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Abstract: Solid acid catalysts are central in our chemical in-
dustry and are major players in the valorization of bioresour-
ces. However, there is still a need to develop solid acid cata-
lysts with enhanced acid strength and improved, or tunable,
physicochemical profile to enhance the efficiency and sus-
tainability of chemical processes. Here, a modular approach
to tune the acid strength and surface polarity of silica-sup-
ported sulfonic acid catalysts, based on a versatile copper-

catalyzed azide–alkyne cycloaddition (CuAAC)-based anchor-
ing scheme, is presented. The CuAAC-formed triazole link
was used to enhance the activity of the grafted sulfonic
acids and to pair the acid sites with secondary hydrophobic
functions. The beneficial effects of both the triazolium link
and the paired hydrophobic site, as well as the optimal posi-
tioning of the sulfonic moiety on the triazole ring, are dis-
cussed in model esterification reactions.

Introduction

Acid catalysis is arguably one of the most important areas of
catalysis, with extensive applications in key chemical transfor-
mations, such as dehydration, hydrolysis, alkylation or esterifi-
cation, and is becoming critical for biomass conversion.[1]

Strong mineral acids, such as the widely used sulfuric acid, are
however generally associated with several drawbacks including
safety hazards, equipment corrosion, cost of disposal, waste
management, and environmental concerns, which drastically
constrain their applications in industry, in which more sustaina-
ble alternatives are preferred, or anticipated by more stringent
environmental regulations. In this direction, the development
of hybrid organic–inorganic acid catalysts in which the molecu-
lar acids are immobilized on a solid support has focused on
merging the advantages of homogeneous and heterogeneous
catalysis. For instance, mesoporous-silica-supported acids, such
as the well-known propyl sulfonic acid silicas (SiPr-SO3H),

[2]

have been employed with success in many examples.[3] Yet,

the performances of organosulfonic-acid-functionalized meso-
porous silica, and solid acid catalysts in general, are often gov-
erned by the transport and adsorption of the reactants to and
at the active sites, as well as by the acid strength of these
active sites. Indeed, the polar sulfonic acid groups are often
hydrated or interacting with surface silanol groups, which con-
tributes to a significant decrease of their acid strength.[4] Like-
wise, the high polarity of the sulfonic-acid-functionalized silica
surface could also be detrimental to the efficient transport of
reactants and products, and can lead to fast deactivation, es-
pecially in the case in which water is used as a solvent, reac-
tant, or formed as a by-product.[5] The development of solid
acid catalysts with controllable acid strength and polarity is
therefore a major challenge, which would unlock a full range
of new opportunities.[6] Controlling the hydrophilic–hydropho-
bic balance of catalytic surfaces provides handles to increase
the acid strength by desolvating the silica surface and the acid
sites from water (as a by-product, solvent or initially physisor-
bed at the silica surface), and to develop water-tolerant catalyt-
ic systems.[3c,4, 7] This design principle also serves for optimizing
the diffusion and adsorption of less polar reactants to the acid
sites to achieve enhanced catalytic activity and selectivity.[3b–d,8]

Similarly, it could serve to shift reaction equilibrium by expel-
ling products, or by-products, from the active sites.[9] Hence, it
becomes critical to develop methods allowing for the rational
design and preparation of solid acid catalysts with controllable
acid strength and physicochemical properties.

Here, we disclose an efficient strategy to prepare silica-sup-
ported sulfonic acid catalysts with controllable acid strength
and surface polarity, taking advantage of the highly modular
copper-catalyzed azide–alkyne cycloaddition (CuAAC) chemis-
try. We show that the triazole anchor, resulting from the
CuAAC-grafting of the sulfonic acid to the azide-functionalized
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mesoporous silica surface, can serve to increase the acid
strength and activity of the sulfonic acid when transformed
into a triazolium. This inductive effect can be modulated by
the nature of the secondary substituents on the triazole ring
or by the spacing of the sulfonic acid site from the electron-
withdrawing triazolium ring. Next to this, we extend the strat-
egy to the preparation of silica-supported bifunctional catalysts
incorporating paired sulfonic acids and hydrophobic hydrocar-
bon chains. The synergistic effects of both the triazolium link
and the hydrophobic group are demonstrated in model
esterification reactions.

Results and Discussion

Tuning the acidity of silica-supported sulfonic acids

Mesoporous-silica-supported sulfonic acids, such as the well-
known propyl sulfonic acid silicas (SiPr-SO3H), are generally
prepared from alkyl-thiol-functionalized silicas.[2a,10] The later
are either obtained by direct or post-synthesis methods using
a mercaptosilane. The oxidation of the thiol-terminated mono-
layer and subsequent acidification provide the alkyl sulfonic
acid mesoporous silica. However, this well-established method-
ology has some drawbacks, such as the use of redox sensitive
thiols and the need for an oxidation step, which can be detri-
mental to other redox-sensitive groups present on the surface
in the case of multifunctional catalysts. Moreover, this oxida-
tion step is often incomplete and leaves unreacted thiol
groups on the surface.[10,11] To circumvent these limitations, we
turned our attention to the copper-catalyzed azide–alkyne cy-
cloaddition (CuAAC) for the direct covalent grafting of sulfonic
acid groups on silica (Scheme 1).

The CuAAC post-functionalization method has become a
method of choice for the grafting of most types of homogene-
ous catalysts, both organic and organometallic ones, under
benign conditions and almost quantitative yields on a large va-
riety of supports.[12] Alternatively, a most notable advantage of
the CuAAC reaction in the field lies in its unique potential to-

wards the preparation of multifunctional supported catalysts,
in part due to its high efficiency and large functional group tol-
erance. Multifunctional supported catalysts have recently
opened new possibilities in cooperative and cascade catalysis,
with activities that can surpass that of the parent homogene-
ous catalysts.[13] However, the need to immobilize and accom-
modate multiple catalytically active functional groups on a
single support is particularly challenging from a synthetic
point of view. This also adds to the necessity to precisely
adjust their surface ratio, proximity and distribution to arrive at
the full catalytic potential of these hybrid systems.[14] As such,
the “click” CuAAC chemistry, by its very nature, is well suited
for this purpose and has allowed for the simultaneous grafting
of multiple catalytically active groups on silica with accurate
control on their surface ratio and distribution.[12e,14a,b,15]

CuAAC-grafted sulfonic acid catalyst 2 was prepared by reac-
tion of sodium propargylsulfonate with azide-modified meso-
porous silica particles 1 (azide loading=0.27!0.06 mmolg"1)
in the presence of CuI precursors at 90 8C (Scheme 1).[16] Ther-
mogravimetric analysis (TGA) of functionalized silica 2 (Sup-
porting Information, Figure S1) confirmed the efficient grafting
of the sulfonated alkyne with an organic loading of
0.33 mmolg"1 (Table 1). In parallel, FTIR confirmed the com-
plete disappearance of the typical azide band at 2100 cm"1 fol-

Scheme 1. CuAAC-grafting of sulfonic acid catalysts on mesoporous silica
particles.

Table 1. Organic loadings, ion-exchange capacity (IEC) and textural properties.

Silica Organic loading
[mmolg"1]

IEC
[mmolg"1]

BET surface area
[m2g"1]

Pore volume
[cm3g"1]

Pore diameter
[nm]

1 0.27!0.06 0.04 267 0.68 6.9
2 0.33!0.01 0.38 195 0.55 6.7
3 0.29!0.01 0.04 n.d. n.d. n.d.
4 0.35!0.01 0.47 243 0.60 6.8
5 0.35!0.01 0.70 234 0.60 6.7
6 0.32!0.01 0.39 233 0.60 6.8
7 0.39!0.01 0.84 209 0.50 6.7
SiPr-SO3H 0.47!0.11 0.66 277 0.57 6.6
8 0.33!0.01 0.04 218 0.53 6.3
9 0.30!0.01 0.08 205 0.45 5.9
10 0.32!0.01 0.45 175 0.40 5.6
11 0.35!0.01 0.04 221 0.49 6.2
12 0.36!0.01 0.46 168 0.40 6.0
13 0.36!0.01 0.45 158 0.38 5.9
14 0.25!0.01 0.32 222 0.57 6.8
15 0.25!0.01 0.31 244 0.66 7.3
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lowing the CuAAC reaction of propargylsulfonate with azide-
silica 1 (Supporting Information, Figure S3). XPS of 2 also veri-
fied the appearance of a S 2s signal at 232.5 eV, consistent
with oxidized sulfur (Supporting Information, Figure S6,
Table S3).[17]

Solid-state 13C NMR spectra were recorded by using a multi-
ple-contact cross-polarization magic-angle spinning experi-
ment (MC-CPMAS) with spinal64 decoupling. MC-CPMAS ena-
bles 13C NMR characterization of materials containing carbon
moieties at natural abundance and exhibiting highly different
cross-polarization built-up properties. Using a sequence of
multiple short contacts separated by repolarizing periods and
storage of the longitudinal polarization along the z-axis, in-
stead of using very long contact pulses like in a classic CPMAS
experiment, all carbon moieties can be similarly polarized. The
MC-CPMAS approach indeed prevents the decay of the signal
due to T11 relaxation (T11= spin–lattice relaxation in the rotat-
ing frame), leading to more internally quantitative representa-
tion of a sample containing differently relaxing species, hence
delivering information similar to direct excitation spectra (Sup-
porting Information, Figure S21). Figure 1a depicts the 13C MC-
CPMAS spectra of the azide modified silica 1 that shows 4
peaks in total, three of which corresponding to the carbons of
the propyl group and the fourth, sharper peak associated with
residual solvent, CH2Cl2.

Comparing the 13C spectrum of the material modified by
using the CuAAC reaction with propargylsulfonate 2 (Fig-
ure 1b) to the spectrum of 1, two olefinic signals correspond-
ing to carbons 4 and 5 are immediately noticed. The extra
peak at approximately 46 ppm can be attributed to the CH2

group close to the sulfonic acid function. Close inspection of
the spectrum also reveals the presence of small amounts of
CH2Cl2 (48.5 ppm) and DMF (peaks at 162, 36, and 31 ppm) sol-
vents.

The density of acidic protons in 2 was measured by ion ex-
change capacity (IEC) with 2m NaCl followed by acid–base ti-
tration, and was determined to be 0.38 mmolg"1 (Table 1),
which is also consistent with the measured organic loading
when due account is taken of the contribution from unsubsti-
tuted acidic silanol sites (0.04 mmolg"1, Table 1, 1). However,
despite this measured acidity, catalyst 2 proved inefficient in
catalyzing the model esterification of n-butanol with acetic
acid at a 0.06 mol% catalyst loading; 2 proceeded in a similar
way to the autocatalyzed (blank) reaction (Figure 2a). Alterna-
tively, under identical reaction conditions, commercial propyl
sulfonic acid silica (SiPr-SO3H, IEC=0.66 mmolg"1, Table 1),
lacking the triazole moiety, proved efficient in catalyzing the
reaction (Figure 2a). This observation clearly pointed towards a
negative effect of the triazole linker.

The pKBHþ values of 1,4-disubstituted 1,2,3-triazoles is ap-
proximately 0 in water,[18] whereas alkyl sulfonic acids have a
typical pKa of about -2.[19] Although measuring pKa values for
solid acids is difficult, it can be assumed that the relative acidi-
ty constants of the supported molecular species are in the
same range than their corresponding free forms in solution,
which hence accounts for a relatively fast proton transfer from
the sulfonic acid to the N3-nitrogen of the triazole ring,[18] with

an equilibrium constant Keq#102, this being further facilitated
by a 6-membered ring triazole–sulfonic-acid hydrogen-bond
system (Scheme 1). Hence, this suggests that catalyst 2-OH
exists predominantly in its stable triazolium zwitterionic form
2-NH (Scheme 1), which is obviously not strongly acidic any-
more to catalyze the esterification reaction.

Analysis of the high-resolution N 1s XPS spectrum of 2
showed the appearance of an uncommon high-energy peak at
402.1 eV together with another peak at 400.2 eV in an approxi-
mately 2:1 ratio (Figure 3a and Table S3 in the Supporting In-
formation). This observation is consistent with 1,2,3-triazolium
species characterized by electron-deficient N1- and N3-nitro-
gen atoms (Scheme 1),[20] thus confirming the structure 2-NH.

Figure 1. 13C MC-CPMAS NMR spectra of silica a) 1, b) 2, c) 3, d) 4, e) 5, f) 6
and g) 7.
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Alternatively, the high-resolution C 1s XPS spectrum of 2
showed an increase of the high energy C 1s component at
286.4 eV in reference to azide-functionalized silica 1 (Fig-
ure 3b). This corresponds to the additional electron-poor tria-
zolium carbons in 2 originating from the propargyl sulfonic
moiety, which is again consistent with the triazolium structure
2-NH.

This finding that the CuAAC approach is a priori not suitable
for the grafting of strong Brønsted acids without depleting
their catalytic properties adds to the few limitations of the
CuAAC method for the covalent immobilization of molecular
catalysts.[21] Based on this understanding, we hypothesized
that blocking the slightly basic character of the CuAAC-formed
triazole linker might prevent this neutralization and permit to
maintain the activity of the grafted sulfonic acid moiety. One
such possibility is to N-alkylate the triazole ring to give a tri-
azolium salt lacking any basic/nucleophilic capacity.[22] Follow-
ing reported procedures,[23] functionalized silica 2 was treated
with excess methyl iodide in acetonitrile at 90 8C. However,
after submitting 2 to these conditions, the absence of a new
thermal event in TGA (Supporting Information, Figure S1a) in-
dicated that the targeted reaction did not occur. This is consis-
tent with the triazole being already protonated and, thus, not
capable of nucleophilic reaction with methyl iodide. Hence,
the modification of 2 was repeated in presence of the base
N,N’-diisopropylethylamine (DIPEA; pKBHþ =11) to deprotonate
the triazole ring and enable its N-methylation at the N3-nitro-
gen position (Scheme 2). Under these circumstances, 3 was ob-

tained with a grafting density of 0.30 mmolg"1 (Table 1); this
again confirmed our hypothesis of the triazole being protonat-
ed in 2. XPS of 3 also showed high-energy N 1s nitrogen peak
at 402.3 eV corresponding to 1,2,3-triazolium species (Support-
ing Information, Figure S8). The 13C MC-CPMAS spectrum of 3
(Figure 1c), exhibits a new peak at approximately 37 ppm, con-
firming the N-methylation at the N3-nitrogen atom.

Zwitterionic silica 3 (IEC=0.04 mmolg"1) was then protonat-
ed with trifluoromethanesulfonic acid (TfOH), which possesses
a sufficiently low pKa (ca. "14) to afford the sulfonic acid cata-
lyst 4.[24] The presence of TfO" in catalyst 4 was confirmed by
the occurrence of two 13C NMR peaks associated to triflate at
121.6 and 119 ppm (Figure 1d), as well as by XPS analysis

Figure 2. a) Catalytic activity of 2, 4, 5, 6 and 7 in the esterification of n-bu-
tanol with acetic acid, compared to the autocatalyzed reaction (blank) and a
commercial propylsulfonic acid silica (SiPr-SO3H). b) TOFs per -SO3H. c) Mass
activity. d) Recycling of catalyst 5.

Figure 3. High-resolution a) N 1s and b) C 1s XPS spectra of 1 and 2.

Scheme 2. Preparation of silica-supported triazolium catalysts 4, 5,and 7.

Chem. Eur. J. 2019, 25, 6753 – 6762 www.chemeurj.org " 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim6756

Full Paper



showing F 1s and high-energy C 1s peaks (Supporting Informa-
tion, Figures S6–S7).

Similarly, catalyst 5 was obtained by direct treatment of 2
with TfOH (Scheme 2). 13C NMR and XPS analysis of 5 again
confirmed the presence of the triflate anion (Figures 1e and
Figures S6 and S7, Supporting Information). IEC measurements
indicated proton loadings of 0.47 and 0.70 mmolg"1 for 4 and
5, respectively (Table 1). Elemental analysis of 4 and 5 provided
C/N atomic ratio of 2.7 and 2.4, in agreement with the nominal
values of 2.7 and 2.3, respectively.

In a similar way, we turned our attention to the use of sul-
tone electrophiles, which would advantageously allow to
append an additional alkyl sulfonic acid moiety upon reaction
with the triazole. Following methodologies used in the prepa-
ration of Brønsted acidic ionic liquids,[24a,c,e, 25] 2 was treated
with 1,3-propanesultone in toluene at 90 8C (Scheme 2). As pre-
viously, no reaction was observed by TGA in the absence of an
extra base (Figure S1b, Supporting Information). Contrarily,
performing the reaction in presence of DIPEA led to the effi-
cient formation of the zwitterionic silica 6 (Table 1), with a
grafting density of 0.32 mmolg"1. As expected, XPS of 6
showed a nitrogen N 1s peak at 402.1 eV (Figure S8, Support-
ing Information). IEC analysis gave a proton loading of
0.39 mmolg"1 for 6 that upon protonation with TfOH in-
creased to 0.84 mmolg"1. Elemental analysis of 7 provided a C/
N atomic ratio of 3.5, in agreement with the nominal value of
3.3. Functionalization with a propyl sulfonic acid group and its
subsequent protonation by triflic acid was confirmed by solid-
state NMR, as revealed in Figure 1 f,g for 6 and 7, respectively.

Catalysts 4, 5, and 7 were similarly evaluated in the esterifi-
cation of n-butanol with acetic acid at a catalyst loading of
0.06 mol% and showed activity 30 to 40% higher than with
the commercial SiPr-SO3H (Figure 2a). In parallel, zwitterionic
catalyst 6 showed inferior activity compared to the other solid
acid triazolium catalysts, with an initial reaction rate identical
to SiPr-SO3H (Figure 2a). The highest turnover frequency (TOF)
per -SO3H was attained with catalyst 5 (TOF=20 min"1),
2.5 times higher than with the commercial sulfonic acid silica
(Figure 2b). When normalized by the mass unit of silica cata-
lyst, catalysts 4, 5, and 7 proved similar or more efficient than
commercial SiPr-SO3H, with 7 culminating with an almost two-
fold enhanced activity (Figure 2c).

These overall observations underpin the presence of sulfonic
acid protons of different acid strengths, obviously influenced
by the presence of the triazolium cation. Indeed, the electron-
withdrawing triazolium ring increases the acid strength of the
vicinal sulfonic acid through strong inductive effects, with acid-
ity that can decrease by 2–3 pKa units, as previously demon-
strated with carboxylic-acid-functionalized imidazolium ionic
liquids.[26] Hence, the different acidic protons found in the sup-
ported catalysts can be ordered as follows: (triazolium)N+"H
(2)!propyl-SO3H (SiPr-SO3H)<CH3-triazolium-CH2-SO3H (4)<
H-triazolium-CH2-SO3H (5)—the donor effect of the methyl
group reduces the electronegativity of the triazolium in 4 com-
pared to 5. Inductive effects rapidly decrease with distance,
which explains the lower activity of 6 compared to the other
triazolium catalysts 4, 5 and 7; 6 shows an activity, hence acidi-

ty, similar to a conventional propyl sulfonic acid as in SiPr-SO3H
(Figure 2a). To provide further evidence for these effects, po-
tentiometric titrations with n-butylamine were performed (Sup-
porting Information, Figure S22). The initial electrode potential
Ei (Figure 4a) provided an indication of the acid strength of
the different solid catalysts[27] that confirmed our classification.

Catalyst 5 showed the highest Ei of 633 mV, slightly superior
to catalysts 4 (586 mV) and 7 (608 mV), whereas the lowest
value was measured for 2 (201 mV). Remarkably, the Ei values
correlated well with the measured initial reaction rates (Fig-
ure 4b). Catalyst 5 could be simply recovered and reused for 5
consecutive runs without significant loss of activity, demon-
strating the benefit of catalyst immobilization (Figure 2d).

Tuning the hydrophobicity of silica-supported sulfonic acids

Controlling the surface hydrophobicity of sulfonic acid silicas is
attainable either by co-condensation of a mercaptosilane and
an alkylsilane[10,28] or by post-functionalization of the alkyl sul-
fonic acid silica with an hydrophobic organosilane.[8b] These ap-
proaches could easily be transposed to our CuAAC methodolo-
gy by either co-grafting (or co-condensing) the azidopropyltri-
methoxysilane with a secondary silane,[16e, 29] or possibly by a
CuAAC post-functionalization route using a mix of alk-
ynes.[12e,14a,b, 15] However, the main limitation of these ap-
proaches is that the sulfonic acid and secondary hydrophobic
groups would be randomly distributed on the silica surface; a
situation that can restrict a rational interpretation of the effect
of the secondary group on catalytic properties. For instance,
Davis and co-workers have shown that bifunctional catalysts
comprising paired cooperative catalytic groups can achieve en-
hanced activity and selectivity in comparison to the corre-
sponding randomly distributed bifunctional catalysts.[30] Hence,
we reasoned that using the triazole ring as an anchoring point
for both the sulfonic acid site and the secondary group, result-
ing in a paired catalytic system, would benefit to a better con-
trol and interpretation of the local interactions at the active
site.

Figure 4. a) Initial electrode potential (Ei) of 2, 4, 5, 6, 7 and SiPr-SO3H ob-
tained by potentiometric titration with n-butylamine. b) Initial reaction rate
vs. initial electrode potential (Ei).
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Following our approach, the spectator hydrophobic seg-
ment can either be installed at the C4- or N3-position of the
triazole depending whether it is introduced by the CuAAC re-
action or by the alkylation of the CuAAC-formed triazole, re-
spectively (Scheme 3). From the above observations, stronger
acidity and activity should be obtained when the sulfonic acid
site is located closer to the triazolium to benefit from its
strong electron-withdrawing inductive effect.

Sulfonic acid catalysts 10 and 12, which have either a hydro-
phobic decyl group at the C4- or N3-position of the triazole,
respectively, were prepared from azide-functionalized mesopo-
rous silica (Scheme 3). Catalyst 10 was obtained by first react-
ing silica 1 with 1-dodecyne in presence of CuI and Et3N, our
typical CuAAC conditions,[12e, 14a,b,15] providing 8. The sulfonic
acid function in 10 was then introduced by alkylation of the
triazole ring with propanesultone followed by protonation of
the sulfonate with TfOH by using the sequence developed for
catalyst 7. In parallel, catalyst 12 was prepared through alkyla-
tion of CuAAC-immobilized sulfonic acid silica 2 with excess 1-
iododecane followed by acidification with TfOH by using a syn-
thetic route identical to that of catalyst 4. The organic load-
ings, IEC and textural properties of the bifunctional catalysts
are reported in Table 1. Elemental analysis of 10 and 12 provid-
ed C/N atomic ratio of 5.8 and 5.5, consistent with the nominal
values of 6.3 and 5.7, respectively. As shown in Figure 5a–e,
the modifications leading to catalysts 8 to 12 were consistently
confirmed by the 13C MC-CPMAS spectra of these materials.

Catalysts 10 and 12 were tested in the esterification of n-oc-
tanol with acetic acid at a catalyst loading of 0.1 mol% and
compared with catalysts 4, 5 and 7 as well as with the com-
mercial propylsulfonic acid silica and the autocatalyzed (blank)
reaction (Figure 6a). As expected, bifunctional catalysts 10 and
12 outperformed catalysts 4, 5 and 7, with a 1.5-to-2-fold in-
crease in the initial reaction rates. Impressively, the esterifica-
tion of octanol using the commercial SiPr-SO3H silica appeared
extremely slow under the same reaction conditions, with an in-
itial reaction rate of 0.07 mmolmin"1, approximately 5-fold in-
ferior to that of the CuAAC-immobilized sulfonic acid catalysts
10 and 12 incorporating a secondary hydrophobic segment.
Additionally, catalyst 12 exhibited a 25% higher initial reaction
rate than catalyst 10 ; the latter, having the sulfonic acid locat-
ed three carbons away from the triazole instead of only one
carbon in 12, experiences a much lower influence from the
electron-withdrawing triazolium ring. The potentiometric titra-
tion of 10 and 12 with n-butylamine supported this observa-
tion with initial electrode potentials of 589 and 660 mV
(Table S4, Supporting Information), respectively, which confirms

Scheme 3. Preparation of bifunctional catalysts 10 and 12 bearing paired
sulfonic acid and hydrophobic functions.

Figure 5. 13C NMR spectra of silica a) 8, b) 9, c) 10, d) 11, and e) 12.
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a higher acid strength of the sulfonic acid in 12 imparted to
the stronger effect of the triazolium ring, as expected.

To further evidence the synergistic effect of the secondary
hydrophobic moiety in bifunctional sulfonic acid catalysts 10
and 12, the bifunctional catalyst 13 (Figure 7) was prepared,

which incorporates a hydrophilic diethylene glycol methyl
ether chain on the triazole ring instead of the hydrophobic
decyl hydrocarbon chain of similar length. Catalyst 13 was syn-
thesized following the route described for catalyst 10
(Scheme 3) by using the propargylated diethylene glycol
methyl ether instead of 1-dodecyne. With the same idea, cata-
lysts 14 and 15 (Figure 7), bearing shorter alkyl chains (propyl
and pentyl, respectively) at the N3-position of the triazole,
were prepared. Elemental analysis of 13, 14, and 15 provided
C/N atomic ratio of 4.9, 3.3, and 3.9, consistent with the nomi-

nal values of 5.0, 3.3, and 4.0, respectively. As demonstrated by
the spectra shown in Figure 8a–c, 13C MC-CPMAS NMR imme-
diately reveals that the structural modifications leading up to
catalysts 13 to 15 yielded phase pure structures. Indeed, in the
NMR spectra only resonances resulting from the expected sur-
face functionalization are visible.

As expected, catalysts 13 proved the least active catalyst in
the esterification of n-octanol, even slower than catalysts 4, 5,
and 7 (Figure 6a). Remarkably, the initial reaction rates mea-
sured with supported sulfonic acid catalysts bearing hydrocar-
bon chains at the N3-position of the triazole (catalysts 4, 12,
14, and 15) linearly followed the length of the alkyl chains, in
agreement with their increased hydrophobic character (Fig-
ure 6b).

Conclusion

In summary, we have developed a simple method that offers
considerable flexibility to tune both the acid strength and sur-
face polarity of silica-supported sulfonic acid catalysts. Al-
though the efficient CuAAC anchoring scheme appeared not
suitable for the benign grafting of sulfonic acids on mesopo-
rous silica, derivatization of the guilty basic triazole link into an
electron-withdrawing triazolium ring enabled to restore and
significantly boost the acidity of the proximal sulfonic acid by
strong inductive effects. In addition, the triazole ring was used
to prepare, in a very modular way, bifunctional catalysts com-
prising paired sulfonic acid and secondary groups to probe the
effect of the local environment of the active site. We showed
that the nature and relative position of the paired organic
groups on the triazolium ring largely affected the catalytic per-
formances of the system.

Our work, in addition to enabling the use of CuAAC for the
grafting of the important class of strong Brønsted acid molecu-
lar catalysts, opens new routes towards the rational design and
preparation of solid acid catalyst with controllable acid

Figure 6. a) Catalytic activity of 4, 5, 7, 10, 12, and 13 in the esterification of
n-octanol with acetic acid, compared to the autocatalyzed reaction (blank)
and a commercial propylsulfonic acid silica (SiPr-SO3H). b) Initial reaction rate
as a function of the number of carbons in the secondary hydrophobic
chains. c) Recycling of catalyst 12.

Figure 7. Structure of bifunctional silica-supported catalysts 13, 14, and 15.

Figure 8. 13C NMR spectra of silica a) 13, b) 14, and c) 15.
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strength and surface polarity, a design principle that is becom-
ing critical for biomass valorization.

Experimental Section

General considerations

Reagents were obtained from commercial sources and used with-
out further purification. All reactions were carried out under argon.
Spherical silica gel (40–75 mm, 100 #) was purchased from Sorbtech
Technologies. Milli-Q water (resistivity 18.2 MWcm) was obtained
from a Milli-Q Reference system (Merck). FTIR was measured on a
Thermo Scientific FT-IR Nexus 870 spectrometer. TGA was mea-
sured on a Mettler Toledo TGA/SDTA 851e instrument. The weight
loss was measured in the 150–900 8C temperature range. Specific
surface area and pore size were obtained through nitrogen adsorp-
tion–desorption experiments using a Micromeritics Tristar 3000.
Before the analysis, the samples were degassed overnight under
vacuum at 150 8C. BET and BJH approaches were applied to pro-
cess the raw data. X-ray photoelectron spectroscopy (XPS) meas-
urements were performed on an SSX 100/206 photoelectron spec-
trometer from Surface Science Instruments equipped with a mono-
chromatized microfocused Al X-ray source (1486.6 eV operated at
20 mA and 10 kV). All binding energies are referenced to the C-(C,
H) component of the C 1s peak fixed at 284.8 eV. The base pres-
sure in the spectrometer was in the low 10"8 torr range. Peak de-
composition was achieved with Casa XPS (Casa Software Ltd. , UK).
Elemental analysis was performed on an EL cube apparatus. GC
was performed on a Varian 3800 apparatus equipped with a CP-
Sil8 CB column (30 m$0.25 mm$0.1 mm) and FID detector.
13C NMR spectra were acquired on a Bruker 500 MHz Avance III
spectrometer (11.74 T) equipped with a 4 mm H/X/Y triple channel
probe head, using multiple-contact cross-polarization magic-angle
spinning (MC-CPMAS)[31] with spinal64 1H decoupling at 55 kHz
RF.[32] The samples were packed in a 4 mm ZrO2 rotor and spun at
15 kHz. For MC-CPMAS, the tz duration, which is the delay in the
MC-CPMAS pulse sequence to allow for 13C spin lattice relaxation
between subsequent CP contact blocks, was set to 0.1 s, the indi-
vidual CP contact duration to 0.5 ms, and the number of loops to
11 (total contact time of 5.5 ms). Spectra were referenced to the
-CH peak of adamantane at 38.5 ppm (secondary reference), which
was further referenced to tetramethylsilane (TMS) at 0 ppm as the
primary reference.

Catalyst preparation

Preparation of azide-functionalized silica 1: Commercially avail-
able spherical silica (Sorbtech Technologies, 40–75 mm, 100 #) was
refluxed in 6m HCl (10 mLg"1) for 1 day. The silica was filtered and
washed with milli-Q water until neutral pH and dried in oven for 2
days at 120 8C. The resulting silica was then placed in a round-bot-
tomed flask and heated at 120 8C under vacuum for 6 hours. The
flask was then allowed to cool to room temperature and toluene
(20 mLg"1) was added together with 3-azidopropyltrimethoxysi-
lane (2 mmolg"1) and the resulting mixture refluxed overnight. The
silica was then filtered, washed with toluene, CH2Cl2, and finally
dried in vacuum at 60 8C to give azide-functionalized silica 1.

Preparation of catalyst 2 : Azide-functionalized silica 1 was sus-
pended in EtOH/water (2:1, 20 mLg"1). Sodium propargylsulfonate
(3 equiv. vs. N3 loading) was added subsequently followed by
sodium ascorbate (0.75 equiv) and CuSO4 (0.625 equiv). The reac-
tion was stirred overnight at 90 8C and monitored by FTIR and
TGA. The functionalized silica was recovered by filtration and

washed with DMF, water, 2m HCl, MeOH, and CH2Cl2 and dried in
vacuum at 60 8C overnight to afford catalyst 2.

Preparation of catalyst 4 : Catalyst 2 was suspended in CH3CN
(20 mLg"1). CH3I (20 equiv vs. triazole loading) was added followed
by DIPEA (5 equiv) and the reaction was stirred at 100 8C for 2 days
and monitored by TGA. The functionalized silica was recovered by
filtration and washed with CH3CN, water, 2m HCl, MeOH, and
CH2Cl2 and dried in vacuum at 60 8C overnight to afford 3. Silica 3
was suspended in CH2Cl2 (20 mLg"1), TfOH was added (1.05 equiv
vs. triazole loading) and the reaction was stirred at room tempera-
ture for 4 hours. The functionalized silica was recovered by filtra-
tion, washed with CH2Cl2 and dried in vacuum at 60 8C overnight
to afford catalyst 4. Elemental analysis : C=3.3 wt%, N=1.4 wt%.

Preparation of catalyst 5 : Catalyst 2 was suspended in CH2Cl2
(20 mLg"1). TfOH (1.05 equiv vs. triazole loading) was added and
the reaction was stirred at room temperature for 4 hours. The func-
tionalized silica was recovered by filtration, washed with CH2Cl2
and dried in vacuum at 60 8C overnight to afford catalyst 5. Ele-
mental analysis : C=2.9 wt%, N=1.4 wt%.

Preparation of catalyst 7: Catalyst 2 was suspended in toluene
(20 mLg"1). 1,3-Propanesultone (5 equiv vs. triazole loading) was
added followed by DIPEA (2 equiv) and the reaction was stirred at
90 8C for 1 day and monitored by TGA. The functionalized silica
was recovered by filtration and washed with toluene, 2m HCl,
MeOH, and CH2Cl2 and dried in vacuum at 60 8C overnight to
afford 6. Silica 6 was suspended in CH2Cl2 (20 mLg"1), TfOH was
added (1.05 equiv vs. triazole loading) and the reaction was stirred
at room temperature for 4 hours. The functionalized silica was re-
covered by filtration, washed with CH2Cl2, and dried in vacuum at
60 8C overnight to afford catalyst 7. Elemental analysis: C=4.0%,
N=1.3%.

Preparation of catalyst 10 : Azide-functionalized silica 1 was sus-
pended in degassed DMF (15 mLg"1). 1-Dodecyne (1.5 equiv vs.
azide loading) was added subsequently followed by Et3N (5 equiv.)
and CuI (0.1 equiv). The reaction was stirred overnight at 65 8C and
monitored by FTIR and TGA. The functionalized silica was recov-
ered by filtration and washed with DMF, water, 2m HCl, MeOH, and
CH2Cl2 and dried in vacuum at 60 8C overnight to afford silica 8.
Silica 8 was suspended in toluene (20 mLg"1). 1,3-Propanesultone
(5 equiv vs. triazole loading) was added followed by DIPEA
(2 equiv.) and the reaction was stirred at 90 8C for 1 day and moni-
tored by TGA. The functionalized silica was recovered by filtration
and washed with toluene, 2m HCl, MeOH, and CH2Cl2 and dried in
vacuum at 60 8C overnight to afford 9. Silica 9 was suspended in
CH2Cl2 (20 mLg"1), TfOH was added (1.05 equiv. vs. triazole loading)
and the reaction was stirred at room temperature for 4 hours. The
functionalized silica was recovered by filtration, washed with
CH2Cl2, and dried in vacuum at 60 8C overnight to afford catalyst
10. Elemental analysis: C=8.5 wt%, N=1.7 wt%.

Preparation of catalyst 12 : Catalyst 2 was suspended in CH3CN
(20 mLg"1). 1-Iododecane (50 equiv vs. triazole loading) was added
followed by DIPEA (5 equiv) and the reaction was stirred at 100 8C
for 3 days and monitored by TGA. The functionalized silica was re-
covered by filtration and washed with CH3CN, water, 2m HCl,
MeOH, and CH2Cl2 and dried in vacuum at 60 8C overnight to
afford 11. Silica 11 was then suspended in CH2Cl2 (20 mLg"1), TfOH
was added (1.05 equiv vs. triazole loading) and the reaction was
stirred at room temperature for 4 hours. The functionalized silica
was recovered by filtration, washed with CH2Cl2 and dried in
vacuum at 60 8C overnight to afford catalyst 12. Elemental analysis:
C=6.7 wt%, N=1.4 wt%.
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Preparation of catalyst 13 : Azide-functionalized silica 1 was sus-
pended in degassed DMF (15 mLg"1). Propargylated diethylene
glycol methyl ether (1.5 equiv vs. azide loading) was added subse-
quently followed by Et3N (5 equiv) and CuI (0.1 equiv). The reaction
was stirred overnight at 65 8C and monitored by FTIR and TGA. The
functionalized silica was recovered by filtration and washed with
DMF, water, 2m HCl, MeOH, and CH2Cl2 and dried in vacuum at
60 8C overnight to afford S13a (see Supporting Information). Silica
S13a was suspended in toluene (20 mLg"1). 1,3-Propanesultone
(5 equiv vs. triazole loading) was added followed by DIPEA
(2 equiv) and the reaction was stirred at 90 8C for 1 day and moni-
tored by TGA. The functionalized silica was recovered by filtration
and washed with toluene, 2m HCl, MeOH, and CH2Cl2 and dried in
vacuum at 60 8C overnight to afford S13b. Silica S13b was sus-
pended in CH2Cl2 (20 mLg"1), TfOH was added (1.05 equiv vs. tria-
zole loading) and the reaction was stirred at room temperature for
4 hours. The functionalized silica was recovered by filtration,
washed with CH2Cl2 and dried in vacuum at 60 8C overnight to
afford catalyst 13. Elemental analysis: C=7.0 wt%, N=1.7 wt%.

Preparation of catalyst 14 : Catalyst 2 was suspended in CH3CN
(20 mLg"1). 1-Iodopropane (40 equiv vs. triazole loading) was
added followed by DIPEA (5 equiv) and the reaction was stirred at
100 8C for 2 days and monitored by TGA. The functionalized silica
was recovered by filtration and washed with CH3CN, water, 2m
HCl, MeOH, and CH2Cl2 and dried in vacuum at 60 8C overnight to
afford S14 (see Supporting Information). Silica S14 was suspended
in CH2Cl2 (20 mLg"1), TfOH was added (1.05 equiv vs. triazole load-
ing) and the reaction was stirred at room temperature for 4 hours.
The functionalized silica was recovered by filtration, washed with
CH2Cl2 and dried in vacuum at 60 8C overnight to afford catalyst
14. Elemental analysis: C=3.2 wt%, N=1.1 wt%.

Preparation of catalyst 15 : Catalyst 2 was suspended in CH3CN
(20 mLg"1). 1-Iodopentane (40 equiv vs. triazole loading) was
added followed by DIPEA (5 equiv) and the reaction was stirred at
100 8C for 2 days and monitored by TGA. The functionalized silica
was recovered by filtration and washed with CH3CN, water, 2m
HCl, MeOH, and CH2Cl2 and dried in vacuum at 60 8C overnight to
afford S15 (see Supporting Information). Silica S15 was suspended
in CH2Cl2 (20 mLg"1), TfOH was added (1.05 equiv vs. triazole load-
ing) and the reaction was stirred at room temperature for 4 hours.
The functionalized silica was recovered by filtration, washed with
CH2Cl2, and dried in vacuum at 60 8C overnight to afford catalyst
15. Elemental analysis: C=3.7 wt%, N=1.1 wt%.

Methods

Ion-exchange capacity : Ion-exchange capacity (IEC) was deter-
mined by acid–base titration. Typically, the functionalized silica (ca.
100 mg) was dispersed in 2m NaCl (10 mL) and stirred at 20 8C for
1 day. After decantation, the resulting solution was titrated with
5 mm NaOH in presence of phenolphthalein as the indicator.

Potentiometric titration : Potentiometric titration was performed
with Hanna HI 991002 Digital pH–mV model using a pH/ORP elec-
trode. The dry solid catalysts (ca. 100 mg) was suspended in aceto-
nitrile (10 mL) and agitated for 3 h. The suspension was then titrat-
ed with 5 mm n-butylamine.

Catalysis : The esterification reactions were carried out in a 50 mL
round-bottomed flask equipped with a reflux condenser. Before
the reaction, the catalysts were activated at 105 8C for 6 hours. The
conversions were determined by GC analysis using reference sam-
ples. The initial reaction rates were determined by fitting the corre-
sponding experimental data at low conversions with a linear func-
tion passing through the origin.

Butanol esterification : In a typical run, acetic acid (25.9 g,
0.43 mol) and the catalyst (0.06 mol%) were charged into the flask
and heated to the reaction temperature (83 8C). On attaining the
desired temperature, n-butanol (4 g, 0.05 mol) was introduced into
the reaction mixture and this moment was considered as the zero
reaction time. Samples were collected at regular intervals and ana-
lyzed by gas chromatography.

Octanol esterification : In a typical run, acetic acid (5.54 g,
0.09 mol) and the catalyst (0.1 mol%) were charged into the flask
and heated to the reaction temperature (83 8C). On attaining the
desired temperature, n-octanol (4 g, 0.03 mol) was introduced into
the reaction mixture and this moment was considered as the zero
reaction time. Samples were collected at regular intervals and ana-
lyzed by gas chromatography.
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