoluted into three exponentially modified
Gaussians at (0.48 s, 0.68 s and 0.93 s) as shown in Figure 5.8B. It is clear from the peak
fitting model that tailing is causing this lowered resolution. It is known that raising Gaussian
functions to any power (n> 0), still maintains them as Gaussian functions with an effect of
reducing their standard deviations. Thus, squaring or cubing the output signal yields a peak
at the identical retention time but with a narrower width (See Rs values in Table 5.3 and
Figure 8). It can be shown mathematically that for Gaussian peaks, the efficiency directly
scales as the power n and the resolution scales as Vn.2%5 Such an approach is already
embedded in some commercial detectors such as the evaporative light scattering detector
without the user’s control.2®4 Recently Thermo launched an UHPLC that allows the

w9

chromatographer to choose the power “n” to transform the chromatograms.

Figure 8C shows that if the same chromatographic data (y-ordinate) is raised to
power of 3, the same separation can now be baseline resolved into 3 components. This
approach is a very powerful method for extracting information for ultrafast screening
purposes from a low resolution chromatogram, which is indeed the main purpose of sub-
second chromatography. There is a caveat, however, in that the peak areas change in this

power transformation as Apt = Ymax([o\(11/n)], where Ay is the peak area after applying the
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power n, Ymaxis the maximum amplitude, and o is the standard deviation of the peak.2%5

Calibration curves constructed can be non-linear if quantitation is desired.

(A) (B) (&)
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0.48 Deconvoluted peaks 0.93
068 = 0.48
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Figure 5.8 Application of power transforms in sub-second chromatography of 3

components (mellitic acid, 2,3-dihydroxybenzoic acid, and 4-aminosalicylic acid). (A) The

original sub-second chromatogram,(B) shows the deconvoluted chromatogram into three

exponentially modified Gaussian peaks and (C) power transform with cubic of the original

data. Column - 0.5 cm x 4.6 mm i.d. 2.7 um SPP silica, Mobile phase- ACN:15 mM

ammonium acetate 94:6 (v/v), 5 mL/min at 220 nm.

5.5 Conclusions

The foundations of performing sub-second chromatography in small packed beds using

superficially porous particles are outlined. Various modes of chromatography were

demonstrated including reversed phase, HILIC, and chiral separations as a proof of

concept. Detection and hardware challenges need to be further addressed. Although the

sampling frequencies are adequate for the current efficiencies achievable in ultrafast

chromatography, they may not be for future improved columns. The bigger challenge so
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far is the peak shapes due to non-Gaussian dispersion in short tubings, which can be
circumvented by on-column injection and on column detection technologies as is done in
electrophoretic methods. Modern UHPLCs are limited to 2-5 mL/min flow rates at higher
pressures (>500 bar) and this is less than desirable for these separations. Using power
transforms on exponential functions (as those used for modelling peak shapes) are a very
simple way to improve peak shapes, reduce variances and decrease noise in sub-second

screening.
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Chapter 6

GEOPOLYMERS AS A NEW CLASS OF HIGH PH STABLE SUPPORTS WITH

DIFFERENT CHROMATOGRAPHIC SELECTIVITY

6.1 Abstract

Geopolymers belong to an interesting class of X-ray amorphous polycondensed
alumino-silicate ceramic solids. The high mechanical strength, chemical stability in basic
conditions and water insolubility make geopolymers a unique solid support in separation
science. This work describes a new straight forward synthetic procedure for making
spherical porous geopolymer particles with high surface area which are amenable for
chromatographic purposes. In-depth physicochemical evaluation of geopolymers is
conducted via particle size distribution, porosity measurements, X-ray diffraction, pH
titration, energy dispersive spectroscopy and compared with silica, titania, and zirconia.
Chromatographic selectivity shows that the surface chemistry of geopolymers has strong
hydrophilic and electrostatic character, which makes it different from 36 chromatographic
columns.  Hydrophilic interaction liquid chromatography in columns packed with
geopolymer particles shows different selectivity than silica with excellent peak shapes.

Phosphate or fluoride additives are not required as they are for zirconia or titania phase.

6.2 Introduction

The reaction of solid aluminosilicates with highly concentrated alkali solutions

yields an interesting class of inorganic polymeric ceramic materials referred to as
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geopolymers?5. The resulting solids are essentially X-ray amorphous polycondensed solids
consisting of a polymeric network of Si-O-Al bonds (Figure 5.1) with varying Si:Al ratios.
Geopolymers and zeolites both consist of a polymeric Si-O-Al frameworks,?8 but the
fundamental difference between the two is the long-range order, i.e., zeolites are X-ray
crystalline materials.206-208 The geopolymer three-dimensional polymer network mainly
comprises of tetrahedrally coordinated Si** and Al3*26:30.31, The overall negative charge
results from the bridging oxygens in the aluminate tetrahedron and is balanced by alkali
metal counter ions, more commonly K* or Na*, but other multivalent cations can be
present3l. Nanometer-scale porous aluminosilicate clusters have been observed in
transmission electron micrographs of geopolymer gels.209210 However, the size and micro-
arrangement of these clusters are responsible for the long-range ordering of the final
geopolymer composite.?®¢ Geopolymers have received significant attention in construction
and environ-mental engineering as they exhibit excellent mechanical properties such as

high compression strength, heat resistance, and chemical resistance.25:27.28

The promising physicochemical features of geopolymers (vide supra) fulfill all the primary
criteria for a new stationary phase for liquid chromatography.3* Additionally, a new
chemically stable, geopolymer stationary phase should offer:(a) unique/different selectivity
compared to existing phases (b) superior chromatographic properties such as stability at
elevated pHs and figures of merit such as efficiency and (c) reproducible synthesis. Silica
based supports are broadly accessible and practical for most traditional separation modes
including hydrophilic interaction liquid chromatography (HILIC), despite its very well-known
narrow pH working window of 3 to 7. A recent study showed that bare silica, which is a
popular HILIC phase, has very high bleed even with mild mobile phases consisting of
acetonitrile and buffers.2** The hydrolytic stability of HILIC phases has been extensively

investigated by several groups.105211-213 Ags g result, alternative chromatographic materials
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have been proposed such as zirconia, carbon clad zirconia, titania and porous graphitic
carbon, along with polymeric materials coated onto silica.1%¢ These materials that have met
with partial success, e.g., zirconia and titania have very strong Lewis acid sites, requiring
fluoride or phosphate containing mobile phases to quench these sites.36 Similarly,
chemically modified porous graphitic carbon or polymer coated supports for HILIC offers

lower efficiency than silica despite their very different selectivity features.105

In this work, we synthesize and propose an aluminosilicate geopolymer as a new material
for chromatography and evaluate its chromatographic properties in HILIC, normal phase,
and ion chromatography. Given the hydrophilic nature of geopolymers, these materials are
very promising for HILIC applications as HILIC is one of the fastest growing techniques for
the separation of highly to moderately polar compounds that cannot be easily separated in
the reversed phase chromatography mode.#422132.212,214-216 {Jsyally, in HILIC mode, polar
stationary phase, and organic-rich aqueous mobile phase is an essential requirement.13”
Polar surfaces are also beneficial in multi-modal chromatography. The geopolymer
stationary phase is attractive as a stationary phase due to its excellent hydrolytic stability
and hydrophilic/polar character. Effective applications of alkaline pH stable geopolymers in
HPLC have not been reported to the best of our knowledge. In this work, we report the first
efficient and simple synthetic route to obtain porous spherical geopolymer particles with a
high surface area and reproducible surface chemistry. Its hydrolytic stability and selectivity

are evaluated and compared to silica gel.

6.3 Experimental

6.3.1. Materials

Metakaolin was purchased from Advanced Cement Technologies, Blaine, WA, USA and

used without further treatment. Submicron-sized (0.007 um) fumed silica (fused and
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branched) was obtained from Sigma-Aldrich, St. Louis, MO, USA. Canola oil was obtained
from J.M. Smucker Company, Orrville, Ohio, USA. Porous polystyrene/divinylbenzene
polymer resins (PolyRP 10/300) were purchased from Sepax Technologies (Newark, DE).
All reagents and solvents for synthesis were purchased from Sigma-Aldrich, St. Louise,
MO, USA. Ultra-purified water (Millipore, Billerica, MA, USA) was utilized throughout the
synthesis and chromatography experiments. All analytes and solvents used in

chromatography experiments were obtained from Sig-ma-Aldrich, St. Louis, MO, USA.

6.3.2. Synthesis of Metakaolin Geopolymer Stationary Phases

6.3.2.1 Synthesis of Porous Geopolymer Particles

The activator solution was prepared in high-density polyethylene (HDEP) beaker by
dissolving KOH and fumed silica in water. The required amount of metakaolin was then
added to the activator solution to obtain initial geopolymer composition where Si: Al: K
molar ratio is 2:1:2. Three approaches were tested for the synthesis of geopolymer
material. The details of monolithic structures and alternative approaches for particle

synthesis such as particle templating is also outlined.

Water in oil emulsion (reverse emulsion) templating technique.

Water in oil emulsion was prepared by mixing appropriate volumes of canola oil and
aqueous geopolymer mixture to maintain oil to aqueous volume ratio 25:1 in an HDEP
beaker. Overhead stirrer with a three-blade propeller (Talboys 101, Troemner, Thorofare,
NJ) was utilized in emulsion preparation. The shear rate of 4000 rpm was provided at
ambient temperature for 8-72 hours to complete the geopolymerization process. The

particles were then extracted into the water via hexane and water solvent extraction.
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Particles were washed with MeOH, hexane, EtOH, and required amount of water (until the
filtrate was neutral pH). The particles were cured in an incubator (12400 incubator shaker,
New Brunswick Scientific, Edison, NJ) at 60 °C for 48 hours. Particles were sintered in a
muffle furnace (Sentry 2.0, Oriton Ceramic Foundation, Westerville, OH) at different

temperatures (400 - 800 °C) in an air atmosphere.

6.3.2.2. Alternative Geopolymer Particle Synthesis Approach

Polymer resin templating technique — Polymer resins were dispersed in hexane and wetted
with Span 80 by stirring (Corning PC 420-D, Corning, NY, USA) and ultra-sonication
(Aquasonic 250 Hz, VWR, Radnor, PA, USA) for 30 minutes. Then wetted resins were
filtered and extracted. Wetted resins were suspended in geopolymer reaction mixture and
stirred (Corning PC 420-D, Corning, NY, USA) followed by sonication (Aquasonic 250 Hz,
VWR, Radnor, PA, USA) for 30 minutes to fill pores with geopolymer reaction mixture.
Resins were then isolated by centrifugation followed by filtration. Then curing was carried
out at 60 °C in an incubator (12400 incubator shaker, New Brunswick Scientific, Edison,
NJ). Finally, the resin was burnt out at 800 °C in Sentry 2.0 furnace (Oriton Ceramic

Foundation, Westerville, OH) and particles were isolated

6.3.2.3. Geopolymer Monolith Synthesis

The geopolymer monolith was synthesized using an unconventional route of the “sticky
period” during “suspension polymerization.”1 The sticky period is defined as the period in
which partially polymerized droplets cannot re-divide, but coalescence can still occur. This

coagulation of particles has been deliberately brought about by bringing the particles in
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proximity using centrifugation. Eventually, the curing leads to the formation of connecting

necks between particles, fabricating the monolithic structure.

A potassium silicate solution was prepared by dissolving 3.30 g of potassium hydroxide
and 3.00 g of fumed silica in 7.59 mL deionized water. The mixture was stirred for 30
minutes at room temperature. Then, 6.25 g of metakaolin was added and stirred for five
minutes. The resulting homogeneous slurry was then added to 700 mL of soybean oil
(Crisco® Pure Vegetable Oil) with stirring at 5000 rpm (Talboys overhead mixer was used).
The fractions were taken out from the reaction mixture during the sticky period (between
3rd and 4th hour, in these synthetic conditions) and put in a polycarbonate tube. The filled
tube was then centrifuged for 2 minutes to settle the solid particles at the bottom, and the
oil was decanted. This process was repeated until the mold was filled. The curing of
geopolymer was done at 60 °C for 24 hours during which time the particles fused forming
a monolith. The monolith was removed from the mold and sintered at 500 °C in an air
atmosphere for 4 hours at 2 °C/min ramp to burn off all the organics. The monolith was
cladded inside 200 mm x 4.6 mm ID stainless steel column using epoxy resin. The
chromatography was performed after equilibrating the column with mobile phase. The
optimization of synthetic conditions for monolith continued to be a subject of future studies

in our laboratory.

6.3.2.4. Characterization of Geopolymer Particles and Monoliths

Particles and monolith morphology were characterized using scanning electron microscopy
(Hitachi S-3000N Variable Pressure SEM, Hitachi High-Technologies Science America,
Inc., Northridge, CA, USA). Shimadzu SALD-7101 laser diffraction particle size analyzer

(Shimadzu Scientific Instruments, Columbia, MD, USA) was used to determine average
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particle size and particle size distribution. BET specific surface area and pore size were
measured using Tristar Il 3020 (Micromeritics, Norcross, GA, USA). Elemental composition
of the geopolymer particles was analyzed using X-ray energy dispersion spectroscopy
(Shimadzu EDX-7000, Shimadzu Scientific Instruments, Columbia, MD, USA.) The
amorphous nature of the geopolymer material was examined using powder X-ray
diffraction method (Shimadzu MAXima X XRD-7000 X-ray diffractometer, Shimadzu

Scientific Instruments, Columbia, MD, USA).

6.3.2.5. Chromatographic Setup for Stationary Phase Evaluation

Geopolymer particles were slurry packed into empty stainless-steel columns using an air-
driven high-pressure pump (Haskel International Inc., Burbank, CA, USA). Dispersed
slurries produced the best results as stated in the literature.?2 All chromatography
experiments were run using an Agilent 1200 series HPLC instrument (Agilent
Technologies, Santa Clara, CA, USA). The instrument was equipped with an UV-visible
diode array detector, temperature-controlled column compartment, auto-sampler,
quaternary pump, and a degasser. The Agilent ChemStation version B.01.03 under the

Microsoft Windows XP operating system environment was utilized to control the instrument

6.4 Results and Discussion

6.4.1. Synthetic Aspects of Geopolymer Particles

The geopolymerization reaction is a polycondensation process. Reverse emulsion
polymerization is the principal technique used in this work to synthesize geopolymer
particles as shown schematically in Figure 6.1a-g. Aqueous alkaline (with KOH)
aluminosilicate solution droplets are dispersed in a continuous oil phase to obtain a reverse

emulsion. The partial hydrolysis of oil produces potassium salts of fatty acids, resulting in
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a surfactant system. The surfactant stabilizes the water-in-oil emulsion (see Experimental
and Figure 6.1g) The synthesis protocol resulted in reproducible particle morphologies and
surface chemistries. More than 20 batches were prepared as replicates, and the

chromatographic parameters were reproducible (Figure 6.2)

(c) (d) (e)
-

®
KOH -
n (Si;05, ALO,) + 2n Si0, +4n H,0 ———> n (()H)3-Si-0-,l\I-0-Si-(0H)3

(OH),

- KOH + | e
n (Oll);-Si—O-/l\l—O—Si-(OlI)J —> (K)-(-Si- O-AiAI—O-?i-O-) +4n H,0
|

(OH),
()
CH,0COR, CHiOH R,COOK "
CHOCOR, + 3KOH cron T R,COOK
CH,0COR; CH,0H R,COOK

Figure 6.1 Schematic representation of geopolymer particle synthesis protocol (a)
Geopolymer reaction mixture preparation (b) High speed stirring of geopolymer reaction
mixture and canola oil to obtain water in oil emulsion (c) Isolation of particles - Hexane-
water solvent extraction (d) Particles sintering at elevated temperatures in a furnace (e)
Sintered geopolymer particles. Reaction schemes for geopolymer particle synthesis (f)

Geopolymerization reaction (g) Production of ionic surfactant by saponification reaction
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Figure 6.2 Batch to batch chromatographic reproducibility of geopolymer stationary phase.
Analytes — 1. Acetone (dead time marker) 2. Uracil 3. Cytosine, mobile phase — ACN/25

mM NH4OAC (80/20), 0.425 mL per min, column — 3 mm ID x 150 mm, detection at 254
nm

As noted in the experimental, shear rate and the experiment setup were intentionally
chosen to generate turbulence in the reaction mixture and control particle size. After the

desired reaction time, particles are extracted into water, and the fatty acid carboxylates

and glycerol were readily removed from the system as they are water soluble. The amount
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of base in the geopolymer reaction mixture is crucial since the rate of saponification in the
system is controlled by the amount of free base. Excess or inadequate amounts of the
base resulted in irregularly shaped particles and broad particle size distributions (results
not shown). Curing of particles was carried out at 60 °C to obtain optimum physical and
mechanical properties.?3217 Curing at elevated temperatures other than ambient
temperature accelerates the geopolymerization reaction while improving the compressive
strength and surface area by increasing the mesoporosity.?!” Based on our own
observations and the literature sintering at high temperatures (400 °C - 800 °C )
sometimes results in microcracks (size ranging the few microns) 32, a small degree of
compressive strength loss,?821° and reduction of particle size. The formation of micro
cracks was not observed when slow temperature ramps (e.g., 2 °C/min) are utilized (Data
not shown). Further heating can result in crystalline material such as leucite and kalsilite.22°
Reduction of particle size due to thermal shrinkage is advantageous in chromatography as
theoretical plates are inversely proportional to the particle diameter at the van Deemter
minimum. Additionally, potassium geopolymer was chosen over sodium geopolymer
because potassium geopolymer shows less mechanical strength degradation after

exposing to high temperatures.32

6.4.2. Characterization of Synthetic Geopolymer Particles and Monolithic Materials

The synthesis, curing and sintering temperature should ensure that the material
remains X-ray amorphous (compared to zeolites). Secondly, particle shape and size
distribution are critical parameters for any chromatographic support. Scanning electron
micrographs (Figure 6.3) showed that particles are spherical. Irregular particles do not pack

as well in slurry packing procedures. Hence spherical particles are preferred.?? The surface
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roughness of the particles also was observed in scanning electron micrographs as shown

in Figure 6.4
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Figure 6.3 Characterization of geopolymer particles (a) Scanning electron microscopy (b)
Powder X-ray diffraction patterns (c) Energy dispersive spectroscopy (Peak identity
(element) is mentioned next to the peak) (d) Surface charge of the geopolymer
stationary phase (pHpzc by pH drift method in waterLaser diffraction particle size
distribution (PSD) data (Figure 6.5) showed average patrticle size of 6.1 um and D90/D10

of 2.9 after a de-fining procedure in water.
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The relationship between particle size distribution and column efficiency is still subject to
debate.??! Nevertheless, it appears that narrower the particle size distribution, better the
efficiency.?2! The RSD of geopolymer PSD was calculated to be 7.6% resulting acceptable
packing material. Comparatively, RSD as high as = 20% has been reported for state of the

art fully porous regular silica particles.???

Jllll‘llll”‘ll

. 1.00um

Figure 6.4 Surface structure of a metakaolin geopolymer particle

Geopolymerization was confirmed by powder X-ray diffraction analysis (Figure 6.3b). The
broad 26 peak around 28° is a characteristic feature of metakaolin based geopolymers
indicating amorphous nature.?23-225 Note the absence of any other crystalline peaks in the
XRD. It is very common that the crystalline form of the metal oxides (e.g., ZrOz, TiO2) are
employed when they are utilized as chromatographic stationary phases.3¢:225 |n contrast,
one of the unique features of geopolymer stationary phase is that it can be recognized as

a non-silica, completely amorphous HPLC stationary phase. Many commercial silica

132



phases are often partially crystalline.®> A detailed X-ray diffraction study showed that the
degree of crystallinity positively correlated with pore-size in many cases such as titania and
zirconia.3®> How-ever, this statement should not be over-generalized since hydrothermal
treatment history and calcination temperature are not disclosed for commercial phases.
The dispersive energy spectrum (Figure 6.3c) indicates that potassium has been
successfully incorporated into the geopolymer matrix (Ka 3.3 eV). Trace metal impurities
were observed in final geopolymers which also were found in the starting material (For
guantitative results, see Table 5.1). Figure 6.3.d shows the pH of the point of zero charge.

It will be discussed in detail in later sections.
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Figure 6.5 Laser diffraction particle size distribution
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Table 6.1 Elemental composition comparison of geopolymer particles and metakaolin

(starting material) as weight percentage by EDS

Element Weight %
Metakaolin Geopolymer

o) 54.95 52.43
Al 20.42 10.74
Si 22.42 28.06
K 0.16 7.52
Ca 0.06 0.12
Ti 0.89 0.46
Fe 1.10 0.68

Total 100.00 100.00

Compared to the surface area of commercially available or laboratory synthesized metal
oxide HPLC stationary phases, the specific surface area of geopolymers is very promising.
For titania and alumina phases, = 50 - 150 m?/g specific area have been reported.226.227
For zirconia even less, specific surface area (= 30 m?2/g) has been reported by
manufacturers. Despite the excellent chemical stability, these metal oxide stationary
phases were unable to produce satisfactory chromatographic retention due to the limited
specific surface area. Geopolymer particles produced 385 m?/g BET specific surface area,

the highest among the existing metal oxide containing HPLC stationary phases. BJH
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(Barrett-Joyner-Halenda) average pore size was measured to be 35 A. On the other hand,
the geopolymer specific surface area is comparable with a specific surface area of
commercially available fully porous silica (200 — 450 m2/g). A new support/stationary phase
should be able to withstand high pressures encountered in modern liquid chromatography
instruments (400 bar above). Systematic studies on column packing?? showed geopolymer
particles as a mechanically stable material. Multiple columns lengths (5, 10, 15 cm) were
packed at 10,000-11,000 psi, and no peak shape distortion due to column settling or
extensive pressure build-up was observed throughout the entire process and subsequent
usage. Using toluene as the probe molecule and pure ACN as the mobile phase, 53000
plates per meter column efficiency and reduced plate height of 3.1 were observed.
Comparatively, optimally packed 10 um fully porous silica resulted in similar efficiencies.
For some acidic compounds, i.e., ketoprofen 20% increased efficiency was observed with
geopolymer stationary phase compared to 10 um fully porous silica stationary phase.
These studies show that geopolymers can sustain the pressures encountered in HPLC. To
make prototype monolithic structures of geopolymers, the so called sticky period
phenomenon was employed. During the initial phase of geopolymerization when emulsions
lack stabilizers and are exposed to extreme shear stress, the cohesion forces cause
droplets to coagulate and form polymer aggregates. This phenomenon is informally known
as the “sticky state”.??8 The growth of the water-in-oil emulsion prepared as described in
the Experimental section was monitored carefully (scanning electron microscopy) to trace
the experimental “sticky state.”??8 Centrifugation of the emulsion brought the sticky particles
close enough to promote self-assembly of the monolithic structure of the geopolymer. The

“necks” formed in between the neighboring sticky particles resulted in the rigid monolithic
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skeleton as shown in Figure 6.6. A prototype geopolymer monolith was made by

connecting two 2 cm x 0.46 cm i.d. columns in HILIC mode.

Figure 6.6 (a) Cross-sectional image of geopolymer monolith (b) SEM image showing the

neck and pore formation between 2 particles

6.4.3. High pH Stability of Geopolymer Stationary Phase in HILIC Mode

Hydrolytic stability is the Achilles heel of a majority of HILIC phases, especially at
high pH. Extensive studies have highlighted this issue with different HILIC
chemistries.105.139.212.228 Retention time drift is one of the significant problems in HILIC
because of continuous leaching of silica and /or ligands. The leaching of bonded phases
on HILIC is postulated as follows: The polar surface of HILIC stationary phase promotes
the adsorption of the water layer. Silica has a propensity to dissolve in pure water (0.01 to
0.012%), and the siloxane linkage (Si-O-Si) is prone to hydrolysis and form silanols.2%?
Basic conditions can be harmful to silica owing to the formation of water-soluble silicates.
The presence of silicates has been observed via a silicomolybdate test in silica columns

with various pH buffers.230 With state of the art silica SPP, we reported a % retention time
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drift in 30 hours with a “mild” mobile phase consisting of 75% ACN and 25% buffer at
(agqueous) pH of 6.8.15 One of the unique features of the geopolymer stationary phase is

excellent pH and hydrolytic stability as shown in Figure 6.7.
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Figure 6.7 Ultra-high stability of the geopolymer stationary phase at extreme high pH
compared to silica, (a) Geopolymer (b) Silica, mobile phase — ACN/25 mM NH4O0Ac pH
10 (80/20), 0.425 mL/min, column —3 mm ID x 100 mm. The pH was adjusted with

agueous ammonia. Detection at 220 nm

The hydrolytic and pH stability test was conducted at pH 10 for 30 hours with three probes.
The capability of a stationary phase to operate in a broad range of pH is highly desirable

as it ultimately allows one to optimize separations freely using mobile phase pH. Probes
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were chosen in such way that it allowed examining the retention behavior of neutral,
negative, and positive charge analytes on the geopolymer stationary phase.?'2 Nicotinic
acid is negatively charged at this operating pH and the cationic species, BTMA is positively
charged at all pHs. Cytosine is the hydrophilic neutral probe. Figure 6.7 plots the value of
retention -original retention time vs. time (hours). Over the designated time span, the
geopolymer stationary phase did not show in any significant drift in retention times for the
test analytes (Figure 6.7a). According to both Davidovits and Barbosa geopolymer network
model, the oxygen atoms are mainly bonded to other non-hydrogen atoms, thus limiting
the number of free surface silanol groups.28230-233 Furthermore, geopolymers are known to

have exceedingly low water solubility.?34.235

The hydrolytic stability of silica and geopolymer stationary phases can be further
quantitatively represented and compared when retention time drift (retention time of nt
injection — retention time of the first injection) is plotted against time or column volumes
passed through the column (Figure 6.7 and Figure 6.8). The slopes of the retention time
curves can indicate the stability. Ideally, a stationary phase should show a slope of zero
(perfectly horizontal). For geopolymer stationary phase, the slope values are nearly zero
(Table 5.2) indicating negligible drift. , The opposite behavior of nicotinic acid and BTMA
is observed universally on modified and unmodified silica.?'? This trend is attributable on
silica to the formation of Si-OH groups, which increase the cation exchange behavior of
silica with time. The neutral (uncharged) analyte, cytosine showed negligible retention
time drift both on the silica stationary phase and the geopolymer stationary phase (See

TableS4).
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Figure 6.8 Comparison of hydrolytic stability of (a) geopolymer stationary phase and (b)
10 um fully porous silica stationary phase based on column volumes. (tR1 is the retention

time of the first injection, and tRn is any nt injection after the first injection.)

However, the retention time drift is more significant for charged analytes as expected if the
retention is being affected by the charged state of the surface. Note that retention time drift
of nicotinic acid is not significant compared to BTMA as nicotinic acid has a smaller
retention factor. The retention time drift per hour for BTMA on fully porous silica stationary
phase is significantly high compared to the geopolymer stationary phase (See Figure 6.7).

Nicotinic acid also exhibits nearly 14 times greater retention time drift per hour, under these

Geopolymer
4 Cytosine ®BTMA = Nicotinic acid

r0.2
F 015

o
-

r 0.05

o

r -0.05

S o
w

r T T T T T T T T T -0.2
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Column volumes.

Silica
4 Cytosine ®BTMA mNicotinic acid

L]
. .o"'.. .*
L]

- e

WAAAAAL
b = '.l"I'l'--Il-lll-...

AAAAAAAMLLLLLAdLaaa,aaal

r 0.2
- 0.15

o
=

r 0.05

o

+ -0.05

s

r -0.15

0

200 400 600 800 1000 1200 1400 1600 1800 2000 22
Column volumes

139

-0.2
00

BTMA and cytosine tR1-tRn

Nicotinic acid tR1-tRn



conditions, compared to geopolymer. At pH 10, the silica stationary phase shows
sequential deterioration within the experimental period as expected. The effect is most

noticeable with positively charged species, BTMA (Figure 6.7b).

Table 6.2 Slopes of the stability data sets and quantitative comparison of slopes.

Geopolymer Silica
Standard Standard ]
Analyte Slope - Slope - | mSi/mGP|
error of error of
(mGP) (mSi)
slope slope
Nicotinic
acid -7.5E-05 8.0E-05 -9.5E-04 8.6E-05 1.3E+01
Cytosine -4.7E-04 2.3E-05 -8.3E-04 9.5E-05 1.8E+00
BTMA -7.6E-04 4.9E-05 1.3E-02 8.8E-04 1.7E+01

6.4.4 Selectivity Comparison and Surface Charge Properties of Geopolymers

For any new stationary phase, it is essential to explore the nature of the stationary phase
com-pared to other existing stationary phases to understand selectivity, stability and
method optimization. To date, a large number of HILIC stationary phases are available with
a wide range of hydrophilicity and ion exchange capabilities. Based on the data of Irgum,

Lucy, and our own studies, a simple selectivity chart has been constructed to examine
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hydrophilicity and ion ex-change capabilities of available stationary phases (Figure
6.9).105138.212.236 The compiled data allowed us to compare geopolymer particles with 36
commercial (and published) stationary phases. The diagram shows clustering of different
classes of stationary phases. The traditional reverse phase media appears on the left, and

more polar phases on the right. This data is visualized graphically in the “selectivity chart.”
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Figure 6.9. Hydrophilicity and ion exchange selectivity of geopolymer stationary phase
com-pared to other stationary phase chemistries. Mobile phase Acetonitrile/25 mM
NH40Ac (80/20), Flow rate 0.50 mL/min, detection at 254 nm. The key to actual points is

provided in Table 5.3.

The x-axis plots the selectivity of cytosine /uracil indicating hydrophilicity of the stationary
phase. The y-axis consists of selectivity of BTMA/cytosine, which is taken as a measure of

the ion exchange characteristics of the stationary phase. The choice of BTMA/cytosine pair
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has been made on the basis of previous data for more than 30 columns used for selectivity
comparison.138212.236 Geopolymer phases showed less propensity as cation exchange
media, than silica phases, but more than that of zwitterionic phases (Figure 6.9). The
geopolymer stationary phase occupies in a unique position of this selectivity chart showing
that geopolymer stationary phase is the most hydrophilic HILIC stationary phase among all

those in the selectivity plot.

To further understand the retention mechanism of (an) analyte/s of interest on the
geopolymer stationary phase, it is essential to understand the fundamental interactions of
the stationary phase with the analyte. The selectivity chart (Figure 6.9) employed an ACN
buffer mixture. How-ever, the concept of surface charge is more meaningful in purely
aqueous media. This type of understanding is helpful for rationalizing the behavior of
ionizable analytes (acids and bases) and simple ions. The pH of the surface where the net
charge of the solid surface of interest is zero is known as pH of the point of zero charge
(pHPzc).2%” The pHrzc is a good indicator of the charge of the surface of the stationary
phase. The salt addition method was used to determine pHpzc of geopolymer stationary
phase following the experimental procedures reported in the literature.?®” The pHpzc of
geopolymer stationary phase was found to be 6.4 (Figure 6.3d) implying that when pH <
6.4, the stationary phase is positively charged and when pH > 6.4, the stationary phase is

negatively charged. The pHezc of silica is reported as ~ 3 in the literature.?38239

Table 6.3 Selectivity chart data interpretation (The selectivity plot was constructed based

on information provided in literature and our experimental data.)138212.236

Stationary Column L

phase type ID Description
Zwitterionic 1 ZIC-HILIC 100x4.6, 5um, 200A
Zwitterionic 2 ZIC-HILIC 150x4.6, 3.5um, 200A
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Zwitterionic 3 ZIC-HILIC 150x4.6, 3.5um, 100A
Poly 4 ZIC-pHILIC 50x4.6, 5um, 2?A
Zwitterionic 5 Nucleodur 100x4.6, 5pum, 100A
Zwitterionic 6 Shiseido 100x4.6, 5pum, 100A
Amide 7 Tosoh Amide 80 100x4.6, 5um
Amide 8 Tosoh Amide 80 50x4.6, 3um
poly 9 PolyHYDROXYETHYL A 100x4.6, 5um, 100A
Diol 10 LiChrospher Diol 100x4, 5um, 100A
Diol 11 Luna 5u HILIC 100x4.6, 5um (514356-6)
Poly 12 PolySULFOETHYL A 100x4.6, 5um, 100A
Si 13 Chromolith SI 100x4.6, 5um, 200A
Si 14 Atlantis HILIC SILICA 100x4.6, 5um, 200A
Si 15 Purospher S1 100x4, 5pum, ??
Si 16 LiChrospher SI 100x4, 5pm, 100A
Si 17 LiChrospher SI 100x4, 5pum, 60A
Si-C 18 Cogent Silica-C 100x4.6, 4pum
NH2 19 LiChrospher NH2 100x4, 5um, 100A
NH2 20 Purospher NH2 100x4, 5um, 100A
NH2 21 Tosoh NH2 50x4.6, 3um
Si 22 Atlantis HILIC Silica 50x1.0mm, 3um, 100A
Si 23 Onyx monolithic Si 100x4.6mm, 2um, 130A
Agilent ZORBAX HILIC plus 100x4.6mm,
Si 24 3.5um 95A
Si 25 AS9-sc Si monolith 80*
Agilent ZORBAX RRHD HILIC PLUS
Si 26 100x3mm, 1.8um, 95A
Poly-Si 27 Acclaim Trinity P1, 150x3mm, 3um
NH2 28 Cosmosil 150x4.6mm, 5um, 120A
Proprietary polar
phase 29 Acclaim HILIC-10 150x4.6mm, 3um, 120A
RP 30 Agilent Eclipse XDB-C18 150x4.6mm, 5um, 80A
RP 31 Waters Xbridge C18 150x4.6mm, 5um,
RP 32 YMC Pro C18 150%2.0mm, 3um,120A
RP 33 ZORBAX SB-C18 150x4.6mm, 3.5um
34 Benzoic CF6
35 Frulic N
36 baresilica
37 Geopolymer
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6.4.5 Chromatographic Assessment of the Geopolymer Phases

6.4.5.1 Geopolymer as a HILIC Stationary Phase.

With the promising selectivity and surface charge properties observed in the selectivity
chart and surface charge studies, geopolymers have appeared to have promise when
utilized as a HILC phase. To be useful as a HILIC phase, the geopolymer surface must be
“wettable” by water to form a surface water layer.1% HILIC has always been recognized as
mass spectrometry friendly chromatography mode. This is not necessarily the case with
alternative high pH stable metal oxides (TiO2, ZrOz,) based stationary phases which are
operated in HILIC. These phases invariably require fluoride or phosphate buffer additives
in the mobile phase due to the presence of active Lewis acid sites. This is especially true
for carboxylic acids which can adsorb strongly on titania surfaces.?*° Carboxylic acids are
known to show extremely long retention times, and poor plate counts on zirconia and titania
with acetate buffers.240 Many drug molecules and their synthetic precursors have a
carboxylic acid group. Ketoprofen, acetylmandelic acid and indoprofen are small acidic
molecules of pharmaceutical interest are used as synthetic precursors. All three were
baseline separated (Figure 6.10a) on a geopolymer stationary phase with no significant
tailing or fronting at pH 8.0. The USP tailing factor for ketoprofen, acetylmandelic acid and
indoprofen were found to be 1.16, 1.09, 1.15 respectively. On the other hand, indoprofen
eluted before acetylmandelic acid on silica stationary phase but not the geopolymer (Figure
6.10a). Also, note that ketoprofen and indoprofen have only partial separations on silica
under optimized mobile phase conditions. Thymidine, adenine, and uridine belong to the
class of nucleosides. As shown in Figure 6.10b, adenine elutes before uridine on the
geopolymer stationary phase with the resolution of 2.35 where on silica stationary phase

retention order is switched and resolution is lowered (resolution — 1.35) under similar
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Figure 6.10 HILIC selectivity comparison of geopolymer stationary phase and silica (a)
separation of aromatic acids and derivatives, analytes — 1. ketoprofen 2. acetylmandelic
acid 3. indoprofen, mobile phase — ACN/25 mM NH4COOH pH 8.0 (92/8), 0.425 mL/min,

on geopolymer, ACN/100 mM NH4OAc (92/8) on silica columns — 3 mm ID x 150 mm.
detection at 220 nm (b) Separation of nucleic acid bases and nucleosides, analytes — 1.

thymidine 2. adenine 3. uridine, mobile phase — ACN/100 mM NH4OAc (87/13), 0.425

mL/min, columns — 3 mm ID x 150 mm. detection at 254 nm (c) Inorganic anion
separation, analytes — 1. iodide 2. nitrate 3. azide 4. bromide 5. nitrite, mobile phase -
ACN/50 mM NH4COOH pH 4.0 (91/9), 1.00 mL/min, columns — 3 mm ID x 150 mm.
detection at 200 nm (d) analytes — 1. methyl-3-Boc-2,2-dimethyl-4-oxazolidine-
carboxylate 2. 4-isopropyl-5,5-diphenyl-2-oxazolidinone 3. 4-(diphenylmethyl)-2-
oxazolidinone 4. 4-isopropyl-2-oxazoli-dinone 5. (1H-Indol-3-ylmethyl)-2-oxazolidinone,
mobile phase — ACN/100 mM NH4OAc (90/10), 0.425 mL/min, column —3 mm ID x 150

mm, detection at 220 nm

145



mobile phase composition. On both stationary phases adenine, thymine and uridine were
separated. Having inverse retention order is beneficial especially in quantitation when the
first peak is tailing. As a general trend, the silica gel stationary phase showed lower
retention times compared to the geopolymer stationary phase under identical mobile phase
conditions. One of the reasons for this observation could be the higher hydrophilicity of the
geopolymer stationary phase. Therefore, geopolymer stationary phase can be recognized
as a promising new material for the separation of very hydrophilic compounds that cannot
be easily separated on commonly existing HILIC phases. The selectivity of geopolymers
clearly indicates that retention/ partitioning is not solely due to an adsorbed water layer
(otherwise all HILIC separations would have similar selectivity on silica and geopolymer
phases).19 The nature of the stationary phase chemistry also is vital since HILIC is
essentially a multi-mode retention mechanism which also involves hydrogen bonding,

dipole-dipole interactions, and ionic interactions.132.212.215

Analysis of inorganic ions is generally accomplished using ion-exchange and ion
chromatography. HILIC has offered an alternative by using acetonitrile and buffers to
separate simple in-organic ions. Based on the surface charge properties, it is expected that
geopolymers, like zeolites, should display interactions with ionic analytes. A mixture of five
UV detectable anions, iodide, nitrate, azide, bromide, and nitrite were baseline separated
using a geopolymer stationary phase and isocratic conditions within 4 minutes (Figure
6.10c). Comparatively, on silica stationary phase the same mixture was separated within
2 minutes under the same conditions, but with different selectivity and low resolution.
Recently, it was demonstrated that anions (e.g., iodide and bromide) could be separated
using a multi-step gradient on 2.7 um bare silica superficially porous particles.?** However,
these authors did not test azide ion and nitrite-nitrate pair. Additionally, the anion selectivity

of geopolymers is different from the majority of commercial ion chromatography phases
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(latex coated sulfonated anion exchangers), where the iodide invariably has large retention
factors and broad peak shapes. This observation (Figure 6.10c) implies different retention
modes on geopolymers vs. latex coated polymers.1% Most likely the separation of the
halides is based on different hydration levels. Indeed this is the case with iodide ion which
is least hydrated among the halogens.?*2 On the geopolymer stationary phase, bromide
showed higher retention than azide anion. However, on silica, the opposite selectivity was
observed. A unique selectivity for inorganic anions is observed on geopolymers compared
to commercially available divinylbenzene particle based strong cation or anion exchange
ion chromatography phases and other metal oxide based stationary phases such as

alumina. 243-245

1 2
pH 10.0

Iy 1 2
Q
c
8 pH 6.4
o
2
< 1 2

k pH 4.0

0 1 2 3 4 5 6 7

Time (mins)
Figure 6.11 The effect of the stationary phase surface charge on electrostatic interactions
in HILIC mode, analytes - 1. iodide 2. nitrate, mobile phase - ACN/100 mM NH4COOH

(91/9), 0.425 mL/min , column — 3 mm ID x 150 mm
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To further understand the retention behavior of ions Figure 6.11 shows the
chromatographic behavior of two UV absorbing inorganic anions, namely iodide and nitrate
on a geopolymer stationary phase at different pHs in the HILIC mode. The retention of
iodide and nitrate were evaluated at three pre-adjusted pH values (4.0, 6.4, 10.0) of the
agueous ammonium acetate portion of the mobile phase. The highest retention time and
selectivity were observed at pH of 4 which is below the “pure aqueous” pHrzc, as expected
(given the surface should be positively charged. So the pH of the agqueous portion of the
mobile phase increases to 10, retention times decreased, indicating that high pH can be
used to decrease analysis times and optimize many separations, provided the stationary

phase is stable.

Oxazolidinones are an essential class of antibacterial compounds against gram-
positive organisms.?*6 They are neutral and structurally very closely related. Since
oxazolidinones are very polar, HILIC is an excellent tool to separate them with reasonable
retention and selectivity. Five oxazolidinones, methyl-3-Boc-2,2-dimethyl-4-
oxazolidinecarboxylate,4-isopropyl-5,5-diphenyl-2-oxazolidinone,  4-(diphenylmethyl)-2-
oxazolidinone, 4-isopropyl-2-oxazolidinone, and (1H-Indol-3-ylmethyl)-2-oxazolidinone
have been baseline separated on geopolymer stationary phase where none of them was
completely separated on 10 um FPP silica phase (Figure 6.10d). The optimized separation
of oxazolidinones on 10 um FPP is shown in the Figure 6.10d Also (1H-Indol-3-yImethyl)-
2-oxazolidinone and 4-isopropyl-2-oxazolidinone show elution order inversion on silica
stationary phase. 4-(diphenylmethyl)-2-oxazolidinone and (1H-Indol-3-ylmethyl)-2-
oxazolidinone are baseline resolved on geopolymer stationary phase with a = 3.8. In

contrast, they coelute on the silica stationary phase. Representative HILIC separations on
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geopolymer monolith is shown in Figure 6.12. Further studies are currently going on in our

laboratory.

Pyrene
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sulfonic acid

790

690 Anthranilic acid

590 -

Power n =2
490 A

390 A

Signal

290 A

190 A

-10

Time (min)

Figure 6.12 Chromatograms of 1) Pyrene 2) 1-H Benzimidazole-2-sulfonic acid 3)
Anthranilic acid at a flow rate of 1mL min-1. Mobile Phase: 95 % Acetonitrile 5% 5 mM
Ammonium formate adjusted to pH 10.50. Column: 2 x (20 x 4.6 mm ID) monolith
coupled. Injection volume= 0.1 uL, UV detection at 220 nm. Overlaid individual

chromatogram plotted after applying power law (n =2) on individual chromatograms. 205
6.4.5.2 Geopolymers as a Normal Phase Stationary Phase

Normal phase and HILIC share a common property in terms of requiring a polar adsorbent.
The advantage of normal phase over RPLC is its power to separate structural isomers

since the ad-sorption mechanism in normal phase is sensitive to structural changes.?*’ As
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a result, normal phase chromatography holds its potential in petroleum analysis and shape
selective separations. As shown in Figure 6.13 excellent selectivity for structural isomers
has been obtained. Nitrobenzene, 2-nitroaniline, 3-nitroaniline, and 4-nitroaniline can be

baseline separated on geopolymer stationary phase within 2 minutes.

Absorbance

VU .

0.0 2.0 4.0
Time (mins)

Figure 6.12 Structural isomers separation on geopolymer stationary phase in normal

phase chromatography mode, analytes — 1. nitrobenzene 2. o-nitroaniline 3. m-
nitroaniline 4. p-nitroaniline, mobile phase - Hexane/Ethanol (84/16), 1.425 mL/ min,

column — 3 mm ID x 100 mm, detection at 254 nm

6.5 Conclusions

Geopolymers were shown to be promising new materials for liquid

chromatography. The aluminosilicate geopolymer is a high-pH stable stationary phase with

negligible retention time drift even at pH 10 in the HILIC mode. Reverse emulsion
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polymerization and resin templating techniques were successfully utilized to synthesize
metakaolin geopolymer particles with reproducible surface chemistry. Geopolymer
stationary phases are effective HILIC phases for the separation of remarkably hydrophilic
analytes. Geopolymer stationary phase can be designated as the most hydrophilic HILIC
stationary phase existing to date. Ultrahigh hydrolytic and pH stability of the stationary
phase is another attractive feature of the geopolymer stationary phase. This exceptional
pH stability and excellent hydrophilicity ultimately facilitate method optimization flexibility
allowing one to obtain best separations possible. Unique selectivities for a broad range of
analytes was observed on geopolymer stationary phases compared to the most common
chromatographic stationary phase, silica. A unique selectivity for inorganic ions was
produced by geopolymer stationary phase compared to most of the existing ion
chromatography stationary phases. Also, geopolymer stationary phase can be successfully

utilized in the separation of structural isomers in normal phase chromatography mode.
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Chapter 7

GENERAL SUMMARY

Ultrafast chromatography is a feasible and emerging technology in the field of the
separation science. The second chapter reveals the potential of novel column packing
technology and the future of the packing technology. Therefore, the influence of column
packing in ultrafast chromatography. The effect of microscopic properties and non-
Newtonian properties of suspensions on reproducible column packing have been
discussed. After careful examination of a broad range of stationary phase chemistries, a
general column packing guidelines/protocol was developed. Successful utilization of SPPs
bases stationary phases in ultrafast high throughput separations demonstrated. The new
RSP-CD, 2.7 um SPP stationary phase provided significantly high efficiency, (> 100,000
plates/m in most of the cases) separations compared to FPPs based stationary phases
analogs. Excellent ultrafast separation of pharmaceutically important small molecules was
obtained on this these stationary phases without substantial loss of the efficiency. Chapter
4 discusses the utilization of SPP based macrocyclic glycopeptide stationary phases in
ultrafast and high throughput separations of simple and complex mixtures of small
biomolecules. Ultra-fast separations of structurally closely related peptide (peptide
epimers) were obtained using both vancomycin and teicoplanin SPP based stationary
phases. Peptide separation method development guidelines have been developed by
evaluating mobile phase organic modifier type, pH and mobile phase additive type. Peptide
epimers and tryptic peptide separation characteristics of SPPs based macrocyclic
glycopeptide stationary phases and SPPs based C18 phases have been evaluated using
LC-MS methods and kinetic plots. Superficially porous particles based teicoplanin

stationary phase has been recognized as a potential candidate in proteomics and also a
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potential second dimension stationary phase in 2D-LC in the analysis of complex biological
samples. In Chapter 5, the first salient sub-second separations have been demonstrated
using small beds packed with superficially porous particles. This work is presented as the
proof of concept. Both achiral and chiral Sub-second separations were obtained in various
chromatographic modes. Limitations of instrument hardware and current detector
technology have been addressed. It is predicted that further improvement of
instrumentation will expand the further investigation of potentials of sub-second
chromatography. Utilization of resolution enhancement and peak detection techniques
such as power law and peak deconvolution (Currently known as iterative curve fitting)

discussed briefly.

In Chapter 6, the development of new geopolymer based stationary phase media
has been discussed. Geopolymers was recognized as a promising material for liquid
chromatography. It was identified as the first amorphous ceramic type liquid
chromatography stationary phase with excellent base stability even at pH 10.
Chromatographic performances of geopolymers were compared with other commercially
available or reported stationary phase in HILIC mode. Geopolymers was recognized as the
most hydrophilic HILIC phase among 37 known HILIC phases. A wide variety of analytes
such as nucleobases, oxazolidinones, and inorganic ions were separated on geopolymers
with unique selectivity compared to silica phase. Further geopolymer stationary phase
offered excellent normal phase separations for analytes such as structural isomers. A
simple but effective synthetic scheme was devised to synthesis geopolymer particles.
Revers emulsion templating technique was utilized as the basis of the synthesis protocol.
Due to its pH stability and unique selectivity geopolymers based stationary phases offers

more flexibility in chromatographic method development.
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