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Covalent Bonding of CN to the Pt(111) Surface
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We present a vibrational study of the ZRi(111) system immersed in acetonitrile, using optical sum-
frequency generation. Frequencies26f73 cm™! (on-top) and1861 cm™! (hollow), distinctly above
and below that of the isolated molecule, demonstrate a covalent CN-metal bond. Cluster calculations
show that the strengthening and weakening of the C-N bond at the on-top and hollow sites is due to a
surface-induced depletion of the antibondihg and bondingl 7 orbitals, respectively. We illustrate
our results with a comparison to the reference/€0111) system. [S0031-9007(97)05125-9]

PACS numbers: 68.45.Kg, 71.15.Fv, 82.65.My

The cyanide (CN) molecule has the peculiar property CN was adsorbed on the Pt(111) surface by a new pro-
that its internal bond is strengthened when it bindscedure involving high-temperature dissociation of acetoni-
to metal and nonmetal atoms, a feature for which ndrile (CH;CN) [6], which enabled us to study energetically
conclusive explanation has been presented so far. THess favorable adsorption sites. A (111)-oriented Pt single
strengthening of the C-N bond was revealed by vibratiorcrystal surface was cleaned by flame annealing and, still
spectroscopy showing stretching vibration frequenciebeing red hot, exposed to the vapor above liquid acetoni-
above the value of the isolated molecule. It was observettile. After cooling down to room temperature the crystal
in metal-CN complexes such &Bt(CN),]*~ [1], as well was immersed without potential control into the liquid,
as in studies of CN adsorption on various metal electrodevhere the CN-covered Pt surface remained stable for sev-
surfaces in aqueous electrolytes [2]. Available theoriegral hours. SFG and cyclic voltammetry experiments with
describe the CN-metal bonding as dominantly ionic [3,4]the same adsorption procedure but with an aqueous elec-
and ascribe the intramolecular bond strengthening to &olyte containing acetonitrile allowed us to unambigu-
charge transfer from théo orbital of the CN' ion  ously identify CN as the adsorbate [6]. The (R¥(111)
towards the metal atom [1]. In this Letter we develop asurface was prepared in an aqueous electrolyte (0.1 M
new model for the CN-metal bond, which we apply to theHCIO,) by bubbling CO through the liquid [7]. For SFG
CN/P1(111) system. In particular, we show that the CN- we mixed tunable picosecond infrared pulses from an op-
metal bond is dominantly covalent and that the weaklytical parametric amplifier with laser pulses 03 um
antibonding5o orbital is not responsible for the observed at the Ptliquid interface. All beams including the sum-
frequency shifts. Using optical sum-frequency generatiorirequency photon beam wege polarized. To minimize
(SFG) we measured the stretching vibration frequencieabsorption of the infrared laser power we allowed only a
of CN adsorbed on a Pt(111) surface in a liquid ambientthin (~1 wm) layer of liquid between the surface and a
We observed two different CN species in our vibrationprismatic Cak laser window. SFG in a ZnS reference
spectra with frequencies distinctly above and below thasample was used to correct the spectra for power fluctua-
of the isolated molecule, corresponding to strengthenetions of the laser system.
and weakened internal bonds, respectively, which clearly Figure 1 presents our SFG spectra for CN and CO
demonstrates the covalent character of the CN-metadsorbed on Pt(111). The spectrum for CO (obtained
bonds. In order to aid in the interpretation of the resultsat a potential of 0.02 V versus the reversible hydrogen
we performed total-energy cluster calculations using thelectrode) exhibits two vibration frequencies at 2067 and
local density approximation for exchange and correlation]781 cm™!, which are assigned to CO adsorbed at on-top
and a localized muffin-tin orbital (MTO) basis [5] with and hollow sites, respectively, in accord with previous in-
s, p, and d functions in all atoms. The calculations frared studies [7,8]. For CN we observe a strong band
permit us to assign the high-frequency (low-frequency)at 2073 cm~! and a weaker band at861 cm™!, which
vibration to CN adsorbed at the on-top (hollow) site,must be attributed to molecules adsorbed on sites with
and to show that the bond strengthening (weakening) idifferent molecule-Pt interactions. We show below that
due to a surface-induced depletion of the antibondindhey are also assigned to on-top and hollow sites, re-
40 (bonding17) CN orbital. For comparison, we also spectively. The dependence of the stretching vibration
present our experimental and theoretical results for thé&requency on adsorption geometry demonstrates the in-
reference C@P1(111) system. volvement of the molecular orbitals in the bonding to
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= 2073 smaller amount because it has a smaller dynamical dipole
moment (see below).

The electronic structures of the isolated CN and CO
molecules differ only in the respective strength of the N
and O potentials, and in the occupation of fhe orbital,
which contains two electrons in CO, but only one in CN.
The ionic CN" molecule also has two electrons in the
Ja 2007 orbital. However, while CO is a stable molecule, both
i CN and CN are radicals: they are stable in isolation,
but they cannot exist as separate entities in the presence
of even the smallest interaction with other atoms because
of the position and strong dependence on occupation of

————— the 5o energy. This energy is1.0 eV for CN™ (above
1700 1800 1900 2000 2100 the vacuum level [13]) and-8.7 eV for CN (below
Wave number (cm-1) the Fermi level of any substance), giving rise to charge
transfers away from CN and to CN. This means that
FIG. 1. Sum-frequency spectra of CN and CO adsorbedne mglecyle can exist only with an additional fractional
on Pt(111) in acetonitrile and in an aqueous electrolyte, : - . .
respectively. The arrows indicate the frequencies of the isolateGN@rge; i-€., in interaction with other atoms. As we report
molecules. below, adsorbed CN has a chargeddfe. From the total
energy as a function of the bond distari@ we deduce
equilibrium R values of1.18 A for CN and 1.14 A for
the surface, i.e., the existence of a large covalent concO, as well as the vibration frequencies presented in the
ponent in the surface bond, for both CO and CN. Therdirst column of Table I. It is worth pointing out that
are, however, important differences between the bondinthe charging of the CN molecule produces a moderate
properties of these two molecules. Note that the highdecrease of its vibration frequency (it goes down to
frequency band of CN lie30 cm™! above the frequency 1991 cm™! for CN™), which is consistent with the weak
of isolated CN 2042 cm™! [9]), and80 cm™! above that antibonding character of théc orbital. The bonding
of CN™ (1991 cm™!; see below). This indicates a surface-or antibonding character of the molecular orbitals was
induced strengthening of the C-N bond for on-top ad-deduced by recalculating the vibration frequencies with
sorption, which has no parallel in the ¢P{(111) system the occupation of the orbitals changed by a small amount.
where all the frequencies lie below that of the free mole-We find that the3o- and 17 orbitals are bonding, and the
cule 2143 cm™! [9]). Note also that the frequency differ- 40 and2 orbitals are antibonding, for both CN and CO.
ence between on-top and hollow species for CN is smalleFhe same conclusion is obtained from the pair charges
than for CO. The CN band at861 cm™!, which cor- defined below. The CNand CO molecules exhibit linear
responds to molecules with a weakened C-N bond, wadipole moment functionsg(R), with dynamical dipoles,
not observed in previous studies where CN was adsorbegi’ = du/dR, given by0.3e and0.6¢, respectively. The
from aqueous electrolytes containing solvated Cidns  dipole moment of CN, although also linear for large
[2]. This indicates that the on-top adsorption energy ofexhibits a broad minimum witg* ~ 0 at equilibrium.
CN is appreciably larger than the hollow one, in contrast To study the adsorption of CN and CO on Pt(111),
with previous theoretical predictions for CN adsorptionwe modeled a small fraction of the surface with asPt
on the Ni(111) surface [10]. The electrolyte was showncluster consisting of two layers: a Rtlayer and a R
to have no significant effect on the vibration frequenciedayer, having at their center an on-top and a hollow site,
of CO/P1(111) [8], and we expect the same to be valid respectively. Adsorption at the on-top site was studied by
for CN/Pt(111). The electric field at the Pliquid inter-  placing the molecule at the center of thg;Rtide of the
face and the dipole-dipole coupling have an influence on
the frequencies, but their effects tend to cancel each other.

Although the CN spectrum in Fig. 1 was measured WIth_TABLE | Vibration frequencies in cm' of CN and CO

out an _e)_(tern_ally applied potential, it is apparent that %alculated for various adsorption geometries of & Bluster.
depolarizing field due to the solvent molecules developshe notations(]) and (—) refer to the upright and parallel
at the interface. For adsorbed CO the effect of this fielcbrientations for the CN molecule. The experimental values are
is to decrease the frequency by abd0tcm™' in com-  given in parentheses.

parison with the uncharged Pt(111) surface [11], and we Isolated On-top Bridge Hollow
have experimental evidence suggesting that the same s
also true for CN. The dipole-dipole coupling increasesCN () 2063 (2042) 2150 (2073) 2000 1920 (1861)
the frequency of on-top CO on Pt(111) by abaotcm™! CN (=) 1962 1929 1807

[12], and should also increase that of CN, although by aCO 2197 (2143) 2140 (2067) 1970 1880 (1781)

CN/Pt(111)

CO/Pt(111) in
0.1 MHClO4

(0.02 V vs. RHE)

Sum-Frequency Signal

2143.3
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cluster, and calculating the total energy of the cluster plupartially empty and pinned to the Fermi level. This means
molecule as a function of the height and bond distanc¢hat the electron transfer from the metal to the molecule
of the molecule. The potential energy was obtained bygoes to the antibondin§o-54 combination. However,
subtracting the energy of the,Rtcluster. The minima since there is more charge in the bonding than in the
of the potential energy functions yield adsorption energiegntibonding combination the net effect of the orbital
of 4.5 eV for CN and 2.0 eV for CO, and equilibrium is bonding to the surface. The CO-metal bond is mainly
C-Pt distances 02.0 A for both molecules. Adsorption produced by thé&o (on-top) and the# (bridge/hollow)
at the bridge and hollow sites, which was studied byorbitals. Thel7 and4o orbitals lie too low in energy and
placing the molecule on the Rtside of the cluster, have no appreciable interaction with Pt valence states.
yielded equilibrium C-Pt distances of 1.7 ands A, To illustrate the effect of the surface on the intra-
respectively, for both molecules. Other geometries can bmolecular bond of CN adsorbed at the on-top site, we
excluded for energetic reasons. We found that adsorptiodefine symmetry-projected pair charges betweenithe
with the molecule parallel to the surface was unfavorableand jth atoms of the cluster [15],
compared to the upright geometry by about 1 eV for
all three adsorption sites, and that CN bonding at the uli,)) =2 Dl xid i 1T, ()
on-top site via the N atom was unfavorable by 1.2 eV nea AN
compared to bonding via the C atom. The latter resulivherey; , are MTOs centered on théh atom with angu-
was also obtained in Ref. [14]. The calculated vibrationlar momentumA = (I, m), and then summation extends
frequencies of CN and CO adsorbed at different sitesver all states¥,, with symmetrya. The off-diagonal
of the Pts5 cluster are presented in Table I. Tests withterm Q. (i,j) can be positive or negative and may be
smaller clusters show that these values are converged interpreted, respectively, as the bonding or antibonding
cluster size. Note that while all the calculated frequenciesharge with symmetryr between theth and jth atoms.
of adsorbed CO are smaller than that of isolated COThe diagonal termp, (i, i) is positive definite, and rep-
the frequency of CN adsorbed at the on-top site igesents the charge with symmetgyon theith atom not
larger than that of the isolated CN or CNmolecules. involved in the bonding to other atoms. In this represen-
This description fits that of the higher experimental CNtation, the orbital structure of the CN-metal bond is given
frequency, which we assign to molecules adsorbed dty the sum of the projected bonding charges between the
the on-top site. We assign the lower experimental CNnolecule and the R cluster,> ;ccn 2 jep,; Quli, j) =
frequency tentatively to the hollow site, for this leads0.30e, 0.09¢, and0.05¢ for a = 4¢, 17, andSo, respec-
to a uniform discrepancy between theory and experimertively, which demonstrates the dominant role of the
of 60-120 cm™! for all the frequencies of the adsorbed orbital in making the surface bond. The orbital character
molecules. of the intramolecular C-N bond is given by the orbital-
The distinctive feature of the CN-metal bond is theprojected charges on the molecule;ccn 2. Qa(is ).
pinning of the 5o orbital to the Fermi level of the The change in these charges induced by the surface bond
metal. This causes a charge transfer of abOB is equal to—0.20e, —0.05¢, and +0.55¢ for the same
from the surface to the molecule, and gives rise to arhree orbitals. This means that tHe- and 17 orbitals
ionic contribution to the surface bond of 0.5 eV, whichact as donors; i.e., their weight on the molecule is de-
amounts to about 11% of the total adsorption energycreased by the surface bond. In particular,di¥ deple-
As a consequence of the pinning, there is an upwartion of the antibondingto orbital leads to the observed
movement of all CN molecular orbitals by about 3 eV, strengthening of the intramolecular C-N bond. On the
and a realignment of molecular and metal energy levelsother hand, théo orbital is an acceptor of electrons and
The 40 and 17 orbitals position themselves within the its occupation is increased ly55¢. However, because
energy range of the Bd band, while the moleculazw  of its weakly antibonding character, the- orbital has no
orbital moves up to about 7 eV above the Fermi level ofappreciable effect on the strength of the C-N bond. The
the metal and does not take part in the surface bond, agbital charges add to an excess charge).8t on the
pointed out by Bagust al. [3]. This means that the CN- CN molecule, in accord with previous calculations for a
metal bond is due to contributions from ther, 40, and  PtCN molecule [14]. A similar analysis shows that at the
50 orbitals. At the bridge and hollow sites ther orbital  hollow and bridge sites the CN-metal bond is dominated
has the largest contribution, while at the on-top site théoy a charge transfer from the bondirg- orbital to the
40 and5o orbitals play the dominant role. The occupied surface, which leads to the weakening of the C-N bond.
17 and 40 orbitals lower their energies by interacting The different behavior of the C-N bond at the on-top and
with unoccupied5d and 6s metal states. The partially bridge/hollow sites is in marked contrast with that of CO,
unoccupied5o orbital makes bonding and antibonding which shows a weakening of its intramolecular bond for
combinations with occupiefid metal states, whereby the all geometries, as well as larger frequency differences be-
bonding combination moves downwards in energy and isween them. The vibration frequency of CO is determined
fully occupied, and the antibonding combination remainsby the amount of occupation of the strongly antibonding
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to the pinning of the surface-antibondirfgr-54 com-
bination discussed above. When the molecule contracts
(expands) the C-Pt distance expands (contracts), and the
50-5d energy tends to move downwards (upwards). This
tendency is compensated by a charge transfer to (from)
the surface in order to keep the-5d state pinned at the
Fermi level. The large distance involved in the charge
transfer leads to a large® value. At the bridge and
hollow sites there is no appreciabfer-5d interaction,

so that theSo energy and the charge transfer has only a
weak dependence on geometry. For CO the dynamical
dipole is insensitive to the adsorption site, and it is equal
to ¢g* = 1.2e, which corresponds to the dynamical dipole
moment of the isolated molecule plus image charge.

We conclude with a remark on the solvated TN
ion, which also exhibits a large vibration frequency
(2080 cm™! [1]), appreciably larger than our calculated
frequency for isolated CN (1991 cm™!). We speculate
that this high frequency is not an intrinsic property of the
FIG. 2. Charge densities differencedp, induced by the CN group itself, but is also caused by depletion of 4oe
adsorption of CO and CN at the on-top and bridge sites of @rbital as a result of bonding to water molecules.

Pts cluster. The continuouAp > 0) and dashedAp < 0)

contour lines represent densities given by’ X 107%¢ A3,
forn = —15,...,15.
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