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Structural and Electronic Properties of Adsorbed Thiophene on Cu(111)
Studied by S K-Edge X-Ray Absorption Spectroscopy
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The surface structure and electronic properties of 0.07 ML thiophene (C4H4S) adsorbed on Cu(111) have been
investigated by means of S K-edge X-ray-absorption fine structure measurements. The results are comparatively discussed
with the previously studied C4H4S/Cu(100) case. It is found that C4H4S molecules are adsorbed with the molecular plane
parallel to the surface, as in the Cu(100) substrate. The S—Cu distance is 2.5040.02 A, which is significantly longer
than that of Cu(100) (2.4240.02 A), while the S—C bond distance is 1.71+0.04 A, somewhat shorter than the Cu(100)
one (1.7440.04 A). Correspondingly, a smaller amount of charge transfer of (0.5+0.2) electron from the substrate to the
C4H,4S wt* orbital is estimated compared to the Cu(100) case of (1.040.2) electron. These findings indicate a considerably
weaker interaction of thiophene with Cu(111) than with Cu(100), due to a more closely packed surface of Cu(111).

The adsorption of aromatic sulfur compounds on metal
surfaces has been an important subject for understanding
the mechanisms of the hydrodesulfurization process. Many
investigations of thiophene C4H4S adsorbed on metal sin-
gle crystals have been reported for Mo, Pt,>® W, Cu,®
Ni, =12 Rh,"™® and Pd."*'® In these studies, it was claimed
that the adsorption structures depend on the substrate met-
als, temperature, and coverage. Since the reactivities on
the metals were focused on in these studies, the adsorption
structure or the bonding scheme has not been clarified in
detail. We have investigated the adsorption structure and
electronic properties of submonolayer C4HyS on Ni(100)
and Cu(100) using S K-edge X-ray-absorption fine structure
(XAFS) spectroscopy,'” and found that on both surfaces the
molecular plane is parallel to the surface, the S atom being
located on the bridge site. Dissimilarities were also found
between Ni(100) and Cu(100), and it was concluded that the
Ni surface interacts with thiophene more strongly than Cu,
because of the difference in the d-band structures between
Cu and Ni.

Another interesting study is a comparison between differ-
ent Miller-index surfaces of the same metal. There have been
a number of papers which have clarified different adsorption
properties between different Miller-index surfaces, such as
CO on Pd(111) and (100),> CO on Cu(111) and (100),2V
and H, on Cu(111) and (100).*® Very recently, we also in-
vestigated the adsorption properties of C4H4S on Pd(111)
and Pd(100) surfaces by means of S K-edge XAFS.?» How-
ever, no significant difference was found in the structural and
electronic properties between these two surfaces beyond the
experimental errors.

In the present study, we examined the surface structure

and electronic properties of C4H4S/Cu(111) by the same
XAFS technique of near-edge X-ray absorption fine struc-
ture (NEXAFS) and surface extended-X-ray-absorption fine
structure (SEXAFS), while comparing them with the previ-
ous results concerning C4H4S/Cu(100). As revealed below,
we found significant dissimilarities in the adsorption prop-
erties between Cu(111) and Cu(100). The origin of these
differences is discussed in terms of the surface electronic
structures of the substrates. A comparative discussion is also
given concerning the previous results for Ni(100),'" Pd(111),
and Pd(100).>

Experimental

A commercially available Cu(111) single crystal (12 mm diam-
eter and 3 mm thickness) was mechanically polished using 0.05
um alumina with a mirror finish, and subsequently electrolyzed in
a methanol solution of 30 vol% nitric acid at ca. 200 K with an
electric current of ca. 0.1 A for 1 min. The Cu crystal was mounted
in an ultrahigh vacuum (UHV) chamber (the base pressure was
less than 1x10~% Pa) and cleaned by means of repeated cycles of
Ar" bombardment (500 eV at ambient temperature) and annealing
up to ca. 1000 K. The cleanliness and order of the single crystal
surface were verified by X-ray photoelectron spectroscopy (XPS),
S K-edge NEXAFS, and low energy electron diffraction (LEED).
From the fluorescence yield at the S K-edge, the amount of residual
S atoms was estimated to be less than 0.003 ML, where one ML
(monolayer) is defined as the number of Cu atoms in the first layer
of the Cu(111) surface.

The clean crystal was subsequently dosed with ca. 5 L C4HaS (1
L=1x10"° Torr-s; 1 Torr=133.322 Pa) at ca. 220+10 K, which
was purified by means of a few cycles of freezing with liquid N,
under a high vacuum and melting at ambient temperature. The
temperature was monitored with a chromel-alumel thermocouple
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spot-welded on a Ta sheet, which was inserted between the edge of
the sample and a Cu wire wound round the sample. In order to avoid
any electron-induced molecular dissociation, neither AES (Auger
Electron Spectroscopy) nor LEED measurements were performed
after C4H4S exposure to Cu(111).

S K-edge NEXAFS (2460—2510 eV) and SEXAFS (2400—
3000 eV) measurements were carried out at the soft X-ray double-
crystal monochromator station BL-11B2*% of the Photon Factory
(positron ring energy of 2.5 GeV and stored ring current of 350—
250 mA) in the Institute of Materials Structure Science, High Energy
Accelerator Research Organization (KEK-PF). The factor of linear
polarization was estimated to be larger than 0.97 for monochro-
matized photons, and the energy resolution around the S K-edge
region was ca. 1 eV. The absolute photon energy was calibrated
with the strong resonance of K,SO4 (S1s—t,) appearing at 2481.7
eV. The S-K fluorescence yield detection was employed using a
UHV-compatible gas-flow proportional counter with P10 gas (10%
CH; in Ar).%® The electric current from a Cu mesh upstream of
the sample crystal was monitored simultaneously and used as the
intensity of the incident X-rays (Ip) in order to normalize the fluo-
rescence yield spectra (I). During the spectroscopic measurements,
the sample temperature was kept constant at 92+2 K. The X-ray
incident angle () was set at 90° (normal X-ray incidence) and 15°.
The 55° spectrum was also taken for NEXAFS.

S K-edge NEXAFS

Figure 1 shows angular dependent S K-edge NEXAFS
spectra of submonolayer C4H4S on Cu(111), together with
those of a randomly oriented multilayer of C4H4S and
submonolayer C4H4S on Ni(100) and Cu(100), reported
previously.'” The S coverage of a submonolayer of C4HyS on
Cu(111) was estimated from the S K-edge jump (normalized
S-K fluorescence intensity). Using the (v/17x+/17)R14°
atomic S/Cu(100) system as a reference (0.47 ML), the cov-
erage was found to be 0.07 ML, which is comparable with
the Cu(100) case.'” With the assumption of a completely flat
orientation of C4H4S molecules, a possible one-layer satu-
ration coverage is estimated to be ca. 0.11 ML for Cu(111)
using the van der Waals molecular size. This implies that the
present system should be in a submonolayer state containing
a smaller amount of S than that of the hypothetical saturated
one layer.

Although one intense broad resonance appears at 2473.3
eV in the spectrum of multilayer C4Hy4S, this peak is known
to consist of two resonances: one is the S1s-to-rt™* transition
at 2473.0 eV, the other is S1s-to-0™*(S—C) at 2473.5 V.2 A
noticeable polarization dependence can be seen in the sub-
monolayer spectra in Fig. 1. The first intense resonance
clearly exhibits energy shifts between the 90° and 15° spec-
tra. We can assign two peaks at 2472.3 eV (appearing in the
15° spectrum) and 2473.5 eV (in the 90° spectrum) to st* and
0% (S—C) transitions, respectively. The 6™ (S—C) resonance of
the submonolayer spectrum is most enhanced at a normal X-
ray incidence and is almost diminished at grazing incidence.
On the other hand, the m* resonance is most enhanced at
grazing incidence. This implies a flat-lying orientation of
the molecular plane on Cu(111), as in the cases of Cu(100)
and Ni(100)."

Since the spectra are normalized by their edge-jump in
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Fig. 1. S K-edge NEXAFS spectra of multilayer C4H;S'

at the X-ray incidence angle of 55° (dashed line) and sub-

monolayer C4H4S on Cu(111), Cu(100),'” and Ni(100)**
at 90° (dotted lines) and 15° (solid lines).

Fig. 1, we can compare the peak intensities directly with
each other, and find that the intensity of the 7* resonance at
6 =15° in the submonolayer spectra becomes suppressed in
the sequence Cu(111), Cu(100), and Ni(100). The suppres-
sion of the t* resonance intensity might be caused by charge
transfer from the substrates to the ™ orbital, because the
molecular orientation on these surfaces should essentially be
the same. For a quantitative comparison, however, the 55°
spectra should be used since the polarization dependence
is effectively canceled at the magic angle of 55°. A spec-
tral analysis® for the 55° spectra was carried out (shown in
Fig. 2). As aresult, the normalized 7™ intensity for Cu(111)
was found to be reduced to 75+£9% of the multilayer value,
implying that 25+9% of the ™ orbital was occupied, and
0.540.2 electron was thus transferred from the Cu(111) sub-
strate to the C4H4S m* orbital. The amount of charge transfer
is significantly smaller than those of Cu(100) (1.020.2 elec-
tron) and Ni(100) (1.420.2 electrons).”

S K-edge SEXAFS

Extraction of the EXAFS function y(k) (k is the pho-
toelectron wave number) was carried out according to the
well-established procedures: pre- and post-edge background
subtraction and subsequent normalization with atomic ab-
sorption coefficients.®*® A few glitches were artificially
eliminated prior to the analysis. Figure 3 shows the ex-
tracted y (k) functions of submonolayer C4H4S/Cu(111), and
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Fig. 2. The spectral analysis of S K-edge NEXAFS from
the multilayer and C4HsS on Cu(111) at 55° incident an-
gle. Energy positions of the t* and 6™ resonance peaks of
submonolayer C4H4S/Cu(111) are derived from the grazing
and normal incidence spectra in Fig. 1.

the corresponding Fourier transforms (Ak=2.3 —10.2 A~1)
are shown in Fig. 4, in which the Fourier transform of the
multilayer is also given. The peak appearing at ca. 1.2 A can
be ascribed to intramolecular S—C coordination. It shows a
strong polarization dependence, and is enhanced at normal
X-ray incidence. This indicates that the S—C bond is lying
flat on the surface, being consistent with the above NEXAFS
results. The peak at ca. 2.1 A in the 15° Fourier transform
is ascribed to the S—Cu shell, while in the 90° one the sec-
ond neighbor S—C shell should also appear, judging from the
Fourier transform of a multilayer.

A curve-fitting analysis in k space was performed af-
ter Fourier filtering of the contribution of interest (AR =
0.75—2.70 A). For the S—C shell, the multilayer C4H,S
spectrum was used as a standard (the S—C distance of 1.71 A).
For the S—Cu shell, a theoretically evaluated y(k), given by
FEFF6,*%? was employed. The fitting variables were N* S}
(effective coordination number (N*) multiplied by the intrin-
sic loss factor (S3)), the interatomic distance (R), the edge
energy shift (AEy), and the EXAFS Debye—Waller factor
(0?%). The S—Cu distance (Rs—cy) was found to be 2.5040.02
A, which is considerably longer than the Cu(100) one of
2.4240.02 A" We could not determine the S adsorption
site from the polarization dependence of the effective coor-
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Fig. 3. - S K-edge SEXAFS oscillation function y(k) of sub-
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Fig. 4. Fourier transforms of the S K-edge SEXAFS oscilla-
tion functions & x (k) of multilayer C4H4S' (dashed line)
and submonolayer C4H4S on Cu(111) at 90° (dotted line)
and 15° (solid line). Note that each peak is slightly shifted
from the real bond distance by the phase shift.

dination number (N*) of the S—Cu shell, because the Fourier
transform of the 90° spectrum in Fig. 4 shows a significant
superposition of the second neighbor S—C shell. On the
other hand, the nearest neighbor S—C distance (Rs—c) was
found to be 1.7140.05 A, which is somewhat shorter than
the Cu(100) one of 1.74+0.05 A, though these lie within the
estimated experimental errors. The value of 1.7440.05 A for
Cu(100), which was obtained by a re-analysis of the previous
SEXAFS spectra from C4H4S/Cu(100), is slightly different
from the previously reported one (1.7140.05 A). The reason
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- Table 1. Structural and Electronic Data of Multilayer C4H4S and Submonolayer C4HyS
on Cu(111), Cu(100), Ni(100), Pd(111), and Pd(100) Obtained by the Surface XAFS
Experiments

System Charge S-C S-metal mt* resonance Ref.

transfer/e  distance/A  distance/A energy/eV

Multilayer 0.0 1.71 2473.0 19)

Cu(111) 0.5+£0.2 1.71£0.05  2.50+0.02 2472.6 This work

Cu(100) 1.04+0.2 1.744+0.05  2.42+0.02 24723 19)

Pd(111) 1.1£0.2 1.73£0.05  2.31+0.03 24723 23)
2.94+0.05

Pd(100) 1.240.2 1.73£0.05  2.30+0.03 2472.3 23)
2.95+0.05

Ni(100) 1.440.2 1.80+£0.05  2.20+0.02 2471.9 19)

On Cu(100) and Ni(100), S sits on the bridge site, while on Pd(100) and (111) S locates between
the atop and bridge sites. Thus, two inequivalent S—Pd distances are given for the Pd substrates.

for such an uncertainty of the bond distance comes from the
ambiguity in the post-edge background subtraction. This is
a substantial problem of EXAFS, to which the contribution
by a low-Z atom, such as C and O, is very small.

Discussion

Table 1 summarizes the obtained structural and elec-
tronic parameters of C4H4S/Cu(111), together with those of
multilayer C4H4S/Cu(100),'” C4H4S/Pd(111),” C4H,S/Pd-
(100),® and C4H4S/Ni(100).!” The amount of charge trans-
fer from the substrate to the antibonding 7™ orbital on Cu-
(111) is considerably smaller than that on Cu(100). The S—C
bond is elongated by 0.03 A on Cu(100) compared to the
multilayer one, while on Cu(111) no meaningful elongation
was detected. Although the difference in the S-C bond length
is within the errors, these findings are consistent with each
other. Including all of the substrates given in Table 1, the in-
teraction between the substrate and C4H,S is strengthened in
the sequence Cu(111) < Cu(100) =~ Pd(111) ~ Pd(100) < Ni-
(100). It is easily understood that Ni shows the strongest
interaction because of its higher reactivity than Cu and Pd.

Inthe S K-edge NEXAFS spectra, the lower energy shift of
the 7t resonance was observed in the order of the interaction
strength. The energy shift clearly coincides with the trend
of the charge transfer and the S—C bond length. Although
the energy shift of the w* resonance cannot be explained,
because of the complicated origins of NEXAFS, there should
be a certain physical meaning for this relationship. Some
sophisticated theoretical consideration is required to solve
the question.

The differences in the adsorption properties between Cu-
(111) and Cu(100) could be explained based on the dissim-
ilarity of the surface atomic densities. The Cu(111) surface
consists of a more closely packed Cu atoms than Cu(100),
thus leading to a broader density of states (DOS) near to the
Fermi level.?? Because of a more dilute DOS in Cu(111),
the Cu(111) surface should be less active and the amount of
charge transfer from the substrate to C4H4S is smaller.

On the contrary, no difference was observed for Pd(111)
and Pd(100),” as shown in Table 1. The different trend
between Pd and Cu could be explained by the different inter-

action mechanisms. In the C4H4S/Pd case, the Pd 4d orbitals
interact with C4H4S, while for Cu the 4sp band should play
an important role for the bonding, because the Cu 3d bands
locate in a deep energy range. Since the d band is more local-
ized than the sp band, the atomic character might dominate
the band nature in Pd, leading to less change between the
(111) and (100) surfaces. On the other hand, in the Cu case,
the sp band is fully delocalized and is easily influenced by
the change of the Miller index.

Conclusions

The surface structures and electronic properties of sub-

‘monolayer C4H4S adsorbed on Cu(111) were investigated by

means of S-K edge SEXAFS and NEXAFS. C4H,S adsorbs
molecularly with the molecular plane parallel to the surfaces,
accompanied by charge transfer (0.51-0.2 electron) from the
substrate to the mt* orbital. The intramolecular S—C bond
length was determined to be 1.714:0.05 A, and the S—Cu
distance was 2.50+0.02 A. These results were compared to
the previous results of Cu(100), Ni(111), Pd(111), and Pd-
(100). Significant differences in the adsorption behaviors
were found amongst these substrates and were discussed in
terms of the different electronic structures of the substrates.
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