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a b s t r a c t

Investigations into the preparation of silica hydride intermediate in supercritical carbon dioxide (sc-CO2)
that avoids the use of organic solvents such as toluene or dioxane are described. The effects of reaction
temperature, pressure and time on the surface coverage of the supercritical fluid generated silica hydride
intermediate were studied. Under optimised supercritical conditions of 120 ◦C, 483 bar and 3 h reaction
time, silica hydride (Si–H) conversion efficiencies of ca. 40% were achieved for the hydride intermediate
prepared from a monofunctional silane reagent (dimethylmethoxysilane). Si–H conversion efficiencies
(as determined from 29Si CP-MAS NMR spectral analysis) for the hydride intermediate prepared from
triethoxysilane (TES) in sc-CO2 were found to be comparable to those obtained using a TES silanisa-
tion approach in an organic solvent. 13C and 29Si CP-MAS-NMR spectroscopy was employed to provide a

complete structural assignment of the silica hydride intermediates. Furthermore, supercritical CO2 was
subsequently employed as a reaction medium for the heterogenous hydrosilation of silica hydride with
octadecene and with styrene, in the presence of a free radical initiator. These supercritical fluid gener-
ated reversed-phase materials were prepared in a substantially reduced reaction time (3 h) compared
to organic solvent based methods (100 h reaction time). Silica functionalisation in sc-CO2 presents an
efficient and clean alternative to organic solvent based methods for the preparation of important silica

silic
hydride intermediate and

. Introduction

Supercritical carbon dioxide (sc-CO2) is an effective and clean
eaction medium for the preparation of chromatographic station-
ry phases. It has previously been demonstrated that this “green”
olvent approach can be successfully exploited for the preparation
f alkyl and fluorinated alkyl phases [1,2], a chiral stationary phase
ia a mercaptopropyl bonded silica intermediate [3], and for polar
mbedded and dendritic phases [4,5].

There has been a steady growth in interest in the use of super-
ritical carbon dioxide as a cleaner reaction medium for bonded
hase synthesis for over a decade now. Yarita et al. demonstrated a
ethod for endcapping octadecylsilyl (ODS)-silica gels using super-
ritical carbon dioxide as a silylation medium [6], while Robson
t al. prepared bonded silica stationary phases in sc-CO2 using
n autoclave at 150 degrees for 20 h [7]. Healy et al. exploited
he high diffusivity and mass transfer kinetics of sc-CO2 to gen-

∗ Corresponding author. Tel.: +353 21 490 2379/2669; fax: +353 21 427 4097.
E-mail address: j.glennon@ucc.ie (J.D. Glennon).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.11.046
a bonded stationary phases via a hydrosilation approach.
© 2010 Elsevier B.V. All rights reserved.

erate fluorinated octyl, and endcapped and non-endcapped C18 (C
20.58%) silica bonded phases using this supercritical fluid tech-
nology (60 ◦C, 450 bar, 3 h). These sc-C18 bonded phases were
subsequently employed for the highly efficient separation of a stan-
dard reversed-phase test mixture (141,000 N/m for fluorene) and
the rapid separation of four analgesics in less than 3 min [1].

It has been demonstrated that sc-CO2 is comparable or bet-
ter than organic solvents for silanisation reactions with silica [8].
McCool and Tripp have reported that inaccessible silanols are acces-
sible in sc-CO2 [9]. Tripp and co-workers have studied the reaction
of organosilanes with silica in sc-CO2 using infrared techniques
[10,11]. Gu and Tripp highlighted the effectiveness of silanisation
with silica in sc-CO2 by investigating the reaction of organosilanes
with other metal oxides such as alumina and titania [12].

The catalytic coupling of unsaturated organic compounds onto a
silica hydride intermediate to form hydrolytically stable Si–C link-

ages, pioneered by Joseph Pesek, is now a key synthetic route to
silica bonded stationary phases for liquid chromatography and also
to functionalised capillaries for capillary electrophoresis [13,14].
This two step process firstly involves the introduction of hydride
groups onto the silica surface. The covalent attachment of the

dx.doi.org/10.1016/j.chroma.2010.11.046
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:j.glennon@ucc.ie
dx.doi.org/10.1016/j.chroma.2010.11.046
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esired organic compound, in general via a terminal olefin, onto the
ydride silica surface is typically facilitated by the use of Speier’s
atalyst (a 2-propanol solution of hexachloroplatinic acid) [15]. A
ree radical initiator or a peroxide catalyst offers an alternative to
his transition metal catalyst for the generation of a silica bonded
hase [15].

This silanation/hydrosilation approach has been utilised to pro-
uce a wide variety of silica bonded phases [16–19]. Hydrosilation
f alkynes has been exploited as a means of introducing a bidentate
inkage onto a phase [20]. It has been reported that the success-
ul conversion of surface silanols to surface silica hydride groups
s the key to producing an effective bonded phase for chromatog-
aphy [21]. Silica functionalisation must result in a high coverage
f hydride groups on the surface as the amount of these hydride
roups will determine the phase loading of the final bonded phase.

Hydride functionality can be introduced onto the silica sur-
ace via the chlorination of silica with thionyl chloride followed
y reduction using LiAlH4 [22,23]. However, this two-step method

s moisture sensitive and produces volatile reduction byproducts
uch as sulphur dioxide [24]. Chu and Pesek demonstrated the reac-
ion of a trisubstituted silane such as triethoxysilane (TES) with
ilica in the presence of water, and an acid catalyst such as HCl in
ioxane [24]. The reaction mechanism involves the generation of
silanetriol species (HSi(OH)3) by the hydrolysis of the trisubsti-

uted silane. The silanetriol is then covalently attached to the silica
urface and the adjacent silanols via a series of condensation reac-
ions. The unique properties of silica hydride and its bonded phases
n a variety of chromatographic applications and formats have been
ecently reviewed [19]. New approaches to the preparation of silica
ydride continue to be of interest [25], including an effective high-
emperature chlorination-reduction sequence for the preparation
f silicon hydride modified silica surfaces which has also recently
een reported [26].

Supercritical carbon dioxide (sc-CO2) is an advantageous
ubstitute to organic solvents as it is non-flammable, more envi-
onmentally friendly, inexpensive, less hazardous and can be easily
ecycled [27,28]. The density and therefore the solubility of many
ompounds in sc-CO2 can be readily controlled by varying reaction
emperature and pressure.

This research presents the first examples of the preparation of a
ilica hydride intermediate and subsequent heterogenous hydrosi-
ation reactions under supercritical fluid conditions, eliminating
he use of organic solvents in the process of reaction and prod-
ct isolation/cleanup. Both mono and trifunctionally prepared silica
ydride intermediates were prepared and characterised using solid
tate NMR, DRIFT spectroscopy and thermal analysis. Furthermore,
he chromatographic performance of an octadecylsilica column,
repared entirely using sc-CO2, via free radical mediated hydrosi-

ation, endcapping and column packing is demonstrated.

. Experimental

.1. Materials

Porous silica particles, Exsil-Avanti silica (3 �m, 205 m2/g,
30 Å) was purchased from Alltech/Exmere (Lancashire, UK).
imethylmethoxysilane (DMMS) and triethoxysilane (TES), which
ere used to prepare the silica hydride intermediates were

btained from Fluorochem (Derbyshire, UK). HPLC grade acetoni-
rile was obtained from Sigma–Aldrich (Dublin, Ireland). All water
as distilled and deionised to a resistivity of 18.2 M� cm. Uracil,

henol, pyridine, benzamide, benzophenone, biphenyl, hexam-
thyldisilazane, octadecene, styrene, theophylline, 4-nitroaniline,
ethyl benzoate, phenetole and o-xylene were purchased from

igma–Aldrich (Dublin, Ireland). CO2 was obtained from Irish Oxy-
en (Cork, Ireland). Mobile phases were ultrasonically degassed and
A 1218 (2011) 1974–1982 1975

filtered prior to use using Millipore 0.45 �m filters, which were
obtained from Millipore (Cork, Ireland).

2.2. Instrumentation

Reactions in sc-CO2 were carried out using an Isco model 260D
syringe pump with an external 25 ml stainless steel reaction cell
with 0.625” sapphire windows at either end of the reaction cell,
all of which were obtained from Thartech Inc. (USA). The tempera-
ture of the reaction cell was controlled using a Horst heating tape
(1 m in length) connected to a Horst temperature controller, which
made contact with the reaction cell via a thermocouple. These
were obtained from Sigma–Aldrich (Dublin, Ireland). Agitation was
achieved by gentle stirring with a Teflon coated magnetic stirrer bar
in the reaction cell and a magnetic stirrer plate underneath the cell.
The magnetic stirrer plate without heating (Midi-MR 1 digital IKA-
MAG) was purchased from Ika Werke Gmbh & Co. KG (Germany).
All chromatography was performed on an Agilent 1100 series LC,
with quaternary pump and diode array UV detector.

2.3. Preparation of silica hydride intermediates and bonded
phases

2.3.1. Preparation of silica hydride intermediates in sc-CO2
Exsil-Avanti silica (1.0 g), a magnetic stirrer bar and chosen

silane were added to a 25 ml stainless steel reaction cell. The
quantity of silane reagent used was generally a five mole equiv-
alent. Thus for 1.0 g amount of silica, 0.8 g of the monofunctional
silane, dimethylmethoxysilane (DMMS) was utilised or 1.4 g of tri-
ethoxysilane (TES).

The temperature of the reaction cell was raised beyond the crit-
ical temperature of CO2 (31.2 ◦C) when above the critical pressure
of CO2 (73.8 bar). Supercritical reactions were carried out at 40 ◦C,
50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, 90 ◦C, 100 ◦C and 120 ◦C while other reac-
tions conditions remained constant at 414 bar and a reaction time of
3 h. In addition, reactions were conducted at different reaction pres-
sures from 138 bar, 207 bar, 276 bar, 345 bar, 414 bar and 483 bar
while other reaction conditions remained constant at 100 ◦C and a
reaction time of 3 h. Supercritical reactions were also conducted at
1 h, 3 h and 5 h while other reaction conditions remained constant
at 100 ◦C and 483 bar. The magnetic stirrer plate ensured gentle
agitation of the contents of the cell (600 rpm), which was visually
verified by looking through the sapphire windows at either end of
the reaction cell. Following the chosen reaction time, the magnetic
stirrer was switched off to allow the contents of the cell to settle
for several minutes, after which the cell mixture was subjected to
dynamic extraction. During this extraction period, the pressure and
temperature of the reaction cell were maintained and ca. 120 ml of
fresh CO2 was flushed through the cell at a flow rate of approxi-
mately 5 ml/min. Thus, the total duration of dynamic extraction was
between 20 and 25 min. After this time, the cell was then depres-
surised and the bonded silica offloaded as a free flowing white
powder, for characterization and further reaction.

2.3.2. Preparation of silica hydride intermediate in dioxane
Exsil Avanti silica (1.0 g) was placed in a 3-neck 100 ml round

bottom flask with 20 ml of dioxane and a magnetic stir bar. 1.5 ml of
aqueous 2.3 M hydrochloric acid solution was added. The mixture
was heated to 70–80 ◦C under reflux. 9 ml of 0.5 M silane/dioxane
solution was added dropwise over a period of 15–20 min using

an addition funnel. The mixture was refluxed for 3 h at 100 ◦C.
After this time the product was filtered and washed consecutively
with 50 ml portions of 20:80 water/tetrahydrofuran, tetrahydrofu-
ran and methanol (twice with each solvent). The resulting white
powder was dried overnight under vacuum.
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.3.3. Preparation of endcapped C18 and phenyl stationary phases
y hydrosilation in sc-CO2

The monofunctionally prepared silica hydride was chosen for
ydrosilation with octadecene under supercritical conditions based
n amounts utilised by the procedure developed in organic sol-
ents, employing AIBN as a free radical initiator [15]. The reaction
ell containing the olefin and the free radical initiator was sealed
nd the heating tape was wrapped around the body of the reaction
ell. The magnetic stirrer plate was switched on, thus ensuring the
gitation of the contents of the cell (600 rpm), which was visually
erified by looking through the sapphire windows at either end of
he reaction cell. The temperature of the reaction cell containing the
lefin and the free radical initiator was raised to 70 ◦C and main-
ained at this temperature with agitation for a period of 40 min.
fter this time, the magnetic stirrer was switched off so as to allow

he contents of the cell to settle for several minutes, after which the
eaction cell was opened. The supercritical fluid generated silica
ydride intermediate was then added to the contents of the reac-
ion cell through the open neck of the stainless steel reaction cell.
he cell was closed tightly and the temperature of the cell mixture
as raised beyond the critical temperature (31.2 ◦C) and pressure

73.8 bar) of CO2. The contents of the reaction cell were maintained
nder supercritical conditions of 70 ◦C and 414 bar with agitation
or a period of 3 h. After this period of time, the magnetic stirrer
as switched off so as to allow the contents of the cell to settle

or several minutes, after which the cell mixture was subjected to
dynamic extraction. During this extraction period, the pressure

nd temperature of the reaction cell were maintained and ca. 60 ml
f fresh CO2 was flushed through the cell at a flow rate of approx-
mately 5 ml/min. After this time, the cell was then depressurised
nd the bonded silica offloaded as a free flowing white powder.

To further illustrate the utility of sc-CO2, a phenyl phase was pre-
ared by the hydrosilation of styrene with the TES silica hydride

ntermediate using AIBN, under the following supercritical fluid
onditions. The reaction mixture of silica hydride (1.0 g), styrene
1.12 g) and AIBN (0.08 g) was subjected to supercritical reaction
onditions of 70 ◦C, 414 bar for 3 h with agitation (600 rpm). Follow-
ng the chosen reaction time, the contents of the cell were allowed
o settle for several minutes and then subjected to a dynamic
xtraction with ca. 120 ml of fresh CO2 was flushed through the
ell at a flow rate of approximately 8 ml/min. Following dynamic
xtraction, the cell was then depressurised and the bonded silica
ffloaded as a free flowing white powder.

The C18 functionalised silica was endcapped under supercriti-
al conditions of 70 ◦C, 414 bar for 2 h using hexamethyldisilazane
based on 1.5 mol equiv. of surface silanols). Following the chosen
eaction time, the contents of the cell were allowed to settle for
everal minutes and then subjected to a dynamic extraction with
a. 120 ml of fresh CO2 was flushed through the cell at a flow rate
f approximately 5 ml/min. Following dynamic extraction, the cell
as then depressurised and the bonded silica offloaded as a free
owing white powder.

Elemental analysis of the endcapped sc-C18 silica gave: C, 18.0%;
, 3.0%.

Elemental analysis of the sc-phenyl silica gave: C, 17.4%; H, 1.9%.

.4. Characterisation of bonded silicas prepared in sc-CO2

.4.1. Percent carbon
Elemental analysis of bonded silica samples was performed on

Perkin-Elmer 240 elemental analyser at the Microanalytical Lab-

ratory, Chemistry Department, UCC (Cork, Ireland).

.4.2. Thermogravimetric analysis
Thermogravimetric analysis (TGA) experiments were per-

ormed on a Polymer Laboratories Ltd., Model TGA1000M analyser
A 1218 (2011) 1974–1982

at the Tyndall National Institute (Cork, Ireland). A sample of bonded
silica (5–10 mg) was placed on a pre-tared Inconel sample pan and
the weight recorded. The sample was heated from 25 ◦C to 800 ◦C
using a linear gradient at a heating rate of 40 ◦C/min. TGA sam-
ples were separately analysed under inert (N2) and oxidising (air)
conditions at a flow rate of 25 ml/min and 60 ml/min, respectively.

2.4.3. Differential scanning calorimetry
Differential scanning calorimetry (DSC) experiments were car-

ried out on a Pyris 1 Model DSC instrument at the Tyndall National
Institute (Cork, Ireland). A sample of bonded silica (1–5 mg)
was loaded onto a pre-tared aluminium crucible and the weight
recorded. The bonded silica sample in the aluminium crucible was
encapsulated with an aluminium lid and crimped (sealed). The sam-
ple was heated from 25 ◦C to 600 ◦C at a heating rate of 30 ◦C/min.
DSC experiments were performed under oxidising (air) and inert
(N2) conditions at flow rates of 70 ml/min and 25 ml/min, respec-
tively.

2.4.4. Diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy

DRIFT spectra were obtained on a BioRad model FTS 3000 FT-IR
spectrometer (Biorad Laboratories, Cambridge, USA) with a DRIFT
attachment (Pike Technologies, USA). KBr was ground to a fine pow-
der using a pestle and mortar. A DRIFT sample holder (width: 6 mm;
depth: 2 mm) was filled with KBr, the surface of which was levelled
and subsequently utilised to record the background spectra. The
bonded silica material was mixed with KBr at a ratio of 1:30, ground
to a fine powder and a DRIFT sample holder was filled and the sur-
face levelled. All spectra were run from 4000 cm−1 to 400 cm−1 at
a scan rate of 16 s−1 and a resolution of 4 cm−1.

2.4.5. Nuclear magnetic resonance spectroscopy
13C and 29Si CP-MAS NMR spectra were carried out by Mr. Ben-

jamin Dietrich of Professor Dr. Klaus Albert’s research group of the
Institut für Organische Chemie, Universitat Tübingen, Tübingen,
Germany. Solid state 29Si NMR measurements were performed on
a ASX 300 spectrometer (Bruker, Rheinstetten, Germany), and 13C
on a DSX 200 spectrometer (Bruker, Rheinstetten, Germany), using
cross polarisation and magic angle spinning (CP-MAS). For the 29Si
nucleas, a contact time of 5 ms and a pulse repetition time of 1.5 s
were employed and for 13C, a contact time of 3 ms and repetition
time of 2 s. Frequencies of 75.5 and 59.6 MHz for carbon and silicon,
respectively, were used. Representative samples of 200–250 mg
were spun at 4 kHz using 7 mm double bearing ZrO2 rotors. Typ-
ically, 1.5 k free induction decays (FIDs) with an acquisition time
of 35 ms were accumulated in 1 kilobyte (kb) data points and zero-
filling to 8 kb prior to Fourier transformation. The line broadening
used was 30 Hz and the spectral width for all spectra was about
25 kHz. All chemical shifts were referenced to Q8M8.

2.5. Column packing conditions

The sc-CO2 generated silica hydride intermediate which was
prepared using a trifunctional silane (TES) was packed into a stain-
less steel LC column of dimensions 2.1 mm I.D. × 50 mm by Waters
Technologies Ireland Ltd. (Wexford, Ireland).

The endcapped sc-C18 silica was packed into a stainless steel
LC column of dimensions 2.1 mm I.D. × 50 mm, using the supercrit-
ical fluid slurry packing technique. The LC column to be packed
was connected (via stainless steel tubing) to another stainless steel

LC column which served as the packing reservoir due to its larger
dimensions (4.6 mm I.D. × 10 mm). This reservoir contained the
endcapped sc-C18 bonded silica packing material. The reservoir
was connected to the sc-CO2 syringe pump thus facilitating the
introduction of pressurised CO2. The end of the LC column to be
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to siloxane (Q4) and free silanol groups (Q3), respectively [33,34].
The relatively low intensity of the Q3 resonance compared to
peak intensity of Q4 indicates that the amount of residual silanols
remaining on the silica surface following silanisation in sc-CO2 is

Table 1
Surface coverage values for silica hydride prepared using dimethylalkoxysilane in
organic solvent (dioxane, toluene) or sc-CO2 as reaction medium.

Silica, particle size,
pore size, surface
area

Silanisation
method

% C Surface coverage
(�mol/m2)a

Exsil-Avanti, 3 �m,
130 Å, 205 m2/g

DMMS silanisation
in dioxaneb

1.2 2.47

Exsil-Avanti, 3 �m,
130 Å, 205 m2/g

DMMS silanisation
in sc-CO2

c
1.6 3.5

LiChrosorb Si-100,
10 �m, 284 m2/g

DMES silanisation
in toluened

1.47 2.24
Temperature, °C

ig. 1. (a) Effect of reaction temperature (414 bar, 3 h) and (b) the effect of reactio
ydride intermediate prepared in sc-CO2 (Exsil-Avanti silica and DMMS).

acked was connected to a short length of stainless steel tubing
hich served as a restrictor. The LC column and restrictor were

mmersed in an ultrasonic bath, set at a temperature above the
ritical value for CO2 (Tc: 31.1 ◦C), approximately 60 ◦C. The sc-CO2
as introduced at an initial pressure of 104 bar, which was main-

ained for 1 min. The pressure was increased stepwise to 173 bar,
42 bar, 311 bar and finally to a pressure of 345 bar. Thus the pres-
ure inside the LC column was maintained at a pressure above
he critical value for CO2 (PC: 72.8 bar). Under low supercritical
ressures, the sc-CO2 was observed exiting from the restrictor tub-

ng. As the pressure increased, the flow of sc-CO2 decreased from
he restrictor as the column packing progressed. The pressure of
45 bar was maintained for a period of 45 min. Following column
acking, the pressure was discontinued and the LC column was
llowed to slowly depressurise over a period of 1 h.

The sc-phenyl silica was packed into a stainless steel column of
imensions 4.6 mm I.D. × 50 mm using 100 ml isopropyl alcohol at
14 bar. The column was then inverted and the packing continued
ith 100 ml of a mixture methanol–water (50:50), which was also
sed as the conditioning solvent at a ratio of (60:40).

.6. Chromatographic evaluation

Standard reversed-phase mixtures of benzamide, benzophe-
one and biphenyl were eluted on the sc-endcapped C18 stationary
hase using a mobile phase mixture of methanol/water, at a flow
ate of 0.5 ml/min at 25 ◦C with UV detection at 254 nm.

A mixture of theophylline, 4-nitroaniline, methyl benzoate,
henetole and o-xylene was separated on the sc-phenyl stationary
hase using a mobile phase mixture of acetonitrile/water (30:70),
t a flow rate of 1.0 ml/min at 25 ◦C with UV detection at 254 nm.

. Results and discussion

.1. Optimisation of sc-CO2 reaction conditions for a
onofunctionally prepared silica hydride intermediate

Supercritical fluids are “tunable” solvents, in that their bulk
roperties such as solvent density and solvating power can be
aried by small changes in reaction temperature and pressure.
upercritical reaction parameters such as reaction temperature,
ressure and the duration of the reaction were initially investi-
ated for the reaction of Exsil-Avanti 3.0 �m porous silica particles
nd a monofunctional silane (DMMS). The surface coverage for sil-
ca hydride intermediates prepared using a monofunctional silane

ere calculated using an equation derived by Berendsen and de

alan [24,29,30]. Surface coverage for the monofunctionally pre-
ared silica hydride (Fig. 1) increased as a function of increasing
emperature from 40 ◦C to 120 ◦C (constant pressure and duration
f 414 bar, 3 h) and of increasing pressure from 138 bar to 483 bar
constant temperature and duration of 100 ◦C, 3 h). The highest
Pressure, bar

sure (100 ◦C, 3 h) on surface coverage values for monofunctionally prepared silica

surface coverage value for this monofunctionally prepared silica
hydride intermediate of 3.5 �mol/m2 (C 1.6%), was obtained under
supercritical reaction conditions of high temperature and pressure
(120 ◦C, 483 bar, 3 h). Under these supercritical conditions of high
temperature and pressure, the solvent density and thus the solvat-
ing power of sc-CO2 is at a maximum for the supercritical reaction
conditions which were examined for this silanisation reaction. Due
to the high diffusivity of sc-CO2, the monofunctional silylating
reagent (dimethylmethoxysilane) can access silica surface silanols
and undergo silanisation much more readily under these conditions
as the silane is highly solubilised in the supercritical fluid.

The surface coverage value of 3.5 �mol/m2 represents a conver-
sion efficiency of ca. 43% of surface silanols (Si–OH) to silica hydride
(Si–H) based on silanol content of native silica of 8.0 ± 1.0 �mol/m2.
Typical monomeric silica bonded phases yield a silanol conver-
sion efficiency of no greater than 40–50% [31]. From the series
of studies carried out here using DMMS and from our previous
work with DMES [32], the silanol conversion efficiency achieved
for sc-CO2 generated silica hydride intermediate is comparable, and
indeed superior (for certain silica materials) to those obtained using
organic solvent based methods (Table 1).

3.2. Solid state 29Si and 13C CP-MAS NMR, DRIFT and thermal
analysis of sc-CO2 silica hydride

3.2.1. 29Si and 13C CP-MAS NMR investigations of a
monofunctionally prepared silica hydride intermediate

The 29Si CP-MAS NMR spectrum for the silica hydride interme-
diate prepared using a monofunctional silane (DMMS) in sc-CO2
displays resonances at −101 ppm and −110 ppm which correlated
a Surface coverage calculated using equation derived by Berendsen and deGalan:

˛(�mol/m2) = [106 .(%C)]

[(100.C.nc .S)−(1−(%C/100))]
.

b Reaction mixture refluxed in dioxane at 100 ◦C for 3 h.
c Reaction carried out in supercritical carbon dioxide at 7000 psi, 100 ◦C for 3 h.
d Reference: Lynch et al. [32].
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inimal. In addition, there is no direct evidence from the 29Si CP-
AS spectrum of the presence of geminal silanol groups (Q2) on

he surface of the sc-CO2 generated silica hydride intermediate.
As is evident from 29Si solid state NMR spectroscopic studies,

he low amount of residual silanols remaining after silanisation
oint to a high conversion efficiency of surface silanols to sil-

ca hydride functionality following silanisation in sc-CO2. These
ndings are consistent with the percent conversion efficiencies of
urface silanols to silica hydride groups as determined from ele-
ental analysis.
The 13C CP-MAS NMR spectrum of the monofunctionally pre-

ared silica hydride intermediate showed an intense peak at
2 ppm corresponds to the equivalent methyl groups of the main
H species which was observed in the 29Si CP-MAS NMR spectrum,
hich is again consistent with a silanisation reaction involving a
onofunctional reagent.

.2.2. 29Si and 13C CP-MAS NMR investigations of trifunctionally
repared silica hydride intermediate

The sc-CO2 preparation of a silica hydride intermediate was
lso investigated with the reaction of Exsil-Avanti 3.0 �m porous
ilica particles with a trifunctional silane, triethoxysilane (TES)
nder supercritical fluid conditions of 120 ◦C, 483 bar and a reac-
ion time of 3 h. Optimisation studies for the preparation of the
ES silica hydride confirmed the use of the same reaction con-
itions. Surface coverages cannot be accurately calculated using
he equations derived by Berendsen and de Galan for the silica
ydride intermediate prepared from a trifunctional reagent [9,34].
eactions involving multifunctional silanes (di-, trifunctional) dif-

er from monomeric phases in that more than one linkage to the
ilica surface is possible. The use of this surface coverage calculation
s therefore hindered by the unknown contributions of the various
rganosilane species to the number of carbon atoms per anchored
rganic ligand (nc) in the equation.

Chu and Pesek previously utilised 29Si CP-MAS NMR spec-
roscopy to quantify the surface coverage of a silica hydride
ntermediate prepared by the controlled chemisorption of silan-
triol, HSi(OH)3, the hydrolysis product of a trisubstituted silane
n a silica surface [24]. Silica hydride conversion efficiencies can be
alculated by measuring the areas (half peak width by peak height)
f the silica hydride silicon species peaks (resonances observed
etween −74 ppm and −84 ppm) with respect to the total area of
ll peaks excluding the area of the Q4 (siloxane) resonance. Thus,
he conversion efficiency can be determined as follows:

%Efficiency

= (Area of hydride)

(Total area of hydride+free silanols (Q3)−area of siloxane (Q4))

From the 29Si CP-MAS NMR spectrum (Fig. 2(a)) a conversion
fficiency of 70% can be estimated for the silica hydride intermedi-
te prepared from triethoxysilane (%C 1.7) in sc-CO2.

The relatively high conversion efficiency achieved using the
rifunctional reagent can possibly be attributed to the negligible
teric effects that exist, and also that the silane triol can undergo
ross-linking to adjacent silanols. In accordance with the proposed
echanism of organosilanisation, the alkoxy groups of the silane

eagent undergo hydrolysis to form silanols. Thus the dimethyl-
ethoxysilane reagent is hydrolysed by trace amounts of water

resent in the CO2 employed for these reactions and also on the
ilica surface, resulting in dimethylsilane which possesses one

ilanol group. Conversely, the ethoxy groups of the triethoxysilane
ydrolyse to form a silane with three silanol groups. Therefore, the
onofunctional dimethylsilane reagent is sterically bulkier than

he silane triol arising from the trifunctional silane. Hence, the
ethyl groups of the monofunctional silane may prevent adja-
Fig. 2. (a) 29Si CP-MAS NMR spectrum and (b) 13C CP-MAS NMR spectrum of trifunc-
tionally (TES) prepared sc-CO2 generated silica hydride intermediate; Structure and
formation of trifunctionally prepared sc-CO2 generated silica hydride species.

cent surface silanols from reacting with the hydrolysed silane, thus
resulting in a lower surface coverage. The fact that silanol conver-
sion efficiencies are not larger than the available surface silanols
suggests that excessive polymerisation did not occur on the surface,
thus indicating the formation of a monolayer of hydride groups on
the silica surface.

These conversion efficiencies, as determined from spectral anal-
ysis, appear superior to those values obtained using organic solvent
based methods such as silica chlorination-reduction and TES silani-
sation in dioxane [24]. However, a comprehensive comparison
between silanol conversion efficiencies using TES will require fur-
ther studies utilizing silica materials of the same physiochemical
characteristics. The high silanol conversion efficiency achieved for
the TES silanised silica hydride intermediate prepared in sc-CO2
may be attributed to the higher diffusivity and enhanced mass
transfer kinetics of sc-CO2 compared to organic solvents. In addi-
tion, these superior surface coverage values correlate with previous
findings which demonstrated that inaccessible silanols are actually
accessible in sc-CO2 compared to organic solvents [9].

The 29Si CP-MAS NMR spectrum of the trifunctionally prepared

silica hydride intermediate displays resonances at −74 ppm and
−84 ppm which can be assigned to surface hydride surface species
II and III, respectively, the structures and formation of which are
also shown in Fig. 2.
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Surface bound moisture on the native silica and trace water in
he CO2 employed can hydrolyse one or more of the ethoxy groups
f the trifunctional silane (TES). These silane silanols condense with
ilica surface silanols to form covalent linkages to the silica surface.
he formation of the silica hydride surface species I results from
he hydrolysis of one ethoxy silane group, followed by condensa-
ion with one silica surface silanol. The incomplete hydrolysis of the
emaining ethoxy groups of this silica species I can be seen from the
3C CP-MAS NMR spectrum of the TES silanised silica hydride inter-
ediate prepared in sc-CO2 (Fig. 2(b)). However, the hydrolysis of

wo or more ethoxy groups of the triethoxysilane, results in the
ormation of silica hydride species II and III. Evidently, crosslinking
an also occur, with the condensation reaction of adjacent silanols
f covalently attached silanes.

Clearly, the highly crosslinked silica hydride species, III is the
redominant species that is formed following TES silanisation in
c-CO2. There is no evidence from the 29Si CP-MAS NMR spectrum
hat another possible species denoted as species I was formed as
his would appear as a resonance downfield of the other hydride
esonances. This silica hydride surface structure (species I) would
ontribute two additional silanol groups to the silica hydride
ntermediate surface. Although the silica hydride surface species
enoted as II, does possess one silanol group, this does not appear
o significantly increase the amount of residual silanols on the sil-
ca hydride intermediate surface. This is confirmed by the relatively
ow intensity of the resonance that is associated with free silanols
Q3) compared to the Q4 siloxane resonance (Fig. 2). While fur-
her comparative studies on trifunctionally prepared silica hydrides
re clearly warranted, the high conversion efficiency of this TES
ilanisation approach in sc-CO2 can be contrasted with organic sol-
ent based approaches. Comparing the 29Si CP-MAS NMR spectra
f the supercritical and organic solvent based methods, it is clearly
vident that the quantity of residual silanols remaining after silani-
ation is substantially less for the trifunctionally prepared silica
ydride intermediate prepared under supercritical conditions.

The 13C CP-MAS-NMR spectrum of the silica hydride intermedi-
te prepared using a trifunctional silane (TES) is shown in Fig. 2(b).
esidual ethoxy groups resulting from triethoxysilane silanisa-
ion under supercritical conditions correlate to the resonances at
7 ppm and 60 ppm. These peaks can be assigned to the methyl
nd methylene carbons of these ethoxy groups, respectively. Trace
mounts of water arising from the CO2 utilised and present on the
ilica surface may not result in complete hydrolysis of the ethoxy
roups of triethoxysilane. Therefore, these ethoxy groups may be
arried on to the final silica surface species, II and II as shown in
ig. 2.

Both the 29Si and 13C CP-MAS NMR spectra clearly demonstrate
he trifunctionally prepared silica hydride intermediate prepared in
c-CO2 predominantly consists of a highly crosslinked, polymeric
ype species. The formation of species III and to a lesser extent,
pecies II is consistent with 29Si CP-MAS NMR spectral findings
y Chu and Pesek for a silica hydride intermediate prepared via
ES silanisation in dioxane [24]. The high conversion efficiency of
ydride formation using TES under supercritical conditions is high-

ighted by the low quantity of free and geminol silanols groups, Q3

nd Q2, respectively (from the 29Si CP-MAS NMR spectrum) particu-
arly in comparison to the TES silanised silica hydride intermediate
repared using an organic solvent based approach [24].

.2.3. DRIFT spectroscopy

Evidence of the conversion of surface silanol groups to silica

ydride groups can be seen by the distinctive silica hydride (Si–H)
tretching vibration at ca. 2260 cm−1 as shown in the partial DRIFT
urves for the supercritical hydride silica intermediates prepared
nder supercritical reaction conditions (Fig. 3).
hydride prepared using a trifunctional silane (TES); (Si–H, DMMS) silica hydride
prepared using a monofunctional silane (DMMS).

The strong stretching band at 2261 cm−1 for the silica hydride
prepared using triethoxysilane in sc-CO2 (spectrum (Si–H, TES) in
Fig. 3) agrees well with that of a hydride silica prepared by the
chlorination-reduction method (2260 cm−1) and also by TES silani-
sation in an organic solvent (2259 cm−1) [24]. The Si–H stretching
vibration for the monomeric silica hydride intermediate (spec-
trum (Si–H, DMMS) in Fig. 3) is observed at a lower wavelength
of 2151 cm−1. The surface structure of this hydride intermediate
prepared from a monofunctional silane (DMMS) differs from the
surface structure of the hydride silica prepared from the trifunc-
tional reagent (TES) and thus results in a Si–H vibration at a lower
wavelength. Indeed, Braun et al. demonstrated that the value of the
Si–H stretching vibration is influenced by the number of oxygen
bonds, with the stretching frequency increasing with the number
of Si–O–Si bonds of the silica hydride species [31].

The stretching band at 2966 cm−1, which is indicative of
aliphatic C–H stretching is evident in both spectra of the silica
hydride intermediates prepared in sc-CO2 (spectra (Si–H, TES) and
(Si–H, DMMS)), but to a lesser extent for the TES silanised silica
hydride (spectrum (Si–H, TES)) as shown in Fig. 3. Conversely, this
characteristic stretching peak is absent in the IR spectrum of the
native unfunctionalised Exsil-Avanti silica (spectrum (Si) in Fig. 3.).
This stretching band at 2966 cm−1 corresponds to the equivalent
methyl groups of the monofunctionally prepared silica hydride
intermediate.

In addition, the intensity of the stretching band at 3739 cm−1

due to the O–H stretching of isolated silanols which is present in the
spectrum of the native silica, is virtually absent for the silica hydride
intermediates prepared in sc-CO2. This IR feature indicates that
hydride preparation using a mono- or trifunctional silane under
supercritical conditions does not contribute additional (acidic) iso-
lated silanols to the final silica hydride intermediate. The broad IR
absorption between 3620 cm−1 and 3200 cm−1 can be assigned to
bonded silanols (siloxane) groups which are characteristic of the
bulk silica [35].

Hence, DRIFT spectral analysis confirms elemental and solid
state NMR analysis that an efficient conversion to a silica hydride
intermediate was achieved using sc-CO2 as a reaction medium.
The high silanol to silica hydride conversion efficiency of the TES

silanisation under supercritical conditions was highlighted by both
the intensity of the Si–H stretching band and the absence of the
stretching peak associated with isolated silanols.
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.2.4. Thermal analysis of sc-CO2 generated silica hydride
ntermediate
.2.4.1. Thermogravimetric analysis (TGA). Silica surface hydride
roups can undergo oxidative degradation to surface hydroxyl
roups in the presence of oxygen at temperatures above
50 ◦C ((Si–H + ½O2 → (Si–OH) [22,24]. This exothermic process is
ccompanied by a weight increase which can be detected by ther-
ogravimetric analysis (TGA) and differential scanning calorimetry

DSC). A weight increase in the TGA starting at 440 ◦C and peak-
ng at approximately 550 ◦C for the trifunctionally prepared silica
ydride analysed under oxidising conditions (air) corresponds to
he process involving the oxidative degradation of the hydride
unctionality to surface silanols. This weight gain observed under
xidising (air) TGA conditions confirms the presence of silica
ydride species on the silica surface. Evidently, this sample weight
ain occurs simultaneously with a general sample weight loss from
0 ◦C to 800 ◦C. This weight loss process corresponds to the conden-
ation of silica surface silanols to form siloxanes:

Si–OH → Si–O–Si + H2O

In addition, the general TGA weight loss corresponds to the
hermal decomposition of residual ethoxy groups from the silica
ydride intermediate surface, the presence of which was indi-
ated by 13C CP-MAS NMR spectroscopy. This general TGA sample
eight loss is particularly evident in the TGA curve and first deriva-

ive of the sc-CO2 generated silica hydride intermediate which
as analysed in inert (N2) TGA conditions. While the observa-

ion of this weight gain confirms the presence of silica hydride
pecies for the trifunctionally prepared silica hydride intermedi-
te prepared under supercritical conditions, it does not serve as a
atisfactory measure of the extent of silica hydride formation. Chu
t al. observed that the relatively rapid decline of the TGA oxida-
ion peak strongly indicates the possibility that the newly formed
ilanols groups (from the oxidative degradation of silica hydride
roups) undergo rapid condensation to form siloxanes [24]. This in
urn, hinders the full development of the oxidative degradation TGA
eak (evidenced by a weight gain), thus hampering silica hydride
uantitation.

.2.4.2. Differential scanning calorimetry (DSC). Fig. 4 illustrates
he DSC curves analysed under oxidising (air) conditions for the
ilica hydride intermediates prepared in sc-CO2. The exother-
ic peaks which occur at 390 ◦C and 450 ◦C for the mono-(curve

i–H (DMMS)) and trifunctionally (curve Si–H (TES)) prepared sil-
ca hydride intermediates, respectively, result from the oxidative
egradation of surface silica hydride groups.

The presence of these DSC peaks confirms the presence of sur-
ace silica hydride species. The temperature (450 ◦C) at which the
xothermic peak occurs for the sc-CO2 trifunctionally prepared sil-
ca hydride (curve Si–H (TES)) intermediate correlates well with the

emperature (460 ◦C) observed for the silica hydride prepared via
ES silanisation using an organic solvent based method [24]. The
xothermic peak for the monofunctionally prepared silica hydride
ntermediate occurs at a slightly lower temperature of 390 ◦C (curve
i–H (DMMS)), which may be attributed to the differing amount of

able 2
ummary of silica hydride (DMMS), octadecene (C18) and AIBN (A) quantities utilised for
ediated hydrosilation in sc-CO2.

Silica sample Hydride surface coverage
�mol/m2

Hydride wt. (g) Cat. wt. (g), mol. E

Si–C18-A1 3.1 2.5 0.5, 2.0
Si–C18-A2 2.4 2.0 0.5, 3.3
Si–C18-A3 3.1 3.5 0.5, 1.5
Si–C18-A4 3.1 1.5 0.4, 2.8
Fig. 4. DSC curves for the thermooxidation of silica hydride intermediates prepared
in sc-CO2 run under oxidising conditions (air): (Si–DMMS) silica hydride prepared
using a monofunctional reagent; (Si–TES) silica hydride prepared using a trifunc-
tional reagent.

silane linkages that the monofunctional silane can form with the
silica surface.

While DSC can be used in conjunction with TGA as a means of
confirming the presence silica surface hydride species following
silanisation in sc-CO2, DSC is primarily employed to elucidate if
excessive polymerisation has occurred. Consequently, these sin-
gle oxidation peaks for both silica hydride intermediates prepared
using a mono- and trifunctional silane indicate that excessive poly-
merisation did not occur under supercritical conditions.

3.3. Free radical initiated hydrosilation in sc-CO2

This hydrosilation step is typically mediated by an organic or
inorganic complex of a transition metal such as platinum, ruthe-
nium or rhodium, of which a solution of hexachloroplatinic acid
(H2PtCl6) in 2-propanol, referred to as Speier’s catalyst is widely
used. Conversely, Pesek and co-workers have demonstrated that a
free radical initiator (2,2′-azobis(isobutyronitrile), AIBN) or a per-
oxide (tert. butyl peroxide) can equally facilitate this hydrosilation
reaction to generate alkyl bonded LC phases [15]. Hydrosilation is a
versatile synthetic process for the attachment of organic moieties
to the silica surface, thus generating a wide variety of bonded sta-
tionary phases that may not be feasible by other bonding methods.

Heterogenous hydrosilations of octadecene in sc-CO2 via
a sc-CO2 generated monofunctionally prepared silica hydride
intermediate, and of styrene in sc-CO2 via a sc-CO2 generated tri-
functionally prepared silica hydride intermediate are reported here
using AIBN. Future research work will examine the effectiveness of
various hydrosilation catalysts under supercritical conditions.

As can be seen from examples given in Table 2, an excess of
AIBN (from 1.5 to 2.8) was utilised for the octadecene sc-CO2
hydrosilation reactions. AIBN mediated hydrosilation reactions in

◦
sc-CO2 (70 C, 414 bar, 3 h) gave favourable surface coverage values
of between 0.8 �mol/m2 (Si–C18-A2) and 3.0 �mol/m2 (Si–C18-
A3), dependent on reaction conditions. DRIFT spectroscopy was
also utilised to confirm functionalisation in sc-CO2. The chemical
bonding of the olefin, octadecene, onto the silica hydride surface

the preparation of a C18 silica functionalised silica material via free radical (AIBN)

q. C18 wt. (g) mol. eq. sc-CO2 conditions %C Total surface
coverage �mol/m2

1.5, 0.4 70 ◦C/414 bar/3h 9.3 2.4
4.0, 1.7 70 ◦C/414 bar/6h 3.5 0.8
4.7, 0.9 70 ◦C/414 bar/3 h 12.4 3.0
2.7, 1.2 70 ◦C/414 bar/3 h 4.8 1.2
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Exsil-Avan� silica par�cles,
3.0μm, 194m2/g, 120Å

Silica hydride intermediate
%C, 1.4; 3.1μmol/m2

DMMS in sc-CO2:
100ºC, 414 bar, 3 h

Silanisa�on

C18 func�onalised silica
%C, 9.3; 2.4μmol/m2

Hydrosila�on

Endcapped C18 func�onalised silica
%C, 9.4; Total: 2.5μmol/m2

Endcapping

Packed endcapped C18 LC column
Dimensions: 2.1 mm x 50 mm

Column packing

AIBN, C18 in sc-CO2:
70ºC, 414 bar, 3 h

HMDS in sc-CO2:
70ºC, 414 bar, 3 h

Supercri�cal fluid slurry packing
method in sc-CO2: 60ºC, up to 345 bar
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Fig. 6. Chromatogram overlay of variation of percent organic modifier in the mobile
ig. 5. Illustrative schematic of preparation of endcapped C18 functionalised packed
C column using sc-CO2 as a reaction and packing medium.

orrelates to a decrease in the intensity of Si–H stretching band
t 2150 cm−1. In addition, stretching bands between 2800 and
000 cm−1 are characteristic of C–H aliphatic stretches.

.3.1. Chromatographic performance of endcapped C18
unctionalised silica material prepared via free radical (AIBN)

ediated hydrosilation in sc-CO2
Supercritical CO2 also provided the means to endcap the result-

ng C18 bonded phases prepared here, and also an opportunity to
tilize the technology to complete the column packing. In this man-
er, for example, supercritical endcapping with HMDS led to the
eneration of an endcapped C18 phase with a surface coverage of
.5 �mol/m2 (Si–C18-A1; C 9.4%). Furthermore, this supercritical
uid approach was utilised as an alternative solvent free packing
ethod, carried out at 60 ◦C, up to 345 bar. While not yielding in

ur current investigations, column efficiencies as high as regular
olvent slurry packing, a procedure for the elimination of organic
olvents, incorporating silanisation, hydrosilation, endcapping and
nal column packing using supercritical fluid technology has been
emonstrated (Fig. 5).

The chromatographic performance of this sc-endcapped C18
unctionalised silica material was assessed initially using a stan-
ard reversed-phase test mixture of benzamide, benzophenone
nd biphenyl. Theoretical plates of up to 35,000 N/m were obtained
or the last eluting solute, biphenyl on this supercritical fluid gen-
rated endcapped C18 silica material (mobile phase mixture of
ethanol–water (50:50) at a flow rate of 0.5 ml/min, at 25 ◦C
ith an injection volume of 0.1 �l and UV detection at 254 nm).

uch column efficiencies are substantially less than theoretical
lates achieved for commercially available C18 bonded phases (ca.
00,000 N/m) prepared using the organic solvent based organosi-

anisation approach. However, Pesek and colleagues reported
olumn efficiencies of 33,000 N/m (anthracene) on C30 silica

2
onded phase (1.4 �mol/m ) which was prepared using a free
adical hydrosilation approach in toluene (either AIBN or tert.-
utyl peroxide, 100 ◦C, 100 h) [14]. Hence, the column efficiencies
btained for the endcapped C18 functionalised silica material pre-
ared and packed under supercritical conditions are comparable to
phase (methanol) for the separation of benzamide, benzophenone and biphenyl
on the sc-endcapped C18 stationary phase prepared via AIBN mediated hydrosi-
lation in sc-CO2. Chromatographic conditions: mobile phase mixture of methanol
(MeOH)–water, at a flow rate of 0.5 ml/min, at 25 ◦C with UV detection at 254 nm.

plate numbers reported for alkyl phases prepared using an organic
solvent hydrosilation based approach. Furthermore, the sc-CO2
hydrosilation method requires a substantially less reaction time
(3 h) compared to free radical mediated organic solvent hydrosila-
tion based approaches (100 h).

The variation of percent organic modifier (methanol) in the
mobile phase on the retention behaviour of these reversed-phase
test solutes gave a linear response with correlation coefficient val-
ues (R2) of 0.982 (benzamide), 0.989 (benzophenone) and 0.989
(biphenyl) (Fig. 6).

3.3.2. Preparation of a phenyl silica stationary phase via
hydrosilation in sc-CO2

As a further example of heterogenous hydrosilation in CO2,
a phenyl stationary phase was prepared by the hydrosilation of
styrene in the presence of the free radical initiator (AIBN) on the
trifunctionally prepared silica hydride surface under supercriti-
cal reaction conditions. The effect of reaction temperature and
pressure on the resulting surface coverage (as assessed by TGA
and elemental analysis) for this hydrosilation reaction involving
styrene was investigated. In general, an overall increase in cover-
age efficiency was observed under supercritical reaction conditions
at the higher temperature and pressure scale of 100 ◦C, 414 bar in
a reaction time of 3 h.

Functionalisation of the silica hydride surface with the phenyl
functionality via this hydrosilation reaction with styrene in sc-CO2
was also confirmed using DRIFT spectroscopy. Characteristic vibra-
tions for the phenyl group (aromatic C–H stretching at ∼3050 cm−1,
and bending at 1500 and 1450 cm−1) were observed, as well as
a significant reduction in the intensity of the hydride character-
istic vibration (Si–H stretching at ∼2270 cm−1) compared to the
unreacted silica hydride material. Thermogravimetric analysis of
the phenyl functionalised silica material gave a significant weight
loss at 430 ◦C. A minor weight loss was observed up to 100 ◦C
which is consistent with physically bound water on the silica
surface. Post reaction washing of the phenyl functionalised sil-
ica material either with sc-CO2 or a conventional solvent such
as methanol did not reduce this weight loss step observed at
430 ◦C, indicating that all excess reagents have been removed dur-
ing the synthesis step, indicating chemical functionalisation of the
phase. This weight loss step suggests the formation of a chemi-

cally bound styrene functionality on the silica surface. A carbon
content of 17.4% was obtained for this phenyl functionalised silica
phase.

The sc-phenyl silica phase exhibits good separation of a standard
test mixture as shown in Fig. 7. The present work demonstrates a
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ig. 7. Separation of test mixture on a sc-phenyl bonded phase (4.6 × 50 mm, 3 �m),
obile phase composition: 70%/30% H2O/ACN, flow rate: 1.0 ml/min, temperature

mbient (24 ◦C), pressure: 68 bar and UV detection 254 nm.

ovel two-step preparation of a phenyl stationary phase in super-
ritical carbon dioxide, via a hydride intermediate, without need
or post synthesis treatment.

. Conclusions

Supercritical carbon dioxide has been demonstrated as an effi-
ient reaction medium for the preparation of a silica hydride
tationary phase intermediate compared to existing organic sol-
ent based methods. Under supercritical conditions of 120 ◦C,
83 bar and 3 h, conversion efficiencies of surface silanols to
ilica hydride functionalities of ca. 43% were achieved for the
ydride intermediate prepared from a monofunctional silane
eagent (DMMS). Silica hydride conversion efficiencies (as deter-
ined by 29Si CP-MAS NMR) for the silica hydride intermediate

repared using a trifunctional silane, triethoxysilane in sc-CO2
ere found to be comparable (ca. 70%) to those obtained
sing the TES silanisation approach in an organic solvent (ca.
9%). Surface coverages obtained for the supercritical fluid
enerated hydride intermediate were a two (using a mono-
unctional silane) to three (using a trifunctional silane) fold
ncrease over those obtained using the chlorination-reduction

ethod.
Solid state NMR analysis also verified that the quantity of resid-

al silanols remaining after supercritical silanisation using both a
ono- and a trifunctional silane was not substantial as evidenced

rom the ratio of geminal silanols (Q3) to siloxanes (Q4) groups in

he 29Si CP-MAS NMR spectrum. In addition, the amount of resid-
al silanols for the TES silanised silica hydride prepared in sc-CO2
as considerably less than the hydride material prepared using

rganic solvent approach, as evidenced by the comparison of the
9Si CP-MAS NMR spectra.

[
[

[
[
[

A 1218 (2011) 1974–1982

Moreover, DSC analysis confirmed that extensive polymerisa-
tion did not occur for the TES silanised silica hydride intermediate,
as only single DSC oxidation peaks were observed.

Indeed, the supercritical fluid approach was utilized for all
steps in the production of a packed endcapped C18 stationary
phase, from the preparation of the silica hydride, to the het-
erogenous hydrosilation, silanol endcapping, to the final column
packing. The research described here represents the first example
of the preparation of a silica hydride intermediate and subsequent
bonded stationary phase preparation via heterogeneous hydrosila-
tion under supercritical fluid reaction conditions, avoiding the use
of organic solvents and with a substantially reduced reaction time
compared to organic solvent based approaches.
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