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bstract

In order to clarify the factors that affect the hydrodechlorination (abbreviated as HDC) reactivity of aromatic chlorinated compounds, the
atalytic hydrotreatment of chlorobenzene (abbreviated as CLB) and para-amino, -methoxy, -methyl, -chloro, -trifluoromethyl, -acetyl, and -
yano-substituted chlorobenzenes (abbreviated as CLAN, CLAS, CLTN, DCLB, CLTF, CLAP and CLBN, respectively) was carried out over
%-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
arbon atom took place selectively. In the case of CLBN and CLAP, in contrast, hydrogenolysis of the substituent in the para-position occurred
referentially. In the course of the reaction of CLBN, furthermore, secondary bi-molecular condensation of the hydrogenated intermediate occurred
nd 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
f 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
f the chlorobenzenes with electron-withdrawing substituents decreased in the order of CLB ≥ DCLB � CLTF. This behavior is in contrast with
hat observed on the Pd/C catalyst. In the molecular orbital calculation using the DFT method (B3LYP/LANL2DZ), except for CLBN, CLAP and
LTF, the most stable point was obtained when the chlorobenzenes were adsorbed through the chlorine atom on the corner platinum atom of the
t model cluster. For CLTF, adsorption on the corner platinum atom seemed to occur through the trifluoromethyl substitution in the para-position.
14

he magnitude of the adsorption energy (absolute value) decreased in the following order: CLAN � CLAS ≥ CLTN ≥ CLB > DCLB � CLTF.
his order of adsorption energy was in good agreement with that of HDC reactivity. The reasons for the adsorption stability are discussed from

he viewpoint of the energy level of the frontier orbital.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Since most chlorinated compounds used in the chemical
ndustry are toxic to human being, treatment to render them
armless is crucial in maintaining a clean natural environment.
any treatment methods have been studied, such as catalytic

ydrogenolysis [1–35], ultraviolet-ray degradation [36–40],

ltrasonic irradiation [20,41], electrolysis [42,43], biological
isposal [41,44] and others [45–47]. Among these, catalytic
ydrogenolysis appears to be the safest because it does not
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enerate other toxic compounds such as dioxin as by-products
1,2,5,14–17].

Studies on catalytic hydrogenolysis can be classified into two
roups: one group is the gas phase reactions with bulk or sup-
orted 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
eactions with bulk or supported Ni–Mo [13,14], Ni [15,16],
aney-Ni [16,26], Pd [11,17–28], Pd–Ru [29], and Pt [32–35].

However, most reports on hydrodechlorination (HDC) so far
ave focused on catalytic preparation, catalytic characteristics

nd/or catalytic activity, reaction path and/or mechanism, and
he effect of additives. Few papers have dealt with the HDC
eactivity of reactants from the standpoint of the electronic effect
f the substituents [1,3,9–11,16,19].

mailto:yoneda@chem.ge.cst.nihon-u.ac.jp
dx.doi.org/10.1016/j.molcata.2006.09.044
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Suzdorf et al. [1] studied the gas phase HDC of chloroben-
ene and ortho-, meta- and/or para-isomers of dichloroben-
ene, chlorotoluene, chloroaniline and chlorobenzene trifluoride
n Ni/�-Al2O3, and showed a correlation between HDC reac-
ivity and Hammett’s substitution constant. Also in the gas
hase HDC of chlorobenzene, chlorotoluenes, chlorophenols,
ichlorobenzenes and trichlorobenzenes on Ni/SiO2 catalyst,
eane and co-workers [3,9–11] reported that the presence of

n electron-donating ring substituent enhanced HDC where a
ationic intermediate is stabilized by an electron-donating sub-
tituent on the Ni catalyst and accelerates the reaction rate. Wu
t al. [16] reported that under liquid phase HDC of three (ortho-
mete- and para-) isomers of chlorotoluenes, chloroanilines,
hlorobenzene trifluorides, dichlorobenzenes, and two isomers
1,2,3- and 1,2,4-) trichlorobenzenes over Ni/C, Ni/�-Al2O3,
i/SiO2 and Raney-Ni, in the presence of alkaline hydroxide,

hlorobenzene derivatives having either an electron-donating or
n electron-withdrawing group showed a decreased HDC reac-
ivity. On the other hand, in our previous study on the liquid
hase reaction of chlorobenzene and para-isomers of chloroani-
ine, chloroanisole, chlorotoluene, dichlorobenzene, chloroace-
ophenone and chlorobenzonitrile on the Pd/C catalyst [19], the
DC reactivity of these substituted chlorobenzenes was accel-

rated by the presence of substituents, and a good relationship
as observed between the reactivity and Hammett’s constant.
lthough these results on HDC reactivity are very useful from

cademic and practical standpoints, a direct comparison of reac-
ivity is impossible because these studies were carried out under
ifferent reaction conditions. Hence, detailed information on the
actors affecting HDC reactivity is not readily available.

In order to shed light upon the factors affecting the HDC
eactivity of chlorinated aromatic compounds, in the present
tudy, the HDC reaction rate of chlorobenzene (abbreviated
s CLB) and the para-amino, -methoxy, -methyl, -chloro, -
rifluoromethyl, -acetyl and -cyano-substituted chlorobenzenes
abbreviated as CLAN, CLAS, CLTN, DCLB, CLTF, CLAP
nd CLBN, respectively) was measured over a 5%-Pt/C catalyst
n conditions similar to those of the previous reactions on the
d/C catalyst [19]. Furthermore, the adsorption energy of the
hlorobenzenes on the model cluster of the Pt14 unit cell was
alculated using the molecular orbital method (DFT method),
nd experimental results were discussed from the viewpoint of
dsorption stability.

. Experimental

.1. Materials

Chlorobenzene, the para-isomers of CLTN, DCLB, and
LBN, and solvents of hexadecane and 1,3,5-trimethylbenzene
ere obtained from Kanto Kagaku Co. CLAN, CLAS, CLAP

nd CLTF were purchased from Tokyo Kasei Kogyo Co., Ltd.
hese substrates were purified according to the conventional

ethod before use.
5%-Pt/C, which was supplied by Nippon Engelhard Inc., was

sed without purification. The particle size of the catalyst was
ess than 45 �m (>330 mesh).

s

c
s

lysis A: Chemical 265 (2007) 80–89 81

.2. Apparatus

The HDC reaction was carried out in a test tube (Pyrex glass,
.d. 28 mm × height 130 mm, volume: ca. 74 ml) that was placed
nto a magnetically stirred autoclave (Sakashita Seisakusho,
US304, volume: ca. 108 ml) equipped with a sampling tube
SUS316, i.d. 0.25 mm × length 900 mm) and a liquid introduc-
ng vessel (SUS304, volume: 50 ml).

In order to maintain effective agitation of the reactants,
hree rectangular turbulence boards (length 60 mm × width
mm × thickness 1.5 mm, glass) were fusion-bonded on the

nner wall of the test tube with three points that were divided
qually on the inner circumference.

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

.3. Procedure

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

The temperature of the reactor was maintained at 523 K, and
,3,5-trimethylbenzene (5 ml) solution of reactant (final con-
entrations in the reaction: (25–100) × 10−3 mol/l) was then
dded from the liquid introducing vessel using hydrogen of
a. 0.8 MPa, following pressure adjustment to 1 MPa. In the
ourse of the reaction, hydrogen pressure and temperature were
ept at 1.0 ± 0.05 MPa and 523 ± 1 K, respectively. Except for
CLB, the starting Cl(mol)/Pt(g) ratios were in the range of ca.
–8 mol/g. For DCLB that possesses two chlorine atoms in the
olecule, the ratio was in the range of ca. 4–16 mol/g.
The reaction time was set at zero, when the reactant solution

as introduced into the reactor. During the course of the reaction,
he products were taken periodically through the sampling tube.

.4. Analysis

The reaction products were analyzed by a gas chromato-
raph (Shimadzu GC-14A or 14B) using wide bore cap-
llary columns (Varian CP-Sil 13CB: i.d. 0.53 mm × length
00 m, or Varian CP-Wax 52CB: i.d. 0.53 mm × length 60 m)
quipped with an FID detector. Identification was carried
ut by gas chromatography–mass spectroscopy (Shimadzu
C–MS5050QA) using a narrow bore capillary column (J&W
cientific DB-1: i.d. 0.25 mm × length 60 m). In the quantita-

ive analysis, toluene or meta-xylene was used as the internal

tandard.

The initial reaction rates were determined by plotting the con-
entration of the HDC product versus the reaction time. Power
eries with the third order (r = at3 + bt2 + ct) were applied to these
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(1 1 1) plane, no reasonable interaction was observed although
2 T. Yoneda et al. / Journal of Molecula

lotted data, and the initial reaction rate was determined as the
ifferential coefficient of the power series at (dr/dt)t=0. That is
he coefficient of the first order term.

For Pt/C catalyst characterization, the metal content was mea-
ured by a UV–vis spectrophotometer (U-2010, Hitachi Inc.)
rom the diluted dissolution in aqua regia and the dry ash-
ng. BET surface areas and pore size distribution were deter-

ined using a BELSORP-mini (BEL Japan Inc.) apparatus.
fter outgasing at 393 K, nitrogen adsorption isotherm was

mployed to determine the total surface area using the stan-
ard multiple point BET method at 77 K. Mesopore and micro-
ore volumes were measured according to the BJH method
nd the MP or t-plot method, based on a carbon standard
urve endorsed by BEL Japan Inc. The metal surface area,
ispersion, and average metal particle size were obtained
rom carbon monoxide (CO) chemisorption analysis (R-6015,
hkura Riken Inc.). The samples (0.1 g each) were loaded in
U-shaped Pyrex glass cell (i.d. 3.5 mm, volume 5 ml) and

educed in hydrogen at 473 K for 15 min. After the reduc-
ion, the samples were swept with 50 ml/min dry helium for
5 min, cooled to 323 K and subjected to CO chemisorption
sing a pulse (30%-CO/He, 0.45 ml, four times) titration pro-
edure in He flow (50 ml/min). Powder X-ray diffractograms
XRD) were recorded with an RU-200 instrument (RAD-RB,
igaku Co.) using nickel filtered Cu K� radiation. The sam-
les were mounted in a low background sample holder and
canned at a rate of 0.02◦/step over the 5 ≤ 2θ ≤ 70◦ range at
scan speed of 4◦/min. The diffractograms were compared
ith the JCPDS-PDF references (no. 4-0802) for identification
urposes.

.5. Molecular orbital calculation of model complexes

To elucidate the factors affecting the HDC reaction of para-
ubstituted chlorobenzenes, both the adsorption state and the
dsorption energy of the chlorobenzenes on the model cluster

f the Pt14 unit cell were investigated by density function the-
ry (DFT: B3LYP) [48–52], using Gaussian03W (Rev. B.04) on
Windows 2000 system. LANL2DZ [53–56] was used as the

asis set.

ig. 1. A model complex of “chlorobenzene–Pt14” cluster and the mobile plane
f the organic part in optimization.
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lysis A: Chemical 265 (2007) 80–89

The convergence criteria of the maximum force, RMS force,
aximum displacement and RMS displacement were 0.00045,

.0003, 0.0018 and 0.0012 (default values), respectively. The
odel cluster was the Pt14 unit cell that was constructed

y using the DV-X� program [57]. Prior to constructing the
chlorobenzenes–Pt14” complexes, the organic part of the com-
lexes was optimized using the B3LYP/LANL2DZ system. In
he initial geometry of the complexes, as seen in Fig. 1, the

olecular axis of the chlorobenzenes was inclined at 5◦ to the
ight side. During the course of the optimization process of the
odel complexes, the geometry of the Pt14 cluster was fixed. In

he optimization, as a result, the mobile space of the organic part
n the complex was kept in the range of the (1 1 0) plane of the
luster (Fig. 1).

. Results and discussion

.1. Catalyst characterization

The physicochemical properties of the Pt/C catalyst is given
n Table 1. The platinum particle size, D, has been calculated
rom the chemisorption results by assuming a stoichiometry
O:Pt = 1:1 and by using the equation D = 5 V/S where V and S

ndicate the volume and surface area of platinum, respectively.
he values obtained by the CO chemisorption were used with a
latinum density of 21.45 g/cm3, atomic weight of 195.08, lat-
ice constant of 0.3923 nm. The XRD pattern for the activated
atalyst sample is given in Fig. 2. The Pt/C diffractogram is char-
cterized by three peaks at 39.8◦, 46.2◦, 67.6◦, corresponding
o the (1 1 1), (2 0 0), and (2 2 0) planes of metallic platinum that
re consistent with an exclusive cubic symmetry. The markers
ncluded in Fig. 2 illustrate the position and relative intensity of
he XRD peaks for cubic Pt taken from the Powder Diffraction
ile (no. 4-0802) in JCPDS.

In the preliminary calculation of chlorobenzenes on the
he intensity of the (1 1 1) plane was the highest in the XRD.
ince the arrangement of the platinum atom in the (2 0 0) plane
f the metal crystal is assumed to be the same as that in the

able 1
etal content, BET surface area and metal phase characteristics of Pt/C catalyst

Pt/C

etal loading (w/w, %) 4.9
ET surface area (m2/g) 966
esopore volume (cm3/g) 0.35a, 0.36b

icropore volume (cm3/g) 0.36c, 0.45d

ore diameter (nm)d 0.97
O adsorption volume (ml/g)e 0.74
etal surface area (m2/g) 3.1
verage metal particle size (nm) 3.7
ispersion (%) 13

a BJH method associated with chemisorption.
b BJH method associated with desorption.
c MP method.
d t-Plot method.
e STP, 0.101 MPa and 273 K.
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ig. 2. X-ray diffraction pattern: diffraction angles ((i) 39.8◦; (ii) 46.2◦; (iii)
7.6◦) connected with Pt/C catalyst.

1 0 0) plane, as the first step to investigate the adsorption state,
t is reasonable to use the (1 0 0) plane as a model plane in the

olecular orbital calculation.

.2. Hydrodechlorination (HDC)

.2.1. Product distribution
To elucidate the electronic factors that affect HDC on a 5%-

t/C catalyst, a series of para-substituted chlorobenzenes with
lectron-donating or -withdrawing substituents were reacted

nder H2 1 MPa at 523 K.

In the HDC of CLB and para-substituted chlorobenzenes
ith electron-donating substituents (CLAN, CLAS and CLTN),

eductive cleavage between the chlorine atom and the carbon

3

c

able 2
eaction conversion and selectivity for the hydrodechlorination of chlorobenzenesa

ubstrate Time (min) Product

-Chloroaniline (CLAN) 30 Aniline
-Chloroanisole (CLAS) 240 Anisole
-Chlorotoluene (CLTN) 180 Toluene

hlorobenzene (CLB) 180 Benezene
Cyclohexane

-Dichlorobenzene (DCLB) 180 Chlororbenzene
-Chlorobenzene trifluoride (CLTF) 240 Trifluoromethylb

-Chloroacetophenone (CLAP) 90
Ethylbenzene
p-Chloroethylbe
Acetophenone
4-Chloro-�-meth

-Chlorobenzonitrile (CLBN) 10
Toluene
Benzonitrile
Benzylamine
p-Chlorobenzyla
Unknownc

Bis(4-chloroben

a Substrate (4 × 10−3 mol), solvent (40 ml), catalyst (0.01 g) were employed.
b Determined by GLC analysis using internal hydrocarbon standard (toluene or m-x
c No identification by GC–MS analysis.
lysis A: Chemical 265 (2007) 80–89 83

tom of the benzene ring took place selectively. A very small
mount of cyclohexane as ring-saturated compound was also
bserved only in the reaction of CLB.

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

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

When Pd/C was used as a catalyst [19], the C–Cl bond cleav-
ge only took place selectively in the reaction CLBN and CLAP.
uch a difference in product distribution between Pt/C and Pd/C
ay indicate a different reaction mechanism.
.2.2. HDC reaction rate constant
Except for CLBN and CLAP, the HDC reaction rates of the

hlorobenzenes with both electron-donating and -withdrawing

Conversion (mol%) Selectivityb (mol%)

3.3 100
2.7 100
1.9 100

1.8 99.9
<0.1

1.6 100
enzene 0.1 100

36.8
5.4

nzene 69.6
10.9

yl-benzylalcohol 14.1

75.5
3.6

<0.1
2.7

mine 28.2
13.1

zyl)amine 69.3

ylene).
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ig. 3. Reaction paths suggested for the hydrodechlorination of p-
hlorobenzonitrile.

ubstituents were proportional to the initial concentration of the

eactant, and the reaction orders for the concentration of these
hlorobenzenes were, respectively, in the range of 0.90–1.02 and
.00–1.02. These results are shown in Figs. 4 and 5.

i
s
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Fig. 4. Reaction rates of chlorobenzene and the para-isome

Fig. 5. Reaction rates of chlorobenzene and the para-isome
lysis A: Chemical 265 (2007) 80–89

Furthermore, for the electron-donating substituents, the mag-
itude of the reaction rate constants decreased in the order of
LAN > CLAS ≥ CLTN ≥ CLB. This order of reactivity, or the

ate constant, on the Pt/C catalyst is agreement with that on the
d/C catalyst reported previously [19], and suggests that the
eactivity of these substituted chlorobenzenes was accelerated
y the presence of electron-donating substituents.

However, in the case of chlorobenzenes with electron-
onating substituents, except for CLBN and CLAP, the rate con-
tant decreased in the following order: CLB ≥ DCLB > CLTF.
his order of reactivity shows that the reactivity of these
hlorobenzenes is suppressed by the electron-withdrawing sub-
tituents in the para-position This HDC reactivity is in contrast
ty of CLBN, CLAP and DCLB were also accelerated in a
imilar manner to the chlorobenzenes with electron-donating
ubstituents.

rs of chloroaniline, chloroanisole and chlorotoluene.

rs of dichlorobenzene and chlorobenzene trifluoride.



T. Yoneda et al. / Journal of Molecular Cata

F
z

q
a

l

w
c
z
s
t
b
σ

l
s
s
m
t
c
s

t
t
r
t

t
s
t
T
C
s
o
(
W
h
p
u
s
(

t

3

3

i
o
c
B

a
a
o

i
“
(

d
o

ig. 6. Plots of the HDC reaction rate constant of the para-substituted chloroben-
enes to the substitution constant (σ0

p ).

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

n

(
k

k0

)
= ρσ

here k is the HDC reaction rate constant of the substituted
hlorobenzenes; k0 the HDC reaction rate constant of chloroben-
ene; ρ the reaction constant; σ is Hammett’s substitution con-
tant. Although the correlation coefficient squares (R2) for the
wo series of chlorobenzenes were somewhat low, correlations
etween the HDC rate constant and the substitution constant
0
p were observed as shown in Fig. 6. A slightly larger abso-

ute value of ρ for the chlorobenzenes with electron-donating
ubstituents than for chlorobenzenes with electron-withdrawing
ubstituents suggests a relatively higher sensitivity of the for-
er to the electronic-effect of the substituent [59]. Furthermore,

he negative ρ values suggest that HDC of para-substituted
hlorobenzenes with electron-donating and -withdrawing sub-
tituents is an electrophilic reaction at the reaction center.

In the sequence of CLAN, CLAS, CLTN and CLB, thereby,

he interaction between the chlorine atom of chlorobenzenes and
he catalytic surface is expected. The same tendency to the HDC
eactivity has been reported in the reaction of chlorobenzenes on
he supported Ni catalyst in the gas phase reaction [3,9–11]. In

E

w
t

Fig. 7. (A) Initial and (B) final geometries for the adsorption of chlorobenzene o
lysis A: Chemical 265 (2007) 80–89 85

he case of chlorobenzenes possessing the electron-withdrawing
ubstituent, on the other hand, the negative ρ value suggests
hat the reaction occurs in the vicinity of the para-substituents.
his prediction is supported from the products distributions in
LBN and CLAP (Table 2), where hydrogenolysis of the sub-

tituents proceeded mainly rather than the reductive cleavage
f the Cl–C bond. In the reaction of the para-isomer of nitro
NO2)-substituted chlorobenzene on the supported Ni catalyst,

u et al. [16] have observed that the para-isomer was not
ydrodechlorinated but hydrogenated at the NO2 position and
roduced chloroaniline, suggesting that the benzene ring stand
p from the catalytic surface with the electron-withdrawing
ubstituents 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
ry to clarify the factors affecting the HDC reactivity.

.3. Molecular orbital calculation

.3.1. Adsorption state
In order to obtain theoretical information on HDC reactiv-

ty, both the adsorption geometry and the adsorption energy
f chlorobenzenes on the catalytic model of the Pt14 unit
ell were calculated using the DFT method (Gaussian03W:
3LYP/LANL2DZ).

When the chlorobenzenes were placed on the center platinum
tom of the (0 0 1) plane of the Pt14 clusters through the chlorine
tom (named “Type-I” adsorption) (Fig. 7A), the atomic distance
f Cl–Pt was lengthened from 0.20 to 0.877 nm (Fig. 7B).

On the other hand, when CLB was placed on the corner plat-
num 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 (Ead) of the chlorobenzenes was
efined as below, as shown in Fig. 8, an interesting result was
btained in Type-II adsorption:
ad = Ecomplex − (ECLBs + EPt14 )

here Ecomplex is the total energy in the optimized geome-
ry of the “CLB–Pt14” complex; ECLBs the total energy in the

n the center Pt atom of (0 0 1) plane in Pt14 cluster (“Type-I” adsorption).
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ig. 8. (A) Initial and (B) final geometries for the adsorption of chlorobenzene

ptimized geometry of each chlorobenzene; EPt14 is the total
nergy in the single point calculation of the Pt14 cluster, respec-
ively.

Concerning the substituted chlorobenzenes with electron-
onating substituents (the four red circles on the left in Fig. 9),
he magnitude (absolute value) of Ead decreased in the order of
LAN > CLAS ≥ CLTN ≥ CLB. This order is consistent with

hat of HDC reactivity. As for the chlorobenzenes with electron-
ithdrawing substituents (the two red circles on the right in
ig. 9), in contrast, the order of magnitude (absolute value) of
ad differed from that of HDC reactivity. However, a reason-
ble order of Ead, that is CLB > DCLB > CLTF, for this series
f chlorobenzenes was observed when CLTF was adsorbed on
he corner platinum atom through the para-substituent (the blue
ozenge of the right extremity in Fig. 9). Although further stud-
es are needed to confirm the adsorption geometry of CLTF, the
ideal–Eley reaction mechanism [60] may be presumed because
he chlorine atom is located in the gas phase, far from the cat-
lytic surface.

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

t
(
t

Fig. 9. Adsorption energy of chlorobenzenes o
e corner Pt atom of (0 0 1) plane in Pt14 model cluster (“Type-II” adsorption).

umber between two reactants on the catalytic surface, thereby
ausing an increase in the reaction rate [61]. For the HDC reac-
ion, few studies have focused on chemical reactivity in relation
o adsorption energy in spite of the fact that adsorption is cru-
ially important. In the present study, the agreement of the order
f adsorption energy with that of the experimental HDC reac-
ivity may suggest that HDC reactivity is influenced by the
ifference in the affinity of reactants (that is, the affinity of the
hlorine atom in the ultimate sense) onto the platinum atom of
he catalytic surface.

.3.2. Orbital interactions
To elucidate the electronic factors that affected adsorption

tability, for Type-II adsorption state, the features of the inter-
ction between chlorobenzenes and Pt14 model clusters were
hecked from the viewpoint of the energy levels of both the
luster and the molecules interacting with each other.
In the orbital interactions between chlorobenzenes and
he Pt14 cluster, in every case, the degenerated LUMO
E = −0.1798 eV) of the cluster was predicted to play an impor-
ant role as a partner orbital of the organic molecule. As seen

n the Pt14 cluster for Type-II adsorption.
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Table 3
Orbitals of chlorobenzenes interacting with LUMO of the Pt14 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

F
v
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F
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t
Y
w
n
a
c

a

F
c

F
P

6
(
i
i
w
p
b
i
w
t

between the occupied orbitals in the chlorobenzenes and the
degenerated LUMO in the Pt14 cluster lead to an interesting
observation. That is, the magnitude of this energy gap increased
ig. 10. Shape of degenerated LUMO: (a) over view; (b) front view; (c) top
iew.

n Fig. 10, this molecular orbital of the cluster consisted of dxz

tomic orbital of the corner atoms (nos. 2–5, 11–14 in Fig. 10)
nd dx2−y2 atomic orbital of the face centered atoms (nos. 6–9 in
ig. 10). On the other hand, HOMO-2 or HOMO-3 of the organic
art was expected to interact with the LUMO. The shape of these
rbitals in the chlorobenzenes and their energy levels are shown
n Table 3 and Fig. 11.

When a molecular axis of the chlorobenzenes was included in
he Y–Z plane, and a molecular plane was orthogonalized to the
–Z plane, as seen in Fig. 11, the px orbital on the chlorine atom
as characteristic in all of the chlorobenzenes. Furthermore, a
ode was observed between the px orbital on the chlorine atom

nd the px orbital on the carbon atom of the benzene ring in these
hlorobenzenes.

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

ig. 11. Shape of interacting orbitals for chlorobenzene and the para-substituted
hlorobenzenes.

i

F
c

ig. 12. The orbital interaction between (HOMO-3) of CLAN and (LUMO) of
t14 cluster.

2) (E = −0.3488 eV) as a bonding orbital and (LUMO + 3)
E = −0.1296 eV) as an antibonding orbital were generated. This
s shown in Fig. 12. For the bonding orbital (HOMO-62), as seen
n Fig. 13, the px orbital on the chlorine atom of the organic part
as overlapped by the same phase as the dxz orbital on the corner
latinum atom (no. 3) of the cluster. This shows that the Cl–Pt
ond is reinforced whereas the Cl–C bond is weakened. Also
n the case of other chlorobenzenes, (HOMO-2) or (HOMO-3)
as assigned as the interacting orbital of the organic part with

he LUMO of the cluster.
Furthermore, the calculated energy gaps (�E in Fig. 14)
n the order of CLAN < CLTN ≤ CLAS < CLB < DCLB < CLTF

ig. 13. (HOMO-62) orbital generated by the interaction between para-
hloroaniline and Pt14 cluster: (a) over view; (b) side view; (c) top view.
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[22] R. Gopinath, N. Lingaiah, B. Sreedhar, I. Suryanarayana, P.S.S. Prasad, A.
ig. 14. Energy gaps between (HOMO-2) or (HOMO-3) of chlorobenzenes and
UMO of Pt14 cluster.

Fig. 14). Since orbitals with smaller energy gaps gener-
lly interact more easily [62], HDC reactivity is expected to
ecrease in the opposite order to that of the energy gaps:
LAN > CLTN ≥ CLAS > CLB > DCLB > CLTF. Except for the

everse order between CLTN and CLAS, this order is the same
s that of the HDC reactivity. Although further investigations
re required to better interpret the HDC reaction mechanism, it
ay be deduced that the difference in HDC reactivity among

ubstituted chlorobenzenes over the Pt/C catalyst was caused by
he difference in energy gaps.

In the catalytic HDC of chlorobenzenes, dissociative adsorp-
ion following the formation of the �-complex is reported in the
iterature [63]. Our final purpose in MO calculation is also to
xamine such evidence.

Although dissociative adsorption was not observed in the
resent calculation, in fact, the C–Cl bond length in the
hlorobenzenes was expanded slightly; in addition, relationships
etween the HDC reactivity and the magnitude of adsorption
nergy were observed. Therefore, we regarded the present results
s suggesting the importance of the adsorption.

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

. Conclusion

. 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.

. 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.

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

[
[
[

lysis A: Chemical 265 (2007) 80–89

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.

. Concerning the effect of the substituents on HDC reactivity,
a correlation between the rate constants and the Hammett
substitution values (σ0

p ) was observed in both series of sub-
stituted chlorobenzenes although the square of correlation
coefficients (R2) was low.

. The order of magnitude of the adsorption energy for the
chlorobenzenes on the Pt14 model cluster, which was cal-
culated using the DFT method (B3LYP/LANL2DZ), was
consistent with that of HDC reactivity.

. The difference in energy gaps between the degenerated
LUMO of the Pt14 cluster and (HOMO-2) or (HOMO-3) of
the chlorobenzenes was assumed to account for the adsorp-
tion stability.

cknowledgements

We would like to thank Dr. Seiichi Takase for his useful advice
n the molecular orbital method. We also wish to express our
ppreciation to Mr. Koshiro Koizumi for his assistance with the
xperiment.

eferences

[1] A.R. Suzdorf, S.V. Morozov, N.N. Anshits, S.I. Tsiganova, A.G. Anshits,
Catal. Lett. 29 (1994) 49.

[2] V. de Jong, R. Louw, Appl. Catal. A: Gen. 271 (2004) 153.
[3] M.A. Keane, G. Pina, G. Tavoularis, Appl. Catal. B: Environ. 48 (2004)

275.
[4] K.V.R. Chary, K.S. Lakshmi, P.V.R. Roa, K.S.R. Rao, M. Papadaki, J. Mol.

Catal. A: Chem. 223 (2004) 353.
[5] Y. Cesteros, P. Salagre, F. Medina, J.E. Sueiras, Catal. Lett. 79 (2002) 83.
[6] K.V.R. Chary, K.S. Lakshmi, M.R.V.S. Murthy, K.S.R. Rao, M. Papadaki,

Catal. Commun. 4 (2003) 531.
[7] M.A. Keane, D.Y. Murzin, Chem. Eng. Sci. 56 (2001) 3185.
[8] I.V. Mishakov, V.V. Chesnokov, R.A. Buyanov, N.A. Pakhomov, Kinet.

Catal. 42 (2001) 598.
[9] K.V. Murthy, P.M. Patterson, M.A. Keane, J. Mol. Catal. A: Chem. 225

(2005) 149.
10] M.A. Keane, Appl. Catal. A: Gen. 271 (2004) 109.
11] C. Menini, C. Park, E.J. Shin, G. Tavoularis, M.A. Keane, Catal. Today 62

(2000) 355.
12] Y. Hashimoto, Y. Uemichi, A. Ayame, Appl. Catal. A: Gen. 287 (2005) 89.
13] F. Gioia, E.J. Gallagher, V. Famiglietti, J. Hazard. Mater. 38 (1994) 277.
14] F. Murena, Environ. Technol. 18 (1997) 317.
15] W. Wu, J. Xu, Catal. Commun. 5 (2004) 591.
16] W. Wu, J. Xu, R. Ohnishi, Appl. Catal. B: Environ. 60 (2005) 129.
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