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Silica surface modification via diazotization of
p-phenylenediamine: a stationary phase for HPLC
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A phenylenediamine-derived layer was grafted onto superficially porous silica particles through the diazo-
tization of p-phenylenediamine (p-PDA), circumventing traditional silica silanization reactions. The poly-
phenylene-type layer was characterized using diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), X-ray photoelectron spectroscopy (XPS), and elemental analysis. XPS revealed a surface layer
containing approximately one nitrogen atom for every three aryl rings. In addition, the layer on silica
included azo-linkages of aryl groups and amine functionalities, with one amine group per four to five
benzene rings. Elemental analysis indicated that surface coverage of the aryl groups could be modulated
by adjusting the reaction conditions, thereby enabling control over surface loading while reducing poten-
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tial pore obstruction. A p-PDA-derived layer having 2—4 rings per nm? proved effective as a stationary
phase for high-performance liquid chromatography (HPLC) and exhibited excellent hydrolytic stability
under relatively harsh acidic conditions (0.5% TFA at 80 °C). Furthermore, beyond small molecules, the
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Introduction

Silica is one of the most widely used support materials in
many fields. In chromatographic applications, silica is used
extensively as a support material to hold the stationary phase,
which is responsible for the separation of chemical com-
pounds in a mixture. Silica is typically used because of its high
mechanical stability, high surface area, and simple surface
chemistries." Chromatographic stationary phases with a
specific functionality are produced by selecting the appropriate
reactant to chemically modify the silica surface; most typically,
this approach is based on the silanization of the silanol
groups on the silica surface.'” Organosiloxane linkages
(surface-O-Si-C) are formed between the silica surface and
desired organic species, producing a monomeric layer at the
surface of the silica support. Multilayers of organosilanes (i.e.,
polymeric layers) were attached using similar procedures. This
is a commonly used approach for the preparation of most com-
mercially available chromatographic materials (i.e., bonded
phases). Although a variety of chemically bonded phases exist,
the most common ones usually consist of hydrocarbon chains
(C1s and Cg are the most popular) and are typically used in
chromatographic reversed-phase separation mode.
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new phase showed promise for peptide separation.

The vast majority of silica modifications to produce station-
ary phases for chromatography rely on chemical attachment
via silanization chemistry. Herein, we report an alternative
method for forming a surface-confined layer on silica supports
for use in chromatography, without silanization reactions.
This method uses a highly reactive diazonium species.
Chemical functionalization of metallic surfaces by means of
diazonium salts has become commonplace,* but not for silica.
Diazonium chemistry is highly attractive because of the relative
simplicity of the reaction and high reactivity of the diazonium
species formed. It provides a versatile method to modify con-
ducting and non-conducting substrates, which is convenient
and efficient.””® Most typically, the reaction proceeds via the
formation of diazonium salts from an aryl amine in the pres-
ence of a reducing agent (e.g., sodium nitrite) and an acid cata-
lyst. The aryl diazonium species is then reduced resulting in
the grafting of phenyl moieties on the surface.” " The in situ
diazotization approach has been used for surface modification
of various carbon materials,”'®'*™** as well as metals and
metal oxides.” ®">"°

A few reports have demonstrated the use of diazonium chem-
istry to specifically modify carbon materials;?*>* these were
then explored for chromatographic applications. However, the
direct modification of silica via diazonium chemistry to produce
chromatographic materials, particularly for high performance
liquid chromatography (HPLC), has not been reported. Silica
modification via diazonium chemistry appears to have been
limited to the fabrication of nanocomposites,>* >’ and the
preparation of filler particles for polymeric matrixes.>®
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In the present study, our objective was to explore the versati-
lity of diazonium chemistry for modifying silica particles for
chromatographic applications without silanization reactions.
We demonstrated that the silica-based stationary phase pre-
pared using this approach is hydrolytically stable under acidic
conditions in liquid chromatography. Diazotization of
p-phenylenediamine was used to covalently graft phenylene
groups, also containing amino moieties, to the surface of
core-shell (or superficially porous) silica microspheres. We
selected these particles because of their improved efficiencies
and faster separations.>* ! Reacting an excess of p-phenylene-
diamine allowed the formation of a surface-confined poly-
meric-like layer with multiple attachments to the silica
support.

Experimental
Materials

ACS grade sodium nitrite was obtained from Avantor
Performance Chemicals. HPLC-grade methanol, acetonitrile,
ACS-grade potassium bromide, and concentrated hydrochloric
acid were obtained from Fisher Scientific (Fair Lawn, NJ, USA).
The p-phenylenediamine used in the diazotization reactions,
toluene, ethylbenzene, propylbenzene, butylbenzene, and
amylbenzene were purchased from Sigma-Aldrich (St Louis,
MO, USA). Trifluoroacetic acid (TFA) was obtained from EDM
Millipore (Danvers, MA, USA). Kinetex® core shell silica par-
ticles (5 um particle diameter, 100 A pore diameter, surface
area 107 m”> g~ ') were obtained from Phenomenex (Torrance,
CA, USA), and Halo® silica particles (2 pm particle size, 90 A
pore size, surface area 131 m> g ') were obtained from
Advanced Materials Technologies (Wilmington, DE, USA).
Toluene and anhydrous decane were purchased from Sigma-
Aldrich (St Louis, MO, USA), while p-aminophenyltrimethoxysi-
lane (p-APTMS) from Gelest, Inc. (Morrisville, PA, USA). All
water used was deionized and filtered (0.2 pm) in-house with a
Barnstead International EASYPure II water purification system.
Nitrogen gas (99.995% purity) was obtained from Praxair
(Danbury, CT, USA). The 10-peptide standard sample mix
(PepMix) was obtained from Agilent Technologies (Santa Clara,
CA, USA).

Silica modification with p-phenylenediamine

Surface modification of the superficially porous silica particles
was performed under acidic conditions. Low-temperature
modifications were performed in an ice bath or a recirculating
refrigerated bath to stabilize the diazonium intermediates and
limit the reaction kinetics. The diazonium intermediates were
created in situ adding the corresponding reagents dropwise, which
avoided any vigorous reaction due to the evolution of gases
(mostly nitrogen), even at room temperature. The reaction con-
ditions were adjusted in terms of the reaction time and the
quantity of p-PDA added to produce a material suitable for
effective chromatographic applications. In one example reac-
tion using Kinetex® core-shell silica particles, 100 mg of the
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silica particles were suspended in 15 mL of a 1.5 M hydro-
chloric acid solution under magnetic stirring at 200 RPM.
Subsequently, an amount of p-PDA was added to the reaction
vessel and given adequate time to dissolve (e.g., 139 mg for a
15:1 molar ratio of diamine to surface silanol, assuming a
fully hydroxylated surface of 8 pmol OH per m?). Finally,
sodium nitrite was added dropwise to the mixture to initiate
the reduction of the amine (e.g., 3 mL of 1.0 M NaNO, for the
reaction containing 139 mg of p-PDA). The reaction was
allowed to proceed for a specified time under continuous mag-
netic stirring. The products were isolated and washed with
acetonitrile (AcN), methylene chloride (dichloromethane) and/
or tetrahydrofuran (THF), water (H,O), and acetone. Finally,
the products were dried overnight at 100 °C under a vacuum.
The reactions were scaled up by increasing the reagent quan-
tities proportionally by a factor of three to produce adequate
quantities of material to pack the chromatographic columns.
The conditions were adjusted slightly for the Halo® particles,
accounting for the difference in surface area. For example,
350 mg of the 2 pm Halo® particles were added to 56 mL of a
1.5 M hydrochloric solution in a double-jacketed round
bottom flask while stirring at 200 RPM. The flask was con-
nected to a recirculating bath to maintain the reaction temp-
erature for the entirety of the reaction. Next, p-PDA was added
such that the molar ratio to the isolated silanol groups was
15:1. After allowing approximately 5 minutes for the contents
in the flask to stir in solution, 11 mL of 1.0 M sodium nitrite
solution were added dropwise to the flask in 10 minutes using
a syringe pump (Harvard Apparatus, PHD 2000 Infusion,
Holliston, MA, USA). The reaction was left to proceed uninter-
rupted for a given time. Afterwards, the particles were washed
with AcN, THF, water, and acetone, in that order. The functio-
nalized particles were dried overnight in a vacuum oven at
120 °C.

For comparison purposes in the hydrolytic stability test,
silica particles were also modified via silanization with p-amino-
phenyltrimethoxysilane (p-APTMS) using a procedure previously
published from our group.** Briefly, Kinetex® core shell silica
particles were boiled in water for 1 h to maximize the number
of ~OH groups at the surface. The hydrolyzed particles were dec-
anted and dried at 120 °C. In a round bottom flask containing
anhydrous deacane, the silica particles were added in a pro-
portion of 100 mg per 2.5 mL of decane. Water was added to the
flask in a 1:10.5 (silanol : H,0) molar ratio and the solution was
stirred for 1 h. Then, p-APTMS was added in a 1:1.05 (silanol:
p-APTMS) molar ratio. The reaction mixture was then stirred for
24 h at 130 °C while keeping the system under nitrogen. The col-
lected particles were rinsed three times with toluene, methanol,
methanol/water (50:50 v/v) and acetone and recovery via cen-
trifugation after each rinse.

Material characterization

The surface composition of the modified silica particles was
analyzed by diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) using a PerkinElmer Spectrum Two
FT-IR spectrometer (Waltham, MA) equipped with a DRIFTS
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optical stage. Prior to the analysis, the modified silica samples
were dried overnight at 120 °C under vacuum and stored in a
desiccator to limit water adsorption on the surface. The
samples were diluted in a KBr matrix (1:10 mass ratio) and
ground using a mortar and pestle prior to the analysis. A
20 mg sample cup was used for each analysis. Pure potassium
bromide was used as the background. A portion of the unmo-
dified core-shell silica particles was used as a blank. Spectra
were obtained by accumulating 300 total scans from
4000 cm™" to 400 cm ™" with a resolution of 2 cm™". Surface
coverage was estimated by elemental analysis. Carbon, hydro-
gen, and nitrogen elemental analyses were performed by
Atlantic Microlabs Inc. (Norcross, GA, USA) or in-house using a
Thermo Scientific Elemental Analyzer (model FLASH EA 1112,
Milano, Italy). The surface area and pore dimensions were esti-
mated by gas adsorption analysis using a Quantachrome Nova
1200e surface area and pore analyzer (Boynton Beach, FL),
which makes use of the Brunauer-Emmett-Teller (BET)
method for surface area and the Barrett-Joyner-Halenda (BJH)
method for pore size and volume analysis.**** Nitrogen gas
was used as the adsorbate in all cases. The samples were
degassed overnight at 120 °C prior to analysis. The surface
area of unmodified silica was determined to estimate the
amount of each reagent in relation to the silica surface
hydroxyl groups (fully hydroxylated silica surface with 8 pmol
m™2 of reactive silanol groups).

The percentage of carbon determined by elemental analysis
was used to calculate the surface coverage of the silica
material. Because the carbon content originates exclusively
from the aromatic rings, the number of rings per unit area was
calculated according to the following equation:

(%Cs)
(100 — %Cs — %N — %H) X 6M. X Spet
Na
* 1% 1018

rings per nm? =

where %C;, %N, and %H, are the percentages of carbon,
nitrogen, and hydrogen, respectively, in the sample obtained
by elemental analysis. M, is the molar mas of carbon, Spe: the
surface area in g m~> of the unmodified silica particles based
on nitrogen adsorption analysis, and N, is Avogadro’s number.

X-ray photoelectron spectroscopy (XPS) was performed
using a Physical Electronics PHI Versaprobe 5000 instrument
(Chanhassen, MN, USA) equipped with a hemispherical energy
analyzer. A monochromic Al-Ka X-ray source (1486.6 eV) was
operated at 25.3 W and 15 kV. The analyzer operated at a pass
energy of 117.5 eV for survey acquisitions and 23.5 eV for high-
resolution acquisitions. The X-ray spot size was set to 100 pm
for high-sensitivity acquisition. The energy resolution was 1.0
eV for the survey spectra and 0.1 eV for high-resolution
spectra. The operating pressure of the analysis chamber was
<4.0 x 107° Pa (3.0 x 107® Torr), and the background pressure
was <1.0 x 107® Pa (7.5 x 10~° Torr). Dual-charge neutralization
was utilized to reduce the effects of charging on the acquired
signal. The binding energies were calibrated by setting the CH
peak in the C;5 envelope to 284.8 eV.
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Column packing and chromatographic testing

The chromatographic columns were packed by means of the
slurry-packing method using a 4% slurry concentration. For
example, 200 mg of the packing material was sonicated in
methanol or 75:25 MeOH : THF for 20 min. The slurry solu-
tion was transferred to a 5 mL column-packing reservoir
attached to a 2.1 mm i.d. x 50 mm long column equipped with
a 0.5 pm frit at the outlet end. Column hardware and frits were
purchased from Idex (Lake Forest, IL, USA) and Shepard
Industries (Port Matilda, PA, USA), respectively. The chromato-
graphic column packing was completed at a pressure of
approximately 10000 psi and maintained for 15 min. The
pump was turned off, and the columns were allowed to depres-
surize before assembly of the entrance frit and end fittings.
The column was then flushed with pure MeOH and the mobile
phase for at least 10 min before testing.

HPLC experiments were performed using an Agilent 1100
system (Palo Alto, CA, USA) equipped with a diode array detec-
tor or a Waters I Class UPLC unit (Milford, MA, USA) equipped
with a UV detector. For the Agilent HPLC unit, system control
and data collection were performed using ChemStation for LC
3D (Rev. A.09.03) software from Agilent Technologies. The
Waters system was controlled using Empower software from
Waters. When using gradient elution, the sloping baseline in
chromatograms was subtracted using OriginPro 2025b soft-
ware (OriginLab Corp., Northampton, MA, USA); all final plots
were also displayed using OriginPro 2025b. HPLC experiments
were typically carried out at room temperature using aceto-
nitrile-water mixtures as mobile phases, unless otherwise
specified. Prior to use, all samples and mobile phases were fil-
tered through 0.2 pm nylon filters.

For the stability test, the mobile phase consisted of 0.5%
TFA in a 50/50 mixture of water and acetonitrile. The mixture
was sonicated for 20 min to remove dissolved gas. The
columns were maintained at 80 °C using the TFA acidified
mobile phase. Once columns reached temperature, the mobile
phase was run through the column for a total of twenty hours
at 0.2 mL min~", equivalent to 2400 column volumes, making
injection of a probe compound every 30 min. The column was
then rinsed with water for 30 min to remove the acid and equi-
librated with a 50/50 mixture of water and acetonitrile. A
sample of toluene, ethylbenzene, and propylbenzene (100 pg
mL™") in a 50/50 mixture of water and acetonitrile was used to
compare the retentivity of the column before and after the acid
degradation test.

Results and discussion
Silica modification via p-phenylenediamine diazotization

The use of diazonium salts to modify the surface chemistry
across various materials has been both prominent and relevant
in multiple fields.>®%> Although it has been established that
these salts react with oxides, the direct application of diazo-
nium chemistry to modify the surface of silica materials has
been notably limited and appears to be non-existent in chro-
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matographic applications. The versatility and simplicity of
silica modification via diazonium chemistry are particularly
appealing. Therefore, we investigated the surface modification
of superficially porous silica particles via diazonium chemistry
by the in situ diazotization of p-PDA using sodium nitrite in
combination with hydrochloric acid to produce nitrous acid.
The nitrous acid converts the aryl amines present on the
p-PDA to aryl diazonium cations. The diazonium species
reacted with the electron-rich silica surface,*® forming a poly-
phenylene-like layer on the surface of the silica particles. An
idealized schematic representation of the surface modification
is shown in Fig. 1.

Material characterization

The successful grafting of p-PDA onto superficially porous
silica particles was confirmed by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). Fig. 2 shows the
DRIFTS spectra of the modified (red trace) and unmodified
(black trace) silica particles. The unmodified silica shows
characteristic peaks corresponding to the isolated silanol
stretching vibration (3756 cm™), stretching modes of hydro-
gen bound water (3315 cm™'), deformation vibrations of
adsorbed water (1630 cm™"), asymmetric stretching modes of
the siloxane backbone (1175 cm™"), and symmetric stretching
of siloxane bonds (805 cm™').>’7*° The silica overtones at
1988 cm™" and 1870 cm™" are also clearly displayed.**** The
spectrum of the modified material, on the other hand, exhibits
new IR signatures indicative of the C-H stretch of sp® hybri-
dized carbon atoms (3060-2925 cm™ '), the NH, deformation
of amines (1650 cm™'), IR signals of the aromatic ring
stretches (1597 cm™" and 1495 cm™"), and the vibration corres-
ponding to C-H out of plane deformation characteristic of
benzene rings (700 cm™").*”*® It would be reasonable to expect
bands characteristic of stretching modes of amines in the
3350-3450 cm™ ' region; however, these were not apparent
most likely because such can be masked by the band corres-
ponding to OH. A very small shoulder peak at 1430 cm™" can
be attributed to azo bonds,*” which are present in the poly-
meric-like layer connecting phenyl groups.

Modification of the silica particles results in a decrease in
the relative intensity of the band associated with the free
silanol stretching band (3756 cm ™), suggesting that the p-PDA

® cl
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Fig. 2 DRIFTS spectra of superficially porous silica particles (Kinetex®
core—shell particles) before (black trace) and after (red trace) modifi-
cation with p-PDA via diazotization (4 rings per nm?).

layer formed is bound to the surface by reacting with the
surface silanol groups. This is substantiated by the lack of a
peak corresponding to a silicon-carbon bond. Our obser-
vations agree with those reported for the functionalization
reaction of aminophenyl groups with silica-carbon nano-
composites used as anode materials in lithium-ion batteries.>*
The attachment of p-PDA to silica via silanol groups should
yield a silicon atom bonded to an aromatic ring through a silyl
ether linkage;'"* this should result in a characteristic IR band
at approximately 1240 cm™'. However, this band was
obstructed by the IR absorption of the siloxane bond, indicat-
ing the need for other spectroscopic techniques to elucidate
the mechanism of surface binding.

X-ray photoelectron spectroscopy (XPS) was used to
examine the surface chemistry of the modified silica particles.
An XPS survey spectrum of the modified SPPs particles (~4
rings per nm?) revealed the presence of five peaks corres-
ponding to Cys, Nyg, Oy, Sisp, and Cl,, (Fig. S1 in the SI). The
atomic surface percentages are listed in Table 1. The presence
of the Cl,, peak in the XPS spectrum indicates that chlorine
anions interact electrostatically with protonated amine groups
associated with nitrogen at the surface (see below). Chlorine is

OH
OH
0 ~
o) (0]
i

NH,

0

Fig. 1 An idealized schematic representation of the polyphenylene-like layer on the silica surface.
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Table 1 Atomic percentages determined by XPS of the p-PDA-derived
layer on silica

Element C N o Si Cl

Surface atomic composition (%) 36 2 30 23 1

present in the chemical reaction because HCI is the acid used
during diazotization. High-resolution XPS and deconvolution
of the Cl,, spectrum (Fig. S2 in SI) reveals two pairs of spin-
orbit split contributions. The lower-energy pair is attributed to
the chlorine anions associated with the protonated amine
groups. The ionic interactions between these two species were
responsible for more than 80% of the chlorine present. Two
additional peaks in the Cl,, spectrum at 203.1 eV and 204.2 eV
correspond to a carbon-chlorine bond. This is likely the result
of benzenediazonium chloride decomposing to chlorobenzene
in a process similar to that observed for other halides.** In
general, however, the amount of chlorine is very small.

Fig. 3 illustrates the high-resolution XPS spectra of carbon
and nitrogen for the phenylenediamine-derived layer on silica.
The Cy5 core electron spectrum (Fig. 3A) shows signal contri-
butions from different binding energies, the most pronounced
of which corresponds to the carbon-carbon and carbon-hydro-
gen bonding present in the synthesized layer on the silica
surface. Additionally, the broad peak centered at 291.6 eV is a
satellite peak corresponding to the n—n* transition in aromatic
compounds and originating from ring excitation by ejected
photoelectrons.*” The peak in Fig. 3A at 286.1 eV is indicative
of a carbon-oxygen bond,*® which is characteristic for carbon
atoms that are bonded simultaneously to both silicon and
oxygen atoms.”” This peak, in conjunction with the lack of the
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typical signals corresponding to silicon carbon bond in the
Si,, spectrum around 100-101 eV,***° (see Fig. S3 in SI) and
around 282-283 eV in the carbon spectrum, suggests that
covalent attachment of the phenylene-like polymeric layer to
the silica support occurs through the oxygen atoms. Further,
silicon atoms with a mixed environment of oxygen and carbon
bonds display a spectrum with binding energy at 103 eVv;*’*°
this is clearly displayed in Fig. S3 in SI. The prevalence of the
carbon-oxygen bond signature also indicates that it is likely
that aryldiazonium cations are also converted to phenols
during the synthetic process. A small DRIFTS signal at
3650 cm™' is also indicative of free or unbonded hydroxyl
group often found in phenols.”®

The XPS peak present at 287.8 eV is attributed to carbon
nitrogen bonds of the remaining amines and azo groups
present in the material at the silica surface. One would expect
two distinct forms of nitrogen on the phenylenediamine-
derived layer on the silica particles, namely amines and azo
groups. Analysis of the N;4 spectrum (Fig. 3B), however, reveals
three peaks. The peaks at 399.7 eV and 402.1 eV are indicative
of the C-N bonds of the amines and quaternary amine groups
respectively.”’>® The remaining peak at 400.7 eV is attributed
to azo groups.*®>>* Analysis of the peak areas suggests that
approximately 40% of the nitrogen atoms exist as azo bridges.
Assessment of the atomic surface percentages of carbon (36%)
and nitrogen (2%) revealed the presence of one nitrogen atom
every three aromatic rings. The result agrees with the obser-
vations from elemental analysis (i.e., 14.5% C and 0.87% N by
mass: 1 N per 2.7 benzyl rings). This is indicative of approxi-
mately one amine group per 4-5 benzene rings.

The diazotization reaction proceeded in acidic medium in
the presence of nitrite as the reducing agent to form the
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High-resolution XPS spectra and deconvoluted peaks corresponding to (A) C;5 and (B) Ny of the p-PDA-derived layer on the silica particles.
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p-PDA-derived layer on the silica particles. We determined the
surface coverage (benzyl rings per nm* and/or umol rings per
m?) of the p-PDA-derived layer on the silica particles as a func-
tion of the molar ratio of p-PDA to surface silanol, assuming a
fully hydroxylated silica surface of 8 pmol m™?, as well as the
reaction time. These experiments were conducted on the 5 pm-
Kinetex® core-shell silica particles (100 mg of silica sus-
pended in 15 mL of 1.5 M hydrochloric) under magnetic stir-
ring in an ice bath to maintain the temperature below 5 °C.
The concentrations of hydrochloric acid (1.5 M) and sodium
nitrite (1.0 M) solutions added to the diazotization reaction
were kept constant, but the amount of sodium nitrite added
was adjusted to maintain a constant ratio of nitrite to p-PDA in
the reactions (i.e., one nitrite per amine). The reaction time
was studied by maintaining the p-PDA:SiOH ratio at 15:1.
The elemental composition and surface coverage as a function
of p-PDA in the reaction and the reaction time are included in
Tables 2 and 3, respectively.

The results indicate that decreasing both the reaction time
and the molar ratio of p-PDA to silanol decreased the extent of
surface modification, with the effects being more pronounced
in the latter. Although not well appreciated in the DRIFTS
spectra, there was also a decrease in the intensity of both the
ring stretching and amine bending vibrations signals.
Additionally, the intensity of the free silanol stretching
vibration (3756 cm™) showed an inverse relationship with
these DRIFTS bands, providing further evidence of decreased
surface loading at low p-PDA-to-silanol ratios.

Typically, diazotization reactions are performed below 5 °C
to prolong the lifetime of the highly reactive diazonium ion.
However, we also modified silica particles via the diazotization

Table 2 Elemental composition and surface coverage for different
p-PDA-derived layers on silica particles as a function of the
p-PDA : SiOH ratio in the reaction?

Surface coverage

p-PDA : SiOH ratio %C %N %H (rings per nm®)
5:1 0.34 0.16 0.17 0.3
10:1 1.60 0.33 0.22 1.9
15:1 14.4 0.87 0.73 13

“The reaction of p-PDA on the 5 pm-Kinetex® core-shell silica particles
proceeded for 12 h.

Table 3 Elemental composition and surface coverage for different
p-PDA-derived layers on silica particles as a function of the reaction
time?

Surface coverage

Reaction time (h) %C %N %H (rings per nm?)
3 2.6 0.16 0.27 2.1
6 5.0 0.33 0.41 3.8
9 5.9 0.41 0.52 4.9
12 14.4 0.87 0.73 13

%A p-PDA : SiOH ratio of 15 : 1 was used in all reactions.

This journal is © The Royal Society of Chemistry 2025
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of p-PDA at room temperature (23 °C). The reactions were per-
formed using Halo® silica particles (2 pm diameter). The reac-
tion at room temperature proceeded much faster than that at
low temperature, visibly noticeable by the fast formation of a
foam-like layer with the evolution of bubbles, presumably due
to the fast formation of nitrogen gas. The addition of the
nitrite solution to the reaction mixture was then performed for
a period of 10 min (using a syringe pump), instead of the
3 min manual drop addition used for the reactions at low
temperature (~3 °C). Table S1 in the SI shows the elemental
analysis of the reactions at room temperature (23 °C) and 3 °C
with the corresponding surface coverage. After 2 h of adding
the nitrite solution at room temperature, the reaction yielded
particles containing approximately 2 rings per nm? (3.1 pmol
m™?). Adding nitrite at the same rate at 3 °C also provided par-
ticles with 2 rings per nm?, but the reaction required 24 h.

The XPS studies shown above revealed the presence of
residual amines on the surface. The residual amine content
(i.e., unreacted amines after the diazotization of p-PDA) was
examined by reacting the p-PDA-modified particles with
benzoyl chloride to form the corresponding amide.’® The
carbon content was measured by elemental analysis before
and after the reaction. The increase in the percentage of
carbon corresponding to the benzoyl moiety that reacted with
the free amine. The results of the elemental analyses (see
Tables S2 and S3 in the SI) indicated that there was one
residual amine every 3-4 rings for both p-PDA particles pre-
pared at room temperature and at 3 °C.

Chromatographic testing

Computational modeling has indicated that by means of sila-
nization, the maximum number of aminophenyl rings that can
be attached to the silica surface for a complete monolayer is
approximately 3-4 rings per square nanometer.*> The data pre-
sented in Tables 2 and 3 suggest that quantities exceeding this
threshold can be achieved depending on the reaction con-
ditions. A high surface coverage (>4 rings per nm?) indicates
vertical polymerization of phenyl rings, which can be detri-
mental to chromatographic applications. An excessive amount
of phenyl groups may also clog the pores of the silica particles
and/or introduce too much material as the stationary phase,
negatively affecting the mass transfer kinetics and reducing
the chromatographic performance. The chromatographic
testing was performed on columns prepared from materials
listed in Table 3. From here on, we refer to the number of
rings per nm”> by rounding the values in Table 3 to the nearest
whole number (i.e., 2.1 to 2 rings per nm” and 3.8 to 4 rings
per nm?). Fig. 4 illustrates the impact of an HPLC column
packed with 5 pm Kinetex® core-shell silica particles contain-
ing a p-PDA-derived layer of 13 rings per nm* compared to a
column containing particles with 4 rings per nm?. The chro-
matograms clearly show that large surface coverage is unfavor-
able for the separation of the probe compounds.

We obtained favorable chromatographic performance with
columns packed with particles containing 2-4 rings per nm?,
particularly with 2 pm particulates (i.e., Halo® core-shell silica
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Fig. 4 Chromatograms illustrating the separation of model compounds in columns with p-PDA-derived phases containing (A) 13 rings per nm? and
(B) 4 rings per nm? on 5 pm-Kinetex® core—shell silica particles (columns dimensions: 50 mm length, 2.1 mm i.d.). A mobile phase of 50/50 aceto-
nitrile/water was used at a flow rate of 0.2 mL min~"; UV detection was performed at 210 nm. Compounds: (1) toluene, (2) ethylbenzene, and (3) pro-
pylbenzene (100 ug mL™* each, 1 pL injection).

particles). The separation of the model compounds in
columns packed with p-PDA-derived phases containing 2 and 4
rings per nm? is shown in Fig. 5. As expected, using 2 um par-

ticles improved separation efficiency. Under identical separ-
ation conditions, the column with the 4 rings per nm* p-PDA-
derived phase (Fig. 5B) showed a slightly higher retention than
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Fig. 5 Chromatograms illustrating the separation of model compounds in columns with p-PDA-derived phases containing (A) 2 rings per nm? and
(B) 4 rings per nm? on Halo® core—shell silica particles (columns dimensions: 50 mm length, 2.1 mm i.d.). A mobile phase of 45/55 acetonitrile/
water was used at a flow rate of 0.2 mL min~*; UV detection was performed at 210 nm. Compounds: (1) toluene, (2) ethylbenzene, (3) propylbenzene,
(4) butylbenzene, and (5) amylbenzene (100 pg mL™* each, 1 pL injection).
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the one containing 2 rings per nm?”, noticing that an increase
in retention is expected with an increase in the amount of the
stationary phase. Table S4 in the SI provides chromatographic
metrics (e.g., theoretical plates, retention factor, and asymme-
try factors) for chromatograms shown in Fig. 5. Batch-to-batch
retentivity (i.e., retention factor) and surface coverage data is
also provided as SI (Tables S5 and S6).

The separation of many compounds is facilitated by using
acidic mobile phases;**>® this has also become a common
place when interfacing HPLC and mass spectrometry
(MS),°°% and long-lasting stationary phases are preferred.
Using a conventional accelerated stability test,’®®® columns
packed with p-PDA-derived materials were shown to be stable
under low-pH mobile phase conditions. This is illustrated in
Fig. 6, in which the retention of propylbenzene was plotted as
a function of the exposure time of the column to acidic con-
ditions at elevated temperatures. A column containing the
material prepared by conventional silanization was also
included for comparison (i.e., aminophenyltrimethoxysilane).
The percent retention loss was minimal when using the
columns containing silica particles with the p-PDA-derived
layers (2 and 4 rings per nm?), whereas the p-APTMS-derived
phase degraded very quickly during the test, as indicated by
the relatively fast loss in retention. The stability observed
under accelerated degradation conditions, in comparison with
traditional silanization, was attributed to the polymeric nature
of the phenylene layer formed around the silica particles,
similar to those formed via diazotization on metals.®?>*°%7°

It is important to point out that the conditions of the degra-
dation test are not typical of LC separations. The degradation
test, combining low pH and elevated temperatures, was
designed to erode the column life very quickly to provide an

1004 o p-PDA-derived (2 rings/nm?)
ja= < A -»r:»-7-4»'?%41—“—,4—-—-4
= 90
2
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Fig. 6 Percentage of initial retention factor as a function of time
exposed to acidic conditions for three columns packed with Halo®
core—shell silica particles with phases prepared by diazotization of
p-PDA and silanization of p-APTMS. Test conditions: 50:50 water:
acetonitrile with 0.5% TFA, 80 °C, flow rate of 0.2 mL min™.

Propylbenzene was used as the retention marker.
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indication of the long (or short) lifetime of the stationary
phase.”®* In many instances, the mobile phase conditions of
the test are not typical of HPLC separations; however, it is well
known that high-temperature LC can offer several advantages,
including faster analysis time, improved efficiency, and
organic solvent reduction.”””? Elevated temperatures has been
beneficial in, for example, proteomic analysis and in pharma-
ceutical applications.”®”* Stable columns are required for such
applications and clearly, the p-PDA-derived particles showed
superior stability compared to that prepared via conventional
silanization.

To illustrate the potential use of the phenylene-like p-PDA-
derived stationary phase, a peptide standard mixture contain-
ing 10 peptides (Agilent 10 PepMix) was separated under acidic
conditions using a column packed with 2 um particles contain-
ing the p-PDA-derived phase (4 rings per nm?). The resulting
chromatogram is shown in Fig. 7. The 10 PepMix is designed
for evaluating system suitability and assessing column per-
formance in reversed-phase chromatography, especially in the
context of peptide mapping applications. The relatively short
column (50 mm length) facilitated separation of the peptide
mixture with minimal effort to optimize the separation con-
ditions. The separation of the same sample mixture on a com-
mercially available C18-column (Fig. S4 in SI) can be used as a
benchmark to compare the column with the p-PDA-derived
phase. As anticipated, the longer commercial column provided
enhanced resolution than the shorter p-PDA-derived column.
Although the p-PDA-derived column was not expected to
perform identically to the commercially available C-18

20

-
(4]
1

-
o
1

Absorbance (mAU)

6]
1

J .

Time (min)

Fig. 7 Chromatogram illustrating the separation of 10 peptides in a
sample mixture. Column: p-PDA-derived column, 2.1 mm x 50 mm,
2 pm particles. Separation conditions: gradient 7 AcN (0.08%TFA): 93
H,0 (0.1% TFA) to 65: 35 in 25 min at 0.4 mL min™™. Injection volume of
2 pL. The standard sample mixture contained: bradykin frag (1-7), brady-
kin acetate, angiotensin Il, neurotensin, angiotensin |, renin, [Ace-F-3,-2
H-1] angiotensinogen (1-14), Ser/Thr protein phosphotase (15-31), [F14]
Ser/Thr protein phosphotase (15-31) and Mellitin (0.71 pg uL~* ea.).
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column, it is noteworthy that the selectivity behavior observed
with the p-PDA-derived stationary phase differed from the tra-
ditional alkyl-based column. Further investigations, which are
out beyond the scope of this report, are undoubtedly required
to fully understand the use of the p-PDA-derived stationary
phase for the separation of peptides. Nonetheless, it is evident
that the p-PDA-derived column showed a significant potential
for peptide separation.

Conclusions

The diazotization of p-PDA was used to synthesize a pheny-
lene-like layer on the surface of the core-shell silica particles.
The thickness of this silica surface-bound layer was modulated
by varying the reaction time and reagents concentration, with
successful outcomes achieved at both low (3 °C) and ambient
(23 °C) temperatures. XPS data revealed that the p-PDA-derived
layer contained approximately one nitrogen atom for every
three aromatic rings, attributed to the presence of azo and
amino groups, equating to approximately one amine group per
four to five benzene rings. These findings were consistent with
the elemental analysis results. Silica particles with a p-PDA-
derived layer density of 2-4 rings per nm> when packed into
columns were demonstrated to be suitable for HPLC separ-
ation. An accelerated stability test indicated that the p-PDA-
derived layer was stable under harsh acidic conditions at elev-
ated temperatures (0.5% trifluoroacetic acid, 80 °C), with less
than a 5% reduction in retentivity after exposure to 2400
column volumes under such conditions. Preliminary results
suggest that the p-PDA-derived phase holds promise for
peptide separation, an application that is currently under
investigation in our laboratory. The retention mechanism for
the probe compounds followed that of reversed phase chrom-
atography with methylene selectivity of 1.5 (Kamyibenzene/Kbutyl-
benzene) Using the Tanaka”® test, which is in the range of those
typical of C18 columns (ie., 1.3-1.6).”° However, further
investigations are necessary to explore the selectivity that may
have been imparted by the aminated phenyl groups on the
stationary phase since the Tanaka test was not designed to
capture such. Ongoing work in our laboratory is exploring the
use of the linear solvation energy relationship (LSER) model,”
which we have used previously,”® to examine the selectivity of
the p-PDA-derived phase on silica. Overall, we demonstrated
that diazotization of p-PDA is a viable method for modifying
silica particulates for use in HPLC chromatographic columns.
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