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Benzene chemisorption on palladium surfaces.
I. High-resolution electron-energy-loss vibrational spectra and structural models

G. D. Waddill and L. L. Kesmodel
Department of Physics, Indiana University, Bloomington, Indiana 47405
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Benzene chemisorption on Pd(111) and Pd(100) crystal faces at 300 K has been studied by high-
resolution electron-energy-loss spectroscopy and thermal desorption spectroscopy. Our results indi-

cate that benzene chemisorbs associatively at only one site and is m. bonded with its ring plane paral-
lel to the metal surface. Thermal desorption studies indicate that benzene adsorption is only partial-

ly reversible, with decomposition evolving H& and leaving a carbon-covered surface as the competing
mechanism to benzene thermal desorption. The similarity of the benzene vibrational spectra on
Pd(100) and Pd(111) has led us to propose a new model for benzene chemisorption on transition-
metal surfaces involving a lower adsorption-site symmetry (C, ) than has been previously suggested.

I. INTRODUCTION

Identification of the conformation and bonding interac-
tions of hydrocarbon molecules on transition-metal sur-
faces is of fundamental importance in surface science. An
understanding of these quantities could provide useful in-
sight into the processes occurring during catalyzed surface
reactions. By employing high-resolution electron-energy-
loss spectroscopy (HREELS) and thermal desorption
spectroscopy (TDS), the identification and understanding
of these quantities is possible.

This paper presents a detailed study of room-
temperature benzene adsorption on the (111) and (100)
crystal faces of palladium. An attempt to determine the
molecular-adsorption geometry and site symmetry is
made by use of the surface-dipole-selection rule in con-
junction with angle-dependent HREELS data. Previous
results on other transition-metal surfaces have determined
that benzene chemisorbs associatively with its ring plane
parallel to the surface, bonding being through tr orbi-
tals. ' Studies of benzene adsorption on Pt(111), '

Pt[6(111)& (111)], Ni(111), and Rh(111) (Ref. 4) crystal
faces suggest the existence of two differentiable benzene-
chemisorption sites on these surfaces.

Our study suggests the presence of only one benzene-
chemisorption site on the Pd surfaces investigated. Furth-
ermore, the striking similarity of the HREELS spectra on
Pd(100) and Pd(111), combined with the angle-dependent
scattering data, has led us to a new model for benzene
chemisorption on transition-metal surfaces which involves
lower site symmetry (C, ) than previously suggested. This
model removes several inconsistencies of earlier mode as-
signments and leads to a unified picture of benzene ad-
sorption on (100) and (111) surfaces involving bridge-
bonding sites.

In the present paper we focus on interpretation of the
benzene vibrational spectra and the problem of site-
symmetry determination. In a subsequent paper we shall
discuss the beam-energy dependence of the HREELS

spectra, which recently provided strong evidence of
negative-ion resonance scattering on the Pd(100) surface.

II. EXPERIMENTAL

The experiments were performed in two ultrahigh-
vacuum chambers at Indiana University. The Pd(111) ex-
periments were carried out in an ion- and sublimation-
pumped chamber (base pressure —1 )& 10 'o Torr)
equipped for HREELS, ion-sputtering, and mass spec-
trometry. The HREELS measurements were made with a
single-pass 127 cylindrical deflection electron spectrome-
ter operated at 7.5-meV (60-cm ') resolution with typi-
cal elastic beam rates of (7—8) X 10 cps for benzene ad-
sorption. Thermal-desorption measurements were per-
formed with a quadrupole mass spectrometer (Uthe Tech-
nology International, Model 100C) which was externally
driven to allow for rapid scanning and recording of ion
current for different atomic mass units. A stainless-steel
tube was extended from the mass spectrometer ionizer to
the center of the vacuum chamber. The spectra were
recorded with the crystal -5 mm from the tube opening
and facing it. Contributions to the ion current due to
desorption from the chamber walls, manipulator arms,
etc., were determined to be negligible by performing iden-
tical experiments with the crystal face rotated 90' away
from the tube opening. The heating rate was typically 1

K/sec and was linear over the temperature range investi-
gated.

The Pd(100) experiments were performed in a
diffusion- and sublimation-pumped chamber (base pres-
sure —5&&10 " Torr) equipped for ion-sputtering, low-
energy electron diffraction, Auger spectroscopy, and
HREELS. The HREELS measurements were made with
a double-pass 127' cylindrical deflection electron spec-
trometer also operated at 7.5-meV (60-cm ') resolution,
but with elastic beam rates of -2)&10 cps for benzene
adsorption.

Sample preparation and cleaning have been described
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elsewhere. High-purity C6H6 and C6D6 were used, their
purity being monitored with the mass spectrometer. Ex-
posures quoted in langmuirs (1 L=10 Torr sec) have
been corrected for ion-gauge sensitivity. '

III. RESULTS

A. Pd{111)Thermal desorption
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FIG. 1. Thermal desorption spectra for C6H6 chemisorbed on
Pd(111) at 300 K as a function of initial surface coverage.

Heating of the C6H6/Pd(111) surface leads to compet-
ing benzene thermal desorption and decomposition reac-
tions. Similar results have been obtained for benzene ad-
sorption on Ni, " Pt, ' and Rh. Figures 1 and 2 show
the thermal desorption spectra for C6H6 and H2, respec-
tively, following exposure of the Pd(111) surface to C6H6
at 300 K. For benzene exposures less than 0.5 L, there is
no detectable molecular C6H6 thermal desorption, only
dehydrogenation yielding H2 desorption and surface car-
bon. Some reversible benzene chemisorption occurs for
exposures &0.5 L. At 0.5-L exposure, there is one ben-
zene thermal desorption peak at 550 K which shifts gra-
dually to its saturation coverage ( —1L) value of -525 K
upon increasing initial benzene coverage. In addition, a
second C6H6 desorption peak appears at -430 K as the
initial benzene coverage is increased. The intensity ratio
of the two peaks is —1:1at saturation coverage.

Benzene dehydrogenation always occurs following ben-
zene thermal desorption. For irreversible benzene cover-
ages ( &0.5 L), H2 desorption occurs at -560 K. This
peak shifts to -540 K with the onset of reversible ben-
zene chemisorption.

Similar thermal desorption behavior was observed for
C6D6/Pd(111) with both C6D6-desorption peaks and the
one D2-desorption peak occurring —15 K higher than
their corresponding C6H6- and H2-desorption peaks. The
deuterated spectra exhibit the same initial exposure depen-
dence as the nondeuterated spectra. Coadsorption of
C6H6 and C6D6 yielded all possible C6H D6 „molecules
in the high-temperature peak. The amount of exchange,
however, was low ( & 20%%uo). In addition, H2, HD, and D2
peaks were all observed in the temperature region charac-
teristic of benzene dehydrogenation.
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FIG. 2. Thermal desorption spectra of H2 following C6H6
chemisorption on Pd(111) at 300 K as a function of initial sur-
face coverage.

B. High-resolution electron-energy-loss spectroscopy

Room-temperature adsorption of C6H6 on Pd(111) and
Pd(100) yields almost identical spectra for both surfaces
over the exposure range investigated (0.1—5.0 L). There
were no exposure dependencies in the spectra other than
an overall increase in the vibrational-loss intensities with
increasing initial exposure. Our vibrational spectra for
benzene adsorption on Pd(111) and Pd(100) are remark-
ably similar to benzene vibrational spectra on a number of
other transition-metal surfaces. These spectra have been
consistently interpreted as indicating that benzene adsorbs
with its ring plane parallel to the metal surface, bonding
being through m. orbitals. ' Specular and off-specular
data have been extensively investigated to facilitate mode
assignments. The off-specular data were obtained by ro-
tating the sample through the appropriate angle. The en-
ergy dependence of the modes was also investigated but
will not be discussed here. '

Representative spectra for specular and 6' off-specular
scattering from C6H6/Pd(111) are shown in Fig. 3. Fig-
ure 4 shows the same spectra for scattering from
C6D6/Pd(111). Analogous spectra for Pd(100) are shown
in Figs. 5 and 6. The vibrational frequencies are given in
Table I along with the dominant scattering mechanism
and the mode number and representation for the corre-
sponding gas- (or liquid-) phase frequencies. The dom-
inant scattering mechanism is determined from the
behavior of vibrational-loss intensity as a function of an-
gle off-specular. Here vibrational modes which are
dipole-enhanced exhibit a strong specular lobe of narrow
angular width, ' while modes which exhibit broad angular
behavior are attributed to a short-range impact scattering
mechanism. On Pd(111), moving from specular to 6' off-
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TABLE I. Assignment of the observed vibrational frequencies (cm ') for benzene chemisorbed on Pd(111) and Pd(100) at 300 K.

Chemisorbed frequencies
Pd(111) Pd(100)

C6H6 (C6D6) C6H6 (C6D6)

Gas- or liquid-phase
frequencies'
C6H6 (C6D6)

Mode No.
and rep. Mode

Dominant
mechanism

265 (270)
470 (not obs. )

720 (525)
810 (640)
not obs. (830)
1100 (830)
not obs.
1410 (1355)
2990 (2230)

280 (285)
435 (400)
720 (520)
870 (675)
not obs. (830)
1115 (830)
1320 (1220)
1425 (1370)
3010 (2240)

c
673 (497)
849 (662)
992 (943)
1150 (824)
1310 (1286)
1486 (1335)
3062 (2293)

b
v4 (~2„)
V11 (E1g)
V2 (31g)
v10 (B2„)
v9 (B2„}

- (2, )

VPd-C
b

VPd-C

QCH

PCH

VCH

&CH

vcc
&CC

VCH

Dipole
Dipole
Dipole
Dipole

Not determined
Impact
Impact
Impact
Impact

'Reference 16.
Alternatively assigned to v&o (ring deform).

'Gas-phase frequencies for v» are 410 (352) cm

be discussed shortly. On the Pd(100) surface, two C-C vi-
brational modes are identified at 1320 and 1425 cm
The presence of C-C gas-phase modes at 1310 and 1486
cm ' leads us to assign the losses at 1320 and 1425 cm
to v9 and v&3, respectively. Lehwald et al. did not ob-
serve the 1320-cm ' loss and assigned peaks at. 1420
cm ' on Pt(111) and 1430 cm ' on Ni(ill) to v9. A later
force-field calculation by Jobic et al. ,

' however, tends to
rule against such a large frequency upshift (gas-phase fre-
quency 1310 cm ') for v9 on adsorption, thus favoring
the present assignment. The lower signal levels for the
Pd(111) system made identification of the weak v9 mode
impossible here. The v~3 mode, however, was observed at
1410 cm . In addition to the C-H and C-C vibrational
losses, two Pd-C vibrations are identified at 265 and 470
cm ' for Pd(111) and at 280 and 435 cm ' for Pd(100).
The proximity of the 470-cm ' Pd-C vibration on
Pd(111) to the v4 mode at 525 cm ' for C6D6 adsorption
rendered it unobservable in Fig. 4.

The mode at 830 cm ' in the deuterated spectra on
both surfaces is believed to be too intense (and also exhib-
its substantially stronger dipole activity than the corre-
sponding mode of approximately 1100 cm ') to be ex-
clusively due to the v~0 C-D bending mode, and has been
additionally assigned to the v2 ring-stretching mode. This
is consistent with mode assignments for C6H6/Rh(111).
The vz contribution to this loss is obscured in the nondeu-
terated spectra by the presence of the strong loss at 810
cm ' on Pd(111) and 870 cm ' on Pd(100). This loss has
been assigned to the v» mode. The assignment of this
loss to v» is predicated upon the observation of a strong
v&~ C-H vibration at 849 cm ' in the liquid phase. '

While this mode is not infrared-active in the liquid phase,
it is an out-of-plane C-H bending mode that would likely
become dipole-active given the proper adsorption-site
symmetry. The assignment of this loss to v» is also in
agreement with assignments by Jobic et al. ' on Raney
Ni, and by Moskovits and DiLella on Ag. ' lt should be
mentioned that on a number of transition-metal surfaces,
the two strong losses in the region 700—950 cm ' have
been interpreted as both being v4 modes corresponding to
different benzene-adsorption sites. Support for this inter-

pretation is given by the wide variation of the intensity ra-
tio of the two peaks with coverage and temperature. This,
however, was not found to be the case on the Pd surfaces
investigated here. The I72O/I8&o ratio remains constant at
-2/1 over the entire exposure (0. 1—5.0 L) and tempera-
ture range [150—500 K for Pd(111)] investigated. The
same was found to be true on the Pd(100) surface (expo-
sure range 0. 1—5.0 L, temperature range 300—500 K)
with the intensity ratio I720/I870 being —5/1.

These spectra, along with the TDS data, establish that
benzene is molecularly chernisorbed and, on the basis of
small shifts from gas-phase vibrational frequencies upon
chemisorption, undergoes no substantial rehybridization.
The strong intensity of the v4 out-of-plane C-H bending
mode along with the relatively weak intensity of the v&

planar C-H stretching mode in the spectra indicate that
benzene adsorbs with its ring plane parallel to the metal
surface. In gas-phase infrared spectra, modes having
dynamic dipole moments parallel to the ring plane
( v]2 v]3 v]4) and modes having dynamic dipole moments
perpendicular to the ring plane (v4) have similar intensi-
ties. The strong intensity of the v4 mode and the weak in-
tensity of the in-plane v~ C-H stretching mode is due to
the arrangement of benzene with its ring plane parallel to
the surface and the conditions of the surface dipole selec-
tion rule. ' This rule states that only vibrational modes
with dynamic dipole moments perpendicular to the sur-
face will be observed as dipole active modes.

IV. DISCUSSION

A. Pd(111) TDS

The properties of the benzene thermal-desorption spec-
tra can be explained by (i) the existence of two benzene
chemisorption states with different desorption energies or
(ii) repulsive interactions between benzene molecules at
high coverages. The following results give strong evi-
dence that the latter is responsible for the observed spec-
tra.

(i) The Pd(111) crystal surface was exposed to 0.3 L
C6D6, and then further exposed to 2.0 L C6H6. The re-



G. D. WADDILL AND L. L. KESMODEL

suiting spectra not only showed C6D6 desorption, which
would not normally be observed for such a low initial
C6D6 exposure, but also showed rio difference in the
IC H /IC D intensity ratio for both desorption peaks.

(ii) The Pd(111) crystal surface was exposed to 0.5 L
C6D6, and then further exposed to 2.0 L C6H6. Normally
such an initial exposure of C6D6 would result in observa-
tion of only the high-temperature benzene desorption
peak; however, the observed spectra yielded both desorp-
tion peaks for C6D6 and C6H6. Again, there was no
difference in the Ic H /Ic D ratio for both of these peaks.

(iii) The Pd(111) crystal surface was exposed to 2.0 L
C6D6 and then further exposed to 2.0 L C6H6. The result-
ing spectra indicate that most of the C6D6 was displaced
by C6H6.

While these results do not exclude the possibility of ra-
pid migration between two benzene-adsorption sites, they
strongly suggest that the existence of two benzene
thermal-desorption peaks at high coverages is due to
repulsive adsorbate interactions. ' Similar results for ben-
zene adsorption on the low-Miller-index planes of Pd have
been reported previously.

B. HREELS

One of the most striking features of our results is the
similarity of the vibrational spectra of benzene on both
Pd-crystal surfaces. Indeed, our spectra are also very
similar to vibrational spectra of benzene on a number of
other low, -Miller-index transition-metal surfaces. ' This
similarity indicates that for benzene chemisorption, either
vibrational spectroscopy is not sensitive to the adsorption
site, or that the adsorption site is quite similar on all sur-
faces.

These observations have led us to reexamine previous
mode assignments and adsorption site-symmetry deter-
minations on transition-metal surfaces. One major differ-
ence between earlier assignments and our assignments lies
in the identification of the higher frequency mode. of the
two relatively strong losses in the region 700—950 cm
As previously mentioned, coverage and thermal dependen-
cies of the relative intensities of these two peaks led to the
assignment of both to the v4 mode. The two v4 modes

were attributed to different orientations of the benzene
ring with respect to the symmetry planes at the adsorption
site. For the Pd surfaces we investigated, no coverage or
thermal dependencies of the relative intensities of these
peaks was found. Further evidence that these two peaks
should not both be assigned to v4 is shown in Table II.
Here we show vibrational frequencies and isotope shifts
for the major C-H vibrational losses on a number of dif-
ferent surfaces. We note here the distinct, systematic dif-
ferenc in deuteration shifts of the v4 and v~ ~ (our assign-
ment) modes, and their agreement with gas-phase deutera-
tion shifts, on all the metal surfaces listed. This again
places in question the interpretation of these two modes as
both being v4 losses.

A further important discrepancy in mode assignments
lies in the identification of modes in the region
1300—1500 cm '. We have assigned modes at 1320 and
1425 cm ' on Pd(100) as being v9 and v», respectively.
Lehwald et al. assigned modes of approximately 1400
cm ' on Pt(111) and Ni(111) to v9, and observed no mode
of approximately 1300 cm '. As mentioned earlier, this
assignment requires a large upward frequency shift from
the gas-phase value (1310cm '), contrary both to valence
force-field calculations' and vibrational frequencies of
complexed benzenes. ' Disagreement between our as-
signments and Bertolini's in this region stem from his
questionable assignment of a mode at 1110 (820) cm ' on
Ni(111) and Ni(100) to v&7 or v». (Here and throughout
the remainder of the paper, frequencies listed in
parentheses refer to C6D6 vibrational modes. ) We would
assign this loss to v~0 with the added note that extra inten-
sity for . this loss in the deuterated spectra is due to an
underlying v2 mode as we discussed earlier.

The above considerations have an important bearing on
a consistent determination of the adsorption site symme-
try for benzene on these surfaces, as will now be dis-
cussed. Comparison of the observed modes with those
predicted to be dipole-active for the subgroups of D6~ al-
lows the determination of the adsorption site symmetry.
According to the dipole selection rule' only vibrations be-
longing to the totally symmetric representations A, A',
and A~ will be observed in dipole scattering. Our selec-
tion of adsorption site symmetry is then governed by our
assignment of dipole actiue losses -to the vent and vq3 modes

Ref.~a»D ~a»D

TABLE II. A comparison of the vibrational frequencies (cm ) and deuteration ratios for some benzene C-H vibrations on dif-
ferent single-crystal metal surfaces. The values in parentheses are the corresponding C-D vibrational frequencies.

Crystal
surface V4 &a»a &lO ~a»D

Ni{111)
Pd(111)
Pt(111)
Rh(111)

745 (540)
720 (525)
830 (610)
810 (565)

1.38
1.37
1.36
1.43

845 (645)
810 (640)
920 (700)
not obs.

1.31
1.27
1.31

1110 (820)
1100 (830)
1130 {800)
1130 (835)

1.35
1.33
1.41
1.35

3020 (2290}
2990 (2230)
3000 (2240)
3000 (2250)

1.34
1.34
1.34
1.33

2
This work

3
4

Ni(100)
Pd(100)

Gas phase

750 (540)
720 (520)

673 {497)

1.39
1.38

1.35

845 (645)
870 (675)

849 (662)

1.31
1.29

1.28

1120 (820)
1115 (830)

1150 (824)

1.37
1.34

1.40

3025 (2260)
3010 (2240)

3062 (2293)

1.34
1.34

1.34

2
This work

16

'Denotes our mode assignment.
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TABLE III. A comparison of the predicted dipole-active modes of benzene and their gas-phase fre-
quencies (cm ') in the C, subgroups of D6I, and the observed frequencies on Pd{100).

21„
A2g

A2„
B1„

Bpg

B2„

&6I rep-
Bnd Illode no.

V5

V6

V7

V8

V9

V1O

V14

V15

V16

V18

V19

V20

C, (cr, )

3062
992

673
3048
1010
991
707

849
3057
1486
1035
3047
1595
1177
607
969
404

C, {hard )

3062
992

673

1310
1150
849

3057
1486
1035
3047
1595
1177
607
969
404

Dipole
activity

Pd(100)
observed

3010
b

720

1320
1115
870

'Denotes infrared-active fundamentals in Cr(C6H6)2 (Ref. 21).
'The position of this mode in nondeuterated spectra cannot be resolved due to overlap with the v~~

mode.

While the dominant scattering mechanism for the v~3
mode was determined to be impact scattering, we find a
significant dipole-scattering contribution (20—40%). For
the v~~ mode there can be no doubt as to the dominant
scattering mechanism being dipole scattering. Examina-
tion of the correlation table for point group D6h shows
that neither of these modes should be dipole active ex-cept
for the two C, subgroups Thus stri. ct adherence to the di-
pole selection rule leads us to choose between C, (o, ) and
C, (o.d) as the highest adsorption site symmetry for these
surfaces. In Table III we have tabulated the predicted
dipole-active modes for these two subgroups of D6i„along
with the observed modes on Pd(100) and the dipole activi-
ty of the modes in Cr(C6H6)2. ' In view of the differences
between C, (o„) and C, (o.d) in predicting the activity of
the v9 and vip modes, we prefer C, (crq) for the adsorption
site symmetry on these surfaces. Such a site has its only
symmetry plane bisecting C-C bonds in the benzene ring.

While the C, (crd ) adsorption site symmetry does predict
the v~ ~ and v&3 modes to be dipole active, it has the draw-
back of predicting several "unobserved" dipole-active
modes. This point deserves further elaboration. All of
the predicted but unseen dipole active modes belong to the
representations E&„, E2g, and E2„of the point group D6~.
Qf these modes, only those belonging to the E2„represen-
tation are out-of-plane vibrational modes. Thus, it is not
too surprising that modes belonging to the E~„and E2g
representation, with the exception of vt3, are not seen. We
attribute their absence to (i) low dipole activity due to the
planar nature of their motions and/or (ii) proximity to.a
stronger mode which obscures these modes. Two modes,

vI9 and vqo, belong to the E2„representation. The v&9

mode has a gas-phase frequency of 969 (793) cm ', and
so it may be obscured by the loss of approximately 850
cm '. Finally, the v20 mode has a gas-phase frequency of
404 (352) cm ', and could thus be responsible for the loss
of approximately 400 cm ' which we alternatively assign
to a carbon-metal mode.

In summary, upon noting the similarity in benzene vi-
brational spectra on a number of transition-metal sur-
faces, we are led to a reexamination of mode assignments
and adsorption-site-symmetry determinations for benzene
chemisorption on these surfaces. Our assignment of loss
peaks to the v~& and v~3 modes, together with strict adher-
ence to the dipole selection rule leads us to determine
C, ( o d ) as the adsorption site symmetry for benzene on
these surfaces at variance to earlier models which postu-
lated rather high symmetry configurations.

The above arguments are based on adherence to the di-
pole selction rule for the dipole-active modes. One may
argue that this rule does not strictly apply for chem-
isorbed benzene, in which case detailed site-symmetry ar-
guments based on dipole activity are, of course, invalidat-
ed. This point of view was discussed earlier by Bertolini
et aI. It is our intention to investigate the consequences
of adherence to the surface-dipole-selection rule for C6H6
adsorption on Pd in light of the suitability of this rule in a
number of other investigations. '

V. CONCLUSIONS

HREELS together with TDS establish that benzene is
associatively chemisorbed with its ring plane parallel to
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the Pd(111) and Pd(100) surfaces at 300 K. TDS data,
along with HREELS results, imply that benzene occupies
only one adsorption site on these palladium crystal faces.
HREELS data for a number of different surfaces' indi-
cate either that benzene vibrational spectra are insenstive
to adsorption site, or that the adsorption site is basically
the same for all of the surfaces investigated. Strict adher-
ence to the dipole selection rule leads us to postulate an
adsorption site on these surfaces of C, (od) symmetry. A
bridging site with the benzene between two Pd atoms on
the (111) crystal surface is consistent with C, symmetry
provided that metal layers deeper than the first are also

taken into account. On the (100) surface bridge sites are
available, but in order to have C, symmetry, the benzene
molecule cannot be centered precisely at the bridge posi-
tion. Nevertheless, the similarity in the C, bridging sites
on the two surfaces provides further impetus for this
model.
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