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Abstract

The acid strength of solid acid materials can be assessed using the linear free energy relationship, applying the Hammett–Brown equa-
tion (log kX/kH = ρσ+) for the H/D exchange with substituted benzenes. The magnitude of the ρ varies for different solid acid materials
(Amberlyst-15, zeolite HUSY, K-10 montmorillonite, and niobic acid) and is associated with the degree of proton transfer in the transition state.
The results were compared with the ρ values obtained for H/D exchange with sulfuric acid solutions, indicating that neither solid acid is stronger
than 98% sulfuric acid solution. Calculations also revealed that H/D exchange is mostly concerted, with little degree of charge development in the
aromatic ring in the transition state.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

There is a broad spectrum of reported acid strength for solid
acids like zeolites, mixed oxides, and clays, each one depend-
ing on the method used [1–3]. The presence of metals, cations,
and confinement effects makes the quantitative description of
proton transfer on solid acids a difficult task. For zeolites, the
situation is even more complex. Although the crystalline struc-
ture and presence of extra-framework alumina (EFAL) have
a significant influence on catalytic properties [4], studies have
shown that the acid strength is similar regardless of the zeolite
structure [5] and the presence of EFAL species [6], suggest-
ing that other effects may play a role in governing the catalytic
activity. In this study, we show that the linear free energy rela-
tionship (LFER) for the H/D exchange of substituted benzenes
can be used to help evaluate the acid strength of solid acid ma-
terials and correlate this value with the acidity of sulfuric acid
solutions.

The LFER is used to quantify the electronic effects of a sub-
stituent in a particular reaction [7]. Hammett used the ionization
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constant of substituted benzoic acids in water [8] to assess the σ

parameter for each substituent. The main idea is that the ioniza-
tion constant for the substituted benzoic acid, and consequently
the Gibbs free energy variation, is affected by the electronic
factors of the substituent and treated as a perturbation of the
Gibbs free energy of the benzoic acid. Hence, a LFER was cre-
ated. For hydrogen, σ is 0 by definition. Electron-withdrawing
substituents, such as nitro and cyano, have positive σ values
(increasing the ionization constant relative to benzoic acid),
whereas electron-releasing substituents, such as methyl and
methoxy, have negative σ parameters (decreasing the ioniza-
tion constant relative to benzoic acid). The σ parameters were
tabulated for substituents in para and meta positions, relative to
the reaction center, to avoid possible steric interference when
considering the ortho position. The σ parameter developed by
Hammett does not include resonance effects on the substituent;
therefore, Brown [9] introduced a new parameter (σ+), from
the solvolysis of the substituted cumyl chlorides in aqueous ace-
tone, to account for the resonance of positive charge in the ring
during the reaction.

The LFER can be applied to other reactions using the Ham-
mett equation (log kX/kH = ρσ ) or the Hammett–Brown equa-
tion, with σ+ replacing the σ to account for resonance with
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the substituent. They can be useful for measuring the elec-
tronic effects on reaction rates or equilibrium. The slope (ρ)
of a plot of the logarithm of the relative rate (kX/kH) against
the σ or σ+ is associated with the electronic effects on the
reaction rate or equilibrium. A positive value means that the
electron-withdrawing substituent favors the reaction, whereas
a negative value means the opposite. The larger the electronic
effect, the greater the magnitude of the slope, which permits
comparison of different chemical systems. The ρ value repre-
sents the sensitivity of the reaction to electron withdrawal and
donation compared with benzoic acid ionization, which, by de-
finition, has a ρ of 1.0. Jaffé [10] reviewed the application of
LFER to several chemical systems and tabulated the respective
ρ values.

There have been few applications of LFER to heterogeneous
catalysis. Mochida and Yoneda [11–14] reported a series of
studies related to dealkylation, isomerization, and cracking of
hydrocarbons, correlating the rate with the enthalpy of hydride
abstraction. Franklin and Nicholson [15] have also reported cor-
relation of the activation energy for hydrocarbon cracking on
silica-alumina, with the ionization potential of the hydrocarbon.
Ramirez-Corredores et al. [16] correlated experimental reac-
tivity data for hydrodesulfurization with the calculated energy
parameters of different metal-sulfide catalysts. Finiels et al. [17]
reported an interesting survey of LFER studies, using the Ham-
mett equation, for metal, sulfide, and acid catalysts. They re-
ported a ρ of +0.4 for the hydrogenation of halonitrobenzenes
over conventional NiMo and CoMo catalysts, whereas a value
of +0.7 was found over Pt/Al2O3 catalyst, indicating a similar
mechanism on both catalysts. Moreau et al. [18] found similar-
ities between homogeneous and heterogeneous acid-catalyzed
hydrolysis of acetals. In solution, the observed ρ is −3.3,
whereas in K-10 montmorillonite and mordenite catalysts, these
values are −2.7 and −3.2, respectively.

The H/D exchange of solid acids with alkanes for study-
ing the mechanism of protonation and the formation of car-
bocations on solid surfaces has been reported in the literature
[19–24]. Baumgarten and Zachos [25] reported the H/D ex-
change of benzene with chlorinated alumina catalysts, showing
that the Bronsted acid sites are stronger in these catalysts than in
pure Al2O3, as observed by the lower activation energy. Gorte
et al. [26] reported that H/D exchange of DZSM-5 with toluene
occurs exclusively at the ortho and para positions, similar to
what occurs in solution. Haw et al. [27] reported an experi-
mental and theoretical H/D exchange of benzene with zeolite
catalysts and found activation energies of 14.4 kcal/mol for
ZSM-5 and 20.3 kcal/mol for USY zeolite. This latter result is
in good agreement with calculated activation energy using a T3
cluster model and DFT-level theory, which also indicated that
the transition state is highly symmetric, consistent with a con-
certed process.

Here we used the H/D exchange between substituted ben-
zenes and solid acid materials to assess the degree of proton
transfer, as pictured in Scheme 1. The basic hypothesis of this
work is that stronger acid materials will lead to a more polar
transition state with an increased degree of proton transfer to
the aromatic, being more affected by the electronic effects of
the substituent. This will be reflected in the magnitude of the
slope (ρ), which will be larger in modulus. In addition, we com-
pared the results with sulfuric acid solutions and n-butylamine
thermo-desorption.

2. Experimental

2.1. Materials

The Amberlyst-15 acid resin was obtained from Hoom and
Hass, whereas the K-10 montmorillonite was purchased from
Fluka. Niobic acid was supplied by CBMM (Brazilian Com-
pany of Metallurgy and Mining) and HUSY by Petrobras. Ta-
ble 1 gives characterization data and pretreatment temperatures.

The H/D exchange was examined using benzene, toluene,
anisole, bromobenzene, chlorobenzene, cyanobenzene, and ni-
trobenzene over each catalyst. All reactants were purchased
with more than 99% purity and subjected to additional stan-
dard purification methods [28]. The purity of each aromatic
Scheme 1. H/D exchange of substituted benzene, showing the transition state with charge development in the ring.

Table 1
Characterization of the catalysts and pre-treatment temperature

Catalyst Area (m2/g) Si/Al molar ratio Pre-treatment temperature (◦C)

Amberlyst-15 50 – 150
K-10 240 6.6 150
Niobic acid 187 – 350
HUSY 566 2.6a (4.5)b 500

a Chemical Si/Al ratio, measured by X-ray fluorescence.
b Framework Si/Al ratio, measured by infrared.
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was checked by gas chromatography coupled with mass spec-
trometry; all were 99.5–99.8% pure. Deuterated water (99.9%),
98% D2SO4, and n-butylamine were purchased from Aldrich
and used without purification.

2.2. n-Butylamine titration

The acid strength distribution of all catalysts except Amber-
lyst-15 (which does not have great thermal stability) was mea-
sured by n-butylamine thermo-desorption, using thermogravi-
metric experiments to monitor the weight loss. About 25 mg
of catalyst was initially pretreated in a straight glass reactor,
under flowing helium (40 mL/min), to the temperatures given
in Table 1. The temperature was subsequently set to 150 ◦C,
and the flow of helium (10 mL/min) was driven to a satura-
tor containing n-butylamine at room temperature. The flow of
n-butylamine over the catalyst was maintained for 10 min, and
the excess amine was desorbed by passing a flow of helium
(20 mL/min) over the catalyst bed for 20 min. The solid was
then carefully placed in the thermogravimetric equipment (Shi-
madzu TGA-51), and the TPD profile was obtained after the
weight loss, under flowing nitrogen gas.

2.3. H/D exchange measurement (flow conditions)

First, the catalyst (about 200 mg) was pretreated under a flow
(40 mL/min) of dry nitrogen gas. Then, the catalyst was deuter-
ated by directing the flow of nitrogen to a saturator contain-
ing deuterated water. The H/D exchange was carried out at
100 ◦C by injecting an equimolar mixture of benzene and a sub-
stituted benzene (anisole, toluene, bromobenzene, chloroben-
zene, cyanobenzene, or nitrobenzene) in the N2 flow (about
3 mmol of each aromatic hydrocarbon) and collecting the mix-
ture at the reactor outlet for analysis by gas chromatography
coupled to a quadrupole mass spectrometer operating in elec-
tron impact ionization (70 eV). The degree of deuteration, used
to assess the relative rates of H/D exchange, was determined
from the M + 1 peak after correction for the naturally abun-
dant 13C contribution, using the selective ion monitoring (SIM)
method.

2.4. H/D exchange measurement (batch conditions)

The following procedure was used to determine the rate of
the H/D exchange with D2SO4 solutions and for USY zeolite at
25 ◦C to obtain the LFER results. The 60 and 80% D2SO4 solu-
tions were prepared by carefully adding the respective amount
of D2O to the 98% D2SO4 solution at low temperature. The
exchange experiments were performed mixing the D2SO4 so-
lution with an equimolar mixture of the aromatics under vigor-
ous agitation. The kinetics of H/D exchange were measured by
withdrawing samples of the organic layer at specific times.

For the H/D exchange with USY at batch conditions and
25 ◦C, we initially pretreated and deuterated the catalyst as in
the flow condition experiments. The deuterated samples were
then transferred to a flask, and an equimolar mixture of the aro-
matics, dissolved in n-hexane, was introduced. The kinetics of
H/D exchange were measured by withdrawing samples of the
organic layer at specific times.

3. Results and discussion

Table 2 shows the results of acid strength distribution ob-
tained with n-butylamine thermo-desorption, and Fig. 1 shows
the plot for zeolite HUSY. We can see that HUSY is the
strongest solid acid material tested by this method, presenting
the highest distribution of strong acid sites (350–500 ◦C), as
well as the highest temperature of the associated weight loss
derivative, which gives an indication of the average strength
of the acid sites at 350–500 ◦C. Niobic acid, although present-
ing a lower distribution of acid sites at 350–500 ◦C, showed
a higher temperature of the associated weight loss derivative
compared with K-10 montmorillonite, indicating that although
there are a lower number of acid sites in the 350–500 ◦C range,
most of these sites are stronger than the sites in K-10 montmo-
rillonite clay catalyst.

Table 3 shows the results of H/D exchange with substituted
benzenes for all of the catalysts using σ and σ+ parameters. As
usual in this type of plot for electrophilic reactions, the slope
(ρ) is negative, indicating that electron-withdrawing groups de-
crease the rate compared with benzene. Amberlyst-15 shows
the highest magnitude of the ρ value among the solids tested,
and K-10 montmorillonite shows the lowest. The results indi-
cate that the transition state for H/D exchange with Amber-
lyst-15 is the most polar, with the highest degree of proton
transfer to the aromatic ring. The HUSY zeolite shows ρ val-
ues of −1.3 (σ ) and −1.1 (σ+), which are significantly higher
in magnitude than the values found for K-10 clay using the
same free energy parameter. These results show that the tran-
sition state for proton transfer is more polar on zeolite than on
amorphous oxide materials, with more protons transferred to
the hydrocarbon for delocalization of the positive charge. It is
worth mentioning that varying the flow rate of the carrier gas to
20 mL/min does not significantly change the ρ value (variation
Table 2
Acid strength distribution by n-butylamine thermo-desorption

Catalysts Weak acidity
(mmol g−1)
(150–350 ◦C)

Medium strong acidity
(mmol g−1)
(350–500 ◦C)

Total acidity
(mmol g−1)

Temperature of the
maximum weight loss
derivative (◦C)

HUSY 0.76 1.12 1.88 397
Niobic acid 0.22 0.1 0.32 370
K-10 0.3 0.2 0.5 352
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Fig. 1. Plot of n-butylamine thermo-desorption on HUSY, showing the weight loss derivative.
Table 3
Linear free energy relationship for the H/D exchange of substituted benzenes
with solid acids at 100 ◦C

Acid system ρ(σ) (r2) ρ(σ+) (r2)

Amberlyst-15a −1.7 0.983 −1.3 0.999
HUSY zeoliteb −1.3 0.975 −1.1 0.999
HUSY zeolitec −0.5 0.948 −0.3 0.995
Nb2O5

d −0.9 0.982 −0.7 0.998
K-10 montmorillonitee −0.6 0.974 −0.5 0.999
D2SO4 (98%)f −2.0 0.989 −1.5 0.980
D2SO4 (80%)f −1.0 0.987 −0.75 0.984
D2SO4 (60%)f −0.5 0.950 −0.38 0.965

a Pre-treated and deuterated at 150 ◦C.
b Pre-treated at 500 ◦C and deuterated at 200 ◦C.
c Pre-treated at 500 ◦C and deuterated at 200 ◦C. Adsorption of n-butylamine

at 150 ◦C, followed by heating to 350 ◦C prior to H/D exchange.
d Pre-treated at 350 ◦C and deuterated at 200 ◦C.
e Pre-treated and deuterated at 150 ◦C.
f Batch experiments at 25 ◦C. Solutions were prepared by diluting 98%

D2SO4 with D2O.

in the second decimal), indicating that results of deuteration
clearly reflect the kinetics rather than the adsorption/desorption
equilibrium of the hydrocarbons.

The LFER results in Table 3 are in agreement with the results
of n-butylamine thermo-desorption, showing that the ρ mod-
ulus expresses the average acid strength of the material. Ac-
cording to Gorte [1,29], alkylamine thermo-desorption is more
suitable than ammonia TPD for assessing the acid strength dis-
tribution of Bronsted solid acid materials, especially zeolites.
Taking the temperature of the associated weight loss derivative
as an indication of the average acid strength in the n-butylamine
thermo-desorption, we see that the acidity increases in the or-
der K-10 < niobic acid < HUSY. The order is the same if we
use the magnitude of the value of ρ, taken from the H/D ex-
change measurements, supporting the main idea that a stronger
acid site will have a more polar transition state with a higher
degree of proton transfer to the hydrocarbon. Unfortunately,
amine thermo-desorption cannot be applied to Amberlyst-15
because of its low thermal stability.

Broad-line 1H NMR at 4 K has been used to characterize the
acidity of many solid acid materials [30]. This method is based
on the interaction of water with the acid sites to form H3O+
ions. The acidity coefficient is defined as the number of hydro-
nium ions per Bronsted acid site when adsorbed water interacts
with all the Bronsted acid sites [31] and provides a measure
of the acid strength of the solid acid material. Sulfuric acid
and Nafion sulfonic acid resin have an acidity coefficient of 1
[32,33], indicating that each proton interacts with the water
molecule to form the hydronium ion. For zeolites and niobic
acid, the situation is different. The acidity coefficients range
from 0.2 to 0.4 for zeolite Y [33], depending on dealumination
and the presence of EFAL, whereas niobic acid has an acidity
coefficient of 0.2 [31,34]. Although there have been no studies
on the acidity of Amberlyst-15 with this technique, it is rea-
sonable to believe that the activity coefficient should be similar
to that found for Nafion and sulfuric acid, because of the lev-
eling effect of water for sulfonic-based acids [31]. The LFER
results of H/D exchange shown in Table 3 are in good agree-
ment with the reported results of acidity coefficients measured
by broad-line 1H NMR at 4 K for water adsorption, indicating
that LFER results of H/D exchange of substituted benzenes can
also be used to estimate the acid strength of solid acid materials.

To provide additional evidence of the relationship between
ρ and the acid strength of the solid, we first adsorbed n-
butylamine at 150 ◦C over deuterated USY zeolite and heated
the sample to 350 ◦C under flowing nitrogen (40 mL/min).
Then we carried out the H/D exchange at 100 ◦C. On base ad-
sorption and heat treatment, most of the acid sites (especially
the strongest ones) were neutralized and inactive for H/D ex-
change. The slope of the line was significantly lower, as shown
in Fig. 2 and Table 3. After n-butylamine neutralization, the ρ

values were −0.3 (σ+) and −0.5 (σ ), considerably lower in
magnitude than the −1.1 (σ+) and −1.3 (σ ) found for the zeo-
lite HUSY without neutralization. These results clearly show
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Fig. 2. Linear free energy plot for the H/D exchange with HUSY zeolite. (") No
base adsorption, ρ = −1.1 (r2 = 0.998); (2) adsorption of n-butylamine at
150 ◦C, followed by heating to 350 ◦C prior to H/D exchange, ρ = −0.3
(r2 = 0.999).

Fig. 3. Linear free energy plot for H/D exchange with D2SO4 98% at 25 ◦C
(ρ = −1.5 and R2 = 0.98).

that the magnitude of the ρ is in consonance with the acid
strength of the material. On neutralizing the strongest acid sites
of the zeolite catalyst, the H/D exchange occurred with a less-
polar transition state, indicating that the remaining acid sites
show a lower degree of proton transfer to the aromatic hydro-
carbon in the transition state.

We also carried out H/D exchange of substituted benzenes
with D2SO4 solutions to compare the acid strength of solid and
liquid acids. Table 3 gives the results for three different con-
centrations of D2SO4, and Fig. 3 gives the LFER plot for 98%
D2SO4, showing the relationship between the magnitude of ρ

and the acid concentration. The strongest solid acids tested—
Amberlyst-15 and HUSY zeolite—are weaker than 98% sulfu-
ric acid but stronger than 80% sulfuric acid solution. On the
other hand, K-10 montmorillonite and niobic acid have acid-
ity within 60–80% sulfuric acid solutions. To check the effect
of temperature, we carried out H/D exchange with USY zeo-
lite at 25 ◦C under batch conditions, using n-hexane as solvent.
The measured ρ(σ+) differed in the second decimal from the
value obtained at 100 ◦C under flow conditions. This result in-
dicates that temperature has little effect, as expected from the
values of ρ (near unit), indicating minor changes in activation
energy as a function of the substituent. Therefore, the ρ value
obtained for solid acids can be associated with a respective sul-
furic acid solution and, consequently, with the Hammett acid
function (Ho). For instance, the Ho of 98% sulfuric acid solu-
tion is −10.44, whereas those for the 80 and 60% solutions are
−7.34 and −4.46, respectively. Although neither of the solid
acids tested specifically matched these sulfuric acid concentra-
tions, it is possible to search for a concentration of D2SO4 with
a value of ρ closer to that found for the solid acid catalysts and
then correlate it with the respective Ho value.

The absolute values of ρ found for all of the solid materi-
als used in this study are low compared with other electrophilic
aromatic substitution reactions. For instance, a LFER study of
Friedel–Crafts acylation over zeolite catalyst showed a ρ of
−5.0 [17,35]. Chlorination of aromatic hydrocarbons exhibited
a ρ of −8.1 [9], indicative of a transition state with large de-
gree of charge transfer to the aromatic ring. The magnitude
of the ρ in these reactions reflects the electrophilic nature of
the attacking species and how they proceed to the transition
state. In acylation, the acyl cation is believed to be the attack-
ing species, whereas in chlorination, a positive chlorine species
is normally involved in the reaction mechanism. Both species
are highly electrophilic and induce an earlier transition state,
demanding electrons from the aromatic ring. This is reflected
in the highly negative ρ values found for these reactions. The
observed ρ for H/D exchange on solid acids is similar in mag-
nitude to the values found for carbene addition reactions [36],
which are moderate electrophilic intermediates thought to react
through a more concerted transition state with a lower degree
of charge separation. The range of ρ values observed for H/D
exchange with solid acids is also similar in magnitude to those
found in hydrogen abstraction of substituted toluenes by free
radical species. For instance, highly reactive species, such as
the bromine atom (Br·), has a ρ of −1.46 (correlation with σ+),
which is consistent with a transition state developing positive
charge in the aromatic ring [37]. However, the magnitude of ρ

varies as a function of the attacking radical species [38]. The
tert-butoxy radical has a ρ of −0.34, whereas less-reactive rad-
icals, such as phenyl or even the hydrogen atom have a ρ near 0,
indicative of a transition state with very little degree of charge
transfer to the aromatic ring. These results reinforce the rela-
tionship of ρ with the degree of charge transfer in the transition
state, even for nonionic reactions.

To gain more insight into the meaning of the ρ value, we
carried out quantum mechanical calculations. Fig. 4 shows
the calculated transition state for H/H exchange of benzene
with zeolite Y, using the ONIOM method implemented in the
Gaussian 98 program [39]. The aromatic compound and the ac-
tive site (T3) were treated at the DFT level of calculation, and
the rest of the zeolite structure at the MNDO level. The struc-
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Fig. 4. Calculated transition state for H/H exchange of benzene with zeolite Y,
at ONIOM B3LYP/6-31G(d,p):MNDO level.

ture presents symmetry, indicating a concerted process. The ex-
changing C–H bond lengths are 1.195 and 1.212 Å, whereas the
O–H bond lengths are 1.50 and 1.54 Å. A charge distribution
analysis using the ChelpG scheme [40,41] indicated that, com-
pared with the isolated aromatic molecule, there is little charge
development in the ring in the transition state. For benzene, the
charge increment in the para carbon atom (relative to the ex-
changing carbon atom) is +0.05, explaining the low ρ value
found in the experiments. This might explain why the correla-
tion coefficients (r2) for fitting the data with σ or σ+ are close,
although the reaction is better described by the σ+ parameter,
which accounts for delocalization of the positive charge in the
aromatic ring. These calculations are in agreement with other
theoretical studies of H/D exchange [18,23,42,43], which indi-
cated a more concerted mechanism.

For all of the acids tested, proton transfer presented a ρ

near unit. This reflects the nature of the electrophilic species
in acids, where the proton is covalently bonded to the oxy-
gen atoms. This characteristic leads to a later transition state
with a significant degree of coordination of the attacking pro-
ton with the oxygen atom of the acid system and, consequently,
lower demand of electrons from the aromatic ring. On the other
hand, the naked proton is extremely electrophilic. Gas-phase
data on the protonation of substituted benzenes allow us to as-
certain the ρ value from the available free energy data [44]. At
327 ◦C, the ρ is −21.8 (σ+), indicating the strong electrophilic
nature of the proton in gas phase, with no solvation and interac-
tion with other atoms. Nonetheless, the magnitude of the ρ for
H/D exchange with substituted benzenes might be associated
with the acid strength of the material, as clearly shown by the
sulfuric acid solutions and comparisons of the data with other
acid-strength methods, especially amine thermo-desorption and
broad-line 1H NMR results. The solid acids tested differ in the
nature of the acid site, as well as in their catalytic properties.
Amberlyst-15 is a sulfonic acid resin with acidity associated
with SO3H groups. The acidity of zeolites is due to the forma-
tion of Si–OH–Al linkages in the framework. The presence of
H3O+ ions formed on dissociation of water molecules coordi-
nated with the metal atoms present in the structure is normally
responsible for the acidity of K-10 and Nb2O5. Therefore, the
LFER of H/D exchange with substituted benzenes provides ad-
ditional information to correlate the structure of the active sites
with catalytic activity and acid strength of the solid material.

4. Conclusion

The LFER of H/D exchange of substituted benzenes pro-
vides a way to infer the polarity of the transition state for proton
transfer to the hydrocarbon. The magnitude of the ρ expresses
the degree of proton transfer in the transition state and is associ-
ated with the average acid strength of the material. Neither solid
acid tested showed a higher ρ than that of the 98% D2SO4 so-
lution; Amberlyst-15 and zeolite USY were within 80 and 98%
of sulfuric acid solutions, whereas niobic acid and K-10 mont-
morillonite were within 60 and 80%.

The absolute ρ values were close to unit, reflecting the na-
ture of the transition state, at which the proton remains coor-
dinated with the oxygen atom of the acid system. In addition,
calculations showed a symmetric transition state for the H/D ex-
change with benzene, indicating a more concerted mechanism
and explaining the low absolute ρ values found for all acid sys-
tems compared with other electrophilic reactions.
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