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Abstract: Nanoparticles of gold on TiO, are highly chemoselective for the reduction of substituted
nitroaromatics, such as nitrostyrene. By combining kinetics and in situ IR spectroscopy, it has been found
that there is a preferential adsorption of the reactant on the catalyst through the nitro group. IR studies of
nitrobenzene, styrene, and nitrostyrene adsorption, together with quantum chemical calculations, show
that the nitro and the olefinic groups adsorb weakly on the Au(111) and Au(001) surfaces, and that although
a stronger adsorption occurs on low-coordinated atoms in gold nanoparticles, this adsorption is not selective.
On the other hand, an energetically and geometrically favored adsorption through the nitro group occurs
on the TiO, support and in the interface between the gold nanoparticle and the TiO, support. Such
preferential adsorption is not observed with nanoparticles of gold on silica which, contrary to the Au/TiO;
catalyst, is not chemoselective for the reduction of substituted nitroaromatic compounds. Therefore, the
high chemoselectiviy of the Au/TiO; catalyst can be attributed to a cooperation between the gold nanoparticle
and the support that preferentially activates the nitro group.

Introduction the selective hydrogenation of the carbonyl group. However,
selectivities are high only at low conversion levels, and gold
still cannot compete with supported Pt doped with Sn, or with
Pt on CeQ, for the selective hydrogenation of carbonyls in the

presence of &C double bonds, especially at high levels of

conversiorf:’

Supported gold catalysts have shown interesting possibilities
for selective oxidation,carbon-carbon bond formation, and
reactions with alkynes and alkenes among otfietsA more
modest role has been played by supported gold catalysts for
selective hydrogenations. Only in the caseng$-unsaturated
aldehydes such as crotonaldehyde, acroleine, citral, and pent- We have recently shown that Au/Ti®ias unique catalytic
3-en-2-onéis Au supported on Zr@and ZnO able to catalyze  behavior for the chemoselective hydrogenation of the nitro group
in substituted nitroaromatiésinterestingly, none of the sup-
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Chemoselective Hydrogenation of Nitroaromatics on Au/TiO;

active sites are involved in the chemoselective reduction of
substituted nitroaromatics to the corresponding anilines remain
unknown.

In the present work, we have studied, at the molecular level,

the interactions between the reactants and the catalyst surface

by combining in situ IR spectroscopy, realistic quantum
chemical modeling, and kinetic experiments. It will be shown
that, during nitrostyrene hydrogenation with Au/TLiGhere is

a cooperative effect between gold and Ti€uch that H is
dissociated on Au and nitrostyrene is adsorbed selectively on
the support through the nitro group only, especially on the gold
atoms located at the boundary betweenzl@@d Au, these very
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Figure 1. Evolution of yield versus conversion during the 3-nitrostyrene
hydrogenation using 2 wt % Pt/TiQO), 1.5 wt % Au/TiC, (W), and 2 wt
% PAITIG (&).

specific adsorption sites being responsible for the high chemose-

lectivity observed.

Experimental Section

Catalyst and Catalytic Experiments. The Au/TiQ; and the Au/
FeOs catalysts, with 1.5 wt % and 4.5 wt % loadings of gold,
respectively, were supplied by the World Gold Council (reference
catalysts, Type A and D). Other gold catalysts, i.e., 1.5 wt % Au/C
and 1.6 wt % Au/Si@ were prepared following recently described
procedured! the average gold particle size being between 3.5 and 4.0
nm in all cases. Finallya 2 wt %Pt/TiO, catalyst was prepared by the
incipient wetness technique usingMMCk as platinum precursor. This
catalyst was reduced undeg flow during 5 h at 200°C before its use
in the reaction.

Catalytic experiments were carried out in 2 mL glass reactors,
through the following procedure: First, an appropriate amount of the
catalyst is placed into the reactor, together with the reaction mixture
(2 mL). The system is then purged with,Hbefore heating, in order to
completely remove oxygen from the reactor. Underatmospheric
pressure, the reaction mixture is heated atX2@ith magnetic stirring,
and then the pressure is set to 9 bar gftHis being the starting reaction
time. Aliquots were taken from the reactor at different times and
analyzed by GC and MSGC measurements.

IR Experiments. FTIR spectra were collected with an FTS-40A
spectrometer using a quartz cell connected to a vacuum line. The
samples were evacuated atdnbar for 20 min prior to the adsorption

edges. In the geometry optimizations, the two innermost atomic layers
were kept as in the bulk to provide an adequate metallic environment
to the topmost layers, which are fully relaxed. As representative of
nanoscale Au particles, a Adcluster (~1 nm diameter) was placed in
a 20 A x 20 A x 20 A cubic box, and the position of all atoms was
always fully relaxed. The same cubic box was used to calculate the
energy, geometry, and frequencies of the isolated nitrostyrene molecule.
The TiG; (anatase) support was modeled by &(2) supercell slab
model representing the most stable (001) surface. It contains thrge TiO
layers (nine atomic layers), with the two uppermost Ji@yers being
also fully relaxed. Finally, Au particles supported on anatase were
modeled by a supercell approach in which the anatase slab model unit
cell described above was sufficiently enlarged so as to supporta Au
particle in such a way that Au particles are ke A apart from each
other and there is a vacuum region larger than 15 A between vertical
repeated slabs. In order to stabilize the Aparticle on top of the Ti@
support, an oxygen vacancy was artificially introduced in the anatase
model just below the metallic particle. The largest supercell contains
172 atoms, and calculations require access to a large parallel super-
computer.

All calculations were carried out using the VASP cddeayith
exchange correlation effects being described by the Periféang
(PW91}? version of the generalized gradient approximation (GGA).
The density was expanded in a plane wave basis set with a 415 eV
cutoff for the kinetic energy to represent the valence electron density;

experiment. Nitrobenzene, styrene, and nitrostyrene were adsorbed at, larger cutoff of 515 eV was used in some cases to test the convergence

increasing pressures from 0.1 to 20 mbar.

Theoretical Calculations. Density functional calculations were
carried out with a series of models of increasing complexity, the final
system being sufficiently close to the experimental situation, although
still modeling ultra-high-vacuum conditions. Hence, adsorption of
nitrostyrene on different Au modetshamely, single-crystal Au(111)
and Au(001) surfaces, a monatomic row model which contains low-
coordinated gold atoms, an isolated sAuwanoparticle, and a Aw
nanoparticle supported on TiShas been explicitly considered.
Adsorption on the titanium oxide support has also been considered.

The Au(111) and Au(100) were modeled by periodic slabs containing
four atomic layers and a vacuum region larger than 20 A between
vertical repeated slabs. Large enough supereéfis< 4) for Au(111)
and (3x 3) for Au(001)y—were used to avoid interaction between the
adsorbates. The monatomic row model was constructed fronxab(5
supercell slab model for the Au(111) model with five atomic layers
and with two rows and one row missing in the topmost and second
layers, respectively. Although the Au monatomic row model\A)
may appear somewhat artificial, it provides an adequate model for low-

of adsorption energies and geometries with respect to this parameter.
The effect of the core electrons in the valence density was taken into
account by means of the projected augmented wave (PAW) méthod.
The Brillouin zone of the gold surface unit cells was described with a
3 x 3 x 1 k-points grid within the MonkhorstPack scheme, while the
rest of the calculations (Agnanoparticle, Ti@ and Aug/TiO,) were
carried out for thel' k-point. The resulting structures were further
characterized as minima by a pertinent frequency analysis calculation.
These vibrational frequencies were calculated by diagonalizing the block
Hessian matrix corresponding to displacements of the coordinates of
all the atoms of nitrostyrene molecule.

Results and Discussion

Catalytic Experiments. Kinetic results in Figure 1 clearly
show that, with Au/TiQ, it is possible to achieve very high
chemoselectivity toward the hydrogenation of the nitro group
in nitrostyrene (eq 1) when working at levels of conversion close

coordinated Au atoms appearing in stepped surfaces and nanoparticlé0 100%.
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Hyp Table 1. Turnover Frequency of Au/TiOz, Au/SiO,, and Pt/TiO;
NOy — NH, Catalysts for the Hydrogenation of Styrene and Nitrobenzene?
(1) TOF (mol converted h~ mol~* metal)
\ \ substrate styrene nitrobenzene
. . . . . 1.5% AU/TIO 160 365
To expleyn t_hls_ result, one can assume, toa f|r_st approximation, 3 694 AU/SIG 110 20
that the intrinsic rate for the reduction of the nitro group on the 2% PYTIQ 660 200

gold catalyst is much larger than that of the olefinic group. To

; ; ; ; aTiOz is shown to play an important role for activating the nitro group
check this hypothesis, hydrogenations of nitrobenzene andin the gold catalysts. In contrast, the platinum sample is shown to be

styrene were carried out separately. Turnover frequency (TOF) especially active for catalyzing the=€C hydrogenation. Reaction condi-
values were calculated from initial reaction rates as the numbertions: 120°C, 9 bar (gold catalysts); 40C, 3 bar (platinum catalyst).

Feeding (1 mL): 8.5 mol % of substrate, 90.5 mol % of toluene (solvent),
of molecules tran;formed per h_our and per gold atom. The _ "5 <o/ ofo-xylene (internal standard).
results presented in Table 1 indicate that the TOF for hydro-
genating nitrobenzene is 2.2 times larger than that for styrene ;alé/e 2. Ttl_JmOfoSthequenCé/ Klf_tth% AUu/TiOz ?gt%lyst f?rF thed_
. . : ydrogenation O yrene an Itrobenzene at Dirterent Feeading
Wlth.the AU/TiO, catalyst. !n contrast, on both Au/&@nd Compositions?
PU/TIO, catalysts, styrene is hydrogenated more rapidly than

nitrobenzene. While these results are consistent with a higher feeding (mol %) TOF (mol canverted ™ mol™ Au)
chemoselectivity of the Au/Ti@ system to hydrogenate a styrene nitrobenzene styrene nitrobenzene
substrate such as 3-nitrostyrene, they cannot explain the 98% 0 8.5 0 365
chemoselectivity for the hydrogenation of the nitro group on 85 3'25 1&? 4005

Au/TiO,. To explain the very high selectivity of gold, a second
kinetic factor that may influence selectivity was also consid-  2While the double-bond reduction rate notably decreases in the presence

ered: that is, the preferential adsorption of the nitro versus the 9f & nitro group, this one keeps a very similar reaction rate, independent of
the styrene concentration. Reaction conditions: 1209 bar. Feeding (1

olefinic group when there is competitive adsorption. This ). 8.5 mol % of substrate (styrene nitrobenzene), 90.5 mol % of
hypothesis was tested by studying the reactivity of styrene in toluene (solvent), and 1 mol % afxylene (internal standard).

the presence of nitrobenzene.
Results in Table 2 indicate that, although styrene hydrogena- 1526
tion can occur on Au/Ti@ its reaction rate is strongly inhibited
by the presence of nitrobenzene, while the hydrogenation of
nitrobenzene is practically not influenced by the presence of
styrene. Therefore, from the kinetic experiments, one can
conclude that the high chemoselectivity observed with AusTiO
not only is due to a higher intrinsic activity for hydrogenating
the nitro with respect to the olefinic group but also, especially,
is a consequence of the preferential adsorption of nitrostyrene
through the nitro group on the Au/Ti@atalyst. This conclusion
is further supported bin situ IR competitive adsorption results.
Thus, when nitrobenzene is adsorbed on the,T8@pport or
on the Au/TiQ catalyst (Figure 2a), the asymmetrig{NO,)
IR vibration frequency shifts from 1552 crhin the gas phase b
to 1526 cnt?l, while no shift for the aromatic ring vibration :
frequencies (1620, 1606, 1585 thHiis observed. This suggests 1500
that nitrobenzene interacts with the catalyst through the nitro Wavenumber (cm™)
group. In this case, the su_pport plays an |mpo_rtant role, SIIflCG Figure 2. FTIR spectra of nitrobenzene adsorption at°250n (a) Au/
FTIR measurements of nitrobenzene adsorption on AWSIO Tip, and (b) Au/SIG.
(Figure 2b), in which only the interaction between nitrobenzene
and the gold nanoparticles can be observed, indicate that the
nitro group adsorbs weakly on metallic gold. This is further confirmed by studying the competitive adsorption
Styrene adsorption on both Ti@nd Au/TiQ; samples leads ~ of nitrobenzene and styrene with a 1:1 molar ratio (Figure 3c).
to similar FTIR spectra (Figure 3b). The IR bands at 1601, 1494, In this case, bands associated with nitrobenzene are exclusively
and 1450 cm? are related to the stretching vibrations of the observed, indicating a preferential adsorption of the nitro group
phenyl ring, and the bands at 1630 and 1416%are attributed from nitrobenzene versus the double bond in the styrene. Finally,
to the »(C=C) and 6(=C—H) vibrations of the vinyl group, FTIR nitrostyrene adsorption experiments on 7&dd Au/TiG,
respectively. Interestingly, only a very small shiftg crm 1) (Figure 4) show that nitrostyrene adsorbs selectively through
of the IR bands associated with the olefinic groups occurs with the nitro group.
respect to the molecule in the gas phase, indicating an even From the FTIR adsorption studies, it can be concluded that
weaker interaction of the double bond with the surface. In other (i) both the nitro and the olefinic groups can adsorb on Au/
words, when comparing the IR spectroscopy results for the TiO,, though the interaction through the nitro group is stronger
adsorption of nitrobenzene and styrene, it appears quite clearand competes very favorably with the adsorption of the olefinic
that a stronger adsorption/interaction of the nitro group with group, and (ii) the nitro group adsorbs weakly on metallic gold
respect to the olefinic group on either LiOr Au/TiO, occurs. and more strongly on the TiGsupport.

0,05

1620 1605
1.585
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model or with the Ags nanoparticle. For the Ashr, it is found
02 that both the nitro group and the=€C double bond interact
moderately with low-coordinated Au atoms situated in the edge
1350 of the monatomic row, the calculated adsorption energies being
8.7 and 12.2 kcal mal, respectively. The adsorption through
the G=C double bond is ofr nature, with a concomitant
increase of 0.05 A in the CC bond length. Analysis of the final
geometry shows that the main interaction occurs through the
C=C double bond, but it also reveals that one of the C atoms
FAL : ; of the benzene ring is quite strongly interacting with a Au atom
a 1630: . 1495, 1450 1416 in the monatomic row edge (Figure 6). This coordination
A - Lo provokes a coupling of the different vibrational modes in the
1650-1500 cnt?! region, all of them associated with the nitro
group and the carbon skeleton of the molecule. As a conse-
. , . quence, the characteristic spectroscopic band at 1638,cm
1750 1500 1250 corresponding to the pure=€C stretching mode, shifts to
Wavenumber (cm™) ~1510 cm? (Table 4) and includes important contributions
Figure 3. FTIR spectra of adsorption of nitrobenzene (a), nitrostyrene (b), from other. m(:)des, while the_ vibrational modes including
and a mixture of nitrobenzene and styrene with a 1:1 molar ratio (c) at large contributions from the nitro group appear at 1574 and
25°C on TiQ; or Au/TiO. 1545 cnrl. Adsorption through the nitro group in the same
Aumar model is only 3.5 kcal mott less favorable but
1532 . significantly activates the N£group, since the optimized NO
: distances are now 0.04 A larger than the corresponding values
for the gas-phase molecule (Table 3). This geometry distortion
is large enough to provoke a change in the asymmeigiblO,)
vibration frequency from 1537 cm in the gas phase to
~1470 cm! (Table 4) and with significant mixing with the
vibrational modes of the aromatic ring, while other modes,
clearly dominated by NO contributions, appeardf300 cntl.
Nitrostyrene’s interaction with the Agnanoparticle model is
stronger, as reflected by the higher adsorption energies obtained
and the larger increase in theXD and C-C bond lengths
(Table 3). Again, the interaction through the=C double bond
is more favorable than the interaction through the nitro group,
but both groups appear to be highly activated. In the case of
the G=C interaction, the adsorption is of dinature, each of
the carbon atoms of the double bond interacts with one Au atom,
and the C-C distance increases to 1.47 A, which is close to
Figure 4. FTIR spectra of nitrostyrene adsorption at 45 on (a) Au/ the standard value for a-€C single bond. It is important to
TiOz and (b) TIQ. remark that, as shown in Figure 7, there is also a noticeable
distortion of the Ayg nanoparticle due to the interaction with
the molecular interactions at the surface, quantum chemical SOMe of the C atoms of the benzene ring. As could be expected,
calculations were performed to model the adsorption of the the Ch"’_‘raCter'SUC vibration frequengy associated with tﬁ@c
reactant on different types of gold surfaces, on isolated gold stretching mode does not show up simply bgcause, as mentioned
nanoparticles, on the Tiupport, and on FFO—Au interface above, the 'carbcrﬂcarbon bond changes its character f!rom
sites as described in the previous section. Analysis of the double-to single-bond. Moreover, the Ngroup’s asymmetric
interaction energies, geometry deformation, and vibrational ViPration couples with some of the modes associated with the
frequencies should allow us to reach definitive conclusions about @"omatic ring, as in the case of interaction with theyA!

the nature of the catalyst active sites and the modes of reactanfN@del, but here two modes dominated by the nitro group’s
adsorption. atomic displacements, which appear at 1562 and 1509,cm

DFT Calculations. 1. Nitrostyrene Adsorption on Gold. can be clearly identified. In contrast, interaction of nitrostyrene
The present density functional calculations predict that nitrosty- With the Auss nanoparticle through the N@roup results in a
rene interacts weakly with Au(111) and Au(001) surfaces, in significant increase of one of the NO distances to 1.30 A. Here,
agreement with experiment (Au/SiOThe calculated adsorption ~ the NQ-related modes, appearing at 1494 and 1439'care
energies are small (Table 3), the adsorbed molecule lies paralleleven more strongly coupled to those of the aromatic ring, the
to the Au surface at a distance o8—4 A (Figure 5), and the ~ ©nes clearly dominated by NO motions appearing now at 1395
optimized N—O and G=C distances are almost identical to those and 1371 cm.
obtained for the isolated molecule in the gas phase. A quite From the results corresponding to the interaction of nitrosty-
different situation is obtained for the interaction of the nitrosty- rene with low-coordinated Au atoms, either in the extended
rene molecule with the low-coordinated Au atoms of theA Auwmar or in the Awg particle, it can be concluded that both the

1526

1601 ;576

0.02

1420
483 :
. 1457 1437 1409

T : T - T T T T T T T T -
1650 1600 1550 1500 1450 1400

Wavenumber (cm™)

At this point, and to go one step further toward understanding
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Figure 5. Nitrostyrene adsorptlon on perfect Au(111) (Ieft) and Au(001) (right) surfaces.

Table 3. Adsorption Energies (kcal/mol) and Optimized Values of the Most Important Distances (A) of Nitrostyrene Adsorbed on the
Different Systems Considered

Euts MNO Icc 0Au ICAu oTi
isolated 1.24,1.24 1.34
Au(111) -2.5 1.24,1.24 1.34 4.09, 4.14 3.61,3.75
Au(001) —-2.6 1.24,1.24 1.35 3.36, 4.04 3.07,3.52
Aumar (NO) -8.7 1.28,1.28 1.34 2.32,2.32
Aupar (C=C) —-12.2 1.24,1.24 1.39 2.25,2.41
Auzg (NO2) —20.0 1.30, 1.26 1.34 2.31,2.53
Ausg (C=C) —28.9 1.25,1.24 1.47 2.15,2.29
TiO (strongly) —42.4 1.27,1.24 1.34 2.14,2.39
TiO2 (weakly) —-24.0 1.24,1.24 1.34 3.71,4.01
Au1y/TiO, —-15.4 1.39,1.39 1.34 2.32,2.33 2.06,2.14

nitro group and the €C double bond are activated, but without  structure in which the interaction occurs via the nitro group and,
any preferential activation toward one or the other. Conse- more precisely, between the oxygen atoms of the nitro group
quently, the preferential adsorption of the nitro group on the and the Ti atoms of the surface (Figure 8). In this structure, the
gold particle surface cannot explain the chemoselective hydro- molecule lies perpendicular to the surface, with the two O atoms
genation and the kinetic results presented above. Indeed, wherof the nitro group 2.14 and 2.39 A from the nearest surface Ti
nitrostyrene hydrogenation is carried out on gold supported on atoms, and with a lengthening of one of the-® bonds from
an “inert” carrier such as SiQthe results presented in Table 5 1.24 to 1.27 A. The characteristic spectroscopic feature associ-
clearly show that, while active, this catalyst is not selective for ated with the &C stretching mode appears at 1641 éifTable
the hydrogenation of the nitro group, in agreement with the 4), and the vibrational modes associated with the nitro group
prediction from the present theoretical study. Taking into are strongly coupled to those of the aromatic ring and appear
account all results reported up to now, we have to consider theat 1484 and 1459 cm, far away from the characteristic
possibility that the support, either by itself or through its frequency expected for the nitro group of the isolated molecule.
interaction with the gold nanoparticles, could be responsible The calculated adsorption energy is quite large, 42 kcal/mol,
for the selective adsorption and reactivity of the nitro groups. suggesting that this strongly chemisorbed nitrostyrene molecule
Therefore, we have extended the theoretical adsorption studiegmight be just a spectator and not the reactive species. Here, it
to supported gold nanopatrticles. is worth pointing out that the experimental IR measurements,
2. Nitrostyrene Adsorption on TiO, and Au/TiO,. When previously described for the interaction of nitrostyrene with the
nitrostyrene approaches the Gi€urface, the €C interaction TiO, support and the Au/Ti@catalyst, show a clear band at
with the Ti atoms of the oxide support is possible only if the 1532 cnt which, in the light of the present theoretical results,
molecule is parallel to the Tigsurface. However, the repulsion  cannot be assigned to nitrostyrene strongly chemisorbed through
between the aromatic ring and the O atoms of the oxide surfacethe nitro group. In order to assign this experimentally observed
is stronger, and all attempts to locate a minimum corresponding band, several geometry optimization calculations were carried
to the adsorption through the=&C on TiO, evolved to a out, starting from a variety of conformations. In this way, a
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Figure 6. Nitrostyrene adsorption on the edge of a monatomic row on a

Au(111) surface through the nitro group (left) and the© double bond
(right).

Figure 7. Nitrostyrene adsorption on a A¢nanoparticle through the nitro

group (left) and the &C double bond (right).

Table 4. Calculated Vibrational Frequencies (cm~1) of
Nitrostyrene Adsorbed on the Different Systems Considered

vCC YNO,+O vNO,
isolated 1638 1537 1317
Aumar (NO) 1636 1470 1308, 1299
Auwmar (C=C) 1516, 1509 1574, 1545
Auszg (NOy) 1627 1494, 1439 1395, 1371
Augg (C=C) 1562, 1509
TiO. (strongly) 1641 1484, 1459 1281, 1268
TiO, (weakly) 1639 1524 1319
Au14/TiO; 1640 1227,1138

measuredAv,{NO,) frequency shifts £13 and —19 cnt?,
respectively) suggests that the nitrostyrene molecules observed
by IR spectroscopy are precisely those weakly adsorbed on the
TiO, support. Moreover, it further validates the present com-
putational approach and reinforces the conclusions described
above for the interaction of nitrostyrene with low-coordinated
Au atoms.

The model calculations described so far indicate that, on one
hand, interaction of nitrostyrene with pure Au cannot explain
the preference for the nitro group activation observed in the
catalytic experiments and, on the other hand, the support itself
plays only a marginal role in sticking the molecule to the surface.
We are left with the possibility that the adsorption can occur
on the gold atoms interacting with the support. To analyze this
possibility, the adsorption of nitrostyrene on a more realistic
model of the catalyst, involving a gold nanoparticle supported
on TiO,, has been studied (Figure 9). Nitrostyrene was situated
perpendicular to the TiQsurface, at the interface between the
gold nanoparticle and the oxide support. In this case, and as
described above, a strong interaction between the O atoms of
the nitro group and the Ti atoms of the support is observed,
with calculated T+O distances of 2.06 and 2.14 A. However,
for the Au/TiO, system, there is another noticeable interaction
between the O atoms of the nitro group and two Au atoms at
the nanoparticle edge. Interestingly enough, these are low-
coordinated Au atoms, directly bonded to four or five other Au
atoms, and at 2:62.7 A from an O atom of the support. The
calculated adsorption energy at this site is 15.4 kcal/mol,
considerably smaller than that on the extended,T8@pport,
and almost as large as that obtained for the interaction of
nitrostyrene with the isolated nanoparticles. However, there are
two important differences between these two cases. First, the
interaction of nitrostyrene with the isolated Awanoparticle
induces a large distortion of the metallic particle, but it does
not modify the geometry of the Agisupported cluster. Second,
and most importantly, nitrostyrene adsorption on thezAan-

TiO, supported model strongly activates the nitro group while
leaving the G=C almost unaffected. Both NO bond lengths
increase to 1.39 A, and the conformation of the N atom displays
a noticeable distortion from planarity, evidenced by theNC-
O—-0 dihedral angle, which switches from 18@o 125.
Unsurprisingly, the calculated frequency associated with the pure
C=C stretching vibrational mode appears at 1640t(iTable

4), while the frequencies dominated by the nitro group atomic
displacements are shifted to 1227 and 1138*and include
large contributions from modes related to the aromatic ring
vibrations. In other words, the model calculations strongly
suggest that, while nitrostyrene can be adsorbed and activated
through either the N@or the CG=C groups on isolated gold
nanoparticles, a different situation appears when this molecule

new adsorption complex was obtained in which nitrostyrene is nieracts with Au nanoparticles supported on Zi fact, in
weakly bonded to the Ti@surface. The calculated adsorption  hjs |atter situation, selective adsorption and proper activation
energy is 24 kcal/mol (Table 3), the distances from the O atoms of the nitro group appear to occur naturally, with the nitro group
of the nitro group to the nearest surface Ti atoms are larger oxygen atoms interacting with two low-coordinated Au atoms
than 3.7 A, and the NO distances are only slightly elongated |ocated at the nanoparticle edge in contact with the support.
with respect to those obtained for the isolated molecule. As a This very selective adsorption and activation on the AufTiO
consequence of these small changes in the molecular geometrywith respect to isolated Au nanoparticles or with respect to Au/
the asymmetricvadNO,) vibration frequency shifts from  SiO, catalysts can explain the high chemoselectivity observed
1537 cmtin the gas phase to 1524 cin(Table 4). The good for that catalyst. This is further confirmed by additional catalytic
agreement between the calculated and the experimentallyexperiments carried out for 3-nitrostyrene hydrogenation using
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Table 5. Catalytic Behavior of Different Supported Gold Materials in the Hydrogenation of 3-Nitrostyrene?

selectivity(%)
particle amount of conversion (%),
catalysts size (nm)P catalyst (mg) TOF¢ time (h) NBE ABS ABE AZO AZOXY
1.5% Au/TIO, 3.6 25 173 98.5,6 0.5 96 3 0.5
4.5% Au/FeOs 3.5 20 23 25,2 95 2 3
1.6% Au/SiQ 4.0 25 10 25,5 10 30 50
1.5% Au/C 4.1 25 6 5,6 17 41 42

aMetal oxides such as Tiland FeOs play an important role for preferentially reducing the nitro group, which cannot be achieved by using “inert”
supports such as Sj@r C. Feeding (1 mL): 8.5 mol % of nitrostyrene, 90.5 mol % of toluene (solvent), and 1 molo¥déne (internal standard). NBE,
3-nitroethylbenzene; ABS, 3-aminostyrene; ABE, 3-aminoethylbenzene; AZO, azostyrene; AZOXY, azoxy$tiearaged values: Calculated at initial
reaction rate as moles of substrate converted per hour and per mole of Au.

Figure 8. Nitrostyrene adsorption on the TiGupport.

Figure 9. Nitrostyrene adsorption on the Au/Ti@atalyst model.

different supports; a summary of the results is shown in Table the olefinic group on the gold catalyst, but also to the very
5. In agreement with the theoretical study, active supports suchfavorable adsorption through the nitro when both groups are
as TiQ or FeOs lead to selective processes, whereas “inert” competing.

ones such as Si@r C produce both the reduction of the double In the most selective Au/TiQcatalyst, H is dissociated on

bond and the nitro functions. gold while nitrostyrene is weakly adsorbed on metallic gold
and more strongly on highly uncoordinated gold atoms.
Conclusions Although nitrostyrene adsorbs very strongly and selectively

through the nitro group on Ti, the high heat of adsorption (42
The high chemoselectivity of Au/Tig¥or the hydrogenation  kcalmol2) indicates that the molecules strongly adsorbed on
of substituted nitroaromatics to the corresponding anilines, and TiO, may be spectators. On the other hand, nitrostyrene adsorbs
more specifically that of nitrostyrene, is due not only to an very selectively through the nitro group on two low-coordinated
intrinsic higher rate for the hydrogenation of the nitro versus Au atoms at the nanoparticle edge bonded to four or five other
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