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A chlorination method for the selective substitution of well-defined isolated silanol groups of the silica surface has been
developed using the catalytic Appel reaction. Spectroscopic analysis, complemented by elemental microanalysis studies,
reveals that a quantitative chlorination could be achieved with highly dehydroxylated silica materials that exclusively
possess non-hydrogen bonded silanol groups. The employed method did not leave any carbon or phosphorous residue on
the silica surface and can be regarded as a promising tool for the future functionalization of metal oxide surfaces.

Introduction
Owing to their stability, versatility, insoluble nature in organic
solvents and ubiquitous availability, silica-based materials have
been widely employed as supports in catalysis.1, 2 On one
hand, judiciously shaped and functionalized mesoporous silica
materials play a crucial role in reducing the gap between
homogeneous and heterogeneous catalysts.3-6 On the other
hand, well-defined single site organometallic and coordination
complexes supported on silica surface by the surface
organometallic chemistry approach (SOMC)7-9 have performed
as potent catalysts for a wide range of reactions, such as olefin
metathesis,10-12 alkane metathesis,13, 14 CO2 conversion to
16
cyclic
carbonates15,
and
methanol,17
oxidative
18
dehydrogenation of propane and CO oxidation.19 With the
surface of silica being constituted of strained siloxane bridges
(≡Si-O-Si≡) and silanol (≡Si-OH) moieties,9 an additional way to
exploit this material as a support in catalysis is represented by
opportune modifications or replacement of these
functionalities to generate new supports with different
properties. Focusing exclusively on modifications where the
newly introduced functional groups are directly bound to
silicon atoms of the surface, controlled reaction of ammonia
with the siloxane bridges of SBA-15 allowed the formation of
(≡Si-NH2) moieties acting as silylamido ligands for immobilizing
catalytically relevant organometallic complexes.20, 21
Considering that the grafting reactions on silica surface rely

almost exclusively on the nucleophilic attack of the surface
7, 9
a different and
silanols to the precursor complexes,
attractive strategy to modify the surface of silica would be by
replacing the ≡Si-OH moieties with leaving groups. This
22
transformation would potentially lead to an umpolung of the
participating silicon atoms allowing them to react with metal
complexes bearing nucleophilic functionalities and enabling
access to new surface structures. In this context, the synthesis
of chlorinated silica has been reported by various authors in
the past. Kamitori et al. reported the reaction of silica gel with
excess thionyl chloride (SOCl2) and the application of the thus
synthesized material as a catalyst for the thioacetalization of
23
aldehydes.
Several applications of similarly prepared
chlorinated silicas in organic synthesis have been subsequently
24-26
reported.
Khodabakhshi, Karamiet al. have studied the
reaction of sodium tungstate (Na2WO4) with chlorinated
27, 28
silica.
It has been proposed that the reaction of the ≡Si-Cl
surface moieties with Na2WO4 generates ≡Si-O-WO3Na sites by
nucleophilic substitution of the chloride anions. Following
protonation of the supported tungstate with aqueous HCl, the
ensuing supported tungstic acid could be employed as a
27-31
catalyst for several organic condensations.
These advances
highlight the potential importance of chlorinated silica as a
catalyst and a support, however, the chlorination of the silica
surface has not been studied in detail. It is not known whether
the chlorination reaction involves the silanol moieties and/or
the siloxane bridges. The efficiency of chlorination with
respect to the nature of the silica support (i.e. density and
degree of isolation of the surface silanols) has, to the best of
our knowledge, not been investigated in detail. Furthermore,
the development of more controlled and atom-economic
procedures than the use of excess SOCl2 would be desirable.
Therefore, we report here a study on the accurate and
selective transformation of the isolated ≡Si-OH groups by ≡SiCl surface functionalities on different kinds of dehydroxylated
silica surfaces (SiO2(700), SiO2(500) andSiO2(200) being respectively
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silica pretreated at 700, 500 and 200 °C under dynamic vacuum
-5
(10 torr)).

Scheme 1. A general reaction scheme for the synthesis of welldefined chlorinated silica by treatment with (COCl)2/POPh3 in CHCl3.
As a chlorination strategy, we employ an atom-economic
method utilizing stoichiometric amounts of (COCl)2 as the
chlorinating agent and POPh3 in catalytic amounts (Scheme 1).
Interestingly, this method, generally applied as the catalytic
Appel reaction in homogeneous organic synthesis,32 has never
been used for the chlorination of oxide surfaces.

Experimental Section
General procedures
All air and moisture sensitive samples were handled in a
glovebox and with standard Schlenk techniques under argon
atmospheres. Chemicals were purchased from commercial
sources and used as received. Solvents were dried, distilled,
and degassed through freeze-pump-thaw cycles before use.
SiO2(700), SiO2(500) and SiO2(200) (the subscripts 700, 500 and 200
refer to the treatment temperature in degrees °C) were
prepared from Degussa Aerosil silica (specific surface area: 200
2
−1
m g ) by partial dehydroxylation at 700, 500 and 200 °C,
−5
respectively under high vacuum (10 Torr) for 15 h. Elemental
analyses were performed by the Mikroanalytisches Labor
Pascher (Germany).

scans was set to 5 s to allow for the complete relaxation of the
1
H nuclear magnetization, and the number of scans ranged
between 30 000 and 50 000. An exponential apodization
function corresponding to a line broadening between 80 and
29
150 Hz was applied prior to Fourier transformation. Si
chemical shifts are reported with respect to TMS.
Nitrogen adsorption/desorption isotherms were acquired on a
Micromeritics ASAP 2420 instrument at 77 K. The analyses
were carried out after degassing the samples at 150 °C under
vacuum for 2 h. The surface areas of the samples were
analysed by multipoint BET analysis method.
Preparation of materials 1-3
Synthesis of 1. A solution of oxalyl chloride (27 μL; 0.309 mmol
in 1 mL CHCl3) was added to a slurry of SiO2(700) (1 g; ∼0.3 mmol
Si-OH) in 3 mL CHCl3 under stirring. A solution of POPh3 (12.52
mg; 0.045 mmol) in CHCl3 (1 mL) was reacted with oxalyl
chloride (4 μL; 0.051 mmol) in a separate vessel. The latter
mixture was added slowly to the SiO2(700) slurry over a period
of 2 h at room temperature. The resulting mixture was stirred
at r. t. for 2 h. Subsequently the organic phase was removed by
filtration and the solid was washed with CHCl3 (3×4 mL)
followed by drying under dynamic vacuum for 12 h. The solid
obtained was further degassed at 250 °C (under dynamic
−5
vacuum; <10 mbar) for further 4 h to yield material 1.
Synthesis of 1a. SOCl2 (1g, 8.40 mmol, 28 equiv. with respect
to the number of silanols) was added dropwise under stirring
to a slurry of SiO2(700) (1g; ∼0.3 mmol Si-OH) in CH2Cl2 (ca. 3 mL)
at room temperature. After 2h, the organic phase was
removed by filtration and the solid was washed with CH2Cl2
(3×4 mL). The material was dried under vacuum at room
temperature (12 h) and degassed under dynamic vacuum
−5
(<10 mbar) at 250 °C for further 4 h to yield material 1a.

Instrumentation
IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer
equipped with a controlled-atmosphere cell. Typically, 32
−1
scans were accumulated for each spectrum (resolution 4 cm ).
All liquid-state NMR spectra were recorded on Bruker Avance
400 MHz spectrometers using CD2Cl2 as the solvent. The
chemical shifts were measured relative to the internal
1
13
standard tetramethylsilane (TMS; H or C resonances appear
31
at 0.00 ppm) present in CD2Cl2. P chemical shift was
measured relative to 85% phosphoric acid (δ = 0 ppm).
29
Si solid-state NMR spectra were recorded with a 400 MHz
Bruker AVANCE III spectrometer. Experiments using the 400
MHz spectrometer employed a conventional doubleresonance 4 mm CP/MAS probe. In each case the sample was
packed into a zirconia rotor under an inert atmosphere inside
a glovebox. Dry nitrogen gas was utilized for sample spinning
to prevent degradation of the samples. For CP/MAS NMR
experiments, the following sequence was used: 90° pulse on
the proton channel (pulse length of 2.4 µs), then a crosspolarization step with a contact time of typically 2 ms, and
29
finally acquisition of the Si NMR signals under the influence
of high-power proton decoupling. The delay between the

Synthesis of 1b. A solution of CCl4 (28μL; 0.297mmol) and PPh3
(78 mg, 0.297mmol) in 1 mL CH2Cl2 was added at r. t. to a
slurry of SiO2(700) (575 mg, 0.1725 mmol Si-OH) in CH2Cl2 (ca. 3
mL) and stirred for 12 h. After filtration of the organic phase
the solid was washed with CH2Cl2 (3×4 mL) and dried at 100 °C
for 12h to afford material 1b.
Synthesis of 2, 3. Materials 2 and 3 were prepared following
the procedure described above for 1. The following quantities
of silica supports and reagents were used:
For 2, a solution of oxalyl chloride (27 μL; 0.309 mmol in 1 mL
CHCl3) was added to a slurry of SiO2(500) (714 mg; ∼0.3 mmol SiOH) in CHCl3 (ca. 3 mL). A solution of POPh3 (12.52 mg; 0.045
mmol) in CHCl3 (1 mL) was separately reacted with oxalyl
chloride (4 µL; 0.051 mmol).
For3, a solution of oxalyl chloride (27 μL; 0.309 mmol in 1 mL
CHCl3) was added to a slurry of SiO2(200) (385mg; ∼0.3 mmol SiOH) in CHCl3 (ca. 3 mL). A solution of POPh3 (12.52 mg; 0.045
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The reaction between SiO2(700) (bearing well defined surface
18
silanol groups; ∼0.23-0.3 mmol Si-OH/g) and a stoichiometric
mixture of (COCl)2 and POPh3 in chloroform (Scheme 1) at
room temperature followed by vacuum treatment at 250 οC
yielded modified silica material 1. FT-IR investigation of the
latter material (Figure 1c) highlights a nearly complete
disappearance of the characteristic ≡SiO-H stretching vibration
-1
band (ν(SiO-H)) at 3747 cm of SiO2(700) (Figure 1a) thus proving
the occurrence of a quantitative reaction of the surface
silanols.
(νSi-OH)
-1

15

vicinal silanols, suggests that, besides replacement of the
silanols, other processes such as the opening of some siloxane
bridges might occur when using this reagent. This
phenomenon was observed also when alumina is treated with
33
CCl4 or COCl2. Moreover, the elemental analysis of 1a (Table
S1) shows the presence of small amounts sulphur on this
material. Considering that even the presence of traces of
34
sulphur might lead to catalyst poisoning, the presence of this
element is undesirable especially if chlorinated silica is to be
used as a support in catalysis.
Table 1: Chemical analysis data
OH

Cl

Conv.

(mmol/g)

(mmol/g)a

(%)b

Compound

Ref.

15

∼0. 3

SiO2(700)

(c)

1 (SiO2(700)-Cl)

(b)

1a(SiO2(700)-Cl)

0.287

97

This
work

0.18

60

This
work

0.19

63

This
work

3747 cm

c

1b (SiO2(700)-Cl)

d

SiO2(500)
(a)

3500

3000

2500

2000

1500

-1

Wavenumbers (cm )

Figure 1. IR spectra of SiO2(700) (a); chlorinated silica prepared by
treating SiO2(700) with SOCl2 (b) and chlorinated silica prepared by
treating SiO2(700) with (COCl)2/POPh3 in CHCl3 (c).

3 (SiO2(200)–Cl)
a

The quantitative replacement of the silanol groups by chlorine
is evidenced by the elemental analysis data (Table 1) with the
amount of newly introduced chlorine atoms matching the
initial number of surface silanol moieties (See Table S1 for an
overview of the amount of chlorine found by elemental
analysis for each material). The absence of any accountable
carbon and phosphorous residue (at least below detection
limit) in 1 suggests that a clean, chlorinated surface could be
achieved. Based on elemental analysis data, the use of a very
large excess of nearly 30 equiv. SOCl2 as the chlorinating agent
to afford material 1a following the procedure reported
elsewhere,24 led only to a moderate degree of chlorination of
the silica surface (60%; 0.18 mmol Cl/g SiO2, Table 1). The
microanalysis data of 1a are in a good agreement with its
infrared spectrum (Figure 1b) exhibiting only a moderate
depletion of the intensity of characteristic ≡SiO-H stretching
vibration band (ν(SiO-H)) at 3747 cm-1 (Figure 1b). Moreover, the
appearance of a broad signal in the 3500-3700 cm-1 region,
generally attributed to the formation of hydrogen-bonded

0.363

2 (SiO2(500)-Cl)
SiO2(200)

8

∼0.42
86

This
work
15

∼0.78
0.15

19

This
work

b

Determined by microelemental analysis. Determined by the ratio
between the initial amounts of ≡Si-OH groups and the amount of
c
chlorine found in the sample. Prepared by treating SiO2(700) with
24 d
excess of SOCl2 according to Reference . Prepared using
CCl4/PPh3.
When the chlorination of SiO2(700) was carried out according to
the non-catalytic Appel reaction protocol using a slight excess (1.7
equiv. with respect to the amount of silanols) of PPh3 and CCl4,35
the resulting material (1b) displayed a moderate degree of
chlorination (Table 1). Moreover, the IR spectrum of 1b (Figure S1)
showed the presence of a large hydrocarbon residue by the
-1
appearance of a band centred at 3000 cm . We further investigated
the scope of the chlorination reaction utilizing silica material
SiO2(500) and SiO2(200) (reported to possess ∼0.5 and ∼0.8 mmol
8, 15
OH/g, respectively) with a lower degree of dehydroxylation.
Interestingly, chloride estimation of material 2 (Table 1) prepared
(employing SiO2(500)) under identical reaction conditions as for 1
revealed a degree of conversion of the surface silanols as high as
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86%. This observation is in a good agreement with the strong
decrease in the intensity of the ν(SiO-H) signal of the isolated silanols
in the FT-IR spectrum of 2 (Figure 2d). A lower degree of
chlorination (∼20% according to the elemental analysis data in
Table 1) was achieved when applying the same chlorination
procedure to SiO2(200) to afford material 3. For the latter compound,
only a moderate decrease of the intensity of the broad stretching
-1
band of the hydrogen-bonded silanols in the 3300-3700 cm region,
-1
and possibly, of the isolated silanols at 3747 cm , was observed in
the FT-IR spectrum (Figure 2f).
(νSi-OH)
(f)

(e)
(d)
(c)

29

Figure 3. Solid-state Si CP/MASNMR of SiO2(500) (a) and SiO2(500)-Cl
(b).

(b)

(a)
3500

3000

2500

2000

1500

Wavenumbers (cm-1)

Figure 2. FT-IR spectra of SiO2(700) (a), 1 (b), SiO2(500) (c), 2 (d),
SiO2(200) (e) and 3 (f).

Therefore, it is apparent that the efficiency of chlorination of the
silica materials by the method in this study follows the order:
SiO2(700)>SiO2(500)>SiO2(200). This observation is attributable to the
intrinsically lower reactivity of the hydrogen-bridged silanols
36
present on the surface of SiO2(200).
We performed a solid state 29Si NMR study of chlorinated
material 2 containing the highest molar loading of chlorine (0.36
mmol Cl/g of material). The spectrum obtained for the parent
material SiO2(500) displays 29Si resonances at -100.7 and -92.9 ppm
which could be readily assigned, respectively, to the Q3 and Q2 Si37
sites of the silica. Interestingly, upon chlorination to afford 2, an
additional weak resonance centred at around -86 ppm was also
observed. The latter peak might be due to the formation of ≡Si-Cl
moieties being comparable to the shift assigned to such group in
the literature for modified silsesquioxanes (-90.2 ppm).38

The BET surface areas of SiO2(700) and SiO2(700)-Cl from nitrogen
sorption were determined. The isotherm plots are displayed in
2
Figures S2, S3 of the ESI. The surface area of SiO2(700) (204 m /g)
matches the specifications of the pristine commercial Aerosil-200
39
silica before dehydroxylation. The surface area of chlorinated
2
SiO2(700)-Cl (186 m /g) showed only a marginal decrease (≈5 %) with
respect to the parent material. A similar phenomenon was
observed in the past upon treatment and functionalization of
18
SiO2(700) by the SOMC technique.
To get further insight into the chlorination process we
attempted to isolate and characterize the reaction intermediates
and the products forming at various stages of the reaction. First, the
addition of triphenyl phosphine oxide (31P NMR signal at 29 ppm)32
to oxalyl chloride in dry CDCl3 resulted in an instantaneous
effervescence of colorless gaseous products. GC-MS analysis
confirmed the presence of CO (m/Z = 28) and CO2 (m/Z = 44) as the
only products in the gas phase. After 2 minutes of reaction a white
insoluble product was formed. Analysis by NMR spectroscopy
confirmed this compound as a chlorotriphenylphosphonium
31
32
chloride salt exhibiting a P NMR signal at 64.6 ppm. In the
following step, the silica substrate (SiO2(700)) was added to the
reaction mixture and stirring was continued for 2 h. After this
contact time, the resulting solid material was filtered and washed
three times with anhydrous CDCl3. Interestingly no traces of
phosphorus containing organic species was found by NMR analysis
of the filtrate solution. However, when the material was treated at
-5
250 οC in vacuum (10 torr) for 4 h, a white solid product
(presumably physisorbed on the silica surface) was found to
separate out from the rest of the silica material by sublimation in a
cold trap. Liquid state NMR analysis confirmed the identity of this
material as the initial triphenylphosphine oxide catalyst showing a
31
1
13
characteristic P signal at 29 ppm and H and C signals
corresponding to its aromatic groups. No trace of phosphorous was
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detected in the solid-state NMR of the remaining silica material,
consistent with the elemental analysis data of 1.
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Scheme 2. Proposed reaction mechanism towards the formation of
≡Si-Cl by reaction between ≡Si-OH and POPh3/(COCl)2.

6
7

Taken together, these results are in agreement with the
mechanism presented in Scheme 2 proceeding through the
formation of a surface siloxyphosphonium salt and are consistent
with the mechanism proposed for the chlorination of alcohols in the
32
solution phase. The absence of carbon and phosphorus in the final
material are the effect of the elimination of gaseous CO and CO2 of
oxalate and of the removal of the triphenylphosphine oxide catalyst
upon thermal treatment at 250 °C under vacuum.
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Conclusion
In summary, we have demonstrated the clean and quantitative
chlorination of dehydroxylated silica surfaces by an amenable and
straightforward catalytic method that allows the precise and careful
replacement of the ≡Si-OH moieties with well-defined and isolated
≡Si-Cl functionalities without residues of carbon and phosphorous.
This method, applied here for the first time to the functionalization
of surfaces, can, in principle, be applied to the chlorination of
several metal oxide supports displaying isolated -OH functionalities.
The efficient replacement of the nucleophilic ≡Si-OH groups with
≡Si-Cl moieties might open new avenues of investigation for the
grafting of nucleophilic inorganic, organometallic and organic
fragments on well-defined silica surfaces leading to the
development of unprecedented, surface-anchored isolated
catalysts. Furthermore, the reported method could be applied for
the clean functionalization of mesoporous fibrous nanosilicas such
6, 40
as KCC-1
that is emerging as an outstanding support in
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catalysis.
The abovementioned potential developments are
currently under investigation.
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