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Introduction

Mesoporous silica materials have recently been studied ex-
tensively due to their unique structures with organized po-
rosity, high specific surface area, and specific pore volume,
which make them available to a wide range of applications
in the areas of adsorption, separation, sensing, and fuel
cells.[1–18] Among the mesoporous materials, materials that

consist of interconnected large-pore cage-type mesoporous
systems with three-dimensional (3D) porous networks are
highly interesting and promising supports for heterogeneous
catalysis. In addition, they are considered to be more advan-
tageous than porous materials that have a hexagonal pore
structure with a unidimensional array of pores because they
allow for a faster diffusion of reactants, avoid pore blockage,
provide more adsorption sites, and can be used for process-
ing large-sized molecules. SBA-16, SBA-1, and KIT-5 are a
few examples of porous materials that possess a 3D cage-
type porous structure.[9,11, 12] Among them, KIT-5, discovered
by Kleitz et al., is very interesting as it possesses a highly or-
dered cage-type mesoporous structure with a cubic Fm3m
closely packed symmetry, a high surface area, a large cage-
type tunable pore, and a high specific pore volume.[19] These
exciting properties made it an excellent adsorbent for cap-
turing large biomolecules as well as an ideal replica for the
fabrication of cage-type carbon material.[20,21] However,
KIT-5 materials possess low acidity and ion-exchange capa-
bility, which limit their application in catalysis.

To generate the acid functionality in the material, the
pore or wall structure of the materials must be modified
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either with trivalent metal ions by the direct synthesis
method or by grafting the highly acidic homogenous catalyst
or metal ions onto the surface of the pore walls by the post-
synthetic method. Very recently, Vinu et al. reported the
preparation of aluminum-supported mesoporous KIT-5 ma-
terial (AlKIT-5), which possesses a 3D mesostructure with
Fm3m symmetry and excellent textural characteristics.[17] Al-
though the material showed excellent performance in the
acid-catalyzed reactions, the acidity of the material is much
lower than zeolites and zeotype materials. By increasing the
acidity of the KIT-5 materials, the possibility of using the
material as a catalyst for various acid-catalyzed organic
transformations could be extended. To increase the acidity
of the materials, which is critical for obtaining excellent per-
formance in the various acid-catalyzed transformations, here
we propose to modify the surface of the KIT-5 silica materi-
als with one of the superacids, namely, trifluoromethanesul-
fonic acid (CF3SO3H), which is also called triflic acid (TFA).
TFA is considered to be a strong Brønsted acid catalyst and
its acid strength is much higher than that of the pure sulfuric
acid due to the presence of the electron-withdrawing fluo-
rine atoms attached to the sulfonic acid groups. As TFA
possesses excellent acidic characteristics, it has been widely
used in many acid-catalyzed transformations such as Frie-
del–Crafts reactions, polymerization, and Koch carbonyla-
tion. However, TFA is highly toxic, environmentally hazard-
ous, and cannot be easily recovered from the product mix-
ture. These problems can be overcome by the immobiliza-
tion of the TFA on the solid supports.

Recently, Singh and co-workers reported the catalytic ac-
tivity of TFA functionalized on mesoporous Zr-TMS materi-
al for versatile organic transformation reactions such as the
acetalization of ethyl acetoacetate and the benzoylation of
biphenyl.[22] Bennardi et al. reported the preparation of
TFA-immobilized mesoporous titania and their application
in the synthesis of flavones and chromones derivatives.[23]

Unfortunately, the mesoporous support materials used in
the above processes have poor textural parameters that
limit the efficiency of the materials in the acid-catalyzed
transformations. Although there are a few more reports
available on the functionalization of TFA over mesoporous
supports, most of them pertain to only 1D mesoporous sup-
ports.[24–26] To the best of our knowledge, there has been no
report yet on the functionalization of TFA over 3D cage-
type mesoporous support materials such as KIT-5. It should
also be mentioned that the role of the pore diameter of the
support materials on the functionalization of TFA molecules
inside the porous channels of the cage-type materials has
not been demonstrated in the open literature so far.

Coumarin and its derivatives occur widely in nature and
most of them show biological activities such as anticoagu-
lants, insecticides, cosmetics, optical brighteners, and dis-
persed fluorescent and laser dyes.[27–30] Coumarin can be syn-
thesized by various “name reactions” using acidic as well as
basic catalysts.[31–44] For example, 4-methyl-7-hydroxycou-
marin has been prepared by the Pechmann reaction of a
mixture of resorcinol (1,3-dihydroxybenzene) and ethyl ace-

toacetate (b-ketoester) and the use of various acidic cata-
lysts such as sulfuric acid, zeolites, Nafion-H, and clays. Un-
fortunately, these catalysts suffer from one or more serious
drawbacks such as poor textural characteristics, long reac-
tion times, a stoichiometric amount of catalyst, and difficul-
ties in catalyst recovery, drastic reaction conditions, low
yields, and tedious workup procedures.

Here we report for the first time on the preparation and
characterization of 3D mesoporous TFA-functionalized
KIT-5 with different pore diameters and their application in
the synthesis of coumarin by means of the Pechmann reac-
tion of resorcinol (1,3-dihydroxybenzene) and ethyl acetoa-
cetate (b-ketoester) (Scheme 1). We also demonstrate that

the amount of TFA on the surface of the KIT-5 can be con-
trolled by the simple adjustment of the amount of TFA in
the synthesis mixture. In addition, the effect of pore diame-
ter of the KIT-5 support on the functionalization of TFA
has also been demonstrated. All the catalytic materials have
been characterized by nitrogen adsorption, XRD, FTIR
spectroscopy, and ammonia temperature-programmed de-
sorption (TPD). Moreover, the role of the amount of TFA
and the pore diameter of the support, and the catalyst
amount affecting the catalytic activity in the synthesis of 7-
hydroxy-4-methylcoumarin has been demonstrated.

Results and Discussion

Initially, KIT-5 with different pore diameters was functional-
ized with different amounts of TFA by a postsynthetic wet
impregnation method. The amount of TFA functionalization
on the pore channels of the KIT-5 support was confirmed by
scanning electron microscopy (SEM) energy-dispersive X-
ray spectroscopy (EDX) analysis (not shown). EDX pat-
terns of the all samples exhibit the peaks for C, O, F, Si, and
S. The presence of the C, O, F, and S peaks, which originally
come from the TFA molecules, indicates that the TFA mole-
cules are indeed present inside the mesochannels of the
KIT-5 support and bond with the surface silanol groups.
EDX results also revealed that both the F and the S con-
tents increase with an increase in the loading of TFA on the
pore channels of the KIT-5 ACHTUNGTRENNUNG(100), thus indicating that the
TFA was successfully incorporated with the surface silanol
groups on the pore channels of KIT-5ACHTUNGTRENNUNG(100).

The structure of the KIT-5 support after the TFA modifi-
cation was confirmed by powder XRD measurements.
Figure 1 shows the powder XRD patterns of the KIT-5ACHTUNGTRENNUNG(100)
functionalized with different amounts of TFA. Purely sili-

Scheme 1. Pechmann reaction between resorcinol and ethyl acetoacetate.
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ceous KIT-5 exhibits three reflections in the region 2q= 0.7
to 38, which can be indexed to the (111), (200), and (220) re-
flections of the cubic space group Fm3m. The length of the
cubic cell a0 is calculated by using the formula a0 =d111

p
3

(Table 1). Interestingly, the structure of the KIT-5 was com-

pletely retained even after the modification of the pore sur-
face of the KIT-5ACHTUNGTRENNUNG(100) with more than 20 wt % of TFA.
However, the intensity of the (200) reflection in the XRD
pattern of the KIT-5ACHTUNGTRENNUNG(100) sample decreases with an increase
in the loading of TFA. This is mainly attributed to the occu-
pation of the TFA molecules on the pore channels of the
TFA. It should also be mentioned that the peaks are shifted
towards the higher angle upon the functionalization of TFA
molecules, thereby indicating the decrease in the d spacing
and the unit-cell constant, as shown in Table 1. However,
when the unit-cell parameters of the TFA-functionalized
materials are compared, surprising results are found. The d
spacing of the material increases with an increase in the
loading of the TFA molecules over KIT-5ACHTUNGTRENNUNG(100) (Table 1) but
is lower than the pristine KIT-5 support. We surmise that
this could be due to the presence of the TFA molecules,
which may change the diffraction of the X-rays. However,
the exact reason for the huge reduction of the unit-cell con-
stant of the KIT-5ACHTUNGTRENNUNG(100) functionalized with a lower amount
of TFA is currently not known.

Figure 2 shows the nitrogen adsorption isotherms of KIT-
5 ACHTUNGTRENNUNG(100) functionalized with different amounts of TFA and
pure KIT-5 ACHTUNGTRENNUNG(100). All the samples exhibit a type IV adsorp-

tion isotherm with an H2 hysteresis loop, which is typically
observed for the mesoporous samples with a cage-type pore
structure. It must be noted that with an increase in the TFA
content, the amount of nitrogen adsorbed decreases with
the concomitant decrease of the height of the capillary con-
densation step, thereby indicating that the surface of the
pores is occupied by the TFA molecules. The textural pa-
rameters of the TFA-functionalized samples derived from
the nitrogen-adsorption isotherm are also given in Table 1.
As can be seen in Table 1, the specific surface area, specific
pore volume, and the cage diameter of the KIT-5ACHTUNGTRENNUNG(100) de-
crease with an increase in the loading of TFA inside the
pore channels. The surface area decreases from 405 to
240 m2 g, and the pore volume decreases from 0.31 to
0.22 cm3 g with an increasing amount of triflic acid in the
KIT-5 ACHTUNGTRENNUNG(100), whereas the pore diameter remains constant for
all the samples. The capillary condensation is not shifted to-
wards lower relative pressure when the amount of triflic
acid in the silica framework of KIT-5 is increased. These re-
sults confirm that the TFA molecules are functionalized
inside the mesochannels of the KIT-5ACHTUNGTRENNUNG(100) without blocking
the pore entrance and can easily be accessible to the reac-
tant molecules in the catalytic reactions.

To check whether the TFA molecules are perfectly linked
with the surface silanol groups on the internal pores of the
KIT-5 ACHTUNGTRENNUNG(100), the TFA-functionalized materials were charac-
terized by FTIR spectroscopy. Figure 3 shows the FTIR
spectra of KIT-5ACHTUNGTRENNUNG(100) functionalized with different amounts
of TFA in comparison with the pure KIT-5 ACHTUNGTRENNUNG(100). Both the
TFA-functionalized and pure KIT-5ACHTUNGTRENNUNG(100) samples show four
broad peaks at 2920–3830, 1550–1700, 730–875, and 400–
550 cm�1. The first two peaks are attributed to the OH
stretching and vibration of hydroxyl groups and the physi-
sorbed water molecules at the surface of the silica sample,
respectively, whereas the latter two peaks are assigned to
the stretching and the asymmetric stretching vibration mode

Figure 1. Powder XRD patterns of a) KIT-5 ACHTUNGTRENNUNG(100), b) KIT-5 ACHTUNGTRENNUNG(100)-5TA,
c) KIT-5 ACHTUNGTRENNUNG(100)-10TA, d) KIT-5ACHTUNGTRENNUNG(100)-15TA, and e) KIT-5 ACHTUNGTRENNUNG(100)-20TA cata-
lysts.

Table 1. Physicochemical characterization of KIT-5 samples.[a]

Catalysts SAACHTUNGTRENNUNG[m2 g�1]
ao

[nm]
PVACHTUNGTRENNUNG[cc g�1]

PD
[nm]

CD
[nm]

KIT-5 ACHTUNGTRENNUNG(100) 700 18.1 0.44 5.8 10.80
KIT-5 ACHTUNGTRENNUNG(130) 675 19.0 0.69 6.3 12.30
KIT-5 ACHTUNGTRENNUNG(150) 470 20.67 0.75 7.4 13.50
KIT-5 ACHTUNGTRENNUNG(100)-5TA 405 16.98 0.31 5.7 9.49
KIT-5 ACHTUNGTRENNUNG(100)-10TA 390 17.14 0.30 5.7 9.50
KIT-5 ACHTUNGTRENNUNG(100)-15TA 285 17.23 0.23 5.7 8.93
KIT-5 ACHTUNGTRENNUNG(100)-20TA 240 17.92 0.22 5.7 9.17
KIT-5 ACHTUNGTRENNUNG(130)-20TA 440 18.38 0.34 6.1 10.50
KIT-5 ACHTUNGTRENNUNG(150)-20TA 355 20.10 0.45 7.3 12.16

[a] SA: surface area; unit-cell parameters (ao) =d111
p

3; PV: pore
volume; PD: pore diameter; CD: cage diameter.

Figure 2. N2 adsorption–desorption isotherms of (open symbols: desorp-
tion; closed symbols: adsorption): (*) KIT-5 ACHTUNGTRENNUNG(100)-5TA, (~) KIT-5 ACHTUNGTRENNUNG(100)-
10TA, (&) KIT-5 ACHTUNGTRENNUNG(100)-15TA, and (^) KIT-5 (100)-20TA catalysts.
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of the Si-O-Si frameworks, respectively, in the amorphous
wall structure of the KIT-5ACHTUNGTRENNUNG(100). A strong intense peak cen-
tered at 642 cm�1 and a small peak at 1030 cm�1 are ob-
served only for the TFA-functionalized samples. The peak
at 642 cm�1 is attributed to the C�S stretching, whereas the
peak at 1030 cm�1 is assigned to the C�F stretching mode of
the functionalized TFA molecules on the surface of the pore
channels of KIT-5ACHTUNGTRENNUNG(100). It should be noted that all the TFA-
functionalized KIT-5 ACHTUNGTRENNUNG(100) samples also show a small peak
centered at 1180 cm�1, which corresponds to the S=O
stretching more than the functionalized TFA molecules.[45–47]

From these results, one can easily conclude that the TFA
molecules are perfectly functionalized on the surface of the
KIT-5 ACHTUNGTRENNUNG(100) silica support without affecting its structural
order, and the surface TFA groups can offer Brønsted acid
sites for acid-catalyzed organic transformations.

TFA was also functionalized in KIT-5 silica with different
pore diameters in an attempt to create superacidic mesopo-
rous materials with a large pore diameter. Interestingly, sup-
port material with different pore diameters show a signifi-
cant difference in the loading of TFA molecules in the mes-
oporous channels. The intensity of the C, F, and S peaks de-
creases with increasing the pore diameter of the support
(Figure 4). This interesting feature can be explained as fol-
lows: the pore diameter of the support materials was con-
trolled by simply increasing the synthesis temperature. It is
quite expected that the materials prepared at higher temper-

ature always have a lower number of surface silanol groups
due to the enhancement of the cross-linking of the silanol
groups, which are critical for the encapsulation of TFA mol-
ecules inside the mesoporous channels. This leads to a poor
functionalization of TFA on the surface of the KIT-5 sup-
port with the largest pore and cage diameter.

The structure of the TFA-functionalized KIT-5 support
with different pore diameters was also analyzed by powder
XRD measurements. The powder XRD patterns of TFA-
functionalized mesoporous KIT-5 with different pore diame-
ters are shown in Figure 5. All the samples exhibit well-or-

dered mesostructures, which is confirmed by the presence of
sharp peaks at lower angles and several higher order peaks
that can be indexed to the (111), (200), and (220) reflections
of the cubic space group Fm3m. This indicates that the
structural order of the material was not affected, even after
the TFA functionalization. Moreover, a noticeable shift in
the XRD diffraction peaks toward lower 2q values is ob-
served for the samples prepared at temperatures higher than
100 8C. This is simply due to the difference in the pore diam-
eter of the KIT-5 supports that were prepared at a higher
synthesis temperature. On the other hand, the unit-cell con-
stant and the d spacing of the KIT-5ACHTUNGTRENNUNG(130)-20TA and KIT-5-ACHTUNGTRENNUNG(150)-20TA are much lower than those of their respective
pristine supports.

The porosity of the TFA-modified KIT-5 sample with dif-
ferent pore diameters was measured by N2 adsorption–de-
sorption isotherms. The N2 adsorption–desorption isotherms
and pore-size distribution of TFA-modified KIT-5 samples
with different pore diameters are shown in Figures 6 and 7,
respectively. All the samples possess a type IV isotherm
with a sharp step at higher relative pressures and exhibit an
H2 hysteresis loop. The shape of the capillary condensation
step of the nitrogen-adsorption isotherms of the TFA-func-
tionalized KIT-5 samples with different pore diameter is
almost same as that of the pristine KIT-5 supports. This indi-
cates that the pore structure of the materials was not signifi-
cantly altered upon the functionalization of the surface of
the KIT-5 with different pore diameters, which is quite con-
sistent with the conclusion derived from the XRD data of
these samples (Figure 5). As expected, the specific surface

Figure 3. FTIR spectra of a) KIT-5 ACHTUNGTRENNUNG(100)-20TA, b) KIT-5 ACHTUNGTRENNUNG(100)-15TA,
c) KIT-5 ACHTUNGTRENNUNG(100)-10TA, d) KIT-5 ACHTUNGTRENNUNG(100)-5TA, and e) KIT-5 ACHTUNGTRENNUNG(100) catalysts.

Figure 4. EDX patterns of a) KIT-5 ACHTUNGTRENNUNG(100)-20TA, b) KIT-5ACHTUNGTRENNUNG(130)-20TA, and
c) KIT-5 ACHTUNGTRENNUNG(150)-20TA catalysts.

Figure 5. Powder XRD patterns of a) KIT-5 ACHTUNGTRENNUNG(150)-20TA, b) KIT-5 (130)-
20TA, and c) KIT-5ACHTUNGTRENNUNG(150)-20TA.
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area, specific pore volume, and the pore diameter of the
TFA-functionalized samples are lower than those of the
pristine KIT-5 support with different pore diameters. The re-
duction in the textural parameters of the support confirms
that the TFA molecules completely cover the pore surface
of the KIT-5 supports (Table 1). It must be noted that the
reduction in the values of the textural parameters of the
KIT-5 ACHTUNGTRENNUNG(100) is more than those of the KIT-5ACHTUNGTRENNUNG(150) and KIT-5-ACHTUNGTRENNUNG(130). These results reveal that the density of the TFA
groups on the KIT-5 ACHTUNGTRENNUNG(100) support is higher than that of the
KIT-5 ACHTUNGTRENNUNG(130) and KIT-5 ACHTUNGTRENNUNG(150), which is mainly due to the dif-
ference in the surface silanol groups on the pore surface of
the KIT-5 support with different pore diameters. This result
is also consistent with the conclusion derived from the high-
resolution (HR) SEM-EDX data (Figure 4).

The coordination of TFA with the surface silanol groups
of the KIT-5 with different pore diameters was also charac-
terized by FTIR spectroscopy and the results are shown in
Figure 8. The FTIR spectra of KIT-5ACHTUNGTRENNUNG(130)-20TA and KIT-5-ACHTUNGTRENNUNG(150)-20TA are fairly similar to that of KIT-5-(100)-20TA.
All the samples show three well-resolved peaks that are cen-
tered at 642, 1030, and 1180 cm�1. These peaks are typically
assigned to the stretching vibration mode of the C�S, C�F,
and S=O groups in the TFA molecules that are bonded with
the surface silanol groups on the surface of the mesoporous

support. It must be noted that these peaks are not observed
for the sample without TFA functionalization.

The acidity of the KIT-5ACHTUNGTRENNUNG(100) functionalized with differ-
ent amounts of TFA and of the TFA-functionalized KIT-5
support with different pore diameters was obtained by tem-
perature-programmed desorption (TPD) of ammonia meas-
urements, which helped us to quantify not only the number
of acid sites but also the strength of the acid sites. It must be
noted that the measurement was carried out up to a temper-
ature of 300 8C as the TFA molecules bonded with the sila-
nol groups on the surface of the KIT-5 support are believed
to be decomposed at temperatures higher than 300 8C.[48–51]

The ammonia TPD profiles of the TFA-functionalized KIT-
5 support with different pore diameters are shown in
Figure 9. As seen in Figure 9, all the samples show two

broad signals in the temperature region of 140–220 and 230–
300 8C, respectively, thereby revealing that the sample pos-
sess a wide distribution of acid sites with different acid
strengths. The amount of the acidity of the TFA-functional-
ized KIT-5 support with different pore diameters is given in
Table 2. Of the samples studied, KIT-5ACHTUNGTRENNUNG(100)-20TA showed
the highest acidity, even though the pore diameter of the
sample is much smaller than that of the other samples. As
we discussed in the previous section, the higher acidity of
the KIT-5 ACHTUNGTRENNUNG(100)-20TA could be mainly due to the presence

Figure 6. N2 adsorption–desorption isotherms of (open symbols: desorp-
tion; closed symbols: adsorption): (*) KIT-5 ACHTUNGTRENNUNG(100)-20TA, (&) KIT-5 ACHTUNGTRENNUNG(130)-
20TA, and (~) KIT-5 ACHTUNGTRENNUNG(150)-20TA catalysts.

Figure 7. Adsorption pore-size distribution of (*) KIT-5 ACHTUNGTRENNUNG(100)-20TA, (*)
KIT-5 ACHTUNGTRENNUNG(130)-20TA, and (&) KIT-5 ACHTUNGTRENNUNG(150)-20TA catalysts.

Figure 8. FTIR spectra of a) KIT-5 ACHTUNGTRENNUNG(150)-20TA, b) KIT-5 (130)-20TA,
c) KIT-5 ACHTUNGTRENNUNG(100)-20TA, and d) KIT-5-100 catalysts.

Figure 9. Ammonia TPD spectra of a) KIT-5 ACHTUNGTRENNUNG(100)-20TA, b) KIT-5 ACHTUNGTRENNUNG(130)-
20TA, and c) KIT-5ACHTUNGTRENNUNG(150)-20TA catalysts.
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of the highest number of silanol groups on the surface of
the KIT-5ACHTUNGTRENNUNG(100) support, which would help to functionalize a
huge number of TFA molecules on the surface, thereby re-
sulting in a higher acidity.

It was also found that the peak maximum shifted towards
a higher temperature as the pore diameter of the support
was decreased, which indicates a slight enhancement of the
average acid-site strength in the KIT-5ACHTUNGTRENNUNG(100)-20TA. The
effect of the amount of TFA functionalization on the surface
of KIT-5 ACHTUNGTRENNUNG(100) on the acidity was also investigated. As can
be seen in Table 2, the acidity of the materials increases
with an increase in the amount of TFA functionalization on
the surface of KIT-5ACHTUNGTRENNUNG(100). The acidity of KIT-5ACHTUNGTRENNUNG(100)-5TA is
0.37 mmol of NH3 per gram which increases to 1.47 mmol of
NH3 per gram for KIT-5ACHTUNGTRENNUNG(100)-20TA. It is interesting to note
that the acidity of KIT-5ACHTUNGTRENNUNG(100)-20TA is more than three
times higher than that of the AlKIT-5(10) catalyst that was
recently reported by us[52] and showed superior performance
in the acetylation of aromatic compounds over zeolites and
zeotype catalysts. Noteworthy is that when more than
20 wt % of TFA was used for functionalization, the textural
parameters and the structural order of the materials were
significantly deteriorated. From these characterization re-
sults, it can also be concluded that the KIT-5ACHTUNGTRENNUNG(100) that is
prepared at a synthesis temperature of 100 8C is the best
support for TFA functionalization.

Catalytic activity : To evaluate the catalytic activity, the
Pechmann reaction has been carried out between resorcinol
and ethyl acetoacetate using KIT-5 samples functionalized
with different amounts of TFA molecules to produce the
corresponding 7-hydroxy-4-methylcoumarin (Scheme 1).
The results of the reactions as a function of reaction time
are shown in Figure 10. The reaction was examined under

solvent-free conditions for 12 h at 100 8C. The conversion of
resorcinol was found to increase from 38 to 77 % with an in-
crease in the loading of TFA over KIT-5 ACHTUNGTRENNUNG(100) from 5 to
20 wt % (Table 2). The product selectivity was also increased
from 23 to 96 % with an increase in the amount of TFA on
the surface of KIT-5ACHTUNGTRENNUNG(100). This is mainly due to the fact that
the total acidity of the material increases with an increase in
the loading of TFA onto KIT-5ACHTUNGTRENNUNG(100) samples. The same re-
action was examined over TFA-functionalized KIT-5 sup-
ports with different pore diameters such as KIT-5 ACHTUNGTRENNUNG(100)-
20TA, KIT-5ACHTUNGTRENNUNG(130)-20TA, and KIT-5ACHTUNGTRENNUNG(150)-20TA samples
under identical reaction conditions. As expected, although
the same amount of TFA was introduced onto the surface of
the KIT-5 supports with different pore diameters, the con-
version and product selectivity decreased with an increase in
the pore diameter of the support (Table 2). This can be ex-
plained on the basis of incorporation of TFA onto the KIT-5
sample with different pore diameters, which dictates the
acidity of the materials. The characterization results—in-
cluding the HRSEM-EDX, nitrogen adsorption, and the
acidity data described in the previous section—suggest that
the amount of TFA functionalization on the surface of KIT-
5 ACHTUNGTRENNUNG(100)-20TA is higher than that of KIT-5ACHTUNGTRENNUNG(130)-20TA and
KIT-5 ACHTUNGTRENNUNG(150)-20TA. Therefore, the KIT-5ACHTUNGTRENNUNG(100)-20TA catalyst
showed the highest activity in the synthesis of 7-hydroxy-4-
methylcoumarin. Hence, further reactions were performed
by using KIT-5ACHTUNGTRENNUNG(100)-20TA as catalyst.

The Pechmann reaction of resorcinol and ethyl acetoace-
tate was carried out under identical reaction conditions with
different zeolites and metal-incorporated mesoporous mate-
rials. The results were compared with TFA-functionalized
KIT-5 mesoporous materials (Table 2). It was observed that
the catalytic activity of the 20 wt % TFA-loaded KIT-5 with
different pore diameters is superior to the zeolites and
metal-substituted mesoporous catalytic materials presented
in Table 2. The conversion was found to be less than 10 %
for HZSM-5, whereas mordenite showed moderate activity,
and no conversion was observed for the AlMCM-41 catalyst.
Very recently we found that Al-incorporated KIT-5 material

Table 2. Effect of different catalysts and acidities for the synthesis of
coumarin by the Pechmann reaction of resorcinol and ethyl acetoaceta-
te.[a]

Catalysts Conv.[b] [%] Selectivity [%] Total acidity [mmolg�1]

KIT-5 ACHTUNGTRENNUNG(100) 0 0 0
KIT-5 ACHTUNGTRENNUNG(100)-5TA 38 23 0.37[c]

KIT-5 ACHTUNGTRENNUNG(100)-10TA 42 78 0.45[c]

KIT-5 ACHTUNGTRENNUNG(100)-15TA 67 93 1.09[c]

KIT-5 ACHTUNGTRENNUNG(100)-20TA 77 96 1.47[c]

KIT-5 ACHTUNGTRENNUNG(130)-20TA 73 82 1.39[c]

KIT-5 ACHTUNGTRENNUNG(150)-20TA 70 74 1.30[c]

Mordenite 58 100 0.72[d]

HY 27 100 2.25[d]

H-ZSM 8 100 0.82[d]

AlSBA-15 16 100 0.36[d]

AlKIT-5 46 100 0.50[d]

AlMCM-41 0 0 0.36[d]

Recyclability of the catalyst
1st cycle 71 91 –
2nd cycle 70 91 –

[a] Reaction conditions: resorcinol (10 mmol), ethyl acetoacetate
(10 mmol), catalyst (0.1 g), reaction temperature 100 8C, reaction time
6 h. [b] Conversion with respect to resorcinol and based on GC analysis.
[c] Temperature-programmed desorption measured at 300 8C. [d] Temper-
ature-programmed desorption measured at 550 8C.

Figure 10. Effect of reaction time on conversion of resorcinol in the Pech-
mann reaction over different amounts of triflic acid loaded onto KIT-5-ACHTUNGTRENNUNG(100)-20TA material. Curves: (*) KIT-5 ACHTUNGTRENNUNG(100)-5TA, (*) KIT-5 ACHTUNGTRENNUNG(100)-
10TA, (!) KIT-5ACHTUNGTRENNUNG(100)-15TA, and (~) KIT-5 ACHTUNGTRENNUNG(100)-20TA catalysts. Reac-
tion conditions: resorcinol (10 mmol), ethyl acetoacetate (10 mmol), cata-
lyst (0.1 g), reaction temperature 100 8C.
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showed higher catalytic activity for acetylation of veratrole
and ring opening of epoxides than the zeolites and other
metal-substituted mesoporous materials.[17,52] However, the
catalytic activity of AlKIT-5 in the synthesis of coumarin de-
rivatives is less than that of KIT-5ACHTUNGTRENNUNG(100)-20TA. This is mainly
due to the presence of a huge number of acidic sites on the
surface of the KIT-5 support that come from the TFA mole-
cules and are easily available to the reactant molecules. In
addition, the acidity of the TFA-loaded KIT-5 materials is
much higher than that of AlKIT-5. These results clearly
demonstrate the superior nature of TFA-functionalized KIT-
5 catalyst in the synthesis of the derivatives of coumarin.

For the TFA-functionalized mesoporous supports, it is ex-
tremely important to study their stability, as it is widely be-
lieved that the functionalized TFA molecules may be leach-
ed out during the reaction. To test their catalyst stability,
catalyst KIT-5ACHTUNGTRENNUNG(100)-20TA was separated from the reaction
mixture and recycled for two consecutive reaction cycles. It
was observed that the conversion is decreased marginally
after the second recycle with almost no change in the selec-
tivity of the product (Table 2). This shows that the catalyst is
highly stable and could be regenerated several times under
identical reaction conditions.

To optimize the weight of the catalyst in the reaction, the
Pechmann reaction of resorcinol and ethyl acetoacetate was
carried out over different amounts of KIT-5ACHTUNGTRENNUNG(100)-20TA as it
was found to be the best catalyst under solvent-free condi-
tions for the reaction time of 6 h. The results are shown in
Figure 11. As expected, the total conversion and product se-
lectivity increased from 61 to 77 % and 75 to 96 %, respec-
tively, with an increase in the amount of catalyst from 0.025
to 0.10 g in the reaction mixture. It is reasonable to assume
that the interaction of the reactant molecules with the active
sites of the TFA-functionalized catalyst is significantly in-
creased with an increase in the amount of catalyst in the re-
action mixture. In addition, the availability of a higher
number of active sites is also responsible for the higher ac-
tivity when the amount of catalyst in the reaction mixture is
increased. However, the reaction showed a marginal in-

crease in the conversion when the catalyst amount was in-
creased further to above 0.10 g.

To study the efficiency of KIT-5ACHTUNGTRENNUNG(100)-20TA with respect
to the reaction temperature, the Pechmann reaction of re-
sorcinol and ethyl acetoacetate was carried out over KIT-5-ACHTUNGTRENNUNG(100)-20TA (0.1 g) at different reaction temperatures of 40,
60, 80, and 100 8C for the reaction time up to 6 h under sol-
vent-free conditions. The different reaction times and the ki-
netic curves are shown in Figure 12. As expected, the con-

version of resorcinol and product selectivity increase with
an increase in the reaction temperature, thus indicating that
the catalyst is quite stable and the reaction was free from
diffusion limitation at higher temperatures. At 40 8C, the
conversion of resorcinol was 51 %, even after 6 h with a
product selectivity of 89 %. From Figure 12, it can be seen
that the rate of the reaction at lower temperature is rather
slow, whereas the reaction is very fast at reaction tempera-
tures above 80 8C. The high conversion and product selectiv-
ity at higher temperatures clearly show that this reaction de-
mands a high-activation energy and the acid sites are acti-
vated more at higher temperatures, which leads to a higher
rate of attack of nucleophile (phenolic OH�) to carbocation
of b-ketoester (ethyl acetoacetate). Consequently, the con-
version of resorcinol increases with an increase in the reac-
tion temperature. However, there is no significant change in
conversion in the temperature range 80–100 8C, and the
product selectivity was found to be almost the same in each
case (89–96 %).

Conclusion

The surface of the highly ordered, three-dimensional, cage-
type mesoporous silica with a cubic Fm3m closely packed
symmetry (KIT-5) has been functionalized with superacid
molecules, namely, TFA, using a simple wet impregnation
method. The TFA molecules were also decorated on the sur-
face of KIT-5 samples with different pore diameters, which

Figure 11. Effect of catalyst amount on the Pechmann reaction of resorci-
nol and ethyl acetoacetate over the KIT-5 ACHTUNGTRENNUNG(100)-20TA catalyst. Reaction
conditions: resorcinol (10 mmol) and ethyl acetoacetate (10 mmol), reac-
tion temperature 100 8C. Curves: (~) 0.025, (!) 0.05, (*) 0.075, and (*)
0.1 g.

Figure 12. Effect of reaction temperature on the Pechmann reaction of
resorcinol and ethyl acetoacetate over the KIT-5 ACHTUNGTRENNUNG(100)-20TA catalyst. Re-
action conditions: resorcinol (10 mmol) and ethyl acetoacetate
(10 mmol), catalyst (0.1 g). Curves: (~) 40, (!) 60, (*) 80, and (*)
100 8C.
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were prepared at different synthesis temperatures. The ob-
tained materials have been characterized by sophisticated
techniques such as XRD, N2 adsorption, FTIR spectroscopy,
and NH3 TPD. The characterization results revealed that the
TFA molecules are strongly bonded with the surface silanol
groups of the KIT-5 supports. We also demonstrated that
the acidity of the TFA-functionalized materials can be
simply controlled by varying the amount of the TFA mole-
cules on the surface. The synthesis temperature of the sup-
port also played a critical role in directing the acidity of the
materials, as the hydrothermal process controls the surface
silanol groups. The catalytic activities of the different
amounts of TFA-functionalized KIT-5 support with different
pore diameters have also been investigated for the synthesis
of coumarin by means of the Pechmann reaction of ethyl
acetoacetate and resorcinol under solvent-free conditions.
The effects of various reaction parameters such as reaction
time, reaction temperatures, and amount of catalyst have
also been examined in detail. It has been observed that the
KIT-5-(100)-20TA catalyst showed superior performance in
the synthesis of coumarin with high conversion of resorcinol
and high product selectivity of 4-methyl-7-hydroxycoumarin
over zeolites and metal-substituted mesoporous catalytic
materials. As these superacid-supported materials exhibit
very high acidity with a well-ordered porous structure, the
materials could be used for various other acid-catalyzed
transformations that require high acidity.

Experimental Section

Materials : The triblock copolymer (Pluronic F127 (EO97 PO69 EO97),
Mr =12500) was obtained from Sigma Co. and used as the structure-di-
recting agent. Tetraethylorthosilicate (TEOS) was purchased from Al-
drich and used as a source for silicon. TFA was purchased from Aldrich.
Resorcinol (99 %) and ethyl acetoacetate (99 %) were obtained from
Wako Chemicals and used as received without further purification.

Syntheses of KIT-5 catalyst with various pore diameters : The mesoporous
KIT-5 support with different pore diameters was synthesized using Plur-
onic F127 as the template in an acidic medium at different synthesis tem-
peratures. In a typical synthesis, F127 (2.5 g), distilled water (120 g), and
concentrated hydrochloric acid (5.25 g, 35 wt % HCl) were mixed togeth-
er and stirred for a few hours to attain a homogenous solution. TEOS
(12 g) was quickly added to this mixture under stirring at 45 8C. The mix-
ture was stirred at 45 8C for 24 h for the formation of the mesostructured
product. Subsequently, the reaction mixture was heated for 24 h at 100 8C
under static conditions for hydrothermal treatment, filtered, and then
dried at 100 8C without washing. Another set of samples was prepared ac-
cording to the above procedure except by variation of the synthesis tem-
perature from 100 to 150 8C. The samples were calcined in air at 550 8C
and labeled KIT-5(T); T denotes the synthesis temperature. The follow-
ing molar gel composition was used: TEOS/F127/HCl/H2O
1:0.0035:0.88:119.

Functionalization of TFA over KIT-5 with different pore diameters : The
mesoporous KIT-5(T) was functionalized with TFA by the postsynthetic
method. The reaction pathway is shown in Scheme 2. In a typical synthe-
sis, TFA (0.03 mol) was added to a mixture of toluene and KIT-5 under a
nitrogen atmosphere and heated to reflux at 90 8C for 2 h. Subsequently,
the mixture was cooled, filtered, washed with acetone, and dried at
100 8C for 6 h. The unreacted TFA was removed by soxhlet extraction by
using a mixture of dichloromethane (100 g) and diethyl ether (100 g) per
gram of the catalyst for 24 h. Then the solid product was dried at 100 8C

for 10 h. A first set of samples was prepared by varying the amount of
TFA from 5 to 20 wt % over KIT-5 ACHTUNGTRENNUNG(100) and were denoted as KIT-5-ACHTUNGTRENNUNG(100)-xTA; x denotes the weight percentage of TFA. A second series of
the samples was prepared by using a fixed wt % of TFA of 20 while vary-
ing the pore diameter of the mesoporous KIT-5 support. These samples
are denoted KIT-5(T)-20TA; T denotes the synthesis temperature of the
mesoporous support.

Characterization of the catalysts : The powder X-ray diffraction patterns
of KIT-5 and TFA-functionalized KIT-5 supports were collected using a
Rigaku diffractometer with CuKa (l =0.154 nm) radiation. The diffracto-
grams were recorded in the 2q range of 0.7–108 with a 2q step size of
0.018 and a step time of 6 s. Nitrogen-adsorption and -desorption iso-
therms were measured at �196 8C using a Quantachrome Autosorb 1
sorption analyzer. The samples were outgassed for 6 h at 150 8C under
vacuum in the degas port of the adsorption analyzer. The specific surface
area was obtained from the adsorption branch of the isotherm in the rel-
ative pressure range of 0.05–0.18 by using the BET equation. The posi-
tion of the maximum on pore-size distribution is referred to as the pore
diameter, which was calculated from the adsorption branch of the nitro-
gen isotherms using the Barrett–Joyner–Halenda (BJH) method. The di-
ameter of the cages in KIT-5 materials was calculated using Equation (1),
which was recently proposed by Ravikovitch et al. :[53]

Dme ¼ að6 eme=pnÞ1=3 ð1Þ

in which Dme is the diameter of the cavity of a cubic unit cell of length a,
eme is the volume fraction of a regular cavity, and n is the number of cavi-
ties present in the unit cell (for the Fm3m space group, n= 4). The aver-
age wall thickness of the materials (h) was calculated using Equation (2),
which was derived from the mesoporosity and Dme:

h ¼ ½ðDme=3Þð1�emeÞ�=eme ð2Þ

The FTIR spectra of TFA-functionalized KIT-5 materials were recorded
in the range of 400–4000 cm�1 with a resolution of 4 cm�1 using a Thermo
Nicolet instrument (model Nexus 870) and a KBr pellet was taken as ref-
erence. The temperature-programmed desorption of ammonia (NH3

TPD) was carried out using a Micromeritics Autochem 2910 instrument.
A fresh sample (approximately 30 mg) was placed in a U-shaped, flow-
through, quartz microreactor and then inserted into the analysis port of
the instrument. The sample cell was then covered with a computer-con-
trolled high-temperature furnace. Prior to each analysis, the catalyst was
activated at 300 8C for 6 h under He flow (20 mL min�1) and then cooled
to 100 8C before being exposed to ammonia for about 1 h. The sample
was flushed again with He until the baseline was reached in the thermal
conductivity detector (TCD) attached to the instrument to remove any
physisorbed ammonia. The desorption profile was recorded by increasing
the temperature of the sample from 100 to 300 8C at a heating rate of
5 8C per min.

Catalytic reactions : Coumarin was synthesized by the Pechmann reaction
of resorcinol and ethyl acetoacetate under liquid-phase and solvent-free
conditions (Scheme 1) using TFA-functionalized KIT-5 catalysts. The re-
action was carried out in a 50 mL two-necked round-bottomed flask
equipped with a condenser and an additional port to withdraw samples at
regular intervals under continuous stirring. The temperature of the above
assembly was maintained by placing it in an oil bath equipped with a
thermostat. In a typical reaction, the catalyst (0.10 g), resorcinol (1.1 g,
10 mmol), and ethyl acetoacetate (1.3 g 10 mmol) were mixed and heated
at 100 8C for several hours. The samples were collected at regular inter-
vals and analyzed periodically by using a Shimadzu gas chromatograph

Scheme 2. Synthesis of TFA-modified KIT-5 mesoporous materials.
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GC-2010 with a TCD detector and a DB-5 capillary column. The prod-
ucts were confirmed by GC–MS analysis. To optimize the reaction condi-
tions, the reactions were carried out using a different amount of TFA
loading on the support, weight of the catalyst, reaction temperature, and
reaction time. The products were also analyzed by GC. The product was
identified by 1H and 13C NMR spectroscopic techniques. Product 7-hy-
droxy 4-methyl coumarin: m.p. 186–189 8C (petroleum ether/ethyl acetate
2:1); 1H NMR (200 MHz, CDCl3 +4 drops of [D6]DMSO): d=9.68 (s,
1H), 7.29–7.33 (m, 1H), 6.68–6.72 (m, 2 H), 5.92–5.95 (m, 1 H), 2.27 ppm
(s, 3 H); 13C NMR (100 MHz, CDCl3) d= 161.20, 161.12, 154.97, 153.04,
125.70, 112.99, 110.43, 102.6, 18.38 ppm.

Recyclability of the catalysts : To check the recyclability of the catalyst
KIT-5 ACHTUNGTRENNUNG(100)-20TA in the above-mentioned reaction, the catalyst was sepa-
rated by filtration from the hot reaction mixture. The catalyst was
washed three times with 1,2-dichloromethane and dried in the oven at
100 8C for 12 h. In the recycling reactions, the weight ratios of the catalyst
and reactants were kept constant.
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