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ABSTRACT: In-situ FT-IR vibrational spectra of thiocyanate ions adsorbed on polycrystalline Ag
clectrodes as a function of clectrode potential and electrolyte concentration arc reported. Interpretation of
the results arc performed with the help of ab initio SCIF calculations of the clectronic structure and bonding
of thiocyanate to small silver clusters. It was concluded that thiocyanate ion adsorbs with S- and N-end
down in the double layer region for potentials greater than — 0.3V (versus Ag/AgCl). At potentials closc to
the potential of zero charge thiocyanate ion is adsorbed flat and cannot be detected by IR.
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f. Introduction

The adsorption of the pseudohalide ion thiocyanate SCN™ from aqucous electroly'e solutions on to
metals is of interest because it contact adsorbs either N- or §- end down.!"® ‘Thiocyanates’ ability to bind in
this fashion in metal complexes is well kno\vng'.l3 and it is also known to act as a bridging ligand in the
configuration M-SCN-M or M-S(CN)—M.'O'”']4 The primary issues concerning the contact adsorption of
thiocyanate on metal electrodes are: nature of the bonding (ionic or covalent), oricntation N-down or
S-down, and the polar angle between the normal to a given crystal surface and the configuration axis of the

ligand. Secondary issues are the degree of surface coverage and how all the above mentioned properties

depend on electrolyte concentration and electrode potential.

In this paper we describe in-situ FT-IR reflection absorption spc;:tmscopy (FT-IRRAS) mcasurements of
the C-N stretching vibration of thiocyanate adsorbed from 0.1M NaClO4 solutions onto polycrystalline silver
electrodes. These measurements were performed at varying thiocyanate concentrations for all electrode
potentials throughout the double layer range (ca. — 1.0V to 0.0V versus Ag/AgCl). Interpretation of these
spectra requirced extensive ab initio calculations of the electronic structurc and associated vibrational
frequencics of one thiocyanate ion, either in isolation or bonded to single atoms or small clusters of silver
atoms including clusters carrying a positive charge. For our purposes it was sufficient to consider adsorption
to-an on-top site, and we did not consider adsorption to hollow sites as on Ag(111) or grooves as on

Ag(110). Calculations more specific to individual surfaces await experiments on single crystal studics.

It is well established from IR and vibrational Raman spectroscopy of mefal coordination complexes
containing SCN ligands that M-SCN has v stretching ficquencies in the range 2090 to 2130 em’!, whercas
M-NCS coordination has vy stretching modes in the range 2050 1o 2100 em ™Y Note that although these
two_ranges overlap S-cocrdination occurs in the high range whilst N-coordination has vy in the lower

range.




ll. Experiments

Vibrational IR spectra of adsorbed thiocyanate on a silver electrode were obtained in reflection
geometry on an IBM IR/98 Fourier _transform specttometer using polarization modulation IRRASlS. The. "
polarization modulation IRRAS involved modulation of incident IR beam with a photoclastic modulator
(Hinds International) and use of a lock-in amplifier (PAR) to obtain the diffcrence in intensity between the
s- and p-polarized light, (I_ - ]p). All the spectra shown here represent the ratio (I - lp)/(ls + lp)'and
typically are avcrage of 1000 scans cach of two seconds duration. The detector used was liquid nitrogen
coo'ed InSb (Infrared Associates) which had a lower detection limit of 1800 em’!. The infrared cell was
constructed from Kel-f ™ and a bevelled CaF, prism was used as IR l-ransmitling window!3. The IR beam

was incident on the electrode at approximately 65°.

The-electrolyte with various concentration of thiocyanate ions (0.1, 0.4, 1, 5, 10, 100, and 1000 mM) in 0.1.
M perchlorate as supporting clectrolyte were prepared from reagent grade NaSCN and NaClQ,. The
deionized water was obtained from Bamstead "Nanopure” system. A smooth silver clectrode was prepared by.
sequential mechanical polishing with 5, 1, and 0.3 ;. alumina on a pad using watcr as a lubricant. The
electrode was then ultrasonically cleaned and repeatedly electrochemically cycled in the double layer region.
Spectra representative of equilibrium surface coverage were obtained by exposing the clectrode to the bulk
solution at each potential before retuming the cell into a thin layer geometry essential for obtaining

16, All the potentials here are referenced to a Ag/AgCH (3M KCI) clectrode.

acceptable signal to noise ratio
Figure 1 shows the range — 0.3V to +0.075V for | mM SCN™ and Fig. 2 for potentials in the 0,075V to
0.1V where oxidation scts in. These speetra show a band growing in intensity and shifting to higher
frequencics from ca. 2100 em™! at ~0.3V 10 2139 em~lat +0.V, The frequency range suggests this band
is likely to be duc to S-bound thiocyanate and the intense band at 2139 en =~ in Fig. 2 at + 0.1V is duc to a
thin film of Ag SCN solid. In solid AgSCN the vy stretch ocems at 2145 em™!, close to the value of the
very intense band at 2139 e~} in Fig. 2. Figure 3 shows speetra for solutions with 5 mM of thiocyanate
ions and these resembie the spectra in Fig, 1 except that the higher solution concentration epables the
observation of surface species at more cathodic conditions (- 0.4V versus - 0.3V). The spectra shown in
Fig 4 are for 10 mM thioeyanate, Al positive potentials, for example 0.05 V. two peaks appear cleardy at
2HS and 2098 em™), Note also that the infegrated intensity grows sapidly as the potential is shufted positive

ol 88V The ow fiequeney peak is possibly N-bound thiocyanaie, that may well be jesponsible for the




.aoulders seen near 2100 em ! in Fig. |. As mentioned previously N bound thiocyanate has vy in a range
30-40 cm! down shifted from S bound thiocyanate. The 100 mM SCN spectra displayed in Fig. 5 show no
clear sign of the minor 2100 cr~! peak which is likely present as the weak shoulder on the-low frequency
side of the 2095 (—0.6V) to 2118 em~! (+0.0v) pcak in Fig. 5. In 1 M SCN~ solutions (see [Fig. 6) there
is only one visible potential dependent peak moving from 2071 em™1 at = 1OV (solution peak) to

2075 e~ at 0.2V. At higher potentials this peak wecakens and is replaced by a doublet split around

2150 e~ “This is most likely an oxidized Ag consisting of a thick layer of solid AgSCN. Asymmetry on
the low frequency side may indicate the presence of the N-down species.  Figure 7 shows the concentration
dependence at 0.0V. The band assigned as N-down specics appears clearly only in one of these spectra,

namely at 10 mM thiocyanate.




lll. Theoretical calculations of thiocyanate adsorbed on silver
clusters

In this scction wg summarize the results of calculations designed to aid the interpretation of the FTIR

Y e

spectra. Ourgoal‘is to-provide a framework for a logical explanation of the double layer in terms of N- and

S-bound thiocyanate specics. To this end we consider a simple modcl. The thiocyanate ion is assumed to
bind N- or S-down at an on-top Ag site. Apart from the Ag atom of the on-top site all other metal atoms
will be ignored except in onc case to check the importance of the sccond layer on the geometry. In this last

case four Ag atoms arc added to represent a sccond layer of metal atoms.

Ab initio self-consistent field (SCF) calculations have been performed for small systems chosen to ‘model the
conscquences of the siiver-thiocyanate interaction in the limiting casc of zcro coverage, i.c., isolated adsorbed
thiocyanate ions. The simplest systems considered arc [Ag—NCS]"O and [Ag-SCN]"o; the total charge of
the clusters has been changed to obtain a very simple representation of the silver atoms of the electrode.
Thus Agl-L™, can be thought to model adsorbed thiocyanate ncar the potential of zcro charge (pzc) and
Ag*L~, 10 modcl the change in electrode charging as the poteritial is made positive. Additionally, tﬁc
intcraction of the SCN™ on the top sitc of an Ags(1,4) cluster containing onc Ag atom in the first and four
Ag atoms in the sccond Jayer has been considered (sce Fig. 8). The metal atoms arce fixed at their positions
for bulk Ag. The metal-ligand gcomctry has been fully optimized for both N-down and S-down

coordination modes as well as for charged and ncutral systems. The effect of an external uniform clectric

ficld on the chemisorption geomelry has been investigated for the mono metal atom Ag-SCN and Ag-NCS
systems. Calculations have been performed on Ag-NCS and Ag-SCN to determine the Jow-frequency C-S
streteh, v, and the high-frequency C-N stretch, v, as well as the ficquency shifts as a function of the

charge on the silver atom.

A. Computational details

In the study of the Ag-NCS and Ag-SCN systems, the Ap atom has been treated with an Effective
Core Potential (Ii(.’«l’)l7 in which the 28 clections from the deep core s 1o 3d shelis are represented by the
ECP while the 19 clectrons arising from the 4s, dp, 4d, and 5s shells me explicitly included in the
wavefunction. The valence basis sel for Ag has been contracted o dsdpid (see Ref, 17 for the GTO
evponents and the BCP paramcters). Tn Aggi L) the Tist Biver Ae atom dhieetly interacting with the SCN

adsorbate has been tieaded in the une wan: the FOP operator whieh explicily includes fn the valesee only




the outermost 5s clectron (1 electron ECP)!8 has-been used for the description of the four Ag atoms in the
second layer. The C, N, and S atoms have been treated at the all electron level. The basis set for C and N

is a 4s3p contracted GTO basis.!? The basis set for S contracted to 5sdp, has been taken from Ref. 20.

Calculations have been performed’in the absence of an applied electric ficld, I'=0 case, and in a static

uniform clectric ficld of F= % 0.01 au. = £5.2 x 107 V/cm normal to the surface. This field is typical of

those existing insidc the compact part of the Helmoltz double layer. More dctails of the calculations are

described clsewhere. 2122

B. Geometry and bonding of SCN on silver

In the calculation of the molecular geometry a two-dimensional potential energy surface has been
determined by varying simultancously the metal-ligand (M-L) distance, r, and the M-S-C and M-N-C
intemal angles, «. The equilibrium geometry valuces r, and «, have been determined from a two-dimensional
polynomial fit. The results of the geometry optimization for both Ag-L and Ags-L. show that when the
thiocyanate molecule is bound at the N-side a perpendicular orientation-is preferred (sce Tables 1 and 2 and
Fig. 8); on the other hand, when a Ag-SCN bond is formed the molccule assumes a bent conformation
forming an Ag-S-C intemal angle of approximately 10§ degrees (scc Tables I and 2 and Fig. 8). The nature
of the potential surface for the bending is very different for the negatively charged with respect to the necutral
clusters; for Ag-L.™ case, the potential surface for the bending is very shallow for both N-down and S-down
cases; when the total charge of the molccule is 6, corresponding to the interaction between Agt (n=1,5) and

a SCN™ ligand, the potential surface exhibits a more pronounced minimum. 2}

The-naturc of the mectal ligand interaction in the charged and neutral complexes is basically different; in the
first casc the bonding originates mainly from the polarization of the metal which respond to the presence of
the negative SCN ligand; of coursc, the Ags cluster is much more polarizable than the single Ag atom and
the bonding in Ags-/., approximatcly 1.2-1.4 ¢V (sce Table 2), is stronper than in Ag-1., approximately

05 8.6cV {see Tablc 1) In the neuirad systems, fhe choudiosiatic atiraction baiween the positive metal and
the negative thiocyanate ligand dominates and vields a net bonding around 4-5 ¢V (Tables 1 and 2). Other
bonding contributions origiin:\lc from the ligand polarization and, in particular for the neutral M-1. system,
from the thiocyanate to Ag donation.  In both nevtral and charged systems the SON figand behaves as a

e e e . 1
preudohalogen and its fonicity is essentially - [




The different nature of the bonding in the neutral and charged moleculcs is reflected also in the changes-in
the equilibrium geometry caused by an external clectric field. Thesc have been investigated for the single
metal atom system only. For Ag-NCS, with the ligand normal to the surface the only effect of a field
parallel to the molccular axis is to move the SCN™ ion up and down, depending on the sign of the field (sce
oA - - . it
Table 3) without cﬁiﬁﬁfi?&’fi@ﬁféﬁ?ﬁiﬁ@pﬁ of the molecule; the change in bond distance is much smaller for
the more strongly bound’ neutralfsystem than for the charged one. This is true, however, assumingrathat:;hc—
molecule does not oscillate around the perpendicular orientation. In a real system, because of the !hcnﬁal
motion of the thiocyanate ligand, an attractive ficld can intcract with the adsorbate when it deviates from the
perpendicular orientation and bring it closer to the surface. This possibility, which has not been explicitly
investigated herc, depends on the energy required to reorientate the molecule, or, in other words, on how
deep is the minimum on the potential energy surface for the bending motion. FFor the model of thiocyanate
adsorbed near the potential of zero charge, Agl-NCS”, the barricr for the bending is low?3 and the
electrostatic interaction between_the external field and the adsorbed ion is likely to rotate the SCN™ molecuic
to form an angle with the surface smaller than 180°; for the Ag™ -NCS™ system, representing adsorption-on
an electrode at positive potential, the barricr for bending is considerably higher duc {o stronger electrostatic
interaction. Further calculations are needcd to clarify this point. I.ct us now consider the cffect of an cxtemal
clectric-field on the geometry of the S-bound thiocyanate. As suggested by simple-electrostatic arguments, an
attractive field "= — 0.01 a.u. (-5.2 x 107 V/cm), where the clectrons aic attracted toward the metal, further
bends the molecule to forin an Ag-S-C angle of 82 degrees; on a real metal surface this bending motion is
limited by the prescnce of other Ag atoms and the SCN molecule will probably assume an orientation
parallel to the Ag surface (x=90°). On the other hand, a icpulsive ficld 7= 4- 0.01 a.u., where the clectrons
arc repelled away from the surface towards the ligand, first orients the SCN™ jon paralicl to the ficld making
the Ag-SCN™ molccuie lincar (x= 180°), and thea pushes the figand away from the metal to such an extent
that no minimum is found. Since this result could be an artifact of using a single metal atom (the Ag=SCN~
bonding is in fact rather weak) we applicd the same ficld to the Ags-SCN™ system which is bound by
approximately 1.2 ¢V, but the cffect was cssentially the same as observed aheady for a single metal atom. 19
fact, the analysis of the potential energy surface shows that i the presence of the ficld the SCN ™ fon s
otiented-along the field dircction and pushed away from the swilace, the lincar conformation induced by the
ficld implics a weakening of the bonding mechanism since the ligand, i the case of zero coverage. prefers the
bent orientation (for the /= 0 case, the lincar form of Ape-SCN ™ is destabilized by about 0,5 ¢V with
respeet 1o the bent one). Tenee, making the clectrode maie negative corespomds 1o desabilize the
S-bonded orientation more than the N-bonded one beaause in the fist case an additional moleculas strain 1y

intioduccd,




Also for more strongly bound neutral Ag-SCN system, a field J'= — 0.01 a.u. further bends the molecule and
brings the SCN” ion closer to the metal, while an opposite ficld opens the Ag-S-C angle to 114 degrees. It is
worth noting,. however, that in this case the applied ficld is not large enough to make the molecule linear,

indicating a strong directionality of the Ag-SCN bond.

- TR AR TR Y -

C. CN and CS vibrations m free énd coordinated SCN

The vibrational frequencies for the C-N and C-S strctching modes have been determined for the
[Ag-NCS]% ~ and [Ag-SCNJ™ ~ systems (sce Table 1). The distance of the Ag atom from the ligand has
been fixed at the M-L equilibrum bond distance; for the ligand vibrations. internal coordinates which fixed
the SCN center of mass have been used. The coupling of the C-N and C-S stretching modes has been taken
into account by determining a full two-dimensional potential energy surface. The equilibrium values r, and
the v,-arc detcrmined from a two-dimensional polynomial fit (scc Table 1). Significant shifts with respect to
the free SCN™ frequencies values are found. When the thiocyanate ligand is bound at the N-site, the larger
shifts are observed in v(C-S); for Ag-NCS™ the frequency v(C-S) increases by 55 em™1 while for the neutral
molecule the shif is-about 100 cm™! (sce Table 1). The result of the N-coordination on v(C-N) is much
smaller and of opposite sign for AgO and Ag* substrates (sce Table 1). When the thiocyanate molecule is
bound at the sulphur, the C-S stretching frequency barcly changes in both ncutral and charged systems; on
the other hand, there is a significant shift to higher frequencies of the v(CN): again this is much more

pronounced for the case of AgtSCN ™ interaction (scc Table 1). Figure 9 summarizes these shifts.

Experimentally, when the SCN ligand is N-bounded to transition metal atoms in inorganic complexes large
positive shifts are found for the v(C-S) vibration while the C-N stretching exhibits small positive shifts. The
coordination on sulphur usually significantly increases the vibrational ficquency of the C-N stretching while
lowers that of the C-S stretching. Qur present caleulated vibrational frequency shifls are consistent with

these experimental data.




IV. Interpreting IR Spectra

A. Comparison with SERS Spectra

There have been several surface.enhanced Raman studies of thiocyanate adsorbed on polycrystalline- -~ .=

-

2426 and overall the reversible Raman spectral intensity for the C-N stretching mode

silver electrodes
parallels that described here for the IR spectra. ‘There arc, however, some noteworthy differences in band
shape, peak position, and potential dependence. In particular, peak positions of v are smaller z;t the samc
potential (ignoring differences in clectrolyte composition which may be the physical source of this
displacement) and F\WI{Ms arc much narrower 25 em~! for IR compared to 35 em™! for SERS. Raman
and IR exist over the same range, though IR are reproduced after polarizing the clectrode beyond —700 mV
for scveral seconds, whereas SERS are not. This difference is duc to the metastable nature of SERS active
sites as discussed previously.? The main difference is the structure resolved in Fig. 4 indicating the existence
of two characteristically different populations, one with a strong potential dependence and one with-minimal
dependence. For easy reference Table 4 summarized experimental stretching mode frequencices vy and ves

for thiocyanate ions adsorbed-on electrodes and in the solid or in solution.

B. State of the Eléétrode Surface

Polycrystalline silver clectrode surfaces can be envisioned as a jumble of exposed (111), (100) and (110)
surface offering a manifold of coordination sites for the thiocyanate anions and water molccules. For
polycrystalline silver the pzc is around =900 mV (versus Ag/AgC!) in the absence of specific ion adsorption.
The ideally polarizable potential range from cyclic voltammograins is ca. S0 mV to = 1200 mV. Capacitance
measurements shows that the clectrode adsorbs approximately a monolayer in this range. It is only for
potentials more negative than — 800 mV that the coverage drops below saturation values. This is shown in
Fig. 10 adapted from Ref. 3. The extrapolation in this figure is done to bring out some qualitative points and

is by no means a quantitative or an accurate representation of what actnally happens.

The picture which emerges then is of a mosaic of fow index faces with coverage in the range 030.5 where
F.=098x% pols moleculesfen® and Ty = 0.48 x 108 mateculesjcm? for geometric satusation with figand axis
perpendicular (2) or parallel to the sutface. The range of potentials and concentiations over which the IR
daia i< obtaingd the clectrode suiface coverage is greater than saturation coverage for paralled confizuration

e averaged oxidation state of the surface wtom has been estimated ™ o dic between O ¢ 1ot mVo andd




0.2(0 mV). It is conceivable that this mosaic surface undergoes considerable reconstruction driven by

electrode potential and specific ion adsorption.

C. Interpretation of IR Spectra

-
-

Figure 11 shows the position of the sux:facc thiocyanate vibrational frequency (cm'l) plottqé against -
electrode potential for all concentrations of thiocyanate ions in solution. The vibrational frequency of
adsorbed thiocyanate (with S- end down) is independent of the thiocyanatc ion concentration in solution but
shows a variation with electrode potential of about 50 em’1/V. This would be consistent with cither weak
lateral interactions or saturation coverage and lateral interactions of any strength. In contrast the intensity of
the band has an interesting and significant dependence on thiocyanate fon concentration in solution (see
Figure 12). Three regimes are observed in intensity variation with potential based on the solution .
concentration. At potentials more negative than -0.6 V there is an almost total absence of IR intensity, yet
experimental measurement of double layer capacitance implics the presence of high fr..ctional monolayer

coverage of thiocyanate ions.

The theoretical calculations pertain to isolated ligands and thercfore offer no new insight regarding lateral
interactions. For isolated ligands the theory:calculations show N down adsorption to be perpendicular to the
surface (a = 180°) and S down to be almost parallcl (« = 90°). Furthermore the binding energy is qualitatively
the same when equilibrium geometrics are-compared (scc Tables 1 and 2). However for « = 180°, N is
preferred over S bonding. The following interpretation attempts to judiciously interpret the obscrved spectra

using our SCF calculations and what is alrecady known about thiocyanate ion adsorption on.mectal clectrode.

First we note from Table 1 that the SCF calculations predict that v for S-bound-wili be greater than YN
for N-bound to the silver atom or ion. This.is consistent with experiment where relative to the solution value
of the acqucous ion (ven = 2053 cm") the corresponding value for M-SCN is v = 2120 et (70 em’!
shift) and for M-NCS is YeN T 2080 cm”! (R0 em'! shift). Note that the caleulated SCI are several hundred
aatenumbus farger overall, This is a weli known cficd duc 10 fadk of correiation in the SCT7waeiinction,

Ii is unimportant for our deliberations.

We next assert that at large negative potentials, negative of 0,60 V' the adsorbed thiocyanate jon is adsorbed
~preodmatels paratlel to the sulace, and consequenthy by the surlace selection tule shows no IR adsorption
wrencity The absence of IR intensity from 1. due 1o N bound thiooanate jon at large negative potentials

- rosting sinee it will be allowed In siie suthace selection tale Given the approsimately equual




electrostatic binding energies D in Tables 1 and 2 we conclude a greater gain in frce encrgy from entropic
forces for S down at high dilution. Recall that for contact adsorbing ligands like halides, thiocyanate, etc, the
electrostatic interactions between metal and ion, though large are relatively constant, and adsorption
characteristics are controlled more by entropic cffects. As the electrode is made more positive (0 to +0.20 is

the effective range in the double layer region) more. {hiocyanatc is attracted to the electrode and to - - - .~
accommodate higher surface packing the ligands are assumcd to orient more perpendicular. At l.l;is point the
su;'facc selection rule permits experimental detection of vy This reorientation might also be the result of
surface morphological changes, such as a change in the relative arcas of exposed (110), (100), and (111)

facets. Indeed it is not inconccivable that thiocyanate ion adsorption at negative potentials occurs on terraces

of width small enough to accommodate both S and N down adsorption.

We further note that relative to the SCF calculation of the free ion, adsorption on silver-increases vy and
ves stretching frequencics for all except one case for which the veay of Ag-NCS is smaller by less than two
percent. Figure 9 plots how these frequencics might change with valence statc between Ag® and Agt. The
vcs mode is less sensitive to oxidation state of the metal for S-coordination than N-coordination. This
supports the interpretation of SERS of thiocyanate on Ag that the v~g mode ariscs from S-coordination.
For vy there is greater overall positive shift for S adsorption compared to vy for N end adsorption: This
is consistent with cmpirical observations of the IR spectra of coordination compcunds.q We can, thercfore,
interpret the high frequency bands in the IR spectra as due to S-down adsorption.  However, for N-bonding
there is an overall negative shift infrequency with increasing oxidation state of the metal. Experimentally,
N-bonding generally leads to little change or even a decrease below the face ion value in coordination-
compounds.9 In our IR we scc a shift from 2070 ™" 10 2095 e~ with no dependence on clectrade

potential.

The theoretical calculations show N-bonding cnergetically slightly more favorable than S, certainly for
perpendicular orientation of S- end down.  However, for the optimized geometry, 180° for N-down and
approximately 100° for S-dewn the differences are sinall enough {0 bo within the aceuragy of the caicniation,
Hence the energetics favoring S-bonding over N-bonding may not be <o distinet and so it becomes
encrgetically possible to adsorb N-down. This would explain the occnrtence of the doublet in the spectra of
Fig. 4 and the shoulders apparent in Figs. | and 3. The high ficquencs mode (at 2120 em 1y is ascigned 10
S-honded and the lower frequencey component to N-honded Gt 269% con By However it is worth noting that

at potentials negative of -0.3 V becanse vibrational fiequencs of S-end down thiocyvanate should be mound




2100 cm™! which is quite close to that for N-end down thidcyanate it is not possible to unequivocally assign

the observed IR band to cither S- or N- end down spccics.

Thsse results allow us to hypothesize that the N down thiocyanate adsorbs on a particular low index plane.

The preferential orientation for N-end down thiocyanate species is perpendicular to the surface and hence - -

these species reach saturation coverage at fairly high negative potential which is dependent on the
thiocyanate concentration in solution. The surface coverage of these N- end down thiocyanate dcpf:nds on
the abundance of this particular low index plane and it represents only a small fraction of the total
thiocyanate coverage. This results in a weak band which shows almost no dependence on thiocyanate-ion
concentration in solution. IFurthermore, in-agreement with-the computation the vibrational frequency of this
band shows only a weak dependence on electrode potential. ‘The thiocyanate concentration of 10 mM is
optimum in regards that there is proper balance between the adsorbed thiocyanate both S- and N- end down
which ailows for resolution of their corresponding bands. The S- end down thiocyanate adsorbs mainly-on
all'other lower index facets ‘not the ones with N end down). The surface coverage and the orientation angle
a-of these S- end down species increases as the potential becomes more positive. This results in observation

of increased band intensity and ficld dependence.

Another point of interest is the motion of the ion against the metal in the presence of a static clectric ficld
(see Table 3). The movement is larger the closer the oxidation state of the metal is to zero. Clearly, the
adsorption of ions near the pzc region should be sensitive to changes in the clectrolyte composition even

though the changes in the clectric ficld at the silver surface are small,




V. Summary

In-situ FT-IR spectroscopy of adsorbed thiocyanate and ab initio calculations of the ion adsorbed to

simple metal clusters has been used to build a picture of the electric double layer. At potentials clase to but

e g &

positive of the pzc thiocyanate adsorbed flat bound througn the S atom to a top site of the surface lattice.

The support for this conclusion comes from diminished IR intensity under conditions known to have
considerable surface coverage and the theoretical calculation of preferred S bound with ligand atmost parallel
to the surface (« =90°). As the electrode is made more positive increased coverage forces the § bound ligands
to reorientate with configuration axis more perpendicular (a = 180°). This is a resuit of steric contributions
to frce energy of adsorption winning out over bonding interactions of the isolated ligand. The vibrational
frequency of the S bound thiocyanate is independent of the thiocyanate ion concentration in solution but
shows a variation with electrode potential of about 50 cm™/V. A band at about 2098 cm! is assigned to
N-down binding which occurs possibly on facets distinct from those covered by S-bonded ligands or at grain
boundaries. The stretching mode frequency vy for N-down sites is lower in frequency than for S-down and

is independent of the electrode potential.
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Tal;lc 1

Geometry and Vibrational Frequency
For Free and Coordinated SCN— and SCN Ligands

D,  1(M-L) « i(S-C) 1(C-N) v(C-N) Y(C-§)
eV boht  .degrees bohr bohe. cm—1 cn™ .
- = " Theory g
SCN—(SCFy 7 " 87 3.268 2179 2334/.. 681/...
SCN—(CAS) ) 3.294 2.220 2183/... 662/...
Ag-NCS™ 0.64 447 180. 3.221 2.175 2356/+22  736/+55
Ag-NCS 5.27 4.04 180. 3.177 2.188 2299/—-35  778/+97
Ag-SCN™ 0.49 5.39 107. 3.272 2.172 2369/+35 687/+6
: 0.25 5.81a 180.b 3.254 2.175 2355/ + 21 703/ 422

Ag-SCN 5.17 4.82 98. 3.276
4.35 4.78a 180.b

2.163

2421/ + 87

698/ + 17

a) Minimum geometry for a linear conformation
b) Not optimized

Note [Ag-NCS]0,(« = 180°)
NCS- more strongly bound than
[Ag-SCN]0(a= 180°)




Table 2

Geometry of SCN— Ligand
Chemisorbed on the Top Site of a Ags Cluster

De T(M-l.l)a aa

Y _bohr degrecs .
|Ags-NCS|™ - 14l - 4.25 180. g T
| Ags-NCS| 4.12 4.11 180 .
|Ags-SCNI™ 1.17 5.09 105.

0.69 5.28b 180.c
[ Ags-SCN| 3.99 4.91 97.

a) r(M-L) and «(M-L) were obtaincd from a two-dimensional fitting of the potential cnergy surface; the £-C
and C-N distances were fixed at the values 3.2 a.u. and 2.2 a.u., respectively.

b) Minimum geometry for a lincar conformation.

c)-Not optimized N

Note S down less strongly bound than N down.




Table 3

Geometry of [Ag-NCS|%~ and jAg-SCN|0.~
In the Presence of an Electiic Field

System Field r(M-L)2 a(M-L)2 r(S-C) r(C-N)
a.u. bohr degrees bohr bohr
SCN™ e ARV T w4 3.24 2.19 --
TO e 0 3.27 218 .
+0.01 3.30 217
Ag-NCS™ -0.01 4.29 180.c 3.21 2.19
0 4.47 180. .22 2.18
+0.01 4.92 180.c 3.27 2.19
Ag-NCS§ -0.01 3.92 180.c-
0 4.04 180. 18 2.19
+0.01 422 180.c
Ag-SCN™ -0.01 5.34 82.
0 5.39 107. 3.27 2.17
+0.01b
Ag-SCN -0.01 4.72 84.
0 4.82 98. .28 2.16
+0.01 5.01 ] 114.

a) i(M-L) and a(M-L) were obtained from a two-dimensional fitting of the potential energy surface; the S-C
and C-N distances were fixed at the values 3.2 a.u. and 2.2 a.u., respectively.

b) This geometry is not stable in a repulsive electric field of 7= + 0.01 a.u.: the molecule becomes linear and

then dissociates.

c) Not optimized.




Table 4

Vibrational Frequencies (cm — 1) of Thiocyanaic

SCN™|Ag vCN vCS
Potential SERS IR SERS
mV vs. Ag/AgCl 10 mM I mM 10 mM 100 mM
' 75 ) 2121 .
50 2122 2118,2098
0 - 2114,2098 2118
-50 2111 2112,~2091 2114
- 100 2116 2108 - 2111 735
—200 2114 2102 2108 2100
- 300 2111 2100 - 2098 735
—400 2108 2094 -
— 500 2106 2095 2095 735
--600 2103 2095
-700 2100
— 800 2097
SCN™ aqueous 2067 750
KSCN solid 2053 746
AgSCN solid 2140 -
NH4Ag(SCN)3 2101,2086 718
M-SCN ca. 2100-2130 ~700
M-NCS ca. 2040-2070 ca. §00-820
M-NCS-M ca. 2120-2100 -
M-S(CN)-M ca. 2150-2185
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Legends for Figures.

Figure 1. FT-IRRAS spectra of adsorbed thiocyanate ions on a Ag electrode as a function of the<electrode ,.

potential. Electrolyte ImM NaSCN in 0.1 M NaClOQ,. All potentials measured relative to the Ag/AgCl (3M

KCI) reference electrode.

Figure 2a & b. FT-IRRAS spectra of adsorbed thiocyanate ions on a Ag clectrode as a function of the

electrode potential. Electrolyte ImM NaSCN in 0.1 M NaClO,. All potentiais measured relative to

Figure 3. FT-IRRAS spectra of adsorbed thiocyanate ions on a Ag clectrode as a function of the electrode
potential. Electrolyte SmM NaSCN in 0.1 M NaClQ,. All potentials measured relative to the Ag/AgCl (3M

KCI) reference clectrode.

Figure 4. FT-IRRAS spectra of adsorbed thiocyanate ions on a Ag clectrode as a function of the electrode
potential. Flectrolyte 10mM NaSCN in 0.1 M NaClO,. All potentials measured relative to the Ag/AgCl (3M

KCl) reference clectrode.

Figure 5. FT-IRRAS spectra of adsorbed thiocyanate ions on a Ag clectrode as a function of the electrode
potential. Electrolyte 100smM NaSCN in 0.1 M NaClQ,. All potentials measured relative to the Ag/AgCl

(3M KCI) reference clectrode.

Figure 6. FT-IRRAS spcctra of adsorbed thiocyanate ions on a Ag clectrode as a function of the clectrode
potential. Electrolyte 1000mM NaSCN in 0.1 M NaClQ,. All potentials measured relative to the Ag AgCl

(3M KCI) reference clectrode.

Pigure 7 TT-IRIAS spectra of adsotbed thiocyanate 1ons on a Ag dJdearode at electrode potential of 0.0V

(versus Ag/AgCl reference electrode) for various concentrations of thocsanate 10ns in solution

Figure & The minimum energy configurations of SCN™ adrorbed on w Aga 1 duster with 8- and N--end

down,

S




Figure 9. The vibrational frequencies for CN and CS stretches in [Ag-NCS]» ~ and [Ag-SCNJ0: —.

Figure 10. The dependence of Surface concentration of thiocyanate ions on the Ag electrode with potential
measured versus Ag/AgCl (3M KCl) reference electrode. The solid curve is data from Ref. 3. The dashed

curve is extrapolation of the data from Ref. 3 to cover the potential range uscd in this IR study. -

Figure 11. Dependence of the surface S- end down thiocyanate peak vibrational frequency (cm'l) on

electrode potential. All potentials measured relative to Ag/AgCl(3M KCl) reference clectrode.

Figure 12. Variation of intensity of the surface S- end down thiocyanate peak with clectrode potential for
different concentration of thiocyanate ions in solution. All potentials measured relative to Ag/AgCl (3M

KCl) reference electrode.
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