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Empirical surface polarity parameters a, , and 7* in terms of the Kamlet-Taft scale as well as Gutmann’s
acceptor number (AN) of 12-tungstophosphoric acid (H;PW), pre-treated at various temperatures, have been
estimated using solvatochromic dyes as probes. o (hydrogen-bond donating acidity) or AN and =* (dipolarity/
polarizability), respectively, have been investigated by means of Fe(phen),(CN), [cis-dicyanobis(1,10-
phenanthroline)iron(i)] (1) and Michler’s ketone [4,4'-bis(dimethylamino)benzophenone] (2) as solvatochromic
surface polarity indicators. Apparent § (hydrogen-bond accepting ability) parameters have been evaluated by
means of an aminobenzodifuranone dye. Also, coumarin 153 has been checked to analyse the surface polarity
of H;PW. The outstanding surface properties of H;PW when pre-treated at 250°C are supported by UV /vis
spectroscopic results of triphenylmethylium/H3;PW adducts. The chemical interpretation of the polarity
parameters and nature of interactions which they reflect are discussed.

Introduction

Heteropolyacids have been widely used in homogeneous and
heterogeneous catalytic systems as well as photocatalysts.'™"”
They and related compounds have attracted increasing interest
in catalysis owing to their ability to catalyze both acidic and
redox processes.'®

The acidic strength of heteropolyacids in solution has been
studied by conductivity,”® UV /vis spectroscopy of Hammett
(H,) indicators,* NMR spectroscopy,? and >*C NMR chemi-
cal shift of mesityl oxide as a probe.® IR spectroscopy of
adsorbed bases (e.g. NH3, pyridine),>?%?” TPD (temperature
programmed desorption) of NH; or pyridine,>*® and microca-
lorimetry of adsorbed ammonia®® have been used to investi-
gate the acidity of these solid catalysts.

The calorimetric titration of 12-tungstophosphoric acid
(H3PW 5,049, H;PW) with a series of bases in CH3;CN gives
equilibrium constants and enthalpies for three deprotonation
steps.! These results indicate that the three protons are not
of equal strength as proposed from gas-solid calorimetry mea-
surements.! Only one strong acidic proton per molecule of the
solid acid is furnished for stoichiometric or catalytic reactions
in any solvent of basicity equal to or less than that of CH;CN.
According to the literature claims of superacidity, the enthal-
pies of H;PW with pyridine in acetonitrile show that H;PW
is comparable to triflic acid, and it is stronger than sulfuric
acid and p-toluenesulfonic acid.'

The objective of this work is the classification of the surface
acidity and dipolarity of a heteropolyacid in terms of empirical
polarity parameters relating to established scales from the lit-
erature.

For this exemplary study, the heteropoly compound 12-
tungstophosphoric acid, H3PW,049-xH,O, has been used.
H3;PW is the most stable and strongest acid in the Keggin ser-
ies.®® Since it has an acid strength of Hy < —13.16, it is a
superacid.?*!

The catalytic activity of heteropolyacids like H;PW is signif-
icantly dependent on the pre-treatment temperature,'31%202:32
Therefore, the main objective of this work is focussed on the
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determination of Kamlet-Taft surface polarity parameters
(see below) as well as Gutmann’s acceptor number (AN) for
H;PW as a function of the pre-treatment temperature. As a
model reaction to study independently the surface acidity of
H;PW, we make use of triphenylmethyl compounds which
undergo chemisorption on solid acids as indicated by the char-
acteristic triphenylmethylium UV /vis absorption maxima at
J = 410 and 435 nm.***

For classification of the surface polarity of various solid
acids, the Kamlet-Taft solvent parameters o (hydrogen-bond
donating acidity), f (hydrogen-bond accepting ability), and
* (dipolarity/polarizability)35 have been recommended by
several authors as a reference system.>*® For instance, o
and n* values of various solid materials**~® have been deter-
mined by means of LSE (linear solvation energy) relation-
using the Kamlet-Taft solvent parameters as a
reference system. For these purposes, solvatochromic dyes
have been found suitable since the LSE relationships derived
from solution processes can be applied to the surface effects.
This presumption is not always accomplished and has to be
proven for each materials system under study, because the
mechanism of solvation of a dye in solution is often different
from the mechanism of adsorption due to the nature of inter-
action between the dye molecules and the surface which varies
as a function of the surface.*’”

The simplified Kamlet-Taft equation applied to solvato-
chromic shifts of adsorbed indicators [XYZ = vy,x(indicator)]
(indicator)] is given in eqn. (1).33%3%~4!

XYZ = (XYZ), + ao + +bf + s(n* + do) (1)

(XYZ), is the value of a solvent reference system, either a
nonpolar medium or the gas phase, the origin o describes the
HBD (hydrogen-bond donating) acidity, f the HBA (hydro-
gen-bond accepting) ability, and 7* the dipolarity/polarizabil-
ity of the solvents. § is a polarizability correction term that is
1.0 for aromatic, 0.5 for polyhalogenated, and zero for alipha-
tic solvents; a, b, s, and d are solvent-independent coeffi-
cients.*’
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In previous papers we reported on the determination of
Kamlet-Taft parameters o and n* of various moderately
strong solid acids (silicas, aluminas, aluminosilicates)37 by
means of the indicators 1 {Fe(phen),(CN),, cis-dicyano-
bis(1,10-phenanthroline)iron(i)}**** and 2 {Michler’s ketone,
[4,4'-bis(dimethylamino)benzophenone]}.>’**® However, both
dyes are moderately weak bases.*!*** With these genuine solva-
tochromic dyes one can distinguish very small differences in the
polarity of solvents,*® macromolecules,** surfaces of organi-
cally functionalised silica particles,>’” and various inorganic
solid acids.?™

The solid acids used in previous studies were different in
structure and composition, and they have both Brensted and
Lewis acid sites on the surface.’’ The acidity of silica to alu-
minosilicate ranges between 1 < o < 1.8 in terms of the Kam-
let-Taft solvent parameter scale. These Kamlet-Taft
parameters o or Gutman’s acceptor numbers AN calculated
for a series of silicas, aluminas, and aluminosilicates correlate
well with the catalytic activity of these solid acids.*

Till now, there has been a lack of suitable solvatochromic
indicators for determining the basicity of strong solid acids.'®
In this paper we will check a special aminobenzodifuranone,*®
dye 3, for probing the surface basicity (f value) of the hetero-
polyacid.

A sensitive solvatochromic indicator for analysing the dipo-
larity/polarizability of acidic surfaces is 4 (coumarin 153).%’
This probe molecule has been used for determining 7* values
of polysaccharides.*”®

The formulas of the solvatochromic probes used in this
paper are shown in Scheme 1.

Experimental

Chemicals

H;PW was obtained from Fluka. It was used as-received and
after pre-treatment at various temperatures (70, 150, 250,
400, and 500 °C, respectively) for 12 hours, and allowed to cool
to room temperature under inert atmosphere.
Dichloromethane (Merck, analytical grade) was freshly dis-
tilled over CaH, and stored under dried argon.
Fe(phen),(CN), was prepared and purified according
to Schilt.*® Michler’s ketone was purchased from Merck,
re-crystallized twice from ethanol and carefully dried before

3 4

Scheme 1 Formulas of the probe dyes used.
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use. Coumarin 153 was purchased from Radiant Dyes Laser
Accessories GmbH. The aminobenzodifuranone was kindly
provided by the BASF Aktiengesellschaft, Manchester, UK.
Chlorotriphenylmethane, triphenylmethanol, and triphenyl-
methane are commercially available products. They were
recrystallized from toluene and carefully dried before use.*’

UVlvis spectroscopy

The UV/vis spectra of the probe dyes 1, 2, 3 and 4, when
adsorbed on H;PW, were recorded using a diode array spec-
trometer with glass fibre optics.

The pre-treated acid was placed in the measuring cell and
immediately suspended in dichloromethane. Then a solution
of the probe dye in dichloromethane (usually 1075 mol 171)
or the triphenylmethylium precursor dissolved in dichloro-
methane was added to this slurry.

The UV/vis spectra of the non-transparent slurries of 12-
tungstophosphoric acid were recorded by a special reflectance
technique.’™ A quartz plate was used as the bottom of the
closed cell containing the solid sample in the organic liquid.
The sensor head for measuring the reflectance spectra was
located at this quartz plate and the UV/vis spectrum of
the adsorbed dye was monitored after the particles were
deposited.

Thermal gravimetric analysis

The thermal gravimetric analysis was carried out with the ana-
lyser TGA 7 (Perkin Elmer) in a temperature range between 30
and 600 °C. The heating rate was 10 K min~" in helium flowing
at 30 ml min~".

Calculation of the polarity parameters

o and 7* values were calculated by a correlation analysis of the
measured UV /vis absorption maxima vy,x (in em™Y) of the
dyes 1 and 2, using the corresponding multiple correlations
of o or 7* = f[vpax(1) and vy.<(2)] with the Kamlet-Taft sol-
vent parameters as the reference system.>”*’” This procedure
is described in detail in ref. 38(b). The following multiple cor-
relation equations (2) and (3) were used to separate the respec-
tive property o or n* from the unit of measurement of
vmax(indicator) 1 and 2 (r: correlation coefficient, sd: standard
deviation, n: number of solvents, F: significance)

o= —7.90 + 0.45 vinax (1) x 1073 +0.02 vpae(2) x 1073
r=0.95, sd=0.17, n =34, F < 0.0001 (2)

* = 13.89 — 0.25 vimax (1) x 1073 = 0.32 vyae(2) x 1073
r=0.57, sd =0.15, n =36, F < 0.0001 (3)
Despite the low correlation coefficient of eqn. (3) the signifi-

cance is high and eqn. (3) has been established for determining

reliable 7* values.?*#*

The multiple correlation [eqn. (4)] was used in order to sepa-
rate the quantity f§ from the unit of measurement of Vmax(3). 4

B =3.0640.17 vpax (1) x 1073 = 0.33 vy (3) x 1073
r=0.95, sd =0.10, n =21, F < 0.0001 4)
For calculating eqn. (4), an extended set of v,,x(3) in various
solvents was used.**

According to refs. 38« and 49, Gutmann’s AN can be simply
calculated from vy,x(1) (eqn. (5)).

AN = {vpax (1) x 1073 — 15.17}/0.073
r=0.98, sd =1.12, n =27 (5)
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Fig. 1 Thermal gravimetric analysis of H3;PW (temperature: 30—
600 °C, heating rate: 10 K min~", helium flow: 30 ml min’l).

Results and discussion

H;PW is a commercially available product which contains
hydration water.

Water molecules of the hydration shell desorb at first during
the thermal gravimetric analysis (see Fig. 1), and the anhy-
drous Keggin structure with associated protons is produced.*?

From the first two fractions of lost mass, 14 mol physisorbed
and hydration water per mol H;PW was calculated. In the
range between 400 and 500 °C, a third fractional loss in mass
(—0.99%) is detectable. In this temperature interval, the
decomposition of the Keggin structure begins and the anhy-
dride of the acid is formed. To survey surface polarity as func-
tion of pre-treatment temperature, H;PW samples from the
same batch were investigated using pre-treatment temperatures
of 70, 150, 250, 400, and 500 °C, respectively.

The UV /vis spectra of the polarity indicators 1, 2, and 3,
when adsorbed on H;PW pre-treated at various temperatures,
were immediately recorded after the components were mixed
(see Fig. 2).

Immediately after adsorption of 1 on H3PW in dichloro-
methane, the slurry shows an orange colour, but it changes
to yellow very fast (few seconds). When 2 is adsorbed on
H;PW, it shows an intense yellow colour. 3, when adsorbed
on H3PW, shows also a yellow colour. But the colour of 3
was red when adsorbed on the H;PW pre-treated at 250°C,
indicating an increase of either the HBA capacity or donor
strength. No utilizable UV /vis absorption bands of the probe
on H;PW were obtained when the coumarin dye 4 was used.
The supernatant solution with the dissolved dye 4 loses its
fluorescence and decolourisation takes place after few seconds
if thermally pre-treated H3;PW samples are used. In contrast,
the colour and fluorescence of 4 remain stable in the superna-
tant solution in the presence of the unpretreated H;PW acid.
These results indicate that 4 becomes protonated at the nitro-
gen atom by H3PW. Therefore, 4 is not suitable as a surface
dipolarity/polarizability indicator for H;PW, because the sol-
vatochromism of 4 expressed by a LSE relationship according
to eqn. (1) does not consider protonation attacks upon the
nitrogen atom.*”®

The 7* values observed with 2 are quite ambiguous, because
some of them have a negative sign. The LSE relationship eqn.
(3) is only valid for 2 since protonation at one of the nitrogen
atoms does not take place.*®>° Because 2 can be protonated at
different sites (the carbonyl oxygen [high 7*] or the lone elec-
tron pair of the dimethylamino groups [low 7*]),>’**" some
of the ©* values seem questionable. Thus, the n* values are
not reasonable for the samples pre-treated at 150 or 250°C.
The other data are apparent values. This result agrees with that
observed with 4 as a polarity indicator. As a consequence, the
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Fig. 2 UV /vis spectra of the solvatochromic probe dyes 1 (a), 2 (b),
and 3 (c), respectively, when adsorbed on H;PW without any pre-treat-
ment (1) and pre-treated at 70 (2), 150 (3), 250 (4), 400 (5), and 500°C
(6).

o values calculated must also be handled with caution, because
Vmax(2) is used in eqn. (2) for separation the contribution of 7*
from v,.<(1). However, it makes no difference whether AN or
o is used for the discussion (see also Fig. 3 below), because the
contribution of v,,x(2) to o is not of importance. The solvent
independent correlation coefficient of v,,4(2) from eqn. (2)
contributes to about 4% to a.

The probe dye indicator 3 shows outstanding UV /vis spec-
troscopic behaviour when adsorbed on H3;PW pre-treated at
250°C. When 3 is adsorbed on H;PW pre-treated at 70, 150,
or 400°C, its UV /vis spectrum is similar to those on silica or
an aluminosilicate.>!

Two UV/vis absorption bands are observed when 3 is
adsorbed on H3PW pre-treated at 500 °C (see Fig. 2c) indicat-
ing two different acidic and/or basic sites. Both maxima were
utilized (see Table 1). This effect is probably caused by a minor
decomposition of the Keggin structure which is also indicated
by a second weak intense absorption band in the UV/vis
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Table 1 UV/vis absorption maxima of the probe dyes 1, 2, and 3 when adsorbed on H;PW pre-treated at various temperatures, and the apparent
polarity parameters «, §, n*, and AN calculated

Pre-treatment Vmax(1)/107% cm™! Vmax(2)/107 cm™! Vmax(3)/107% cm™! AN o * B
without 23.4 25.1 21.4 112.3 3.21 —0.02 0.04
70°C 23.5 24.5 21.4 113.8 3.25 0.15 0.06
150°C 24.0 25.2 21.6 121.5 3.52 —0.21 0.08
250°C 24.3 27.2 18.5 124.7 3.67 —0.90 1.18
400°C 21.7 25.5 20.1 89.4 2.46 0.28 0.17
500°C 22.0 23.5 20.1/21.9 93.3 2.55 0.84 —0.36/0.24
4 dichloromethane are unable to penetrate into the bulk struc-
o ture. Reagents dissolved in this solvent (our probe dyes)
o ,\\ 120 should preferentially interact only on the external surface acid
0-0" @ V— sites (surface-type reactions).*
e The surface acidity (« value or AN) of H;PW is strongly
°-® L 100 dependent on the pre-treatment temperature of H;PW (see
a3 - 5 - Fig. 3).
L 0-7" < The unpretreated acid has a large water content, 14 mol
o L 80 water per mol H3PW. Acid sites of the surface are covered with
o hydration water. Thus, the UV /vis absorption intensity which
corresponds to the adsorbed amount of the indicator is quite
low. This shows that the acidic sites are not completely able
2 " " 60 to interact with the solvatochromic indicator used.
0 200 400 600

Temperature / °C

Fig. 3 Influence of pre-treatment temperature on the related acidity
parameters (o and AN) of H;PW.

spectrum of 3 at about 1~400 nm when adsorbed on the
H;PW sample pre-treated at 400 °C.

The measured UV /vis absorption maxima of the probe dyes
1, 2, 3 adsorbed, and the surface polarity parameters o, f§, and
n* as well as the acceptor numbers AN determined are listed in
Table 1.

However, the o value found for the non-thermally pre-trea-
ted H3PW is also unprecedentedly large indicating a strongly
acidic fraction of mobile protons in the hydration shell.'®

The large value of the acidity parameter of H;PW is in good
agreement with its strong catalytic activity. Altogether, the o
values for H;PW are fairly large. They range between
o = 2.46 (pre-treated at 400°C) and o = 3.67 (pre-treated at
250°C). Compared to other solid acid catalysts, HBD solvents,
and jonic solutes,”> H;PW shows one of the largest o values
reported so far. « parameters of different solutes, related solid
acids, and solvents from literature are compiled in Table 2.

In the solid acid form, heteropolyacids have a low surface
area and no explicit pore structure.* In this case non-polar
molecules such as hydrocarbons are adsorbed only on its exter-
nal surface (surface area is less than 10 m> g~') and react on
these surface sites (surface type reactions). However, polar
compounds like alcohols, water, pyridines, and esters are able
to penetrate into the bulk structure forming a so-called
“pseudo-liquid”” phase.?*>* This behaviour is due to the flex-
ible nature of the secondary structure of the solid heteropolya-
cid. Thus, ammonia, pyridine, and methanol react with
protons on the external surface of H;PW and likewise with
those in the internal frame of the solid. Hence, in these cases
the overall acidity of the catalyst (bulk and external surface)
is determined by all interactions with these probe molecules.
Therefore, often no correlations between the acidity measured
by these techniques and the catalytic activity for surface type
reactions have been found.

When non-polar molecules are not adsorbed within the
frame of heteropolyacids, reactions of those molecules can
therefore be used to probe the surface acidity of heteropoly
compounds.® That means, non-polar solvent molecules like
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Chlorotriphenylmethane undergoes no chemisorption to
(C¢Hs)sC™ using the unpretreated HsPW despite its large «
value (see Fig. 4). The reason for this result seems likely
because physisorbed water molecules react with the triphenyl-
methylium ion. When chlorotriphenylmethane is adsorbed on
thermally pre-treated H;PW, then the characteristic triphenyl-
methylium ion UV /vis absorption band at A,,,x ~438 nm can
be always monitored (Fig. 4).****3*% This carbenium ion is
also formed by adsorption of triphenylmethane on the strong
acidic form pre-treated at 250 °C (Fig. 5), whereas moderately
strong solid acids like silica or alumina do not ionize
(C¢Hs);CH.* This indicates that a redox process is associated
with the chemisorption of (CsHs);CH on H;PW. However, the
fate of the hydride ion could not be determined.**

Usually, the triphenylmethylium UV /vis absorption shows a
double band with two maxima at A,,x = 410 nm and 435 nm,
the positions of which are independent of the environment
used.*>>*38 1t should be emphasized that when (C¢Hs);C™ is
adsorbed on H3;PW two effects in the UV /vis spectrum are
observed which are different to its behaviour with other solid
acids or Lewis acids in solution.*>>*% The main UV /vis
absorption band evidently undergoes a bathochromic shift of
about A/~ 10 nm, and secondly an additional UV /vis absorp-
tion band at /,,,x = 500 nm appears as a shoulder. Both effects
occur independently of the counter ion X (Cl, OH, or H) of
(CgHs);CX used (see Table 3). The new UV /vis band is prob-
ably caused by a charge-transfer (CT) transition from the

Table 2 Comparison of o and n* values of several organic solvents,
solid acids, and ionic solutes from the literature

Species o ¥ Reference
Methanol 0.98 0.6 52

Silica 1.0 1.0 37b
Formic acid 1.23 0.65 52
Cellulose (crystalline part) 1.4 0.35 44
2,2,2-Trifluoroethanol 1.51 0.73 52
Aluminosilicate 1.7 0.6 37a
1,1,1,3,3,3-Hexafluoro-2-propanol 1.96 0.65 52

Lit 2.07 — 52
H;PW 35+0.2 — this work
Zn** 3.67 — 52

Ba®" 5.15 — 52
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Fig. 4 UV/vis absorption spectra of the triphenylmethylium ion
when chemisorbed on H3;PW pre-treated at various temperatures. 1:
unpretreated, 1.0852 g H3;PW; 2: pre-treated at 150°C, 1.1990 g
H;PW; 3: pre-treated at 250°C, 1.1179 g H3;PW; 4: pre-treated at
400°C, 0.9818 g H3PW: in each case: 5 ml dichloromethane, 357 pmol
(CsHs);CCl.

negatively charged framework of H3;PW as the donor to the
triphenylmethylium as the acceptor.® This suggestion is sup-
ported by the fact that the UV /vis band at A,,,x = 500 nm pre-
ferably appears when triphenylmethylium is adsorbed on a
H;PW sample which has been pre-treated at 250°C. Maybe
the large f value obtained for this H;PW sample indicates
an electron excess which is in accordance with the electron
donor property of the H;PW framework. However, the elec-
tron donor strength and HBA ability of a compound are
related properties.**>*® Accordingly, the large § value corre-
sponds to the unexpected UV /vis spectroscopic results of the
triphenylmethylium/H;PW adduct. Assuming a CT transition
and using the linear correlation of v,,,,(CT) with the ionisation
energy (Ip) from ref. 59(b), the electron donor strength of this
site of H3PW would correspond to an Ip of about 8.440.2
eV.>” This value is comparable to the Ip of durene as a mod-
erately strong © donor.”

The bathochromic shift of the main UV/vis absorption
band of triphenylmethylium when adsorbed on H;PW
increases with increasing pre-treatment temperature, but is
also independent of the counter ion used. (Table 3)

We think the bathochromic shift is caused by electron donor
sites of H;PW which are formed at higher pre-treatment tem-
peratures. These sites are responsible for single electron trans-
fer processes to acceptor molecules such as 3 and
triphenylmethylium, respectively. However, since these pro-
cesses occur then the original definition of the f value is not
completely accomplished.****°

The apparent Kamlet-Taft f values are quite low for H;PW
when pre-treated at temperatures of 70, 150, 400, and 500°C.

triphenylmethane adsorbed (qualitative measurement)

chloro triphenylmethane adsorbed,
350 pmol/guipw

chloro triphenylmethane adsorbed,
3.5 umol/gnspw

absorbance

300 500 700 900
wave length [nm]

Fig. 5 UV /vis absorption spectra of triphenylmethylium when che-
misorbed on H;PW pre-treated at 250 °C using triphenylmethane (qua-
litative measurements) and chlorotriphenylmethane (two different
concentrations) as carbenium precursors, respectively.

Table 3 UV/vis absorption maxima of the triphenylmethylium ion
when (C¢Hs);CX has been adsorbed on H;PW pre-treated at various
temperatures

A/nm
Pre-treatment X =Cl X = OH X =H
without 438 438 4
150°C 444 444 ¢
250°C 444/501 444/501 444/501
400°C 451 451 4

“ Not measured.

It is still not clear on the basis of available data which struc-
tural feature is the reason for the unprecedentedly high f value
for a H;PW catalyst pre-treated at 250 °C.

We think that residual water traces influence significantly
the electron donor ability of H;PW, which can be likely
detected with suitable acceptor molecules as the probe.

The high sensitivity of the probe 3 especially for observing
small differences in the surface polarity of H3;PW is striking
in this context. We think that the use of 3 as a versatile f§
and donor site indicator promises also for other solid acid cat-
alysts more detailed information in the future.

Conclusion

The surface acidity of H3;PW can be estimated with genuine
solvatochromic dyes like Fe(phen),(CN),. However, it seems
the LSE concept approaches its limit for the strong acid
H;PW.

Thermal pre-treatment of H3zPW significantly influences
both surface acidity and dipolarity/polarizability. Using
250°C as pre-treatment temperature, H3PW exhibits both
the largest o as well as a quite large f§ value. In particular,
the aminobenzodifuranone 3 has been found suitable for inves-
tigating the surface polarity of H3PW. These qualitative UV/
vis results are indications for the outstanding surface proper-
ties of H3PW. Coumarin 153 (4) becomes completely and
Michler’s ketone (2) partly protonated by H;PW when ther-
mally pre-treated. Therefore, these probes are not suitable
for determining reasonable n* values of H;PW.

Acknowledgements

The Fonds der Chemischen Industrie and the University of
Technology Chemnitz are gratefully acknowledged for finan-
cial support.

References

1 (a) R.S. Drago, J. A. Dias and T. O. Maier, J. Am. Chem. Soc.,
1997, 119, 7702-7710; (b) J. A. Dias, J. P. Osegovic and R. S.
Drago, J. Catal., 1998, 183, 83-90.

2 K. Song, M. S. Kaba and M. A. Barteau, J. Phys. Chem., 1996,
100, 17 528-17534.

3 H. Einaga and M. Misono, Bull. Chem. Soc. Jpn., 1996, 69, 3435—
3441.

4 A. Corma, A. Martinez and C. Martinez, J. Catal., 1996, 164,
422-432.

5 V. S. Vaughan, C. T. O’Connor and J. C. Q. Fletscher, J. Catal.,
1994, 147, 441-454.

6 G. Chidichimo, A. Golemme, D. Imbardelli and E. Santoro, J.
Phys. Chem., 1990, 94, 6826-6830.

7 L. R. Pizzio, C. V. Caceres and M. N. Blanco, Appl. Catal. A:
Gen., 1998, 167, 283-294.

8 D. Farcasiu and J. Q. Li, J. Catal., 1995, 152, 198-203.

9 T. Okuhara, C. Hu, M. Hashimoto and M. Misono, Bull. Chem.
Soc. Jpn., 1994, 67, 1186-1188.

New J. Chem., 2002, 26, 1179-1184 1183



10 O. M. Kulikova, R. I. Maksimovskaja, S. M. Kulikov and 1. V.
Kozhevnikov, Bull. Acad. Sci. USSR, Div. Chem. Sci., 1991, 40,
1527-1533.

11 Y. Hirano, K. Inumaru, T. Okuhara and M. Misono, Chem. Lett.,
1996, 1111-1112.

12 K.Y. Lee, T. Arai, S. Nakata, S. Asaoka and M. Misono, J. Am.
Chem. Soc., 1992, 114, 2836-3842.

13 C. Hu, M. Hashimoto, M. Okuhara and M. Misono, J. Catal.,
1993, 143, 437-448.

14 C. Rocchiccioli-Deltcheff, A. Aouissi, M. M. Bettahar, S. Launay
and F. Fournier, J. Catal., 1996, 164, 16-27.

15 S. Shikata, S. Nakata, T. Okuhara and M. Misono, J. Catal.,
1997, 166, 263-271.

16 T. Baba and Y. Ono, J. Phys. Chem., 1996, 100, 9064-9067.

17 T. Okuhara, M. Yamashita, K. Na and M. Misono, Chem. Lett.,
1994, 1451-1454.

18 A. Corma, Chem. Rev., 1995, 95, 559-614.

19 M. Misono, Catal. Rev. Sci. Eng., 1987, 29, 269.

20 (a) N. Mizuno and M. Misono, J. Mol. Catal., 1994, 86, 319; (b)
N. Mizuno and M. Misono, Chem. Rev., 1998, 98, 199-217.

21 1. V. Kozhevnikov, Catal. Rev. Sci. Eng., 1995, 37, 311.

22 C. Paze, S. Bordiga and A. Zecchina, Langmuir, 2000, 16, 8136.

23 S. M. Kulikov and 1. V. Kozhevnikov, Russ. Chem. Bull., 1981,
348.

24 A. K. Ghosh and J. B. Moffat, J. Catal., 1986, 101, 238.

25 M. Mastikhin, S. M. Kulikov, A. V. Nosov, I. V. Kozhevnikov,
I. L. Mudradovsky and M. N. Timofeeva, J. Mol. Catal., 1990,
60, 65.

26 J. G. Highfield and J. B. Moffat, J. Catal., 1984, 89, 185.

27 B. W. L. Southward, J. S. Vaughan and C. T. O’Connor, J.
Catal., 1995, 153, 293.

28 B. K. Hodnett and J. B. Moffat, J. Catal., 1984, 88, 253.

29 L. C. Josefowicz, H. G. Karge, E. Vasilyeva and J. B. Moffat,
Microporous Mater., 1993, 1, 313.

30 1. V. Kozhevnikov, Russ. Chem. Rev., 1987, 56, 811.

31 T. Okuhara, T. Nishimura, H. Watanabe and M. Misono, J. Mol.
Catal., 1992, 74, 247.

32 B. B. Bardin, S. V. Borawekar, M. Neurock and R. J. Davis, J.
Phys. Chem. B, 1998, 102, 10817-10825.

33 H. P. Leftin, Carbonium Ions, eds. G. A. Olah and P. R. Schleyer,
John Wiley & Sons, New York, 1968, vol. 1, p. 363.

34 (a) E. Weitz, Chem. Ber., 1939, 72, 1740; (b) E. Weitz and S.
Schmidt, Chem. Ber., 1939, 72, 2099.

35 (a) R. W. Taft and M. J. Kamlet, J. Chem. Soc., Perkin Trans. 2,
1979, 1723; (b) M. J. Kamlet, J.-L. M. Abboud, M. H. Abraham
and R. W. Taft, J. Org. Chem., 1983, 48, 2877.

36 (a) S. C. Rutan and J. M. Harris, J. Chromatogr. A, 1993, 656,
197-215; (b) R. S. Helburn, S. C. Rutan, J. Pompano, D. Mitch-
ern and W. T. Patterson, Anal. Chem., 1994, 66, 610.

37 (a) S. Spange, E. Vilsmeier and Y. Zimmermann, J. Phys. Chem.
B, 2000, 104, 6417-6428; (b) S. Spange and A. Reuter, Langmuir,
1999, 15, 141-150; (¢) S. Spange, A. Reuter and D. Lubda, Lang-

1184 New J. Chem., 2002, 26, 1179-1184

38

39

40

41

42
43

44

45

46

47

48

50

51

52

53

54

55
56

57

58

59

muir, 1999, 15, 2103-2111; (d) S Spange, C. Schmidt and H. R.
Kricheldorf, Langmuir, 2001, 17, 856-865.

(a) S. Spange and D. Keutel, Justus Liebigs Ann. Chem., 1992,
423; (b) S. Spange, D. Keutel and F. Simon, J. Chim. Phys.,
1992, 89, 1615.

Y. Marcus, Chem. Soc. Rev., 1993, 409.

(a) C. Reichardt, Solvents and Solvent effects in Organic Chemis-
try, VCH, New York, 1988, p. 21; (b) C. Reichardt, Chem. Rev.,
1994, 94, 2319.

L. P. Novaki and O. A. E. Soued, Ber. Bunsen-Ges. Phys. Chem.,
1996, 100, 8.

Y. Marcus and Y. Migron, J. Phys. Org. Chem., 1991, 4, 310-315.
S. Spange, M. Lauterbach, A. K. Gyra and C. Reichardt, Justus
Liebigs Ann. Chem., 1991, 323.

(a) S. Spange, E. Vilsmeier, K. Fischer, A. Reuter, S. Prause, Y.
Zimmermann and C. Schmidt, Macromol. Rapid Commun.,
2000, 21, 643-659; (b) S. Spange and E. Vilsmeier, unpublished
results

S. Adolph, S. Spange and Y. Zimmermann, J. Phys. Chem. B,
2000, 104, 6429-6438.

A. A. Gorman, M. G. Hutchings and P. D. Wood, J. Am. Chem.
Soc., 1996, 118, 8497-8498.

(a) K. Fischer, S. Prause, S. Spange, F. Cichos and C. Borzys-
kowski, J. Polym. Sci. B, 2002, submitted; (b) G. Jones, W. R.
Jackson, C. Choi and W. R. Bergmark, J. Phys. Chem., 1985,
89, 294-300; (¢) T. Gustavsson, L. Cassara, V. Gulbinas, G. Gur-
zadyan, J.-C. Mialocq, S. Pommeret, M. Sorgius and P. van der
Meulen, J. Phys. Chem. A, 1998, 102, 4229-4245.

A. A. Schilt, J. Am. Chem. Soc., 1957, 79, 5421-5425.

R. W. Soukup and W. Schmid, J. Chem. Educ., 1985, 62, 459.
S. Spange, E. Vilsmeier, S. Adolph and A. Fiahrmann, J. Phys.
Org. Chem., 1999, 12, 547-556.

S. Spange, A. Reuter, S. Prause and C. Bellmann, J. Adhes. Sci.
Technol., 2000, 14, 399-414.

Y. Marcus, J. Phys. Chem., 1991, 95, 8886-8891.

(a) M. Misono, Stud. Surf. Sci. Catal., 1993, 75a, 69; (b) T. Oku-
hara, T. Hashimoto, M. Misono and Y. Yoneda, Chem. Lett.,
1983, 537.

H. Arai, Y. Saito and Y. Yoneda, Bull. Chem. Soc. Jpn., 1967, 40,
312.

H. G. Karge, Surf. Sci., 1971, 27, 419.

S. Spange, D. Fandrei, F. Simon and H. J. Jacobasch, Colloid
Polym. Sci., 1994, 272, 99-107.

M. Baaz, V. Gutmann and O. Kunze, Monatsh. Chem., 1962, 93,
1142-1161.

A. Bentley, A. G. Evans and J. Halprem, Trans. Faraday Soc.,
1951, 47, 711-716.

(a) S. Spange, A. Fihrmann, A. Reuter, R. Walther and Y. Zim-
mermann, J. Phys. Org. Chem., 2001, 14, 271-283; (b) G. Heu-
blein and S. Spange, J. Prakt. Chem., 1980, 322, 949-962.

G. Gritzner, J. Mol. Liquids, 1997, 73174, 487-500.



