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Abstract

In order to clarify the factors that affect the hydrodechlorination (abbreviated as HDC) reactivity of aromatic chlorinated compounds, the
catalytic hydrotreatment of chlorobenzene (abbreviated as CLB) and para-amino, -methoxy, -methyl, -chloro, -trifluoromethyl, -acetyl, and -
cyano-substituted chlorobenzenes (abbreviated as CLAN, CLAS, CLTN, DCLB, CLTF, CLAP and CLBN, respectively) was carried out over
5%-platinum/carbon (Pt/C) catalyst under 1 MPa of hydrogen pressure at 523 K.

In the HDC of CLB and the substituted chlorobenzenes, except for CLBN and CLAP, reductive cleavage between the chlorine atom and the
carbon atom took place selectively. In the case of CLBN and CLAP, in contrast, hydrogenolysis of the substituent in the para-position occurred
preferentially. In the course of the reaction of CLBN, furthermore, secondary bi-molecular condensation of the hydrogenated intermediate occurred
and an appreciable amount of bis(4-chlorobenzyl)amine was produced.

HDC reactivity of the chlorobenzenes with electron-donating substituents decreased in the order of CLAN >> CLAS > CLTN > CLB. This order
of the Pt/C catalyst was similar to that of a 5%-palladium/carbon (Pd/C) catalyst, which has been reported previously. On the other hand, the reactivity
of the chlorobenzenes with electron-withdrawing substituents decreased in the order of CLB > DCLB > CLTFE. This behavior is in contrast with
that observed on the Pd/C catalyst. In the molecular orbital calculation using the DFT method (B3LYP/LANL2DZ), except for CLBN, CLAP and
CLTF, the most stable point was obtained when the chlorobenzenes were adsorbed through the chlorine atom on the corner platinum atom of the
Pt;4 model cluster. For CLTF, adsorption on the corner platinum atom seemed to occur through the trifluoromethyl substitution in the para-position.
The magnitude of the adsorption energy (absolute value) decreased in the following order: CLAN > CLAS > CLTN > CLB >DCLB >» CLTFE.
This order of adsorption energy was in good agreement with that of HDC reactivity. The reasons for the adsorption stability are discussed from
the viewpoint of the energy level of the frontier orbital.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since most chlorinated compounds used in the chemical
industry are toxic to human being, treatment to render them
harmless is crucial in maintaining a clean natural environment.
Many treatment methods have been studied, such as catalytic
hydrogenolysis [1-35], ultraviolet-ray degradation [36—40],
ultrasonic irradiation [20,41], electrolysis [42,43], biological
disposal [41,44] and others [45-47]. Among these, catalytic
hydrogenolysis appears to be the safest because it does not
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generate other toxic compounds such as dioxin as by-products
[1,2,5,14-17].

Studies on catalytic hydrogenolysis can be classified into two
groups: one group is the gas phase reactions with bulk or sup-
ported Fe [8], Co [8], Ni [1-11], Pt [30,31], Pt-V [31], Pt-Mo
[31] and Pt—W [31], and the other group is the liquid phase
reactions with bulk or supported Ni-Mo [13,14], Ni [15,16],
Raney-Ni [16,26], Pd [11,17-28], Pd—Ru [29], and Pt [32-35].

However, most reports on hydrodechlorination (HDC) so far
have focused on catalytic preparation, catalytic characteristics
and/or catalytic activity, reaction path and/or mechanism, and
the effect of additives. Few papers have dealt with the HDC
reactivity of reactants from the standpoint of the electronic effect
of the substituents [1,3,9-11,16,19].
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Suzdorf et al. [1] studied the gas phase HDC of chloroben-
zene and ortho-, meta- and/or para-isomers of dichloroben-
zene, chlorotoluene, chloroaniline and chlorobenzene trifluoride
on Ni/y-Al;03, and showed a correlation between HDC reac-
tivity and Hammett’s substitution constant. Also in the gas
phase HDC of chlorobenzene, chlorotoluenes, chlorophenols,
dichlorobenzenes and trichlorobenzenes on Ni/SiO; catalyst,
Keane and co-workers [3,9-11] reported that the presence of
an electron-donating ring substituent enhanced HDC where a
cationic intermediate is stabilized by an electron-donating sub-
stituent on the Ni catalyst and accelerates the reaction rate. Wu
et al. [16] reported that under liquid phase HDC of three (ortho-
, mete- and para-) isomers of chlorotoluenes, chloroanilines,
chlorobenzene trifluorides, dichlorobenzenes, and two isomers
(1,2,3- and 1,2,4-) trichlorobenzenes over Ni/C, Ni/y-Al,O3,
Ni/SiO; and Raney-Ni, in the presence of alkaline hydroxide,
chlorobenzene derivatives having either an electron-donating or
an electron-withdrawing group showed a decreased HDC reac-
tivity. On the other hand, in our previous study on the liquid
phase reaction of chlorobenzene and para-isomers of chloroani-
line, chloroanisole, chlorotoluene, dichlorobenzene, chloroace-
tophenone and chlorobenzonitrile on the Pd/C catalyst [19], the
HDC reactivity of these substituted chlorobenzenes was accel-
erated by the presence of substituents, and a good relationship
was observed between the reactivity and Hammett’s constant.
Although these results on HDC reactivity are very useful from
academic and practical standpoints, a direct comparison of reac-
tivity is impossible because these studies were carried out under
different reaction conditions. Hence, detailed information on the
factors affecting HDC reactivity is not readily available.

In order to shed light upon the factors affecting the HDC
reactivity of chlorinated aromatic compounds, in the present
study, the HDC reaction rate of chlorobenzene (abbreviated
as CLB) and the para-amino, -methoxy, -methyl, -chloro, -
trifluoromethyl, -acetyl and -cyano-substituted chlorobenzenes
(abbreviated as CLAN, CLAS, CLTN, DCLB, CLTF, CLAP
and CLBN, respectively) was measured over a 5%-Pt/C catalyst
in conditions similar to those of the previous reactions on the
Pd/C catalyst [19]. Furthermore, the adsorption energy of the
chlorobenzenes on the model cluster of the Pt;4 unit cell was
calculated using the molecular orbital method (DFT method),
and experimental results were discussed from the viewpoint of
adsorption stability.

2. Experimental
2.1. Materials

Chlorobenzene, the para-isomers of CLTN, DCLB, and
CLBN, and solvents of hexadecane and 1,3,5-trimethylbenzene
were obtained from Kanto Kagaku Co. CLAN, CLAS, CLAP
and CLTF were purchased from Tokyo Kasei Kogyo Co., Ltd.
These substrates were purified according to the conventional
method before use.

5%-Pt/C, which was supplied by Nippon Engelhard Inc., was
used without purification. The particle size of the catalyst was
less than 45 pm (>330 mesh).

2.2. Apparatus

The HDC reaction was carried out in a test tube (Pyrex glass,
i.d. 28 mm X height 130 mm, volume: ca. 74 ml) that was placed
into a magnetically stirred autoclave (Sakashita Seisakusho,
SUS304, volume: ca. 108 ml) equipped with a sampling tube
(SUS316,1.d. 0.25 mm x length 900 mm) and a liquid introduc-
ing vessel (SUS304, volume: 50 ml).

In order to maintain effective agitation of the reactants,
three rectangular turbulence boards (length 60 mm x width
4 mm x thickness 1.5 mm, glass) were fusion-bonded on the
inner wall of the test tube with three points that were divided
equally on the inner circumference.

Except for the improved test tube, the details of the apparatus
were described in the previous paper [19].

2.3. Procedure

The Pt/C catalyst (0.0100 g) was placed into the test tube in
the autoclave. After purging the air of the autoclave with hydro-
gen gas, the catalyst was reduced in a hydrogen flow rate of
100 ml/min under 0.5 MPa at 573K for 1 h. Upon the termina-
tion of the catalyst reduction, the residual hydrogen gas in the
autoclave was rapidly released, and hexadecane as a solvent was
added from the liquid introducing vessel into the autoclave using
0.3 MPa hydrogen. Then, the pressure in the reactor was adjusted
to 0.5 MPa at 558 K, and both the solvent and the catalyst were
stirred at 500 rpm.

The temperature of the reactor was maintained at 523 K, and
1,3,5-trimethylbenzene (5 ml) solution of reactant (final con-
centrations in the reaction: (25-100) x 10~3 mol/l) was then
added from the liquid introducing vessel using hydrogen of
ca. 0.8 MPa, following pressure adjustment to 1 MPa. In the
course of the reaction, hydrogen pressure and temperature were
kept at 1.0 £ 0.05 MPa and 523 + 1 K, respectively. Except for
DCLB, the starting Cl(mol)/Pt(g) ratios were in the range of ca.
2-8 mol/g. For DCLB that possesses two chlorine atoms in the
molecule, the ratio was in the range of ca. 4—16 mol/g.

The reaction time was set at zero, when the reactant solution
was introduced into the reactor. During the course of the reaction,
the products were taken periodically through the sampling tube.

2.4. Analysis

The reaction products were analyzed by a gas chromato-
graph (Shimadzu GC-14A or 14B) using wide bore cap-
illary columns (Varian CP-Sil 13CB: i.d. 0.53 mm x length
100 m, or Varian CP-Wax 52CB: i.d. 0.53 mm x length 60 m)
equipped with an FID detector. Identification was carried
out by gas chromatography—mass spectroscopy (Shimadzu
GC-MS5050QA) using a narrow bore capillary column (J&W
Scientific DB-1: i.d. 0.25 mm x length 60 m). In the quantita-
tive analysis, toluene or mefa-xylene was used as the internal
standard.

The initial reaction rates were determined by plotting the con-
centration of the HDC product versus the reaction time. Power
series with the third order (r= ar® + br? + ct) were applied to these
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plotted data, and the initial reaction rate was determined as the
differential coefficient of the power series at (dr/df),~¢. That is
the coefficient of the first order term.

For Pt/C catalyst characterization, the metal content was mea-
sured by a UV-vis spectrophotometer (U-2010, Hitachi Inc.)
from the diluted dissolution in aqua regia and the dry ash-
ing. BET surface areas and pore size distribution were deter-
mined using a BELSORP-mini (BEL Japan Inc.) apparatus.
After outgasing at 393 K, nitrogen adsorption isotherm was
employed to determine the total surface area using the stan-
dard multiple point BET method at 77 K. Mesopore and micro-
pore volumes were measured according to the BJH method
and the MP or t-plot method, based on a carbon standard
curve endorsed by BEL Japan Inc. The metal surface area,
dispersion, and average metal particle size were obtained
from carbon monoxide (CO) chemisorption analysis (R-6015,
Ohkura Riken Inc.). The samples (0.1 g each) were loaded in
a U-shaped Pyrex glass cell (i.d. 3.5mm, volume 5ml) and
reduced in hydrogen at 473K for 15min. After the reduc-
tion, the samples were swept with 50 ml/min dry helium for
15 min, cooled to 323 K and subjected to CO chemisorption
using a pulse (30%-CO/He, 0.45 ml, four times) titration pro-
cedure in He flow (50 ml/min). Powder X-ray diffractograms
(XRD) were recorded with an RU-200 instrument (RAD-RB,
Rigaku Co.) using nickel filtered Cu Ka radiation. The sam-
ples were mounted in a low background sample holder and
scanned at a rate of 0.02°/step over the 5 <26 <70° range at
a scan speed of 4°/min. The diffractograms were compared
with the JCPDS-PDF references (no. 4-0802) for identification
purposes.

2.5. Molecular orbital calculation of model complexes

To elucidate the factors affecting the HDC reaction of para-
substituted chlorobenzenes, both the adsorption state and the
adsorption energy of the chlorobenzenes on the model cluster
of the Pty4 unit cell were investigated by density function the-
ory (DFT: B3LYP) [48-52], using Gaussian03W (Rev. B.04) on
a Windows 2000 system. LANL2DZ [53-56] was used as the
basis set.

15
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Fig. 1. A model complex of “chlorobenzene—Pt;4” cluster and the mobile plane
of the organic part in optimization.

The convergence criteria of the maximum force, RMS force,
maximum displacement and RMS displacement were 0.00045,
0.0003, 0.0018 and 0.0012 (default values), respectively. The
model cluster was the Ptj4 unit cell that was constructed
by using the DV-Xa program [57]. Prior to constructing the
“chlorobenzenes—Pt;4” complexes, the organic part of the com-
plexes was optimized using the B3LYP/LANL2DZ system. In
the initial geometry of the complexes, as seen in Fig. 1, the
molecular axis of the chlorobenzenes was inclined at 5° to the
right side. During the course of the optimization process of the
model complexes, the geometry of the Pti4 cluster was fixed. In
the optimization, as a result, the mobile space of the organic part
in the complex was kept in the range of the (1 1 0) plane of the
cluster (Fig. 1).

3. Results and discussion
3.1. Catalyst characterization

The physicochemical properties of the Pt/C catalyst is given
in Table 1. The platinum particle size, D, has been calculated
from the chemisorption results by assuming a stoichiometry
CO:Pt=1:1 and by using the equation D=5 V/S where V and §
indicate the volume and surface area of platinum, respectively.
The values obtained by the CO chemisorption were used with a
platinum density of 21.45 g/cm?, atomic weight of 195.08, lat-
tice constant of 0.3923 nm. The XRD pattern for the activated
catalyst sample is given in Fig. 2. The Pt/C diffractogram is char-
acterized by three peaks at 39.8°, 46.2°, 67.6°, corresponding
tothe (111),(200), and (22 0) planes of metallic platinum that
are consistent with an exclusive cubic symmetry. The markers
included in Fig. 2 illustrate the position and relative intensity of
the XRD peaks for cubic Pt taken from the Powder Diffraction
File (no. 4-0802) in JCPDS.

In the preliminary calculation of chlorobenzenes on the
(111) plane, no reasonable interaction was observed although
the intensity of the (11 1) plane was the highest in the XRD.
Since the arrangement of the platinum atom in the (2 0 0) plane
of the metal crystal is assumed to be the same as that in the

Table 1

Metal content, BET surface area and metal phase characteristics of Pt/C catalyst
Pt/C

Metal loading (w/w, %) 49

BET surface area (m?/g) 966

Mesopore volume (cm?/g) 0.35%, 0.36"

Micropore volume (cm3/g) 0.36¢, 0.454

Pore diameter (nm)? 0.97

CO adsorption volume (ml/g)® 0.74

Metal surface area (m2/g) 3.1

Average metal particle size (nm) 3.7

Dispersion (%) 13

2 BJH method associated with chemisorption.
b BJH method associated with desorption.

¢ MP method.

d -Plot method.

¢ STP, 0.101 MPa and 273 K.
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Fig. 2. X-ray diffraction pattern: diffraction angles ((i) 39.8°; (ii) 46.2°; (iii)
67.6°) connected with Pt/C catalyst.

(100) plane, as the first step to investigate the adsorption state,
it is reasonable to use the (1 00) plane as a model plane in the
molecular orbital calculation.

3.2. Hydrodechlorination (HDC)

3.2.1. Product distribution

To elucidate the electronic factors that affect HDC on a 5%-
Pt/C catalyst, a series of para-substituted chlorobenzenes with
electron-donating or -withdrawing substituents were reacted
under H, 1 MPa at 523 K.

In the HDC of CLB and para-substituted chlorobenzenes
with electron-donating substituents (CLAN, CLAS and CLTN),
reductive cleavage between the chlorine atom and the carbon

Table 2

Reaction conversion and selectivity for the hydrodechlorination of chlorobenzenes®

atom of the benzene ring took place selectively. A very small
amount of cyclohexane as ring-saturated compound was also
observed only in the reaction of CLB.

5%-Pt/C

c1—©—x +H, ——= @—X + HCI
523K

(XI NHz, OCH;, CH;, H, Cl, CF;)

Depending on the magnitude of the electronic properties of
each substituent, however, the features of the reactivity of sub-
stituted chlorobenzenes with electron-withdrawing substituents
differed slightly from those with electron-donating substituents.
That is, hydrogenolysis of the substituent in the para-position
occurred in the reaction of CLBN and CLAP, whereas normal
HDC took place in the case of DCLB and CLTF. In the case
of CLBN, as shown in Table 2, a considerable amount of bis(4-
chlorobenzyl)amine was produced together with a small amount
of toluene and benzonitrile. Although further study is required,
from the products distribution shown in Table 2, the follow-
ing reaction path may be suggested for the reaction of CLBN
(Fig. 3).

As reaction products of CLAP, acetophenone and ethylben-
zene were observed as shown in Table 2.

When Pd/C was used as a catalyst [19], the C—Cl bond cleav-
age only took place selectively in the reaction CLBN and CLAP.
Such a difference in product distribution between Pt/C and Pd/C
may indicate a different reaction mechanism.

3.2.2. HDC reaction rate constant
Except for CLBN and CLAP, the HDC reaction rates of the
chlorobenzenes with both electron-donating and -withdrawing

Substrate Time (min) Product Conversion (mol%) Selectivity® (mol%)
p-Chloroaniline (CLAN) 30 Aniline 3.3 100
p-Chloroanisole (CLAS) 240 Anisole 2.7 100
p-Chlorotoluene (CLTN) 180 Toluene 1.9 100
Chlorobenzene (CLB) 180 Benezene 1.8 99.9
Cyclohexane <0.1
p-Dichlorobenzene (DCLB) 180 Chlororbenzene 1.6 100
p-Chlorobenzene trifluoride (CLTF) 240 Trifluoromethylbenzene 0.1 100
p-Chloroacetophenone (CLAP) 90 36.8
Ethylbenzene 54
p-Chloroethylbenzene 69.6
Acetophenone 10.9
4-Chloro-a-methyl-benzylalcohol 14.1
p-Chlorobenzonitrile (CLBN) 10 75.5
Toluene 3.6
Benzonitrile <0.1
Benzylamine 2.7
p-Chlorobenzylamine 28.2
Unknown® 13.1
Bis(4-chlorobenzyl)amine 69.3

a Substrate (4 x 1073 mol), solvent (40 ml), catalyst (0.01 g) were employed.

b Determined by GLC analysis using internal hydrocarbon standard (toluene or m-xylene).

¢ No identification by GC-MS analysis.
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Fig. 3. Reaction paths suggested for the hydrodechlorination of p-
chlorobenzonitrile.

substituents were proportional to the initial concentration of the
reactant, and the reaction orders for the concentration of these
chlorobenzenes were, respectively, in the range of 0.90-1.02 and
1.00-1.02. These results are shown in Figs. 4 and 5.

Furthermore, for the electron-donating substituents, the mag-
nitude of the reaction rate constants decreased in the order of
CLAN>CLAS > CLTN > CLB. This order of reactivity, or the
rate constant, on the Pt/C catalyst is agreement with that on the
Pd/C catalyst reported previously [19], and suggests that the
reactivity of these substituted chlorobenzenes was accelerated
by the presence of electron-donating substituents.

However, in the case of chlorobenzenes with electron-
donating substituents, except for CLBN and CLAP, the rate con-
stant decreased in the following order: CLB > DCLB > CLTF.
This order of reactivity shows that the reactivity of these
chlorobenzenes is suppressed by the electron-withdrawing sub-
stituents in the para-position This HDC reactivity is in contrast
with that on the Pd/C catalyst [19], on which the reactiv-
ity of CLBN, CLAP and DCLB were also accelerated in a
similar manner to the chlorobenzenes with electron-donating
substituents.

045
= CLAN ——CLAS —CLTN -&- CLB
040 F  Np, OCH,  CH, H
c c cl c
030 b
0.25 b
0.20 F

015

0.10

Reaction rate (mol/litter/min/0.25g-catal)

0.05

CLAN: y=0.00492 x097361
R2=0.99653

CLAS: y=0.00047 x090334
R2=0.99454

CLTN: y=0.00034 x09724
R2=0.99579

CLB: y=0.00028 x!02107
R?=0.99704
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60 80 100

Concentration (mol/litter)

Fig. 4. Reaction rates of chlorobenzene and the para-isomers of chloroaniline, chloroanisole and chlorotoluene.
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Fig. 5. Reaction rates of chlorobenzene and the para-isomers of dichlorobenzene and chlorobenzene trifluoride.
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Fig. 6. Plots of the HDC reaction rate constant of the para-substituted chloroben-
zenes to the substitution constant (O’I()) ).

In order to evaluate the electronic effect of the substituents
quantitatively, the following Hammett equation [58,59] was
applied to the above results:

In k
LA
k)~ ”

where k is the HDC reaction rate constant of the substituted
chlorobenzenes; ko the HDC reaction rate constant of chloroben-
zene; p the reaction constant; o is Hammett’s substitution con-
stant. Although the correlation coefficient squares (R?) for the
two series of chlorobenzenes were somewhat low, correlations
between the HDC rate constant and the substitution constant
crg were observed as shown in Fig. 6. A slightly larger abso-
lute value of p for the chlorobenzenes with electron-donating
substituents than for chlorobenzenes with electron-withdrawing
substituents suggests a relatively higher sensitivity of the for-
mer to the electronic-effect of the substituent [59]. Furthermore,
the negative p values suggest that HDC of para-substituted
chlorobenzenes with electron-donating and -withdrawing sub-
stituents is an electrophilic reaction at the reaction center.

In the sequence of CLAN, CLAS, CLTN and CLB, thereby,
the interaction between the chlorine atom of chlorobenzenes and
the catalytic surface is expected. The same tendency to the HDC
reactivity has been reported in the reaction of chlorobenzenes on
the supported Ni catalyst in the gas phase reaction [3,9—11]. In

the case of chlorobenzenes possessing the electron-withdrawing
substituent, on the other hand, the negative p value suggests
that the reaction occurs in the vicinity of the para-substituents.
This prediction is supported from the products distributions in
CLBN and CLAP (Table 2), where hydrogenolysis of the sub-
stituents proceeded mainly rather than the reductive cleavage
of the Cl-C bond. In the reaction of the para-isomer of nitro
(NO3)-substituted chlorobenzene on the supported Ni catalyst,
Wu et al. [16] have observed that the para-isomer was not
hydrodechlorinated but hydrogenated at the NO; position and
produced chloroaniline, suggesting that the benzene ring stand
up from the catalytic surface with the electron-withdrawing
substituents as an anchor. The order of the HDC reactivity
(CLB >DCLB > CLTF) is also consistent with our present result.

In the next section, using molecular orbital method, we will
try to clarify the factors affecting the HDC reactivity.

3.3. Molecular orbital calculation

3.3.1. Adsorption state

In order to obtain theoretical information on HDC reactiv-
ity, both the adsorption geometry and the adsorption energy
of chlorobenzenes on the catalytic model of the Pty4 unit
cell were calculated using the DFT method (Gaussian03W:
B3LYP/LANL2DZ).

When the chlorobenzenes were placed on the center platinum
atom of the (00 1) plane of the Pty4 clusters through the chlorine
atom (named “Type-I"" adsorption) (Fig. 7A), the atomic distance
of CI-Pt was lengthened from 0.20 to 0.877 nm (Fig. 7B).

On the other hand, when CLB was placed on the corner plat-
inum atom of the (0 0 1) plane through the chlorine atom (named
“Type-II"” adsorption) (Fig. 8A), a high stable point was obtained
(Fig. 8B).

When the adsorption energy (E,q) of the chlorobenzenes was
defined as below, as shown in Fig. 8, an interesting result was
obtained in Type-II adsorption:

Ead = Ecomplex - (ECLBS + EPt14)

where Ecomplex is the total energy in the optimized geome-
try of the “CLB-Pt14” complex; Ecpps the total energy in the

ca.8°
L]
.

(&
O
0.183nm *
(Optimization) “-—--___.

ﬁ 0.877nm

: Hydrogen o

: Carbon

: Chlorine

L]
o
(0]
° : Platinum

(B)

Fig. 7. (A) Initial and (B) final geometries for the adsorption of chlorobenzene on the center Pt atom of (00 1) plane in Pt;4 cluster (“Type-I"” adsorption).
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Fig. 8. (A) Initial and (B) final geometries for the adsorption of chlorobenzene on the corner Pt atom of (00 1) plane in Pt;4 model cluster (“Type-II"" adsorption).

optimized geometry of each chlorobenzene; Epy,, is the total
energy in the single point calculation of the Pty4 cluster, respec-
tively.

Concerning the substituted chlorobenzenes with electron-
donating substituents (the four red circles on the left in Fig. 9),
the magnitude (absolute value) of E,q decreased in the order of
CLAN>CLAS > CLTN > CLB. This order is consistent with
that of HDC reactivity. As for the chlorobenzenes with electron-
withdrawing substituents (the two red circles on the right in
Fig. 9), in contrast, the order of magnitude (absolute value) of
E,q differed from that of HDC reactivity. However, a reason-
able order of E,q, that is CLB >DCLB > CLTF, for this series
of chlorobenzenes was observed when CLTF was adsorbed on
the corner platinum atom through the para-substituent (the blue
lozenge of the right extremity in Fig. 9). Although further stud-
ies are needed to confirm the adsorption geometry of CLTF, the
Rideal-Eley reaction mechanism [60] may be presumed because
the chlorine atom is located in the gas phase, far from the cat-
alytic surface.

The role of the catalyst is generally assumed to lower the
activation energy synergistically while increasing the collision

number between two reactants on the catalytic surface, thereby
causing an increase in the reaction rate [61]. For the HDC reac-
tion, few studies have focused on chemical reactivity in relation
to adsorption energy in spite of the fact that adsorption is cru-
cially important. In the present study, the agreement of the order
of adsorption energy with that of the experimental HDC reac-
tivity may suggest that HDC reactivity is influenced by the
difference in the affinity of reactants (that is, the affinity of the
chlorine atom in the ultimate sense) onto the platinum atom of
the catalytic surface.

3.3.2. Orbital interactions

To elucidate the electronic factors that affected adsorption
stability, for Type-II adsorption state, the features of the inter-
action between chlorobenzenes and Ptj4 model clusters were
checked from the viewpoint of the energy levels of both the
cluster and the molecules interacting with each other.

In the orbital interactions between chlorobenzenes and
the Ptj4 cluster, in every case, the degenerated LUMO
(E=-0.1798 V) of the cluster was predicted to play an impor-
tant role as a partner orbital of the organic molecule. As seen
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Fig. 9. Adsorption energy of chlorobenzenes on the Pt;4 cluster for Type-II adsorption.
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Table 3
Orbitals of chlorobenzenes interacting with LUMO of the Pt;4 cluster and their energy levels
CLAN CLAS CLTN CLB DCLB CLTF
Interacting orbital HOMO-3 HOMO-3 HOMO-2 HOMO-2 HOMO-2 HOMO-2
Energy (eV) —0.3027 —0.3110 —0.3105 —0.3139 —0.3231 —0.3353
Top view 0.1 .
Sbg' -0.1296
I? q

Fig. 10. Shape of degenerated LUMO: (a) over view; (b) front view; (c) top
view.

in Fig. 10, this molecular orbital of the cluster consisted of d,,
atomic orbital of the corner atoms (nos. 2-5, 11-14 in Fig. 10)
andd,>_ » atomic orbital of the face centered atoms (nos. 6-9 in
Fig. 10). On the other hand, HOMO-2 or HOMO-3 of the organic
part was expected to interact with the LUMO. The shape of these
orbitals in the chlorobenzenes and their energy levels are shown
in Table 3 and Fig. 11.

When a molecular axis of the chlorobenzenes was included in
the Y-Z plane, and a molecular plane was orthogonalized to the
Y—Z plane, as seen in Fig. 11, the p, orbital on the chlorine atom
was characteristic in all of the chlorobenzenes. Furthermore, a
node was observed between the p, orbital on the chlorine atom
and the p, orbital on the carbon atom of the benzene ring in these
chlorobenzenes.

As a result of the interaction between (HOMO-3) of CLAN
and the degenerated LUMO of the cluster, for example, (HOMO-

i

para-Chloroaniline para-Chloroamsole para-Chlorotoluene

CLAN CLAS CLTN
(HOMO-3) (HOMO-3) (HOMO-2)
¥ P
’ # “
Chlorobenzene para-Dichlorobenzene  para-Chlorobenzenetrifluoride
CLB DCLB CLTF
(HOMO-2) (HOMO-2) (HOMO-2)

Fig. 11. Shape of interacting orbitals for chlorobenzene and the para-substituted
chlorobenzenes.

-0.1798
(LUMO}

o

Energy (eV)

-0.3
(HOMO-3)

e 4

-0.4

Fig. 12. The orbital interaction between (HOMO-3) of CLAN and (LUMO) of
Pty4 cluster.

62) (E=-0.3488¢eV) as a bonding orbital and (LUMO + 3)
(E=—0.1296 eV) as an antibonding orbital were generated. This
is shown in Fig. 12. For the bonding orbital (HOMO-62), as seen
in Fig. 13, the p, orbital on the chlorine atom of the organic part
was overlapped by the same phase as the d,; orbital on the corner
platinum atom (no. 3) of the cluster. This shows that the C1-Pt
bond is reinforced whereas the C1-C bond is weakened. Also
in the case of other chlorobenzenes, (HOMO-2) or (HOMO-3)
was assigned as the interacting orbital of the organic part with
the LUMO of the cluster.

Furthermore, the calculated energy gaps (AE in Fig. 14)
between the occupied orbitals in the chlorobenzenes and the
degenerated LUMO in the Ptj4 cluster lead to an interesting
observation. That is, the magnitude of this energy gap increased
in the order of CLAN < CLTN < CLAS <CLB <DCLB < CLTF

Top view

Fig. 13. (HOMO-62) orbital generated by the interaction between para-
chloroaniline and Pt;4 cluster: (a) over view; (b) side view; (c) top view.
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Fig. 14. Energy gaps between (HOMO-2) or (HOMO-3) of chlorobenzenes and
LUMO of Pty4 cluster.

(Fig. 14). Since orbitals with smaller energy gaps gener-
ally interact more easily [62], HDC reactivity is expected to
decrease in the opposite order to that of the energy gaps:
CLAN>CLTN > CLAS > CLB > DCLB > CLTF. Except for the
reverse order between CLTN and CLAS, this order is the same
as that of the HDC reactivity. Although further investigations
are required to better interpret the HDC reaction mechanism, it
may be deduced that the difference in HDC reactivity among
substituted chlorobenzenes over the Pt/C catalyst was caused by
the difference in energy gaps.

In the catalytic HDC of chlorobenzenes, dissociative adsorp-
tion following the formation of the o-complex is reported in the
literature [63]. Our final purpose in MO calculation is also to
examine such evidence.

Although dissociative adsorption was not observed in the
present calculation, in fact, the C—Cl bond length in the
chlorobenzenes was expanded slightly; in addition, relationships
between the HDC reactivity and the magnitude of adsorption
energy were observed. Therefore, we regarded the present results
as suggesting the importance of the adsorption.

However, we are now studying the dissociative adsorption
state of chlorobenzenes accompanying the behavior of the sur-
face hydrogen molecule/atoms.

4. Conclusion

1. In the hydrodechlorination (HDC) of chlorobenzene and
para-substituted chlorobenzenes with electron-donating sub-
stituents over a 5%-Pt/C catalyst, the reductive cleavage of
the carbon—chlorine bond proceeded selectively.

2. In the case of chlorobenzenes with electron-withdrawing
substituents, whether the reductive cleavage of the
carbon—chlorine bond (that is HDC) or the hydrogenolysis
of the para-substituent took place depended on the elec-
tronic properties of the substituents. That is, the former
reaction occurred in the reaction of the para-chloro and
-trifluoromethyl-substituted chlorobenzenes, and the latter
occurred in the reaction of the para-cyano and -acetyl-
substituted chlorobenzenes.

3. Comparison with the reaction rate constants confirmed that
the HDC of chlorobenzenes with electron-donating sub-

stituents was enhanced by the presence of the substituent,
whereas for chlorobenzenes with electron-withdrawing sub-
stituents such as para-chloro and -trifluoromethyl sub-
stituents, HDC was suppressed by the substituent.

4. Concerning the effect of the substituents on HDC reactivity,
a correlation between the rate constants and the Hammett
substitution values (ag) was observed in both series of sub-
stituted chlorobenzenes although the square of correlation
coefficients (R2) was low.

5. The order of magnitude of the adsorption energy for the
chlorobenzenes on the Pt;4 model cluster, which was cal-
culated using the DFT method (B3LYP/LANL2DZ), was
consistent with that of HDC reactivity.

6. The difference in energy gaps between the degenerated
LUMO of the Pt4 cluster and (HOMO-2) or (HOMO-3) of
the chlorobenzenes was assumed to account for the adsorp-
tion stability.
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