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Electric field-induced shifts of vibrational frequencies of CO adsorbed
on Ni, Pd, Pt, Cu, Ag and Au metal (100) surfaces

A theoretical comparative study

Meng-Sheng Liao* and Qian-Er Zhang

State Key Laboratory for Physical Chemistry of Solid Surfaces, Chemistry Department,
Xiamen University, Xiamen 361005, People’s Republic of China

A theoretical comparative study of electric field(F)-induced vibrational frequency shifts of CO adsorbed on Ni, Pd, Pt, Cu, Ag and
Au metal (100) surfaces is presented. The calculated vibrational tuning rates dw._o/dF for the various metals are similar, thereby
corroborating the experimental results of Ikezawa et al. The calculated absolute values are close to Lambert’s observed values for
CO on Ni in ultrahigh vacoum (UHYV). The resulting estimates of the vibrational tuning rate with potential V' are in qualitative
agreement with experimental data in aqueous electrolytes. The small experimental value of tuning rate for CO on Pt in UHV is
not supported by the calculation. The M—CO bonding properties and their trends among the metals are also investigated.

1 Introduction

The vibrational frequencies of adsorbed species (ligand) on
metal electrodes are shifted with an electric potential (V) is
applied and this is regarded as one of the most interesting
phenomena occurring in electrochemical adsorption processes.
A number of electrochemical studies have been carried out for
CN~ adsorbed on coinage metal electrodes,! and CO
adsorbed on Pt electrodes (Table 1). Experiments in UHV
were carried out for CO on Ni(110), Ni(100) and Pt(111),
where the vibrational frequency of CO on the surfaces varies
with applied electrostatic field (F). The observation of the fre-
quency shifts has also stimulated a variety of theoretical inves-

tigations. The shifts in vibrational frequencies of CN~/Ag and
CO/Pt due to an applied electrode potential (V) were studied
by Anderson and co-workers'”-'® using a semiempirical
ASED-MO (the atom superposition and electron delocal-
ization molecular orbital) method. Bagus et al.l®~23 per-
formed a series of ab initio cluster calculations for CN~/Cu,
CO/Cu and CO/Pd in the presence of an external electric field
(F). Holloway and Nerskov?** performed a model calculation
for CO/Pt using a density-functional method. Another model
calculation for CO/Pt was carried out by Korzeniewski et
al.?5 All these calculations give a proper explanation for the
observed potential- (or field-)dependent frequency shifts.
Among these authors, however, controversy exists concerning

Table 1 Experimental frequency (w) shifts with electrode potential (V) or electric field (F), for saturation coverage of CO terminally bonded to

various metals in aqueous electrolytes or in UHV

dw/dV dw/dF
ref. metal electrolyte cm~tv~? 10 cm™! V™! cm
2 Pd(on-top) 1 M HCIO, 48 (171"
3 Pt 0.25 M HCOOH + 28
0.25 M H,SO,
4 Pt 5M CH,OH + 30 (1.07y°
1 M HCIO,
5 Pt 1 M HCIO, 35 (1.25)°
1 M H,S0, 24 (0.86)°
6 Pt 1 M HCIO, 30
1 M H,S0, 30
1M HCI 30
7 Pt 025 M H,S0, 30
8 Au 1M HCIO, 64 (2.29)
0.2 M NaOH 64
0.2 M (CH,),NOH 64
9 Au 0.1 m HCIO, 50 (1.79)
0.1 M NaClO, 50
10 Pt, Pd, Au, Ag 0.1 M NaClO, ~ 50
1 Pt(100) 0.1 M HCIO, 36(high CO cov.)
48(low CO cov.)
Pt(111) 0.1 m HCIO, 34(high CO cov.)
44(low CO cov.) (157
Pt(110) 0.1 M HCIO, 30(high CO cov.)
30(low CO cov.)
12 Ni(110) (in UHV) 11+04
13 Ni(100) (in UHV) 13
14 Ni(100) (in UHV) 14 +03
15,16 Pi(111) (in UHV) 0.34 + 0.09

¢ Derived dw/dF values according to eqn. (3).
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the mechanism for the effect of electric fields on ligand-metal
bonding. One interpretation assumes that the electric field
changes the metal to ligand (CO or CN ™) © donation, which
changes the number of antibonding n electrons on CO and
results in the observed frequency shift. This is a chemical
effect. The other interpretation is based on a dipolefield elec-
trostatic interaction argument. According to this mechanism,
the frequency shifts are determined by the interaction between
the ligand dipole moment and the external field. This is a
physical effect or Stark effect. Therefore, both chemical and
physical effects may be used to explain observed frequency
shifts of adsorbed ligands. Recently, Head-Gordon and
Tully?® investigated the connection of the chemical changes to
the Stark effect model and show that similar chemical changes
are in fact implicit in the Stark model. Lambert!* had pointed
out that the two explanations are equivalent and that either is
correct. These viewpoints should resolve the question of the
effect of external electric field on ligand-metal bonding.

The experimental situations for the shift of adsorbed CO
vibrational frequency with electrode potential are given in
Table 1. There is a large diversity in the experimental data for
CO/Pt. From the earlier measurements in acidic solutions,
estimates of the frequency shift for CO/Pt are ca. 30 cm™?!
V™1, which is notably smaller than the value of 48 cm~! V™!
reported for CO/Pd. For CO/Au, there are two contradictory
experimental results, 64 and 50 cm~! V™!, Later, Ikezawa et
al.*® performed a comparative study of the IR spectra of CO
adsorbed on Pt, Pd, Au and Ag electrodes in a neutral electro-
lyte and found that all these electrodes show similar frequency
shifts which are ca. 50 cm™! V~!. More recently, Weaver et
al.'' reported a series of studies of the vibrational spectra of
CO on ordered Pt electrodes. They showed that the dw/dV
value is sensitive to crystal surface orientation and is also
coverage-dependent. Table 1 also gives the UHV results for
vibrational frequency shift of CO adsorbed on Ni and Pt with
electric field (F,,,;). For CO on Ni, the measured dw/dF in
vacuum is seen to be consistent with dw/dV observed in elec-
trolytes for CO on other metals. However, the difference in
dw/dF between Ni and Pt is surprisingly large. On the other
hand, the vibrational tuning rate for CO on Pt(111) is seen to
be much smaller in UHV than it is in electrochemical cells.

Because the magnitude of the vibrational frequency shift of
the adsorbed ligand may be affected by various factors (type
of electrolyte, coverage etc. and also the potential region), it is
hard to say which sets of experimental data are more reliable.
Further experiments are desirable, to ascertain whether or not
the marked potential-(or field) dependent behaviour is the
same on the different metals in a similar environment. Here,
we attempt to perform a theoretical comparative study of CO
adsorbed on Ni, Pd, Pt, Cu, Ag and Au metals in the presence
of an uniform electric field. Calculations on these systems
would be of interest to determine whether there is any varia-
tion in dw/dF with different metals. It may be assumed that
the difference in dw/dV could be caused by a difference in
dw/dF. Another aim is to find theoretical values of dw/dV. To
date, no experiments have been carried out for CO/Cu, either
in an electrochemical cell or in UHV. In addition to the
dwc_o/dF behaviour, we also investigate some related proper-
ties.

2 Computational details

Our calculations were carried out using the ADF (Amsterdam
density functional) program developed by Baerends et al.?”
Triple { STO basis sets are employed for the metal (n — 1)d-ns
as well as the C and O 2s—2p valence shells. Single-{ STOs are
used for core orthogonalization. Polarization functions have
been added to the valence bases: one p-type polarization func-
tion for the metals and one d-type polarization function for C
and O. The other shells of lower energy, i.e. [He] for C and O,
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[Ar] for Ni and Cu, [Kr] for Pd and Ag and [Xe 4] fer
and Au, were considered as core shells and kept frozen
according to the frozen-core technique.?’ Two types of DF
approximations were used: the Vosko, Wilk and Nusair local
spin-density potential?® (labelled VWN) and one including the
non-local gradient exchange and correlation corrected poten-
tials due to Becke?® and Perdew*° (labelled VWN-B-P). It
was shown that the VWN-B-P functional could give accurate
binding energies for both main-group and transition-metal
systems.3132 However, we found that the calculations with
the non-local corrections yield an infinitt M—CO bond
expansion for the weakly bound Ag,,—CO and Au,,—CO
systems. Hence, we employed the VWN potential for the two
systems. For the other systems, both VWN and VWN-B-P
potentials were used. The relativistic corrections are calculated
by the quasi-relativistic method.??

We choose metal M(100) as the surface for adsorption, and
M(100) is imitated by a square pyramid M,(5, 4, 1) cluster
which contains five atoms in the first layer, four in the second
and one in the third. The CO molecule is placed vertically at
the on-top site of the cluster with the C end down to the
surface. This adsorption geometry is supported by experimen-
tal evidence for CO on various metals.3*

In the presence of an external field F, the Hamiltonian is
given by

H(F) = Hpe(F = 0) + F + (z ) QAR> (1)

where Hpe(F = 0) is the field-free Hamiltonian; r; and R, are
the electron and nuclear coordinates, respectively; Q, is the
nuclear charge. If the last term in eqn. (1) is treated by first-
order perturbation theory, the total perturbation energy is
then given by

Ep = Epp(F = 0) — p(F = 0) - F @

Here Epp(F = 0) is the energy of the system for F =0 and
W(F =0) is the dipole moment of M,,—CO. So the term
U(F = 0)- F represents the electrostatic interaction of an exter-
nal electric field with the adsorbed CO dipole. In the calcu-
lations, the electric field F is assumed to be uniform and we
have chosen F= 4001 au =514x10"7 V cm~! The
magnitude of this field is believed to be comparable to the
fields on the electrode surface of an electrochemical cell when
a potential of 1 V is applied.!®2° Bagus et al.!°~23 described
the ws obtained with the E, energy surface as Stark fre-
quencies and the ws obtained with the Ey. energy surface as
SCF frequencies. All their calculations demonstrated that the
difference between the results obtained by the perturbative
approach and by the full variational SCF method is small.
This is also justified by our ADF calculations on CO/Cu and
isolated CO. An explanation for this behaviour is given by
Head-Gordon and Tully.2® Thus, for CO adsorbed on the
other metals we have only determined the perturbation theory
energies Ep and the properties derived from them.

3 Results and Discussion

3.1 Isolated CO

We have performed a calculation on isolated CO in a uniform
electric field. Isolated CO is the reference point for discussing
the effect of electric field on adsorbed CO. The calculated
results (bond length, bond energy etc.) with both VWN and
VWN-B-P potentials are given in Table 2, together with
experimental and previous theoretical data.

We will first discuss the results for F = 0 (i.e. without field).
The bond length calculated with the VWN potential is very
close to the experimental value, the error being 0.002 A. The
VWN-B-P potential overestimates the bond length by 0.011 A.
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Table 2 Calculated molecular properties® of CO in uniform electric field of F = 0 and +0.01 a.u.

View Online

b

R, D, k. o, u
F=0 VWN 1.130 12.88 18.99 2166 0.174
VWN-B-P 1.139 11.85 18.01 2109 0.174
CASSCF¢ 1.138 2147 0.30
HF* 1.117 2424 —0.179
HF* 1.135 2267
exp. (ref. 37) 1.128 11.22 2170 0.1222
F=+40.01 VWN (P) 1.127(—0.003) 19.41 2190(24)
VWN (SCF) 1.127 19.43 2191
VWN-B-P (P) 1.136(—0.003) 18.40 2132(23)
CASSCF* 1.136(—0.002) 2165(18)
HF? 1.114(—0.003) 2455(31)
HF* 1.131(—0.004) 2302(35)
F=-0.01 VWN (P) 1.134(0.004) 18.55 2141(—25)
VWN (SCF) 1.134 18.59 2143
VWN-B-P (P) 1.143(0.004) 17.47 2078(—31)
HF? 1.121(0.004) 2389(—35)
HF* 1.139(0.004) 2228(—39)
(dw/dF) VWN (P) 4.77
/1077 em™* V™! cm VWN-B-P (P) 5.25
CASSCF* 3.6 (F=0-0.01auw
HF? 6.42 (F = —0.01-0.01 a.u.)
HF* 7.20
HF/ 6.0
exp.? 428 4+ 0.06

“ Bond length R in A, bond energy D, in eV, force constant k in N cm ™%, vibrational frequencies @ in cm ™! and dipole moment p in D. ® Positive
sign in u corresponds to C™—O™. ¢ CASSCF calculation by Bauschlicher.>® 4 Hartree-Fock calculation by Andrés et al.>® ¢ Hartree-Fock
calculation by Head-Gordon and Tully.2® / Hartree-Fock calculation by Bagus and Pacchioni.?® ¢ Estimated by substituting experimentally
measured moments into the third-order perturbation theory result.!# The values in parentheses are the differences between the values for F = 0

and F = £0.01 a.u,, P = perturbation; SCF = full SCF calculation.

On the other hand, the VWN potential gives a vibrational
frequency that is much closer to experiment than does the
VWN-B-P potential. However, the VWN potential yields a
bond energy which is 1.7 eV (15%) too large. The inclusion of
the non-local corrections reduces the bond energy by 1 eV
and so remarkably improves the agreement between calcu-
lation and experiment. The experimental value of the dipole
moment u is well reproduced by the ADF calculation. The
HF calculation does not give the correct sign for the dipole
moment for free CO owing to neglect of electron correlation.
The vibrational frequencies calculated at the HF level are also
greatly overestimated compared with the experimental values.

Concerning the results for F = +0.01 a.u., frequency shifts
of 24 cm ™! up and 25 cm ™! down are obtained for the posi-
tive and negative fields, respectively. These frequency shifts
lead to an average vibrational tuning rate of dw/
dF =477 x 1077 cm~! V™! cm. At the VWN-B-P level, the
rate of change is 7 cm ™! less at positive field than at negative
field, and the calculated tuning rate dw/dF is 5.25 x 1077
cm~! V™! cm. The most recent experimental value of
Lambert!* for this quantity is (4.28 + 0.06) x 10”7 cm~* V1
cm. Thus, the VWN value is closer to the experimental value
than the VWN-B-P value. Our ADF values are intermediate
between the CASSCF and HF results. The C—O bond length
R is very weakly dependent on field. In Table 2, the bond
length shifts (AFR) are less than 0.005 A. The different calcu-
lational methods give similar A'R. The change Ak in the
C—O force constant induced by the field F = +0.01 a.u. is
+0.43 N cm ™ L. Hence, a very small change in the C—O bond
length with field, is accompanied by a relatively large varia-
tion in the C—O force constant. One can see that the results
obtained by the perturbative approach are very close to those
obtained by the full variational SCF method.

3.2 Adsorbed CO

We now turn our attention to adsorbed CO. The M,,—CO
system contains two types of bonds, M—CO and C—O. We
first determine the M—CO and C—O bond lengths and force

constants. An internal coordinate approach?? is used. The cal-
culations start from bond lengths r((M—CO) and r,(C—O);
these rys are chosen close to r,. For the C—O vibration, the
position of the ligand centre of mass is fixed and the C—O
distance is varied. For the metal-CO vibration, the C—O dis-
tance is fixed and M—CO distance is varied. The energy cal-
culations were carried out with step length AR = 0.1 a.u. We
fitted an nth degree polynomial to the lowest m points (m > n)
and found that reliable results can be obtained from the
lowest nine points fitted by a fifth-degree polynomial. From
this, the equilibrium values, R,, were obtained and the
stretching force constants, k., were calculated by using the
second derivative of the energy with respect to the bond
length at R,. The internal coordinate approach neglects the
coupling force constant of the two internal modes, which is
expected to be small.}*~23 After obtaining ky_co and ke g, We
then set up the secular equation to determine the frequencies
WOy_co and @ g (the mass of the metal cluster is assumed to
be infinite). In this case, the obtained frequencies are called the
normal-mode frequencies, which involve a mixture of the
internal M—CO and C—O modes.

3.2.1 Metal-CO bonding. The metal-CO bonding is often
interpreted on the basis of the o donation © backdonation
mechanisms. Some detailed discussion for the picture of the
bonding between CO and metal clusters can be found in the
literature.38—4° Here, we present our calculated properties for
CO adsorbed on the various metals, before discussing the
electric field effects on the vibrational frequencies. The results
are given in Table 3.

First, we examine the adsorption energies. For the tran-
sition metals M = Ni, Pd and Pt, the adsorption energies cal-
culated with the VWN potential are greatly overestimated (by
1.37, 0.66 and 1.16 eV, respectively) compared with the experi-
mental data. (The adsorption properties for CO at the on-top
site of Pt(100) and Pt(111) may be expected to be similar). The
inclusion of the BP nonlocal corrections has a 1 eV effect and
makes a significant improvement in the adsorption energies.
The calculation gives the order in E, 4 : Pd < Ni = Pt, while
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Table 3 Calculated properties” for CO adsorbed at on-top site of the M, cluster

Ry co Rco E.us kv_co ke o Oyco” WOc_o
M = Ni VWN 1.69 1.159 2.67 4.07 15.69 475 2055
VWN-B-P 1.72 1.166 1.77 3.54 14.86 445 1993
exp‘ 1.30¢ 460*¢ 2000°
480*S
M = Pd VWN 1.85 1.150 222 3.29 16.50 432 2087
VWN-B-P 1.90 1.157 1.35 2.67 15.75 391 2029
exp? 1.13 + 0.01* 1.56 340" 18957
M =Pt VWN 1.83 1.149 2.59 4.54 16.84 501 2133
VWN-B-P 1.86 1.159 1.71 3.77 15.83 459 2057
exp* 1.43 480™ 2065"
2090™
2080°
M=Cu VWN 1.87 1.144 0.95 1.59 17.15 305 2090
VWN-B-P 1.96 1.150 0.29 0.86 16.13 226 2014
exp® 19 +0.1 1.15 + 0.1 0.651 340" 2079°
350" 2078
344+
M=Ag VWN 2.19 1.135 0.42 0.50 18.08 173 2123
exp* 0.26
M= Au VWN 2.08 1.135 0.59 0.99 18.07 243 2132
exp’ 2111

% Bond length R in A, adsorption energy E

ads

in eV, force constant k in N cm ™! and vibrational frequencies w in cm™!. ®* The M—CO vibrational

frequency seems to be insensitive to CO-coverage; it was shown that the observed M—CO vibrational frequency seems to be insensitive to
CO-coverage; it was shown that the observed M—CO frequencies on Ni(111) and Pt(111) at low CO-coverage are same as those at high
CO-coverage (0o ~ 0.5).4% ¢ For CO adsorbed at on-top site of M(100). ¢ Ref. 41. © Ref. 42. 7 Ref. 43. ¢ For CO adsorbed on two-fold bridging
site of Pd(100). * Ref. 45. ' Ref. 44. 7 Ref. 46. ¥ For CO adsorbed at on-top site of M(111).5¢ ! Ref. 47. ™ Ref. 48. " Ref. 49. ° Ref. 50. P Ref. 34. 1Ref.
51. " Ref. 52. * Ref. 54. ' Ref. 53. * Ref. 55.  For CO on polycrystalline gold surface.’” The experimental frequencies are for low CO-coverage

except those with *, where 0.4 = 0.5.

the experimental E,,, values show a different order:
Pd > Ni ~ Pt. This is because, experimentally, the preferred
sites for CO adsorption are different for the different metals.
On Ni(100) and Pt(111), CO favours binding to one-fold (on-
top) sites; on Pd(100) it adsorbs on two-fold bridging sites.
Here we consider an on-top site for M = Pd in the calcu-
lations. For CO adsorption on the coinage metals, the
M—CO bonding is relatively weak. For M = Cu, where
EZ® = 0.65 eV, the calculation with the BP non-local correc-
tions results in adsorption energies that are too small (by ca.
0.4 V), whereas the E, 4 calculated with the VWN potential is
somewhat too large (by 0.25 eV). For M = Ag, the calculated
VWN value of 0.42 eV is in good agreement with the experi-
mental value of 0.26 eV on Ag(111). No experimental adsorp-
tion energy is available for M = Au. The calculations with the
non-local B-P corrections give zero adsorption energies for
CO/Ag and CO/Au (no minimum is found in the M;,—CO
binding energy curve). The ordering in the adsorption energies
of CO on the coinage metals is: Cu > Au > Ag. The rela-
tivistic effects are responsible for the anomalous order from
M = Ag to Au. A schematic illustration of the VWN adsorp-
tion energies is shown in Fig. 1. The calculations with non-
local corrections do not change the order.

The C—O bond length is increased in the M;,CO by 0.005
A (M = Au)-0.03 A (M = Ni) with respect to free CO. The
increase in R_g has been attributed to metal backdonation to
the antibonding CO 2n* orbital, which causes a weakening of
the C—O bond. Corresponding to the C—O bond expansion,
the C—O force constant decreases by 0.9-3.3 N cm ™! and the
C—O vibrational frequency is lowered by 30-110 cm ™. The
calculated C—O bond length with non-local corrections is ca.
0.01 A longer. The M—CO distance is much more sensitive to
the inclusion of the BP corrections, especially for the CO
weakly bound systems. The calculated Cu—C distances are
within 0.1 A of the experimental value (1.9 + 0.1 A). Experi-
mental C—O bond lengths for adsorbed CO are known for
M =Cu and Pd. The calculated C—O bond lengths in
M;,CO are shown to agree well with the experimental values.

Fig. 2 shows the variations in the VWN M—CO and C—O
bond lengths with the metal. A larger Ry_co corresponds to a
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smaller R ,, indicating that n backdonation from M to CO
2n* is larger for smaller Ry, 0. The non-relativistic M—CO
bond lengths are also shown in the figure. The shorter
Pt—CO and Au—CO bond lengths as compared with the
Pd—CO and Ag—CO values are due to relativistic effects.
The relativistic effects are small on the ligand C—O bond
length. The variations in the M—CO and C—O force con-
stants are consistent with the trend of the calculated bond
lengths (Fig. 3).

Let us look at the vibrational frequencies. The experimental
M—CO and C—O vibrational frequencies (), given in Table
3, are seen to be somewhat different for different authors. For
M = Nij, experimental estimates of the wy; ¢ are 460 and 480
cm~ 1. The calculated wy;_co value of 475 cm™! with the
VWN potential is intermediate between them; the VWN-B-P
value of 445 cm™! is underestimated. Compared with the
experimental w¢ ¢ value of 2000 cm ™!, the VWN-B-P poten-
tial gives very good result (1993 cm™~?'), while the VWN value
is overestimated by 55 cm~!. For M = Pd, the experimental

3*

0 T : T | T |
Ni Pd Pt Cu Ag Au

Fig. 1 Schematic illustration of the calculated adsorption energies
E,4 for CO on different metals. The open circles represents the non-
relativistic results.
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2.50 o
Ry_co/R
200 | e /\
1.50 -
| Rc—o/A
1.16
1.15 \\<
1.14 + AN
R(free CO)=1.130A
113+

\ T \ T T T
Ni Pd Pt Cu Ag Au
Fig. 2 Schematic illustration of the calculated M—CO and C—O

bond lengths R. The open circles represents the non-relativistic
results.

vibrational frequencies have been assigned to CO adsorbed on
bridging sites of Pd(100). The calculated frequencies for CO at
on-top sites are found to be greatly overestimated, even with
the VWN-B-P potential. For M = Pt, the VWN-B-P fre-
quencies of Pt—CO and C—O are underestimated compared
with the experimental data, while the VWN values are some-
what too large. For M = Cu, the VWN-B-P potential gives
the Cu—CO frequency which is too small by more than 110
cm~! compared with the experimental data (340-350 cm ™ 1);
the VWN-B-P value of w¢ o (2014 cm™?) is also underesti-
mated by 65 cm~!. Without including the non-local correc-
tions, the calculated wg, co and wq o are 80 cm™! larger
(compared with the VWN values) and so much closer to the
experimental data. For M = Au, the experimental w._q value
was estimated for CO on a polycrystalline surface. The calcu-
lated C—O frequency compares well with the experimental
value, the error being 21 cm ™! (1%). No experimental data on
the vibrational frequencies are known for M = Ag.

To summarize: For the transition metals, the VWN poten-
tial strongly overestimates the adsorption energies E,; , on
average by 1.3 eV. The non-local B-P correction to E, 4 is quite
large (ca. —1 eV) and greatly improves the agreement between
the calculations and experiment. The vibrational frequencies
calculated with both VWN and VWN-B-P potentials are in
good agreement with the experimental data. In general, the
VWN values are somewhat overestimated while the VWN-B-P
values are somewhat too low. For the coinage metals, the
experimental adsorption energies are intermediate between the

Ke_o/N cm™
18 - /—<
- .
ky_co/N cm
4 —
I
0 - e
—

T T T T

Ni Pd Pt Cu Ag Au

Fig. 3 Schematic illustration of the calculated M—CO and C—O
force constants. The open circles represents the non-relativistic results.

values calculated with the VWN and VWN-B-P pote\:/rll 1a1%);n line

concerning the frequencies, the VWN potential performs
much better than the VWN-B-P potential.

Bertolini and Tardy*? found a linear correlation between
(wp_co)* and E, 4, from experimental data. Therefore, one may
suppose that ky_co is proportional to E,4. Fig. 4 shows the
relation between the calculated ky_o and E,, ; we see that
there is a good linear relationship.

3.2.2 Field-induced vibrational frequency shifts. Table 4
shows the effects of electric fields on adsorbed CO on M(100),
as modelled by cluster calculations. The magnitudes of the fre-
quency shifts with respect to the field-free case (F = 0) are
given separately in Table 5. From these data, we can deter-
mine the average vibrational tuning rate dw®'/dF in the range
of fields applied. The variation of the calculated C—O fre-
quency with applied electric field is found to be nearly linear.
The available experimental dw/dF data in UHV were given in
Table 1. In order to enable comparison of the calculated
dw/dF with the experimental data dw/dV, it is necessary to
know the relation between an applied field, given in V cm ™1,
and a potential, given in V, across the electrodes in an electro-
chemical cell. The transposition of the dw/dF and dw/dV
values can be made using

dw dF\ ! dw
aF (d_V) % ®)

According to Lambert,!® dF/dV may be approximated as the
differential capacitance C divided by the relative permittivity ¢
(SI units)

dF C
dv e @
To determine C and e, one has to make some assumption
about the structure of the electrochemical double layer.'® For
CO adsorbed on the Pt electrode, ¢ was assumed to be 7¢, at
the electrode surface (where g, is the vacuum relative
permittivity = 8.85 x 10712 J~! C?2 m~ 1), and the capacitance
C was found to be ca. 17 pF cm™2. Thus, dF/dV was found to
be ca. 28 x 107 V cm™! V113716 The resulting dw/dF
values for the experimental data in aqueous electrolytes are
given in Table 1. Although the conversion factor is given for
CO/Pt, it may be used to estimate dw/dF for CO on other
metal electrodes.'#22 It should be pointed out that the capac-
itance of the double layer might be different for different
metals and the relative permittivity would depend on the elec-
trolyte.

The w¢_ shifts (Aw) induced by a field F = +0.01 a.u. on
the adsorbed CO are +60-70 cm ™!, two or three times larger

N
{
.

Fig. 4 Relation between M—CO force constant ky, ., and adsorp-
tion energy E, .
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Table 4 Calculated properties® of M,;,CO in uniform electric fields
of F = +0.01 a.u.

F = 4001 F=-001 F = +001 F = —001
Ry co Reo

M =Ni 1.69(1.71) 1.68(1.70) 1.149(1.149) 1.170(1.172)

M = Pd 1.85(1.91) 1.84(1.89) 1.140(1.139) 1.160(1.159)

M =Pt 1.84(1.96) 1.82(1.95) 1.140(1.137) 1.159(1.159)

M = Cu 1.89(1.92) 1.86(1.90) 1.135(1.135) 1.152(1.151)

SCF* 1.89 1.87 1.136 1.153

M =Ag 2.22(2.33) 2.15(2.27) 1.128(1.127) 1.143(1.143)
M= Au 2.09(2.51) 2.06(2.51) 1.128(1.126) 1.143(1.140)
ky_co koo
M = Ni 3.97(3.77) 4.18(4.00) 16.86(16.82) 14.52(14.45)
M=Pd 3.16(2.49) 3.40(2.83) 17.57(17.67) 15.43(15.40)
M =Pt 4.33(2.54) 4.73(2.67) 17.90(17.94) 15.77(15.43)
M =Cu 1.50(1.38) 1.68(1.50) 18.30(18.51) 16.00(16.20)
SCF® 1.54 1.63 18.29 15.87
M =Ag 0.45(0.37) 0.58(0.41) 19.18(19.38) 16.96(16.89)
M = Au 1.00(0.20) 1.00(0.20) 19.09(19.61) 17.05(17.30)
Dp—_co @co
M = Ni 471(460) 479(470) 2122(2116) 1987(1978)
M=Pd 424(379) 437(401) 2146(2138) 2025(2011)
M =Pt 492(383) 509(391) 2189(2155) 2075(2009)
M =Cu 297(285) 313(297) 2155(2165) 2022(2031)
SCF? 301 309 2155 2014
M=Ag 164(149) 186(156) 2185(2194) 2058(2051)
M = Au 244(110) 244(110) 2190(2205) 2072(2071)

 Bond length R in A, force constant k in N cm ™! and vibrational

frequencies @ in cm ™. ® Full SCF calculation for CO/Cu. The values
in parentheses are the non-relativistic results.

than the shift calculated for the free CO. The bond length
changes are twice as large. The difference between the dw/dF
values for adsorbed and free CO is mostly due to the increase
in |du/dRc o] This can be elucidated by eqn. (2), together
with Fig. 5, which shows the changes in pu with the C—O
distance for Cu,;,CO and free CO. As Lambert did,!*® we
make Taylor expansions of the molecular potential and the
dipole moment in terms of the relative bond length (R — R,)

EpF =0)=ao + aR —R)* + a3(R—R)* + -+ (5)
WF =0)=M,+ MR —R)+ MyR—R) +--- (6)
The frequency w shift with field F is found to be!3

dw_

aw (M, a3 — 2a, M)
dF

o (F =0) e
2

™
From Fig. 5, there is a good linear relation between u and R,
namely M, ~ 0. Hence

do

do 3M,a,
dF

o (F =0) 12
2

®)

2 - View Online

)]
3 0 free CO

14
Cu,,CO

T T T T
2.0 2.2 2.4 26
Re_o/a,

Fig. 5 Changes in dipole moment y with C—O distance R for

Cu,,CO and free CO (the Cu—C distance is fixed at R, when C—O
is varied).

Here, M, represents the slope du/dR. So an increase in
| du/dR | explains the larger change in dw/dF.

The VWN and VWN-B-P potentials lead to similar results,
indicating that the non-local corrections have only a small
influence on Aw. From the data on CO/Cu, the SCF effects on
the bond lengths and vibrational frequencies are small. There-
fore the w shifts are also similar for both perturbation and full
SCF calculations.

For M = Ni, the calculated dwc o/dF is 1.31 x 1076 or
143 x 107 cm™! V™! cm. Lambert’s more recent observed
value for CO/Ni(100) is (1.4 + 0.3) x 10"® cm™! V™! cm. The
calculation and experiment are in good agreement. According
to the calculations, the dw._o/dF value exhibits a very slight
decrease from M =Ni to M =Pt and from M =Cu to
M = Au. The experimental UHV value of
(0.34 4+ 0.09) x 1075 cm™! V™! cm for CO/Pt(111)*5 is shown
to be markedly (ca. four times) smaller than the calculated
values. A more recent measurement'® shows that the tuning
rate for CO/Pt at a low coverage of CO would be higher, ca.
(75+09) x 1077 cm~! V™! cm. In any case, the measured
dwc_o/dF value of CO on Pt in UHYV is unexpectedly small in
view of the experimental data in electrolytes as well as the
UHYV values for CO/Ni. One possible explanation!® is that
the actual electrostatic field across the CO adlayer is less than
the measured average field between the electrodes in UHYV.
Further investigation is required to prove this argument.

The calculations give very similar results for M = Ni and
Cu. The agreement is expected because the dynamic dipole
moment p is approximately equal for CO on Ni(100) and
Cu(100).1* Our calculated values are also in quite good agree-
ment with the calculations of Bagus et al. for CO on Cu(100),
which gave a tuning rate of 1.4 x 107 cm™! V™! c¢m for the
Cu,,CO cluster.?

Table 5 Frequency differences (Aw in cm ™) between the values for F = 0 and F = + 0.01 a.u.

M—CO c—0
do™/dF

A Aw®? Ao® Aw® 105 cm ™1 V™1 em
M =Ni VWN —4(—4) —4(—6) 67(67) 68(71) 1.31
VWN-B-P - - 73 74 1.43
M =Pd VWN —8(—12) —5(—10) 59(63) 62(64) 1.18
VWN-B-P -9 -7 70 75 141
M = Pt VWN —9(—4) —8(—4) 56(71) 58(75) 111
VWN-B-P —1 1 69 71 1.36
M =Cu VWN —8(—5) —8(=7) 65(72) 68(63) 129
VWN-B-P —17 —14 65 69 1.30
M = Ag VWN —9(—2) —13(=5) 62(70) 65(73) 124
M = Au VWN 1(0) —1(0) 58(65) 60(69) 115

? Ao = o(F = +0.01 a.u) — o(F = 0). > Ao® = o(F = 0) — o(F = —0.01 a.u.). The values in parentheses are the non-relativistic results.
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By conversion, the calculated VWN values correspond to
31-36 cm~! V™1 The calculation with the VWN-B-P poten-
tial gives slightly larger values for the transition metals, 38—-40
cm ™! V. The experimental values shown in Table 1 vary from
30 to 60 cm~! V!, depending on the author, the metal and
the electrolyte. The calculated values can be considered to
agree qualitatively with the experimental data. However, it is
not easy to give a ‘quantitative’ comparison of the calculated
results with the experimental ones. The reasons are that (1)
there are some uncertainties in the conversion factor from the
experimental @ dependence on the applied voltage to the local
electric field.!#22-58 (2) The influence of the solvent is
neglected in the calculations; it has been shown that different
solvents may yield noticeably different we o~V slopes.’® (3)
The C—O frequencies are known to be sensitive to the overall
CO coverage; this is also not considered in the calculations.
The remarkable result here is that there is no obvious trend in
the calculated Aw_o among the metals. This is in accord with
the experimental observation of Ikezawa et al.'® From the
experimental measurements of Kunimatsu et al.,*%8 however,
the frequency shift with potential ¥V for CO on Au is twice as
large as that for CO on Pt, and the rate does not depend on
the electrolyte. According to our calculations, the difference
cannot be attributed to a difference in dw/dF. One explana-
tion may be that the difference is caused by a difference in the
structure of the double layer. However, the experimental
results of Ikezawa et al.!® do not show a difference in dw/dV
between Au and other metals (Pd, Pt). The question whether
there is any variation of dw/dV with the metal is still open.

The non-relativistic calculation shows an increase in the
magnitude of Aw. For M = Pt, A™Aw is ca. —15 cm ™! (26%).
For the other metals, the relativistic effects on Aw are small.

Recently, we carried out similar ADF calculations for CN™
adsorbed on coinage metal electrodes (Cu, Ag, Au).®® The
vibrational tuning rates dwc y/dF obtained are 5.6-
6.6 x 1077 cm™' V™! cm, a factor of two smaller than the
calculated dwc_o/dF values. Experimental frequency shifts for
CN~ on coinage metal electrodes are ca. 30 cm ™! V~1 121
which are also nearly a factor of two smaller than the experi-
mental data of 50-60 cm~! V™! for CO on Ag and Au shown
in Table 1.

Only small changes in the M—CO bond length and fre-
quency can be induced by an applied electric field. However,
the M—CO property values show field-dependent shifts
opposite to those shown by the C—O ones. The same behav-
iour was also found in the semiempirical ASED calculations
of Anderson et al.'® So far, little is known about the vibra-
tional spectra of the metal-CO surfaces in solution®! owing to
the difficulty in obtaining sufficient sensitivity for IR in the
low-frequency region.

4 Conclusions

A theoretical comparative study has been carried out for
vibrational frequency shifts of CO on various metal M(100)
surfaces in the presence of a uniform electric field. The electric
field causes large changes in the C—O frequency w. . The
calculated vibrational tuning rates dwc o/dF are (1.1-
14) x 107 cm ™! V™! cm, in good agreement with Lambert’s
observed values for CO/Ni'* and also consistent with the
cluster calculations of Bagus et al'®2° for CO/Cu. The
resulting estimates of the vibrational tuning rate with poten-
tial ¥ are 31-38 cm~! V!, comparable to experimental data
of ca. 30 cm~! V™! obtained in electrolytes by most authors.
A notable fact is that there is only very small variation of the
calculated tuning rate with the metal. This is in agreement
with the experimental results of Ikezawa et al., who obtained
very similar frequency shifts with potential V' on different
metal electrodes. Our calculations, however, do not support
the rather small UHV value for CO on Pt. The difference in

iew Online

the tuning rate between experiments in vacuum and electro-
lyte for CO/Pt is surprising. Further investigations are needed
in order to understand the exceptional nature of CO/Pt in
UHV.

This work was supported by the Natural Science Foundation
of Fujian Province, P. R. China. We thank a referee for his
constructive comments.
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