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Abstract 

A number of studies were done to develop hydrolytically stable HPLC stationary phases 

on superficially porous silica. The primary study used diazonium chemistry to generate a 

polymeric layer on the silica surface. Manipulations of synthetic conditions were performed to 

limit the polymer to a thin layer. Controlling the thickness of the polymer layer proved critical to 

chromatographic performance. Primary amine groups built into the polymer layer provide sites 

where further synthetic modification of the surface can be performed. Additionally, these amines 

were shown to influence the chromatographic properties of the phase via retention mapping. The 

polymer stationary phase exhibits reverse phase behavior, though highly organic mobile phases 

elicit some HILIC-like behavior. Under reverse phase conditions, the polymer was compared to a 

commercial phenyl column. The two columns showed similar retentivity for a diverse group of 

analytes. Lastly, the hydrolytic stability of the polymeric phases were tested via degradation in 

0.5% TFA at 80°C. After 20 hours of exposure (2400 column volumes) optimized materials lost 

less than 10% of their initial retention. 

Additional studies sought to generate hydrolyticlly stable bonded phases through 

encapsulation of the silica support. Triethoxysilane was used to generate a self-assembled 

mono layer of type c silica. Despite numerous attempts to control the reaction, vertical 

polymerization of the silane could not be prevented. Catalytic hydrosilation of the type c silica 

using 4-vinylaniline yielded surface loadings ofup to 6.4 µmol/m2
. Encapsulation of the silica 

support with a carbonaceous layer was attempted by heating the polymer generated previously to 

900°C under argon. Attempts to generate a carbonaceous layer on silica supports resulted in the 

formation of carbon black like materials as heating beyond the graphitic transition of the carbon 

xviii 



was impossibe. Use of these materials as stationary phases results in high retentivity and poor 

peak shapes. At this time the materials generated are unfit for use in HPLC as a stationary phase. 

xix 



Chapter 1. Introduction 

1.1 Overview 

Over 100 years after its inception chromatography has become an indispensable 

technique in analytical chemistry. Mikhail S. Tswett is credited with the invention of 

chromatography at the beginning of the 20th century. 1 His work focused on the separation of 

plant pigments making use of a calcium carbonate adsorbent, resulting in colored bands hence 

the name by which the technique would come to be known. 1 His discovery would fundamentally 

change analytical chemistry, opening up new possibilities in the analysis of highly complex 

mixtures. For such mixtures, identification and accurate quantitation ofmany components is not 

3feasible without first implementing a separation. 2• •
4 Very few chemical analyses are analyte 

specific, thus the separation of particular molecules of interest from a sample matrix is often 

critical. 5 Several methods have been used to this end; perhaps the most influential and widely 

applied has been chromatography. 5 

More broadly, the term chromatography refers to any technique in which a mixture is 

separated via partitioning between two phases that move relative to one another; typically with 

one phase being stationary.6 Within this broader definition, numerous techniques exist dictated 

by the chromatographic phases used. These include: thin layer chromatography, gas 

chromatography, liquid chromatography, and supercritical fluid chromatography. 5•
6 This 

dissertation will focus exclusively on liquid chromatography (LC). Liquid chromatography refers 

specifically to a system in which the chromatographic mobile phase is a liquid. In 1973, high 

performance liquid chromatography (HPLC) was introduced. 6 This modem version of LC makes 

use of a high pressure pump to force the liquid mobile phase through a packed bed containing the 

1 



stationary phase. Stationary phases are typically bonded to a solid support material. 6·7 Common 

8910 11 13 14supports include nanometer to micron scale silica6· · · · or metal-oxide12· • ·15 particles and 

monolithic rods .10·16·17 The chemistries of the stationary and mobile phase used dictates the types 

of interactions that are possible with a set of analytes. This in tum dictates the types of analytes 

that can be separated, giving rise to numerous sub-techniques or modes of HPLC. 

The most common mode ofHPLC is so called reverse phase (RP -HPLC).18 This mode 

makes use of a hydrophobic stationary phase, typically a straight chain alkane (C4, Cs, C1s etc.), 

and aqueous organic mobile phases. Separations are effected by dispersive interactions between 

the analytes and the stationary phase. Logically, this implies more hydrophobic analytes are 

retained longer by the column while the more polar ones elute earlier. The name reverse phase is 

in reference to the orthogonal technique called normal phase (NP - HPLC); this technique makes 

use of a polar stationary phase, often just bare silica, and nonpolar mobile phases. Here, the 

analytes elution is from least to most polar. 

Hydrophilic interaction liquid chromatography (HILIC) is similar to normal phase in its 

use of separating polar analytes . HILIC is a relatively new technique having first been 

investigated by Alpert in the 199Os.19 This technique uses hydrophilic stationary phases similar 

to normal phase but employs aqueous-organic mobile phases. 19 The retention process in HILIC 

mode is very complex and the mechanism has not been completely elucidated. It is postulated 

that partitioning of analytes into a stagnant water layer adsorbed on the stationary phase accounts 

202122for much of the retention.19· · · 

Ion-exchange chromatography (IEC) is used to separate ionic species via electrostatic 

interactions with the stationary phase. Ion-exchange can be further divided into anion exchange 

(AEX) and cation exchange (CEX). AEX makes use of a positively charged stationary phase and 
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CEX a stationary phase baring a negative charge. Analytes are eluted from the column by 

disrupting electrostatic interactions with the stationary phase. This is done by changing the ionic 

strength or pH of the mobile phase.6
,
23 

Lastly, size exclusion chromatography (SEC) is used to separate analytes based on their 

hydrodynamic radii. This technique is unique in that the separation does not rely on stationary 

phase chemistry. In fact, interactions between analytes and the surface of the support are 

detrimental. Here the separation is effected by the pore size of the support. Small analytes can 

diffuse into and out of the pores and are thus retained longer. Generally, analytes will elute from 

largest to smallest. 

Independent of the technique used, the goal of a separation is to achieve adequate 

resolution of all analytes of interest in the shortest possible time. Minute differences in the 

partition coefficients of analytes between chromatographic phases results in differential retention 

times. This implies that under a given set of chromatographic conditions each analyte has a 

characteristic retention factor. Comparing the retention factor of two analytes is referred to as 

selectivity (a), given by equation 1.1. 

Equation 1.1 

Here k refers to the retention factor of an analyte; in the case of compounds A and B specifically, 

A elutes earlier than B. Selectivity is useful in describing how far apart the centers of two 

chromatographic bands will be. Given selectivity is dependent on partitioning of analytes into 

and out of the stationary phase; it stands to reason changing the chemistry of the stationary phase 

alters selectivity. As a result, the development of diverse stationary phase chemistries persists as 

25 26 a major area ofresearch.24 
, , , 
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Recently, there has been an increase in the number of "mixed mode" stationary phases 

being developed. Basically, mixed mode phases seek to make use of two or more different 

retention mechanisms simultaneously. In principle, this increases the columns ability to separate 

a large number of chemically diverse analytes. 18 One of the first attempts at generating mixed 

mode columns was undergone in the late 80s by Kennedy. 27 This work focused on the separation 

of proteins on a novel anion exchange, reverse phase column. Recent works by numerous authors 

28 29have continued to explore the development and application of mixed mode phases. 18
, , 

Stationary phases of this type have shown promising applications especially in the 

pharmaceutical industry. 30 Part of the work presented in this thesis focuses on development of a 

polymeric phase capable of retaining analytes by both dispersive (hydrophobic) and hydrophilic 

interactions. 

Selectivity is a key aspect in engineering a separation, however, it is only a part of the 

resolution equation. Resolution (R) quantifies the overlap of two eluting chromatographic bands 

and is described by equation 1.2 

Equation 1.2 

R = -JN(~) ( k'avg ) 
4 a 1 + k' avg 

where N is efficiency and k and a are previously defined. Equation 1.2 sows that in addition to 

selectivity, efficiency contributes to the resolution of analytes. A resolution of 1.5 or greater 

signifies baseline resolution of a set of peaks. Traditionally, this is the ideal result of the 

separation, allowing precise and accurate quantitation of analytes. New computational methods 

are capable of deconvoluting co-eluting peaks requiring only slight resolution to get accurate 

quantitation.31
,
32

,
33 Regardless, it stands to reason that achieving "adequate" resolution of 

analytes as quickly as possible requires highly efficient columns with diverse selectivities. 
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Continued development of both column technology and instrumentation has led to 

dramatically increased separation efficiencies. 34 This is clearly evident in the evolution of 

particle technology, particularly the move to smaller particle sizes. Early, packed HPLC columns 

boasted particle upwards of 40 µm. Over time particle sizes have continued to decrease. In the 

1990s, 5 µm particles became the standard. Since then, the advent ofUHPLC systems, capable 

of handling higher back pressures, have popularized the use of sub 2 µm particles. Slight 

expansion of the van Deemter equation, shows a direct relationship between particle size and the 

height equivalent to a theoretical plate (H). This relationship is shown in equation 1.3. 

Equation 1.3 

2yDm wµd~
H=Ad +--+--

P µ Dm 

In equation 1.3, A is a constant related to the quality of the packed bed, y is an obstruction factor, 

w is a constant, µ is the mobile phase flow rate, dp is the particle diameter, and Dm is the 

diffusion coefficient of the analyte in the mobile phase. 6 The equation shows that both the A and 

C terms of the van Deemter depend on the particle size. As particle size decreases, so too does 

plate height. Plate height is related to the number of theoretical plates (i.e. , the efficiency) by 

equation 1. 4 

Equation 1.4 

L 
N=

H 

Where L is the column length. Combining equations 1.3 and 1.4 clarifies the inverse relationship 

between the number of theoretical plates and plate height; decreasing particle size increases 

efficiency. 
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Continual decreasing of particle size is a "double-edge sword." The gains in efficiency 

achieved come at the cost of increased system back pressure (P). Equation 1.5 establishes system 

back pressure is inversely proportional to the square of the particle size. 

Equation 1.5 

Here 11 is the viscosity of the mobile phase, K0 is specific permeability, and r is the column 

radius. As particles become smaller, new systems capable of achieving higher pressures are 

needed. This issue has been mitigated by the advent of superficially porous particle (SPP) 

morphologies.35 This particle technology has been discussed in depth in multiple review 

papers.35 
,
36 Briefly, SPPs have a nonporous core and a porous outer shell. This structure allows 

for the use of larger particles with lower analyte diffusion path lengths, allowing the 

chromatographer higher efficiencies with lower back pressure demands. 

1.2 Scope of Research 

The focus of this dissertation is the development of novel stationary phases with 

improved hydrolytic stability. To achieve this goal, the methods explored herein revolve around 

the core idea of encapsulation of the silica support by a hydrophobic layer. Such a layer would 

provide a barrier of protection, excluding aqueous acid from the surface: thus protecting the 

bonded phase from hydrolysis. Additionally, horizontal polymerization of the bonded phase at 

the surface leads to multiple attachment points to the underlying silica support. Creating multiple 

chemical bonds to the support also slows the rate at which the bonded phase can be hydrolyzed. 

Chapter 2 focuses on encapsulation of the silica support by a phenylene polymeric layer. 

This polymer layer was generated via diazonium chemistry. Given the high reactivity of 
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diazonium species, controlling the extent of polymerization proved to be difficult. Polymer 

thickness proved to be a critical factor contributing to the chromatographic performance of the 

material generated. Thus, thickness of the polymer layer was optimized to provide a stable phase 

without negatively effecting the chromatographic performance of the phase. Numerous different 

synthetic conditions were assessed for generating the polymer layer. Full characterization of the 

polymer structure was accomplished using a multitude of analytical techniques. Chapter 3 further 

explores the chromatographic behavior of the polymer layer. Here selectivity of the polymeric 

phase is assessed via the linear salvation energy relationships model and compared to 

commercial phases. 

Chapter 4 focuses on two different methods of generating hydrolytically stable bonded 

phases. Firstly, attempts were made to passivate core-shell silica with an ethoxysilane reagent. 

Strict control of synthetic conditions results in horizontal polymerization at the surface 

generating a hydride layer. Bonded phases could then be attached via catalytic chemistry. 

Second, attempts were made to encapsulate the silica support with a carbonaceous layer. 

Generating a graphitic layer around the support would not only yield a stable material but also 

one providing unique selectivity. 
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Chapter 2. Synthesis of a Phenylene Polymeric Layer on Superficially Porous Silica 

2.1 introduction 

Silica remains the most widely used support for chromatographic stationary phases owing 

to its high mechanical stability, high surface area, and simple chemistries. 1 Improvement of 

particle technology continues to be a prevalent research area. 2
-
4 The advent of sub-2µm fully 

porous and core shell silica particles has vastly improved efficiencies and allowed for faster 

separations_ 5
-
7 However, traditional silica based columns exhibit poor chemical stability under 

both acidic and alkaline conditions. The recommended mobile phase pH range of silica based 

columns is 2 - 8 for prolonged usage_ 1,
8

-
9 Under acidic conditions siloxane bonds anchoring the 

10bonded phase to the silica support are hydrolyzed and stationary phase is lost. 8' -
12 This loss 

results in unstable retention times and loss of resolution. In contrast, the solubility of silica 

increases above a pH of 7, thus prolonged exposure to basic eluents dissolves the support. 1 It has 

been well established that mobile phase pH plays a part in selectivity and working outside the 

suggested pH range of silica is often desirable. For example, the separation of basic analytes 

including proteins, peptides, and various pharmaceuticals benefit from low pH mobile phases. 12
-

14 Acidic mobile phases vastly improve the peak shapes of these analytes by removing 

nonspecific electrostatic interactions between the analytes and the support. 13 In the case of 

proteins, solubility can be increased via addition of acid to the mobile phase. 12 Chemical 

degradation of the column under both acidic and basic conditions is expedited as temperature is 

increased. In addition to pH, temperature is often optimized during method development to 

15control retention and to a lesser extent selectivity. 8, -
16 Thus, there exists a need for more 

chemically stable silica based chromatographic materials. 
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Development of acid stable silica stationary phases has been a continuing area of research 

for a number of years. Neue dubbed a pH-stable silica to be the dream packing material for 

chromatography. 1 Numerous different strategies have been employed to varying degrees of 

success. Sterically hindered bonded phases, first introduced by Kirkland, have long been 

considered the industry standard. 17 These materials make use of isopropyl or isobutyl side chains 

to reduce access of acids to the siloxane anchor of the stationary phase limiting hydrolysis. 

Minimal loss ofretention for neutral species was observed after purging with 25 ,000 column 

volumes of pH 1 mobile phase at a temperature of 90°C. 17 Other strategies include the use of 

20hybrid silica 18
-
19 and bidentate silanes. 17

• -
21 All of the major column vendors offer these types 

of materials. Although with a limited degree of success, the stability of stationary phases using 

these technologies have been claimed to extend through the pH range of 1.5 - 12.17 Others have 

23 attempted to increase pH stability by encapsulating the silica support in an organic layer. 22
-

Most notably, Carr developed a set ofhyper-crosslinked materials that show acid stability to 

rival sterically bonded phases. 24
-
26 These materials require a number of synthetic steps making 

them time consuming to produce. It took about 10 years to produce and optimize such phases; 

they have not been adopted for routine analysis . Herein, we propose an alternative method of 

forming a surface confined polymeric layer on silica supports for use in chromatography. This 

method makes use of highly reactive diazonium species. 

The use of diazonium chemistry to modify surfaces was first reported in the early 1990s 

and has since become commonplace. 27 In situ diazotization has been used for surface 

modification of various carbon materials, 28
-
32 metals, 33

-
35 and silica species. 36 

-
3 7 Diazonium 

chemistry is highly attractive owing to the relative simplicity of the reaction and high reactivity 

of the diazonium species formed. Typically, these reactions proceed via the formation of 
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diazonium salts from an aryl amine in the presence of a nitrite species and an acid catalyst. The 

aryl diazonium species is then reduced resulting in the grafting of phenyl moieties on the 

surface.29
,
3o,3s By reacting the diazonium cation formed in situ, the isolation of potentially 

explosive pure diazonium salts is avoided. Use of this reaction on silica has repeatedly shown 

that dense functionalization of the surface is possible, making it ideal for the synthesis of 

chromatographic materials.39 In the current work, our objective was to use well-established 

diazonium chemistry to generate a hydrolytically stable silica based stationary phase for high 

performance liquid chromatography. Diazotization of p-phenylenediamine was used to 

covalently graft a phenylene polymer containing amino groups to the surface of core shell silica 

microspheres. Reacting an excess of phenylenediamine allowed the formation of a surface 

confined polymer with multiple attachments to the silica support. The material generated was 

shown to be stable at pH and temperatures outside those recommended for silica stationary 

phases for a prolonged period. 

2.2 Experimental Section 

2.2.1 Chemical Reagents 

ACS grade sodium nitrite was obtained from A vantor Performance Chemicals. HPLC

grade methanol, HPLC-grade acetonitrile, ACS-grade potassium bromide, and concentrated 

hydrochloric acid were obtained from Fisher Scientific (Fair Lawn, NJ). p-phenylenediamine 

used in the diazotization reactions, toluene, ethylbenzene, and propylbenzene were purchased 

from Sigma-Aldrich (St. Louis, MO). Trifluoroacetic acid, TFA, was obtained from EDM 

Millipore (Danvers, MA). Kinetex® Core shell silica particles (5µm particle diameter and lOOA 
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pore diameter) were obtained from Phenomenex (Torrance, CA) and Halo® silica particles 

(2.0µm particle size 160A pore size) were obtained from Advanced Materials Technologies 

(Wilmington, DE). All water used was deionized and filtered (0.2 µm) in house with a Barnstead 

International EASYPure II water purification system. 200 proof ethanol was purchased from 

Decon Laboratories, Inc. (King of Prussia, PA). Nitrogen gas, 99.995% purity, was acquired 

from Praxair (Danbury, CT). 

2.2.2 Silica Modification 

Surface modification of the silica particles was accomplished via diazonium chemistry 

under acidic conditions and in an ice bath to stabilize the diazonium intermediates and limit 

reaction kinetics. The initial synthetic protocol was developed on 5 µm superficially porous 

Kinetex® silica particles, after modification of a reported approach to create high capacity 

anode materials. 36 The reaction was carried out in an ice bath to help stabilize the diazonium 

intermediates and limit reaction kinetics. To aid in temperature control, solvents used were 

refrigerated prior to use. Initial syntheses were performed as follows: 100mg of Kinetex® core 

shell silica was solvated in 15mL of a 1.45M hydrochloric acid solution via magnetic stirring. 

Subsequently, 139mg of p-phenylenediamine was added to the reaction vessel and given 

adequate time to dissolve. Lastly, 3mL of I .OM sodium nitrite was added dropwise to the 

mixture. The reaction was left to proceed for 12h with continuous magnetic stirring at a rate 

between 400 and 500RPM. Products were isolated via centrifugation and washed via cycles of 

re-dispersion and centrifugation in ethanol and water respectively until the supernatant was clear. 

Finally, products were dried at 100°C under vacuum overnight. To produce adequate quantities 

of material for column packing reactions were scaled up by a factor of five . 
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2.2.3 Characterization 

Surface composition of the modified silica particles was analyzed by diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) using a Perkin Elmer spectrum two FT-IR 

(Waltham, MA) equipped with a DRIFTS optical stage. Prior to analysis samples were dried 

overnight at 120°C under vacuum and stored in a desiccator to limit water adsorption on the 

surface. Samples were diluted in a KBr matrix (1 :10 ratio m/m) and ground using mortar and 

pestle prior to analysis. A 20mg sample cup was used for each analysis. Pure potassium bromide 

was used as the background. A portion of the unmodified silica particles was analyzed as a 

blank. Spectra were obtained by accumulating 300 total scans from 4000cm-1 to 400cm-1 with a 

resolution of2cm-1
. 

Carbon, hydrogen, and nitrogen elemental analyses were done by Atlantic Microlabs Inc. 

(Norcross, GA). Thermogravimetric analysis (TGA) was done on a Perkin Elmer TGA 7 

(Waltham, MA). Approximately 10mg of material was loaded into a pre-tared platinum balance 

pan. The temperature profile used was as follows. Samples were heated from 25 - 100°C at 

20°C/min, held at 100°C for 5 minutes, heated from 100 - 150°C at l 0°C/min, and finally heated 

from 150 - 900°C at 5°C/min. A mixture of nitrogen and air were used to purge the system and 

ensure oxidizing conditions. The gas flow rate was 304sccm. Surface loading was determined 

using the percentage of weight lost from 150 - 900°C. Data was acquired and processed using 

Pyris software. Surface area and pore dimensions were obtained through Brunauer-Emmett

Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume 

analysis respectively using a Quantachrome Nova 1200e surface area and pore analyzer 

(Boynton Beach, FL). Nitrogen gas was used as the adsorbate in all cases. The samples were 
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degassed at 120°C overnight prior to analysis. The surface area ofunmodified silica was 

determined to estimate the amounts of reagents needed for modification of the silica surface 

hydroxyl groups (assuming a fully hydroxylated silica surface having 8µmol/m2 ofreactive 

silanol groups). 

X-ray Photoelectron Spectroscopy (XPS) was performed using a Physical Electronics, 

PHI Versaprobe 5000 instrument (Chanhassen,MN), equipped with a hemispherical energy 

analyzer. A monochromic Al Ka x-ray source (1486.6 eV) was operated at 25.3W and 15 kV. 

The analyzer operated at a pass energy of 117.5 eV for survey acquisitions and 23.5 eV for high 

resolution acquisitions. The x-ray spot size was set at 100 µm for high sensitivity acquisitions. 

The energy resolution was 1.0 eV for survey spectra and 0.1 eV for high-resolution spectra. The 

operating pressure of the analysis chamber was <4.0 x 10-6 Pa (3.0 x 10-8 Torr) and the 

background pressure was <1.0 x 10-6 Pa (7.5 x 10-9 Torr). Dual charge neutralization was utilized 

to reduce the effects of charging on the acquired signal. Binding energies were calibrated by 

setting the CHx peak in the Cls envelope to 284.8 eV. 

2.2.4 Column Packing and Testing 

Chromatographic columns were packed using the slurry packing method. In one example, 

for the material labeled as APpol-12h, 400 mg of the modified silica particles were sonicated in 5 

mL of dichloromethane for 20 min to ensure complete dispersion. Post sonication the slurry was 

immediately transferred to a 5 mL column-packing reservoir attached to a 2.1 mm inner diameter 

by 5 cm long column with a 0.5µm frit was equipped at the outlet end. Both, the column 

hardware and frits were purchased from Idex (Lake Forest, IL). Columns were packed using a 

Haskel high-pressure pump (Burbank, CA). Prior to commencement ofpacking the pump was 
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set to a pressure of 6000psi to ensure dense packing of the particles closest to the outlet end of 

the column. The pressure was quickly ramped to 10,000 psi and maintained for 15 minutes. All 

subsequent columns were packed using a Scientific Systems, Inc. (State College, PA, USA) 

Model CP pump due to issues with equipment. A new packing protocol was made as follows , 

200mg of the packing material was sonicated for 30 minutes in methanol. The slurry solution 

was transferred to a 1 0mL slurry reservoir for packing. The column size was not altered in the 

new procedure. Packing was completed at a pressure of 6000psi for 10 minutes for initial tests. 

After repeatedly noticing settling of the packed bed creating a small pit at the head of the 

column, the maximum packing pressure used was increased to 8000psi for 15 minutes. 

Initial HPLC experiments were done on an Agilent 1100 system (Palo Alto, CA) 

equipped with a diode array detector. System control as well as data collection were 

accomplished through the ChemStation for LC 3D (Rev. A.09.03) software from Agilent 

Technologies. LC experiments were carried out at room temperature (approximately 22 °C) 

using acetonitrile water mixtures as mobile phases. Prior to use all samples and mobile phases 

were filtered through 0.45µm filters. Hydrolytic stability of materials was tested on a Waters I 

class UPLC (Milford, MA) equipped with a TUV detector. System control was achieved with 

Empower software from waters. Mobile phase consisting of0.5% TFA in a 50/50 mixture of 

water and acetonitrile was prepared as follows. 400mL of deionized water was measured with a 

graduated cylinder. 4mL of water was removed with a 5mL micropipette and replaced with 4mL 

ofTFA. This mixture was filtered through a 0.2µm nylon filter. 400mL of acetonitrile was 

measured and filtered the same way and combined with the acid mixture. The mixture was 

sonicated for 20 minutes to remove dissolved gas. Columns tested were heated to 80°C with a 

running mobile phase of 50/50 v/v water acetonitrile. Once columns reached temperature the 
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TF A mobile phase was introduced. An initial delay of 30 minutes was built into the method prior 

to the first injection. The TF A mobile phase was run through the column for twenty hours at 

0.2mL per minute with injections of the test analyte, propylbenzene, done every 30 minutes. The 

retention factor calculated during the first injection was set as 100%. The change in retention was 

reported as a percent decrease in the retention factor of propylbenzene during subsequent 

injections. Following the experiment, the column was cooled, rinsed with water for 30 minutes to 

remove the acid, and then equilibrated with a 50/50 mixture of water and acetonitrile. A sample 

of toluene, ethylbenzene, and propylbenzene (l00µg/mL) in a 50/50 mixture of water and 

acetonitrile was injected before and after the acid degradation at room temperature. This was 

done to observe if all three compounds of the homologous series could still be baseline resolved. 

2.3 Results and Discussion 

2.3.1 Initial Attempts to Modify Silica 

Our interest in diazonium chemistry began with the concept of using isolated aryl 

diazonium salts to modify bare silica; this was based on work performed on silica 

nanoparticles.39 The reactivity of diazonium species led us to believe that one could obtain high 

surface coverages with short reaction times and without the stringent control of moisture needed 

for silane chemistry. Initially, the method chosen makes use of the conversion of diazonium 

species to diazoates in basic solutions. Synthesis was performed following a literature procedure 

with minor modifications. 39 Specifically, 100 mg of bare silica was dispersed in a 0.1 M solution 

of sodium hydroxide. To facilitate observation of the derivatized surface via IR spectroscopy, 4-

nitrobenzenediazonium tetrafluoroborate was used to react with silica. The strong IR bands for 
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the nitro groups (N-0 stretches at 1480 - 1460 cm-1 and 1360 - 1320 cm-1 in aryl nitrates) would 

indicate that the reaction proceeded. Enough 4-nitrobenzenediazonium tetrafluoroborate was 

dissolved to make a 1: 1 molar ratio with reactive silanols on the silica ( assuming a fully 

hydroxylated silica surface having an OH coverage of 8 µmol/m2
). The total concentration of the 

aryl diazonium salt in the reaction mixture was 0.5 mM. After 20 minutes ofreaction the 

products were collected via centrifugation. The products were washed with water and dried for 

characterization. Figure 2.1 illustrates the IR spectra after DRIFTS analysis of the reacted silica 

particles. The spectra for the reacted particles did not show any signal indicative of surface 

modification even with a reaction time of one hour; peaks corresponding to these nitro groups 

stretches are not observed in any of the DRIFTS spectra. The reaction was repeated by multiple 

members of the laboratory independently to verify the results. No surface modification was 

observed under the conditions outlined above. Attempts were made to alter various aspects of the 

reaction, unfortunately, all failed to provide IR evidence of surface modification. 

Further literature search revealed two relatively isolated reports in which diazonium salts 

were reacted with a silica substrate to generate organic coatings.36
,
37 In contrast to our initial 

approach, which had been used with silica nanoparticles, 39 the method generated the diazonium 

ion in situ by reducing p-phenylenediamine with nitrous acid. Given the reaction conditions of 

the precedent literature,36
,
37 it was expected that a polymeric layer will form encapsulating the 

surface. 

2.3.2 Material Synthesis and Characterization 
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Figure 2. 1 DRIFTS analysis of the silica particles reacted with 4-nitrobenzenediazonium 

tetrafluoroborate (isolated diazonium) and of bare silica. The label Reaction 1 corresponds to 

silica reacted for 20 minutes while Reaction 2 corresponds to a reaction time of one hour. 
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Nascent synthetic attempts were then conducted using the conditions outlined in Section 

2.2.2, initially with no effort to limit polymerization on silica particles, but later optimized (see 

below). The reaction of p-phenylenediamine with the silica support via diazonium chemistry is 

represented, simplistically, in Figure 2.2 below. A visual inspection of the silica particles after 

reaction showed a red-brown product, which indicated modification of the silica particles ( see 

photograph in Figure 2.3). Indication that the reaction had proceeded was also confirmed via 

FTIR spectroscopy. Specifically, DRIFTS was used to verify the successful bonding of the 

phenylene polymeric layer generated on the silica surface. Figure 2.4 shows the DRIFTS spectra 

for a sample of unmodified silica and a silica reacted for 12 hrs. The unmodified silica shows 

1characteristic peaks at 3756 cm-1, 3323 cm-1, 1624 cm-1, 1171 and 1056 cm-1, and 797 cm-

corresponding to the isolated silanol stretching vibration, stretching modes of hydrogen bound 

water, deformation vibrations of adsorbed water, asymmetric stretching modes of siloxane 

backbone, and symmetric stretching of siloxane bonds, respectively. 40-42 Modification of the 

silica surface results in new IR signatures at 3056 cm-1, 1646 cm-1, 1595 cm-1, 1493 cm-1, and 

704 cm-1. These new bands are indicative of the C-H stretch of an sp2hybridized carbon atom, 

the NH2 deformation of an amine, and contributions of the aromatic ring, respectively.40-41 It 

would be reasonable to expect bands characteristic of stretching modes of amines in the 3350-

3450 cm-1region; however, these were not apparent most likely because such can be masked by 

1the band corresponding to OH. The shoulder peak present at 1429 cm- can be attributed to azo 

bonds present in the polymer backbone.40 

It can be noticed that the silica modification results in a decrease of the relative intensity 

of the band associated with the free silanol stretching band (3756 cm-1), suggesting that the p

phenylenediamine layer formed is bound to the surface by reacting with the surface silanol 
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Figure 2. 2 Idealized schematic representation of the polymerization reaction occurring at the 

silica surface. The product shown was drawn to represent the potential functional groups 

expected on the surface and is not to be taken as a true representation of the polymer. 
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Figure 2. 3 Photograph of silica particles modified with p-phenylenediamine inside a glass vial. 
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Figure 2. 4 DRIFT spectra of (A) silica particles modified with p-phenylenediamine reacted for 

12 hours and (B) unmodified silica particles. 
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groups. This is substantiated by the lack of a peak corresponding to a silicon carbon bond. Our 

observations agree with those reported for the functionalization reaction of aminophenyl groups 

with silica-carbon nanocomposites used for anode materials in lithium-ion batteries. 36 

Attachment ofp-phenylenediamine to silica via the silanol groups should yield a silicon 

atom bonded to an aromatic ring through a silyl ether linkage;38
•
4 3 This should render a 

1characteristic IR band at around 1240 cm- . This band, however, is obstructed by the IR 

absorption of the siloxane bond, predicating that other spectroscopic techniques were needed to 

elucidate the means by which surface binding took place. XPS was then used to examine the 

surface chemistry of the modified silica particles. 

An XPS survey spectrum of modified SPPs particles revealed the presence of five peaks 

corresponding to C1 s, N1 s, O1 s, Shp, and Chp (see Figure 2.5). The presence of the Chp peak 

indicates that the post synthetic washings were not sufficient to fully remove adsorbed chlorine 

from the surface. Deconvolution of the Chp spectrum (Figure 2.6E) reveals two pairs of spin

orbit split contributions. In conjunction with analysis of the N 1s spectrum (figure 2.6B), the lower 

energy pair was attributed to chlorine anions interacting electrostatically with protonated amine 

groups on the polymer. The ionic interaction between these two species is responsible for more 

than 80% of the chlorine present. Two additional peaks in the Chp spectrum at 203 .1 e V and 

204.2eV correspond with a carbon-chlorine bond. This is likely the result ofbenzenediazonium 

chloride decomposing to chlorobenzene in a similar process to that observed with other halides. 44 

Hi resolution XPS was performed to analyze the surface elemental composition in more details 

(Figures 2.6 A-E). The most pronounced of which corresponds to carbon-carbon and carbon

hydrogen bonding High resolution spectra of carbon and nitrogen species at the silica surface are 

shown in Figure 2.6 A and B. The C1s core electron spectrum shows four contributing binding 
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Figure 2. 5. XPS survey spectrum of superficially porous silica particles modified with p

phenylenediamine (reaction time of 6 hours). 
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energies, present in the polymer layer on the silica surface. Because of the similar binding 

energies for the carbon-carbon and carbon-hydrogen bonds, it is not possible to deconvolute the 

two XPS bands. The broad peak centered at 291.6eV is a satellite peak corresponding to the n-n * 

transition in aromatic compounds and originating from ring excitation by ejected 

photoelectrons.45 The band present at a binding energy of286.leV is indicative of a carbon

oxygen bond.46 This peak, in conjunction with the lack of silicon carbon bond being observed in 

either the C1sor Shp spectrum (Figure 2.6D), confirms that covalent attachment of the polymer to 

the silica support occurs through the oxygen atoms as hypothesized. Additionally, the relative 

intensity of the carbon-oxygen bond signature indicates that during the synthetic process a 

portion of the aryldiazonium cations formed are converted to phenols. The final peak present at 

287.SeV is attributed to carbon nitrogen bonds of the remaining amines and azo groups present 

in the polymer. 

Deconvolution of the N1 s spectrum reveals three peaks. Peaks corresponding with binding 

energies of 399.7eV and 402. leV are indicative of the C-N bonds of the amines and quaternary 

amine groups, respectively_47 
,
4s,49 The remaining peak at 400.7eV is attributed to the presence of 

46 47 azo groups. , ,so Analysis of the peak areas suggest that approximately 43% of the nitrogen 

atoms present in the polymer exist in azo bridges while the remaining nitrogen corresponds to 

amine or ammonium groups. Assessing the atomic percentages of carbon and nitrogen reveals 

one nitrogen atom remains for every three aromatic rings. This result agrees with those yielded 

by elemental analysis (Table 2 .1). 

2.3.3 Column Packing: Slurry Test 

The main purpose of the material synthesized is to be used in chromatography. In order to 

assess the potential of the polymeric layer on silica as a stationary phase, a chromatographic 
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Table 2. 1 Atomic percentages yielded by elemental analysis (EA) and XPS analysis elemental 

percentage by mass measured by carbon, hydrogen, and nitrogen elemental analysis 

Element Elemental %* Elemental 

(via EA) % 

(via XPS) 

Carbon 5.0 36 

Nitrogen 0.3 2 

Oxygen -- 39 

Silicon -- 23 

Chlorine -- 1 
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column was packed, and its chromatographic properties tested. Packing was achieved as outlined 

in section 2.2.4. Methylene chloride was initially chosen as the optimal packing solvent as the 

result of a slurry test and work previously performed in in our laboratory. 51 Slurry testing is used 

to determine which solvents act in a deflocculating manner, thus avoiding aggregation of the 

particles to be packed. Aggregation is detrimental to efficient column packing because it leads to 

heterogeneous layering of the packing material. This will manifest in poor chromatographic 

performance; specifically, it will vastly increase eddy diffusion contributions to chromatographic 

band broadening as analytes transverse the column. 

A diagram of the slurry test is provided in Figure 2.7 below. The test involves monitoring 

the rate at which materials to be packed settle out of a potential slurry solvent. Initially, 0.05g of 

material and 20mL of the solvent being tested is placed in a 20mL glass vial. The initial height of 

the slurry is measured (Hslu). The vial is briefly vortexed to suspend the particles then sonicated 

for 20 minutes. After sonication is complete, the vial is let to stand. Over time, the particles settle 

out of solution by sedimentation, forming a layer at the bottom of the vial. Every five minutes for 

twenty minutes the height of clear solvent (He) is measured. From this measurement and Hslu, 

the height of solvent still containing suspended particles (Hsus) can be obtained. The percentage 

of solvent containing suspended particles, ¾S, is assesses by the following equation: 

Since only a small amount of material is assessed, the height of the sediment does not factor into 

measurements of ¾S. If after 20 minutes ¾S is greater than 70% the solvent is considered an 

option for column packing. 51 Analysis of the sedimentation provides additional information as to 

the quality of the slurry. In the absence of aggregation, the bed formed will be homogenous and 

compact. This confirms the solvent assessed acts in a deflocculating manner. The solvent 
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Figure 2. 7 Schematic diagram of slurry testing procedure 
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Table 2. 2 Percent suspension (¾S) of silica particles modified with p-phenylenediamine at a 

specified time (T) 

Solvent a To Ts T10 T1s T20 

Methanol 100 97 84.5 75 .5 67 

Acetone 100 82 50 32.5 21 

Tetrahydrofuran 100 92.5 79 68 60.5 

Acetonitrile 100 92 79.5 67.5 57 

Hexane Does not 

disperse 

Dichloroethane 100 100 100 99.5 92 .5 

Methylenechloride 100 100 100 96.5 86.5 

a. The subscript indicates the time in minutes 
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yielding the highest ¾S and most favorable sediment layer was used for column packing. Table 

2.2 above displays the average ¾S for the solvents tested. Each solvent was tested in duplicate. 

After the last replicate test, particles were allowed to fully settle in order to assess the 

sediment layer formed. Of the solvents tested methylene chloride and dichloroethane formed 

adequate slurries. Methylene chloride was eventually chosen due to potential incompatibilities of 

dichloroethane with O-rings in the packing apparatus. While the slurry test is a productive means 

of narrowing down potential packing solvents it is not a definitive indicator of performance. 

Other solvents tested may prove to generate more efficient columns so long as particles remain 

dispersed long enough to transfer then into the packing system and no large aggregates are 

observed. A systematic study would be needed to assess which solvents yield the best columns in 

terms of efficiency and peak shape. 

2.3.4 Initial chromatographic assessment 

Preliminary chromatographic assessment of the packed column was performed to 

investigate peak shape and the retentivity of the polymeric layer on silica. For this purpose, a 

homologous series of neutral, hydrophobic analytes were used as probe compounds and injected 

onto the column. Figure 2.8 below shows the resulting chromatogram. As evident in the figure, 

peak shapes are poor, but the analytes could be separated. It was postulated that poor 

chromatographic performance was a direct result of polymer thickness. Deposition of a thick 

organic layer at the surface would negatively impact the mass transfer kinetics in the stationary 

phase. If a significant amount of material was synthesized on the silica particles surface, it is 

likely that the pore diameter of the silica particles had been reduced. New materials would need 

to be synthesized and assessed prior to chromatographic evaluation. This will be revisited in 
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Figure 2. 8. Separation of (1) uracil, (2) toluene, (3) ethylbenzene, and (4) propylbenzene. 

Separation conditions : 50:50 water: acetonitrile mobile phase, 1 µL sample injection, 

temperature: 25°C, flow rate of 0.2mL/min, UV detection at 210nm. Column dimensions were 

50 x 2.1 mm. The column was packed with silica particles reacted with p-phenylenediamine for 

12 hours. 
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section 2.3.5.2. 

2.3.5 Optimization ofp- phenylenediamine polymeric layer on silica particles 

The initial reaction conditions generated a material unsuited for effective application in 

chromatography, most likely due to a large amount ofmaterial bonded to the surface of the silica 

support. Subsequent experiments sought to optimize the reaction time and molar ratios of the 

reagents used in the reaction. Optimization of the reaction sought to limit the extent of 

polymerization and thus the surface loading. The optimization process was broken into three 

different categories; reaction time, concentration of p-phenylenediamine, and the concentrations 

of sodium nitrite and hydrochloric acid used in the reaction. Two different silica supports were 

used: 5 um Kinetex® silica particles and 2.7 um Halo® particles. The time and reaction 

temperature variables required optimization was optimized for each of the different particles. A 

few materials were chosen to be characterized chromatographically. These materials were 

assessed based on peak shape and resistance to hydrolysis in the presence of highly acidic mobile 

phases at high temperatures. Each of the new materials generated was labeled as APpol-X based 

on the synthetic method from which it was generated. For example, the original material 

synthesized on the Kinetex particles is termed APpol-12h owing to the reaction time of 12 hours. 

A summary of the materials prepared, including reaction conditions is provided in Table 2.8, in 

the conclusions section. 

2.3.5.1 Study ofreaction time 

The reaction time was optimized using the Kinetex® silica particles. The time of reaction 

was decreased from the original 12 hours in increments of three hours, while holding the molar 
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ratio of p-phenylenediamine to reactive surface alcohol species constant. In all cases, the 

experimental protocol followed was as outlined in section 2.2.2, apart from the reaction time. To 

assess the polymer load achieved, the reacted silica particles were submitted to TGA and 

elemental analysis . DRIFTS was performed on the silica products to monitor any potential 

changes of the functional groups of the polymeric layer. From the reactions completed, two 

candidate materials were selected for preliminary chromatographic testing. 

Figures 2.9 provides DRIFT spectra of the reaction products for the different reaction 

time studied. One can compare the differences from the original APpol-12h material. The IR 

spectra shows that all the materials tested have the same characteristic bands as the original 

APpol-12h reaction, although a decrease in peak intensities corresponding to the amine 

deformation (1646 cm-1
) and the ring stretching modes (1595 cm-1, 1493 cm-1

) corresponds to 

decreasing reaction times. The signals in the IR spectra are indicative of having a polymeric 

layer of similar composition on the silica surface. The reduction in signal intensity, however, 

suggests less polymerization for the shorter reactions. This is consistent with the results obtained 

by TGA results. Thermo grams obtained via TGA for the reaction products are provided in Figure 

2.10. At lower reaction times, a marked decrease in the surface loading can be observed, as less 

lees material is thermally removed from the silica surface. Silica surface coverage of the polymer 

was calculated based on the mass percentage of organic content determined by TGA. Equation 

2.1 was used to calculate the surface coverage. 

Equation 2 .1 

LlMasso/osample - LlMasso/oblankSC = _____....;;_________ * 106 

(100 - LlMasso/osample) *SA* MWL 

36 



4~------------------, 

3 

0:: 
-::R.0 

"'O 
Q) 2 
N -ro 
E 
s.... 
0 z 1 

=C-H 

o-~------~-------___. 
4000 3500 3000 2500 2000 1500 1000 500 

Wavenumbers (1/cm) 

Figure 2. 9 DRIFTS spectra of superficially porous silica particles modified with p

phenylenediamine via diazonium reaction using different reaction times (i.e. 3, 6, 9, and 12 

hours). 
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Figure 2. 10 Thermo grams resulting from TGA of superficially porous silica particles modified 

with p-phenylenediamine via diazonium reaction using different reaction times (i .e. 3, 6, 9, and 

12 hours) . 
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In equation 2.1 SC represents the surface coverage in µmol/m2
, ~Mass¾sample describes 

the change in mass percent of modified particles observed in the temperature range of 150°C to 

900°C, ~Mass¾bJank is the change in mass percent of unmodified silica particles observed in the 

temperature range of 150°C to 900°C, SA is the surface area of the silica determined by BET, 

and MWL is the molecular weight of a subunit of the polymer. The molecular mass of aniline 

was used for MWL considering the expected polymer is composed of aromatic amine groups. 

The exact number of attachment points between the polymeric layer and the silica surface is 

unknown and it is important to note that all the silanol groups are not necessarily attached to an 

anilinic group. Herein, the surface coverage is represented in terms ofrings/nm2
. The surface 

coverage of silica particles reacted with p-phenylenediamine for several reactions are listed in 

Table 2.8 in the conclusions (section 2.4), along with the synthetic conditions used. 

2.3.5.2 Porosity ofthe modified silica 

Our goal had been to produce a polymeric layer on silica to serve as a chromatographic 

stationary with a loading high enough to ensure full or near full encapsulation of the silica 

particles. One must consider, however, that the generated polymeric layer is not so thick as to 

begin forming its own microporous network or clog the pore structure of the silica support. Both 

results would negatively impact mass transfer kinetics, decreasing chromatographic efficiency. 

Literature dictates that efficient mass transfer kinetics of analytes in chromatography requires the 

pore size of the stationary phase to be at least ten times the hydrodynamic radius of analytes. 52 

After observing the relatively poor chromatographic performance of the initial synthesized 

material (i.e. , APpol-12h), the effect of polymer layer on porosity was investigated. A 

comparison of the surface area and pore size distribution was performed between the unmodified 
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silica particles and the particles originally modified with p-phenylenediamine. Assessment of 

pore constriction after generation of the polymeric layer was performed by nitrogen adsorption 

using the Barrett-Joyner-Halenda pore volume analysis method. 53 

Figure 2.11 shows the pore size distribution for different particles reacted at different 

times. One can observe that pore diameters of the unmodified silica samples are distributed 

around 100 A. It is noticeable that the predominance of small pores is associated with the amount 

of material at the surface (the amount of polymeric material for each sample is given in Table 

2.8. Furthermore, Figure 2.11 shows that that the entire pore size distribution is shifted to smaller 

diameters with the attachment of the polymeric layer on silica. Although a decrease in pore size 

is expected, the effect is pronounced as the amount of the material on the surface increases. For 

example, for APpol-6h (Figure 2.1 lB), with a calculated surface coverage of about 3.8 rings/nm2 

a pronounced decrease in the average pore size is observed from 102 A to 70 A. This is 

attributed to the building of the polymeric layer on the pore walls of the silica support. For 

APpol-3h (Figure 2.11 C), with a surface coverage of about 2.5 rings/nm2, yields an average pore 

diameter of 83 A. Consideration of the decrease in pore diameter gives some insight into the 

thickness of the layer attached at the surface. For instance, APpol-6h yields an average pore 

diameter of70 A, corresponding to a decrease in pore size from unmodified silica of 32 A, 

indicating a surface layer formed from p-phenylenediamine of roughly 16 A thick, on average. A 

very rough approximation of the size of a benzene ring is about 5 A; 54 therefore, a 16 Athickness 

suggest that the surface is not composed of a monolayer of phenyl groups, even if one assumes 

phenyl groups perpendicularly oriented from the surface. Of all the modified materials tested 

APpol-l0p (discussed in section 2.3.5.3 below) has the lowest surface loading, estimated to be 
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Figure 2. 11 Pore size plots determined by nitrogen adsorption of (A) APpol-12h, (B) APpol-6h, 

(C) APpol-3h, (D) APpol-lOp, and (E) unmodified kinetex silica. Inserts represent BET 

isotherms. 
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Table 2. 3 Pore data yeilded by nitrogen adsorption analysis 

Material Pore Size (A) Pore Volume (cc/g) 

APpol-12h 38 0.174 

APpol-6h 70 0.202 

APpol-3h 82 0.161 

APpol-l0p 101 0.220 

Unmodified silica 102 0.289 
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1.5 rings/nm2
. This material yielded an average pore size of 101 A with an apparent smaller pore 

size distribution than the unmodified silica, indicating a very thin polymeric layer on the surface. 

When a relatively large amount of material is attached, which is the case for APpol-12h, 

a bimodal pore distribution was observed. This material showed two sets of pores distributions, 

centered around approximately 70 A and 38 A in diameter. Whether the smaller of these pores 

are due to clogging of the silica's native pore structure or pockets being formed in the polymer 

network itself is unclear at this time. Regardless, these small pores are not ideal for 

chromatographic performance. Entropic effects induced by the set of smaller pores was 

identified as the main reason for the poor chromatographic performance of the APpol-12h. The 

relatively small pores around 70-80 A persist in both APpol-6h and APpol-3h, as evident in 

Figure 2.11. In the case of these materials, the small pores account for a greatly reduced fraction 

of the total pore volume (see Table 2.3 and do not appear negatively influence the 

chromatographic properties of the materials (see below). 

This set of synthesized materials was also analyzed by elemental analysis. Elemental 

analysis was performed to both confirm the TGA results and to gain more information on the 

relative abundance of atoms in the polymer. This would allow a better understanding of its 

structure. The percentage of carbon detected was used to calculate the surface loading of each 

material. Since the carbon content of the polymer originates from aromatic rings exclusively, the 

number of rings per unit area can be calculated. As previously indicated, direct observation of 

the number of binding points of the polymer to the surface remains elusive so herein surface 

loading is presented as the number of aromatic rings per square nanometer of silica. Calculation 

of the surface loading was performed according to the following equation: 

Equation 2.2 
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(%Cs - %Cb) NA 
y---------------x---

1 X 1018- (100 - %Cs) X 78.11 g/mol X Sbet 

where %Cs is the percent carbon in the sample as determined by elemental analysis, ¾Cb the 

percent carbon in the blank, Sbet the surface area of the unmodified particle based on nitrogen 

adsorption analysis (i.e. , BET), and NA is Avogadro's number. Literature suggests that 

assessment of surface loading by elemental analysis and TGA should yield coverages that agree 

within five percent. 55 Considering in this case an assumption must be made for the molecular 

mass of the ligand being combusted from the surface the results do not agree within this 

threshold. Surface loading results obtained by TGA consistently overestimate the amount of 

material at the surface (this may be due to the fact that in TGA the weight also includes some the 

nitrogen present in p-phenylenediamine). However, this overestimation is shown to be coherent 

when the results from both analyses are compared to one another. A linear relationship exists 

between the results of both techniques according to the equation y = 1.14x + 0.6, as presented 

in figure 2.12. Since a reliable relationship could be established between the TGA and elemental 

analysis results, TGA was used almost exclusively moving forward. TGA could be done in house 

and was more cost effective. 

Elemental analysis was useful, however, in determining the amount of nitrogen 

remaining in the polymeric layer on silica. It was expected that the relative abundance of 

nitrogen would be low. Given the excess of sodium nitrite added in the reaction, many of the 

amines originally present in p-phenylenediamine would be converted to diazonium ions and lost 

as nitrogen gas or converted to hydroxyl species. From the elemental analysis results shown in 

Table 2.1 above, one can gather that on average one nitrogen atom remains for every 2.7 

aromatic rings present in materials where the molar ratio ofp-phenylenediamine to silica was 
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Figure 2. 12 Comparison of surface loading results of the time optimized reactions by 

thermogravimetry and elemental analysis. 
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15 :1. As seen in later sections this ratio varies when the molar ratio of p-phenylenediamine to 

silica is changed. 

Looking collectively at the materials generated during the time optimization procedure 

APpol6h and APpol3h stood out as possible candidates for use in HPLC. Based on theoretical 

calculations, 56 the surface coverage of aminophenyl groups on silica approaching a mono layer 

coverage is about 2-3/nm2
, the APpol6h and APpol3h materials closely resemble such values. In 

comparison, the surface coverage of the APpol12h material that showed poor chromatographic 

performance had a surface that approximately equates to 3 layers of phenyl groups at the surface. 

A decreased in surface loading should contribute to higher efficiencies and more symmetric 

peaks than those observed with the APpol12h material. In fact, this is directly observed in 

preliminary chromatographic tests, which will be discussed in section 2.3.2. 

2.3.5.3 Study ofp-Phenylenediamine to reactive silanols mole ratio 

The optimization of p-phenylenediamine: silanol molar ratio was performed in 

conjunction with the reaction time optimization. As a result, the studies presented in this section 

do not start with the optimal material from the previous sections. Instead, APpol-12h was used as 

the starting point to optimize the mole ratio ofp-phenylenediamine to surface silanol groups. The 

molar ratio of p-phenylenediamine to silanol was decreased in increments of five from the 

original concentration used for APpol-12. It was assumed that the silanol concentration 

corresponded to that of a totally hydroxylated silica surface (8 µmol OH/m2
). Four total 

syntheses were conducted having molar ratios of 15 to 1, 10 to 1, 5 to 1, and 1 to 1 of 

phenylenediamine to silanols. Thus, all reactions were done for 12 hours. As with previous 

syntheses 100mg of silica was modified in each case. Concentrations ofhydrochloric acid and 
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sodium nitrite remained unchanged from the original synthetic procedure and the molar ratio of 

sodium nitrite to p-phenylenediamine remained constant. The resulting materials were 

designated APpol-Xp where X represents the molar ratio of p-phenylenediamine to reactive 

silanols. Products were analyzed via DRIFTS and TGA as previously. The DRIFT spectra and 

thermograms corresponding to these experiments are shown in Figure 2.13 and Figure 2.14 

respectively. As evident from the figures, surface loading decreases drastically as the molar ratio 

of p-phenylenediamine is decreased. The effect of decreasing the amount of pheneylenediamine 

used provides a much more pronounced decrease in loading than decreasing the reaction time. 

DRIFTS spectra for APpol-5p appear to be indistinguishable from the blank. It is clear 

from Figure 2 .14, that the surface loading achieved in this material is minimal. Optical 

inspection of the APpol-5p products suggest the same, indicated by particles showing only a very 

light tone of the characteristic yellowish coloration. Materials coated with the phenylene layer 

exhibit a distinctive color, which ranged from beige to yellowish, to a copper/brown, depending 

on the amount of material at the surface. Surface coverage determination for APpol-5p based on 

TGA, reveals a surface coverage of 0.35 rings/nm2 (about 0.25 rings/nm2 by elemental analysis). 

The extent of surface modification with a 5: 1 molar ratio of diamine to silanol appears to be far 

too low to be used successfully for chromatography. 

The APpol-1 Op material produced (10 diamine: 1 silanol), shows more clearly 

characteristics IR bands in the DRIFT spectrum, indicative of silica modification with the 

phenylene polymer. Depicted in figure 2.13 , the DRIFTS spectrum for APpol-l0p shows the 

same peaks as APpol-12h with decreased intensity. Apart for the signal intensity, one key 

difference between Appol-12h and APpol-l0p can be observed in the figure. The relative 

intensity of the amine deformation peak (1646 cm-1
) increases when compared to the ring 
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Figure 2. 13 DRIFTS spectra of the silica particles modified with different molar ratios, as 

shown by each trace, of p-phenylenediamine to surface silanols on silica. 
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Figure 2. 14 Thermo grams corresponding to silica particles modified with different molar ratios, 

as shown by each trace, ofp-phenylenediamine to surface silanols on silica. 
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stretching modes (1595 cm-1 and 1493 cm-1
). This would indicate that a greater relative 

abundance of nitrogen exists in the polymer when the APpol-1 Op reaction conditions are used. 

An increase in the amount of nitrogen retained in the polymer was not an expected outcome of 

altering the p-phenylenediamine concentration used in the reaction. 

TGA of APpol-lOp yields a surface coverage of 1.5 rings/nm2
. Most notably, elemental 

analysis confirms more nitrogen is present in the polymer under these synthetic conditions (see 

Table 2.4). Materials generated using a 15:1 ratio ofp-phenylenediamine to silanol during 

optimization of the reaction time all yield a carbon: nitrogen atomic ratio of approximately 16: 1. 

APpol-lOp shows an atomic ratio of 8:1 carbon to nitrogen. The surface loading was estimated to 

be 1.5 rings/nm2
. The reaction conditions of APpol-lOp were further studied by extending the 

reaction time to 15 hours (APpol-10p15). This resulted in a surface coverage of 3.7 rings/nm2 

using TGA.. The material (i.e. , APpol-1 Op) was scaled up and packed into columns for 

chromatographic testing (see below). 

2.3.5.4: Study ofthe amount ofsodium nitrite added to the reaction 

In the reaction scheme portrayed in Figure 2.1 , sodium nitrite in combination with 

hydrochloric acid produces nitrous acid. At a pH less than 2, the nitrous acid converts the aryl 

amines present on the p-phenylenediamine to aryl diazonium cations. These aryl diazonium 

species are highly reactive and unstable. Reaction of these aryl diazonium species results in the 

formation of the polymer layer and the evolution of nitrogen gas. Once diazotized the amine 

group is lost. Given the hydrochloric acid solvent is present in a large excess this implies that 

enough nitrous acid is generated to theoretically convert all amines present to diazonium cations. 

Clearly not all the amines are converted as a signal for the amine group is observed in DRIFTS 
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Table 2. 4 Elemental composition of materials generated using Kinetex® silica determined by 

elemental analysis . 

Material Element 

APpol-12h Carbon 

Nitrogen 

APpol-9h Carbon 

Nitrogen 

APpol-6h Carbon 

Nitrogen 

APpol-3h Carbon 

Nitrogen 

APpol-l0p Carbon 

Nitrogen 

APpol-5p Carbon 

Nitrogen 

Elemental Percent 

14.83 

0.91 

7.36 

0.47 

5.00 

0.33 

2.61 

0.16 

1.60 

0.2 

0.34 

Below LOD 
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analysis of the synthetic products (see Figure 2.9). The number of amines present in the final 

polymeric layer, however, is low. According to the elemental analysis results (see Table 2.4), 

one nitrogen atom remains for approximately every three aromatic rings on average for material 

APpol-6h. It was postulated that decreasing the amount of sodium nitrite added would result in a 

polymer with more amines present. Controlling the number of amine groups in the polymer 

would allow for control over chromatographic selectivity of the resulting materials and provide 

more reactive sites for further potential modification of the surface through the amine group if 

desired. For example, a polymeric layer with more nitrogen could possibly allow for more 

hydrophilic interactions or be used to attach olefins by further diazonium chemistry. 

Various materials were synthesized to study the effect of varying the concentration nitrite 

in the chemical reaction. All the materials generated in this section are made using the synthetic 

conditions of APpol-6h as a basis for alteration. The amount of sodium nitrite relative to the 

phenylenediamine was studied for molar rations of2:1, 1.75, 1.5:1 , 1.25, and 1:1 to assessed for 

their surface loading. Additionally, the concentration of sodium nitrite was altered while holding 

the molar ratio ofphenylenediamine to silanols constant at 15 :1. Spectra of the DRIFTS analyses 

of the resulting materials are shown in Figure 2.15. From the DRIFTS analysis an inverse 

relationship is observed between the amount of sodium nitrite used in the reaction and the amine 

character of the polymer. This is evidenced by analyzing the relative intensities of the amine 

deformation peak (1646 cm-1
) and the ring stretching modes (1595 cm-1 1493 cm-1

) as stated 

previously. Figure 2.13 shows the amine deformation peak grows relative to the ring stretches 

from a nitrite ratio of 2 to one of 1.5 at which point it is more intense than the ring stretching 

modes. Elemental analysis is necessary to assess the exact elemental percent of nitrogen in 

polymers generated under these synthetic conditions. 
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Figure 2. 15 DRIFTS analysis of products formed during the optimization of sodium nitrite 
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In addition to altering the nitrogen content of the polymer, decreasing the amount of 

sodium nitrite in the reaction decreases the overall extent of polymerization at the surface. Since 

the surface loading decreased in conjunction with the nitrite. This is observed in thermograms 

shown in figure 2.16. The traces show that the surface loading decreases proportionally with the 

moles of sodium nitrite added to the reaction. 

2.3.6 Synthetic method transferred to Halo ® silica particles 

The synthetic method was transferred from the 5 µm Kinetex® silica particles to 2 µm 

Halo® silica particles with a pore size of 160A, from Advanced Materials Technologies. The 

reduce particle size should provide high separation efficiency; these are becoming one of the 

most commonly used size in recent HPLC applications. The Halo® silica particles with pore size 

of 160 A are suitable to separate small biopolymers. The Kinetex® silica supports used 

previously do not have pore sizes large enough to conduct these separations. These particles are 

more appropriate for separations of peptides and small proteins. 

Multiple attempts were taken to synthesize the phenylene polymeric layer on the Halo 

particles using the same reaction conditions used to produce the APpol-6h material using the 

Kinetex® silica particles. Isolation of the products, however, revealed materials with minimal 

surface modification. Nitrogen adsorption analysis of the unmodified Halo® silica particles 

showed a surface area of 75m2/g. This is a 25% decrease in surface area when compared to the 

Kinetex® silica, which may account for the decrease in surface bonding. In addition, DRIFTS 

analysis of the Halo® bare silica shows that these particles appear to have a more passivated 

surface compared to the silica support used previously (see below Figure 2.18). This is apparent 

because of the reduction in intensity of the IR bands corresponding to the OH groups at the 
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Figure 2. 16 Thermo grams of silica particles modified with p-phenylenediamine using different 

molar ratios of sodium nitrite to p-phenylenediamine. APpol 1 SN corresponds to a sodium nitrite 
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surface. The reaction conditions were then optimized with the goal of obtaining surface loadings 

similar to those achieved with the Kinetex silica particles. 

Performing diazonium reaction at temperature above the typical 0-5 C increases the 

extent of surface modification. 37 The diazonium reaction was performed on the Halo materials at 

room temperature instead of on ice. The initial reaction attempted at room temperature was 

performed for six hours with a 15: 1 molar ratio ofp-phenylenediamine to silanol ( the same 

procedure as APpol-6h). The thermogram resulting from TGA of the material produced is shown 

in Figure 2.17, revealing that performing the reaction at room temperature results in extensive 

polymerization at the surface. Figure 2.17 also illustrates the effect of decreasing the time of 

reactions performed at room temperature holding all other variables constant. Materials 

generated on Halo silica particles were termed H-APpol-X where Xis the reaction time denoted 

with units ofhours (h) or minutes (m). As demonstrated with the Kinetex silica-based materials, 

the surface loading is directly proportional to the reaction time. 

The synthetic goal was to generate a material on the Halo silica particles with a similar 

surface loading as the APpol-6h material. The different materials synthesized on the Halo 

particles under different conditions and some characteristics including surface loading are listed 

in Table 2.8 (see conclusions section). The reaction performed for 30 minutes (i.e. , H-APpol-

30m) yielded the surface loading closest to the APpol-6h material. This material was chosen for 

chromatographic testing, which will be presented in section 2.3.7. A material synthesized using 

45 minutes reaction (H-APpol-45m) was also tested chromatographically. 

Spectra for DRIFTS analysis of selected Halo silica particles which were reacted with p

phenylenediamine via diazonium chemistry at room temperature and different reaction times are 

presented in Figure 2.18. The spectra display the same characteristic IR peaks observed in 
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different reaction times and reacted at room temperature. 
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Figure 2. 18 Spectra for DRIFTS analysis of selected products formed during the reaction of p

phenylenediamine with Halo silica particles via diazonium chemistry at room temperature. 

Reaction were allowed to proceed for six hours (H-APpol-6h) and 30 minutes (H-APpol-30) . 
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modified Kinetex silica particles. An interesting feature of the spectra of the materials prepared 

using the Halo supports, however, is the disappearance of the stretching mode of isolated silica 

silanol groups (i.e. , 3736 cm-1
) after modification, which was typically seen in the spectra of 

Kinetex particles (see for example Figure 2.13). This is indicative that these groups are more 

pronouncedly involved in the chemical attachment of the polymeric layer to the Halo silica 

particles. Also of note is the relive intensity of the free silanol stretching band observed for the 

unmodified Halo silica. The peak shows a lower relative intensity than that observed in the 

spectrum of the Kinetex silica particles; this can be indicative of a less reactive surface. 

While isolating the silica products of the H-APpol-30m reaction, it was observed that gas 

evolution (nitrogen gas from the chemical reaction) was still taking place. A small amount of 

ethanol was added, the gas evolution stopped, and isolation of the product was performed via 

centrifugation. The reaction was repeated 3 times to produce various batches of the H-APpol-

30m material to assess batch-to-batch reproducibility. Additionally, the reaction was optimized 

to yield a desired surface loading (i.e. , - 4 rings/nm2
) at a reaction temperature of 10°C; during 

this optimization process, only the reaction time was altered to keep things as simple as possible. 

It was rationalized that lowering the reaction temperature from room temperature to l 0°C may 

require a longer reaction time but it may also reduce reaction kinetics to potentially allow more 

control over reproducibility. Once optimized (2hr at l 0°C), the reaction was assessed for 

reproducibility of the surface loading by performing multiple reactions. TGA thermograms of 

replicate reactions using the two different reaction times is presented in Figure 2.19. Replicate 

syntheses (n= 3) of H-APpol-30m (synthesis time of 30 min at room temperature) yield a surface 

loading of 4.1 ± 0.2 (4. 9%RSD) rings/nm2
. Conversely, the reactions performed at l 0°C ( n=3) 

yielded a surface loading of 4.0 ± 0.6 (15% RSD). For similar surface coverage, it appears that 

59 



100 100 
A B 

99 99 

98 98 

97 97 
(/) (/) 
(/) (/) 

ro ro 
~ 96 ~ 96 
;:R, ;:R,
0 0 

95 95 

94 94 

93 93 

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 

Temperature (C) Temperature (C) 

Figure 2. 19 TGA thermograms for the multiple batches of (A) H-APpol-30m and (B) H-APpol-

1 0C2 to assess reproducibility of the surface loading. 
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the material can be synthesized more reproducibly when the reaction is performed at room 

temperature for 30 minutes. Performance of anova on the two sample variances using an a value 

of 0.05 suggests no statistical difference. Use of more than three samples under each set of 

reaction conditions may change this outcome. In conclusion, the synthesis ofH-APpol-30m 

(reaction at room temperature for 30 min) is preferred over the reaction at low temperatures for 

longer reaction times. 

2.3. 7. Chromatographic evaluation 

For each column, a test was performed to asses in general terms peak shape and overall 

retention under reverse phase conditions. For this, three neutral, hydrophobic analytes were 

injected. Figure 2.20 shows the separation of the homologous series compounds toluene, 

ethylbenzene, and propylbenzene on four of the stationary phase materials generated. Of the 

materials tested APpol-6h was developed first and more columns have been packed with this 

material than any other. Despite reproducible surface loading across batches and identical 

packing conditions, peak shapes vary slightly each time a column is packed. This has been 

attributed to the in-house packing system used. Currently, our best effort packing this material 

has yielded a column with a peak asymmetry of 0.95 (calculated at 10% peak height) indicating 

slight fronting. Nevertheless, examination of the chromatograms shown in Figure 2.20 reveals 

that all of the columns can separate the homologous series with baseline resolution in less than 

three minutes; however, differences in the material's retentive properties are observed. The 

lowest retention was observed with the column packed with the H-APpol-30m material, which 

resulted in the highest surface loading (4.1 rings/nm2
). The lower surface area of the Halo 

particles, however, can lead to the lower retention times of the analytes. All columns shown 
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Figure 2. 20 Chromatograms corresponding to the separation of toluene, ethylbenzene, and 

propylbenzene performed on columns packed with (A) H-APpol-30m, (B) APpol-3h, (C) APpol

l0p, (D) APpol-6h (see Table 2.5 for complete identification of each packing material). Column 

dimensions: 2.1mm i.d. x 50mm length, injection volume: 1 µL, flow rate: 0.200mL/min, UV 

detection at 220nm, and mobile phase of 50/50 acetonitrile/water. 
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Table 2. 5 Column performance metrics for the separations presented in figure 2.20. Columns 

were compared via retention time (tm), retention factor (k), efficiency (N), and the resolution of 

toluene and ethylbenzene (Rt,e). 

Material analyte 

H-APpol-30m toluene 

ethylbenzene 

propylbenzene 

APpol-3h toluene 

ethyl benzene 

propylbenzene 

APpol-l0p toluene 

ethyl benzene 

propylbenzene 

APpol-6h toluene 

ethyl benzene 

propylbenzene 

tm (min) 

0.483 

0.611 

0.816 

0.911 

1.218 

1.700 

0.58 

0.808 

1.168 

1.045 

1.418 

2.002 

k 

1.27 

1.61 

2.15 

2.44 

3.27 

4.56 

1.16 

1.62 

2.34 

2.75 

3.73 

5.27 

N Rt,e 

2443 3.08 

3059 

3718 

1996 3.32 

2209 

2324 

2322 4.36 

3256 

4382 

2739 4.12 

3115 

3451 
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in figure 2.20 show drastic improvements in both efficiency and peak compared to APpol-12h 

(the first polymer synthesized). 

Of the new columns APpol-l0p yielded the highest overall efficiency (87,600 plates/m 

for propylbenzene) and the highest resolution of toluene and ethylbenzene. This column also 

proved to be the least retentive for toluene as evidenced by the low k values obtained. APpol-6h 

shows column performance metrics similar to APpol-l0p. The H-APpol-30m material shows 

comparatively low kvalues considering the surface loading of this material is similar to APpol-

6h (see table 2.8) 

As revealed by the spectroscopic studies via DRIFT and XPS, there are residual amine 

moieties contained in the polymeric layer synthesized on the silica particles. It is possible that 

these moieties can provide locations for analyte interaction. Thus, amine groups present in the 

synthesized materials suggests their potential use for the separation of hydrophilic compounds 

using hydrophilic liquid chromatography (HILIC). This was tested by generating a retention map 

using water and acetonitrile based mobile phases. Construction of the retention map was 

performed by varying the acetonitrile content in the mobile phase from 10 - 90%. The retention 

factors of toluene, adenosine, and guanosine were calculated to ascertain the effect of organic 

content in the mobile phase on analyte retention; this is represented in in Figure 2.21. The 

stationary phases tested demonstrate a propensity for hydrophobic interactions as indicated by 

the high retention factor observed for toluene at low concentrations of the organic component in 

the mobile phase. Retention data (i.e. , k) for toluene are not included in Figure 2.21 for mobile 

phase compositions of less than 30% acetonitrile to preserve an adequate scale for the other test 

analytes. Overall, toluene behaves as expected of a neutral, hydrophobic analyte. As the 

concentration of acetonitrile in the mobile phase is increased the retention decreases. 
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Figure 2. 21 Retention maps generated with acetonitrile water mobile phases using; (A) APpol-

6h, (B) H-APpol-30m, and (C) APpol-lOp. Test analytes used were (blue) toluene, (black) 

adenosine, and (red) guanosine. Test conditions; flow rate of 0.2mL/min, UV detection at 

220nm, 1 µL injections, column dimensions 50 x 2.1 mm. 
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The two hydrophilic analytes tested follow a different trend. When the acetonitrile 

concentration in the mobile phase was 10%, both analytes can be retained; however, retention 

factors of the nucleosides are less than two for all except the APpol-l0p column. Although the 

degree of retentivity is relatively low, the analytes were retained in reverse phase mode. 

Adenosine being slightly more hydrophobic than guanosine elutes later (has a higher k) in the 

chromatogram. As the percentage of acetonitrile in the mobile phase is increased the retention 

factors of both analytes initially decrease on all columns. When the acetonitrile concentration 

reaches 50%, the retention factor ofboth compounds begin increasing. A more substantial 

increase in retention is observed once the percentage of acetonitrile in the mobile phase reaches 

80%. Above an acetonitrile concentration of 85% the elution order of adenosine and guanosine 

reverse on the APpol-6h column. This reversal occurs at 80% on the other two columns. 

Additionally, the retention factors of adenosine and guanosine surpass that of toluene around 

85% acetonitrile. Again, this reversal in elution order occurs at lower percentages of acetonitrile 

on the other columns ( approximately 70% on both). This reversal in elution order of all three 

analytes suggests that the separation is effected by hydrophilic interactions when using the 

acetonitrile-rich mobile phases. We hesitate to suggest the applicability of the stationary phase 

for use in HILIC mode as it is unclear if a water layer can be immobilized on the polymer 

surface. Further investigations are needed to elucidate if indeed a HILIC retention mechanism is 

responsible for the retentive characteristics observed. The data also suggest that a mixed mode of 

interactions are indeed possible. 

2.3. 7.2 Packing ofthe H-APpol-30m material by Advanced Materials Technology 
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Halo particles modified with p-phenylenediamine producing the H-APpol-30m material, 

were provided to Advance Materials Technology, Inc. (ATM) for packing. This commercial 

company manufactures the original Halo material used in our investigations and they have 

proprietary methods to pack columns. The packing process was optimized using their specific 

solvents. All the columns produced were tested under HPLC conditions; the chromatographic 

characteristics determined are shown in Table 2.6. Two sets of packing conditions yielded 

superior performance when compared to all others. The highest efficiency obtained with any of 

the columns is 4700 plates or 94,000 plates per meter. For 2.0 µm core-shell particles this 

number is still quite low. Converting this value to reduced plate height yields a value of 5.3. 

Reduced plate height allows for comparison of efficiency across columns with different size 

supports. A well packed column should have a reduced plate height of 2.0. By this metric, the 

most efficient column obtained by materials synthesized herein was packed with APpol-1 Op ( see 

table 2.5). This column gave 4382 plates (reduced plate height of 2.3) in the analysis of 

propylbenzene. 

2.3. 7.3. Stability testing 

Development of a polymeric layer encapsulating the silica surface is a mean to protect the 

silica support and the stationary phase to increase hydrolytic stability. As columns degrade from 

prolonged exposure to acidic mobile phases, especially at elevated temperatures, analyte 

retentivity and column efficiency is lost. Numerous separations are performed at low pH, 

including separations of peptides and proteins, as well as the separation of various basic 

compounds. Bio-separations are continually gaining importance, especially in the pharmaceutical 

industry as biotherapeutics become more predominant. Therefore, hydrolytic stability of 
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stationary phases, particularly under acidic conditions are of great importance. The stability of 

various iterations of the phenylene polymeric stationary phases generated were tested under low 

pH conditions at elevated temperatures. Testing was performed with a mobile phase composed of 

50/50 water/acetonitrile containing 0.5% trifluoroacetic acid at 80°C. The pH of such a mobile 

phase should be approximately 1.5. The pH and temperature conditions used in this test exceed 

what is recommended for use with silica based stationary phases; however, this serves as an 

accelerated degradation test which has been used by column manufacturers to test the hydrolytic 

stability of commercial columns for HPLC. 37 

Columns were exposed to the acidic mobile phase and high temperature under dynamic 

mobile phase conditions for 20 hours. This corresponds to 2400 column volumes. A delay of 30 

minutes was built into the experiment before the first injection was performed to allow 

equilibration time for the column following the introduction of the trifluoroacetic acid. 

Propylbenzene was used as a test marker for the experiment; its retention time was measured as a 

function of the time each column was exposed to the acidic mobile phase. Figure 2.22 shows 

plots of the percentage of retention factor lost as a function of mobile phase exposure time in 

hours. It can be observed in Figure 2.22 that an initial, rapid drop in the retention factor of the 

test probe takes place. This is more pronounced for the column packed with APpol-6h material. 

The drop can be attributed to the loss of any strongly adsorbed material not removed by repeated 

washings, and other moieties contributing to retention that could be removed during the initial 

exposure to the acidic mobile phase, such as any terminal sections of the polymer or segments 

where only monomers or dimers are bound but not linked via polymerization. The second case 

results in a portion of the stationary phase bound to the surface at only one point, making it more 

prone to hydrolysis. If the polymeric layer were to be crosslinked, one would expect this affect to 
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Figure 2. 22 Plot of retention loss as a function of time of column exposure to acidic conditions 

for several materials produced via diazonium chemistry and packed into HPLC columns. Test 

conditions were mobile phase: water: acetonitrile (50 :50) with 0.5% TF A, at a temperature of 

80°C, flow rate of 0.2mL/min, UV detection at 220nm. Propylbenzene was used as the probe 

compound, 1 µL injections were performed every 30 minutes, column dimensions 50mm length 

x 2.1 mm i.d. 
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decreased. Therefore, the APpol-6h material was crosslinked for comparison; the procedure for 

crosslinking is detailed in literature. 56 

By examining Figure 2.22 , one can appreciate that the column packed with APpol-6h 

expressed a loss in retention of 11.2% over the duration of the experiment. Crosslinking of this 

material (i.e. , APpol-6h Xlink), showed a marked decrease in total retention loss (3.8% in total); 

most of it is accounted for within the first two hours of the exposure to the acidic conditions. The 

column containing the HAPpol-30m material showed less retention loss (i.e. , 7.7%) than the 

column packed with APpol-6h material, despite having a lower surface loading. This would 

suggest that a more protective is formed on the Halo silica supports. Additionally, the rate of 

retention loss of the HAPpol-30m column over the remainder of the experiment is less than that 

observed on both of the Kinetex based phases. This further suggests that the polymer network 

formed on the Halo silica may have a slightly different structure. It is unclear whether this 

increase in stability is due to the formation of a more branched polymeric network or more 

attachment points to the surface. Further experimentation is needed to elucidate the specific 

reason for this behavior. However, it is worth mentioning that polymeric encapsulation of the 

silica particle and multiple attachment points to the surface have been shown to greatly enhance 

stability. 17 

Toluene, ethylbenzene, and propylbenzene were injected on the column packed with 

APpol-6h, both prior to and after exposure to the acidic mobile phase and high temperatures. The 

purpose of this test was to discover any alterations in peak shape due to acid exposure and to 

assess whether baseline resolution of the analytes was still achieved. These separations were 

performed in the absence of acid and conducted at room temperature; the chromatograms are 

shown in Figure 2.23 and separation metrics in table 2.7. Baseline resolution of the test analytes 
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Figure 2. 23 Chromatograms for the separation of toluene, ethylbenzene, and propylbenzene in a 

column packed with the APpol-6h material, (1) before and (2) after exposure to TF A. Column 

dimensions 2.1mm i.d. x 50mm length, injection volume of 1uL, 0.200mL/min flow rate, 

detection at 220nm and a mobile phase of 50/50 acetonitrile/water. 
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Table 2. 7 Column performance metrics for the separations presented in figure 2.22. Columns 

were compared via retention factor (k) , efficiency (N), and peak asymmetry (As) for 

propylbnzene. Additionally the resolution of toluene and ethylbenzene (R1,e) was observed. 

k N As R1,e 

Before acid exposure 4.24 3641 0.80 3.84 

After acid exposure 3.86 3354 0.74 3.58 
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is still achieved after column degradation. Also, the peak shapes obtained in both separations are 

similar. A comparison of the two chromatograms shows the retention factor ofpropylbenzene 

decreased by 8% percent after the experiment. The retention loss observed calculated during the 

stability test shows to about 10%, which given the differences in experimental conditions, they 

are comparable (temperature, temperature). In general, all materials tested show exceptional 

stability in highly acidic conditions even at temperatures beyond of what is recommended for 

typical use with silica-based columns. 

2.4. Conclusions 

Diazonium chemistry was used to generate a phenylene polymeric layer at the surface of 

core shell silica particles. Controlling the thickness of the polymeric layer formed was 

accomplished by alterations in reaction time and reagent concentrations. Table 2.8 shows all of 

the materials generated in the optimization process, the synthetic conditions used, and the surface 

loading. Chromatographic performance of the polymer bonded phase is highly dependent on the 

thickness of the polymer layer, clogging of the silica pores may be possible also. By tightly 

controlling the reaction variables reproducible surface loading was achieved as confirmed by 

TGA. After 20 hours of exposure to a 0. 5% TF A mobile phase at 80°C, the retention factor of 

test analytes decreased by less than 10% for numerous stationary phases. This confirms 

prolonged stability of the bonded phase in conditions beyond what is typically recommended for 

silica based HPLC columns. In addition to enhanced stability, residual amine groups provide 

sites for hydrophilic interactions to occur. Chromatographic selectivity was observed to be 

tunable by altering the organic component of the mobile phase. At 80% acetonitrile the elution 

order of toluene and uracil reversed. Future optimization of the slurry packing of columns is 

74 



needed as prolonged use repeatedly leads to settling of the packed bed resulting in loss of peak 

symmetry. Further assessment of the full chromatographic potential of the materials generated 

will also need to be explored. Alterations to the synthetic procedure increasing the number of 

amines at the surface provides the potential for doing HILIC separations. Additionally, the 

presence of amine on the surface can lead to the exploration of these columns for weak anion 

exchange. The amines also provide a site for further modification. Polymeric encapsulation of 

the silica could provide a support on which alkyl chains could be grafted via further diazonium 

chemistry. 
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Table 2. 8 List of the materials synthesized via the diazonium reaction, the conditions used for 

their synthesis, and the surface loading obtained. 

Material Particle P- N02: p- Reactio Reaction Surface 
Name phenylenediamine: 

SiOH mole ratio 
phenylenediamin 
e mole ratio 

n Time Temperature 
C 

loading 
rin s/nm2 

APpol-12h Kinetex 15: 1 2:1 12 hours 0 15.2 

APpol-9h Kinetex 15:1 2:1 9 hours 0 8.0 

APpol-6h Kinetex 15:1 2:1 6 hours 0 3.8 

APpol-3h Kinetex 15:1 2:1 3 hours 0 2.5 

APpol-lOp Kinetex 10:1 2:1 12 hours 0 1.5 

APpol-5p Kinetex 5:1 2:1 12 hours 0 0.4 

APpol-lN Kinetex 15:1 1: 1 6 hours 0 0.3 

APpol- l .25N Kinetex 15: 1 1.25: 1 6 hours 0 1.7 

APpol-l .5N Kinetex 15:1 1.5: 1 6 hours 0 3.1 

H-APpol-6h Halo 15: 1 2:1 6 hours Rt 11.5 

H-APpol-3h Halo 15: 1 2:1 3 hours Rt 11.8 

H-APpol-45m Halo 15: 1 2:1 45 min Rt 4.3 

H-APpol-30m Halo 15: 1 2:1 30 min Rt 4.1 

H-APpol-15m Halo 15: 1 2:1 15 min Rt 3.5 

H-APpol-lOC2 Halo 15: 1 2:1 2 hours 10 4.0 

H-APpol-lOCl Halo 15: 1 2:1 1 hour 10 3.0 
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Chapter 3. Analysis of Phenylene Polymeric Stationary Phases via LSER Modeling 

3.1 Introduction 

There is a pervasive desire in the chromatographic community for methods to compare 

the retentive properties and performance of multiple columns. Such methods are useful to the 

chromatographer to select a column to separate the analytes of interest. This requires the ability 

to rationalize the type and extent of molecular interactions responsible for retention. To this end, 

many models have been developed to explore the molecular processes responsible for 

retention_ 1,
2 Of the models developed, the linear salvation energy relationships (LSER) model, 

introduced by Kamlet and Taft in the mid-1970s has found popularity. 3,
4 The foundational 

studies of the LSER model were expanded on by Abraham.5
'
6 

The LSER model correlates the free energy related process of retention with molecular 

solute descriptors to elucidate the types and extent of interactions responsible for analyte 

retention described by equation 3 .1. 

Equation 3.1 

log k = c + eE + sS + aA + bB + vV 

Here c represents the model intercept, the lower case terms e, s, a, b, and v represent system 

constants, the uppercase terms E, S, A, B, and Vindicate solute descriptors. The descriptors are 

representative of the excess molar refraction (E), dipolarity or polarizability of the analyte (S), 

hydrogen bond acidity and basicity (A and B respectively), and the molecular volume yielded by 

McGowan' s calculation (V). 7
'
8 The E term of the equation was added by Abraham and results 

from the deficiency of combining dipolarity and polarizability in the S term. It is representative 

of interactions with non-bonding n and p electrons. 9 In terms of the solute, E is indicative of the 
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molar refraction of an analyte minus that of an alkane with the same molecular volume. Bearing 

in mind its origin, the E term will show some covariance with the S term. 

The V term of the equation has seen some variation in its meaning since development of 

the LSER model. Originally, the term represented the disruption of solvent or stationary phase 

10 molecules to allow the solute access. •
11 During this time it was deemed the cavity term. The 

meaning of the V term was then expanded to include dispersive interactions between the solute 

and the system. 12 Further experiments showed that the transfer of methylene groups from an 

aqueous to an organic phase relied heavily on interactions in the nonpolar phase. 13 The inference 

of such work was that the dispersive interactions play a key role in solute retention. 14 The current 

classification ofV by molecular size (the McGowan volume) works well for LC but not for other 

processes such as GC. 15 

Apart from V and E the solute descriptors have to be calculated indirectly. They arise 

form regression analysis of the partitioning process in multiple solvent systems. 16
•
17 Partition 

coefficients calculated by modeling and yielding the lowest deviation when comparing them to 

observed values, are taken as the acceptable values. 

Overall, the model rationalizes retention as differential interactions of an analyte with 

both of the chromatographic phases. As such, model outputs for the system constants can hold 

either a positive or negative value depending on the phases in which a molecular interaction 

18predominates. 14
• •

19 Since the model rationalizes the retentive process in this manner, the mobile 

phase used for analysis must remain constant across the columns tested. 14 This limits the model 

to assessing selectivity differences in one chromatographic mode at a time. 

The LSER model has found use in assessing the thermodynamics and retention properties 

21 22 23 25 26of numerous separation systems other than LC, such as GC, 20
• • • •

24 and SFC. 19
• • •

27 In some 
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cases it has been applied to further develop the understanding of the mechanisms responsible for 

26 28 29retention in different chromatographic modes. 18 , , , ,30 Additionally, the model has shed light 

on the effects of altering mobile phase systems on retention of anlytes in RP-HPLC.11,31 Early in 

its establishment, the LSER model was used to assess over 600 different chemical systems. 32 

This provides a vast basis of knowledge for chromatographers to understand and predict 

retention across numerous systems. 

As new stationary phases are developed and applied, it is important to assess how they 

behave in reference to existing phases. This chapter explores characterization of the phenylene 

polymer phases described in Chapter two by the LSER model. These stationary phases were 

designed to behave similarly to phenyl phases with polar functional groups embedded to alter 

selectivity especially for polar analytes. Herein, we evaluate the new polymer phases and 

compare them to three commercial columns (a C1 8, a phenyl, and an amide column). Two of 

these columns are traditional reverse phase columns. It was expected that the polymer phases 

developed have a behavior similar to that ofphenyl columns. The amide column has the capacity 

for hydrophilic interactions with analyte and it is included in our studies for comparison. 

3.2 Experimental Section 

3.2.1 Chemical Reagents 

All chemicals for the study were used as received from the manufacturers with no further 

purification. Ten milliliter stock solutions of each analyte were prepared in acetonitrile (with the 

exception of phloroglucinol and hydroquinone being prepared in water) at a concentration of 

2mg/mL using volumetric flasks . Stock solutions were filtered through a 0.45 µm membrane 
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filter prior to use. Individual samples were prepared by dilution of the stock solutions in the 

desired mobile phase at a concentration of20 µg/mL. Analytes were obtained from multiple 

chemical vendors . Toluene, ethylbenzene, propylbenzene, o-toluidine, biphenyl, phenol, aniline, 

N, N dimethylaniline, caffeine, phloroglucinol, hydroquinone, bromobenzene, chlorobenzene, 

nitrobenzene,p-nitroaniline, benzophenone, acetophenone, methyl benzoate, 2,4 dimethylphenol, 

o-nitrophenol, o-cresol, m-cresol, and anisol were obtained from Sigma Aldrich (St. Louis, MO). 

Naphthalene and benzyl alcohol were obtained from Fisher Scientific (Fair Lawn, NJ). HPLC 

grade acetonitrile was also obtained from Fisher Scientific and filtered through a 0.2µm nylon 

filter and sonicated for 30 minutes to degas. 

3.2.2 Chromatographic System Conditions 

The chromatographic system used was a Waters I class UPLC with a flow through needle 

design. The UPLC was composed of a quaternary pump with a built-in degasser, thermostated 

sample compartment, a column oven with an active preheater, and a TUV detector. System 

control and data collection was achieved with Empower software from waters. Analyte detection 

was accomplished by absorbance at 210 nm. Commercial columns were used in the study for 

comparison with the in house synthesized phenylene polymer phases. The commercially 

available columns used were Acquity BEH phenyl (2.1 mm i.d. x 100 mm length, 1.7 µm 

particles), Acquity BEH C1s (2 .1 mm i.d. x 100 mm length, 1.7 µm particles), and Xbridge amide 

(4.6 mmi.d. x 150 mm length, 3.5 µm particles). The in-house columns tested were all 2.lmm 

i.d. x 50 mm length, packed with the materials APpol-6h, APpol-3h, APpol-1 Op, HAPpol-30m, 

and APpol-6h Xlink materials (see Table 2.8 for the composition of each material). Additionally, 

a column packed with silica particles derivatized with p-aminophenyltrimethoxysilane (p-
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AMPTMS) was tested; this column was prepared as outlined in the thesis of Amaris Borges

Mufioz.33 

The mobile phase used for model was composed of acetonitrile and water 50/50 (v/v). 

Acetonitrile and water were filtered through a 0.20µm filter and sonicated for 20 minutes to 

degas prior to use. The column temperature was set to 25°C to mitigate the influence of 

fluctuations in laboratory temperature. A flow rate of 0.200 mL/min was used for each of the 

columns having an i.d. of 2.1 mm while 1.0 mL/min was used with columns having an i.d. of 4.6 

mm. An injection volume of 1 µL was used for all analytes unless otherwise stated. Modeling via 

multilinear regression and statistical analysis of the data collected was performed with 

OriginPro8 software (OriginLab Corp. , Northampton, MA, USA). 

3.3 Results and Discussion 

3.3.1 Model fitting and analysis 

The LSER modeling was performed using 21 solutes in the 9 columns studied. The 

analytes used as well as the corresponding descriptors for each analyte are presented in Table 

3.1. The descriptors presented are well known and can readily be found in the literature. 17
•
34 

Injections of each analyte were performed in triplicates and the average retention factor was used 

for construction of the LSER model. From the resulting model, system constants characterizing 

the columns retentive properties were determined. The fit of the LSER model was analyzed 

statistically via the model ' s correlation coefficient, standard error of the estimated parameters, 

and the Fisher's F-test statistic. Phenylene polymeric stationary phases, prepared in house, with 

varying surface loadings were assessed by the model and compared to commercial phenyl and 
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Table 3. 1 Analytes used for retention studies and their corresponding LSER descriptors a 

Compound E s A B V 

N-N dimethylaniline 0.957 0.84 0 0.42 1.098 

o-toluidine 0.966 0.92 0.23 0.59 0.957 

bromobenzene 0.882 0.73 0 0.09 0.8914 

nitrobenzene 0.871 1.11 0 0.28 0.8906 

caffeine 1.5 1.6 0 1.33 1.363 

methyl benzoate 0.733 0.85 0 0.46 1.073 

benzyl alcohol 0.803 0.87 0.33 0.56 0.916 

phenol 0.805 0.89 0.6 0.3 0.7751 

hydroquinone l l 1.16 0.6 0.834 

phloroglucinol 1.355 1.12 1.4 0.82 0.8925 

aniline 0.955 0.96 0.26 0.5 0.8162 

chlorobenzene 0.718 0.65 0 0.07 0.8388 

acetophenone 0.818 1.01 0 0.48 1.0139 

toluene 0.601 0.52 0 0.14 0.8573 

acetaminophen 1.17 1.63 1.04 0.86 1.06 

propylbenzene 0.604 0.5 0 0.15 1.1391 

ethylbenzene 0.613 0.51 0 0.15 0.9982 

benzophenone 1.447 1.5 0 0.5 1.4808 

naphthalene 1.34 0.92 0 0.2 1.0854 

p-nitroaniline 1.22 1.91 0.42 0.38 0.991 

biphenyl 1.35 0.99 0 0.22 1.3242 

a The descriptors were obtained from reference34 
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C1s stationary phases. A commercial amide column was also tested as this column represents a 

much more hydrophilic bonded phase than our columns. The amide column will provide a basis 

for how a hydrophilic bonded phase fits in the multilinear regression analysis. Given the 

potential that the polymeric phases developed in house may have the capacity for mixed mode 

separations, we felt it important to analyze a hydrophilic bonded phase with the model. 

Determination of outliers was accomplished through residual analysis. For this analysis 

studentized residuals are used (residuals are rescaled by the standard error). A studentized 

residual value greater than± 2.5 was considered an outlier.35 Analytes characterized as outliers 

varied from column to column and were removed from the set considered in model analysis. 

System constants yielded by the multilinear regression analysis are presented in Table 

3.2. Statistical analysis of the model fitting is also presented in the table. A strong linear 

dependence of the variables is observed assessing the correlation coefficients (R) for the model 

on each column. Correlation coefficients range from 0.980 with the APpol-6h Xlink column to 

0.994 with the APpol-3h column. Near unity R values suggest the model is a good fit in all cases. 

Further assessment of the models fit can be achieved with the Fisher (F) test statistic to test the 

relationship between the dependent variable (log k) and the independent variable (solute 

descriptors). Performing the F- test at the 95% confidence interval further justifies the model as 

an appropriate representation of the data. Residual plots, shown in Figure 3.1 A and B, were 

constructed using the studentized residuals output from model analysis in OriginPro8 to assess 

inadequacies of the model. Observation of the residual plots reveals random distribution of the 

residuals with a consistent variation. This suggests there are no nonlinearities in the model and 
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Figure 3.1 A Plots of studentized residuals from the LSER model for the columns tested. 
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Figure 3.1 B Plots of studentized residuals from the LSER model for the columns tested 
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that the model satisfies the assumptions for regression. 36 As mentioned previously any residual 

with a value of± 2.5 was rejected as an outlier. The studentized residuals were used for residual 

analysis. This represents a normalization technique in which the raw residuals by the standard 

deviation. 

Assessment of the model goes beyond simply validating that the model fits to the data. 

The LSER model provides insight into the chemical interactions responsible for retention of an 

analyte and the prevalence of said interaction in the stationary and mobile phases. Magnitudes of 

the system constants signify the difference between the strength of interactions in the stationary 

and mobile phases. The sign is indicative of which phase has a higher propensity for an 

interaction. Positive coefficients denote a greater interaction with the stationary phase. 

Consequently, a negative value indicates that interactions are more pervasive in the mobile 

phase. The existence of small or zero value coefficients suggests the interaction being described 

is of similar magnitude in both chromatographic phases. The LSER model coefficients for each 

column are graphically portrayed in Figure 3.2. All but one of the phases analyzed exhibit 

traditional reverse phase characteristics. A typical reverse phase column exhibits a positive v 

term and negatives, a, and b terms. This indicates a propensity for hydrophobic interactions 

while suggesting that dipole-dipole and hydrogen bonding interactions are stronger in the mobile 

phase. A discussion of the interactions observed on the generated materials and their commercial 

counterparts is discussed below. 

The v-term is representative of hydrophobic interactions between the analyte and the 

relevant chromatographic phase. Reverse phase columns will yield positive v values, indicating 

that dispersive interactions between analytes and the stationary phase predominate. All the In

house stationary phases studied yielded positive v values. This indicates that the phenylene 
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polymeric layer can be used in reverse phase chromatography under the conditions used for the 

model. The traditional C1s column shows the greatest ability for hydrophobic interactions, 

reflected on the highest value for the v term of the columns studied. This was expected even 

though the polymeric layer consists of multiple aromatic rings bound together. Generally, phenyl 

type phases are less hydrophobic than C 18 phases; additionally, the polymeric layer has several 

embedded polar groups.18 The v-term values for the phenylene polymer phases appears to 

decrease as surface loading decreases APpol-6h and APpol-6h Xlink columns providing the 

highest v-term (1 .0) . The observed decrease, however, is not significant at the 95% confidence 

interval as per a two-tailed t-test when comparing with APpol-3h. The observed difference in v

values between APpol-6h and APpol-l0p however, is statistically significant (a=0.05). 

Collectively, the v-terms for the phenylene polymeric phases are all statistically different from 

that of the commercially available phenyl phase tested using a two-tailed t-test with an a of 0.05. 

Lastly, APpol-6h yielded a higher v-term than H-APpol-30m (statistically different at a= 0.1) 

despite a lower surface loading (see table 2.8). This can be rationalized by the fact that while the 

organic content of these materials is slightly lower than H-APpol-30m, the surface area is 

approximately 25% larger. This increase in surface area would be expected to result in an 

increase in retention for all analytes. 

The s-term in the model represents the extent of dipole-dipole interactions occurring in 

the system.14 For nearly all the columns tested the s-term was negative, indicating that under the 

model conditions the dipole-dipole interactions occur predominantly in the mobile phase (see 

Figure 3.2). This result is consistent with expectations ofreverse phase stationary phases. The 

APpol-3h column yielded the highest, negative value for the s-term (-0.55). It is unclear why this 

stationary phase shows a lower propensity for dipole-dipole interactions than both APpol-6h and 
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H-APpol-30m; both of which have higher organic content than the APpol-3h column (i.e. , higher 

number of benzene rings, see Table 2.8). It was expected that APpol-3h would behave very 

similarly to APpol-6h. At this point it is unverifiable why these differences arise considering that 

spectroscopic analysis of the phases yield similar results . There is a distinct possibility that the 

lower the number of rings, the less the potential for leaving amines on the surface. 

The Acquity phenyl column, the p-APTMS column, APpol-6h, and H-APpol-30m 

produced similar values for the s-term (ranging from -0.20 to -0.26). The Acquity phenyl column 

yielded the highest negative s coefficient of these four stationary phases. On the commercial 

phenyl column dipole-dipole interactions can only be attributed to unreacted silanol groups at the 

surface, hence the propensity of analytes to have dipole-diploe interaction with the mobile phase 

is higher. The phenylene polymeric materials contain nitrogen moieties, in addition to unreacted 

silanols that could both participate in dipole-dipole interactions. It was expected that the 

inclusion of these groups would increase the hydrophilic interactions observed in the column. 

Under the system analyzed however, this does not appear to be the case. This may result from 

the low relative abundance of nitrogen in the polymer or the high aqueous content of the mobile 

phase. It may be interesting to use a different mobile phases with higher organic content to 

promote such interactions in the stationary phase. 

Oddly, the phenylene phase that was cross-linked appears to exhibit a small positive 

value for the s-term. This was highly unexpected given that this phase yielded the highest v-term 

value of the phenylene polymeric phases. We speculate the possibility that after the Friedel

Crafts chemistry performed to crosslink aromatic subunits of the polymeric layer on silica not all 

the iron catalyst may have been removed. The iron catalyst is Lewis acidic and could interact 

strongly with the silica surface. Any residual iron remaining on the stationary phase can 
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significantly increase the extent of dipole-dipole interactions between analytes and the stationary 

phase. Based on this observation, we recommend further investigations to determine if residual 

iron is present on the cross-linked phase. Iron contamination could be mitigated by washing with 

a complexing agent such as EDTA and assessed via x-ray spectroscopy. The commercial amide 

column yields an s coefficient statistically indistinguishable from zero. 

The b-term of the model is indicative of the ability of stationary phases to accept a lone 

pair of electrons or donate H-bonds. Both the amide and phenylene polymer columns have 

embedded amine groups which can act as H-bond donors. Additionally, the residual silanols 

groups of the stationary phases can provide these interactions. Water present in the mobile phase, 

however, provides the potential for extensive hydrogen bonding. Of the columns tested only the 

Xbride amide column yields a positive b coefficient (0.164). The commercial phenyl column 

exhibits a larger negative b coefficient than all the phenylene polymer columns tested (-0.90 vs 

-0.79 to -0.60). Analysis of coefficients yielded by the commercial column and each of the 

polymeric columns via a two tailed students t-test shows the difference is significant in all 

instances. This likely results from inclusion of amines within the polymer which can act as 

hydrogen bond donors. APpol-6h Xlink yields a large negative b coefficient consistent with the 

other columns. Again, this suggests the stationary phase is less effective at accepting electrons 

than the mobile phase. This contradicts the inclusion of adsorbed iron in the stationary phase. 

Objective conclusions on the presence of iron will need to be assessed spectroscopically via 

XPS. 

The model a-term corresponds to the stationary phase capacity for donating a lone pair of 

electrons or accept a hydrogen bond. The amide phase yields a coefficient of0.002 ± 0.006. All 

other columns yield a negative a-coefficient. These values range from -0.10 on the p-APTMS 
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column to -0.32 on the APpol3h column. This suggests, perhaps apart from the amide column, 

that the mobile phase is slightly more basic than the stationary phase. For the polymer columns, 

which contain primary amines, this may seem unintuitive. Since the amines present are aryl 

amines however, they become much less basic. This is due to distribution of the electron density 

provided by the nitrogen atom around the aromatic ring.37 Additionally, all of the polymer 

columns except H-APpol-30m yield higher, negative coefficients than the commercial C1s and 

phenyl phases. This may result from the polymer layer making residual silanols at the silica 

surface more inaccessible for interactions with analytes. 

Lastly, the e-term in the model denotes interactions via nonbonding electrons in the 

system. These could be either n or p-electrons. 38 All the systems studied show predominance of 

nonbonding electron interactions in the stationary phase. Numerous studies in the chemical 

literature corroborate these findings. 39
,
40 In the case of stationary phases presented in this study, 

nonbonding electron interactions are attributed mainly to oxygen atoms from the silica support. 

The aromatic phases tested can contribute to this parameter through their n electron networks. 

Additionally, the phenylene polymeric stationary phases incorporate nitrogen atoms into their 

structure. Inclusion of the non-bonding electrons from these groups may explain the higher e

term values yielded by the phenylene polymer phases in comparison to the commercial columns 

tested. 

Resulting from model analysis, the Acquity phenyl column was chosen as point of 

comparison for the polymer columns as it is the phase that behaves most closely to the in house 

generated columns. This almost certainly arises from the fact that all of these phases are based on 

aromatic rings. Log kplots, shown in Figure 3.3 , is a means to explore similarities in both the 

retention mechanism and the thermodynamics of analyte interaction across columns. In analysis 
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Figure 3.3 Plot of the log k for various compounds obtained in the Acquity Phenyl versus log k 

of compounds obtained in the polymeric, in-house columns APpol-6h, APpol-3h, APpol-1 Op, 

and H-APpol-30m. 
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of the plots, reports in the literature indicate that a high correlation between the log k values 

across both columns are indicative of similar retention mechanisms. 41 If regression analysis 

yields a slope of one, then the energetics of the retention process are identical. Conversely, a 

poor correlation suggests different retention mechanisms persist across the columns being 

compared. As seen in the figure, the in house generated polymer columns behave very similarly 

to a commercial phenyl column. 

The in house generated polymer columns behave very similarly to a commercial phenyl 

column. Comparing the APpol-6h column with the Acquity phenyl column a correlation 

coefficient of 0.94 is obtained. More variation is observed if the bonded phases do not share the 

same support. Since different silica supports are used for these two phases ( the commercial phase 

uses a hybrid silica support), 0.94 represents a high correlation coefficient. Additionally, a slope 

of 0.97 ± 0.06 is obtained in regression analysis. This suggests not only are the retention 

mechanisms for analytes similar on both columns, but the energetics of the retention process are 

very similar as well. 

When comparing APpol-6h to the Acquity C1s column a correlation coefficient of 0.91 is 

observed. This decrease in correlation between the log k values may result from n-n interactions 

not being possible with a C 1s alkane chain. All of the analytes tested contain aromatic rings 

enabling the possibility of pi stacking interactions to contribute to selectivity when aromatic 

bonded phases are used. Regression analysis yield a slope of 1.4 ± 0.1 suggesting the C1s phase 

is significantly more hydrophobic than the APpol-6h stationary phase. This corroborates data 

yielded by LSER analysis. 
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3.4 Conclusions and Future Work 

Six in house columns were assessed by LSER analysis. These columns were compared to 

commercial C1 s, phenyl, and amide columns. The phenylene polymeric phases behave most 

similarly to the commercial phenyl phase in terms of retention mechanism. Hydrophobicity of 

the phenylene phases can be altered by controlling the surface loading. This is justified by 

observing v coefficients output by the LSER model to surface loadings presented in chapter two. 

For the three non-crosslinked, Kinetex® silica based phases, lower model v coefficients are 

observed as surface loading decreases. Differences in model outputs for the b and e coefficients 

suggest amines present in the phenylene polymeric phases may contribute to selectivity on these 

columns. Under the conditions tested, the in house developed phases show traditional reverse 

phase behavior. Alteration of the mobile phase used for analysis would assist in deducing the 

influence the amines present in the polymer can have on analyte selectivity. Further analysis of 

the polymer stationary phases under HILIC and ion exchange modes is recommended to fully 

elucidate its capabilities as a stationary phase 
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Chapter 4. Alternative Methods Towards the Development of Hydrolytically Stable 

Stationary Phase 

4.1 Silica Surface Hydride Layer Formation 

Silica has long held a prominent place as a support material for liquid chromatography. 

Key properties responsible for silica's widespread use in the field were described in detail by 

Unger. 1 Modem silica gel supports can be broken down into three types; type A, type B, and 

type C distinguished by the chemistry of the material. Type A silica was pervasive until the 

1990s.2 This type of silica has a higher metal concentration than its more pure counterpart, type 

B silica. This high metal concentration made for more acidic surface silanol species and higher 

peak asymmetry for basic analytes_3,
4

,
5 Type B silica mitigates this issue to an extent by limiting 

the metal contamination in the silica, limiting the acidity of the silanol species. Both type A and 

B silica are typically modified via organosilaniztion. 1 This results in attachment of the bonded 

phase via a Si - 0 - Si - C bond. As mentioned in section 2.1 this attachment to the surface can 

be hydrolyzed under acidic mobile phase conditions. 

Type C silica represents a relatively new support material characterized by a surface 

populated with silicon - hydride groups. This material was first investigated in the late 80s by 

Joseph Pesek and colleagues.6'
7 The hydride surface was generated via one of two methods; 

chlorination of the surface silanols with thionyl chloride and subsequent reduction with lithium 

aluminum hydride6
'
7 or controlled silanization with triethoxysilane (TES). s,9 Studies suggest 

conversion of approximately 95% of the surface silanol groups is possible. 10
,
11 Once the silica is 

passivated, catalytic chemistry can be used to add alkenes or alkynes to the surface hydride 

groups. This reaction, typically referred to as hydrosilation, results in a direct Si - C linkage to 
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the surface. Thus, bonded phases synthesized via hydrosilation demonstrate enhanced acid 

7stability. 12 , 

Hydrosilation has proven to be a versatile technique, having been used to generate a wide 

3 14 15 16 17 18 19 range of bonded phases over the years_ 1 , , , , , , ,20 In addition, the hydride surface itself 

provides unique selectivity and helps eliminate peak asymmetry, especially in basic analytes, 

typically attributed to nonspecific interactions with residual silanol species. 2 1 Type C supports 

have been shown to retain polar analytes in highly organic mobile phases even in the presence of 

hydrophobic bonded phases.22 The mechanism by which this occurs is often referred to as 

aqueous normal phase (ANP). ANP operates on a very similar basis as HILIC and the two 

modalities are often compared or used interchangeably. 23 
,
24 Others prefer to separate the two 

modalities stating that ANP implies a mixed mode mechanism; a combination of interactions 

take place because of the aqueous mobile phases (RP mechanism) used and those that are due to 

an NP like mechanism between the analytes and stationary phase .25 
,
26 Separations done in ANP 

mode can resolve both hydrophilic and hydrophobic analytes in the same separation. The unique 

selectivity of type C silica phases is attributed to the silicon hydride bond predominating the 

surface of supports. 

The chemical stability and unique selectivities demonstrated on silica hydride based 

stationary phases make them an interesting chromatographic support. However, use of type C 

silica in literature is limited. This can be attributed to the lack of commercial vendors and core

shell products with this chemisty.2 1 In this work we attempt to generate a hydride layer on 

commercially available core-shell silica. Using hydrosilation, 4-vinylaniline will be attached to 

the surface and its spectroscopic and chromatographic behavior investigated. 
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4.1.2 Experimental Section 

4.1.2.1 Chemical Reagents 

Triethoxysilane (TES) was purchased from Gelest Inc. (Tullytown, PA). ACS grade 

sodium nitrite was obtained from Avantor Performance Chemicals (Center Valley, PA). 

Hydrochloric acid, isopropanol, hexane, tetrahydrofuran (THF), potassium bromide and toluene 

were obtained from Fisher Chemical (Pittsburg, PA). Hexane, THF, and toluene were dried in 

house with 4A molecular sieves (Fisher Chemical) for at least 48 hours prior to use . Apex 

silica® particles, 1Oum, were obtained from (Jones Chromatography Inc. Columbus, OH) and 

washed prior to use. For comparison purposes, 4 um commercially available hydride silica 

particles were used as received (MicroSolv Technology Corp. , NJ). Superficially porous silica 

particles (Kinetex® 5 µm) were obtained from Phenomenex (Torrance, CA). Chloroplainic acid 

hexahydrate, 4-vinylaniline, p-phenylenediamine, ethylbenzene, and propylbenzene were 

obtained from sigma (St. Louis, MO). Ethanol was obtained from Decon Laboratories (King of 

Prussia, PA). All water used was prepared in house by deionizing distilled water to a resistivity 

of 17.2 M.Ocm using a Barnstead Easy Pure II ultrapure water system. Argon gas was obtained 

from Irish Welding Supply (Buffalo, NY). All column packing equipment was purchased from 

IDEX (Lake Forest, IL) . All columns used in his work are 50 x 2.1mm inner diameter and 

packed as indicated in chapter 2 section 2 .2.4. 
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4.1.2.2 Stationary phase synthesis 

4.1.2.2.1 Hydride layer formation on silica 

Fully porous silica particles were washed in a 50mM hydrochloric acid solution at 80°C 

for 3 hours prior to modification. The fully porous particles were used for initial testing due to 

limited availability of the core shell particles. Acid washing ensures that the silica surface is fully 

oxidized, meaning more reactive silanol groups are exposed. The particles were then isolated, 

rinsed with water, and allowed to dry for at least 12 hours at 120°C under vacuum. A 50mM 

TES hydrolysate solution (0.15M water and 5mM HCl) was made in anhydrous THF. The 

hydrolysis process is allowed to proceed at room temperature under a nitrogen atmosphere and 

continuous stirring for 30 minutes. Meanwhile, 0.25 grams of silica was weighed and added to 

50mL of dried hexane in a 1 00mL round bottom flask. A magnetic stir bar was placed in the 

slurry and the flask closed with a rubber septum. A gentle stream of nitrogen gas was run 

through the flask to ensure no additional moisture was introduced to the reaction. If this were to 

occur, it would lead to polymerization of TES in bulk solution resulting in uneven surface 

coverage. Once hydrolysis of TES proceeded, it was transferred to a 20 mL plastic syringe. A 

PHD 2000 infusion syringe pump (Harvard Apparatus Holliston, MA) was used to introduce the 

hydrolyzed TES solution into the silica slurry at a constant rate of 1.8 mL/minute. The reaction 

proceeded for a total of 30 minutes before the products were isolated via centrifugation. Washing 

of the product was done via three cycles of dispersion and centrifugation in toluene and 

isopropanol respectively. The washed products were dried under a nitrogen stream and 

subsequently under vacuum at 120°C overnight. 
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4.1.2.2.2 Hydrosilation ofthe hydride surface 

After addition of the hydride layer to the bare silica particles, a hydrosilation reaction was 

used to attach aminated phenyl moieties to the surface. To accomplish this a platinum catalyst 

was used to add the hydride at the surface to an olefin. Specifically, in this work, chloroplatinic 

acid (CPA) is used as the catalyst in the reaction of the surface hydride with 4-vinylaniline. For 

assessment of the catalytic process, commercially available, fully porous, hydride particles were 

also modified following the same procedures. Proof of the catalyst's proficiency was needed 

since literature suggests that reagents containing amine groups can deactivate the catalyst and 

give lower yields.27 This is most likely caused by the amine attaching irreversibly to the platinum 

center during the oxidative addition portion of the mechanism. 9 

The reaction was carried out under anhydrous conditions. All glassware was cleaned 

thoroughly and placed in the base bath prior to performing the reaction. After rinsing and drying 

all glassware, the reaction apparatus was assembled while still hot to prevent adsorption of water 

as much as possible. The system was then flushed with nitrogen for 1 hour prior to 

commencement of the reaction. A 10% molar excess ( as compared to surface hydride groups) of 

4-vinylaniline was solvated in dried toluene then added to the reaction vessel. This solution was 

brought to temperature (80°C) in an oil bath. CPA was introduced as a 5mM solution in 

isopropanol to ensure solubility. The optimal amount of catalyst to be used was 10-3:1 mole ratio 

of catalyst to surface hydride.28
•
29 Previous work suggests that the optimal reaction time and 

temperature is 96 hours at 80°C, respectively. 28
•
13 

Products were collected via centrifugation. The products were washed via cycles of 

dispersion in solvent and centrifugation. The reaction products were washed three times each in 
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toluene, acetone, isopropanol, and a five percent volume HCl solution respectively. After 

washing the products were dried at 120°C under vacuum overnight. 

4.1.2.3 Material Characterization 

Surface area and pore dimensions for all bare and modified silicas were obtained through 

Brunauer-Emmett-Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore 

size and volume analysis respectively. Analysis was done on a Quantachrome Nova 1200e 

surface area and pore analyzer (Boynton Beach, FL) using nitrogen gas as the adsorbate in all 

cases. Degassing of the materials was done at 120°C overnight under vacuum prior to analysis. 

Analysis of unmodified silica was used to determine the proper amounts of reagents needed for 

modification assuming 8 µmol/m2 of reactive silanol species on the silica surface. 

Reaction products were analyzed by diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) using a Perkin Elmer spectrum two FT-IR (Waltham, MA) equipped 

with a DRIFTS optical stage. Samples were dried for a minimum of 12 hours at 120°C prior to 

analysis and cooled in a desiccator to limit water adsorption. Samples were diluted in a KBr 

matrix (1:10 ratio m/m) and ground using mortar and pestle. A 20mg sample cup was used for 

each analysis. Pure potassium bromide was used as the background. Spectra are a result of 300 

total scans from 4000 cm-1 to 400 cm-1
. 

Thermogravimetric analysis (TGA) was done on a Perkin Elmer TGA 7 (Waltham, MA). 

For all experiments, approximately 10mg of material was loaded into a pre-tared platinum 

balance pan. The samples were heated from 25 - 100°C at 20°C/min, held at 100°C for 5 

minutes, heated from 100 - 150°C at l 0°C/min, and finally heated from 150 - 900°C at 5°C/min. 

A mixture of nitrogen and air were flowed through the system and ensure oxidizing conditions. 
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The gas flow rate used was 304sccm. Surface loading was determined using the percentage of 

weight lost from 150- 900°C as demonstrated by equation 1 in chapter 2. Data was acquired and 

processed using Pyris software. 

4.1. 3 Results and Discussion 

4.1.3.1 Development ofa Hydride layer 

The development of type C silica has proven a useful method in the development of 

hydrolytically stable materials. Use of fully porous, passivated silicas as support materials for 

HPLC have been reported by multiple authors in the literature. Transfer of this ideology to 

superficially porous materials has, to the best of our knowledge, remained largely unexplored. 

Herein, the development of a hydride layer on core-shell silica is explored. Selected stationary 

phases are then synthesized using a catalytic reaction. Literature suggests use of the hydride 

surface will greatly increase the hydrolytic stability of the stationary phases generated and 

potentially provide unique selectivity. 22
,
25

,
26 Additionally, using the hydrosilation reaction for 

surface modification results in organic bonded phases being attached directly to the silica 

backbone via silicon-carbon bonds. This attachment is not labile in the presence of acid and thus 

should not hydrolyze under typical chromatographic conditions, even in the presence of harshly 

acidic mobile phases. 

Passivation of the surface was conducted using silane chemistry with experimental 

modifications to encourage formation of a self-assembled monolayer. Specifically, TES was 

allowed to hydrolyze with water and HCl in dry THF prior to reaction with the silica surface 

This allows for horizontal polymerization of the silane on the silica surface, resulting in a 

homogenized hydride layer.9
,
30 Literature states the hydrolysate solution needs extensive dilution 
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in a dry organic solution to ensure a monolayer of hydride is formed. 9 To ensure proper dilution 

the bare silica is dispersed in hexane and the hydrolysate solution subsequently added. The 

infusion rate of 1.8 mL/min was designed to keep the effective dilution factor of the hydrolysate 

between 35 and 300 fold. This assumes that reaction of the hydrolysate with the silica surface 

occurs rapidly. The average dilution factor achieved in the method above was deemed adequate 

to prevent vertical polymerization of the silane reagent. 9 

Preliminary attempts at formation of the hydride layer followed the literature method 

exactly.9 To ensure this, the exact surface area of the silica particles being used needed to be 

assessed. This was done by BET analysis, the resulting isotherm and pore size plot is presented 

in figure 4.1. BET analysis reveals a surface area of 146 m2/g. The hydrolysate solution was 

established to contain a 25% molar excess of TES to surface silanol groups assuming a surface 

silanol concentration of 8 µmol/m2
. The surface composition of the TES modified silica particles 

was assessed by DRIFTS. The resulting spectrum is show in figure 4.2. A spectrum of the 

unmodified silica is included in the figure to highlight differences. After modification using a 

1.25: 1 molar ratio of TES to surface silanol groups, a pronounced peak appears at 2257 cm-1
. 

This peak is indicative of the silicon hydrogen stretching mode at the surface. 31 Additional peaks 

at 2980 cm-1 and 2876 cm-1 indicate C-H antisymmetric and symmetric stretching modes from 

insufficiently hydrolyzed silane reagent. The bare silica particles show a sharp peak at 3650 cm-1 

indicative of the isolated silanol stretching mode. This peak persists in the TES modified 

material suggesting that the hydride layer formed did not completely cover the silica surface. 

Literature states passivation methods are capable of converting approximately 95% of the silanol 

groups to hydrogen. This being the case, attempts at optimizing the hydride layer formed were 

made. 
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passivation. 
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Attempts at optimizing the hydride layer were made by altering the mole ratio of TES to 

silanols. Mole ratios of 3: 1 and 5: 1 were used in subsequent reactions and the silica products 

analyzed by DRIFTS as shown in figure 4.3. For comparison purposes the 1.25:1 mole ratio 

product, previously analyzed, is also shown in Figure 4.3. It can be appreciated that the signal 

corresponding to the Si-H stretching mode increases with the molar ratio of TES to surface 

silanol. This increase is more pronounced between the 1.3 : 1 and 3: 1 reaction product. It is also 

observed from the spectra that carbon hydrogen stretching modes begin to appear when a higher 

ratio of TES was used. The stretching modes increase in intensity as more TES is used. This is 

likely a result of the vertical polymerization of the silane. Because of vertical polymerization, 

residual ethoxy groups remain at the surface. It is possible that at higher TES: silanol ratios the 

dilution in hexane is insufficient to prevent vertical polymerization. Peak intensity of the free 

silanol stretching mode is inversely proportional to the amount of TES used. This signifies that 

the amount of surface passivation is higher. As a compromise between incomplete hydride layer 

formation and vertical polymerization, the 3:1 mole ratio TES: silanol reaction was chosen as the 

intermediate for the hydrosilation reaction. The hydrosylation reaction conditions were first 

optimized on commercially available type C silica to ensure a complete hydride layer was 

present. The method was then transferred back to the 3: 1 TES silica particles to assess the 

results. 

The process of forming a uniform hydride layer via the above method proved largely 

unsuccessful. A major limitation of the process is the inability to quantitate the concentration of 

surface hydride species. Attempts were made to quantitate based on TGA as presented in the 

literature.32 This method was ineffective for analysis of the materials generated herein due to the 

low surface area. The method depends on conversion of the hydride moieties at the surface back 
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to a silanol group which is then condensed down to a siloxane linkage. The small mass change 

inherent to this process was not able to be measured by our system. With DRIFTS analysis 

however, elimination of the free silanol stretching mode, signifying complete passivation of the 

surface, is not possible until vertical polymerization is observed. This suggests passivation of the 

surface by this method is not ideal for generation of type C silica stationary phases. 

4.1.3.2 Hydrosilation ofthe hydride surface 

The feasibility of using chloroplatinic acid as a catalyst for the hydrosilation process was 

first assessed by modifying commercially available, fully porous type C silica particles with 4-

vinylaniline. BET analysis of the hydride silica yielded a surface area of 376 m2/g. The reaction 

was attempted using commercial silica first to test catalyst's proficiency. Literature suggests that 

use of platinum catalysts with reagents containing amines can result in deactivation of the 

catalyst and result in low yield.27 FT-IR analysis of the reaction products are shown in figure 4.4. 

The most notable feature of the unmodified material is the Si - H stretch (2257 cm-1
). After 

reacting with the platinum catalyst sharp bands appear indicating attachment of the vinyaniline. 

Five new peaks appear in the spectrum for the modified material at 1515, 1622, 2851 , 2982, and 

3056 cm-1
. These peaks are representative of stretching modes of the aromatic ring, NH2 

deformation, carbon hydrogen symmetric and anti-symmetric stretching modes of the sp3 

carbons linking the ring to the surface, and carbon hydrogen stretching modes of the aromatic 

ring respectively.31 The high intensity of these peaks indicates high surface loading with the 

moiety of interest. In addition to new peaks observed, the silicon hydrogen stretching signature at 

2257 cm-1 becomes less intense, further suggesting the reaction of the surface hydride groups. 

118 

https://respectively.31
https://yield.27


1.6 
~ A 
':::!2.0 

"'O 
Q) 
N 

ro 
E 
!.... 0.8 
0 z 

Si-OH B 

Si-HC-H 
• C=C 

o.o---~-~~--~-------N.....;H2 ___~__.........,. 
4000 3500 3000 2500 2000 1500 1000 500 

Wavenumbers (cm
-1 

) 

Figure 4. 4 DRIFTS analysis of (B) hydrosilation products on (A) commercial hydride silica. 
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Multiple attempts were made at modification of the hydride surface. TGA of the products (figure 

4.5) reveals a maximum surface loading of 6.4 µmol/m2 according to equation 2.1. This result 

suggests that despite the reduced efficiency of the platinum catalyst in the presence of 

amines, a high number of surface species are still modified. In fact, the surface loading achieved 

by this method far surpasses what was possible binding aryl amines by silanization even after 

extensive optimization. The high surface loading as well as the direct attachment of the bonded 

phases to the surface via a silicon - carbon bond is expected to produce a highly acid stable 

product. 

Having demonstrated that catalytic modification of the type C surface proceeded with a 

high yield; the method was transferred to the SPP passivated in house. Reaction products yielded 

far lower surface loadings than the commercially available type C silica. A maximum surface 

loading of 2.4 µmol/m2 was achieved by this method. This suggests that surface passivation with 

TES is incomplete as previously indicated. The surface loading achieved by this method is 

approximately half that achieved by traditional silane chemistry with p-aminophenyltrimethoxy 

silane. Consequently, it was determined the TES method used to develop the hydride layer 

needed further optimization. Conversely, a different passivation method may be needed. Further 

synthetic work, starting with the commercial silica, and preliminary chromatographic studies 

with these materials were investigated by the M.A thesis of Martin Gamero. 33 

121 



4.2 Generation of a Carbonaceous Layer on Silica 

4.2. 1 Introduction 

Stationary phases based on graphitic carbon have attracted interest in separation sciences 

35 36 37 38over the years.34
• • • • •

39 Despite interest, the development of these carbon phases has received 

relatively limited attention. Research on carbon phases began in the 1970s due to realizations 

that shielding of all residual silanols would never be plausible and that bonded phases on silica 

supports were highly susceptible to hydrolysis. Carbon based materials seemed a logical solution 

to these issues. Development of carbon phases suffered many drawbacks owing to inherently low 

mechanical stability, high retentivity, and poor homogeneity of the surface. Additionally, carbon 

materials tend to form a microporous structure leading to poor mass transfer and thus poor 

efficiency and peak shape. Early work assessed numerous synthetic methods with varying 

40 41 42 43 44 45degrees of success. • • • • • •
46 These included the reduction of PTFE with alkali metals 4° , the 

44 45 46 graphitization of carbo blacks42
• • • , and the coating of silica with pyrocarbon. 43 Development 

of carbon phases suffered many drawbacks owing to inherently low mechanical stability, high 

retentivity, and poor homogeneity of the surface. Additionally, carbon materials tend to form a 

microporous structure leading to poor mass transfer and thus poor efficiency and peak shape. 47 

Eventually, a progression of materials developed by Knox et. all culminated with the 

production ofporous graphitic carbon (PGC), which would go on to become the first 

commercially successful carbon phase for HPLC.48
•
49 The success of PGC over its predecessors 

results mainly from the improved mechanical stability. The synthetic process to form PGC 

involves deposition of a polymer precursor on a silica template, graphitization of the polymer, 
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and dissolution of the template. The material formed is more robust than the aggregates of 

colloidal units being used previously.49 Unlike prior attempts this carbon phase retained good 

peak symmetry up to k :S 10.50 A commercial version of this carbon phase has been available 

since 1988 under the name Hypercarb® from Thermo Fisher Scientific. 

Analysis of the retentive properties of PGC phases has been explored in depth but a clear 

understanding of the retention mechanisms has yet to be fully grasped.51 Comparisons of PGC to 

traditional reverse phase media led to the discovery that introduction of both polar and nonpolar 

substituents to ring structures increased retention. 52 Additionally, it was discovered that the 

polarizability of analytes played a role in retention. 52 Forgacs, et al. studied the retention of 

phenolic species53
,
54 

,
55 and derivatives of aniline56 on PGC phases. Through this work it was 

discovered that the graphitic surface is sensitive to the electronic distribution of the analytes, 

including the number and hindrance of polar bonds. This unique feature allows for the separation 

of isomeric compounds. 57 Analysis of numerous polar species on Hypercarb® columns led to the 

assertion that retention was a factor of the delocalized nature of electrons in the carbon layer 

allowing for significant polarizability. 5s,59 A visual representation of this process is outlined in 

figure 4.6. In recent studies, highly polar analytes were able to be separated via hydrophilic 

interaction liquid chromatography on modified PGC stationary phases. 60 
,
61 Carbon phases can 

continue to be improved and could provide the answers for separating traditionally difficult 

samples. For example, carbon based stationary phases have attracted significant interest in the 

separation ofbiomolecules.34 
,
35 

In spite of improved performance of hypercarb® is both costly to produce and lacks the 

mechanical stability inherent to stationary phases bonded to silica or metal oxide supports. 62 

Pioneering work generating carbon phases on the aforementioned supports was done via 
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Figure 4. 6 Visual representation of the induced dipole interactions when approached by a) a 

positive charge and b) a negative charge. These interactions are theorized to produce the 

observed retention of polar analytes on PGC surfaces. Reproduced from reference 63. 63 
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chemical vapor deposition of a carbon source (hexane) at high temperature under nitrogen. 64
•
65 

Initial attempts were made on zirconia supports, however, the low surface area of these supports 

rendered the materials inappropriate for HPLC. 66 Despite research into other inorganic supports, 

silica based stationary phases are still preferred. Carbon phase synthesis via chemical vapor 

deposition was successfully adapted to a silica. 67 In order to ensure carbon deposition was 

successful a layer of metal ( aluminum) needed to be deposited on the silica first. Further 

experimentation demonstrated that introduction of hydrogen during the vapor deposition process 

resulted in further improvement of efficiency and peak shape. 65 This method generates materials 

that show promising characteristics for use in chromatography with good mechanical stability 

inherent to the support, symmetric peaks, and efficiencies up to 80,000 plates/musing 5 µm 

particles. 65
•
67 

An alternative synthetic procedure for generating silica based carbon stationary phases 

was introduced by Susan Olesik.68
•
69 This method seeks to control the orientation of the carbon 

material at the surface to maximize desirable chromatographic properties. Carbon loading is 

accomplished by introducing ethynyl and diethynyl oligomers to the silica surface under an inert 

atmosphere and subsequently heating the mixture to carbonize the organic material. 68 

Chromatographic studies of the resulting material showed that alterations in the curing 

temperature used to carbonize deposited oligomeric units allowed for tunable retention 

characteristics. Alterations in the polymer used for carbon deposition and optimization of the 

heating rate during the carbonization process allowed for the formation of a highly ordered 

carbon surface.69 Currently, materials formed via controlled carbonization of polymers have been 

shown to exhibit good peak symmetries but relatively poor efficiencies, with minimum reduced 

plate heights of six. For comparison purposes the minimum reduced plate heights of the 
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materials generated by chemical vapor deposition were below three. 64 Carbon phases formed by 

carbonization of polymers on silica surface has some inherent advantages over material made 

using other methods, but more research is required to improve efficiencies. 

Herein, we attempt to generate a carbon phase starting with the polymeric layer 

developed in chapter 2. Thickness of the polymeric layer was deemed a critical factor in 

obtaining a functional phase. Spectroscopic analysis of the carbon layer generated was used to 

assess the structure of the carbon layer at the surface. 

4.2.2 Experimental 

4.2.2.1 Synthesis ofcarbon coated silica particles 

Surface modification of bare silica particles was accomplished using a diazonium 

reaction described in detail in chapter 2 of this document. The diazonium reaction generated a 

phenylene polymeric layer on the support material. Carbonization of the polymeric layer was 

accomplished with a Thermo Scientific Lindberg Blue M tube furnace. Heating was done under 

an inert atmosphere, argon, to prevent combustion of the surface bound organics. Argon was 

flowed through the system at 304sccm. The material was heated to a temperature of900°C at a 

rate of 50°C/min and held for 4 hours after which the furnace was turned off 70
•
71 The argon 

atmosphere was preserved until the system temperature dropped below 300°C. 

4.2.2.2 Material Characterization 

BET and DRIFTS were performed as outlined in section 4.1.1.3 of this chapter. Raman 

spectroscopy of carbon materials were carried out on a Horiba LabRAM Raman specrometer 

(Kyoto, Japan) with a confocal microscope (l00x objective) at room temperature. The 
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experiments were performed using an excitation wavelength of 532 nm and a 10% optical 

density filter. A 600 grove/mm grating was used, giving a resolution of four cm-1
. The effective 

laser power was 500µ W to minimize the effects of laser heating. 

Chromatography done using the carbon phases was performed using an Agilent 1100 

series HPLC (Santa Clara, CA). The system included a binary pump, solvent degasser, well plate 

autosampler, and diode array detector. ChemStation software from Agilent was used for 

controlling the system. For later studies a Waters I class UPLC (Milford, MA) equipped with a 

binary solvent manager, a sample manager FL, and a TUV detector. System control was 

achieved with Empower software from Waters. Detection of analytes was accomplished at a 

wavelength of210nm. The columns tested were generated in house, having dimensions of2.1 

mm i.d x 50 mm in length. All mobile phases were composed of acetonitrile and water. Flow 

rates of 0.2 mL/min were used and separations were conducted at room temperature. The 

injection volume used for all tests was 1 µL. 

4.2.3 Results and Discussion 

The first generation of carbon coated silica was synthesized by heating APpol-12h (see 

chapter 2) to 900°C under argon. The resulting material (called carbon APpol-12h) was analyzed 

via DRIFTS, seen in figure 4.7. Carbonization of the polymeric layer results in the loss of 

nitrogen from the polymer surface. This is evident by the disappearance of the NH2 deformation 

band in the carbonized material. The carbon surface retains much less moisture than the 

polymeric material suggesting full encapsulation of the support as evident by the loss of the 

broad O - H stretching mode centered at 3319 cm-1
. Silica is hydroscopic by nature; any sections 
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of silica left unmodified could re-adsorb water prior to DRIFTS analysis. This can even be seen 

in APpol-12h which itself is very hydrophobic. Much less intense bands remain apparent in this 

area and are attributed to bending modes of surface silanol species. Carbon APpol-12h show a 

more defined C-H stretch for sp2 hybridized carbon than APpol-12h. The carbonized material 

also shows C -H antisymmetric and symmetric stretching modes for aliphatic carbon at 2952 

and 2865 cm-1
. This was unexpected as there are no aliphatic carbons in the polymeric material. 

The presence of these peaks suggests defects in the material. This implies the carbon layer 

generated is more like carbon back than a graphitic layer. 

Prior to chromatographic testing of the carbon material BET was performed to assess 

the surface area and pore size. Figure 4.8 shows the results of these experiments. BET analysis of 

the unmodified Kinetex® silica reveled a surface area of 106.8 ± 0.2 m 2/g. Surface area of the 

core-shell particles increased from 106.8 m2/g to 115.5 m2/g after initial modification using the 

diazonium procedure, indicating that the deposition of the polymeric layer added to the total 

surface area. After carbonization, surface area decreases to 110.8 m2/g. It is hypothesized that 

this observed decrease in surface area is attributed to polymer collapsing as carbonization takes 

place to form more ordered layers. 

The pore size distributions of all materials were obtained using the Barrett Joyner 

Halenda (BJH) method. 72 Plots of the pore size distribution reveal that modification results in a 

marked decrease in pore diameter. As discussed in chapter two APpol-12h shows a bimodal pore 

size distribution with the larger pores being approximately 70 A in diameter. The carbonization 

process reduces the prevalence of the smaller pores observed in APpol-12h. Additionally, the 

larger pores increase slightly in diameter from approximately 70 A to approximately 83 A. This 
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is further proof the polymeric layer collapses back to the surface in some capacity during the 

carbonization process. 

The carbon APpol-12h material was packed into a column to assess the chromatographic 

behavior of the carbon surface. A homologous mixture ofneutral, hydrophobic analytes 

(specifically toluene, ethylbenzene, and propylbenzene) was injected onto the column to 

determine peak shape and assess retentivity. Figure 4.9A shows the resulting chromatogram. As 

evident in the figure peaks corresponding to the analytes are broad and show a high degree of 

asymmetry, specifically tailing. Additionally, mobile phases very high in organic content were 

needed to get the analytes to elute with k' values less than 10. Historically, development of 

carbon-based stationary phases has suffered from high retentivity and poor peak shapes. Both 

issues improve when graphitic carbon is used instead of amorphous carbon blacks. The material 

generated herein fall into the former description. Reducing the organic content of the silica prior 

to carbonization reduces the retention of the test analytes but resulting peak shapes and 

efficiencies are still poor (Figure 4.9B). Further limiting the organic content of the silica begins 

to result in incomplete carbon layers rendering the material impracticable. Seeing optimization of 

carbon content did not greatly improve peak shapes, the structure of the carbon layer was 

assessed via Raman spectroscopy. Graphitic carbon can be distinguished from amorphous carbon 

simply by observing the peaks present in a Raman spectrum. Figure 4.10 shows the Raman 

spectrum of the carbonaceous layer generated. Analysis of numerous carbon materials by Raman 

spectroscopy is available in the literature. 73 
•
74 As mentioned previously graphitic carbon 

performs best in chromatography. The Raman spectrum of highly ordered graphite shows two 

main features termed the G (1581 cm-1
) and the 2D (1687 cm-1

) bands. 74 These peaks are 

indicative of a degenerate in-plane optical mode and a second order harmonic of an in-plane 

131 

https://bands.74


A
25 

20 

15 
::.i 3
<( 
E 10 2 

5 

0 

0 2 4 6 8 10 12 

Time (min) 

Figure 4. 9A Chromatogram representing (1), NaNO2, (2) uracil, and (3) toluene. Column 

dimensions 2 .1mm x 50mm, Carbon APpol-12h stationary phase, 5 um particle size, 1 ul 
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Figure 4. 9B Separation of(l) toluene and (2) ethylbenzene. Column dimensions 2.1mm x 

50mm. System conditions; (A) Carbon APpol-6h stationary phase, 5 um particle size, 1 ul 

injection, 0.200mL/min flow rate, detection at 210nm. Mobile phase 80/10 acetonitrile/water. (B) 

Carbon APpol-1 0C2 stationary phase, 2 µm particle size, 1 ul injection, 0.200mL/min flow rate, 

detection at 210nm. Mobile phase 85/15 acetonitrile/water 
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transverse optical mode. 75 Layered graphite possesses two additional characteristic bands termed 

the D (cm-1
) and D ' (cm-1

) bands owing to a defect induced double scattering process induced by 

the n - n* electronic transition. 74 The D band is the fundamental of the 2D band. For highly 

defective carbon materials the D band becomes broader and much more intense. Additionally, 

two new peaks (D3 and D4) are observed. Raman spectra for carbon black materials suggests 

these peaks result from amorphous carbon and aliphatic moieties incorporated into the material. 76 

Deconvolution of the Raman spectra presented in Figure 4.10 closely resembles that of carbon 

black materials. This confirms beliefs held after observing chromatographic results yielded by 

the carbon stationary phases tested herein. Carbon black materials are known to have a 

microporous structure which is now blamed for the poor peak shapes observed on the in house 

carbon stationary phases shown in figure 4.9. 

Upon heat treatment carbon black materials go through stages of carbonization and 

graphitization in which they become more ordered. 73 Structurally, carbon black consists of both 

graphitic like and amorphous like domains. The extent to which ordering can be restored to these 

materials is dictated by the prevalence and size of the graphitic domains. 73 To remove the 

majority of defects resulting in a graphitic layer materials need to be heated in excess of 

2000°C. 73 At these temperatures it is no longer feasible to use silica supports for the carbon 

material. For some carbon backs a high degree of order can be induced before reaching such 

extreme temperatures. Equipment in our laboratory does not allow for heating of the polymers 

above 1000°C under an inert atmosphere. Further testing of the carbon based materials generated 

herein is needed to determine if the polymer bonded phase provides an appropriate precursor to 

the formation of a graphitic layer. Materials would need to be heated beyond the capabilities of 
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the in house furnace to see if higher degrees of ordering are possible, making a more graphite 

like surface. Peak shapes produced by the resulting materials could then be assessed. 

4.3 Conclusions 

Hydrosylation reactions with a platinum catlyst can be used to generate aromatic amine 

phases on type C silica surfaces with high yield. Maximum surface loading obtained using this 

method was 6.4 µmol/m2 indicating a dense layer of bonded phase at the surface. Attempts to 

passivate type B core - shell silica with triethoxysilane proved unsuccessful. We were unable to 

generate a self assembled mono layer via horizontal polymerization of the silane reagent. Instead, 

incomplete passivation is observed. Increasing the quantity of TES in the reaction leads to 

vertical polymerization of the silane. This is evident by DRIFTS signatures for residual ethoxy 

groups. Currently, further optimization of the passivation procedure is needed to generate a 

usefull core - shell type C silica. Other methods of surface passivation may need to be explored 

in the future. 

Attempts to generate a carbonaceous layer on silica supports resulted in the formation of 

carbon black like materials. Use of these materials as stationary phases results in high retentivity 

and poor peak shapes as is typical of carbon black materials. At tis time the materials generated 

are unfit for use in HPLC as a stationary phase. Further experimentation is needed to asses if 

further heating of the carbonaceous materials results in a higher degree of order and thus 

improved chromatograpic performance. Currently, high retentivity of the materials generated 

may prove useful for sample cleanup in techniques such as solid phase extraction (SPE). 
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