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ABSTRACT 

 High performance liquid chromatography (HPLC) has become an invaluable tool 

in modern chemical analysis. While reversed phase liquid chromatography (RPLC) is the 

most commonly utilized mode of HPLC, hydrophilic interaction liquid chromatography 

(HILIC) is gaining popularity due to its ability to retain and resolve highly polar analytes 

that are incompatible with RPLC. Previously, Dr. Mohammed Ibrahim developed a 

simple and straightforward two dimensional HILIC selectivity plot to characterize the 

selectivity behavior of HILIC columns. The first part of this thesis expands these plots to 

examine the changes in selectivity behavior that 19 HILIC columns undergo in response 

to changes in mobile phase pH and buffer concentration. 

 The second and third research chapters focus on the development of new carbon-

based columns for RPLC and HILIC. The vast majority of RPLC and HILIC columns are 

based on silica particles. Silica is chemically unstable under extreme pH conditions. 

Porous graphitic carbon (PGC) is an attractive alternative to silica-based phases due to its 

chemical and thermal stability, and its unique selectivity. However, native PGC is 

strongly hydrophobic and in some instances excessively retentive. To increase the 

hydrophilicity of PGC and attenuate its excessive retentivity, diazonium chemistry was 

utilized to separately modify the surface of PGC with aniline, catechol, and amide 

groups. The performance of these three new phases (Aniline-PGC, Catechol-PGC, and 

Amide-PGC) was demonstrated by separations of phenols, nucleotides, nucleosides, 

carboxylic acids, alkaline pharmaceuticals, and/or performance enhancing stimulants. 

Notably, the Aniline-PGC and Amide-PGC phases reduced the RPLC retentivity of PGC 

up to 90 %. 
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 Most HPLC methods today use acetonitrile or methanol as the organic mobile 

phase component. Increasing environmental consciousness (green chemistry) promotes 

the use of more environmentally sustainable solvents such as ethanol. In the last research 

chapter, I briefly discuss the feasibility and performance of ethanol as an HPLC eluent, 

relative to acetonitrile and methanol, in the context of a commentary on a recently 

published work on “cocktail chromatography”. 
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PREFACE 

 This thesis consists of six chapters including a general introduction (Chapter 1), 

four main body chapters describing four completed projects (Chapters 2-5), and a final 

chapter which summarizes the conclusions of the thesis and describes possible future 

directions for the work (Chapter 6). Versions of Chapters 2-5 have all been either 

previously published or are currently under consideration for publication. In all works 

described below, C. A. Lucy was the supervising author. He provided high-level 

guidance as to the direction of each project and aided in the preparation and revision of 

the manuscripts 

 Chapter 2 has been submitted in revised form by myself, X. Gu, and C. A. Lucy 

as “The Hydrophilicity vs. Ion Interaction HILIC Selectivity Plot Revisited: The Effect of 

Mobile Phase pH and Buffer Concentration on HILIC Selectivity” for publication in the 

Journal of Chromatography A. Under my guidance and direction, undergraduate student 

Xinyun Gu collected the chromatographic data for 60 % of the columns investigated in 

this chapter. I performed the remaining characterizations, interpreted and presented the 

data, and prepared and revised the manuscript. 

 Chapter 3 has been previously published as C. D. Iverson and C. A. Lucy, 

Aniline-Modified Porous Graphitic Carbon for Hydrophilic Interaction and Attenuated 

Reverse Phase Liquid Chromatography, Journal of Chromatography A 1373 (2014) 17-

24. Here I prepared and characterized the column, and constructed the manuscript. 

 Chapter 4 was previously published as C. D. Iverson, Y. Zhang, and C. A. Lucy, 

Diazonium Modification of Porous Graphitic Carbon with Catechol and Amide Groups 

for Hydrophilic Interaction and Attenuated Reversed Phase Liquid Chromatography, 
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Journal of Chromatography A, 1422 (2015) 186-193. All work related to the Catechol-

PGC phase, including phase preparation and characterization, was performed by me. Ya 

Zhang synthesized the Amide-PGC phase and performed the initial characterizations of 

its chromatographic performance. These data have been previously reported in Chapter 3 

of her 2014 University of Alberta MSc thesis entitled “Liquid Chromatography: Injection 

Broadening in Ion Chromatography and Retention Properties of a New Hydrophilic 

Interaction Liquid Chromatography Stationary Phase.” Subsequent to the work reported 

in her thesis, I have performed additional characterizations of the Amide-PGC phase. 

These are described in the manuscript and in this thesis, along with relevant previously 

reported data. The final published manuscript was constructed entirely by me with 

assistance from C. A. Lucy as described above. 

 A significantly condensed version of Chapter 5 was recently published as C. D. 

Iverson, D. Wu, P. Jiang, B. Stanley, M. K. Pappoe, and C. A. Lucy, , Comment on 

“Cocktail Chromatography: Enabling the Migration of HPLC to Nonlaboratory 

Environments,” ACS Sustainable ChemIstry & Engineering 3 (2015) 1898. This 

commentary was a collaborative effort of the entire Lucy Laboratory, but I was 

responsible for planning the study, coordinating the efforts of the other lab members, 

acquiring the HPLC and UV absorbance data, and preparing the manuscript. Following 

publication of the above commentary, additional data has been acquired and included in 

this chapter.  
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CHAPTER 1: Introduction to High Pressure Liquid Chromatography 

1.1 Motivation and Thesis Overview 

 When brought down to the simplest of terms, the primary role of the Analytical 

Chemist is to determine the identity of the components of a sample and their quantities 

present. To be successful in their role, the chemist needs the proper tools and techniques 

to complete their analyses. As sample matrices become more complex, the hyphenation 

of separation techniques to the detection system become essential. High performance 

liquid chromatography (HPLC) is an invaluable tool for the separation and analysis of 

complex samples such as biological fluids, pharmaceuticals, and environmental samples 

(e.g., identification and quantification of contaminants in river water). As will hopefully 

become clear throughout this thesis, the heart of any HPLC separation lies in the column. 

While much research and development has gone into the understanding of HPLC column 

behavior and improvement of column chemistries, there is still much work to be done 

since ‘unresolvable mixtures’ still exist under current technology. 

 Hydrophilic interaction liquid chromatography (HILIC, Section 1.2.2.2) 

continues to rapidly gain in popularity due to its ability to retain and resolve highly polar 

hydrophilic analytes which cannot be separated by traditional reversed phase liquid 

chromatography
1
 (RPLC, Section 1.2.2.1). Many different HILIC column chemistries are 

now available (see Section 1.2.2.2) and they all offer different selectivities. Furthermore, 

the selectivities of these phases may be tuned by adjusting the composition of the mobile 

phase (e.g., pH and buffer concentration).
2,3

 Several research groups have undertaken in 

depth studies of the selectivity behavior of different HILIC phases under different mobile 

phase conditions.
2–10

 However, to date there has been no large-scale comprehensive study 
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to understand the changes in selectivity that occurs amongst the different classes of 

HILIC stationary phases when mobile phase pH or buffer concentration is altered. In 

Chapter 2 I utilize a modified version of Mohammed Ibrahim’s selectivity plots
11

 to 

investigate the effects of changing the mobile phase pH and buffer concentration on the 

selectivity behavior of 19 different HILIC columns. Such information is invaluable to the 

chromatographer as it helps them to understand which HILIC stationary phase and which 

mobile phase conditions are appropriate for a particular separation, and why this is so. 

 Silica remains the most common choice of column packing material on account of 

its ease of functionalization and its ability to produce high efficiency (N, Section 1.2.3.1) 

separations. Bonded silica, however, has a limited working range with respect to pH (2-8) 

and temperature (≤ 60 °C).
12

 Porous graphitic carbon (PGC) is an attractive alternative to 

silica due to its pH (1-14) and thermal (≤ 200 °C) stability.
13

 In addition, PGC is known 

as the ultimate reversed phase because of its strong hydrophobicity, and its increased 

RPLC retention of most weakly to moderately polar analytes.
13

 Unfortunately, in some 

instances this retention is too excessive, leading to poor peak shapes and longer retention 

times. In an effort to increase the hydrophilicity of PGC and to reduce its excessive 

retention, Chapters 3 and 4 investigate the diazonium modification of PGC with aniline 

(Chapter 3) and catechol and amide (Chapter 4) groups, respectively. Each modified 

PGC phase was chromatographically characterized using a variety of analytes of different 

polarities and retention factors (k). The Aniline-PGC phase (Chapter 3) in particular 

demonstrated mixed-mode behavior; it acted both as a HILIC phase and as an attenuated 

reversed phase column. 
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 In Chapter 5 I switch focus from the column to the eluent. To ensure a successful 

analysis, the choice of HPLC eluent must be carefully considered. Most analytical 

methods today call for the use of acetonitrile (ACN) or methanol (MeOH) as the organic 

modifier. Many analysts, however, may not necessarily understand why this is so. 

Concurrently, the green chemistry movement is pushing towards the use of less toxic 

alternatives, such as ethanol, in HPLC analyses. Hence, I follow up on the recent work of 

Welch et al.
14

 to investigate the pros and cons of ethanol as an alternative solvent for 

RPLC. Additionally, throughout the chapter I outline the important considerations one 

must keep in mind when choosing an organic eluent for a HPLC analysis. 

 Chapter 6 wraps up the thesis with overall conclusions and a future outlook of 

work still to be done. 

 

1.2 High Performance Liquid Chromatography 

 One of the best known early chemical separations was reported in the early 

1900’s by Mikhail Tswett when he described the separation of plant pigments.
15

 He 

named this separation process chromatography, deriving from the Greek words chroma 

(color) and graphein (write). In any liquid-based chromatographic separation, the 

analytes are dissolved into a solvent (known as the mobile phase) and carried through a 

column containing a tightly packed bed of particles (the stationary phase). Successful 

separation relies on differing degrees of interaction between the analytes and the 

stationary phase. Hence, analytes with higher affinity for the stationary phase will elute 

(leave the column) slower, while those with lower affinity for the stationary phase will 

elute faster. The actual interaction of the analytes with the stationary phase requires 
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physical movement (mass transfer) of the analytes between the mobile phase and the 

stationary phase. If this movement is slow, broad peaks will result. To hasten the mass 

transfer process and narrow the peaks, smaller diameter particles are used (see Section 

1.2.1.5 for more information on band broadening). The use of smaller particles, however, 

requires utilization of strong pumping systems to force the mobile phase through these 

beds of small packed particles. In response to this, Horvath and coworkers developed the 

first HPLC systems in the 1960’s.
16,17

 

 A block diagram of a typical HPLC system is shown in Figure 1.1. Here, eluent is 

pumped by high pressure pumps through a column containing the stationary phase. The 

injector injects a reproducible volume of the sample solution into the mobile phase 

stream passing into the column from the pumps. The analytes are separated as they pass 

through the column, and are detected by the detector as they elute from the column. The 

computer system controls all the components of the HPLC system and stores and displays 

the chromatographic data. 

 Since the first HPLC system was invented, HPLC has become one of the most 

powerful tools in analytical chemistry. One of the most significant developments in this 

time has been the introduction of sub-2 µm particles for use in ultra-fast high efficiency 

separations.
18,19

 Because of the high backpressure and high efficiency afforded by these 

particles a new class of HPLC system, dubbed ultra-high performance liquid 

chromatography (UHPLC), was developed which could handle the 15 000+ psi (1000+ 

bar) backpressures generated by use of these particles.
19

 Additionally, these systems are 

designed to significantly minimize extra-column band broadening; a factor that becomes 

very important in UHPLC separations.  
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Figure 1.1. Schematic of the different parts of a modern HPLC system. 

  

Injector 

Pump 

Column Detector 

Computer 

Eluent 

Analytes  
(plug injection) 



6 

 

The first such UHPLC system was commercialized by the Waters Corporation in 2004.
19

 

Waters and other companies have since developed improved UHPLC systems with even 

lower dead volumes and pressure capabilities up to 22 000 psi (~1500 Bar).
20

 

 Based on the chemistry of the column and the eluent, four main modes of HPLC 

exist: reversed phase, normal phase, HILIC, and ion exchange. An overview of all of 

these liquid chromatographic modes, except normal phase (which is outside the scope of 

this thesis), will be given in Section 1.2.2. 

 

1.2.1 Important Equations and Theories in HPLC
21

 

1.2.1.1 Resolution  

 In any separation the primary goal is to gain adequate separation (resolution) 

between the peaks. Practically speaking, resolution is calculated from a chromatogram 

using Equation 1.1. 

𝑅𝑠 =  
2(𝑡2−𝑡1)

𝑤1+𝑤2
     (1.1) 

where t2 and t1 are the uncorrected retention times of analyte 2 (later eluting) and analyte 

1 (earlier eluting) and w1 and w2 are the baseline peak widths of the two analytes. A value 

of Rs ≥ 1.5 between two peaks is considered baseline resolution, and is sufficient for 

quantitative analysis. 

 From a method development standpoint, the resolution equation may be expressed 

in an alternate way (Equation 1.2) to allow one to consider the major contributing factors 

to a successful separation: retention (k), selectivity (α), and peak efficiency (N). Each of 

these three terms will be discussed in the following subsections. 
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𝑅𝑠 = (
√𝑁

4
) (

𝑘

1+𝑘
) (

∝−1

∝
)    (1.2) 

1.2.1.2 Retention 

 Fundamentally, a chromatographic separation is based on a thermodynamic 

equilibrium of an analyte (A) transferring between the stationary phase (S) and the 

mobile phase: 

            (1.3) 

The above equilibrium may be described by a distribution constant (K) which is a 

ratio of the concentrations of the sample in the stationary phase (CS) and mobile phase 

(CM) as given in Equation 1.4. 

𝐾 =
𝐶𝑆

𝐶𝑀
     (1.4) 

 A means to quantify retention is the retention factor (k). It describes the ratio of 

the moles of analyte in the stationary phase (nS) to the moles of analyte in the mobile 

phase (nM) as in Equation 1.5. 

𝑘 =
𝑛𝑆

𝑛𝑀
     (1.5) 

The retention factor (Equation 1.5) is related to the distribution constant 

(Equation 1.4) through Equation 1.6. 

𝑘 = 𝐾
𝑉𝑆

𝑉𝑀
     (1.6) 

where VS is the volume of the stationary phase and VM is the volume of the mobile phase.  

A more practical means of expressing k is using time (Equation 1.7). 

𝑘 =
𝑡𝑅−𝑡𝑀

𝑡𝑀
               (1.7) 
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where tR is the retention time of the analyte and tM is the time required for an unretained 

analyte to elute from the column (aka dead time). 

 

1.2.1.3 Selectivity Factor 

When developing a new analytical separation method or understanding the 

behavior of a stationary phase (as in Chapter 2), chromatographers are most often 

concerned with a column’s selectivity. The selectivity factor (α, Equation 1.8) is another 

means of quantifying the spacing between two analyte peaks. 

𝛼𝑖,𝑗 =
𝑘𝑗

𝑘𝑖
     (1.8) 

1.2.1.4 Peak Efficiency (N) and Plate Height (H) 

 As an analyte band moves through the column it broadens. The sharpness of the 

peak is expressed as peak efficiency in terms of number of theoretical plates (N), and as 

plate height (H, size of theoretical plate). An ideal peak will have a higher number of 

theoretical plates and a shorter plate height. Equation 1.9 describes the United States 

Pharmacopeia (USP) method for measurement of peak efficiency. 

𝑁 = 16 (
𝑡𝑅

𝑤𝑏
)

2
     (1.9) 

where tR is the retention time of the peak of interest and wb is the peak width measured at 

the baseline. This method was used to measure the efficiencies reported in Chapters 3 

and 4. Plate heights are determined according to Equation 1.10.  

𝐻 =
𝐿

𝑁
      (1.10) 

where L is the length of the column. 
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1.2.1.5 Band Broadening in Liquid Chromatography 

Ideally, an analyte would elute from the column as a very narrow peak. In reality, 

all retained analytes experiences varying degrees of broadening due to several processes. 

These processes are described by the van Deemter equation
22

 (Equation 1.11) which 

encompasses three main contributions to band spreading: eddy diffusion (A term), 

longitudinal diffusion (B term), and resistance to mass transfer (C term). These 

parameters are related to the plate height (H) and mobile phase linear velocity (u) via this 

equation. 

𝐻 = 𝐴 +
𝐵

𝑢
+ 𝐶𝑢    (1.11) 

Eddy diffusion (or multipath broadening) arises from the variation of the density 

of packing within a column. This variation leads to flow paths of different lengths as 

demonstrated in Figure 1.2. Analyte molecules flowing through narrower or more 

tortuous channels will travel slower and take longer to exit the column than those that can 

flow through larger or more open channels; hence band spreading will occur. This 

process is described mathematically according to Equation 1.12. 

𝐴 = 2𝜆𝑑𝑝     (1.12)  



10 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic representation of Eddy diffusion (A-term). Adapted from M. 

Galalzidan.
23
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where λ is the packing factor of a given column and dp is the particle size. A poorly 

packed column will have a higher packing factor and greater A-term broadening. This 

phenomena is independent of flow rate (Figure 1.3) and of the degree of analyte 

retention.
24

 Recent investigations have indicated that up to 60 % of all band broadening 

in UHPLC columns can be attributed to eddy diffusion.
25

 Hence, much current work by 

column manufacturers is focused on reducing the distribution of particle sizes and 

increasing the uniformity of the packed bed.  

 As an analyte travels along the column, it undergoes longitudinal random motion 

in both the forward and backward directions. These movements are promoted by the 

presence of a concentration gradient within the column and further contribute to band 

broadening (B-term, longitudinal diffusion). Equation 1.13 provides a simplified 

mathematical description of this process (Gritti et al.
24

 has recently shown that several 

other factors further contribute to longitudinal diffusion) whereby longitudinal diffusion 

is related to the obstruction factor (ψ) and the diffusion coefficient of the analyte in the 

mobile phase (DM). 

𝐵 = 2𝜓𝐷𝑀     (1.13) 

By using higher mobile phase velocities, longitudinal broadening can be minimized 

(Figure 1.3). That said, under standard HPLC conditions the B-term is minimal due to 

the liquid mobile phase possessing a small diffusion coefficient. However, under UHPLC 

conditions the C-term (discussed below) is much smaller. As such, the B term becomes 

comparable to the C-term so higher linear velocities must be utilized to minimize plate 

heights. 
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Figure 1.3. The van Deemter plot (solid curved line). Data from Katz et al.
26
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 The final major contribution to band broadening within the column is the 

resistance to mass transfer of the analyte within the stationary phase (CS) and mobile 

phase (CM). If an analyte diffuses slowly, it will be carried forward by the mobile phase 

before equilibrium is achieved between the stationary phase and mobile phase. Increased 

linear velocity worsens the problem (Figure 1.3). CS and CM are described 

mathematically as Equations 1.14 and 1.15, respectively. 

𝐶𝑆 =
8

𝜋2

𝑘

(1+𝑘)2

𝑑𝑓
2

𝐷𝑆
    (1.14) 

𝐶𝑀 =
(1+6𝑘+11𝑘2)𝑑𝑐

2

96(1+𝑘)2𝐷𝑀
                                   (1.15) 

where df is the film thickness of the stationary phase, dc is the diameter of the spaces 

between the particles which are occupied by mobile phase, and DS and DM are the analyte 

diffusion coefficients in the stationary and mobile phases. Like the B-term, Equations 

1.14 and 1.15 provide simplified representations of the mass transfer processes.
24

 As 

discussed in Section 1.2.3.1.2, more uniform particles are beneficial in improving 

efficiency as they reduce the size of the interstitial channels (dc). 

 

1.2.1.6 Column Backpressure 

 Based on the previous discussion of band broadening the question may arise as to 

why particles are not made infinitely small to greatly improve efficiency? One reason is 

that as the particle size decreases, it becomes more difficult to maintain uniformity in 

particle diameter, thereby increasing the A-term broadening and diminishing the potential 

returns. The ultimate limitation, however, to particle size is the ability of the HPLC or 

UHPLC instrumentation to handle the resulting significant increase in column 
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backpressure accompanying the reduction in particle size. A typical HPLC system can 

pump at pressures up to 6000 psi (400 bar), while modern UHPLC systems can handle 

pressures above 20 000 psi (1300 bar). Darcy’s law (Equation 1.16) describes the 

relationship between column backpressure (ΔP) observed across a column of length L 

and linear velocity (u), viscosity (η), flow resistance (Φ), and particle diameter (dp). 

Δ𝑃 =
𝑢𝜂𝜙𝐿

𝑑𝑝
2      (1.16) 

Thus, reducing the particle diameter by half will increase the column backpressure by 

4-fold. As will be discussed in Chapter 5, Darcy’s law also has implications on the 

choice of mobile phase used due to differing viscosities amongst organic solvents. 

 

1.2.1.7 Asymmetry Factor 

 Although symmetrical Gaussian peaks are predicted by Section 1.2.1.4 and 

preferred, such idealized behavior is often not observed. Column overload and strong 

interactions between the analyte and the stationary phase (amongst other factors) can lead 

to asymmetrical peaks. The degree of asymmetry is determined by the asymmetry factor 

(As). The asymmetry factor is determined by drawing a vertical line through the peak 

maximum and calculating the ratio of the later eluting (B) to the earlier eluting (A) 

portion of the peak width at 10 % of the maximum peak height. This procedure is 

illustrated in Figure 1.4. A value of As =1 indicates a perfectly symmetrical peak; As < 1 

indicates fronting; As > 1 (more common in HPLC) indicates tailing. 
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Figure 1.4. Measurement of the asymmetry factor (As = B/A) of a tailing peak. The red 

dotted line indicates the boundary of a normal Gaussian peak. Adapted from the 

University of California Davis Chem Wiki.
27
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1.2.2 Relevant Modes of Liquid Chromatography 

1.2.2.1 Reversed Phase Liquid Chromatography (RPLC) 

 Today, RPLC is the workhorse of liquid chromatography. This separation mode 

utilizes a non-polar stationary phase in conjunction with a polar eluent to separate 

mixtures of weakly to moderately polar analytes. The stationary phase is most typically 

C8 or C18 alkyl bonded silica, albeit the use of alternative materials such as porous 

graphitic carbon and porous polymers is also prevalent (see Section 1.2.3 for a 

description of common HPLC packing materials). The mobile phase typically consists of 

a mixture of water (buffered if the sample contains ionisable compounds) and a polar 

organic solvent such as methanol or acetonitrile.  

Separation in RPLC arises from the differential partitioning of analytes between 

the stationary phase and the mobile phase. Retention of the analyte depends on the 

polarity of the analyte and the strength of the mobile phase. A higher polarity analyte will 

more strongly interact with the polar mobile phase via polar interactions (such as 

hydrogen bonding and dipolar interactions) and hence will elute sooner. A lower polarity 

analyte, conversely, will not interact as strongly with the mobile phase and will be more 

retained by the stationary phase. Thus, by adding more organic solvent to the eluent 

mixture, the polarity of the organic phase decreases, and all analytes elute faster. The 

relationship between retention of analyte and the overall strength of the eluent mixture is 

described by the linear solvent strength model
28

 (Equation 1.17). 

log 𝑘 = 𝑙𝑜𝑔𝑘𝑤 − 𝑆𝜑    (1.17) 

where φ is the volume fraction of the strong solvent (organic component for RPLC); kw is 

the retention of the analyte in the absence of the strong solvent (i.e., pure water); and S is 
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the slope of the line. Thus, for a partitioning mechanism (such as RPLC) a plot of log k 

vs. φ should yield a straight line. However, this model is an approximation which 

generally displays linear behavior over limited solvent ranges between 10-90 % organic 

eluent, but not at the extremes.  

 

1.2.2.2 Hydrophilic Interaction Liquid Chromatography (HILIC) 

Although RPLC can be used to resolve a large proportion of organic analytes, 

highly polar analytes such as metabolites (e,g., sugars, nucleobases, and amino acids) and 

pharmaceutical compounds are difficult to resolve by RPLC due to their low retention by 

the nonpolar stationary phase. In 1990, Andrew Alpert first coined the term ‘hydrophilic 

interaction liquid chromatography’ (HILIC) for the separation of peptides and 

carbohydrates.
29

 Today, HILIC is an increasingly popular mode of liquid chromatography 

for the separation of these highly polar hydrophilic analytes.
30

 Also popularly (but 

incorrectly) known as “aqueous normal phase” liquid chromatography, HILIC utilizes a 

polar stationary phase in conjunction with a polar RPLC-type eluent (typically 70-95 % 

acetonitrile in buffered water). Unlike in RPLC, however, water is the stronger solvent in 

HILIC mode. Additionally, the retention order is reversed relative to RPLC; that is, the 

higher polarity analytes favor stronger interactions with the polar stationary phase and 

hydrophilic layer (see following discussion), hence eluting after the less hydrophilic 

analytes. 

Since Alpert’s original paper,
29

 much work has been done to understand the 

separation mechanism of HILIC. It is currently accepted that retention in HILIC arises 
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from a combination of partitioning into a water-rich layer that forms on the surface of the 

stationary phase
31

 (Figure 1.5), and other interactions such as adsorption.
32

  

 

 

 

 

 

 

 

Figure 1.5. Representation of analyte-water-layer partitioning in HILIC. Adapted from 

C.A. Lucy.
33
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Secondary interactions between the analytes and the stationary phase such as ion 

exchange, hydrogen bonding, and dipole interactions (Figure 1.6) further contribute to 

the retention and selectivity behavior of different HILIC phases.
2
 Further discussion of 

the basis of HILIC selectivity is given in Chapter 2. 

Table 1.1 illustrates the structures of some of the common HILIC stationary 

phases available today. These phases may be based on either a silica or polymeric 

backbone (see Section 1.2.3 for information on column supports), and as shown in 

Table 1.1, classified based on their functionalities as neutral, cationic, anionic, or 

zwitterionic. 

 

 

 

Figure 1.6. Schematic representation of some of the secondary interactions influencing 

HILIC retention and selectivity. Reproduced with permission from Dr. M. E. Ibrahim.
34
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Table 1.1. Representative structures of common stationary phases in HILIC. 

Charge Functionality Representative structure 

Neutral 

Amide 

 

 

 

Diol 

 

Cross-linked diol 

 

Cyclodextrin
a 

 

Cyanopropyl 

 

Cationic 

Aminopropyl 

 

Triazole 

 

Anionic Underivatized silica 

 
a
Cyclodextrin structure adapted from Sigma-Aldrich.

35
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Table 1.1 continued. 

Zwitterionic 

Sulfoalkylbetaine 

 

Phosphorylcholine 

 
 

  



22 

 

1.2.2.3 Ion Exchange Chromatography
21,36

 

 While the first reports of ion exchange chromatography (IEC) date back to 1850, 

modern analytical ion chromatography arises from the work of Small et al. in 1975.
37

 

Today, IEC is commonly used for the separation of inorganic anions and cations, as well 

as peptides proteins, polymers, and charged small organic molecules. This thesis will 

focus on the organic small molecule applications of IEC. The majority of ion exchangers 

are polymer based, and mainly impart retention due to their charged bonded functional 

groups, albeit other interactions (e.g., hydrophobic) may contribute to retention and 

selectivity.
38

 Eluents in IEC mainly consist of an aqueous salt solution plus perhaps a 

small percentage of organic solvent (such as acetonitrile) to facilitate dissolution of the 

analyte. Retention of strong ion exchanging analytes is decreased by using a higher salt 

concentration.  

Based on the charge on the analyte, IEC is subdivided into two types: cation 

exchange chromatography and anion exchange chromatography. Cation exchange 

chromatography uses a negatively charged stationary phase for the separation of cations 

while anion exchange chromatography uses a positively charged stationary phase for the 

separation of anions. Focusing on cation exchange chromatography, the process of ion 

exchange between analyte cations and the negatively stationary phase is described by 

Equation 1.18.  

𝑋+𝑚 + 𝑚(𝑅−𝑌+)    𝑋+𝑚𝑅𝑚
− + 𝑚𝑌+  (1.18) 

where X, R, and Y, are the analyte, negatively charged stationary (resin) phase, and 

eluent ion, respectively; m is the absolute charge (|z|) on the analyte. 

 The retention of a cationic analyte is then given by Equation 1.19. 
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log 𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 − 𝑚𝑙𝑜𝑔𝐶   (1.19) 

where k is the retention factor, m is the absolute charge (|z|) on the analyte, and C is the 

molar concentration of the counter-ion. Hence a plot of log k vs. log C should produce a 

straight line with a slope of m for a pure ion exchange model.
39–41

 

 

1.2.3 Common Column Supports in HPLC 

1.2.3.1 Silica 

 Silica is the most commonly used HPLC column packing material for several 

reasons. Firstly, silica’s high mechanical strength allows for the formation of packed beds 

that remain stable under high operating pressures. Secondly, compared to other packing 

materials (see Section 1.2.3.2), silica provides significantly higher peak efficiency (N) 

due to its uniform particle size and open pore structure. Thirdly, silica is easy to 

chemically modify. Although unmodified silica is often a popular choice for some HILIC 

separations (see Section 1.2.2.2), most silica phases contain alkyl bonded groups. 

Addition of these alkyl groups is readily achieved through reaction of the surface silanols 

(Si-OH, present at a surface concentration of ~8 µmol/m
3
)
42

 with a chlorosilane 

possessing the desired alkyl moiety (R1) of interest (Figure 1.7). As noted previously in 

this chapter, the R1 groups are typically hydrophobic (C8 or C18) for RPLC, while HILIC 

phases normally contain a polar hydrophilic group (see Table 1.1 for representative 

examples). The R2 groups are often methyl, ethyl, or t-butyl groups and act to block 

unwanted interactions (especially in RPLC phases) from unreacted silanol sites on the 

silica surface. 
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Figure 1.7. General scheme for the preparation of a bonded silica phase. 

 

 Irrespective of the bonding chemistry, silica packing materials commonly exist in 

several forms. 

 

1.2.3.1.1 Totally Porous Particles 

 Totally porous particles (TPPs) have traditionally been the most commonly used 

form of silica packing material in modern HPLC columns. The particles are spherical in 

nature and contain numerous pores of controllable sizes passing through the particle. The 

bonded groups are found throughout all surfaces of the particle, but especially within the 

pores. Hence, the resulting high surface area for chromatographic interaction gives these 

particles the capacity to handle injection of a larger mass of sample. TPPs are currently 

commercially available in several diameters ranging from >10 µm down to < 1 µm. 

 

1.2.3.1.2 Core Shell Particles 

 As mentioned in Section 1.2.1.5, smaller diameter particles provide very high 

efficiency separations which allow for shortened run times. However, the potential gain 

in efficiency is significantly offset by the significant increase in column backpressure (ΔP 

α 1/dp
2
; see Section 1.2.1.6). To accommodate the >10 000 psi backpressures associated 

with these small diameter particles, special UHPLC instrumentation is required. 
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 In response to the need for high efficiencies without the use of more expensive 

UHPLC equipment, core shell particles have recently gained significant popularity.
43

 

Such particles consist of a solid core surrounded by a thin porous layer (aka superficially 

porous particles). The advantage of core shell particles are that they are able to attain 

comparable or better efficiencies as sub-2 µm TPPs while maintaining a diameter of 3.5-

5 µm  and the associated lower backpressure of such particle sizes. (Note: TPP’s in 

smaller particle diameters are now commercially available). The reasons for the improved 

efficiencies attained by core-shell particles are twofold: 1) the smaller thickness of the 

shell reduces mass transfer distance, thereby reducing C-term broadening (see Section 

1.2.1.5); and 2) more importantly, the uniform shape of core-shell particles reduces the 

packing factor (), significantly reducing A-term broadening (Equation 1.12).  

 Although these improvements in efficiency are paramount, one must be aware 

that the lower surface area of core-shell particles equates to lower sample capacity. This 

consideration is of particular importance to pharmaceutical analysts who must be able to 

resolve, identify, and quantify trace impurities within a sample containing a high 

concentration of the active pharmaceutical ingredient (API). 

 

1.2.3.1.3 Silica Monoliths 

 Although currently less popular than core-shell particles, silica monoliths are 

another high efficiency low backpressure alternative to TPPs.
44,45

 Silica monoliths are 

prepared as rods from a single piece of porous silica. Surface modification is then carried 

out after the rod is encapsulated within the column. Inside the monolith two types of 

pores exist: large macropores (~2 µm diameter) and small mesopores (~ 10 nm diameter). 
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The mesopores give the monolith a very high surface area (~300 m
2
/g) while the lower 

backpressure in monolithic columns arises from the mobile phase mainly flowing through 

the relatively wide low-resistance macropores. 

 Nevertheless, monolithic phases do suffer from several limitations.
21

 These 

include a limited availability of different stationary phase chemistries; a restricted range 

of column dimensions; and a tendency for all compounds, including both ionisable and 

neutral, to show peak tailing. 

 

1.2.3.2 Silica Alternatives 

 Although silica is the material of choice for many HPLC separations, the 

chemical properties of bonded silica restrict its applicability in some instances. 

Specifically, bonded silica phases are only useable in the pH range of 2 to 8. Below pH 2 

the bonding material is hydrolyzed, while above pH 8 silica dissolves.
46–48

 Since both 

chemical processes are accelerated at high temperature, most column manufacturers 

recommend operating temperatures of no higher than 60 °C.
48

 For separations under 

conditions where silica is not useful (e.g., high pH separations of strong bases or very 

high speed high temperature separations), several alternative materials have been 

developed. Examples of such alternatives include porous polymeric phases and porous 

graphitic carbon, which are discussed below.  

 

1.2.3.2.1 Porous Polymers 

 Porous polymeric phases are one of the most commonly used silica alternatives. 

The majority of polymeric phases are based on a cross-linked polystyrene backbone.
49

 

This backbone can be derivatized with a variety of functionalities for different modes of 
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HPLC, including C18 for RPLC, polar groups for HILIC, and ionic groups for ion 

exchange chromatography.
21,49

 Compared to silica-based phases, however, the number of 

different commercially available bonded polymeric phases is small. 

 The main advantage of these polymeric phases is their tolerance of pH across the 

entire spectrum (1-14).
49

 Continuing from the example in the previous section, the 

separation of a mixture of strong organic bases could be performed at a mobile phase pH 

above 10. Deprotonation of the bases increases RPLC retentivity and improves peak 

shape through the elimination of the analytes’ positive charges. 

 Polymeric phases, however, do suffer from some limitations. Compared to a 

porous silica particle of similar size, a porous polymeric particle exhibits lower peak 

efficiency (N).
21

 Additionally, a more significant drawback is that many polymeric 

phases swell or shrink with changing concentrations of the organic mobile phase 

component. This is especially problematic for gradient separations, and may cause 

significant losses of peak efficiency and large fluctuations in column backpressure. Some 

polymeric phases which are designed to minimize swelling are now commercially 

available.
31

 

 

1.2.3.2.2 Porous Graphitic Carbon (PGC) 

 In the 1980’s, Knox and co-workers introduced porous graphitic carbon (PGC) as 

a chemically robust alternative to silica.
50

 PGC consists of continuous layers of 

hexagonal graphite. Due to the structure of this material, unique selectivity is achieved 

through a different separation mechanism.
13,51

 Like porous polymeric phases, PGC is 

stable across pH 1-14. Unlike the porous polymeric phases, however, PGC is 
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mechanically stable, will not swell or shrink in response to organic solvents, and can 

withstand high temperatures (≤ 200 °C).
13

 Because of its chemical nature and 

hydrophobicity, PGC is primarily utilized in RPLC separations. Nevertheless, PGC will 

weakly retain polar analytes via dipolar interactions. The retention of polar analytes by 

PGC is known as the polar retention on graphite (PREG) effect.
13,51

 Chapters 3 and 4 

further discuss the properties of PGC and explore the use of diazonium chemistry to 

generate aniline, catechol, and amide modified PGC phases with unique hydrophilic 

selectivities. 

 

1.3 Summary 

HPLC has become an invaluable tool in modern Analytical Chemistry. The 

majority of HPLC separations are performed under either reversed-phase or HILIC 

modes. In Chapter 2, a comprehensive investigation is carried out to determine the 

changes in selectivity behavior of different classes of HILIC stationary phases in 

response to changes in mobile phase pH or buffer concentration. It was generally 

observed in these studies that the selectivity behavior of silica based phases is dominated 

by silanol activity, and that increased buffer concentration mutes ionic interactions 

between the analyte and stationary phase. Chapters 3 and 4 describe the preparation and 

characterization of aniline (Chapter 3) and catechol and amide- (Chapter 4) modified 

PGC phases, respectively. All phases demonstrated mixed HILIC and RPLC behaviour 

for a variety of analytes and increased hydrophilicity overall compared to unmodified 

PGC. Lastly, Chapter 5 looks at the pros and cons of the use of ethanol as an alternative 
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RPLC eluent, and in doing so, discusses the important factors to consider when choosing 

a mobile phase for a separation.  
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CHAPTER 2: The Hydrophilicity vs. Ion Interaction HILIC Selectivity Plot 

Revisited: The Effect of Mobile Phase pH and Buffer Concentration on HILIC 

Selectivity
i
  

2.1 Introduction 

As noted in Chapter 1, the popularity of hydrophilic interaction liquid 

chromatography (HILIC) has steadily increased since Alpert
1
 coined the term in 1990. 

This popularity is due to HILIC’s ability to retain and resolve highly polar analytes that 

are difficult to separate by reversed phase chromatography, and to HILIC’s compatibility 

with mass spectrometry.
2–6

 HILIC has been the subject of many reviews
2,4,5,7–11

 and 

several recent large-scale comprehensive studies.
12–15

 Additionally, this mode of liquid 

chromatography has found utility in the analysis of small molecules such as 

metabolites,
2,16,17

 pharmaceuticals,
18–23

 and food chemicals,
24–31

 as well as larger 

biomolecules such as glycans
32–34

 and peptides/proteins.
35–38

 Today, many types of 

HILIC phases are commercially available, including bare silica, amine, amide, diol, and 

zwitterionic phases
8,39

 (see Table 1.1). 

Retention in HILIC is due to partitioning into a surface water layer that forms in 

the presence of an ACN-rich mobile phase as well as adsorptive interactions.
7,40–42

 

Secondary interactions such as dipole-dipole, hydrophilic interactions, hydrophobic 

interactions, and electrostatic interactions are responsible for the different selectivity 

classes of HILIC phases.
12,15,43

 

                                                 

i
 A version of this chapter has been submitted in revised form to the Journal of Chromatography A for 

consideration for publication. See the Preface for further details. 
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In 2011, Dinh et al.
15

 characterized these interactions on 22 HILIC stationary 

phases using principal components analysis (PCA). Their approach successfully 

classified the behavior of the different phases, but was necessarily complex. Inspired by 

the two-dimensional RPLC selectivity plot developed by Neue and co-workers,
44,45

 

Ibrahim et al.
46

 developed several two-dimensional plots to characterize the selectivity of 

HILIC phases based on the relative retention of a subset of the test probes studied by 

Dinh et al.
15

 The objective of these two-dimensional plots was to frame the selectivity in 

a format that was visually easier to comprehend.  

One drawback of the selectivity plots of Dinh et al.
15

 and Ibrahim et al.
46

 are that 

they reflect HILIC selectivity under a single set of mobile phase conditions. Altering 

mobile phase conditions such as pH and buffer concentration can fine-tune HILIC 

selectivity by affecting the water layer thickness, silanol activity and/or the ionization 

state of polar bonded groups.
8–11,47–49

 

In this chapter I investigate the effect of pH and buffer concentration on the 

selectivity behavior of many classes of HILIC phases. Specifically, the hydrophilicity vs. 

ion interaction selectivity plot of Ibrahim et al.
46

 is reconstructed under three different pH 

values and two different buffer concentrations. I then focus on the changes in selectivity 

caused by the new mobile phase conditions. 

 

2.2 Experimental 

2.2.1 Apparatus 

 All experiments were performed on a Varian ProStar HPLC system (Varian, Palo 

Alto, CA, USA) consisting of a Varian 210 ProStar Pump and a Varian ProStar 410 
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Autosampler fit with a 40 µL loop. This system was connected to a Knauer Smartline 

2500 UV detector (Knauer-ASI, Franklin, MA, USA) with a 2 µL flow cell connected via 

fibre optic cables. The detector time constant was 0.1 s. 

 

2.2.2 Chemicals and Reagents 

All solutions were prepared with nanopure water (Barnstead, Dubuque, IA, USA). 

Cytosine, uracil, Optima-grade ACN, and HPLC-grade ammonium formate were from 

Sigma Aldrich (St. Louis, MO, USA). HPLC-grade ammonium acetate was from Fisher 

Scientific (Fair Lawn, NJ, USA). HCl was from Caledon Laboratory Chemicals 

(Caledon, ON, Canada) Benzyltrimethylammonium chloride (BTMA) was from Acros 

Organics (Fair Lawn, NJ, USA). 

 

2.2.3 Tested Columns and Test Probes 

Table 2.1 lists the 22 columns evaluated in this study and their characteristics. 

Retention factors (k) for cytosine, uracil and BTMA were calculated as the average of 

three injections. Toluene was used as the unretained dead time marker (tm) for all HILIC 

phases. The standard deviations of the retention ratio measurements shown in Figure 2.1 

are smaller than the size of the marker symbol (RSD’s typically < 1%).  
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Table 2.1. Characteristics of the stationary phases evaluated in this study. 

Col.

# 

Brand 

Name 
Manufacturer Support Functionality 

Particle 

size (μm) 

Pore 

size 

(Å) 

Surface 

area 

(m2/g) 

Column 

length 

(mm) 

Column 

diameter 

(mm) 

1 
Zorbax 

HILIC Plus 
Agilent Silica Underivatized 3.5 95 160 100 4.6 

2 
Chromolith 

Si 
Merck 

Silica 

monolith 
Underivatized N/A 130 300 100 4.6 

3 
Ascentis 
Express 

HILIC 

Supelco 
Fused 
core 

silica 

Underivatized 2.7 90 150 100 4.6 

4 
Xbridge 
HILIC 

Waters 
Silica 
(BEH) 

Underivatized 3.5 130 185 150 2.1 

5 
Cosmosil 

HILIC 
Nacalai Silica Triazole 5 120 300 150 4.6 

6 
Ultra 

Amino 
Restek Silica Aminopropyl 3 100 300 50 3.0 

7 
TSKgel 

NH2-100 

Tosoh 

Bioscience 
Silica Aminoalkyl 3 100 450 150 4.6 

8 ZIC-HILIC Merck Silica 
Polymeric 

sulfoalkylbetaine 

zwitterionic 

3.5 100 180 150 4.6 

9 
ZIC-

pHILIC 
Merck 

Porous 

polymer 

Polymeric 
sulfoalkylbetaine 

zwitterionic 

5 — — 150 4.6 

10 ZIC-HILIC Merck Silica 

Polymeric 

sulfoalkylbetaine 
zwitterionic 

5 200 135 150 4.6 

11 ZIC-cHILIC Merck Silica 

Polymeric 

phosphorylcholine 
zwitterionic 

3 100 180 150 4.6 

12 
TSKgel 

Amide-80 

Tosoh 

Bioscience 
Silica 

Amide (polymeric 

carbamoyl) 
5 80 450 100 4.6 

13 
AdvanceBio 
Glycan Map 

Agilent 
Poroshell 

silica 
Proprietary amide 2.7 120 130 100 4.6 

14 
Fortis 

HILIC Diol 

Fortis 

Technologies 
Silica Alkyl diol 3 100 380 100 4.6 

15 
Ascentis 
Express 

OH5 

Supelco 
Fused 
core 

silica 

Penta hydroxy 2.7 90 150 100 4.6 

16 FRULIC-N AZYP LLC Silica 
High loaded 

propylcarbamate 

cyclofructan 6 

5 100 440 150 4.6 

17a Ultra IBD Restek Silica 
Proprietary polar 

alkyl embedded 
5 100 300 100 4.6 

18 
Acclaim 

HILIC-10 
Thermo 

Scientific 
Silica 

Proprietary 

neutral polar 

functionality 

3 120 300 150 4.6 

19a 
Ascentis 

Express F5 
Supelco 

Fused 
core 

silica 

Pentafluorophenyl 

propyl 
2.7 90 150 100 4.6 

20a Ultra PFP Restek Silica 
Pentafluorophenyl 

propyl 
5 100 300 100 4.6 

21 

Poly- 

HYDROXY
-ETHYL A 

PolyLC Silica 

Poly(2-

hydroxyethyl 
aspartamide) 

5 200 188 150 4.6 

22 

Poly- 

SULFO-
ETHYL A 

PolyLC Silica 
Poly(2-sulfoethyl 

aspartamide) 
5 200 188 150 4.6 

a
Column was studied but excluded from plots as it exhibited reversed phase behavior under the conditions 

studied.  
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2.2.4 UV Spectroscopy of Cytosine 

UV spectra of 0.25 mM cytosine were recorded on a Genesys 10S UV-visible 

spectrophotometer (Thermo Scientific) using a 1.00 cm path length quartz cuvette. 

Measurements were referenced against unbuffered 80 % ACN(aq). Buffers did not alter 

the cytosine λmax.  

2.2.5 Chromatographic Conditions 

 The premixed mobile phases consisted of a mixture of ACN and water (80:20 v/v) 

containing ammonium acetate (w
w
pH 6.8 or 5.0) or ammonium formate (w

w
pH 3.7 or 3.0). 

Analytes (20 µL partial loop fill injection) were separated under ambient temperature (23 

± 3 °C) at 0.5 mL/min and detected at 254 nm. The buffer strength (5 or 25 mM) is that 

present after ACN addition. The % ACN quoted in this work represents the volume of the 

ACN relative to the total volume of the solvents including buffer and ACN. The pH for 

each aqueous component was measured prior to adding ACN (w
w
pH). Early studies 

suggested that the w
w
pH value is more representative of the surface aqueous layer in 

HILIC.
43,49

 More recently, direct pH measurement of the buffered aqueous/organic 

mobile phase (after calibrating in aqueous buffers; w
s
pH) has been advocated.

12,50,51
 

While neither measure is truly an ideal descriptor of the mobile phase acidity, both the 

w
s
pH and w

w
pH are quoted in this chapter.   

 

2.3 Results and Discussion 

 This work focuses on the effect of pH and buffer concentration on the selectivity 

of various HILIC phases, using the hydrophilicity vs. ion interaction HILIC selectivity 

plot.
46

 To probe selectivity, the retention ratio of probe analytes is used.
15,46,52

 By using 
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probe pairs, column properties that affect absolute retention (e.g., column size, pore size, 

surface area, etc.) are factored out by the measurement of relative retention.
15

 To measure 

the hydrophilicity, the relative retention of cytosine and uracil are used. These 

compounds are both hydrophilic (log P = -1.97 and -1.05, respectively at pH 7),
53

 and are 

structurally similar (effectively negating other interactions). Thus, both compounds show 

strong HILIC retention, and their retention ratio (kcytosine/kuracil) has been ascribed as a 

convenient measure of the hydrophilicity of the HILIC phase,
15

 within the pH limitations 

discussed below.  

Likewise, the retention ratio of kBTMA/kuracil provides a measure of the electrostatic 

interactions of a phase.
54,55

 Benzyltrimethylammonium (BTMA) is a quaternary amine 

which maintains its positive charge under all pH conditions and will thus undergo cation 

exchange interactions. Uracil, on the other hand, remains uncharged under all pH 

conditions. Therefore uracil will not undergo cation exchange interactions but will 

experience other HILIC interactions similar to BTMA. Further, although kBTMA/kuracil 

primarily reflects the cation exchange interactions of a phase, the strong HILIC retention 

of BTMA on all HILIC phases allows the probe pair to also reflect the cationic nature of 

phases via electrostatic repulsion.
56

 Hence, a high kBTMA/kuracil indicates stronger cation 

exchange behavior, while a low kBTMA/kuracil indicates cationic surface functionalities that 

would be important either for anion exchange retention or electrostatic repulsion liquid 

chromatography (ERLIC).
56

 

Table 2.2 summarizes the selectivity behavior of the columns investigated in this 

work. Three columns (Ultra IBD phase (column no. 17), Ascentis Express F5 (19), and 

Ultra PFP (20)) were studied but are excluded from the table and plots. These columns 
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(17, 19, 20) displayed reversed phase behavior, as evidenced by weaker retention of 

cytosine and uracil, and stronger retention of toluene. Table 2.3 summarizes the retention 

for all columns under the mobile phase conditions studied. Such behavior for the 

fluorinated phases (19, 20) is consistent with the finding of less than a full monolayer 

water layer.
41

 Similar hydration studies of the IBD phase have not been reported, albeit 

the manufacturer does advertise the IBD phase for use in HILIC separations.  
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Table 2.2. Summary of selectivity changes of HILIC columns when pH is decreased or 

buffer concentration is increased.  

Col. 

# Brand Name 

Effect of decreased pH Effect of increased [buffer] 

Ion 

Interaction
 Hydrophilicity 

Ion 

Interaction 
Hydrophilicity 

 silica     

1 Zorbax HILIC Plus --- CE 0 -- CE - 

2 Chromolith SI --- CE ++ --- CE - 

3 Ascentis Express HILIC -- CE ++ -- CE -- 

4 Xbridge HILIC -- CE 0 -- CE 0 to -- 

 amine     

5 Cosmosil HILIC -- AE 0 complex 0 to - 

6 Ultra Amino ++ AE 0 complex 0 to - 

7 TSKgel NH2-100 - AE 0 complex 0 to + 

 zwitterionic     

8 ZIC-HILIC -- CE ++
c 

-- CE complex
 c
 

9 ZIC-pHILIC -- CE ++
 c
 -- CE complex

 c
 

10 ZIC-HILIC -- CE ++
 c
 -- CE complex

 c
 

11 ZIC-cHILIC -- CE +++
 c
 -- CE complex

 c
 

 amide     

12 TSKgel Amide-80 -- CE 0 - CE 0 

13 AdvanceBio Glycan Map -- CE 0 - CE 0 to - 

 hydroxylated     

14 Fortis HILIC Diol --- CE -- complex 0 to + 

15 Ascentis Express OH5 -- CE 0 0 0 

16 FRULIC-N -- CE - complex 0 to + 

 specialty     

18 Acclaim HILIC-10 complex complex complex complex 

21 PolyHYDROXYETHYL A - CE + -CE 0 to + 

22 PolySULFOETHYL A 0 ++++
 c
 --- CE ----

 c
 

a
Legend: ++++/---- very strong increase/decrease, +++/--- strong increase/decrease, ++/-- moderate 

increase/decrease, +/- weak increase/decrease, 0 no effect, CE cation exchange, AE anion 

exchange. 
b
Columns 17, 19, and 20 exhibited reversed phase retention and are therefore excluded from this table. 

c
Selectivity behavior at low pH may be biased by cytosine protonation. 
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Table 2.3. Retention data for separations of test probes performed on 22 different HPLC 

(HILIC) phases at various mobile phase pH’s and buffer concentrations. Conditions: 

columns, see column numbers in Table 2.1; flow rate, 0.5 mL/min; eluents, 5 and 25 mM 

ammonium acetate (w
w
pH 6.8 and 5.0) or ammonium formate (w

w
pH 3.7 and 3.0) in 80 % 

ACN; test analytes 0.25-1.5 mM cytosine, uracil, and BTMA prepared in 80 % ACN 

containing 5 mM of the appropriate buffer; UV detection at 254 nm with a 20 µL partial 

loop fill injection. 

Col. 

# 

pH 6.8, 5 mM buffer pH 6.8, 25 mM buffer 

tm (min) kcytosine kuracil kBTMA tm (min) kcytosine kuracil kBTMA 

1 1.98 1.32 0.45 6.38 1.83 2.10 0.77 2.69 

2 2.81 0.59 0.20 6.20 2.69 0.82 0.31 2.01 

3 1.84 1.11 0.38 4.86 1.68 1.24 0.55 1.70 

4 1.82 0.68 0.24 1.51 1.72 0.41 0.95 1.10 

5 3.08 1.37 0.63 0.17 2.91 1.78 0.81 0.48 

6 0.41 2.17 0.91 0.25 0.38 2.73 1.12 0.62 

7 3.18 2.35 0.94 0.18 2.42 4.01 1.50 0.71 

8 2.64 2.15 0.88 2.58 2.35 2.68 1.14 1.24 

9 2.51 2.05 0.93 0.94 2.72 2.58 1.09 0.65 

10 3.12 1.26 0.54 1.59 3.01 1.54 0.65 0.89 

11 2.66 2.29 1.00 1.21 2.43 3.02 1.29 1.29 

12 1.89 2.60 1.10 2.43 1.77 3.17 1.36 1.83 

13 1.78 1.42 0.70 1.38 1.60 1.61 0.87 1.03 

14 2.05 1.81 0.66 2.89 1.97 2.31 0.84 2.72 

15 1.68 1.52 0.61 0.56 1.68 1.98 0.70 0.63 

16 2.47 3.76 1.35 3.38 2.37 5.17 1.69 2.84 

17
a,b

 2.21 0.24 0.01 1.50 — — — — 

18 3.32 1.92 0.51 1.04 3.42 2.01 0.66 0.79 

19
a
 1.61 0.17 0.08 7.52 — — — — 

20
a
 1.90 0.02 0.02 0.34 — — — — 

21 2.73 2.43 0.95 0.77 2.57 3.27 1.21 0.63 

22 2.50 3.97 1.35 7.19 2.35 5.40 1.74 2.42 
a
Full studies of selectivity behavior was not performed due to column displaying apparent reversed 

phase retention. 
b
Dead time measured using water dip.  
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Table 2.3 continued. 

Col. 

# 

pH 5.0, 5 mM buffer pH 5.0, 25 mM buffer 

tm (min) kcytosine kuracil kBTMA tm (min) kcytosine kuracil kBTMA 

1 
2.04 1.27 0.43 4.67 1.91 1.47 0.56 2.30 

2 2.78 0.60 0.20 4.53 2.73 0.74 0.26 1.44 

3 1.86 1.12 0.37 3.72 1.72 1.17 0.50 1.54 

4 1.79 0.70 0.28 1.27 1.19 1.86 0.98 2.27 

5 3.07 1.38 0.63 0.13 2.67 1.76 0.90 0.47 

6 0.41 2.23 0.89 0.25 0.38 2.65 1.03 0.54 

7 2.95 2.64 0.99 0.56 2.86 3.14 1.13 0.64 

8 2.65 2.25 0.89 2.05 2.42 2.47 1.04 1.06 

9 2.51 2.17 0.98 0.92 2.44 2.31 1.05 0.44 

10 3.14 1.33 0.53 1.45 3.04 1.53 0.63 0.81 

11 2.66 2.31 1.01 1.20 2.31 2.42 1.21 0.75 

12 1.88 2.37 1.08 2.07 1.80 3.03 1.30 1.46 

13 1.77 1.45 0.72 1.29 1.75 1.79 0.82 0.95 

14 2.06 1.69 0.66 2.92 2.01 2.09 0.77 2.04 

15 1.68 1.60 0.61 0.49 1.66 1.99 0.70 0.46 

16 2.47 3.77 1.35 2.60 2.40 4.82 1.60 2.09 

17
a,b

 
— — — — — — — — 

18 3.40 2.02 0.51 0.53 3.42 2.07 0.58 0.58 

19
a 

— — — — — — — — 

20
a 

— — — — — — — — 

21 2.72 2.48 0.95 0.69 2.56 3.04 1.15 0.54 

22 
2.41 4.49 1.47 5.47 2.27 4.99 1.70 1.70 

a
Full studies of selectivity behavior was not performed due to column displaying apparent reversed 

phase retention. 
b
Dead time measured using water dip.  
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Table 2.3 continued. 

Col. 

# 

pH 3.7, 5 mM buffer
c
 pH 3.0, 5 mM buffer 

tm (min) kcytosine kuracil kBTMA tm (min) kcytosine kuracil kBTMA 

1 
— — — — 2.04 1.12 0.37 1.19 

2 — — — — 2.83 0.59 0.17 0.95 

3 1.91 1.04 0.32 1.66 1.90 1.06 0.31 1.35 

4 — — — — 1.85 0.65 0.24 0.58 

5 — — — — 3.07 1.29 0.63 0.39 

6 0.43 2.21 0.84 0.02 0.41 2.07 0.87 0.05 

7 — — — — 2.97 2.56 0.97 0.32 

8 3.19 1.40 0.51 0.79 2.71 2.89 0.83 0.97 

9 — — — — 2.51 2.89 0.96 0.52 

10 — — — — 3.16 1.62 0.50 0.61 

11 2.74 2.58 0.95 0.66 2.69 3.89 0.97 0.62 

12 1.89 2.56 1.08 1.37 1.88 2.61 1.07 0.91 

13 — — — — 1.96 1.48 0.65 0.44 

14 2.06 1.63 0.65 0.81 2.05 1.37 0.64 0.47 

15 — — — — 1.67 1.52 0.60 0.24 

16 — — — — 2.50 3.40 1.30 0.96 
17a,b 

— — — — — — — — 

18 — — — — 3.58 1.65 0.49 0.21 

19
a
 

— — — — — — — — 

20
a
 

— — — — — — — — 

21 — — — — 2.74 2.60 0.89 0.41 

22 
2.37 9.82 1.38 4.54 2.58 17.62 1.25 4.49 

a
Full studies of selectivity behavior was not performed due to column displaying apparent reversed 

phase retention. 
b
Dead time measured using water dip.  

c
Data under this mobile phase condition only acquired on representative columns to verify validity 

of cytosine at low pH. 
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Table 2.3 continued. 

Col. 

# 

pH 3.0, 25 mM buffer 

tm (min) kcytosine kuracil kBTMA 

1 
2.73 1.09 0.57 1.09 

2 2.81 0.57 0.18 0.66 

3 1.84 0.83 0.34 0.80 

4 1.81 0.70 0.27 0.61 

5 2.93 1.34 0.70 0.27 

6 0.38 2.12 0.98 0.40 

7 2.85 2.61 1.03 0.44 

8 2.61 3.07 0.78 0.94 

9 2.43 2.91 1.03 0.34 

10 3.07 1.81 0.58 0.50 

11 2.56 3.89 1.14 0.55 

12 1.80 3.05 1.21 0.82 

13 1.76 1.83 0.78 0.41 

14 1.95 1.80 0.78 0.88 

15 1.66 1.87 0.67 0.32 

16 2.39 4.75 1.59 2.05 
17a,b 

2.21 0.20 0.01 0.35 

18 3.33 1.59 0.35 0.55 

19
a
 

1.61 0.26 0.08 1.30 

20
a
 

— — — — 

21 2.65 3.42 1.07 0.45 

22 
2.48 9.54 1.41 1.26 

a
Full studies of selectivity behavior was not performed  due to column displaying apparent reversed phase 

retention. 
b
Dead time measured using water dip.  
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Figure 2.1A shows the ion interaction (kBTMA/kuracil) vs. hydrophilicity 

(kcytosine/kuracil) under Ibrahim et al.’s 
46

 original conditions (5 mM buffer at w
w
pH 6.8 

(w
s
pH 7.7)) in 80 % ACN. As observed previously,

46
 the columns cluster within groups 

(i.e., bare silica, amine, amide, hydroxylated, zwitterionic, and specialty phases). The 

high pH (w
w
pH 6.8) ensures deprotonation of silanols and the dilute 5 mM buffer ensures 

strong electrostatic interactions Figures 2.1B-F show selectivity plots for 5 and 25 mM 

total buffer concentrations at w
w
pH 6.8, 5.0, and 3.0 (w

s
pH 7.7, 7.2, and 4.8). 

kBTMA/kuracil
55

 was utilized in this work rather than kBTMA/kcytosine
15,46

 to minimize the 

potential bias due to the possible protonation of cytosine at low pH (see Section 2.3.1). 

Selectivity plots using kBTMA/kuracil vs. kcytosine/kuracil (Figure 2.1) are similar to those using 

kBTMA/kcytosine vs. kcytosine/kuracil (Figure 2.2) at w
w
pH 6.8 and 5.0, but show some 

differences at w
w
pH 3.0. 
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Figure 2.1. Hydrophilicity (kcytosine/kuracil) vs. ion interaction (kBTMA/kuracil) selectivity 

plots of HILIC phases acquired under different mobile phase pH’s and buffer 

concentrations. Symbols: bare silica (●); amine (□); zwitterionic (▲); amide (◊); 

hydroxylated (Δ); and specialty phases (*). See Table 2.1 for column numbers. Red 

colored numbers beside markers indicate data points demonstrated to be biased by 

cytosine protonation. Eluents: (A) 5 mM ammonium acetate, w
w
pH 6.8, in 80 % ACN, 

(B) 25 mM ammonium acetate, w
w
pH 6.8, in 80 % ACN, (C) 5 mM ammonium acetate, 

w
w
pH 5.0, in 80 % ACN, (D) 25 mM ammonium acetate, w

w
pH 5.0, in 80 % ACN, (E) 5 

mM ammonium formate, w
w
pH, in 80 % ACN, and (F) 25 mM ammonium formate, w

w
pH 

3.0, in 80 % ACN Cytosine/uracil ratios for column 22 were offset in Figures 2.1E and 

2.1F to bring them on-scale. The true values were 14.14 and 6.79, respectively. See 

Table 2.3 for raw retention data of all columns. 

14.14 

6.79 
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Figure 2.2. Comparative hydrophilicity (kcytosine/kuracil) vs. ion interaction (kBTMA/kuracil) 

selectivity plots of HILIC phases as in Figure 2.1, but utilizing the BTMA/cytosine 

retention ratio on the y-axis. Symbols: bare silica (●); amine (□); zwitterionic (▲); amide 

(◊); hydroxylated (Δ); and specialty phases (*). See Table 2.1 for column numbers. Red 

colored numbers beside markers indicate data points demonstrated to be biased by 

cytosine protonation. Eluents: (A) 5 mM ammonium acetate, w
w
pH 6.8, in 80 % ACN, 

(B) 25 mM ammonium acetate, w
w
pH 6.8, in 80 % ACN, (C) 5 mM ammonium acetate, 

w
w
pH 5.0, in 80 % ACN, (D) 25 mM ammonium acetate, w

w
pH 5.0, in 80 % ACN, (E) 5 

mM ammonium formate, w
w
pH, in 80 % ACN, and (F) 25 mM ammonium formate, w

w
pH 

3.0, in 80 % ACN Cytosine/uracil ratios for column 22 were offset in Figures 2.1E and 

2.1F to bring them on-scale. The true values were 14.14 and 6.79, respectively. See 

Table 2.3 for raw retention data of all columns.   

14.14 

6.79 
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2.3.1 Effect of pH  

To better illustrate the effect of eluent conditions on HILIC selectivity, Figure 2.3 

presents the change in the relative probe retention between two eluent conditions. For 

instance, Figure 2.3A compares column selectivity using w
w
pH 5.0 (w

s
pH 7.2)/5.0 mM 

eluent relative to a w
w
pH 6.8 (w

s
pH 7.7)/5.0 mM eluent, which was the focus of previous 

studies.
15,46

 The dotted horizontal and vertical lines indicate no change in hydrophilicity 

or ion interaction selectivity, respectively. The majority of the columns in Figure 2.3A 

cluster around the (0, 0) point in the plot, indicating that the change in eluent w
w
pH from 

6.8 to 5.0 has minimal effect on HILIC selectivity, consistent with the literature.
11,12

 The 

minimal change in HILIC selectivity observed upon decreasing w
w
pH from 6.8 to 5.0 is to 

be expected since the actual difference in w
s
pH is small (7.7 vs. 7.2). Similar to other 

weak acids,
57

 addition of ACN causes up to a 1-2 pH unit increase in the pKa of the 

silanols relative to a purely aqueous system.
58

 Hence, no significant change in silanol 

protonation would yet be expected.  
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Figure 2.3. Difference plots showing the effect of changing the w

w
pH from 6.8 to (A) 5.0, 

(B) 3.7 and (C) 3.0 (while maintaining a 5 mM buffer concentration) on the 

hydrophilicity and ion interaction behavior of 19 HILIC columns. Symbols: bare silica 

(●), amine (□), zwitterionic (▲), amide (◊), hydroxylated (Δ), and specialty phases (*). 

See Table 2.1 for column numbers. Red colored numbers beside markers indicate data 

points demonstrated to be biased by cytosine protonation. All difference values were 

calculated relative to the data points obtained at pH 6.8 using a 5 mM buffer 

concentration. Note that in Figure 2.3C the actual Δ kcytosine/kuracil for col. 22 was 11.19.  

4.17 

11.19 



51 

 

Cytosine has a w
w
pKa of 4.6.

49
 The pKa of weak bases such as cytosine may be 1 

or more pH units lower in 80 % ACN than in water.
57

 Based on the method of Loppnow 

and co-workers
59

 (see Section 2.2.4), UV absorbance spectra of cytosine were recorded 

in various eluents. Protonated cytosine absorbs at 276 nm (due to increased 

conjugation
59

) vs. 267 nm for the uncharged. Based on the λmax values in Table 2.4, the 

w
w
pKa of cytosine in 80 % ACN is estimated to be 2.6-3.0; hence at w

w
pH 3.0 cytosine is 

partially charged. Therefore, caution must be taken in the interpretation of the 

hydrophilicity behavior (kcytosine/kuracil) at w
w
pH 3.0, but the ion interaction based on 

kBTMA/kuracil is uncompromised. Additional studies of selected columns were performed at 

w
w
pH 3.7 (Figures 2.3B and 2.4) to guide interpretation of the hydrophilicity behavior. 

 

Table 2.4. UV absorbance maxima of cytosine in different solutions. The cytosine 

concentration was maintained at approximately 0.25 mM at all conditions. 

Solution Conditions Cytosine λmax 

5 mM ammonium acetate (w
w
pH 6.8) in water 267 

5 mM ammonium acetate (w
w
pH 6.8) in 80 % ACN 267 

50 mM HCl (w
w
pH ~ 1) in water 276 

50 mM HCl (w
w
pH ~ 1) in 80 % ACN 276 

5 mM ammonium formate (w
w
pH 4.0) in 80 % ACN 267 

5 mM ammonium formate (w
w
pH 3.7) in 80 % ACN 267 

5 mM ammonium formate (w
w
pH 3.5) in 80 % ACN 268 

5 mM ammonium formate (w
w
pH 3.0) in 80 % ACN 271 
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Figure 2.4. Hydrophilicity (kcytosine/kuracil) vs. ion interaction (kBTMA/kuracil) selectivity plot 

of selected HILIC phases at w
w
pH 3.7. Symbols: bare silica (●); amine (□); zwitterionic 

(▲); amide (◊); hydroxylated (Δ); and specialty phases (*). See Table 2.1 for column 

numbers. Eluent: 5 mM ammonium formate, w
w
pH 3.7, in 80 % ACN. Note the 

cytosine/uracil ratio for column 22 was offset bring it on-scale. The true value was 7.10. 

See Table 2.3 for raw retention data of all columns. 

 

  

7.10 



53 

 

 At w
w
pH 3.0 (w

s
pH 4.8, Figure 2.3C), a larger number of selectivity differences 

are evident. The ion-interaction selectivity of the bare silica phases (red circles, columns 

1-4) is dominated by pH-dependent silanol activity.
11,15,43

At w
w
pH 3.0 most silanols are 

protonated (silanol w
w
pKa = 4-7).

11,49
 Therefore, all bare silica phases (1-4) displayed a 

moderate decrease in cation exchange activity at w
w
pH 3.0 relative to w

w
pH 6.8 (y < 0 in 

Figure 2.3C) due to a reduction in cation exchange between the silanols and cationic 

BTMA.  

 The amine columns (blue squares, 5-7) are protonated under all pH values used in 

this study (w
w
pH 6.83.0). Thus, BTMA experiences electrostatic repulsion.

11,15
 At w

w
pH 

5.0 and 6.8 this repulsion behavior is similar (kBTMA/kuracil ~ 0 in Figure 2.3A). At w
w
pH 

3.0 the underlying exposed silanols are protonated (uncharged) and so repulsion of 

BTMA by amine phases should be enhanced (i.e., kBTMA/kuracil < 0 in Figure 2.3C). The 

Ultra Amine (6) showed increased anion exchange (lower kBTMA/kuracil) at w
w
pH 3.0 in 

Figure 2.3C (also compare Figure 2.1E vs. 2.1A), but both the Cosmosil (5) and TSK-

gel NH2-100 (7) displayed an increase in kBTMA/kuracil in Figure 2.3C. These unusual 

findings may be due to the low retention of BTMA on columns 5 and 7 (Table 2.3). 

Based on investigations by Guo et al.
60

 the nature of the buffer (acetate vs. formate) is not 

believed to affect retention of cationic species on amino columns. The hydrophilicity of 

the amine phases (5-7) did not change when the w
w
pH was lowered to 3.0.  

All zwitterionic phases (green triangles, 8-11) experienced a similar weak to 

moderate reduction in kBTMA/kuracil upon lowering w
w
pH to 3.0 (Figure 2.3C). The 

reduction in cation exchange behavior of the ZIC-HILIC (8 and 10) and ZIC-cHILIC (11) 

phases at w
w
pH 3.0 may be ascribed to the protonation of exposed silanols,

48,49,61
 causing 
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reduced retention of BTMA. Similarly, studies of a zwitterionic polymethacrylate 

monolith (similar polymer backbone to pHILIC 
62

) showed less anionic character at w
w
pH 

3.5 vs. 9.5.
63

 

The kcytosine/kuracil (hydrophilicity) of the zwitterionic phases (green triangles, 8-11) 

increased dramatically upon reducing the w
w
pH from 6.8 to 3.0 (Figure 2.3C, and Figure 

2.1E vs. 2.1A). Based on selectivity measurements at w
w
pH 3.7/5 mM (w

s
pH 5.5; Figures 

2.3B and 2.4) vs. w
w
pH 5.0/5 mM (Figures 2.1C and 2.3B) it is apparent that the 

observed hydrophilicity behaviors in Figure 2.3C for columns 8-11 are biased by 

cytosine protonation. 

 At w
w
pH 3.0 the amide phases (brown diamonds; 12, 13) displayed a comparable 

loss of cation exchange activity to the BEH silica (columns 12 and 13 vs. 4; Figure 

2.3C). This reduction in cation exchange may be ascribed to protonation of underlying 

silanols.
49,54

 The kcytosine/kuracil of these phases (12, 13) was minimally affected by 

reducing the w
w
pH to 3.0.  

The selectivity behavior of the hydroxylated phases (pink open triangles, 14-16) 

and the PolyHYDROXYETHYL A (black asterisk, 21) in Figure 2.3C were more 

column dependent than other classes, as observed previously.
54

 A >4-fold decrease in 

ionic interaction behavior was observed for the Fortis Diol (column 14), while others 

displayed little (15, 21) to moderate (column 16; FRULIC-N, a commercialized analog of 

a column reported by Armstrong and co-workers
64

) reduction in cation exchange activity. 

In general, the Ascentis Express OH5 (15) and the PolyHYDROXYETHYL A (21) 

displayed relatively little shift in selectivity over all mobile phase conditions examined. 
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The stability in ionic selectivity observed in the Ascentis Express OH5 (15) is consistent 

with the manufacturer’s claims.  

The Fortis HILIC Diol (14) showed the greatest (50 %) decrease in kcytosine/kuracil 

in Figure 2.3C when the w
w
pH was decreased to 3.0, arising from decreased cytosine 

retention (Table 2.3). Similar change in hydrophilicity behavior was observed at 

w
w
pH 3.7 (Figure 2.3B), indicating cytosine protonation was not responsible for the 

change. Given the multiple secondary interactions contributing to the HILIC retention of 

diol phases,
15

 it is difficult to attribute the change in hydrophilicity behavior of column 

14 to a single interaction. The other hydroxylated phases (15, 16, and 21) displayed 

minimal change in hydrophilicity. 

The Acclaim HILIC 10 (black asterisk, 18) is a silica-based HILIC phase 

containing a proprietary covalently bonded hydrophilic layer. It exhibited a moderate 

reduction in both cation exchange activity and hydrophilicity when the w
w
pH was 

decreased from 6.8 to 3.0 (Figure 2.3C). Due to the proprietary nature of the Acclaim 

HILIC-10 (18), I am unable to confidently rationalize the behavior of this column. No 

previous studies of the effect of mobile phase conditions on the selectivity of this column 

have been performed. 

The PolySULFOETHYL A (black asterisk, 22) behaves as a pseudo-zwitterionic 

phase (due to unbonded cationic taurine groups) with some strong cation exchange 

character (due to the anionic sulfonate groups).
15,54

 This column (22) remained near zero 

on the ionic interaction axis in Fig. 2.3C. Conversely, column 22 displayed almost a 5-

fold increase in kcytosine/kuracil at w
w
pH 3.0 vs 6.8 (14.1 vs. 2.9, respectively; see Figures 

2.1A and 2.1E) due to a >4-fold increase in kcytosine (17.6 vs. 4.0). The strong increase in 
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cytosine retention may be substantially attributed to ionic interactions with the sulfonate 

head group
54

 at w
w
pH 3.0. Nevertheless at w

w
pH 3.7 (Figure 2.3B and see also Figure 2.4 

vs 2.1A) this phase still displayed a greater than 2-fold increase in kcytosine/kuracil vs. 

w
w
pH 6.8. Broad tailing peak shapes were observed for this phase under all of our mobile 

phase conditions (data not shown), as had been reported previously.
15,54

  

Table 2.2 summarizes the pH-dependent selectivity behaviors of the various 

HILIC phases detailed above. The magnitude of the changes in ion interaction and 

hydrophilicity are scaled from 0 (no change) to ++++/---- (very large increase or 

decrease). For example, Table 2.2 outlines how the silica phases (1-4), as discussed in 

the preceding section, display a moderate to strong decrease in cation exchange activity 

(-- to --- CE in Table 2.2) and either no change (0) or a moderate increase (++) in 

hydrophilicity in response to decreasing the w
w
pH from 6.8 to 3.0. Those phases (such as 

the Acclaim HILIC 10; column 18) which display complex changes in response to 

changes in mobile phase conditions are listed as “complex.”  

 

2.3.2 Effect of Buffer Concentration 

Figure 2.5 illustrates the effect of increasing the buffer concentration from 5 to 

25 mM, while keeping the pH constant at w
w
pH 6.8 (Figure 2.5A), 5.0 (Figure 2.5B), 

and 3.0 (Figure 2.5C). As noted in the literature,
40,48,49

 more concentrated buffer mutes 

ionic interactions for most phases due to increased ionic shielding.  

At w
w
pH 6.8 (Figure 2.5A) and 5.0 (Figure 2.5B), all silica phases (red circles, 

1-4) experienced a 50-100% decrease in kBTMA/kuracil arising from decreased ionic 

interactions between BTMA and the deprotonated silanols. Additionally, one can 
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Figure 2.5. Difference plots showing the effect of increasing the buffer concentration 

from 5 to 25 mM at w
w
pH (A) 6.8, (B) 5.0, and (C) 3.0 on the hydrophilicity and ion 

interaction behavior of 19 HILIC columns. Symbols: bare silica (●), amine (□), 

zwitterionic (▲), amide (◊), hydroxylated (Δ), and specialty phases (*). See Table 2.1 

for column numbers. Red colored numbers beside markers indicate data points 

demonstrated to be biased by cytosine protonation. All difference values were calculated 

relative to the data points obtained at the same pH using a 5 mM buffer concentration. 

Note that in Figure 2.5C the actual Δ kcytosine/kuracil for column 22 was -7.35.  

-7.35 
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distinguish the silanol activity of the phases based on the change in kBTMA/kuracil upon 

increasing buffer concentration. At w
w
pH 6.8/5 mM the silica phases (1-4) in Figure 2.1A 

group together.
15,46

 Upon increasing the buffer concentration, however, the silica phases 

respond differently (Figure 2.5A). The Chromolith Si (2) exhibits strong silanol activity 

due to its use of a silica which contains a wide array of highly acidic and less acidic 

silanols;
54

 hence the strong cation exchange character in Figure 2.1A. Resultantly, 

Chromolith Si experiences the greatest shielding effects and loss of cation exchange 

activity upon increasing buffer concentration in Figure 2.5A (kBTMA/kuracil 30.7 vs. 6.4 in 

5 vs. 25 mM buffer at w
w
pH 6.8). At the other extreme, the blocked and less active 

silanols of the BEH silica (4)
49

 display a much smaller decrease in cation exchange 

activity (Figure 2.5A). The Type B silica phases (Zorbax HILIC Plus (1) and Ascentis 

Express HILIC (3)) displayed a median decrease in cation exchange activity.  

At w
w
pH 3.0, the cation exchange behavior of the silica columns (1-4) is weak 

(Figure 2.1E) due to protonation of the silanols (see Section 2.3.1). Hence, as shown in 

Figure 2.5C, increasing the buffer concentration from 5 to 25 mM caused little change in 

the cation exchange behavior of the silicas (red circles, 1-4). 

For the amine columns (blue squares, 5-7), the ion interaction behavior was more 

complex. At w
w
pH 6.8 (Figure 2.5A) ionic shielding of the cationic amino groups due to 

increased buffer concentration reduced electrostatic repulsion of BTMA, leading to a 

100-150% increase in kBTMA/kuracil, consistent with the literature.
15

 Similar changes in ion 

interaction behavior were observed at w
w
pH 5.0 (Figure 2.5B), albeit the TSKgel NH2-

100 (7) was unaffected by increasing the buffer concentration at this pH. At 

w
w
pH 3.0/25 mM (Figure 2.5C), each amine phase (5-7) displayed different behaviors.  
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 All zwitterionic phases (green triangles, 8-11) experienced some loss of cation 

exchange activity in Figure 2.5A. The reduction in ion interaction can mainly be ascribed 

to shielding of multi-point ionic interactions by the buffer salt, as noted by Chirita et al.
61

 

and Dinh et al.
15

 Furthermore, although the surface functionalities significantly shield the 

underlying backbone of the ZIC-HILIC phases (8, 10),
7,61

 interactions with the silica 

backbone are still apparent. Namely, more significant reductions in cation exchange 

interactions (resulting from a 50-110 % reduction in BTMA retention) were observed for 

the ZIC-HILIC phases (8, 10) as compared to the ZIC-pHILIC (9). Interestingly, the 

ZIC-cHILIC (11) remained nearly unaffected (0, 0 in Figure 2.5A) when the buffer 

concentration was increased at w
w
pH 6.8. 

At w
w
pH 5.0 (Figure 2.5B), the differences in ion interaction between the 

zwitterionic phases (green triangles) collapse such that the columns 8-11 all display 

similar loss of cation exchange activity (i.e., Δ kBTMA/kuracil is near equal for columns 

8-11). At w
w
pH 3.0 (Figure 2.5C), all zwitterionic phases (8-11) showed minimal change 

in cation exchange activity (i.e., Δ kBTMA/kuracil ≈ 0).  

Overall, the hydrophilicity behavior of the zwitterionic phases in response to 

buffer concentration was complex. At w
w
pH 6.8 and 5.0 (Figures 2.5A and 2.5B), all 

zwitterionic phases (8-11) displayed minimal changes in kcytosine/kuracil. At w
w
pH 3.0 

(Figure 2.5C), the kcytosine/kuracil of the zwitterionic phases was more variable but likely 

compromised due to cytosine protonation.  

The amide phases (brown diamonds, 12 and 13) under all pH conditions 

experienced a small reduction in kBTMA/kuracil when the buffer concentration was increased 

from 5 to 25 mM (Figures 2.5A-C). The decrease is attributed to ionic shielding of the 
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interactions between BTMA and the underlying silanols. This effect was small as the 

bonded groups or polymeric layer block most silanols.
15,54

 The hydroxylated phases (pink 

open triangles, 14-16) and PolyHYDROXYETHYL A (black asterisk, 21) behaved 

similarly, except at w
w
pH 3.0/25 mM (Figure 2.5C), where a small increase in cation 

exchange activity was observed. As noted in Section 2.3.1, these hydroxylated phases 

(14-16) show multiple interactions beyond ion exchange.
15

 It is probable that the 

observed ion interaction behavior of the hydroxylated phases (14-16) is due to other 

interactions not studied in this work. 

The hydrophilicity of the amide (12, 13), hydroxylated phases (14-16), and 

PolyHYDROXYETHYL A (21) was generally unaffected by increased buffer 

concentration across all pH’s tested. However, the Ascentis Express OH5 (15), 

FRULIC-N (16) and PolyHYDROXYETHYL A (21) phases did show increased 

kcytosine/kuracil in Figure 2.5C.  

The Acclaim HILIC-10 (18) showed no consistent trend in ion exchange or 

hydrophilicity with increased buffer concentration (Figures 2.5A-C). Table 2.5 

summarizes the effects of buffer concentration on this phase at the three pH conditions. 

As noted in Section 2.3.1, the proprietary nature of this phase prohibits the rationalization 

of this column’s behavior. 
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Table 2.5. Summary of selectivity changes of the Acclaim HILIC-10 (column 18) as the 

buffer concentration is increased at different pH values.  

w
w
pH 

Effect of increased [buffer] 

Ion Interaction Hydrophilicity 

6.8 - CE -- 

5.0 0 - 

3.0 +++ CE +++ 
a
Legend: ++++/---- very strong increase/decrease, +++/--- strong increase/decrease, ++/-- moderate 

increase/decrease, +/- weak increase/decrease, 0 no effect, CE cation exchange, AE anion exchange. 

 

Lastly, as observed by Dinh et al.,
15

 PolySULFOETHYL A (22) showed 

significantly reduced cation exchange activity at all pH’s with increased buffer 

concentration (Figures 2.5A-C). This loss in ion interaction may be attributed to 

shielding of the electrostatic interaction between the anionic sulfonate groups and 

BTMA. Accordingly, BTMA experienced a > 2-fold reduction in retention at both w
w
pH 

6.8 and 5.0 when a 25 mM buffer was used (Table 2.3). Further, at w
w
pH 3.0/25 mM the 

PolySULFOETHYL A exhibited a sharp decrease in kcytosine/kuracil, arising from a 

significant decrease in electrostatic retention of cationic cytosine relative to w
w
pH 3.0/5 

mM buffer (k = 17.6 vs. 9.5).  

Along with a summary of the pH-dependent effects on selectivity discussed in 

Section 2.3.1, Table 2.2 also summarizes the effects of buffer concentration on HILIC 

selectivity behaviors of various columns as detailed above in this section. Once again the 

magnitude of the changes in ion exchange and hydrophilicity in response to increasing 

buffer concentration are graded on a scale of 0 (no change) to ++++/---- (very strong 

increase/decrease). Those phases which displayed behaviours too complex to adequately 

summarize using the above scheme are listed as “complex.” 
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2.4 Conclusions 

 This work is the one of the first systematic investigations of selectivity effects on 

many different HILIC phases across a wide range of pH values using different buffer 

concentrations. I have investigated and plotted the hydrophilicity vs. ion interaction 

selectivity behavior of 19 HILIC columns. Plots of the changes in selectivity between 

different pH values and buffer concentrations pinpoint the effect of mobile phase 

conditions on column interactions. From these difference plots several trends emerge. At 

w
w
pH ≥ 5, only minor changes in selectivity are observed. Increasing buffer concentration 

at w
w
pH ≥ 5 resulted in a general muting of ionic interactions due to ionic shielding by the 

buffer salt. Lowering the w
w
pH below 5 caused large changes in the ionic interaction 

selectivity (especially in phases that utilize ion exchange as part of their retention 

mechanism) due to protonation of the silanols. Lowering w
w
pH to 3 also resulted in some 

HILIC phases appearing to increase their hydrophilicity. These observations were 

supported by additional measurements of representative columns at w
w
pH 3.7 where 

cytosine is uncharged (as determined by UV absorbance spectra). 
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CHAPTER 3: Aniline-Modified Porous Graphitic Carbon for Hydrophilic 

Interaction and Attenuated Reverse Phase Liquid Chromatography
ii
  

3.1 Introduction 

 As noted in Chapter 1, a multitude of silica based phases with different 

selectivities are commercially available for RPLC and HILIC. These include hydrophobic 

C8 and C18 columns for RPLC,
1–4

 and a variety of positively and negatively charged, 

zwitterionic, and neutral polar bonded phases on silica for HILIC.
5–7

 

 However, traditional silica based phases are limited with respect to pH and 

temperature. Above pH 8, the silica backbone solubilizes, while below pH 2 the bonded 

material hydrolyzes.
8,9

 Both degradation processes are accentuated by increased column 

temperature such that manufacturers generally recommend temperatures no higher than 

60 °C.
10,11

  

 Knox et al.
12

 developed porous graphitic carbon (PGC) particles as an alternative 

to traditional silica HPLC phases. These columns have been commercialized by Thermo 

Scientific under the trade-name Hypercarb with 3 and 5 m PGC particles available.
13

  

 PGC is stable over pH 0-14 and can withstand temperatures > 200 °C, thereby 

enabling use of extreme separation conditions.
13,14

 Furthermore, PGC has been called the 

ultimate reversed phase material, since 20-40% more ACN is required to elute 

compounds on PGC than from a comparable C18 phase.
15

 Thus, PGC is often used as the 

second column in comprehensive and heart cutting 2D-LC separations.
16–19

  

                                                 

ii
 A version of this chapter has been previously published as Iverson, C. D.; Lucy, C. A. J. Chromatogr. A, 

2014, 1373, 17-24. See the Preface for further details. 
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 Modification of the carbon surface of PGC is desirable for two reasons. First, the 

stability of PGC would be useful for other modes of HPLC such as HILIC. However, 

although unmodified PGC shows increased retention of polar compounds as compared to 

ODS bonded phases, relative to many commercial silica-based HILIC phases the 

retention of most high polarity compounds is weak.
20,21

 Second, while the high retention 

noted above can be beneficial, it can also be a curse. Compounds may be so strongly 

retained by PGC that long analysis times and lower efficiency result. Harsh elution 

conditions may be used,
22

 but even then some compounds are irreversibly retained.
23

 

 PGC is difficult to covalently modify.
24

 Most approaches to increasing the 

hydrophilicity of PGC involve strong oxidizing agents such as nitric acid 
25

 or 

permanganate.
26

 Alternatively, PGC has been functionalized in situ with di-tert-

amylperoxide.
27

 Relative to unfunctionalized PGC, the di-tert-amylperoxide modification 

decreased RPLC retention on average by 7% and increased column efficiency by 

~20 %.
27

 Several non-covalent modifications which can also passivate the retentivity of 

PGC, such as the adsorption of polyethylene glycol, have been noted in a recent review.
13

  

Recently, the Lucy Group has used aryl diazonium chemistry to modify PGC for 

ion chromatography and HILIC.
28–30

 Introduction of carboxylates to the PGC surface 

yielded novel HILIC selectivity and a ~5-fold increase in hydrophilicity.
28

 In this chapter, 

I report the preparation and characterization of two aniline modified PGC phases; one of 

which demonstrated both HILIC and attenuated reverse phase properties.  
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3.2 Experimental 

3.2.1 Chemicals and Reagents 

Porous graphitic carbon (PGC, 5 µm spherical particles comprised of pure 

graphitic carbon, 250 Å, 120 m
2
/g, lot no. PGC593; O/C ratio of 2 %, see Table 3.1) was 

from Thermo Fisher Scientific. Deionized water (> 17.7 MΩ) was from a Barnstead E-

pure system (Marietta, OH, USA). Sodium nitrite, sodium borohydride, sodium 

hydroxide, 4-nitroaniline, N,N-dimethyl-p-phenylenediamine HCl, HPLC grade 

ammonium formate, and LC-MS grade water, acetonitrile, and formic acid were from 

Sigma Aldrich (St. Louis, MO, USA). Hydrochloric acid (37 %), potassium hydroxide, 

N,N-dimethylformamide (DMF), and dimethylsulfoxide (DMSO) were from Caledon 

Laboratory Chemicals (Georgetown, ON, Canada). HPLC grade ammonium acetate, iron 

powder (< 10 µm, 99.9 %), and reagent grade ammonium chloride were from Alfa Aesar 

(Wardtown, MA, USA). Anhydrous ethanol, Optima grade acetonitrile, methanol, 

acetone, and salicylic acid (> 99%) were from Fisher Scientific (Fair Lawn, NJ, USA). 

Benzyltrimethylammonium chloride (BTMA) was from ACROS Organics (Fair Lawn, 

NJ). Phenol (ACS reagent, 99%) was from ACP (Montreal, QC, Canada) and 

phlorglucinol was from Fluka (Buchs, Switzerland). All other chromatographic standards 

were from Sigma Aldrich and had 99% purity. The structures of all test compounds are 

shown in Figure 3.1. Log P and pKa data for the test compounds are given in 

Appendix 2 
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Figure 3.1. Structures of analytes used to characterize the Dimethylaniline-PGC and 

Aniline-PGC stationary phases. Log P and pKa data for the test compounds are given in 

Appendix 2.  
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3.2.2 Synthesis of Dimethylaniline-PGC 

 Diazonium chemistry with N, N-dimethyl-p-phenylenediamine (Figure 3.2) was 

used to introduce N,N-dimethylaniline onto the PGC surface as per Chambers et al.
29

 As 

X-ray photoelectron spectroscopic (XPS, Section 2.5) analysis of this material indicated 

low nitrogen surface concentration (0.3 atomic % ≡ 0.3 molecules/nm
2
), a second round 

of functionalization was performed following the method of Wahab et al.
28

  

 

 

 

Figure 3.2. Reaction scheme for the synthesis of Dimethylaniline-PGC. 
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3.2.3 Synthesis of Aniline-PGC 

Synthesis of the Aniline-PGC phase (Figure 3.3) was based on previous 

syntheses in the Lucy group,
28,29

 with several modifications. 50 mmol of 4-nitroaniline 

was added to a 1 L beaker containing 45 mL (540 mmol) conc. HCl, 35 mL DMSO, and 

15 mL deionized water. The mixture was warmed to dissolve the aniline and then cooled 

to room temperature. 1.8 g of porous graphitic carbon (PGC) suspended in 30 mL DMSO 

was added, and the mixture was stirred at room temperature for 15 min, and then at 5-

10 °C for 30 min. To this suspension, 50 mmol of NaNO2 in 50 mL of 50 % DMSO(aq) 

was added quickly and stirred at 5-10 °C for 2 h. Sodium borohydride (120 mmol in 50 

mL 40% DMSO(aq)) was added dropwise over 10 min with vigorous stirring at 5-10 °C to 

yield the nitrobenzene modified PGC (Caution: the reaction is vigorous due to the 

evolution of both hydrogen and nitrogen gas). After stirring for an additional 20 min at 5-

10 °C, the suspension was diluted in methanol and filtered using a 0.22 μm nylon filter. 

The solid material was successively washed with DMSO, DMF, deionized water, 1 % 

KOH, ethanol, acetone, and methanol until no color was observed. This material was 

characterized by XPS (Sections 3.2.5 and 3.3.2). The grafting procedure was then 

repeated a second time and the particles were dried under vacuum overnight. 

The nitro group of the grafted nitrobenzene was reduced to the amine as per a 

previously reported method.
31

 In a 250 mL 3-neck flask, 250 mmol spherical iron powder 

(<10 μm) was suspended in 80 mL ethanol. 2.1 mL (25 mmol) conc. HCl was added to 

the stirred solution, and the mixture was warmed to 65 °C over 30-45 min and then 

stirred at 65 °C for 2 h. After cooling to 55-60 °C over 10 min, 40 mL (187 mmol) 25 % 

NH4Cl solution was added. The temperature was increased to 75 °C and the modified 
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PGC material was added in portions over 15 min. The suspension was stirred at 65 °C for 

3 h and cooled to room temperature to yield the Aniline-PGC. The bulk iron was 

removed magnetically. Residual iron was removed by addition of 800 mL 2 M HCl and 

stirring at room temperature for 60 h. The acidified solution was diluted 4-fold in 

deionized water (to prevent the supernatant from dissolving the membrane filters) and 

filtered using a 0.22 μm nylon filter. The particles were washed with 2 L of 0.15 M HCl 

to remove dissolved residual iron from the previous step, followed by sequential 

washings with water, ethanol, DMSO, DMF, acetone, and methanol to remove any 

adsorbed species from the particles. The Aniline-PGC particles were dried over suction 

for 2 h and defined three times by sedimentation (18 h each) in ~900 mL deionized water, 

yielding 1.7 g of modified particles. 
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Figure 3.3. Scheme for the addition of aniline functionalities onto the surface of PGC by 

using an in situ generated nitrobenzene diazonium salt. Once grafted, the aniline is 

generated via the reduction of the nitro group using iron powder under acidic conditions.  

Nitrobenzene Grafted Porous 
Graphitic Carbon Particles 
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3.2.4 Packing  

Columns were packed at constant pressure using a Haskel pump (DSF-122-

87153, Burbank, CA, USA) driven by N2 gas (Praxair Inc., Edmonton, AB, Canada). 1 g 

of Dimethylaniline-PGC or 1.7 g of Aniline-PGC from above was slurried in 35 mL 

deionized water and placed into a 40 mL slurry reservoir (Lab Alliance, State College, 

PA, USA). The remaining 5 mL of the final rinse from the container was added to the 

reservoir to fully fill the slurry reservoir. The particles were packed in a downward 

direction into a 50 mm x 4 mm ID (Dimethylaniline-PGC) or a 150 mm  3 mm ID 

(Aniline-PGC) polyether ether ketone (PEEK) column fitted with a Ti outlet frit. Pressure 

was maintained at 35 MPa for 1.5 h using deionized water as the driving solvent. The 

columns were detached from the packing assembly and were washed with mixtures of 

ACN-NaOH (0.1-0.2 M) until the baseline at 254 nm became stable. After washing, 

PEEK screw caps with ultrahigh molecular weight polyethylene frits (UHMWPE) and 

0.2 µm Zitex membranes (Thermo Fisher Scientific, Sunnyvale, CA, USA) were installed 

on both ends. Prior to the first separation, the columns were washed with 50 % aqueous 

ACN and neat ACN.  

 

3.2.5 Characterization of the PGC Phases 

 X-ray photoelectron spectroscopy (XPS) was performed on an AXIS 165 

spectrometer (Kratos Analytical, NY). XPS spectra of the unmodified PGC were 

collected on the raw material as received. Dimethylaniline-PGC and Aniline-PGC 

particles were washed with methanol and dried under house vacuum for two days prior to 

XPS analysis. Thermogravimetric (TGA) analyses were done on a Perkin Elmer TGA 
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analyzer (Norwalk, CT, USA) under a nitrogen atmosphere from ambient temperature to 

900 °C at 10 °C/min. 

 

3.2.6 Chromatographic Separations 

 Chromatographic studies (except for the chemical reactivity study, see Section 

3.2.7) were performed on a Waters (Mississauga, ON, Canada) Acquity UPLC system 

consisting of a binary solvent manager, a thermostated (5 °C) sample manager equipped 

with a 10 μL loop (all injections were 5 μL partial loop), thermostated column 

compartment, and a tunable UV detector. The instrument was controlled using Empower 

software (Waters). Except where noted, the column temperature was 25 °C. Separations 

were performed at flow rates of 0.5-1.0 mL/min. Data were collected at 20 Hz at 254 or 

268 nm.  

The mobile phase was a mixture of ACN, ammonium acetate or ammonium 

formate, and water. The pH was adjusted with NaOH or HCl. Aqueous stock ammonium 

acetate/ammonium formate solutions (2 M) at the desired pH were made and refrigerated. 

The reported buffer concentration is the final concentration in the eluent after mixing 

with ACN. The reported pH of the buffer is the final pH of aqueous diluted buffer prior to 

adding acetonitrile. The percentage of ACN in this work represents the volume of ACN 

relative to the total volume of the solvents including buffer and ACN.  

An unmodified PGC (100  4.6 mm ID, 5 µm, Thermo Scientific, USA) and an 

Epic HILIC-PI column (aniline bound to silica, 100  4.6 mm ID, 5 µm, gifted by ES 

Industries, West Berlin, NJ, USA) were used as controls to assess the performance of the 

Dimethylaniline-PGC and/or Aniline-PGC phase.  
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3.2.7 Evaluation of the Chemical Reactivity of Aniline-PGC 

 LC-MS Separations on Aniline-PGC were performed on an Agilent (Mississauga, 

ON, Canada) 1100 series LC system consisting of a binary pump, autosampler, and 

thermostated column compartment. Detection was via an Agilent 1100 series MSD in the 

positive ion mode. The source gas temperature was 350 °C, and the capillary and 

fragmentor voltages were 4000 V and 80 V, respectively. The instrument was controlled 

using Chem Station software (Agilent). 

8 µL injections of a 0.5 mM mixture of D-ribose, D-galactose, and D-sucrose 

(prepared in 90% ACN) were loaded onto the Aniline-PGC column. Separations were 

performed at 30, 40, and 50 °C (after 1 hour thermal equilibration) using 0.1 % formic 

acid in 90 % ACN at 0.55 mL/min. Data analysis was performed using Mass Hunter 

Qualitative Analysis v. 5.0 software (Agilent). Peak integration was done using the 

software’s “general integration” parameters. 

 

3.3 Results and Discussion 

 Porous graphitic carbon (PGC) is a very stable HPLC phase. Unfortunately the 

PGC surface can be too retentive in RPLC
15,32

 and often shows only weak HILIC 

retention.
15,21,33

 In this chapter, I investigate aniline-functionalization of PGC to create 

phases for HILIC and/or as a means to attenuate the reversed phase retention character of 

PGC. Previously, the Lucy lab used diazonium chemistry to introduce carboxylate 

functionalities to PGC to increase its hydrophilicity.
28
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3.3.1 Synthesis of Phases 

 Previously, an N,N-dimethylaniline carbon phase was synthesized and 

characterized for ion chromatography.
29

 Herein I re-explored the phase for HILIC 

behavior. However, the synthesis based on previous work in the Lucy group 
28,29

 (Figure 

3.2, Section 3.2.2) resulted in only 1 atomic % N (0.9 molecules/nm
2
) being introduced 

to the PGC surface (Table 3.1). This is within the 0.5-4.0 atomic % N previously 

reported.
29

 This is less than 50 % of the maximum surface coverage.
34

  

During preliminary chromatographic characterization of this phase, only a 

minimal increase in HILIC character was observed over unmodified PGC in the 

separation of phenolic solutes (Figure 3.4). The weak HILIC character may be due to the 

low surface coverage and/or disruption of the water layer by the nonpolar substituents on 

the nitrogen.
35

 

 Attempts to graft primary benzylamine functionalities directly onto the PGC 

surface posed several synthetic challenges. Use of p-phenylenediamine yielded 0.3 % 

nitrogen (elemental analysis) on porous 3 m carbon clad zirconia.
36

 p-phenylenediamine 

may also form two diazonium moieties which makes the reaction difficult to reproduce.
37

 

Alternatively, one could use p-aminobenzylamine. However, the benzyl amine readily 

oxidizes to the hydroxyl in the presence of aqueous NaNO2 and HCl.
38

 This oxidation can 

be circumvented via the use of a suitable protecting group such as a 

fluoroenylmethyloxycarbonyl (FMOC)
39

 but this resulted in only 0.5 atomic % N (0.35 

molecules/nm
2
) grafted, perhaps due to steric hindrance.  

Thus, the synthetic route used herein (Figure 3.3) involved the grafting of p-

nitroaniline onto the PGC surface. This grafting proceeded smoothly without side 
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reactions. Further, the nitro group should enhance diazonium salt formation.
40

 Following 

the grafting, the desired aniline was obtained using a modified Bechamp iron reduction.
31
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Figure 3.4. Comparison of the HILIC separation of 3 phenolic compounds by 

Dimethylaniline-PGC and unmodified PGC. Conditions: columns, Dimethylaniline-PGC 

(50 mm x 4 mm ID, 5 µm) and unmodified PGC (100 mm x 4.6 mm ID, 5 µm); 

1 mL/min; eluent, 20 mM ammonium acetate (pH = 5.0) in 90 % ACN; analytes, 0.1-0.5 

mM of (1) phenol, (2) resorcinol, and (3) phloroglucinol prepared in 90 % ACN; 25 °C. 

UV detection at 268 nm with a 5 µL injection. 
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3.3.2 Characterization of Aniline-PGC 

 An indicator of reaction success was the increased wettability of the material. 

Prior to functionalization, PGC does not disperse in water without significant agitation. 

After functionalization, the material disperses readily (Figure 3.5). The increased 

wettability is promising as a HILIC phase must promote water layer formation. 

Two rounds of grafting the nitrobenzene moiety introduced 2.6 atomic % N onto 

PGC based on XPS. After reduction of the nitro groups to the desired aniline, XPS 

showed 2.5 atomic % N (Table 3.1). I conservatively estimate a final aniline surface 

concentration of 2 molecules/nm
2
, which is double the surface coverage obtained on the 

Dimethylaniline-PGC phase. This value is in line with similar modifications, which 

provided grafting concentrations of 1.9-2.6 molecules/nm
2
.
34,41

 XPS also indicated 

successful removal of residual iron from the PGC material (no peaks in the 705-735 eV 

range).
42

 Thermogravimetric analysis showed only a 0.2 % mass loss (under nitrogen) at 

200 
0
C, confirming that there were no surface impurities and demonstrating the thermal 

stability of the functionalized PGC. 

 The high resolution XPS spectrum (Figure 3.6) provided structural insights into 

the nature of the nitrogen groups on the PGC surface. After covalent addition of 

nitrobenzene, a dominant peak at 407 eV was observed (Figure 3.6A) corresponding to a 

–NO2 functionality.
34,41

 Additional small peaks at 403 and 400 eV were evident. The 

peak at 403 eV (NH2
+
/NH3

+
) is believed to be an artifact generated by the XPS 

instrument during the analysis.
43,44

 It is possible, however, that this peak may have arisen 

from partial reduction of the nitro group by NaBH4. Accordingly, some groups have 

opted for the use of milder reducing agents such as ascorbic acid.
45

 The identity of the 



85 

 

peak at 400 eV may correspond to neutral amine moieties generated by the instrument as 

above, or to grafted molecules retaining their azo linkage (i.e., PGCN=Naniline),
46,47

 

or most likely to a mixture of both. Residual azo linkers are a relatively common 

occurrence in diazonium carbon modifications.
46,47

 Following reduction with Fe, 

the -NO2 peak disappeared and the intensity of the NH2
+
/NH3

+
 and 400 eV peaks 

increased (Figure 3.6B), indicating a successful reaction.  

 

 

 

 

Figure 3.5. Photograph of the difference in wettability between unmodified-PGC and 

Aniline-PGC. Picture was taken immediately after 30 s sonication of vial. 

  

unmodified 

PGC 
Aniline-PGC 
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Figure 3.6. Curve-fitted high-resolution XPS spectra of the N 1s region (A) after the 

grafting of nitrobenzene and (B) after the iron powder reduction of the nitro group to the 

aniline. XPS measurements were performed on an AXIS 165 spectrometer. The base 

pressure in the analytical chamber was lower than 3 10
-8

 Pa. A monochromatic Al Kα 

source (hν = 1486.6 eV) was used at a power of 210 W. The analysis spot was 400 x 700 

µm. High resolution scans were collected for binding energies of 396-410 eV with an 

analyzer pass energy of 20 eV and a step of 0.1 eV. 
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3.3.3 HILIC Properties of Aniline-PGC 

 Figure 3.7 shows the separation of uracil, thymidine and cytosine on the Aniline-

PGC phase and on a commercial silica phase with an aniline functionality (Epic HILIC-

PI, ES Industries). The Aniline-PGC phase displays greater retention for all three 

compounds compared to the Epic phase, especially for thymidine (k = 2.35 vs. 1.42, 

respectively) and cytosine (k = 5.35 vs. 0.78). Also, the Aniline-PGC and Epic phases 

exhibit different selectivity for cytosine vs. uracil (α = 5.2 and 1.1, respectively).  

 As shown in Figure 3.8, retention of cytosine and thymidine increased with 

increasing % ACN on both the Aniline-PGC and Epic phase, consistent with HILIC 

behavior. As in Figure 3.7, both compounds were less retained on the Epic phase than on 

the Aniline-PGC phase. The difference in retention was especially evident at pH 3. 
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Figure 3.7. HILIC separation of 3 nucleobases on the amine-PGC and Epic HILIC-PI 

columns. Conditions: columns, Aniline-PGC (150 mm x 3 mm ID., 5 µm) and Epic 

HILIC-PI (100 mm x 4.6 mm ID, 5 µm); 0.5 mL/min; eluent, 10 mM ammonium formate 

(pH = 3.0) in 95 % ACN; analytes, 0.06-0.3 mM of (1) uracil, (2) thymidine, and (3) 

cytosine. UV detection at 254 nm with a 5 µL injection.  
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Figure 3.8. Retention behavior of (A) cytosine and (B) thymidine on Aniline-PGC and 

Epic HILIC PI as a function of % ACN in the eluent, measured at two different pH 

values. Conditions: columns, Aniline-PGC (150 mm x 3 mm ID, 5 µm) and Epic HILIC-

PI (100 mm x 4.6 mm ID., 5 µm); 0.5 mL/min; eluents, 10 mM ammonium formate (pH 

= 3.0) or 10 mM ammonium acetate (pH = 6.8)  in 57 to 95 % ACN; analytes, 0.25 mM 

cytosine and thymidine in 10 mM ammonium acetate (pH = 6.8):ACN (20:80). UV 

detection at 254 nm with a 5 µL injection.  
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 To further evaluate the HILIC selectivity of the Aniline-PGC phase, a separation 

of six carboxylic acids was performed (Figure 3.9). This test set has been utilized 

previously
48

 to compare the selectivity of several different classes of silica-based HILIC 

phases. Literature retention data
48

 are indicated by the peak numbers situated over 

markers placed along the line at the appropriate retention time in Figure 3.9. Figure 3.9 

also includes retention data for unmodified PGC, the Epic column, and the Carboxylate-

PGC phase.
28

 The Aniline-PGC phase shows completely different selectivity and 

retention order for these aromatic carboxylic acids. For instance, acetylsalicylic acid 

(ASA) elutes third on most HILIC phases, but is least retained on the Aniline-PGC. 

Compared to unmodified PGC and the EPIC phase, the Aniline-PGC displays improved 

resolution.  

 Figure 3.9 also demonstrates how the shape selectivity properties of the PGC 

backbone permit the resolution of structurally similar compounds. For example, 

salicyluric acid (peak 4, Figure 3.9) and α-OH-hippuric acid (peak 6, Figure 3.9) differ 

only in the position of a hydroxyl group (Figure 3.1). The selectivity between peaks 4 

and 6 is greater on Aniline-PGC (α = 3.6) than on any of the silica phases (α = 0.7-0.92, 

Figure 3.9). However, greater selectivity was observed with Carboxylate-PGC (α = 14).
28

   

 As discussed in Chapter 2, based on the extensive work of Dinh et al.,
49

 Ibrahim 

et al.
50

 presented a simple graphical plot to categorize HILIC phases according to their 

hydrophilicity (based on the relative retention of cytosine to uracil) and ionic character 

(relative retention of benzyltrimethylammonium (BTMA) to cytosine). These selectivities 

cluster HILIC column groups such as diol, zwitterion, bare silica, and amine phases. 

Unfortunately, the mobile phase pH of 6.8 used by Ibrahim et al.
50

 is well above the 
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typical w
w
pKa of anilines (~5).

51
 Hence aniline phases would be expected to be uncharged 

at w
w
pH 6.8. As a result, both Aniline-PGC and Epic HILIC PI exhibit low hydrophilicity 

at w
w
pH 6.8 (Figure 3.10). More hydrophilic character would be expected at lower pH 

where the aniline is protonated, as was observed in Figure 3.7.  
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Figure 3.9. Comparison of the selectivity of six aromatic carboxylic acids on eleven 

different column chemistries versus Aniline-PGC under HILIC mode conditions. 

Bracketed analytes co-elute. The positions of the markers along the line reflect the actual 

retention time of the analytes. Conditions: columns, Aniline-PGC (150 mm x 3 mm ID, 

5 µm), Epic HILIC-PI (100 mm x 4.6 mm ID, 5 µm) and Hypercarb™ (100 mm x 

4.6 mm ID, 5 µm); 1.0 mL/min; eluent, 20 mM ammonium acetate in 85 % ACN; 

analytes, 0.10-0.40 mM of (1) salicylic acid, (2) gentisic acid, (3) acetylsalicylic acid, (4) 

salicyluric acid, (5) hippuric acid, and (6) α-hydroxyhippuric acid. UV detection at 

254 nm with a 5 µL injection. Retention data for carboxylate-PGC from Wahab et al. 
28

 

Retention data for all remaining columns from Guo et al. 
48
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Figure 3.10. HILIC selectivity plot displaying selectivity behavior of Aniline-PGC, Epic 

HILIC-PI, and unmodified PGC (Hypercarb) with respect to 33 commercial columns (see 

Table 3.2 for column identities). Symbols: bare silica (•), amide (■), diol (▴), amine 

and/or triazole (▾), polymer substrate and/or polymer coated silica (♦), zwitterionic (+), 

RPLC (×), other phases (boldface +). Conditions: 0.5 mL/min; eluent, 5 mM ammonium 

acetate (pH = 6.8) in 80 % ACN; analytes, 0.062-1.25 mM BTMA, cytosine, and uracil in 

80 % ACN; UV detection at 254 nm with a 5 µL injection. (Adapted from Ibrahim et 

al.
50

). 



94 

 

Table 3.2. Characteristics of tested stationary phases in Figure 3.10 (Data from Ibrahim 

et al.
50

) 

Col. # Brand name Manufacturer Support Functionality 
Particle 

size (µm) 

Pore 

size 

(Aº) 

Surface 

area 

(m
2

/g) 

Column 

length 

(mm) 

Column 

diameter 

(mm) 

1 ZIC-HILIC Merck Silica 

Polymeric 

sulfoalkylbetaine 

zwitterionic 

5 200 135 100 4.6 

2 ZIC-HILIC Merck Silica 
Polymeric 

sulfoalkylbetaine 

zwitterionic 

3.5 200 135 150 4.6 

3 ZIC-HILIC Merck Silica 

Polymeric 

sulfoalkylbetaine 

zwitterionic 

3.5 100 180 150 4.6 

4 ZIC-pHILIC Merck 
Porous 

polymer 

Polymeric 

sulfoalkylbetaine 
zwitterionic 

5 - - 50 4.6 

5 
Nucleodur 

HILIC 
Macherey-Nagel Silica 

Sulfoalkylbetaine 

zwitterionic 
5 110 340 100 4.6 

6 PC HILIC Shiseido Silica 
Phosphorylcholine 

zwitterionic 
5 100 450 100 4.6 

7 
TSKgel 

Amide 80 

Tosoh 

Bioscience 
Silica 

Amide (polymeric 

carbamoyl) 
5 80 450 100 4.6 

8 
TSKgel 

Amide 80 

Tosoh 

Bioscience 
Silica 

Amide (polymeric 

carbamoyl) 
3 80 450 50 4.6 

9 

Poly-

Hydroxyethyl 

A 

PolyLC Silica 

Poly(2-

hydroxyethyl 

aspartamide) 

5 200 188 100 4.6 

10 
LiChrospher 

100 Diol 
Merck Silica 

2,3-

Dihydroxypropyl 
5 100 350 125 4.0 

11 Luna HILIC Phenomenex Silica Cross-linked diol 5 200 185 100 4.6 

12 
Poly-

Sulfoethyl A 
PolyLC Silica 

Poly(2-sulfoethyl 
aspartamide) 

5 200 188 100 4.6 

13 
Chromolith 

Si Merck 
Silica 

monolith 
Underivatized N/A 130 300 100 4.6 

14 
Atlantis 

HILIC Si 
Waters Silica Underivatized 5 100 330 100 4.6 

16 
LiChrospher 

Si 100 
Merck Silica Underivatized 5 100 400 125 4.0 

15 
Purospher 

STAR Si 
Merck Silica Underivatized 5 120 330 125 4.0 

17 
LiChrospher 

Si 60 
Merck Silica Underivatized 5 60 700 125 4.0 

18 
Cogent Type 

C Silica 
Microsolv Silica 

Silica hydride 
(“Type C” silica) 

4 100 350 100 4.6 

19 
LiChrospher 

100 NH2 
Merck Silica 3-Aminopropyl 5 100 350 125 4.0 
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Table 3.2 continued. 

Col. # Brand name Manufacturer Support Functionality 
Particle 

size (µm) 

Pore 

size (Aº 

Surface 

area 

(m
2

/g) 

Column 

length 

(mm) 

Column 

diameter 

(mm) 

20 
Purospher 

STAR NH2 
Merck Silica 3-Aminopropyl 5 120 330 125 4.0 

21 
TSKgel NH2-

100 

Tosoh 

Bioscience 
Silica Aminoalkyl 3 100 450 50 4.6 

22 
Atlantis 

HILIC 
Waters Silica Underivatized 3 100 330 50 1.0 

23 
Onyx silica 

monolith 
Phenomenex 

Silica 

monolith 
Underivatized N/A 130 300 100 4.6 

24 
Zorbax 

HILIC plus 
Agilent Silica Underivatized 3.5 95 160 100 4.6 

25 

Silica 

monolith 
coated with 

AS9-SC 

homemade 
Silica 

monolith 
Silica – cationic 

nanoparticle 
N/A 130 300 80 4.6 

26 

Zorbax 

RRHD 
HILIC plus 

Agilent Silica Underivatized 1.8 95 160 100 3.0 

27 
Acclaim 

Trinity P1 
Dionex Silica 

Silica-cationic 

nanoparticle 
3 - - 150 3.0 

28 
Cosmosil 

HILIC 
Nacalai Silica Triazole 5 120 300 150 4.6 

29 
Acclaim 

HILIC-10 
Dionex-Thermo 

Scientific 
Silica 

Proprietary neutral 
polar functionality 

3 120 300 150 4.6 

30 

Zorbax 

Eclipse 

XDB-C18 

Agilent Silica Octadecyl 5 80 180 150 4.6 

31 XBridge C18 Waters 
silica 

(BEH) 
Octadecyl 5 130 185 150 4.6 

32 
YMC Pro 

C18 
YMC silica Octadecyl 3 120 340 150 2.0 

33 
Zorbax SB-

aq 
Agilent silica Octadecyl 3.5 80 180 150 2.1 

 HypercarbTM ThermoFisher carbon Underivatized 5 250 120 100 4.6 

 
EPIC HILIC-

PI 
ES Industries silica Aniline 5 120 350- 100 4.6 

 Aniline-PGC Home made carbon Aniline 5 250 120 150 3.0 
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3.3.4 Attenuated Reversed Phase Properties of Aniline-PGC 

 Owing to the extra retentivity provided by PGC,
15,32

 this material is often used as 

the second column in comprehensive and heart cutting 2D-LC separations.
16–19

 

Additionally, the adsorptive character of PGC enables structural isomer separations not 

possible on traditional C18 phases.
52–55

 However, the strong retentive character can also 

extend run times and result in poor efficiencies.
27

 In extreme cases some compounds are 

irreversibly retained.
23,56

 Here I investigate whether introduction of an aniline 

functionality to the PGC surface can moderate the strong RPLC character of PGC.  

 Figure 3.11 compares the reversed-phase separation of diphenhydramine, 

acetaminophen, procainamide, nortriptyline and caffeine on Aniline-PGC and unmodified 

PGC. These compounds are moderately hydrophilic pharmaceuticals used previously to 

probe the selectivity of both HILIC and RP stationary phases.
57–59

 Using 63% ACN, the 

reversed-phase separation of these compounds on unmodified PGC (Figure 3.11B) 

required nearly 80 minutes, with procainamide and nortriptyline so severely broadened 

that they were hardly visible above the baseline. In contrast, the separation on the 

Aniline-PGC column under the same mobile phase conditions (Figure 3.11A) was 

completed in 14 min. Separation efficiencies (N) up to 2600 plates on the home-packed 

Aniline-PGC and up to 6500 plates on the commercially prepared unmodified PGC were 

observed (Table 3.3). Nevertheless, the Aniline-PGC phase provided a significant 

improvement in the efficiency of procainamide (N = 600 vs. 100, 6-fold improvement) 

and nortriptyline (N = 300 vs. 100, 3-fold improvement) over unmodified PGC.  

  



97 

 

 

 

 

 

 

 

Figure 3.11. Comparison of the reversed phase separation of five alkaline 

pharmaceuticals on (A) Aniline-PGC and (B) unmodified PGC. The inset in A shows an 

expanded view of the first three peaks of separation A. Conditions: columns, Aniline-

PGC (150 mm x 3 mm ID, 5 µm) and unmodified PGC (100 mm x 4.6 mm ID, 5 µm); 

0.6 mL/min; eluent, 25 mM ammonium acetate (pH = 5.0) in 63 % ACN; analytes, 0.02-

0.9 mM of (1) diphenhydramine, (2) acetaminophen, (3) procainamide, (4) nortriptyline, 

and (5) caffeine prepared in 63 % ACN. UV detection at 254 nm with a 5 µL injection.  
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Table 3.3. Comparison of separation efficiencies attained by Aniline-PGC and 

unmodified PGC in the separation of 5 alkaline pharmaceuticals. Conditions: columns, 

Aniline-PGC (150 mm x 3 mm ID, 5 µm) and unmodified PGC (100 mm x 4.6 mm ID, 

5 µm); 0.6 mL/min; eluent, 25 mM ammonium acetate (pH = 5.0) in 63 % ACN; 

analytes, 0.02-0.9 mM of diphenhydramine, acetaminophen, procainamide, nortriptyline, 

and caffeine prepared in 63 % ACN. UV detection at 254 nm with a 5 µL injection. 

Compound 

Separation 

efficiency (N) 

Aniline-PGC 

Separation 

efficiency (N) 

unmodified PGC 

diphenhydramine 2000 5500 

acetaminophen 2200 5500 

procainamide 600 100 

nortriptyline 300 100 

caffeine 2600 6500 

 

 

3.3.5 Low pH Separation  

 Currently, the majority of commercial silica-based HPLC stationary phases are 

only useable between pH 2-8. Below pH 2 the bonded material is hydrolyzed and above 

pH 8 the aqueous solubility of the silica backbone dramatically increases.
8,9,11,60

 PGC, 

conversely, is stable at pH 0-14. The alkaline stability of a carboxylate-modified PGC 

phase had been previously demonstrated for eluents such as 0.1 M NaOH.
28

 Here I 

demonstrate the performance of Aniline-PGC at pH 2.  

Figure 3.12 compares the mixed-mode separation of an acid, two bases, and two 

neutral compounds performed under the same conditions on the Aniline-PGC phase and 

unmodified PGC. On both phases the two charged amines (aniline and ephedrine) show 

little retention, while the hydrophobic naphthalene is the most retained due to strong π-π 

interactions with the PGC surface. There is a greater than 50% reduction in the retention 

of naphthalene with the Aniline-PGC column.  
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Figure 3.12. Comparison of the low pH mixed-mode separation of five organic 

compounds by Aniline-PGC and unmodified PGC. Conditions: columns, Aniline-PGC 

(150 mm x 3 mm ID, 5 µm) and unmodified PGC (100 mm x 4.6 mm ID, 5 µm); 

0.75 mL/min; eluent, 25 mM ammonium formate (pH = 2.0) in 75 % ACN; analytes, 0.3-

0.8 mM of (1) ephedrine, (2) aniline, (3) benzoic acid, (4) toluene, and (5) naphthalene 

prepared in 75 % ACN; 30 °C. UV detection at 254 nm with a 5 µL injection. 
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The naphthalene peak also had a lower plate height (105 m vs. 210 m) and was much 

less tailed (As =1.2 vs. 4.3) on the Aniline-PGC phase.   

Interestingly, both aniline and ephedrine elute prior to the void volume of the 

Aniline-PGC column. Both compounds are protonated at the eluent pH. Likewise the 

surface anilines would be protonated. Thus aniline and ephedrine experience Donnan 

exclusion. 

Lastly, the stability of Aniline-PGC under acidic conditions was tested using 

40 mM ammonium formate (pH 2.0) in 75 % ACN. After 4000 column volumes, the 

retention times of benzoic acid and naphthalene showed only a minor drift of 0.03 min 

(2.1 %) and 0.35 min (5.6 %), respectively (Figure 3.13). Further, it is noteworthy that 

the column had previously been subjected to a variety of mobile phase conditions over 18 

months.  

  



101 

 

 

 

 

 

 

 

 

 
Figure 3.13. Stability of Aniline-PGC under acidic conditions. Separations were 

performed every 25 column volumes. Conditions: column, Aniline-PGC (150 mm x 3 

mm ID, 5 µm); 0.75 mL/min; eluent, 40 mM ammonium formate (pH = 2.0) in 75 % 

ACN; analytes, 0.25 mM of benzoic acid and naphthalene prepared in 75 % ACN; 30 °C. 

UV detection at 254 nm with a 5 µL injection. 
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3.3.6 Evaluation of the Chemical Reactivity of Aniline-PGC 

 Primary amine functionalized stationary phases can react with solutes such as 

reducing sugars to form Schiff bases, resulting in significant loss in signal.
61,62

 This 

reaction is greatly enhanced at elevated temperatures.
62

 To evaluate the propensity of 

Aniline-PGC towards Schiff base formation, LC-MS separations under HILIC conditions 

(Section 3.2.7) of a mixture of two reducing sugars (D-ribose and D-galactose) and one 

non-reducing sugar (D-sucrose) were performed at 30, 40, and 50 
0
C. Given that the peak 

areas of these compounds remained relatively constant with an increase in separation 

temperature (Table 3.4), Aniline-PGC therefore shows no propensity towards Schiff base 

formation.  

 

Table 3.4. Measured peak areas of 3 sugars separated by Aniline-PGC at different 

temperatures. Conditions: column, Aniline-PGC (150 mm x 3 mm ID, 5 µm); 

0.55 mL/min; eluent, 0.1 % formic acid in 90 % ACN; analytes, 0.5 mM of D-ribose, D-

galactose, and D-sucrose prepared in 90 % ACN; 30, 40, and 50 °C. Positive MS 

detection (see Section 3.2.7) with an 8 µL injection. 

 
Temperature 

(
0
C) 

Peak Area (x 10
5
) 

 

 
D-Ribose 

D-

Galactose 

D-

Sucrose 

 

 
30 5.4 6.2 58.7 

 

 
40 6.3 7.2 61.3 

 

 
50 6.3 6.3 63.1 
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3.4 Conclusions 

PGC is an attractive material for HPLC due to its different retention mechanism, 

pH stability, and thermal stability. The PGC surface was modified with aniline groups 

using aryl diazonium chemistry to produce a phase which displayed both HILIC and 

attenuated reversed phase properties. As a HILIC phase, Aniline-PGC demonstrated 

increased retention of nucleobases compared to a commercial aniline silica HILIC 

column. The Aniline-PGC phase also displayed selectivity that was different from 10 

other HILIC columns. As an attenuated reversed phase, the Aniline-PGC phase reduced 

the separation time for a mixture of basic pharmaceuticals more than 5-fold and increased 

the separation efficiency up to 6-fold compared to unmodified PGC. The effectiveness 

and stability of the Aniline-PGC column under low pH conditions was also demonstrated. 

Lastly, the Aniline-PGC material was shown to be resistive towards Schiff base 

formation. This is the first report of a diazonium-modified PGC column which displays 

both HILIC and attenuated reversed phase properties. 
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CHAPTER 4: Diazonium Modification of Porous Graphitic Carbon with Catechol 

and Amide Groups for Hydrophilic Interaction and Attenuated Reversed Phase 

Liquid Chromatography
iii

  

4.1 Introduction 

 As demonstrated previously
1–5

 and in Chapter 3, diazonium modification is an 

attractive means to increase the hydrophilicity of the chemically and thermally stable 

porous graphitic carbon. Concurrently, diazonium modification is also a means to reduce 

the excessive retentivity of PGC in the RPLC mode.
6
 In Chapter 3, introduction of 

aniline groups to the PGC surface yielded a hydrophilic mixed-mode PGC phase which, 

relative to unmodified PGC, demonstrated a nearly 7-fold increase in HILIC retention 

and up to 5.5-fold reduction in RPLC retentivity. Hence, as part of the Lucy group’s 

effort to build a library of modified PGC phases with unique selectivities, this chapter 

continues from Chapter 3 by investigating the chromatographic behavior of PGC 

modified separately with catechol and with amide groups.  

 

4.2 Experimental 

4.2.1 Chemicals and Reagents 

Porous graphitic carbon (PGC, 5 µm spherical particles comprised of pure 

graphitic carbon, 250 Å, 120 m
2
/g lot no. PGC593) was from Thermo Fisher Scientific 

(Sunnyvale, CA, USA). Deionized water (> 17.7 MΩ) was from a Barnstead E-pure 

                                                 

iii
 A version of this chapter has been previously published as Iverson, C. D; Zhang, Y.; Lucy, C. A. J. 

Chromatogr. A. 2015, 1422, 186-193. See the Preface for a description of individual contributions to this 

work. 
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system (Marietta, OH, USA). Sodium nitrite, sodium borohydride, sodium hydroxide, 

anhydrous dichloromethane (DCM), boron tribromide (1 M solution in DCM), 3,4-

dimethoxyaniline, and 4-aminoacetanilide were from Sigma Aldrich (St. Louis, MO, 

USA). Hydrochloric acid (37 %), potassium hydroxide, and N,N-dimethylformamide 

(DMF) were from Caledon Laboratory Chemicals (Georgetown, ON, Canada). 

Anhydrous ethanol, anhydrous diethyl ether, HPLC grade ammonium acetate, and 

Optima grade acetonitrile, methanol, and acetone were from Fisher Scientific (Fair Lawn, 

NJ, USA). Phenol (ACS reagent, 99 %) was from ACP (Montreal, QC, Canada) and 

phloroglucinol was from Fluka (Buchs, Switzerland). All other chromatographic 

standards were from Sigma Aldrich and had ≥99 % purity. The structures of all test 

compounds are shown in Figure 4.1. Log P and pKa values for all test compounds are 

given in Appendix 2. 
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Figure 4.1. Structures of analytes used to characterize the Catechol-PGC and Amide-

PGC phases. Log P and pKa data for the test compounds are given in Appendix 2.  
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4.2.2 Synthesis of 4-Aminocatechol 

 4-Aminocatechol was prepared by scaling up the method described by Pognon et 

al.
7
 with slight modification (Figure 4.2). In a dry 1000 mL round bottom flask, 

100 mmol of 3,4-dimethoxyaniline was dissolved in 100 mL anhydrous DCM under 

nitrogen at room temperature. The solution was cooled to 0 °C and 250 mL of 1 M boron 

tribromide solution (2.5 eq.) was added (Caution: solution is extremely corrosive and 

reactive upon exposure to air and moisture, handle with appropriate technique; see 

Leonard et al.
8
 for instructions on how to handle such reagents.) After warming to room 

temperature the mixture was stirred for 6 h. Then methanol (230 mL) was slowly added 

to the mixture to quench the remaining BBr3 (Caution: ensure reaction vessel is 

adequately vented during this step.) The crude product was concentrated under reduced 

pressure to a residue which was recrystallized by dissolving in a minimum volume of 

methanol (~75-100 mL) and precipitating with diethyl ether (1800 mL). The precipitate 

was washed by stirring it in 2 x 900 mL portions of diethyl ether to afford 4-

aminocatechol as a light blue powder. Yield: 12.36 g, 99 %. Based on higher field 1D- 

and 2D-NMR data (Figures 4.3 and 4.4) I have adjusted the chemical shift assignments 

reported by Pognon et al.
7
 

1
H NMR (700 MHz, CD3OD): 6.85 (1H, d, H-2, J 8.4 Hz), 

6.84 (2H, br s, -NH2), 6.83 (1H, d, H-5, J 2.6 Hz), 6.71 (1H, dd, H-3, J 2.6 and 8.4 Hz), 

4.80 (2H, br s, -OH). 
13

C NMR (100 MHz, CD3OD): 147.2 (C-6), 146.7 (C-1), 122.5 (C-

4), 116.3 (C-3), 114.3 (C-2), 110.6 (C-5). HRESIMS [M+H]
+
 expected 126.0550, found 

126.0550.  
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Figure 4.2. Scheme for the synthesis of 4-aminocatechol. 
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4.2.3 Synthesis of Catechol-PGC 

Synthesis of the Catechol-PGC phase (Figure 4.5) was based on that performed 

in Chapter 3 with several modifications. 45 mmol of 4-aminocatechol (Section 4.2.2) 

was added to a 1 L beaker containing 40 mL (480 mmol) conc. HCl and 75 mL deionized 

water. 1.85 g of porous graphitic carbon (PGC) suspended in 30 mL 50 % EtOH(aq) was 

added, and the mixture was stirred at 5 °C for 60 min. To this suspension, 45 mmol of 

NaNO2 in 50 mL H2O was added quickly and stirred at 5 °C for 3 h. Sodium borohydride 

(110 mmol in 50 mL H2O) was added dropwise over 10 min with vigorous stirring at 5 

°C to yield the catechol modified PGC (Caution: the reaction is vigorous due to the 

evolution of both hydrogen and nitrogen gas.) After stirring for 25 min at room 

temperature, the suspension was diluted in water and filtered using a 0.22 μm nylon filter. 

The solid material was successively washed with deionized water, 1 % KOH, methanol, 

DMF, acetonitrile, and acetone until no color was observed in the filtrate. The grafting 

procedure was then repeated twice more (see Section 4.3.1.1) and the particles were 

characterized by X-ray photoelectron spectroscopy (XPS) as per Sections 4.2.6 and 

4.3.1.1. Prior to packing, the Catechol-PGC particles were defined twice by 

sedimentation (36 h each) in ~900 mL 20 % ACN(aq), yielding 1.7 g of modified particles. 

 

4.2.4 Synthesis of Amide-PGC 

The synthesis of the Amide-PGC phase (Figure 4.5) was performed by Ms. Ya 

Zhang similarly to Section 4.2.3. The following procedure was repeated three times to 

yield sufficient modified PGC to prepare one column. 12.5 mmol of 4-aminoacetanilide 



117 

 

was dissolved in 100 mL of deionized water and added into a 1 L beaker. 0.6 g of PGC 

powder was then suspended into the solution by stirring for 10 min at room temperature. 

The solution was cooled to 0 °C and 12.4 mmol of NaNO2 in 15 mL deionized water was 

added dropwise. The solution was stirred for 5 min, and then 3.75 mL of 37 % HCl (37.5 

mmol) was added dropwise over 5 min followed by continued stirring at 0 °C for 30 min. 

31.3 mmol of NaBH4 in 30 mL deionized water was slowly added drop wise over 10 min 

with vigorous stirring. (Caution: the reaction is vigorous due to the evolution of both 

hydrogen and nitrogen gas.) The mixture was subsequently warmed to room temperature, 

and after stirring for 30 min the suspension was diluted and filtered using a 0.22 μm 

nylon membrane filter. The modified particles were successively washed with deionized 

water, 1 % NaOH, additional deionized water, and anhydrous ethyl alcohol until no color 

persisted in the filtrate. The functionalization procedure was then repeated a second time. 

After all three batches had been prepared, they were combined and the Amide-

PGC particles were de-fined once by sedimentation in deionized water for 18 hours. The 

overall procedure yielded 1.3 g of modified particles. This material was characterized by 

XPS as described in Sections 4.2.6 and 4.3.1.2. 
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Figure 4.5. Reaction schemes for the in situ diazonium modification of PGC particles 

with catechol and amide groups.  
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4.2.5 Packing  

Columns were packed at constant pressure using a Haskel pump (DSF-122-

87153, Burbank, CA, USA) driven by N2 gas (Praxair Inc., Edmonton, AB, Canada). 

1.7 g of Catechol-PGC or 1.3 g Amide-PGC from above was slurried in 35 mL of 10 % 

ACN(aq) (Catechol-PGC) or deionized water (Amide-PGC) and placed into a 40 mL 

slurry reservoir (Lab Alliance, State College, PA, USA). The remaining 5 mL of the final 

rinse from the container was added to the reservoir to fully fill the slurry reservoir. The 

particles were packed in a downward direction into a 150 mm x 3 mm ID polyether ether 

ketone (PEEK) column fitted with a Ti outlet frit. Pressure was maintained at 35 MPa for 

1.5 h using 10 % ACN(aq) (Catechol-PGC) or deionized water (Amide-PGC) as the 

driving solvent. The columns were detached from the packing assembly and PEEK screw 

caps with Ultrahigh Molecular Weight Polyethylene frits (UHMWPE) and 0.2 µm Zitex 

membranes (Thermo Fisher Scientific) were installed on both ends. Prior to the first 

separation, the columns were flushed with 50 % ACN(aq) and neat ACN at 1 mL/min for 

1 h each.  

 

4.2.6 Characterization of the PGC Phases 

 X-ray photoelectron spectroscopy (XPS) was performed on an AXIS 165 

spectrometer (Kratos Analytical, NY). Catechol-PGC and Amide-PGC particles were 

washed with methanol and dried under house vacuum for two days prior to XPS analysis.  
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4.2.7 Chromatographic Separations 

 Chromatographic studies of the Catechol-PGC phase were performed on a Waters 

(Mississauga, ON, Canada) Acquity UPLC system consisting of: a binary solvent 

manager; a thermostated (5 °C) sample manager equipped with a 10 μL loop (injections 

were done in either partial or full loop fill mode); thermostated column compartment; and 

a tunable UV detector. The instrument was controlled using Empower software (Waters). 

Separations were performed at ambient temperature or 60 °C at flow rates of 0.5-

1.0 mL/min. Data were collected at 20 Hz at 210, 254 or 268 nm.  

 Chromatographic studies of the Amide-PGC phase were performed on a Varian 

HPLC system consisting of: a Prostar 210 pump (Varian, part of Agilent Technologies, 

Santa Clara, CA, USA); a Varian Prostar 410 autosampler equipped with a 40 μL loop 

(injections done in either partial loop or full loop mode); and a Knauer UV detector 2500 

(Berlin, Germany) set at 220 or 254 nm. Data was collected at 5 Hz using the Varian Star 

Chromatography Workstation Version 6.20. Separations were performed at ambient 

temperature at flow rates of 0.5-0.6 mL/min. 

The mobile phase was a mixture of ACN, water, and (where necessary) 

ammonium acetate or ammonium formate. The pH was adjusted with NaOH or HCl. 

Aqueous stock ammonium acetate/ammonium formate solutions (2 M) at the desired pH 

were made and refrigerated. The reported buffer concentration is the final concentration 

in the eluent after mixing with ACN. The reported pH of the buffer is the final pH of 

aqueous diluted buffer prior to adding acetonitrile. The percentage of ACN in this work 

represents the volume of ACN relative to the total volume of the solvents including 

buffer and ACN.  
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An unmodified PGC (Hypercarb, 100 x 4.6 mm ID, 5 µm, Thermo Scientific) 

column was used as a control to assess the performance of the Catechol and Amide-PGC 

phases.  

 

4.3 Results and Discussion 

 Porous graphitic carbon (PGC) is a stable and unique HPLC phase. Unfortunately 

the PGC surface can be too retentive in RPLC
9,10

 and often shows weak HILIC 

retention.
9,11,12

 In this chapter, I investigate catechol and amide functionalization of PGC 

to create phases for HILIC and/or as a means to attenuate the reversed phase retention 

character of PGC. Previously, the Lucy lab used diazonium chemistry to introduce 

carboxylate and aniline functionalities to PGC to increase its hydrophilicity.
3,6

  

 

4.3.1 Synthesis and Characterization of Phases 

4.3.1.1 Catechol-PGC 

 In 2012 Pognon et al.
7
 reported the diazonium modification of black pearls carbon 

with catechol groups as a means to generate a new electrocapacitive material. Inspired by 

this work, I desired to functionalize the catechol moiety onto PGC as a means to generate 

the carbon equivalent of a diol phase (see Table 1.1 for the representative structure of a 

diol phase).  

The gram-scale demethylation of 3,4-dimethoxyaniline proceeded smoothly to 

generate the desired 4-aminocatechol in a 99 % yield. Following the general 

methodology utilized in Chapter 3, PGC particles were initially subjected to two rounds 

of functionalization with the catechol. As demonstrated in Chapter 3, a useful means to 
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judge grafting success is to suspend the material in water. Unmodified PGC is strongly 

hydrophobic and floats on the water surface. After two rounds of catechol 

functionalization as described in Section 4.2.3, ~ 70 % of the modified PGC dispersed in 

water, indicating that the hydrophilicity of the phase had increased. Functionalizing PGC 

a third time with 4-aminocatechol resulted in ~90 % dispersion of the Catechol-PGC. For 

comparison, two derivatizations resulted in full dispersion of Carboxylate-PGC
3
 and 

Aniline-PGC (Chapter 3). Addition of ACN to a 10–20 % final concentration facilitated 

full dispersion of Catechol-PGC particles. The difficulty of grafting catechol moieties 

onto carbon has been previously noted.
7,13

  

XPS analysis of the final trice modified Catechol-PGC particles showed that the 

surface oxygen concentration had increased from 2.0 atomic % (unmodified PGC)
3
 to 4.9 

% (Table 4.1; no peak was observed in the N 1s region). The 2.9 atomic % increase in 

oxygen content is comparable to the 3.3 atomic % increase in oxygen observed 

previously for the 2X catechol modification of black pearls carbon.
7
 Due to the nature of 

the mixed surface oxides present on the surface of PGC
14

 it is difficult to selectively 

quantify catechol loading onto the surface of PGC by XPS using the O 1s signal. 

Catechol loading on black pearls carbon was previously estimated using cyclic 

voltammetry.
7
 Based on these measurements I estimate a surface grafting concentration 

of 0.2 molecules/nm
2
. As mentioned above, the grafting of catechol moieties onto carbon 

is known to occur with low efficiency as compared to other aryl diazonium compounds. 

7,13
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Table 4.1. Surface composition from XPS scans of Catechol-PGC and Amide-PGC. 

Element 
Peak, 

eV 

FWHM 

(Catechol-

PGC) 

Peak 

Area 

(Catechol- 

PGC) 

% Atomic 

Conc. 

(Catechol-

PGC)
b 

FWHM 

(Amide-

PGC) 

Peak 

Area 

(Amide- 

PGC) 

% 

Atomic 

Conc. 

(Amide-

PGC)
c 

Carbon 
1s 

284.0 
2.77 132570 95.16 3.35 41750 93.26 

Nitrogen 
1s 

399.6 
0.00 0 0.00 2.95 1956 2.43 

Oxygen 
1s 

532.6 
3.17 18903 4.84 — — — 

Oxygen 
1s 

531.6 
— — — 4.06 5658 4.31 

 

a 
The composition was calculated from the peak areas in the survey spectra using the CasaXPS (version 

2.3) with Scofield values of relative sensitivity factors (RSF). Shirley background correction was 

applied in the measurement of all peaks. 

b 
The values reported are after the third modification reaction.  

 

c 
The values reported are of the combined material after the second modification reaction.  
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As an alternative method of quantification, Belanger and co-workers
15

 have used 

halogen tags to facilitate XPS quantification of the grafting of anthroquinones onto 

carbon particles. Accordingly, numerous attempts were made over the course of three 

months to synthesize a 4-amino-5-bromocatechol analogue, but were not successful. 

While the trifluoroacetate protection of compound 1 (Figure 4.6) and subsequent 

bromination and deprotection of compound 2 proceeded relatively smoothly in 89 % or 

better yields (reaction performance monitored by GC-MS), the demethylation of 

compound 3 did not. This last reaction afforded a mixture of products consisting of < 20 

% of the desired compound (compound 4, Figure 4.6). 

 

 

Figure 4.6. Scheme for the synthesis of 4-amino-5-bromocatechol (compound 4). 
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4.3.1.2 Amide-PGC 

 Synthesis of Amide-PGC by Ms. Ya Zhang proceeded more readily than the 

Catechol-PGC. After two rounds of functionalization, the material dispersed in water 

without requiring addition of acetonitrile. 

The high resolution XPS spectrum of the N 1s band (Figure 4.7) showed a peak 

centered at 399.7, consistent with an amide group bonded to carbon.
16

 Integration of the 

peak in the XPS survey spectrum indicated that 2.43 atomic % N (Table 4.1) had been 

introduced to the Amide-PGC surface (nitrogen was absent on unmodified PGC
6
). 

Assuming that the population of carbon atoms on PGC is 7.3 x 10
-9 

mol/cm
2
,
17

 I 

conservatively estimate a surface grafting concentration of 2.1 molecules/nm
2
. This is a 

comparable level of grafting efficiency to the Aniline-PGC phase (Chapter 3). 

 

4.3.2 Chromatographic Retention Behavior of Catechol-PGC and Amide PGC 

 Figure 4.8 shows the effect of acetonitrile concentration in the mobile phase on 

the retention of hydrophilic resorcinol and DL-norephedrine by Catechol-PGC. The 

retention of both compounds increased with increasing % ACN, consistent with HILIC 

behavior. Similarly, Amide-PGC displayed HILIC behavior for cytosine and uracil as 

hydrophilic test probes (Figure 4.9). The Amide-PGC phase at pH 6.8 provided a greater 

than 3-fold increase in the retention of cytosine compared to Aniline-PGC (Chapter 3). 

  



126 

 

 

 

 

 

 
Figure 4.7. Raw high-resolution N 1s XPS spectrum of Amide-PGC. XPS measurements 

were performed on an AXIS 165 spectrometer. The base pressure in the analytical 

chamber was < 3 10
-8

 Pa. A monochromatic Al Kα source (hν = 1486.6 eV) was used at 

a power of 210 W. The analysis spot was 400 x 700 µm. High resolution scans were 

collected for binding energies of 392-406 eV with an analyzer pass energy of 20 eV and a 

step of 0.1 eV. 
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Figure 4.8. Retention behavior of phenylpropanolamine and resorcinol on Catechol-PGC 

as a function of % ACN in the eluent. Conditions: column, Catechol-PGC (150 mm x 3 

mm ID, 5 µm); eluent, 10 mM ammonium formate (pH = 3.1) in 66 to 95 % ACN at 

0.6 mL/min; analytes, 0.25 mM DL-norephedrine and resorcinol in ACN:10 mM 

ammonium formate (pH = 3.1, 95:5). UV detection at 210 nm with a 5 µL injection. 
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Figure 4.9. Retention behavior of cytosine and uracil on Amide-PGC as a function of % 

ACN in the eluent. Conditions: column, Amide-PGC (150 mm x 3 mm ID, 5 µm); eluent, 

10 mM ammonium acetate (pH = 6.8) in 66 to 95 % ACN at 0.5 mL/min; analytes, 0.4-

0.5 mM cytosine and uracil in 10 mM ammonium acetate (pH = 6.8):ACN (5:95). UV 

detection at 254 nm with a 40 µL injection. 
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 Originally, HILIC retention was attributed to partitioning into an adsorbed water 

layer.
18

 Under this mechanism, log k should be related to the % water. Hemström and 

Irgum,
19

 as well as Gritti et al.
20

 have since shown that many “HILIC” separations are not 

truly partitioning in nature, but rather also have adsorptive character. A simple test 

developed by Hemström and Irgum
19

 to pinpoint which type of retention was dominant 

was to plot both log k vs. % water (partitioning mechanism) and log k vs. log % water 

(adsorption mechanism). Whichever plot was more linear was viewed to be the dominant 

retention mechanism.  

Figure 4.10 plots the retention data of phenylpropanolamine and resorcinol for 

Catechol-PGC (from Figure 4.8), and cytosine and uracil for Amide-PGC (from Figure 

4.9), to test whether retention is via partitioning (Figures 4.10A and 4.10C) or adsorption 

(Figures 4.10B and 4.10D). The log k vs. log % water plot is notably more linear for both 

analytes for the Amide-PGC (Figure 4.10D vs. 4.10C), indicative of primarily adsorptive 

retention.  

The primary HILIC mechanism for Catechol-PGC, however, is more difficult to 

discern. For DL-norephedrine both the partitioning plot (R
2
 > 0.98, Figure. 4.10A) and 

adsorption plot (R
2
 > 0.99, Figure 4.10B) show comparable good linearity. Hence, it is 

likely the retention of this compound is influenced significantly by both partitioning and 

adsorption. Resorcinol, on the other hand, shows a curved retention pattern in both 

Figures 4.10A and 4.10B, albeit a significant increase in linearity is observed in the 

adsorption plot. Thus it is likely that while partitioning behavior is present, the retention 

of resorcinol is more greatly influenced by adsorption. Such compound-dependent 
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variability in retention behavior as seen above has previously been demonstrated on a 

BEH Silica phase.
20

 

Determination of HILIC selectivity behavior by means of the HILIC selectivity 

plot (as in Figure 3.10 for Aniline-PGC) was not done for these phases, due to their 

significant adsorptive character as described above. Such excessive adsorptive behavior 

may bias the retention of the probe compounds, resulting in higher retention ratios than 

truly warranted.
3
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Figure 4.10. Partitioning versus adsorption behavior on (A,B) Catechol-PGC and (C,D) 

Amide-PGC. Conditions: columns, (A,B) Catechol-PGC (150 mm x 3 mm ID, 5 µm) and 

(C,D) Amide-PGC (150 mm x 3 mm ID, 5 µm); eluents, (A,B) 10 mM ammonium 

formate (pH = 3.1) in 80 to 95 % ACN at 0.6 mL/min, (C,D) 10 mM ammonium acetate 

(pH = 6.8) in 80 to 95 % ACN at 0.5 mL/min; analytes, (A,B) 0.25 mM DL-norephedrine 

and resorcinol in ACN:10 mM ammonium formate (pH = 3.1, 95:5), (C,D) 0.4-0.5 mM 

cytosine and uracil in ACN:10 mM ammonium acetate (pH = 6.8, 95:5). UV detection at 

(A,B) 210 nm, (C,D) 254 nm with an (A,B) 5 µL or (C,D) 40 µL injection. 
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4.3.3 Applications of Catechol-PGC in HILIC Separations 

 To illustrate the selectivity behavior of Catechol-PGC, separations of phenols, 

nucleosides, and ephedrine derivatives were performed under HILIC conditions (Figure 

4.11 A-C). The retention factors (k) of these test compounds ranged from 0.5 to 13. 

Figure 4.11A shows the HILIC separation of phenol, resorcinol and phloroglucinol in 

under 2 minutes. The compounds elute in order of their aqueous solubilities (96 g/L, 163 

g/L, and 305 g/L, respectively at pH 5
21

), consistent with expected HILIC behavior. 

Catechol-PGC displayed improved resolution between phenol and resorcinol compared to 

unmodified PGC (Rs =1.14 for Catechol-PGC vs. 0.74 for unmodified PGC), and 

increased selectivity between resorcinol and phloroglucinol (α = 2.13 vs. 1.48). However, 

the peak efficiencies (N) obtained with the home-packed Catechol-PGC phase were 

lower than that of the commercially prepared unmodified PGC phase (Table 4.2). Peak 

asymmetry values (As) indicated comparable levels of tailing between the two phases for 

this separation (Table 4.2). 

 The separation of nucleic acids and analogues are of great importance to genetics, 

genomics, pharmaceutical sciences, and other fields.
22

 Figure 4.11B shows the separation 

of four nucleosides (uridine (U), thymidine (T), cytidine (C), and adenosine (A)) on 

Catechol-PGC under HILIC conditions. Here, Catechol-PGC provided up to 5-fold 

increased retention of all nucleosides relative to unmodified PGC (data not shown). All 

compounds, with the exception of adenosine (which perhaps shows stronger retention due 

to strong adsorptive interactions by the underlying PGC), were baseline resolved (Rs > 

1.5) in less than 3.5 minutes.  
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Figure 4.11. HILIC separations of (A) phenols and (B) nucleosides, and the separation of 

ephedrines in (C) HILIC mode and (D) RP mode. Conditions: column, Catechol-PGC 

(150 mm x 3 mm ID, 5 µm); flow rates, (A,B) 1 mL/min, (C,D) 0.6 mL/min; eluents, (A) 

20 mM ammonium acetate (pH 5.0) in 90 % ACN, (B) 25 mM ammonium acetate (pH 

6.8) in 80 % ACN, (C) 10 mM ammonium formate (pH 3.1) in 87 % ACN, (D) 10 mM 

ammonium acetate (pH 5.0) in 20 % ACN; analytes, (A) 0.25-0.75 mM of (1) phenol, (2) 

resorcinol, and (3) phloroglucinol, (B) 0.25 mM of (1) uridine, (2) thymidine, (3) 

cytidine, and (4) adenosine, (C and D) 0.07 mM of (1) cathine, (2) DL-norephedrine, (3) 

ephedrine, and (4) (1R, 2S)-(-)-N-methylephedrine, UV detection at (A) 268 nm, (B) 254 

nm, (C,D) 210 nm with 10 µL injection. The data in Figure 4.11D was subjected to 30 

iterations of a 35 point Savitsky-Golay smooth. 
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Table 4.2. Comparison of peak efficiencies (N) and asymmetry factors (As = B/A) 

between Catechol-PGC and unmodified PGC for the separation of 3 phenolic 

compounds. Chromatographic conditions are as in Figure 4.10A. 

Compound 

Catechol-PGC Unmodified PGC 

N As N As 

Phenol 580 1.0 2010 1.2 

Resorcinol 600 1.5 1980 1.4 

Phlorglucinol 720 2.7 1520 2.0 

 

 

The separation of uridine, thymidine, and cytidine on Catechol-PGC is comparable to that 

performed on a pentahydroxy phase,
23

 albeit Catechol-PGC displayed different selectivity 

and retention order (T<U<A<C on pentahydroxy vs. U<T<C<<A on Catechol-PGC). The 

selectivity of this overall separation (including adenosine) is also different from that of 

diol, amide and bare silica phases.
22,24

  

Similar to the phenolic compounds above, the peak efficiencies afforded by the 

Catechol-PGC phase were lower than on the unmodified PGC column (Table 4.3). 

Additionally, all compounds displayed significant tailing (As >> 1, Table 4.3) on 

Catechol-PGC, perhaps due to increased hydrogen bonding interactions between the 

analytes and the sparsely grafted catechol functionalities. Running the separation at 60 °C 

reduced peak tailing, but overall peak efficiencies were comparable to the ambient 

temperature separation (Table 4.3).  

 

 



135 

 

Table 4.3. Comparison of peak efficiencies (N) and asymmetry factors (As = B/A) 

between Catechol-PGC and unmodified PGC for the separation of 4 nucleosides. 

Chromatographic conditions are as in Figure 4.10B with the exception of varying 

temperature as below. 

Compound 

Catechol-PGC Unmodified PGC 

25 °C 60 °C 25 °C 60 °C 

N As N As N As N As 

Uridine 240 2.3 210 1.4 820 0.5 1800 1.0 

Thymidine 440 1.6 400 1.0 1600 0.6 980 0.9 

Cytidine 100 4.9 150 2.0 820 0.5 420 2.0 

Adenosine 1860 2.2 280 2.7 1230 3.4 760 1.8 

 

 In human sport, the World Anti-Doping Agency (WADA) prohibits the use of 

ephedrine and many of its derivatives since they are regarded as stimulants that may give 

an athlete an unfair competitive advantage.
25

 To control use, urine samples from athletes 

are analysed for the presence of such stimulants, and quantitative analyses are performed 

where necessary.
25

 Such analyses require chromatographic separation of these closely 

related compounds to permit unequivocal identification of the illegal substance. Hence, I 

first attempted to optimize the HILIC separation of cathine, DL-norephedrine, ephedrine, 

and (1R,2S)-(-)-N-methylephedrine (Figure 4.11C). Although Catechol-PGC provided 

improved retention and resolution of these closely related compounds relative to 

unmodified PGC (all compounds co-eluted at the dead time), such a separation would not 

be adequate for quantitative analysis. Hence, RPLC separations of these stimulants were 

performed as to be discussed in Section 4.3.4.  

 

4.3.4 RPLC Separation of Ephedrine Stimulants by Catechol-PGC 

The unique retention mechanism of PGC enables isomer separations.
1,26–28

 The 

stimulants discussed above in Section 4.3.3 could not be baseline separated under HILIC 
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conditions (Figure 4.11C). Similarly, this separation is difficult to perform by traditional 

partition-based RPLC. The separation of these analytes on a sub-2 μm BEH C18 required 

the use of relatively harsh separation conditions which may significantly shorten the 

lifetime of a column with regular use (i.e., low % B (10 % ACN), alkaline pH (pH 10), 

and high temperature (60 °C)).
29

 However, under separation conditions more amenable to 

prolonging column life (i.e., higher % B (20 % ACN), weakly acidic pH (pH 5), and 

ambient temperature), Catechol-PGC provides satisfactory resolution of these analytes 

(Figure 4.11D). Unmodified PGC was unable to adequately resolve these analytes under 

the conditions of Figure 4.11D. 

 

4.3.5 Attenuated Reversed-Phase Separations by Amide-PGC 

 The strong retention and unique retention mechanism of PGC is useful in two 

dimensional separations
30–35

 and, as demonstrated above, in the separation of structural 

isomers.
1,26–28

 However, the strong retentive character of PGC can also extend run times 

and yield poor efficiencies.
36

 In extreme cases compounds may be irreversibly 

retained.
37,38

 Chapter 3 demonstrated that introduction of aniline functionalities to PGC 

significantly reduced the separation time for 5 common pharmaceuticals from >80 

minutes (unmodified PGC) to <15 minutes (Aniline-PGC). Furthermore, the efficiencies 

(N) of the later eluting peaks were greatly improved. Performing the same separation on 

Amide-PGC (Figure 4.12) further reduced the separation time to <8 minutes. The 

efficiency and the reduction in peak tailing relative to unmodified PGC were comparable 

to those achieved with the Aniline-PGC phase (Chapter 3).  

 



137 

 

 

 

 

 

Figure 4.12. Attenuated reversed phase separation of alkaline pharmaceuticals on 

Amide-PGC. Conditions: column, Amide-PGC (150 mm x 3 mm ID, 5 µm); eluent, 20 

mM ammonium acetate (pH = 5.0) in 63 % ACN at 0.6 mL/min; analytes, 0.2-5 mM of 

(1) diphenhydramine, (2) acetaminophen, (3) procainamide, (4) nortriptyline and (5) 

caffeine in 63% ACN. UV detection at 254 nm with a 20 µL injection.  
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 Interestingly, in Figure 4.12, the test analytes do not elute in order of their 

hydrophobicities. This is not unexpected as the unique dispersive and electronic 

interactions of PGC promote increased retention of compounds with multiple fused rings 

and/or multiple polarizable groups.
1,39–41

 

To further investigate the nature of the retention of Amide-PGC under reversed 

phase conditions, comparative separations of a mixture of n-alkylbenzenes was 

performed on Amide-PGC and unmodified PGC. Both Amide-PGC and unmodified PGC 

show comparable patterns of retention (Figure 4.13) consistent with that observed 

previously on PGC.
42

 Retention increased on both phases with increasing alkyl chain 

length (= increased hydrophobicity). However, similar to Figure 4.12, the alkylbenzenes 

in Figure 4.13 displayed ten-fold lower retention on Amide-PGC relative to unmodified 

PGC.  
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Figure 4.13. Comparison of the retention behavior of C1-C6 n-alkylbenzenes under 

reversed phase conditions on Amide-PGC and unmodified PGC. Markers are the average 

of duplicate injections. Standard deviations are smaller than the markers. Conditions: 

columns, Amide-PGC (150 mm x 3 mm ID, 5 µm) and unmodified PGC (Hypercarb, 100 

mm x 4.6 mm ID, 5 µm); eluent, unbuffered 60 % ACN at 0.5 (Amide-PGC) or 

1.0 mL/min (unmodified PGC); analytes, 0.5 mM of toluene, ethylbenzene, 

propylbenzene, butylbenzene, pentylbenzene, and hexylbenzene in 60 % ACN. UV 

detection at 220 nm with a 10 µL injection.  
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4.4 Conclusions 

Diazonium chemistry was used to prepare two new modified PGC phases. 

Investigations into the retention behaviors of the Catechol-PGC and Amide-PGC phases 

showed that Catechol-PGC showed mixed partitioning and adsorptive retention of the 

hydrophilic analytes, while HILIC retention on Amide-PGC was mainly adsorptive. 

Relative to unmodified PGC, Catechol-PGC exhibits greater HILIC retention of 

biologically relevant phenolic compounds and nucleosides. As a reversed phase, 

Catechol-PGC successfully resolved a mixture of ephedrine derivatives under mild eluent 

conditions. The Amide-PGC phase provided significant attenuation (almost 90 % 

reduction in k) of the excessive retentivity of PGC for a mixture of common 

pharmaceuticals. Additionally, a 10-fold reduction in the retention of n-alkylbenzenes 

was observed on Amide-PGC relative to a separation performed under the same 

conditions on unmodified PGC.  
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CHAPTER 5: An Exploration of the Use of Ethanol as a HPLC Mobile Phase
iv

  

5.1 Introduction 

 One current goal of modern Chemistry is to make our craft more environmentally 

sustainable; specifically by minimizing or eliminating the use of toxic solvents and 

reagents in our daily work.
1,2

 Applying the concept of green chemistry to liquid 

chromatography, the use of organic solvents may be significantly reduced by utilizing 

narrow bore columns (reduce flow) in conjunction with smaller particles (maintain 

efficiency).
3,4

 For example, a 1 hour run on a standard 4.6 mm inner diameter column 

containing 5 µm particles run at 1 mL/min would consume 60 mL of mobile phase. A 

2 mm column containing 2 µm particles run at 0.2 mL/min, on the other hand, would 

consume 12 mL of mobile phase, reducing consumption by 80 %. 

 Alternatively, there has been a shift towards the use of less toxic solvents in 

HPLC. Ethanol, for instance, is one favored solvent due to its lower toxicity and 

derivation from environmentally friendly sources.
3–6

 

 In a recent paper, Welch et al.
7
 evaluated and successfully demonstrated the use 

of several distilled spirits as economical and environmentally friendly alternatives to 

common HPLC grade eluents for quantitative and qualitative RPLC analyses. 

Specifically, gradient RPLC separations of mixtures of low to medium polarity analytes 

were performed using five readily available distilled spirits (grain alcohol, vodka, rum, 

cachaça, and aguardente).
7
 The retention and peak shapes of the analytes afforded by the 

                                                 

iv
 This is a significantly expanded version of Iverson, C. D.; Wu, D.; Jiang, P.; Stanley, B.; Pappoe, M. B.; 

Lucy, C. A. ACS Sustainable Chem. Eng. 2015, 3, 1898. See the Preface for details on individual 

contributions.  
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spirits were compared to separations performed using HPLC grade ethanol.
7
 

Additionally, LC-MS quantitative analyses of piperidine isomers in black pepper and 

vitamin C in different food samples were performed as a proof of concept using distilled 

spirit mobile phases buffered with mixtures of vinegar and ammonia (to yield an 

ammonium acetate buffer).
7
 

 In this chapter I shift my focus from the column to other important factors to 

consider in HPLC method development, such as eluent choice. Specifically, based on my 

replication of the qualitative spirit-based RPLC separations performed in Welch et al.`s 

paper
7
 and additional experiments, I will discuss some of the factors related to 

chromatographic performance that Welch et al.
7
 either undersold or did not properly 

address in their work. Furthermore in this discussion, I will highlight additional factors 

beyond their work that one must consider when choosing an appropriate eluent for 

HPLC.  

 

5.2 Experimental 

5.2.1 Beverage Mobile Phases, Chemicals, Reagents, Materials, and Stationary Phase 

Deionized water was from a Milli-Q Reference water purification system (EMD 

Millipore, Bedford, MA, USA). Ethanol (HPLC grade), 1-phenylethanol, and butyl 

paraben were from Acros Organics (Fair Lawn, NJ, USA). HPLC Chromasolv grade 

Acetonitrile and Methanol, as well as uracil were from Sigma Aldrich (St. Louis, MO, 

USA). Caffeine was from BDH Chemicals (Poole, UK). Spirits used as (potential) mobile 

phases, including Everclear Grain Alcohol (Luxco, Inc., St. Louis, MO, USA), Smirnoff 

Vodka No. 21 (Smirnoff Co., Norwalk, CT, USA), Absolut Vodka (Absolut Co., 
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Stockholm, Sweden), Ketel One Vodka (Nolet Distillery, Schiedham, Holland), Grey 

Goose Vodka (Grey Goose BMP, Gensac-La-Pallue, France), Stolichnaya Vodka (SPI 

Sirits,Riga, Latvia), Russian Prince Vodka (Bacardi Canada, Inc., Brampton, ON, 

Canada), and Alberta Pure Vodka (Alberta Distillers, Ltd., Calgary, AB, Canada) were all 

purchased from a local liquor store (Edmonton, AB, Canada) and were used directly for 

analysis after filtration with a 0.2 µm nylon membrane filter. The neat HPLC grade 

ethanol was diluted with water to 95 % (i.e., 5 % water, 95 % HPLC ethanol) prior to use 

in chromatographic separations. Brita (Clorox Co., Oakland, CA, USA) pitchers and 

“advanced” filters were purchased from a local Wal-Mart (Edmonton, AB, Canada). Prior 

to use, each Brita filter was conditioned with 500 mL of deionized water and 200 mL of 

vodka. The “Brita filtered Smirnoff” was prepared by sequentially filtering Smirnoff 

vodka through three new conditioned Brita filters and then passing the 3x filtered vodka 

twice through a 0.2 µm nylon filter (the latter filtrations are critical as the Brita filters 

leach fine black particulate). The Zorbax Eclipse XDB-C8 column (4.6 mm × 150 mm, 5 

µm) used in this study was kindly gifted by Xiaoli Wang of Agilent Technologies 

(Wilmington, DA, USA) 

 

5.2.2 Instrumentation and Chromatographic Conditions  

UV spectra were recorded on a Hewlett Packard 8453 UV-visible spectrometer 

(Agilent, Palo Alto, CA, USA). Measurements were made using a 1 cm path length 

quartz cuvette and were referenced against deionized water. 

All chromatographic studies were performed on a Waters (Mississauga, ON, 

Canada) Acquity UPLC system consisting of a binary solvent manager, a sample 
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manager equipped with a 10 µL loop (all injections were 3 μL partial loop fill), a 

thermostated column compartment (see below), and a tunable UV detector. The 

instrument was controlled using Empower 2 software (Waters).  

Two mg/mL stock solutions of uracil, caffeine, 1-phenylethanol, and butyl 

paraben were prepared in 1:1 HPLC ethanol:water. Final 0.1 mg/mL working solutions of 

these analytes were prepared from the stock solutions in 20 % HPLC ethanol(aq). Gradient 

separations of the four-analyte mixture were performed at 25 °C (HPLC grade ethanol 

and grain alcohol) or 65 °C (vodkas) at a flow rate of 1.2 mL/min (HPLC grade ethanol 

and grain alcohol) or 1.5 mL/min (vodkas). UV detection was at 210 nm (HPLC grade 

ethanol and grain alcohol) or 215 nm (vodkas). The gradient programs used were as 

follows: 1) mobile phase A: water; mobile phase B: 95 % HPLC ethanol(aq) or neat grain 

alcohol; 10 % B to 100 % B in 8 min then hold 2 min; 2) mobile phase A: water; mobile 

phase B: vodka; 20 % B to 100 % B in 5 min then hold 10 min.  

5.3 Results and Discussion 

Welch et al.
7
 recently described the use of distilled alcohol spirits as an 

economical and green alternative to traditional HPLC solvents. The authors demonstrated 

in their work that the spirit-based mobile phases could yield RPLC separations that were 

of comparable performance (i.e., comparable retention and peak shapes) to commercially 

prepared HPLC-grade solvents. However, there were several factors related to 

chromatographic performance that the authors undersold or did not adequately address. 

Each of these will be discussed in the following subsections. 
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5.3.1 Eluent Viscosity is the Key: The Backpressure Penalty of Ethanol 

One impact of using aqueous ethanol mixtures that was not discussed by Welch et 

al.
7
 is its significantly higher viscosity than the traditionally used acetonitrile and 

methanol solvents.
6,8

 Figure 5.1 compares the viscosities of aqueous mixtures of these 

three solvents mixed with water.  

Recall from Section 1.2.1.6 that the observed backpressure (ΔP) across a column 

is proportional to the eluent viscosity (η). Accordingly, given the viscosities in Figure 

5.1, much higher backpressures were observed during a chromatographic separation with 

ethanolic eluents than with traditional RPLC eluents. Here, the conditions utilized by 

Welch et al.
7
 for the HPLC ethanol and grain alcohol eluents typically yielded 

backpressures of 3700-4200 psi. These pressures are within the maximum operating 

limits of most HPLC instruments, but above the typical 3000 psi method development 

target.
9
 Also, continual use of a column at its higher pressure limits may shorten its 

lifetime.
9
 

Moreover, in contrast to acetonitrile where the viscosity/pressure apex is achieved 

at low % ACN (Figure 5.1), aqueous ethanol (as well as methanol) reaches its maximal 

viscosity/backpressure at a concentration of ~50 %. This may cause unexpected 

difficulties for a chromatographer developing a gradient method with ethanol, as they 

may not expect to see such a surge in pressure during the middle of the gradient. In a near 

worst case scenario, a separation may be halted unexpectedly (trapping the analytes on 

the column) as the instrument stops eluent flow to protect the column from damage 

arising from the pressure surge.  
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Figure 5.1. Comparison of the viscosities of aqueous mixtures of acetonitrile, methanol, 

and ethanol. Acetonitrile and methanol data from Snyder et al.
10

 Ethanol data adapted 

from Gonzalez et al.
11

 Mole fractions of ethanol were converted to (v/v %) using 

Equations A-5 and A-6 derived in Appendix 1.  
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5.3.2. Solvent Quality Matters: The Choice of Vodka Brand and Ghost Peaks 

Welch et al.
7
 evaluated only one brand of each spirit (e.g., vodka). In this work I 

evaluated the UV absorbance spectra of seven brands of vodka (Figure 5.2). Figure 5.2 

demonstrates that not all brands of vodka are created equal in terms of purity. The 

presence of UV absorbing impurities may increase detection limits by increasing the 

baseline signal
12

 (see Section 5.3.3). Figure 5.2 also shows that the Smirnoff vodka used 

by Welch et al.
7
 had the highest UV absorbance (i.e., most impurities) of all of the brands 

that I studied. 

Impurities in the eluent solvent can appear as ghost peaks in a gradient 

separation.
13

 As pre-equilibration proceeds, any mobile phase impurities are 

absorbed/adsorbed by the stationary phase from the low elution strength mobile phase. 

Subsequently during the gradient separation the trapped impurities are eluted from the 

column by the increasingly strong mobile phase, and appear as a peak.
13

 These ghost 

peaks can confound chromatographers due to their variable nature (peak area increases 

with equilibration time).
13

 In Figure 5.3 as reproduced from the original Welch et al. 

paper
7
, a baseline hump is evident at 7.7 min. The authors did not comment on this 

feature. My replication of this separation yielded two ghost peaks (Figure 5.4A). When 

the separation in Figure 5.4A was repeated using a shorter equilibration time (data not 

shown), the peak area of the ghost peaks was reduced. This observation is a key 

diagnostic feature of a solvent ghost peak, as a shorter equilibration time allows less of 

the impurity to collect on the column. 
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Figure 5.2. UV absorbance spectra of seven brands of vodka.  
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Figure 5.3. Welch et al.’s gradient RPLC separation of a 5-compound mixture using 

Smirnoff vodka as an eluent. See paper for experimental details. Analytes: (1) uracil, (2) 

caffeine, (3) 1-phenylethanol, (4) butyl paraben, and (5) anthracene. Reproduced with 

permission from Welch, C. J.; Nowak, T.; Joyce, L. A.; Regaldo, E. L. ACS Sustainable 

Chem. Eng. 2015, 3, 1000-1009. Copyright 2015 American Chemical Society. 
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Figure 5.4. Comparison of the gradient separation of four analytes (A) before and 

(B) after Brita filtration. Chromatographic conditions: column, Zorbax Eclipse XDB C8 

(4.6 mm X 150 mm, 5 µm); eluents, mobile phase A = deionized water, mobile phase B = 

Smirnoff vodka, or 3x Brita filtered Smirnoff vodka, 20 % to 100 % B in 5 min then hold 

9 min; 1.5 mL/min; analytes, 0.1 mg/mL of (1) uracil, (2) caffeine, (3) 1-phenylethanol, 

and (4) butyl paraben in 20 % EtOH; 65 °C; 215 nm. * indicates analyte impurities.   
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The popular science show MythBusters demonstrated that the quality of “cheaper” 

vodka may be improved by sequential filtration through several Brita filters.
14

 Brita 

filters contain ion exchange resins and activated carbon.
15

 Combined, these materials 

adsorb metals, salts, and organic contaminants from the liquids passed through them to 

purify those liquids. 

To determine whether the MythBusters’ methodology was appropriate to cleanup 

HPLC solvents, Smirnoff vodka was sequentially filtered through three Brita filters in an 

attempt to remove the impurities. The Brita filtrations eliminated the ghost peaks (Figure 

5.4B). However, the retention of all compounds in Figure 5.4B increased, suggesting the 

filters may adsorb some ethanol from the vodka.  

The Smirnoff vodka was $24.68/L and each Brita filter was $8.00, yielding a cost 

of $48.68/L of ethanol eluent. Alternatively one could use a more premium brand of 

vodka. Figure 5.5 shows comparable separations (without the ghost peaks) using 

unfiltered Absolut ($28.43 /L) and Ketel One ($36.53 /L) vodka as the eluent. Based on 

their lower overall cost and reduced need for manual preparation, the use of these higher 

quality vodkas is preferred over Brita filtration of the lower quality Smirnoff to yield 

ghost peak free chromatograms.  
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Figure 5.5. Gradient separation of four analytes using (A) Absolut vodka and (B) Ketel 

One vodka as the organic eluent. Chromatographic conditions: column, Zorbax Eclipse 

XDB C8 (4.6 mm X 150 mm, 5 µm); eluents, mobile phase A = deionized water, mobile 

phase B = Absolut vodka or Ketel One vodka, 20 % to 100 % B in 5 min then hold 

9 min; 1.5 mL/min; analytes, 0.1 mg/mL of (1) uracil, (2) caffeine, (3) 1-phenylethanol, 

and (4) butyl paraben in 20 % EtOH; 65 °C; 215 nm. * indicates analyte impurities.  
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5.3.3. Seeing the Flower Amongst the Weeds: The Importance of Solvent UV Cutoffs 

 The detection limit is one performance indicator of a HPLC method which is 

greatly influenced by eluent choice. By definition, the detection limit (DL) is the 

concentration of analyte which provides a signal that is three times greater than that of 

the background (Equation 5.1).
16

 

𝐷𝐿 =  
𝑦𝑏𝑙𝑎𝑛𝑘̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +3𝑠𝑏𝑙𝑎𝑛𝑘

𝑚
    (5.1) 

where 𝑦𝑏𝑙𝑎𝑛𝑘̅̅ ̅̅ ̅̅ ̅̅  is the mean of many (e.g., 20) replicate measurements of the blank signal, 

sblank is the standard deviation of the many (e.g., 20) replicate measurements, and m is the 

slope of the calibration curve. 

Figure 5.6 shows that not all eluents have the same background absorbance. 

Methanol and Ethanol display significant absorption up to 230-240 nm, while acetonitrile 

displays significantly lower absorption at lower wavelengths. The higher absorption of 

methanol and ethanol at wavelengths below 230 nm (hence higher background signals 

and higher detection limits) limit the applicability of these eluents for quantitation of low 

concentration analytes at these lower wavelengths.  

The increase in background signal at lower wavelengths with the use of ethanol 

and methanol eluents is more evident when using gradients. As demonstrated above in 

Figure 5.5B, the baseline signal drifts upward over the course of the gradient as the 

concentration of the organic eluent is increased. Such baseline drift may significantly 

affect the precision and/or accuracy of the peak area or height measurement of any trace 

analyte which elutes over the sloping portion of the baseline (due to increased uncertainty 

in peak integration).
10
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Figure 5.6. UV absorption spectra of HPLC grade acetonitrile, methanol, and ethanol.  
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5.3.4 Gradient Peak Widths with Grain Alcohol vs. HPLC Grade Ethanol  

In any separation, narrow and symmetrical peaks are desired to aid in successful 

resolution of a mixture in the shortest time possible. In Welch et al.’s
7
 original separation 

(reproduced in Figure 5.7) it appeared that use of grain alcohol caused an increased peak 

width vs. HPLC grade ethanol. Chromatographic theory does not predict a change in 

peak width due solely to the source of the eluent.
10

 My replication of their separation 

showed that the peak widths for most of the test compounds were actually equivalent for 

grain alcohol vs. HPLC grade ethanol (Table 5.1). Only the weakly retained uracil 

showed a difference in peak width, which may be related to extra column effects. 

 

Table 5.1. Measured peak widths of analytes separated under identical conditions using 

HPLC ethanol and grain alcohol as the organic modifier. Chromatographic conditions: 

column, Zorbax Eclipse XDB C8 (4.6 mm X 150 mm, 5 µm); eluents, A = deionized 

water, B = 95 % HPLC grade ethanol or grain alcohol, 10 % B to 100 % B in 8 min then 

hold 2 min; 1.2 mL/min; analytes, 0.1 mg/mL of uracil, caffeine, 1-phenylethanol, and 

butyl paraben in 20 % EtOH; 210 nm.  

Analyte 

Baseline peak width (s) 

HPLC ethanol Grain alcohol 

Uracil 49 71 

Caffeine 20 23 

1-Phenylethanol 21 18 

Butyl paraben 16 17 
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Figure 5.7. Welch et al.’s gradient RPLC separation of a mixture of five analytes using 

95 % aqueous HPLC ethanol and grain alcohol as eluents. See paper for experimental 

details. Analytes: (1) uracil, (2) caffeine, (3) 1-phenylethanol, (4) butyl paraben, and (5) 

anthracene. Reproduced with permission from Welch, C. J.; Nowak, T.; Joyce, L. A.; 

Regaldo, E. L. ACS Sustainable Chem. Eng. 2015, 3, 1000-1009. Copyright 2015 

American Chemical Society. 
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5.4 Conclusions 

In commenting on Welch et al.’s
7
 work on “cocktail chromatography,” this 

chapter has endeavored to discuss some of the key eluent factors that one must consider 

when developing a separation method. Ethanol is a more environmentally friendly HPLC 

solvent that provides comparable chromatographic performance to traditional eluents 

such as acetonitrile and methanol. However, the use of ethanol (particularly if it is 

sourced from “non-traditional means”) does have drawbacks. Aqueous mixtures with 

ethanol are more viscous, so the HPLC system must be able to tolerate higher column 

backpressures. Also, to avoid the appearance of ghost peaks, the analytical method 

requires use of highly purified solvents. In-lab filter purification of solvents (such as the 

vodkas) is possible, but perhaps not economical or practical for day to day use. Finally, 

relative to other solvents such as acetonitrile, ethanol has a significantly higher UV 

cutoff. At lower wavelengths of detection this can lead to increased background signals 

and sloping baselines which increase detection limits and reduce method precision and 

accuracy.  
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CHAPTER 6: Conclusions and Future Work 

6.1 Conclusions 

 This thesis explored the development and characterization of new stationary 

phases for hydrophilic interaction liquid chromatography (HILIC) and reversed-phase 

liquid chromatography (RPLC). Chapter 2 utilized the hydrophilicity vs. ion interaction 

plots of Dr. Mohammed Ibrahim
1
 to investigate the effect of changing pH and buffer 

concentration on the selectivity behavior of different HILIC phases. The advantage of 

using the two dimensional plot is that changes in selectivity are readily observed in a 

visually appealing and easy to understand format. These plots highlighted changes in 

selectivity behavior amongst different classes of HILIC phases (e.g., silica, zwitterionic, 

amine, amide, hydroxylated, etc.), as well as differences within a class of HILIC columns 

(e.g., different responses to changes in pH by the silica phases due to differences in 

silanol behavior). These plots allow analytical chemists to predict which column and 

which mobile phase may be appropriate for their HILIC separation. 

 Chapters 3 and 4 present the preparation and characterization of three new 

hydrophilic porous graphitic carbon-based phases (named Aniline-PGC, Catechol-PGC, 

and Amide-PGC) as a chemically stable alternative to silica. All phases displayed 

increased HILIC retention (relative to unmodified PGC) and unique selectivity from 

commercially available HILIC stationary phases. Additionally, the Aniline and Amide 

modification of attenuated the excessive RPLC retention of PGC by up to 10-fold. The 

separation times on the modified PGC were greatly reduced and peak efficiencies (N) of 

later eluting peaks were significantly improved. The stability of Aniline-PGC at pH 2 was 

also demonstrated. 
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 To date, four different diazonium-modified PGC phases have been prepared by 

the Lucy group (Amide-PGC,
2
 Aniline-PGC,

3
 Carboxylate-PGC,

4
 and Catechol-PGC

2
); 

all but the Carboxylate-PGC phase are described in this thesis. In comparing the four 

phases, all have positive and negative aspects in terms of grafting efficiency, 

hydrophilicity, selectivity, peak efficiency, and peak shape. The phases had an average 

surface grafting concentration of ~2 molecules/nm
2
, with the exception of the Catechol-

PGC (Chapter 4) which had only ~0.2 molecules/nm
2
.  

 Considering hydrophilicity, all phases displayed increased hydrophilicity after 

diazonium modification. This was most apparent for the Carboxylate-PGC phase which 

displayed the greatest overall increase in HILIC retention amongst all of the modified 

PGC phases, while the other phases had comparable hydrophilicity. 

 All four phases displayed unique selectivity. Both the Amide-PGC and Aniline-

PGC phases displayed mixed-mode retention such that each could operate as a HILIC 

phase or an attenuated reversed phase. Another interesting aspect of the Aniline and 

Carboxylate-PGC phases are their pH tunable selectivity. That is, both the aniline and 

carboxylate columns contain ionisable groups. As such, the selectivity and retention 

behavior of these two phases changed with changes in mobile phase pH according to the 

pKa of the polar groups. 

 Lastly, turning to peak efficiency and peak shape, all four phases displayed an 

increased level of tailing for many analytes. A remedy is proposed in Section 6.2.4 with 

respect to the Carboxylate-PGC phase. Optimization of the packing procedure may allow 

for improvements in peak efficiency for these and future modified phases. Taking all of 



166 

 

the above in mind, I believe that the Carboxylate-PGC and Aniline-PGC phases currently 

stand out as the top performing diazonium-modified PGC phases. 

 Finally, Chapter 5 explored the feasibility of ethanol as an alternative eluent for 

RPLC. Prior research had demonstrated that ethanol can provide comparable retention 

and peak shape to more commonly used eluents such as acetonitrile and methanol. 

However there were many aspects of ethanol as an HPLC eluent that had not been 

clarified. In Chapter 5 I discussed ethanol’s limitations which chromatographers must be 

aware of, for instance, ethanol/water’s higher viscosity results in higher backpressure. 

Also, ethanolic mobile phases have higher ultraviolet absorbance, which limits its use at 

low wavelengths. Chapter 5 also evaluated the use of Brita
®
 filters as an alternative 

means to purify lower grades of solvents for use in HPLC. However, this method may not 

be practical or economical for regular use. 

 

6.2 Future Work 

6.2.1 Investigation of Alternate Test Probes to Measure HILIC Hydrophilic Selectivity  

As demonstrated in Chapter 2, the pH applicability of kcytosine/kuracil is limited 

under acidic conditions due to the protonation of cytosine. To increase the utility of the 

selectivity plots for future studies, a probe pair which remains uncharged across a broad 

pH range is required. Additionally, like cytosine and uracil, an ideal probe pair should 

use hydrophilic compounds (log P < 0) with similar structures (to negate other 

interactions) but of differing hydrophilicities (|Δlog P| ≥ 0.4).
5
 Currently, no such gold 

standard probe pair has been reported in the literature. Considering that beyond its pH 

limitations, kcytosine/kuracil has otherwise been demonstrated as an effective measure of 
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hydrophilicity,
1,5

 one avenue to explore may be the use of a lower pKa analogue of 

cytosine (w
w
pKa 4.4) such as isocytosine (w

w
pKa 4.0), 5-azacytosine (w

w
pKa 3.5), or 6-

azacytosine (w
w
pKa 2.8). These compounds have similar structures and comparable 

hydrophilicities (log P = -0.59, -2.50, and -1.06, respectively)
6,7

 to cytosine (log P 

= -1.97),
6
 but lower pKa values.

4,7
 To validate these compounds as useful probes, studies 

will be conducted whereby the chromatographic behavior of the potential probes is 

compared with that of cytosine at w
w
pH 3.0, 3.7, 5.0, and 6.8 which were studied in 

Chapter 2. 

 

6.2.2 Investigation of Additional Factors Affecting HILIC Selectivity 

 As noted in a recent review,
8
 many small- and medium-scale studies have been 

undertaken in order to understand the effects of pH and ionic strength on HILIC 

selectivity. Chapter 2 aimed to (and succeeded in) encompass(ing) and add(ing) to these 

data by investigating a larger number of columns under several pH conditions. However, 

like many other previous studies, Chapter 2 focused on the effect of pH while 

maintaining a constant acetonitrile concentration. By changing the concentration of 

acetonitrile in a mobile phase of a given w
w
pH, one may drastically alter the acidity of 

that mobile phase and effect a significant change in the selectivity behavior of a HILIC 

column.
5,8–10

 To date such mobile phase dependent pH effects on HILIC retention and 

selectivity have not been comprehensively studied for a large number of HILIC columns. 

Hence I propose that studies be undertaken on a series of representative HILIC columns 

to investigate the changes in selectivity behavior at different w
w
pH values in response to 

changes in acetonitrile concentration. Specifically, measurements of test probe retention 



168 

 

(both the newly and previously validated probes) would be made at several acetonitrile 

concentrations and several w
w
pH values for each selected column. To permit effective 

organization and visualization of the data, these studies would continue to utilize versions 

of the HILIC selectivity plots and HILIC selectivity change plots used in Chapter 2.  

 

6.2.3 Zwitterionic Porous Graphitic Carbon for HILIC 

 As mentioned above, the Lucy group has to date reported four new PGC-based 

HILIC phases (one previously
4
 and three in this thesis). In the future it is desirable to 

continue to build our library of PGC phases to provide chemically stable mimics of 

different classes of commercially available silica-based HILIC phases. Currently, I 

believe that the next target should be the development of a zwitterionic sulfoalkylbetaine-

PGC phase (ZIC-PGC; Figure 6.1). The reasoning behind this is two-fold. Firstly, based 

on the performance of the Carboxylate-PGC
4
 and Aniline-PGC

3
 (Chapter 3) phases it 

appears that a more hydrophilic PGC phase may be attained by modifying the surface 

with charged functionalities such as those found within the sulfoalkylbetaine moiety. 

Secondly, silica-based ZIC phases have previously demonstrated interesting and unique 

mobile phase dependent selectivities for a variety of polar compounds.
5,11,12

 As such, I 

believe that the sulfoalkylbetaine moiety combined with the unique retention mode of 

PGC
13

 will generate a HILIC phase with very different selectivity. 

A proposed synthesis of this phase is shown in Figure 6.1. All reactions in this 

scheme utilize relatively inexpensive and readily available reagents. The first two steps in 

this proposed synthesis have previously given yields of > 85 %.
14,15

 The third step in 

Figure 6.1 may require optimization to maximize yield. Structural characterization of all 
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pre-grafting synthesis products would be accomplished using a combination of mass 

spectrometry (specifically GC-MS or LC-MS, as appropriate, to allow determination of 

product purity), and IR and NMR spectroscopy. As in previous chapters, the overall 

surface concentration of zwitterionic groups on the functionalized PGC will be 

determined by x-ray photoelectron spectroscopy (XPS, reaction success determined by 

monitoring the sulfur concentration). Chromatographic characterization of this phase will 

be performed using a variety of hydrophilic analytes such as nucleotides, nucleosides, 

carbohydrates, amino acids, and organic acids. 
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Figure 6.1. Scheme for the proposed synthesis of ZIC-PGC. 
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6.2.4 Improving the Performance of Carboxylate-PGC  

 As mentioned previously, the Carboxylate-PGC phase
4
 is arguably the most 

hydrophilic and one of the best performing diazonium-modified PGC phase reported to 

date. However it (similar to the phases reported in this thesis) generally suffered from 

low peak efficiencies and increased peak tailing. In a subsequent paper, the lower peak 

efficiency of Carboxylate-PGC was attributed to the slow mass transfer properties of the 

underlying PGC.
16

 While this may be partially true, it is likely that a significant 

contribution to the loss of peak efficiency and peak symmetry may be irregular gaps in 

surface coverage leading to inconsistent interactions between the analytes and the PGC 

surface. Although XPS data can provide insight as to overall average grafting efficiency, 

it cannot necessarily pinpoint the degree of grafting along different regions of individual 

particles. Indeed, it is thought that diazonium modification tends to occur more readily at 

the edge plane surfaces of PGC than at the basal plane surfaces.
17,18

 

 To improve the surface coverage of carboxylate groups across the PGC surface I 

propose that an alternate route of functionalization be taken based on recent work by 

Belanger and co-workers.
19

 This method entails functionalization of polyacrylic acid onto 

the surface of PGC in a three-step process (Figure 6.2): 1) preparation and diazonium 

grafting of the polymerization initiator (p-(1-bromoethyl)aniline hydrobromide); 

2) polymerization of the grafted initiators with t-butyl acrylate (note: this step requires 

the handling of reagents under an inert atmosphere; seek expert guidance and/or consult 

Leonard et al
20

 as appropriate before proceeding); and 3) acid cleavage of the t-butyl 

groups to yield polyacrylic acid functionalized PGC (PAA-PGC).   
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Figure 6.2. Scheme for the proposed synthesis of PAA-PGC. Legend: PEBr = 

1-phenylethyl bromide; PMDETA = N,N,N,N`,N`,N``-pentamethyldiethylenetriamine; 

t-BA = t-butyl acrylate. 
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The chromatographic performance of this phase in the HILIC mode would then be 

compared to Carboxylate-PGC for a variety of polar analytes. It is anticipated that the 

higher coverage afforded by this polymer will yield narrower, more symmetrical peaks. 

Additionally, based on contact angle measurements of PAA-modified black pearls 

carbon
19

 it is likely that the PAA-PGC phase will display significantly greater 

hydrophilicity than Carboxylate-PGC. 
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APPENDIX 1: Conversion of Mol % to Volume % 

By definition for a two component mixture, the mol % of component A is given 

by Equation A-1.  

    mol %𝐴 =
𝑚𝑜𝑙 𝐴

𝑚𝑜𝑙 𝐴+𝑚𝑜𝑙 𝐵 
 × 100                (A-1) 

 

Additionally, the moles of a liquid substance for a given volume is given by 

Equation A-2. 

𝑚𝑜𝑙 𝑖 =
𝑉𝑖𝜌𝑖

𝑀𝑊𝑖
                     (A-2) 

 

where V = volume in mL, ρ = density in g/mL and MW = the molecular weight of the 

substance in grams. 

Substituting Equation A-2 into Equation A-1 yields Equation A-3. 

 

mol %𝐴 =

𝑉𝐴𝜌𝐴
𝑀𝑊𝐴

𝑉𝐴𝜌𝐴
𝑀𝑊𝐴

+
𝑉𝐵𝜌𝐵
𝑀𝑊𝐵

 × 100   (A-3) 

 

Assuming that VA + VB =1 and dividing Equation A-3 by 100 yields Equation 

A-4: 

 

𝑋𝐴 =

𝑉𝐴𝜌𝐴
𝑀𝑊𝐴

𝑉𝐴𝜌𝐴
𝑀𝑊𝐴

+
(1−𝑉𝐴)𝜌𝐵

𝑀𝑊𝐵

     (A-4) 

 

where XA is the mole fraction of A  

Rearranging and solving for VA gives Equation A-5: 

 

𝑉𝐴 =  

𝑋𝐴𝜌𝐴
𝑀𝑊𝐵

𝜌𝐴
𝑀𝑊𝐴

+
𝑋𝐴𝜌𝐵
𝑀𝑊𝐵

−
𝑋𝐴𝜌𝐴
𝑀𝑊𝐴

    (A-5) 

 

And: 

𝑣𝑜𝑙𝑢𝑚𝑒 % 𝐴 = 𝑉𝐴 × 100    (A-6) 
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APPENDIX 2: Log P and pKa values for test analytes utilized in this thesis 

Table A-2.1. Log P and pKa values for test analytes utilized in this thesis. Data from 

Sci Finder. 

Analyte Log P pKa 

(1R,2S)-(-)-N-methylephedrine 1.62 13.88, 9.04 

Acetaminophen 0.48 9.86, 1.72 

Acetylsalicylic acid 1.40 3.48 

Adenosine -0.76 13.11, 3.82 

Aniline 1.14 4.61 

Benzoic acid 1.56 4.20 

Benzyltrimethylammonium 

chloride (BTMA) 

-1.87 n/a 

Butylbenzene 4.25 n/a 

Caffeine -0.63 14.00 

Cathine 0.36 12.07, 8.47 

Cytidine -1.81 13.48, 4.26 

Cytosine -1.96 9.00, 4.18 

D-Galactose -3.29 12.45 

Diphenhydramine 2.99 8.76 

D-Ribose -2.81 12.46 

D-Sucrose -4.49 12.81 

Ephedrine 1.00 13.96, 9.38 

Ethylbenzene 3.23 n/a 

Gentisic acid 1.40 3.01 

Hexylbenzene 5.27 n/a 

Hippuric acid 0.76 3.71 

Naphthalene 3.36 n/a 

norephedrine 0.36 12.07, 8.47 

Nortryptyline 4.51 10.47 

Pentylbenzene 4.76 n/a 

Phenol 1.46 9.86 

Phloroglucinol 0.01 9.06 

Procainamide 1.32 9.09 

Propylbenzene 3.74 n/a 

Resorcinol 0.82 9.45 

Salicylic acid 2.01 3.01 

Thymidine -0.84 9.55 

Toluene 2.72 n/a 

Uracil -1.04 8.95 

Uridine -1.58 9.39 

α-hydroxyhippuric acid 0.22 3.24 

 


