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Fig. 2 Infrared spectra of methanol chemisorbed
on ZnO and ZnFe,O,

1 Zinc formate, 2 Methanol evacuated at

200C on ZnFe,0,, 3 Methanol evacuated at

165C and 200C on ZnO, 4 Methanol evacuated

at 315C on ZnO,
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Fig. 3 Infrared spectra of phenol chemisorbed on ZnQ

| Background spectrum of ZnO evacuated at 200C for 3 hrs. (------].
2 Spectrum of phenol adsorbed on ZnO at 200C [—].
3 Spectrum of liquid phenol [— . —].
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Fig. 4 Infrared spectra of phenol chemisorbed on ZnFe, 0,
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Fig. 5 IR spectra of o-cresol adsorbed on
y-AlLO,

1 Background (y-Al,0;), 2 o-cresol in KBr

3 Evauated at r.t., 4 at 150TC,
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Fig. 6 IR spectra of o-cresol adsorbed on
v-Al0,

1 Background (y-Al,0,), 2

8 FEvacuated at r.t., 4 at 1507C,

5 at 300C 6 at 400, 7 at H00TC.
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Tablel Ratios of adsorption intensities

of various bands

Evacuation
D14go/ D3ogo Dogoo / D040
temp.
r.t. 9.0 1.1
150°C 9.1 1.0
300C 14. 9 2.3
400C 15.5 9.7
500C 2.2 4.6

D1so/ Damoand Dzgso/ Dspao of o-cresol in KBr were 5.5 and

0.9

respectively.
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Table2 Results of the reaction of

phenol with methanol

over various catalysts

Catalysts Si0,-Al,0; Al, Oy MgO Zn0-Fe, 0y

conversion, mol, % 52.4 82.3 37.2 56.1
anisole 42,2 2.7 1.8 —

| o-me-anisole 9.5 7.9 trace -
ss' o-cresol 24,2 26.2 86.8 87.2
“*1m, Dp-cresol 7.3 trace — —
Z | 2,6-xylencl 7.3 20.0 11.3 12.8
S 2y4-xylenol 7.1 6.2 — —
© 1 2,4,6-mesitol 0.2 5.0 — —
At poly-me-phenol 2.0 12.9 — —
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Table3 Spin-lattice Relaxation Time (T,) of
Carhon Nuclei and the Dependence of
Spectral Intensities® on Repetition

Time
repetition time, s
Cnuclei ™ Ti,s 20 30 50
ortho 5.1 0.36. 0.40 0.40
meta 51 044 040 040

para 4.5 0.20 0.20 0.20

Shown by relative values.
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Fig. 17 Carbon-13 NMR spectrum of phenol
partly deuterated with deuterium
oxide over v-AlO; catalyst.
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Carbon-13 NMR Chemical
Shifts (ppm) ®

Table 4

C position phenol® deuteriophenol®

116.9
115 .4
113.6

115.4

ortho

131.1
129.7
127.8

129.7

meta

122.5
121.0
119.2

para 121.0

®Chemical shifts are relative to Me, Si.
PReference 3.
“Measured in this experiment.
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RRELTWwA, 72, Table 5 1Zi3&EAK E DX

Table5 Percent Deuterated Carbon Nuclei in
Phenol Obtained by the H-D Exchange
Reaction with Deuterium Oxide over
Various Catalysts

D, 0/ phenol®

catalysts C position 1.3 2.3 25.7
Si0,-Al, O, ortho 29.0 36.5 93.0
meta 28.6 35.6 80.9
para 30.5 34.7 92.3
7-AlL O, ortho 31,4 375  92.3
meta 37.4 33.7 59.5
para 9.9 35.6 85.4
MgO ortho 32,7 456  92.6
meta trace
para 33.0 46.0 89.0
Zn0 ortho  27.4  43.9
meta g.4 17.5
para 27.0 48.9
F6203 ortho 15.7 27.5
meta 17.2 23.6
para 15.0 25.4
Zn0-Fe,0, ortho 28.5 41.1 93.4

meta trace 16.3 28.6
para 32.3 47. 90.1

—

“Molar ratio.
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Fig. 19 Configuration of phenol chemisorbed on
acid catalysts.
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Fig. 21 Configuration of phenol chemisorbed
on ZnO catalyst.
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Vapor phase alkylation of phencl in which alcohols are used as the alkylating reagents has been
investigated by a number of researchers, The catalysts for this reaction were solid acid oxides
such as aluminas and silica aluminas. However, because of those low selectivity for a desired
alkylphenol, application of the reaction is limited.

Since a new thermoresistant polymer, so called poly (2, B-dimethyl) phenylene oxide, has been
introduced, systhesis of ortho-alkylated phencls has attracted special attention in industry.

At that time, we found that methylation occurs only at ortho position of phenol under an at-
mospheric pressure at 350C when ZnO-Fe,0; is used as a catalyst. This synthetic method is not
found in literatures. It is, therefore, of paticular interest to analyze mechanism of the reaction.

Major results of this study have been already published on Bull. Chem. Soc. Japan, 44, 1961
(1971), ibid, 47, 950 (1974), ibid, 47, 1535 (1974), Shokubai, 17, 7p (1975) and J. Phys. Chem., 83,
3020 (1979). Here, we wish to summarize the results of study on the mechanism of the selective

alkylation of phenol, including unpublished data. The outline of the contents is presented as follows:;

Chapter [

IR technique is useful for investigation of surface species on solid catalysts. Methanol, phenol,
and o-cresol were, therefore, adsorbed on the catalyst and their surface species were determined
by IR spectrometer at given temperature. Methanol showed no surface species on the catalyst at
any temperature. FPhenol gave phenoxide anion and proton on the surface by dissociative adsorption.
In a case of o-cresol, alumina was used as catalyst. o-cresol on alumina did not show phenoxide
species on the surface, but C-H stretching vibration of methyl group, O-H stretching vibration of
hydroxyl group and C-H in-plane vibration of aromatic ring varied with a rise of adsorption tem-

perature. Based on those data, adsorptive states on our catalyst were discussed.

Chapter T

It is important to investigate properties of active sites of our catalyst. In an ordinary way,
acidity and basicity of solid catalysts are determined by Benesi method. However, as our catalyst
is colored in brown, Hammett indicators are not allowed to use. Hence, we developed how to
measure acidity and basicity of such colored catalyst. Phenol which is one of reactants was used
for measurement of basicity and pyridine was used for acidity. Those measurements lead us to
conclusion that the catalyst has both acidity ‘and basicity, a phenoxide anion adsorbs on an acidic
site and a proton sits on a basic site after the dissociation, and finally available active sites for the

selective alkylation are pairs of acidic and basic sites.
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Chapter I

H-D exchange technique was employed for determination of interaction between the surface and
the adsorbed molecules on the surface. Objective of this experiment is to obtain some useful in-
formation on adsorptive structure of the surface species. Namely, if molecules interact with deu-
terated surface such as O-D group on the surface, H-D exchange reaction will possibly occur by
the interaction between adsorbed phenols and deuterated surface.

Products of H-D exchange reaction were analyzed by mass spectrometer. In a case of alumina,
all protons of aromatic ring of phenol interacted with the surface. In other words, it would be
considered that phencl molecules on alumina coplanarly adsorb on the surface. On the contrary,
phenol molecules on our catalyst showed 97 in m/e by mass spectrometric mesurement. This allows
to say that only three prdtons of phenol were exchanged and another three protons were unchanged.
It could be speculated as a result that adsorptive structure of phenol on our catalyst is clearly

different from it on alumina.

Chapter N

Natural abundance carbon-13 NMR is a technique that has been rapidly developed. One of the
most important features of carbon-13 NMR is the great separation of resonance spectra which are
due to the spectral features of different molecules. Therefore, it is not unusual in carbon-13 NMR
to be able to identify individual resonances for carbons 'at each aromatic ring position. On the
other hand, it is also important for catalysis to directly investigate the interaction between the
surface of the catalysts and the species chamisorbed on the surface.

In this report, the H-D exchange reaction between phenol and deuterium gas or deuterium oxide
over six kinds of catalysts has been studied by the carbon-13 NMR technique. On the basis of
these results, one could elucidate the mechanism of the exchange reaction as well as the surface
properties in the working state of the reaction.

The six metallic ‘oxides selected for this study were acid catalysts (Si0,-AlLO; and ALO;),
base catalyst (Mg0Q), and reducible catalysts (ZnO, Fe,0;, and Zn0-Fe,0;). Three types of deu-
teration of the carbon nuclei of phenol have been found: deuteration of the carbon nuclei at each
position of phenol, at both ortho and para position, and at ortho position only. Furthermore, it has
been found that colored Fe,0, shows an acidic nature as well as Si0,-Al,0; and Al,O;, MgO shows
basic nature as is well known, and ZnO shows a bifunctional nature {(both acid and base). On the
basis of these data, we have concluded that the deuteration of carbon nuclei is strongly influenced

by the surface properties of the catalysts and the adsorptive structure of adsorbates.
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