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Quantitative determination of acidic surface sites is highly important for the characterization of solid acids
because the activity of a catalyst is often related to the concentration of these sites. A recently developed
method using >N Nuclear Magnetic Resonance spectroscopy (NMR) for the quantification of acidic Lewis
and Brensted sites has been tested for a series of nanoscopic aluminum hydroxide fluorides. Comparison
with other methods for the quantitative determination of acidic sites shows that this >N NMR quantification
method is a promising technique for the comprehensive investigation of acidic sites. Three different acidic
sites, one Bronsted and two Lewis sites, can be distinguished by their >N chemical shifts of pyridine and
simultaneously quantified under conditions corresponding to catalytic reaction conditions.
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1. Introduction

Solid acids are a widely used class of catalysts for petrochemical
processes. Related to the concepts of green chemistry of
avoiding waste and toxic by-products, solid acidic catalysts
become increasingly important for the production of fine,
specialty and pharmaceutical chemicals.'”® The catalytic activity
of these catalysts is related to acidic Lewis (LS) and/or Brensted
(BS) sites on their surfaces, and the Turnover Frequency (TOF)
of a reaction can often be related to the concentration of these
acidic sites. Therefore, the quantitative determination of acidic
sites and the ratio between different Lewis and Brensted sites
are highly important for the characterization of solid acids.
The most common method to determine concentrations of
acidic sites is Temperature Programmed Desorption (TPD) of a
basic probe molecule, mostly ammonia.*® There are many
reasons why TPD is often used: quantification results are
reproducible, the implementation of the experiment is simple,
and acidic sites of different acid strength can be distinguished.
In principle, also the acid strength of acidic sites can be
determined by TPD. However, it is often not clear how ammonia
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one of the Lewis sites become blocked during the reaction of citronellal.

is adsorbed at a surface, and different kinds of adsorption sites
(Lewis and Brensted sites) can be hardly distinguished. Juskelis
et al.” showed that ammonia even adsorbs on calcium oxide, a
solid base, probably due to weak Lewis acidic calcium sites.
Furthermore, it has been reported*® that the heat of desorption
and thereby the determination of the acid strength is not
straightforward as the desorption temperature depends on the
ratio of sample weight and flow rate of the carrier gas. Gorte
et al.*>® proposed the application of alkyl amines as probe
molecules in contrast to ammonia. Alkyl amines, which are
protonated by Brensted sites, decompose by Hofmann elimi-
nation into ammonia and an olefin. Due to the decomposition
of the alkyl amine, Bronsted sites can be easily distinguished
from Lewis sites and quantified.

However, the temperature treatment during TPD experi-
ments, which is necessary for desorption or the Hofmann
elimination, can be a serious disadvantage in the quantification
of acidic sites. In particular, for catalysts that are active at
moderate temperatures,®*> the temperature treatment can lead
to dehydroxylation and dehydration and, therefore, decompo-
sition or at least alteration of the catalyst.

In order to avoid the temperature treatment during the
quantification of acidic sites, other methods including titration
methods as catalyst poisoning**** and microcalorimetry,***® X-
ray photoelectron,'”*® Fourier Transformed Infrared (FTIR)">*
or Nuclear Magnetic Resonance (NMR)*** spectroscopy have
been used to determine numbers of Lewis and Bronsted acidic
sites in solids using different probe molecules.*® Especially
solid state NMR is a unique technique for the characterization

This journal is © The Royal Society of Chemistry 2014
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of solid acids and excellent reviews have been published from
Brunner and Pfeifer,* Jiang et al.*® and Zheng et al.**

Pyridine is an often used probe molecule in FTIR as well as in
solid state NMR spectroscopy because it can be used qualita-
tively to distinguish Lewis and Brgnsted sites and also quanti-
tatively to determine concentrations of acidic sites. While
qualitative results can be obtained easily with both methods,
quantitative investigations are often difficult. In FTIR spec-
troscopy the determination of molar extinction coefficient is
challenging,**** and in NMR studies mostly cross polarization
and titration of pyridine is applied.*-**

The use of cross polarization can lead to large errors since
the intensity of signals strongly depends on the efficiency of
cross polarization. We recently reported a time-optimized
technique, which uses "N single pulse spectra for the quanti-
fication of acidic sites with pyridine.>” The aim of the present
article is to show the advantages of this ">’N NMR technique in
comparison with other quantification methods such as FTIR
spectroscopy, Partially Catalyst Poisoning (PCP) and NH;-TPD.

The four quantification methods were tested for a series of
aluminum hydroxide fluoride catalysts. This series of uniform
catalysts was chosen to ensure that the acid strengths of the
acidic sites are about the same in each catalyst while the
concentration of acidic sites can differ between them. To use of
catalysts with acidic sites of about the same acid strengths is
important to ensure that the sites can be quantified with the
same sensitivity in all catalysts. Aluminum hydroxide fluorides
were synthesized according to the fluorolytic sol-gel synthesis*
and further assigned to AlF45, AlF57, AlF75 and AIF87 corre-
sponding to the concentration of the aqueous hydrofluoric acid
used in the synthesis. They show bi-acidic properties (Lewis and
Bronsted sites) and are catalytically active in the cyclization of
citronellal to isopulegol (Scheme 1) at low temperature.® This
reaction requires the presence of both, Lewis and Brensted
acidic sites on the surface.’” Aluminum hydroxide fluorides are
mesoporous materials, which exhibit high surface areas and
particle sizes in the nanoscale range."* Previous studies using
7Al und '°F NMR'*2 had shown that samples synthesized with
a stoichiometric amount of HF (F : Al = 3) consist of aluminum
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Scheme 1 Cyclization of (+)-citronellal to the four diastereocisomers
of isopulegol.
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atoms that are octahedrally coordinated by mostly fluorine with
a small amount of OH groups which are introduced due to the
presence of different amount of water in the HF. Thus, by
varying the water content of the HF employed in the synthesis
the F to OH ratio can be tuned, and consequently also the ratio
of Lewis to Brgnsted sites changes.

Concentrations of acidic sites obtained by the four quanti-
fication methods NH;-TPD, PCP, FTIR and NMR spectroscopy
were correlate with the catalytic activity of the catalyst samples
in the cyclization of citronellal to isopulegol. For this purpose,
TOFs were calculated.

2. Experimental

2.1. Preparation of the catalysts

Aluminum isopropoxide (7.3 g, 36 mmol) was dissolved in 150
ml dry tetrahydrofuran. Then, aqueous hydrofluoric acid (in
four different concentrations 45, 57, 75 and 87 wt%) was slowly
added in molar ratios Al: F = 1:3 whilst stirring at room
temperature. Concentration of the hydrofluoric acid was
checked by titration. The resulting sol was further stirred for 6 h
followed by the removal of the solvent, formed isopropanol and
water under reduced pressure. The final product was dried at
423 K under vacuum for 2 h. To avoid changes of the sample
and adsorption of water, it was transferred in Schlenk flasks
immediately into a glove box and stored there.

The samples are assigned as AIFC whereby C indicates the
wt% of the used hydrofluoric acid.

2.2. NH;-TPD experiments

For the temperature programmed desorption of ammonia
(NH3-TPD) the samples were pretreated at 573 K for 2 h. After-
wards, ammonia was adsorbed onto the surface of the samples
at 393 K. Ammonia desorption was monitored during TPD (10 K
min~" up to 573 K) by FTIR detection of the band at 930 cm ™"
(FTIR system 2000, Perkin-Elmer). The total amount of des-
orbed ammonia was determined by reaction with a diluted
solution of sulfuric acid and titration with sodium hydroxide.

2.3. BET experiments

Surface area measurements were performed on a Micromeretics
ASAP 2020 at 77 K by adsorption and desorption of nitrogen.
Before the measurement, the solids were degassed at 423 K and
5 x 10> mbar for twelve hours. Isotherms were processed by
the Brunauer-Emmett-Teller method (BET).

2.4. Catalyst testing and PCP experiments

For the carbonyl-ene-reaction of citronellal to isopulegol 20 mg
of catalyst was weighed in a centrifuge tube and pretreated at
423 K for 2 h in vacuum. Afterwards, freshly prepared educt
mixture (3.0 ml toluene, 0.3 ml (1.6 mmol) citronellal, 0.15 ml
undecane (internal standard)) was added. For the Partially
Catalysts Poisoning experiments (PCP) some pl of pyridine were
added, additionally. The reaction was performed for 6 h at 353 K
and 600 rpm in an Eppendorf Thermomixer comfort. The
resulting mixture was cooled down, the catalysts were separated

RSC Adv., 2014, 4, 56900-56909 | 56901
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with a syringe filter and the reaction mixture was analyzed by
gas chromatography. For further information see ref. 36. The
calculation of the concentrations of acidic sites is described in
the ESLt

2.5. FTIR experiments

For the FTIR experiments about 10-15 mg of sample was
pressed in a self-supporting disc in air. The disc was placed in a
quartz cell equipped with KBr windows. Before starting
adsorption and FTIR analysis the samples were heat treated at
423 K in vacuum for 2 h. After that samples were cooled to room
temperature. Addition of known increments of probe molecule
pyridine in the cell was possible via a calibrated volume con-
nected to the quartz cell. Pressure of the probe molecule was
controlled by a pressure gauge. FTIR spectra were taken at room
temperature on a Nicolet iS10 FTIR spectrometer of Thermo
Fisher Scientific Inc. Data analysis was performed with the
spectrometer software Omnic 8.1. Presented spectra are differ-
ence spectra, i.e., the spectrum recorded before adsorption of
pyridine was subtracted from spectra taken with pyridine
adsorption.

2.6. NMR experiments

For the NMR measurements, 250 mg of the sample was
weighted in a Schlenk flask, pretreated at 423 K for 2 h in
vacuum followed by adsorption of "’N-pyridine by exposing the
sample to gas-phase saturated with '>N-pyridine (*°N enrich-
ment 98%) for 1 h. After that, the sample was evacuated for 1 h
at room temperature. Rotors for magic angle sample spinning
(MAS) NMR experiments were carefully filled in the glove box to
avoid adsorption of water. The rotors were filled with a mixture
of 200 mg of sample and 40 mg of NH,CI (*°N enrichment 7%)
as internal standard for the quantitative measurements.

Solid-state NMR experiments were performed on a Bruker
Avance 600 spectrometer (14.1 T). All experiments were carried
out at room temperature using a 7 mm magic angle sample-
spinning (MAS) probe for solid-state NMR experiments.
Proton decoupling was carried out with a 15° two pulse phase
modulation (TPPM) sequence.’® Data analysis was performed
with the software TopSpin 2.1 (and 3.0). DmFit was used for line
fits.®

>N MAS NMR spectra were recorded using the EASY
method® for removing acoustic ringing at a Larmor frequency
of 60.8 MHz. The MAS frequency was 6 kHz. The >N 90° pulse
length was 6.2 ps. The repetition time was set to 70 s. N
chemical shifts () are reported relative to CH;NO, with NH,Cl
as the secondary standard (6 = —341 ppm).*

Finally, "H-">N CPMAS (cross-polarization with magic angle
sample spinning) experiments are needed for the determina-
tion of the T; correction factors of the time optimized >N MAS
NMR spectra using the Torchia method.** Details are described
elsewhere.”” The sample spinning frequency was 6 kHz and
spectra were recorded using a 'H 90° pulse length of 6.5 ps, a
contact time of 2 ms, and a repetition time of 3 s. The '°N spin
lock field was held constant while the 'H spin lock field was
ramped down to 50% of its initial value.
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3. Results and discussion

3.1. Catalytic performance in the cyclization of citronellal

The reaction of citronellal to isopulegol was used to test the
activity of the catalysts. Measured conversions of citronellal (1)
and selectivities to isopulegols (sum of 2, 3, 4 and 5, Scheme 1)
after 6 h reaction are shown in Table 1. The conversions of
citronellal increase from AlF45 to AlF75 and decrease again for
AlF87, whereas the selectivity to isopulegols is about 55-70%
and increases slightly from AIF45 to AIF87. Selectivity to the
desired diastereoisomer of isopulegol (2) was over 60% for all
samples.

For further understanding of the catalytic process, turnover
frequencies (TOF) were calculated for each catalyst, in partic-
ular, for sample AIF75 which shows the highest catalytic activity.
Fig. 1 shows the conversion of citronellal after various reaction
times; two different phases of reaction can be distinguished and
are further assigned to start phase and reaction under stable-
state conditions. In the beginning of the reaction catalysts are
highly active and show high TOFs. Their catalytic activities,
however, decrease during the reaction in this start phase. The
reason for the high activity in the beginning of the reaction
might be speculated is a fast reaction of citronellal at highly
active acidic sites forming isopulegol and/or other by-products
which in turn do not desorb, and thus block these sites. After
about one hour of reaction all highly active sites are blocked and
the activity of the catalyst is stable demonstrated by constant
TOFs respectively a constant slope of conversion of citronellal,
stable-state conditions are achieved. Remaining acidic sites are
truly catalytically active.

Thus the question arises, whether internal or external
diffusion of citronellal and its reaction products or reactions at
the acidic sites, as adsorption, reaction or desorption, are rate-
determining for the reaction. Yadav et al.** showed that internal
diffusion of citronellal and its reaction products is not rate-
determining even when large particles (37-150 um) with small
pores (<1.5 nm) were used. Hence, internal diffusion should
also not be an issue in case of the investigated nanoscopic
aluminum hydroxide fluorides.

External diffusion was investigated by detecting the conver-
sion of citronellal at different agitation rates for the two samples
AIF75 and AIF87 (see Fig. 1 in the ESIf). Conversions of citro-
nellal were detected after 3 h of reaction to ensure that the
reaction runs under stable reaction conditions. These investi-
gations show that conversions do not change if the agitation
rate is increased from 600 rpm to 750 rpm. This shows that
external diffusion is not rate-determining at an agitation rate of
600 rpm.

As internal and external diffusion can be ruled out as rate-
determining steps, the reaction rate must be determined by
processes in which acidic sites are involved.

If approximately all citronellal is consumed at a conversion
level above 90%, TOF becomes close to zero. At this high
conversion level of citronellal, reactions at acidic sites are
probably no longer rate-determining for the reaction but other
factors, e.g. the low concentration of citronellal or high

This journal is © The Royal Society of Chemistry 2014
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Table 1 Results of the catalytic test reactions, as conversions and selectivities after 6 h reaction as well as determined turnover frequencies
(TOFs) and BET surface areas for the aluminum hydroxide fluoride samples

Conversion of Selectivity to

Sample citronellal [%)] isopulegol [%)] TOF [mmol g ' h™] BET surface area [m* g~ ']
AlF45 15 56 1.5 £ 0.1 53
AlF57 51 66 3.8+ 0.6 174
AlF75 83 64 9.6 + 0.8 275
AIF87 71 72 6.7 £ 0.8 503

concentration of reaction products, which may also interact
with the acidic sites, become rate-determining.

For the samples AlF45, AIF57 and AIF87 TOFs can be simply
calculated from the conversion of citronellal at different reac-
tion times under stable-state conditions as shown in Fig. 1 and
linear fitting of these plots (further calculation of TOF is
described in the ESIf). For sample AlF75 only few data points
are available under stable-state conditions. Therefore, AlF75
was pretreated with the reaction mixture. After filtering off the
initial reaction mixture, fresh reaction mixture was added and
catalytic testing was started. Due to this pretreatment the first
reaction phase could be avoided and stable activity is obtained
for the TOF calculation. Determined TOFs are listed in Table 1;
they increase from sample AlF45 to AIF75 and decrease for
sample AIF87.
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3.2. Bulk characterization: XRD and BET surface area
measurements

X-ray diffraction (XRD) and nitrogen sorption measurements
are common methods for the characterization of solid samples.
Typical for the fluorolytic sol-gel process, the synthesis of
aluminum hydroxide fluorides leads to highly disordered,
nanoscaled, X-ray amorphous compounds.'** The results of the
BET measurements are shown in Table 1. The surface areas
increase from AlF45 to AIF87.

3.3. Quantification of acidic sites

3.3.1. NH3-TPD. NH;-TPD is the method most often used
for quantification of acidic sites on solid catalysts. Results of the
NH;-TPD measurements for aluminum hydroxide fluorides are
shown in Fig. 2. Note that the samples were calcined for TPD
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Fig.1 Conversion of citronellal at various reaction times for the four aluminum hydroxide fluoride samples and for AlF75 after pretreatment with

a solution of citronellal, AIF75Cat (dots).
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Fig. 2 Concentrations of acidic sites determined by the three
methods NHz-TPD, PCP-pyridine and >N NMR pyridine. Errors shown
correspond to standard deviation (STD) of several measurements
(NHs-TPD), 1.5 STD of several simulations (**N NMR pyridine) or are
calculated from linear regression (PCP-pyridine).

measurements at 573 K before ammonia adsorption, which
subsequently causes dehydration of the samples."** It can be
seen that the numbers of acidic sites increase from AlF45 to
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AlF87 and do not show the trend seen for TOFs, especially for
sample AIF87.

3.3.2. Partially catalyst poisoning (PCP). Additionally to the
normal catalytic testing, PCP was used as a tool to determine
concentrations of acidic sites of the aluminum hydroxide fluo-
rides. For that purpose the test reaction was repeated after
known amounts of pyridine were added to the samples. Trends
in conversion and selectivity are shown in Fig. 3 as function of
the amount of added pyridine. These plots of conversion and
selectivity show an initial phase in which the conversion and
selectivity highly drop with the added amount of pyridine. At
high concentration of pyridine the dependence of the conver-
sion and selectivity become less sensitive to pyridine. These
horizontal portions of the curves have been considered as the
base activity of the catalyst after covering all active acidic sites
with pyridine.**

Base activity lies in the range of 7-16% conversion of citro-
nellal and 10-35% selectivity to isopulegol and is caused by the
fact that an equilibrium is established wherein pyridine mole-
cules bound to weak acidic sites can be replaced by citronellal.*
Hence, with a certain probability, citronellal can displace pyri-
dine from an acidic surface site and react to isopulegol or other
by-products. The initial phase in which the conversion and
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Fig. 3 Conversion of citronellal and selectivity to isopulegols versus the added amount of pyridine for the four aluminum hydroxide fluoride

samples.
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selectivity drop with the added amount of pyridine and the base
activity are observed for all samples. After linear fitting of these
phases, concentration of acidic sites is calculated at the inter-
section. The determined concentrations of acidic sites, shown
in Fig. 2, show the same trend in the series of catalysts as
concentrations of acidic sites determined by NH;-TPD. For two
of the samples (AlF45 and AlF87) concentrations of acidic sites
determined by PCP are lower as those determined by NH,-TPD.
Probably, the reason for that is that NH; is smaller compared to
pyridine and can enter into smaller pores.

3.3.3. FTIR spectroscopy. Both methods TPD and PCP are
only able to determine the total concentration of acidic sites
and cannot distinguish between acidic Lewis and Brensted
sites. With FTIR spectroscopy it can be shown easily that both
kinds of acidic sites exist in these samples by using pyridine as
probe molecule. Spectra of all samples (Fig. 4) exhibit the typical
signals for pyridine molecules protonated at Brgnsted sites BS
(1645, 1545 and 1493 cm™ ") and the signals for pyridine coor-
dinated at Lewis sites LS (1622, 1580, 1493 and 1453
cm™1).122°22 Additionally, quantitative investigations by FTIR
spectroscopy were performed by stepwise adsorption of pyri-
dine and plotting the intensities of the specific bands for BS
(1545 ecm ™) and LS (1453 cm ™ ') against the adsorbed amount
of pyridine. These investigations show in all samples an
adsorption behavior (see Fig. 3 in the ESIT as example) different
from that usually described for such quantitative FTIR
measurements in literature.***’

Spectra of the aluminum hydroxide fluorides before pyridine
adsorption show broad signals between 1800 and 1350 cm ™"
assigned to hydroxyl groups which form hydrogen bond with
surrounding fluorides.*>** We assume that disturbances of
these broad signals occur upon the interaction of pyridine with
hydroxyl groups at the surface (see FTIR spectra before and after
pyridine adsorption Fig. 4 in the ESIt). These disturbances can
lead to negative signals in the difference spectra and, therefore,
to the unexpected adsorption behavior. Hence, precise deter-
mination of molar extinction coefficients was impossible for

1453 cm’!

1600 1550 1500 1450 1400

Wavenumber [em™]

1700 1650

Fig. 4 FTIR spectra of the aluminum hydroxide fluoride samples after
stepwise pyridine adsorption and desorption of excess pyridine. The
spectra of AlF45 and ALF57 are magnified by a factor of five.
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these samples. Using molar extinction coefficients from the
literature is not recommended because, as Selli and Forni*® have
shown, a large spread of molar extinction coefficients can be
found. Thus, quantitative determination of acidic sites was not
possible by FTIR spectroscopy due to the lack of molar extinc-
tion coefficients.

3.3.4. NMR spectroscopy. >N MAS NMR spectroscopy is an
alternative method to discriminate between LS and BS using
pyridine as probe molecule. N spectra (Fig. 5) of the
aluminum hydroxide fluorides after **N-pyridine adsorption
exhibit two isotropic pyridine signals at —120 and —180 ppm.
The third signal at —341 ppm can be assigned to ammonium
chloride (NH,C1)** which has been added as an internal stan-
dard for quantitative measurements. The resonances at —120
and —180 ppm can be assigned to LS and BS, respectively.***”
The positions of the signals are the same for all samples in NMR
and FTIR spectra suggesting that the acidic sites are almost of
the same strength in all samples.

Usually, quantitative determination of these NMR signals
would be performed by >N qNMR spectra recorded after a
single 90° pulse ensuring that the repetition delay of the
experiment is at least five times the longest spin-lattice relax-
ation time T; of these resonances. However, even using '°N
labeled pyridine molecules T; measurements based on satura-
tion or inversion recovery techniques are very time-consuming.
Hence, a time saving method for determination of concentra-
tions of acidic sites that has been recently reported was
applied.”” This method includes the determination of T; values
of each resonance by a method introduced by Torchia.** The
Torchia method uses cross-polarization for signal enhancement
and spectra after different waiting delays to determine T,
values. The insert in Fig. 5 shows the Torchia spectra of sample
AlF87. As can be seen, the resonance at —120 ppm consists of
two lines! This is found for all four samples. The two signals
represent pyridine molecules at two different Lewis acidic sites,
which differ in their >N chemical shift (i.e. the acid strength of

-341 ppm
NH,CI

-105 -110 -115 -120 -125 -130 135 \
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T T T T
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8 ("N) ppm

T
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Fig. 5 N NMR spectra of the four aluminum hydroxide fluoride
samples loaded with *N-pyridine. The insert shows the Torchia
spectra of AlF87 at different waiting times. The rotational side band of
the Bronsted (+) and Lewis sites (*) are denoted.

RSC Adv., 2014, 4, 56900-56909 | 56905


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4ra09477h

Open Access Article. Published on 03 November 2014. Downloaded on 12/5/2025 5:27:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the Lewis site) and - most importantly - in their >N T; values.
These two sites are further assigned to LSI(—118 ppm) and LS II
(at —125 ppm). Even by careful examination of the FTIR spectra
(see Fig. 3 of the stepwise pyridine adsorption in the ESIT) these
two Lewis sites cannot be distinguished by FTIR spectroscopy.

The concentration of each acidic sites can be calculated by
comparison of the signal area of each line to the internal
standard NH,CI (for the calculation see ESIt). The concentra-
tions of all acidic sites are plotted in Fig. 6. The sum of these
individual concentrations of acidic site determined by >N NMR
compares well to the total concentration of acidic sites deter-
mined by PCP and NH;-TPD, as shown in Fig. 2.

3.4. Comparison of the quantification methods

As has been concluded in Chapter 3.1. the determined TOFs
depend on reaction steps where acidic sites are involved. Thus,
TOFs are influenced by the concentration of acidic surface sites.
This means that a higher concentration of available acidic sites
at which a reactant can adsorb and react will result in higher
TOF numbers.

Fig. 2 shows a comparison of concentration of all acidic sites
for the four samples determined by NH;-TPD, PCP and "°N
NMR with pyridine as probe molecule. Surprisingly, the
concentration of acidic sites determined by NH;-TPD is equal or
even smaller for two of the samples (AlF57 and AlF75) than the
concentrations determined by PCP and >N NMR using pyri-
dine. Commonly a larger quantity of acidic sites is expected
using ammonia as probe molecule compared to pyridine,
because ammonia is smaller and can enter into smaller pores.
There are two reasons why less acidic sites were detected with
NH,-TPD. To avoid changes in the samples during the ammonia
desorption, the samples were calcined at 573 K before ammonia
was adsorbed for the TPD measurements. This already causes
dehydroxylation/dehydration of the samples and thus loss of
acidic sites or conversion from Brensted into Lewis sites is
expected."** This is evidenced by the poor catalytic activity of
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Fig. 6 Concentration of acidic sites of the aluminum hydroxide
fluoride samples according to >N NMR investigations and comparison
of these concentrations with the turnover frequencies (TOFs) of
citronellal in the catalytic test reactions. Errors were determined by
several simulations of the NMR spectra.
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the samples after calcination at 573 K (Table 2 in the ESIY).
Second, samples were heated up to 573 K for ammonia
desorption only. Therefore, it is possible that strong acidic sites
were not detected with TPD because ammonia may still remain
at strong acidic sites at 573 K."> Probably due to these reasons
smaller concentrations of acidic sites are measured by NH;-TPD
than are actually present in the samples. Hence, NH;-TPD
shows the lowest error in the quantification of acidic sites of
about 10%, but is most doubtful for this kind of samples.

Additionally, pyridine as a larger molecule is better compa-
rable with citronellal and isopulegol and therefore a more
suitable probe molecule than ammonia for the catalyzed reac-
tions. In comparison to PCP, quantification of acidic sites by
N NMR with pyridine has two advantages. On the one hand,
various acidic sites, Brgnsted and even different Lewis sites, can
be distinguished and quantified. On the other hand, the error of
the quantification is smaller with ">’N NMR spectroscopy being
about 25% compared to PCP with up to 110%. The reason for
the large error in PCP measurements is probably the complex
reaction of citronellal to isopulegol. Determined conversions
and selectivities for the reaction of citronellal show a certain
error which leads to errors in the PCP measurements.
Furthermore, concentration of acidic sites determined by PCP is
smaller for each sample than concentration determined by °N
NMR. The reaction of citronellal to isopulegol requires Lewis
and Brgnsted sites,*” therefore, it may be that the base activity of
a catalyst is reached in the PCP measurement before all acidic
sites are saturated with pyridine.

3.5.
TOF

Comparison of the concentrations of acidic sites with

Previous studies by Fuentes et al.*” and Chuah et al.*” concluded
that the amount of accessible Brgnsted sites*” and the presence
of both Lewis and Brgnsted sites®” are essential for the catalytic
activity of a catalyst in the reaction of citronellal to isopulegol.

Hence, individual concentrations of acidic sites of the
aluminum hydroxide fluoride samples were compared with the
calculated TOFs (see Chapter 3.1.). The comparison reveals that
TOFs and the concentration of Brensted acid sites show the
same trend (Fig. 6). This is in agreement with the findings of
Fuentes et al.”” that the concentration of accessible BS deter-
mines the reaction rate of the conversion of citronellal, prob-
ably as long as a sufficient amount of LS is present in the
sample. Usually, TOFs are normalized by the catalyst's surface
area or catalytic site concentration. However, this normalization
does not consider any distribution of e.g. strength and/or
topology of surface sites involved in a reaction. Thus, one
always should be aware that TOF normalization carries a certain
uncertainty. Especially, for a reaction that requires multiple
acidic sites, as the reaction of citronellal to isopulegol for which
Chuah et al.*” have shown that LS and BS are crucial.

TOFs normalized by the concentration of Brensted sites are
mostly the same for all samples. This indicates that the
concentration of Brensted sites is crucial for the reaction and all
Bronsted sites are of the same acid strength in the samples.
Only the TOF normalized by the Brgnsted sites of sample AlF45
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is higher than the other TOFs, probably due to the fact that this
sample shows only small conversion in the range of the base
activity of the catalyst (see Chapter 3.3.2.). Interestingly, TOFs
normalized by the concentration of all acidic sites (determined
by NH;-TPD, PCP and >N NMR) are also of about the same
dimension for the four samples. This is due to the fact that
nearly half of all acidic sites in the samples are Bronsted sites.
All normalized TOFs are listed in ESI Table 1.7

3.6. >N NMR experiments after various pretreatments of the
catalyst

Bailey et al.*® showed by calculating the structure and corre-
sponding energies of several a-AlF; surfaces that surfaces,
which exhibit strong Lewis acid sites, can be converted to less
acidic surfaces. Indeed, investigation by '>N NMR of an AIF75
sample, which was stored for one year in a glovebox, shows a
change in the concentrations of acidic sites compared to a
freshly prepared AIF75 sample. Note that the stored sample
shows a catalytic performance (conversion of citronellal and
selectivity to isopulegol) which is comparable with a freshly
prepared sample. Table 2 lists the concentration of acidic sites
of the freshly prepared AlF75 sample and that stored for one
year in a glovebox AlF75 Gb. While the concentration of Lewis
sites LS I and that of Brgnsted sites remain the same, the
concentration of the second kind of Lewis sites LS II is reduced
by half in sample AIF75 Gb. Probably these Lewis sites are lost
due to rearrangements of the catalyst's surface over time.
Additionally, Table 2 lists the concentration of acidic sites of
another sample AlF75Cat. This sample was prepared to inves-
tigate which acidic sites become blocked in the start phase of
the catalytic reaction (see Chapter 3.1.). For that purpose,
sample AIF75Gb was treated with a solution of citronellal at 353
K for two hours. After this pretreatment the solution was filtered
off and the sample was dried at 353 K in vacuum for 2 h. After
adsorption of labeled '>N-pyridine, AlF75Cat was investigated
by >N NMR. This investigation shows two interesting changes
in the sample. While the chemical shift of all sites remain the
same, the spin-lattice relaxation T; of the pyridine molecules at
LS II changes from about 70 s to 30 s. This is indicative for a
change in the environment around these sites. Furthermore,
comparison of quantitative results of AlF75Cat with AIF75 Gb
shows that the concentrations of all three acidic sites decrease
by about half after the treatment with citronellal. There are two
reasons for the drop in concentration of acidic sites per gram
catalyst. Most importantly some acidic sites are blocked in the
reaction of citronellal and are, therefore, no longer accessible
for pyridine. Furthermore, molecules which do not desorb from

Table 2 Concentration of acidic sites of sample AlF75, AlIF75 Gb and
AlIF75Cat after treatment with citronellal. Errors were determined by
several simulations of the spectra

Sample LS I[umol g~ ] LS II [umol g '] BS [umol g~ ']
AlF75 165 £+ 59 302 £ 75 473 £ 50
AlF75 Gb 170 + 40 125 £ 30 463 + 35
AlF75Cat 94 £+ 25 65 + 15 211 + 18
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the catalyst at 353 K increase the weight of the catalyst, and
thereby, decrease the concentration of acidic sites per gram.
Due to the fact that all acidic sites become blocked equally, it is
not possible to decide which kind or combination of acidic site
is responsible for the high activity of the catalysts at the
beginning of the reaction of citronellal.

However, there are two findings which indicate that Lewis
sites LS II have only minor influence and probably become
blocked during the catalytic reaction. The first observation is
that a decrease in the concentration of Lewis sites LS II
(compare sample AlF75 and AIF75Gb) does not influence the
catalytic performance of the sample, and secondly, the
pretreatment with citronellal effects most significantly these
sites, the spin-lattice relaxation time T; of pyridine molecules
adsorbed at these sites is reduced after the pretreatment.

4. Conclusions

The present study shows that ">’N NMR spectroscopy is a suit-
able method to determine concentrations of acidic sites on
solid surfaces. Three different acidic sites, assigned as two
Lewis and one Bronsted site, can be distinguished and quan-
tified in the series of investigated aluminum hydroxide fluo-
rides by >N NMR spectroscopy. In total, four different methods
were tested and compared for the quantification of acidic
surface sites on this series of catalysts. Three methods, PCP and
>N NMR spectroscopy with pyridine as probe molecule as well
as TPD with ammonia as probe molecule, determine concen-
trations of acidic sites in the same order of magnitude and show
the same trend in the investigated series of catalysts (Fig. 2). In
contrast to TPD, these concentrations of acidic sites can be
determined with PCP and >N NMR at conditions comparable to
those used for catalysis. Therefore, PCP and >N NMR are more
reliable because changes of the catalyst, due to the temperature
treatment in TPD measurements, can be avoided. Comparing
these two methods, ">’N NMR is more suitable for the quantifi-
cation because the error is smaller than with PCP, and impor-
tantly enough, various acidic sites can be distinguished.
Quantitative determination of acidic sites by FTIR spectroscopy,
which is also a suitable method to distinguish Lewis and
Brensted sites, was not possible because molar extinction
coefficients could not be determined.

The reaction of citronellal to isopulegol was used to test the
catalytic activity of the four investigated catalyst samples. The
reaction shows two activity phases with different TOFs: a start
phase with high TOF that decreases during the reaction prob-
ably because some acidic sites become blocked. After about one
hour of reaction a second phase is reached with stable reaction
conditions and constant TOF.

Comparison of TOFs with concentrations of acidic sites
shows that the concentration of Brensted sites, determined by
>N NMR, and TOF correlate well to each other exhibiting the
same trend in the investigated series of catalysts. Hence,
the concentration of acidic Brensted sites seems to be a
crucial factor for the reaction of citronellal to isopulegol in this
series of catalyst.
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Two different Lewis sites can be distinguished by '>N NMR in
the samples. Our investigations of the samples after various
pretreatments show that one of these two kinds of Lewis sites
probably becomes blocked during the start phase of the reac-
tion of citronellal to isopulegol and, therefore, has a minor
impact on the reaction of citronellal.
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