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Field-Induced Vibrational Frequency Shifts of CO and CN Chemisorbed on Cu(100)
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Analysis of ab initio cluster wave functions shows that the shifts in the vibrational frequencies of
CO/Cu and CN/Cu due to an applied electric field arise dominantly from a Stark effect. The CN bond-
ing is largely ionic while CO has a dative covalent = bond. Consequently the Stark-effect mechanisms

are significantly different.

PACS numbers: 68.45.Kg, 78.30.Jw

Shifts of the intraligand stretch frequencies of chem-
isorbed CO and CN have been observed when an electric
field is applied.'"> Experiments have been carried out
for CO/Ni(110) in UHV,! for CO on Pt electrodes in an
electrochemical cell,? and for CN on several metals in
electrochemical environments.®> Lambert! has argued
that the shift is a physical Stark effect that can be de-
scribed by perturbation theory. On the other hand, Hol-
loway and Norskov* and Ray and Anderson® argued
that the field changes the chemical bond. Korzeniewski
et al.® concluded that both physical and chemical effects
operate.

In this paper, we present the first definitive theoretical
evidence that the changes in vibrational frequency, w,
due to an applied field are given by first-order perturba-
tion theory and that chemical changes are small. Fur-
ther, we show that the most important effect of the field
is to change the equilibrium bond length, r., which cou-
ples with the anharmonicity of the potential-energy
curve to cause a change in . Since the metal-ligand
bonding is quite different for CO and CN, the way in
which the field affects w is also different. For CO, the
covalent bonding, dominantly metal to CO 2z* back
donation,”® leads to a direct change in the ligand w. For
CN where the bonding is mainly ionic, the direct change
in the ligand o is small while the change in the metal-
CN o is large. The coupling of these stretching modes
leads to the change in the dominantly C-N stretch nor-
mal mode. Our conclusions are based on cluster-model
studies of CO/Cu(100) and CN/Cu(100). We describe
first the clusters, adsorption geometry, electronic wave
functions, and internal coordinates used. Next, we con-
sider the metal-ligand bond in the absence of a field. Fi-
nally, we show how w is changed when an electric field is
applied.

The cluster used to model Cu(100) has ten atoms, five
in the first layer, four in the second, and one in the third;
the bond distances are from bulk Cu. The ligand is add-
ed at an on-top site with C nearest the surface and the
ligand axis normal to it. For CO, there is strong evi-
dence for this adsorption geometry.® For CN, this linear
geometry is often found for metal-CN complexes.!® This
cluster and others, larger and smaller, have been used to

study several properties®!!"13 of CO/Cu(100). Self-
consistent-field (SCF) cluster wave functions are ob-
tained for several Cu—C and C—O (C—N) bond dis-
tances, with and without a uniform electric field normal
to the surface. A pseudopotential is used for the core
electrons of the nine environmental Cu atoms. Bagus
and co-workers!2!4 discuss the computational approach.
For Cu,oCO, the ligand geometry is varied about the po-
sitions R(Cu-C)=3.70 and R(C-O) =2.15 bohrs; these
are close to the equilibrium distance from low-energy
electron diffraction. For Cuj;oCN, the equilibrium
R(Cu-C) and R(C-N) were determined and the
geometry varied about bond distances near equilibrium.
For the ligand vibration, an internal coordinate which
fixed the ligand center of mass was used. For the metal-
CN stretch, the CN was translated with fixed R(C-N).
The equilibrium bond lengths, r., and the w were deter-
mined from a polynomial fit to the energy curves along
these internal coordinates. Even though our computa-
tional approach does not yield exact absolute values of w,
the changes due to the electric field will be well
represented.

Our results show that the bonding of CN/Cu(100) is
dramatically different from CO/Cu(100). We use the
projection of the free ligand orbitals, ®F, on the cluster
wave function to characterize the transfer of charge be-
tween the metal and ligand units. This projection,
(I>,-L(D,~”, is summarized in Table I.

The charge-transfer and dative-covalent bonding be-
tween a metal and CO is normally !’ divided into dona-
tion from CO to the metal and back donation from the
metal to CO. The projection of the CO lo to 5o and 1n
orbitals measures the extent to which these orbitals are
occupied in the cluster. For Cu;¢CO, this projection
gives nearly fourteen electrons in these CO orbitals (see
Table 1) showing that the CO donation is small. The
magnitude of the metal 27* back donation is determined
from the difference, AP,,, between the projection of the
CO ™ 2n* orbital from the Cu;oCO cluster and from the
bare Cu,g cluster. This difference takes into account the
overlap of the ligand 27* orbital with the metal orbitals.
The increase of 2z* character given by AP, is a mea-
sure of the back donation which occurs in the bonding
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TABLE 1. Projections of the ligand orbitals on Cu;oCO [R(Cu-C)=3.70 and R(C-O)=2.15 bohrs] and Cu;CN [R(Cu-
C) =3.90 and R(C-N) =2.20 bohrs]. For the occupied orbitals, the o and x projections, P, and P,, are given separately.

Projections
CuloCO [CLl|0Cn]0 [CuloCN] * [CuloCN] -
Ligand orbitals P, P, P, P, P, P, P, P,
L; occupied 9.99 4.00 9.91 3.98 9.91 3.98 9.91 3.98
L ~; occupied Coee SR 9.96 3.99 9.96 3.98 9.97 3.99
L~ 27" Coee 0.28° s 0.01% c o 0.00? o 0.01*

2These are values of AP3,, the difference of the 2z projection from Cujol and bare Cug; see text.

process. The value of AP,,=0.28 electron indicates a
substantial dative covalent Cu-CO = bond in agreement
with other determinations.®!?

The projections for the [Cu;oCN] ~, [Cu;(CN]°, and
[Cu;oCNI T clusters confirm that CN is adsorbed essen-
tially as CN 7. In all three cases, the projection of the
occupied orbitals of neutral CN indicates, as for CO,
that almost fourteen electrons occupy these orbitals. A
further test of the CN ™ character is made by projecting
the free CN ~ orbitals; this leads (Table 1) to a projec-
tion even closer to fourteen. For the projection of
CN ~27*, AP,, is negligible showing that there is no =
back donation to CN ~. We consider only the Cu;oCN ~
stretching frequencies in the following.

The field-free CO bonding involves an almost neutral
ligand with a significant covalent bond between the met-
al and the ligand 27*; the CO o donation is very small.
In contrast, the CN bonding on a Cu surface is largely
ionic.

For a cluster in a uniform electric field, F, the SCF
first-order perturbation theory energy, Ep(F), is ob-
tained by subtraction of u-F from the field-free SCF en-
ergy where u is the field-free dipole moment. The SCF
variational energy, Escp(F), is obtained by addition of
(Tr;— Y ONRN)-F to the field-free Hamiltonian; i
denotes electrons, N nuclei, and Qn is the nuclear
charge. These Ep(F) and Escp(F) are for given nuclear
positions. The fields considered are F= *0.01 a.u.

==+5.2%x107 V/cm. The field used by Lambert' in his
UHV study of CO/Ni(110) was 6.0x10* V/cm. In an
electrochemical cell, an externally applied potential of 1
V can create a field gradient of ~107 V/cm at the elec-
trode surface.'® Thus, a field of F=Q01 a.u., though
considerably larger than used by Lambert,! is compara-
ble to those believed to exist at electrochemical inter-
faces. Values of w and r, computed from the Ep(F) and
Escr(F) curves along an internal coordinate are given in
Table II.

For the CO stretch, the Stark and SCF frequency
shifts, Aw, are the same within 5%. If we regard F to be
a variable, the average tuning rate, dw/dF=1.3x%10"°
cm ~Y/(V/em), is close to the (1.1 £0.4)x10 % mea-
sured! for CO/Ni(110). For the CN stretch, the Aw for
both Stark and full variational w’s are very small. This
is interesting since chemisorbed CN has a similar mea-
sured tuning rate’ to that of CO.2 However, the tuning
rate for the metal-CN stretch is quite large. It is still
largely a Stark effect. We show below that the coupling
of the C-N and Cu-CN internal modes leads to a larger
shift in the high-frequency, dominantly C-N, normal
mode.

Lambert! made Taylor-series expansions of the
molecular-potential and the dipole-moment curves to ob-
tain the first-order Stark shift. We carry out this expan-
sion somewhat differently to stress the two different
effects involving the field. The perturbation-theory po-

TABLE II. Bond lengths, r. in bohr, and vibrational frequencies, @ in cm ~!. For the CO or CN stretch, r. is the C-O or C-N
distance, respectively; for the metal-ligand stretch, r. is the Cu-C distance. The differences between the F =0 and F = %= 0.01 a.u.

values, Ar, and Aw, are given.

Full variational

Perturbation theory

Stretch F re(Are) w(Aw) re(Are) w(Aw)
C-0 0 2.12 2273 s .. < ..
+0.01 2.11(—=0.013) 2339(+66) 2.11(—0.013) 2343(+70)
—0.01 2.13(+0.014) 2195(—178) 2.13(4+0.015) 2199(—174)
C-N 0 2.19 2294 s coee
+0.01 2.19(0.00) 2298(+5) 2.19(0.00) 2304(+11)
—0.01 2.19(0.00) 2277(—16) 2.19(0.00) 2283(—11)
Cu-CN 0 3.96 245 coe SRR
+0.01 3.77(—0.18) 318(+73) 3.78(—0.18) 318(+72)
—0.01 4.31(+0.35) 135(—110) 4.35(4+0.39) 120(—125)
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TABLE III. Taylor-series expansion coefficients in a.u.: a; for the molecular potential and M; for the dipole-moment curves. The
changes for r,, Ar. in bohrs, and for frequency, Aw;, Aw,, and Aw in reciprocal centimeters, are also given; see Egs. (2)-(4).

Stretch a as M, M, F (a.u.) Are Aw; Aw; Aw
C-0 0.670 —0.825 —1.856 —0.823 +0.01 —0.01 +58 +14 +71
—0.01 +0.01 —59 —14 73
C-N 0.643 —0.716 —0.296 —0.107 +0.01 —0.00 +9 +2 +11
—0.01 +0.00 -9 -2 —11
Cu-CN 0.030 —1.329 —0.193 +0.01 —0.21
—0.01 +0.24

tential curve is
V(r,F)=ag—MoF—MF(r—r,)!
+a,—MF)r—r)*+..., (1)

where the expansion coefficients for the potential, a;, and
the dipole moment, M;, are for the zero-field wave func-
tions. The first derivative of the dipole moment, M|,
leads to a change in r, when F#=0:

Are(F)=M F/2(a;— M,F). 2)

The change in @, Aw, due to F results from a change in
the curvature of Eq. (1), 82V (r,F)/8%r, at r.(F). It has
an indirect contribution, Aw;, from the change in r., Eq.
(2), and a direct contribution, Aw,, from the curvature
of the dipole moment, M ;:

Aw, =(3w/2a2)(a3Are), 3)
Awr=— + w(M,F/a,), 4)

where o is the F=0 frequency and a3 represents the
anharmonicity of the molecular potential curve. The to-
tal change is Aw =Aw;+Aw,. The Taylor series coeffi-
cients and Ar, and Aw are given in Table III.

For the ligand stretches, the exact perturbation-theory
results, Table II, are closely reproduced by the Taylor-
series expansion. The value of Aw, is much larger than
that of Aw;. The Ar, and Aw; are much larger for the
CO stretch than for the CN stretch because the first
derivative of the dipole moment curve, M, is larger, by
a factor of 6, for CO. The small M for Cu;oCN can be
understood because CN ™ is isoelectronic to homopolar
N,. The center of charge of CN ™ is near the geometric
center of CN and also near the center of mass of CN.
For the ligand stretch internal coordinate, the CN center
of mass is fixed. Hence, there is no substantial motion of
the center of charge and M| is small.

For the metal-CN stretch, the dipole derivative is
large, M= —1.3. In this internal coordinate, we are
moving a negative ion, CN ~, with respect to the surface.
Image-charge theory predicts M;=—2 since when
CN 7 is translated by A, its image also moves A. The
Taylor-series expansion gives large |Ar, | =0.2 bohr for
| F| =0.01 a.u.; see Table III. These Ar, are smaller

than the exact perturbation-theory results, Table II, be-
cause Eq. (2) is not appropriate for large changes in r,.
However, it is clear that the large |M,| is the main
reason for the large values of Aw in Table II.

The normal coordinates are a mixture of the internal
C-N and Cu-CN modes. We have used standard expres-
sions!” for the coupling of two springlike force constants
to determine the mixing approximately. This treatment
neglects the interaction force constants but will enable us
to estimate the magnitude of the mixing. The differences
between the internal-coordinate frequencies and the ap-
proximate normal-mode frequencies are given in Table
IV. There is a clear difference between the shifts in the
higher-frequency modes for different values of F. When
this effect is added to the Aw in Table II, we obtain
Aw(F=+0.01)=15 and Aw(F=—0.01)=—24 cm ™!,
significantly larger values than those for the C-N inter-
nal coordinate. Thus, the reason for the shift of the
high-frequency normal mode is the shift in the metal-CN
stretch which is coupled with the ligand stretch. Howev-
er, our present treatment for the coupling cannot give
quantitative values for the shift.

For Cu;oCO, we have calculated M, for the Cu-CO
stretch and find |M,| <0.05. For the low-frequency,
metal-CO, normal mode for CO/Ni(100), the value
| M| =0.2 has been measured.'® These small values
show that the metal-ligand internal coordinate w will
hardly change in an electric field. The shifts due to the
coupling of the internal coordinates will be nearly con-
stant irrespective of imposed electric field.

In conclusion, the effect of an electric field on the
stretching frequencies of CO and CN chemisorbed on
Cu(100) is described, to a very good approximation, by
perturbation theory. The most important effect of the

TABLE 1V. Differences, Aw, between the approximate nor-
mal modes and the internal coordinates for Cu;oCN ~.

Aw (cm™!)

Lower Higher
F (a.u.) mode mode
0 —-1.7 +15.6
+0.01 —3.6 +26.1
—0.01 —0.3 +4.7
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field is to change the equilibrium bond length. This
change coupled with the anharmonicity of the potential
is the dominant reason for changes in the w. Because
the metal-ligand bonding is very different for CO and
CN, the effect of the field is different. For CO, the co-
valent chemical bond leads to large changes in w for the
C-O stretch internal coordinate. For CN, the bonding is
ionic. The dipole-moment derivative of the CN stretch
internal coordinate is small and, hence, the change in
is small. However, the dipole derivative for the metal-
CN stretch is large and this is relayed to the CN stretch
by the coupling of these two coordinates. We predict
that there should be a large field-induced shift in the
low-frequency metal-CN stretch while the shift of the
metal-CO stretch should be small. This could be tested
by Raman spectroscopy in which the low-energy modes
are readily accessible.3® We expect these origins of the
field-induced w shifts to be true for other metal surfaces,
in particular the noble metals, since the ligand bonding is
likely to have similar features. '
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