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Abstract: X-ray reflectivity, cyclic voltammetry, and scanning tunneling microscopy (STM) are used to examine
the structure of-SiW;50,%~ or silicotungstic acid (STA) adsorbed on Ag(100) in acid solution. The voltammetry
shows that STA passivates the Ag surface relative to electron transfer to a solution redox species. STM images
reveal the formation of a series of lattice structures, one of which can be associated with a commensurate
(v/13x+/13)R33.69 structural model. X-ray reflectivity measurements show uniquely that STA orients with

its four-fold axis perpendicular to the Ag(100) surface and that the center of the STA molecule is 4.90 A
above the top layer of the Ag substrate. Analysis of bond lengths leads to a footprint of STA on Ag(100), in
which the four terminal O atoms are located near the hollow sites and have-® Agnd length of 2.06 A.

This bond length is consistent with a strong covalent interaction between STA and the Ag surface.

I. Introduction revealed a four-fold symmetric structure, and on this basis we
proposed that th&¢-symmetric STA molecule was arranged
with its §; axis perpendicular to the Ag(111) surféeeThis
orientation would maximize the number of A® contacts at
S : ; . four and thus be more favored thermodynamically than a
tungstic acid (STAj-adsorbed on Ag(100) in acid solution. The structure with the moleculdZs; axis perpendicular to the surface

aSﬁeQbrlyblofmTolﬁurJ]Iesbonto surffztalﬁestill‘irtomf ti’]c’lu“?: IIS (I)f where there would be only three A® contacts. The STA
considerablie importance because ot the Utility of tNeSe MOIECUIES 0. jjq g interesting not only because of its ability to associate

in modifying electrode behavior by incorporating molecular with Ag but also because it, and other polyoxometalates, act as

) . 3 .
functpnaht;q to | the S#g.at.Cé' thSpontaneOI:_s adsto rptlo? IOf d partial hydration and oxidation catalyStBolyoxometalates also
organic moiecuies exnibiting these properties onto metal andy,,,q utility in schemes ranging from corrosion protection to
semiconductor surfaces is well documented. Of particular biology 1011

interest in this work is the strength of the interaction between One question engendered by this result has to do with the
the_ surfacg and the adsorblng_molecule. Establishing the degre‘Jstrength of the interaction between the STA molecule and the
of interaction between the thiols and Au or Ag surfaces has surface. In studies on more inert materials, such as gold or

e e e sty 25,291, 1 mlecle boaves ke an anion wrich s weakly
'agg N o y adsorbed on the surfaé&1® However, the oxophilicity of silver
reduced or oxidize8l.Characterization of additional molecular © . : -
i ; 6) Ge, M. H.; Zhong, B. X.; Klemperer, W. G.; Gewirth, A. A. Am.
§caffo|ds as they adsorb onto metal surfaces is thus partlcularIyChem. Soc1096 118 5617-5813,
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We report the results of X-ray reflectivity and scanning
tunneling microscopy (STM) measurements examining the
structure of an inorganic molecuter-H,SiW1,040 or silico-
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gives rise to the possibility that the STA molecule could be ' y ' ' T
covalently attached through terminal oxo groups presented to . or i
the Ag surface. This covalent attachment could in concept E O T

provide unique opportunities for surface modification. We report < or i
here the results of in situ STM and X-ray reflectivity measure- >

ments which provide information on the local ordering and the g Sor 1
adsorption configuration of STA molecules on Ag(100). The g - Ag(100)
bond lengths calculated from the interface structures determined at)-100 S _ AU ]
in this study uniquely establish that STA interacts strongly with 5

the Ag surface. 4 02 00 02 04 06 08

Potential (Volts vs. NHE)

Il. Experimental Section Figure 1. Cyclic voltammograms obtained from solutions containing

All solutions were prepared in purified water (Milli-Q UV plus, 18.2 0.5 mM STA+ 0.1 M HCIQ, on Ag(111) (dashed line) and Au(111)

M Q cm). The supporting electrolyte was HGI@.T. Baker, ULTREX (solid line) electrode surfaces. Scan rate was 25 mV/s.

Il Ultrapure Reagent)-H4SiW,,04 was prepared following published ) )
procedure¥ and recrystallized from purified water. The typical redox peak is observed at 0.0 V which corresponds to a one-

a-SiW;,044~ concentration was & 10~4 M. Freshly flame-annealed  electron redox reaction of solution STA speciéZhe lack of

Au or Pt wires were used as the counter electrode. A AuO wire was any current at this potential on Ag(100) indicates that the surface
used as the reference electrode for STM measurements, a Ag/AgClis passivated so that no discernible electron transfer between
reference was used for the voltammetry, and a reversible hydrogenthe surface and solution STA occurs. We note as well that there
electrodé in 0.1 M HCIO, was used in X-ray measurements. All ig ng gpparent contribution to the voltammetry from STA already
potentials are reported relative to normal hydrogen electrode (NHE). adsorbed on the Ag(100) electrode surface. The lack of features
Voltammetry was obtained using a potentiostat and atwo—compartmenthere suggests that STA adsorbed on the surface might be

cell that was purged prior to use. . . . G o
STM imageps Wgere gbtained with a NanoScope Il E electrochemical stabilized relative to solution STA and exhibit a first redox peak

STM (ECSTM) equipped with a fluid cell (Digital Instruments) or a &t Potentials outside (negative) of the region interrogated in this
Molecular Imaging STM. The tip was formed from a Pt/Ir wire coated Voltammogram.
with polyethylene except at the very tip to minimize the Faradaic 3.2. STM MeasurementsFigure 2A shows an STM image
background. Substrates were formed from a Ag(100) single crystal of a partial monolayer ofi-SiW,,04¢*~ adsorbed on a Ag(100)
(Monocrystals) prepared according to published proceddféstomic single crystal in 0.5 mMM-SiW,04¢~ + 0.1 M HCIO, solution
resolution in situ STM images revealed the expected (100) texture with ynder open circuit potential conditions (ca. 0.45 V). The anions
at least 50 nm wide terraces. _ form small domains on the Ag(100) surface with a high number
X-ray specular reflectivity measurements were carried out at the of unoccupied sites. There is no obvious dominant periodicity
National Synchrotron Light Source (NSLS) at beam line X22A using in the small domains, but in selected areas a certain degree of

monochromatic X-rays with = 1.20 A. The Ag(100) single crystal . . :
was oriented within 0.2 degrees of the (100) crystallographic plane. order can be seen. In p"_mlcu'ar’ the image shows vestiges of
After chemical polishing using CHIHCI solution?-22the sample was rows and squares. The distances betwgen the bright §pots range
cleaned in HSQ; and HO and transferred into an electrochemical X-ray Petween 1.1 and 1.5 nm. These spacings are consistent with
scattering cell with a drop of water covering the surface. A body- those expected for STA arrays, and the features are thus assigned
centered tetragonal coordinate system was used to describe theto STA adsorbed on the Ag(100) surface.
reciprocal space vectoQ = |[Ha* + Kb* + L¢*|, wherea* = b* = Somewhat more laterally ordered monolayers of STA could
2nla, ¢t = 27/v/2a. For Ag(100),a = 2.889 A, andL is along the be formed by applying a potential more negative than the open
SL_Jrface normal direction. AII of the integrated intensities were measured gj eyt potential to the Ag(100) electrode. Figure 2B shows an
‘r’!g:";’i‘nz mmlx 2 ”.’mhs"‘ I(r’fcatedIBOO.n]m fronr;l thehsa}mple.. The , STM image obtained from a solution containing 0.1 M HIO
_ g resolution in the su ace plane is arger than the intrinsic peal + 0.5 MM a-SiW,,04¢ following application of a potential

width for all measured reflections. . . . .

of 0.25 V. Many domains with size ranging from 10 to 20 nm
across are seen. There are several locally ordered structures seen
in the STM image. Among them, rhombic as well as square

3.1. Voltammetric Measurements The dashed line in Figure ~ patterns were seen with spacings ranging from 0.97 to 1.43 nm.
1 shows a cyclic voltammogram from a Ag(100) electrode N multiple measurements, fewer apparently empty sites and
immersed in a solution containing 0.5 MMV,SIW1,040 + 0.1 more ordered domains were observed following poising the
M HCIO,. The voltammogram is essentially featureless except surface_ at negat_ive potentials relative to surfaces maintained at
for a small amount (ca. 18A/cm?) of capacity current in the ~ Open circuit. This suggests that STA has more opportunity to
potential range fromt+0.5 to —0.2 V. The cathodic current ~ anneal on the Ag(100) surface under these conditions than at
evident at more negative potentials results either from reduction OPen circuit potential. Because the diffusion length is related
of residual oxygen present in the cell or from nascent hydrogen t0 the one-sixth power of ratio of the diffusion constant to the
evolution. The lack of features is surprising because the first flux,>* more ordered arrays may arise as a conseqédente
reduction peak ofa-SiW,,04¢*~ occurs at 0.0 V on other  the decreased flux of STA to the surface at the more negative
working electroded? For example, in measurements performed Potentials while the diffusivity of the molecule on the surface

with a Au(111) electrode (Figure 1, solid line), the first STA remains approximately constant. This behavior is found for Ag
adatoms by themselvés.

I1l. Results and Discussion
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Figure 3. Model of the (/13 x +/13) overlayer of STA on Ag(100)
deduced from the STM images. van der Waals radii for the STA
molecule are included.

In this model, the STA molecules are adsorbed with $he
symmetry axis perpendicular to the surface, which is considered
favorable because it allows maximum A@ contacts and four-
fold symmetry match with the substrate. In this tightly packed
lattice, only certain in-plane orientations are possible without
terminal oxygens of two adjacent STA molecules closing to
within less than the sum of their van der Waals radg.{o =
0.28 nm). The orientation with the outmost oxygen atoms
oriented collinear with the Ag(100) substrate axes is shown in
Figure 3. This configuration, with the STA molecules centered
in the hollow sites, allows all four lowest O atoms to be near
four-fold hollow sites on the substrate that could enhance the
stability of the structure.

3.3. X-ray Specular Reflectivity MeasurementsTo evalu-
ate these and other features of the STAg interaction, we

nm performed X-ray specular reflectivity measurements on this
Figure 2. In situ STM images of STA adsorbed on Ag(111) surfaces Interface. X-ray specular reflectivity refers to the scattering
obtained from solutions containing 0.5 MM STRAQ0.1 M HCIO,. (A) intensity profile measured along surface normal directlgn,
75 nm x 75 nm image obtained at open circuit potentBlies= 294 with zero in-plane component(= K = 0). Figure 4 shows

mV, lip = 1.69 nA. The angle between two of the domains is shown. the measured specular reflectivity from Ag(100) at 0.1 V in
(B) 30 nmx 30 nm image obtained following application of a potential (.1 M HCIO; solution containing 0.5 mM STA, which was
0f 0.25 V vs NHE Epas= 143 mV, lip= 4.20 nA. normalized to have the intensities near the Bragg positions (i.e,
o o _with L close to 2 and 4) close to the calculated values using eq
One common motif in these domains is a structure with 1 Far from the Bragg peaks, intensities are sensitive to the
dimensions of 0.9& 0.06 nmx 1.00+ 0.06 nmwith anangle  syrface structure. On the bare Ag(100) surface, the specular
between these vectors of @ 5°. These unit cell parameters  reflectivity appears as a featureless curve shown as the dotted
match+/13 times the Ag-Ag distance (1.042 nm) on Ag(100)  line in Figure 4. However, the addition of STA to the Ag(100)
surface. By comparing the orientation of the square STA surface gives rise to oscillatory behavior most evident below
superlattice with the observed Ag(100) lattice directions, = 2 which is plotted as open circles in Figure 4. This feature
we obtain an angle of 34 5° between the Ag and STA  was repeatedly observed in the solutions containing 0.1 to 10
lattices. These parameters are consistent with a commensuratéM STA in the potential region we studied. We found that the
(+v/13x+/13)R33.69 structural model as shown in Figure 3.  data withL less than 0.5 (obtained at very low angles) have
The image in Figure 2 evinces several domains exhibiting large uncertainties due to their sensitivity to instrument setup

the lattice parameters detailed above. The angle made betwee"d hence are excluded in analysis.

two of these domains, marked in Figure 2, i§,68hich is twice In the kinematic approximation, the reflectivig(0,0L) is
the rotation angle made with the underlying Ag(100) lattice. related to the sum over atomic layers with the appropriate atomic

8 .
The observation of this rotation angle is further support for the form and phase factors for each lagéf® For an ideally
model shown in Figure 3. (27) Robinson, I. K.; Tweer, D. Rep. Prog. Phys1992 55, 599.
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terminated Ag(100) surface, the reflectivity at largevhere 1078
the enhancement near the critical angle can be ignored is given

by

<
&

—o00

RAg(OyO,L) = (2I’0/CL)2 ng(L) e Wb zoeirmL 2 )

whererg is the classical radius of the electran(=4.086 A) is
the Ag(100) lattice spacindag(L) is the atomic form factor,
andW(L) = (2nLo/c)¥2 is the Debye-Waller factor in which
the root-mean-square (rms) amplitude,is a constant for all

Specular Reflectivity
3

9
(=]

the layers. ool
The oscillatory behavior in Figure 4 is associated mainly with 05 1.0 1.5 20 25 30 35 40
constructive and destructive interference of the X-rays by the L (units of c*)

planes ofW ato.ms from the STA molecqle. We employed a Figure 4. Specular reflectivity (circles) measured for Ag(100) at 0.1
mo.del .to describe the §tructural properties of a STA adlayer \;i, 0.1 m HCIO, containing 0.5 mM STA. The dotted line shows the
which involves three adjustable parametefs:the molecular  cyrve for an ideal Ag(100) crystal. The solid and dashed lines are the
coverage with respect to the atomic density of the Ag(100) pest fits using the models with th& and C; symmetry axis
surface/Z, the overall distance between the central Si atom and perpendicular to the surface, respectively. Parameters obtained from
the topmost Ag layer, and, the rms amplitude for all the Si,  the best fit to theS, model are§ = 0.054+ 0.004,Z = 4.90+ 0.02

0, and W atoms. Coordinates for STA were obtained from a A ando = 0.56+ 0.03 A for the STA adlayerZ, = 2.027+ 0.005
published crystal structure for §8,)s(PWi2040)2 which isvery A andoo = 0.16+ 0.02 A for the top Ag layer.

closely related to that of STA. Assuming the molecule does

not change shape upon binding to the surface, all the atoms inA)
the STA molecule can be referenced to the paran#gt&hus, Q
the scattering factor for a monolayer of STA on Ag(100) is given

by

12 40
FsralL) = (fs(L) + fw('—)Z(:"Zﬂl_zw(j)/C +fo(L) Zehiuomﬂ
) 7o

wherezyy and zog) are the spacing along the surface normal
direction with respect to the Si atom. This expression is Figure5. Side views of STAwith (A)S: and (B)Cs orientation relative
dependent on the geometry adopted by the STA molecule butto the Ag(100) surface. W atoms are represented by black circles, O

has no adjustable parameters. The final form of the specular@!oms by open circles, and Si by gray circles. The arrows point to the
reflectivity is given by planes of W atoms. There are three planes of W atoms in both cases,

but the C; model features planes with three, six, and three W atoms
—o while the S, case has three planes of four W atoms each.

fag(L) g WL zoe‘”“L +
re

9 eZJIiLZ e—W(O,L)FSTA( L)

R(0,0L) = (2r /cL)?

distinctly different X-ray specular reflectivity profiles are
2 expected for the two models. An excellent fit was obtained using
() thes,; model (solid line in Figure 4), while thé; model failed
to reproduce the main features in the data (dashed line).
Since the adlayer influence often causes a slight top layer By far the biggest contribution to the diffraction signal comes
expansion or contraction relative to the bulk spacing and the from the layers of tungsten atoms in the STA molecular
surface layer of a substrate often exhibits an enhanced rmsstrycture. It is therefore possible to model the reflectivity in a
amplitud_e in the DebyeWa”er faCtOl‘, we have ad-justed the more genera| way by three Simp|e p|anes of atoms, with
summation over the Ag layers to allow the spacing between adjustable positions. This model is then independent of the
the top and the second Ag layers)(and the rms amplitude  assignment of th&, or C axis. When we tried this, a fit was
for the top Ag layer ¢o) to vary in the fitting. This gives six  obtained that was comparable with the best fit shown in Figure
parameters including the scale factor for each atom. 4. The independently refined layer spacings between the planes
Values forzy;) and zo), and hence the functioRsra(L), of W atoms were 2.40 and 2.55 A, which agree rather well with
depend on whether tt& or Cs symmetry axis is perpendicular  the plane separation of 2.51 A expected for S@rientation,
to the surface. Both models were tried in the analysis. Note pyt not with the 2.79 and 3.02 A expected for @ygorientation.
that the heavy W atoms are in three planes with four in each Taken together, both modeling procedures indicate that the STA
for the S, model, and with three in the top and bottom planes molecules are adsorbed with th&i axis perpendicular to the
and six in the middle plane for ti@&; model as shown in Figure  gyrface.
5. These arrangements result in a large difference in the electron ¢ Si-Ag layer spacing from the best fit to ti& model

density profile along the surface normal direction, and hence ya57 = 4.90 A (the other parameters are reported in the caption

(28) Gibbs, D.; Ocko, B. M.; Zehner, D. M.; Mochrie, S. G.Rhys. to Figure 4). This value places severe constraints on possible
RefégB) 18988 38C,;7§/|03'.\l Soiflet, MR Busing. W. R.: Levv. H. A binding sites for STA. We calculated the A@® bond lengths
rown, G. Vl.; Noe-Spir et, M.-R.; using, W. R.; Levy, H. cta 7 H
Crystallogr. 1977 B33 1038-1045. for STA mo_Iecngs on top, bridge, and hollow sites of t_he
(30) Fuchs, J.; Thiele, A.; Palm, RZ. Naturforsch.1981, 86h 161— Ag(100) lattice with the outmost oxygen atoms collinear with

171. or 45 away from the substrate lattice axes. Only in the
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hollow sites. The STM alone cannot distinguish between this
+ 5 and other possible footprints for the STA molecule. Our results
O suggest that the commensuratél@ x +/13) phase does not
o W cause much strain with respect to a free-standing STA layer in
o 0 which the in-plane orientation is determined by minimizing the

intermolecular repulsion. The X-ray data strongly indicate that
the registered footprint of the molecule with the Ag surface is
the correct choice. This argument also supports the uniqueness
of the adsorption configuration for STA on Ag(100).

O There are other low-coverage lattices exhibiting the same STA
footprint on the Ag surface which should also be commensurate
with the Ag(100) lattice. There are five commensurate lattice
constantsy/13, 4,4/17, 4/18, and+/20 in units of Ag lattice
constant & = 0.289 nm), in the range from 0.97 to 1.43. The
coverages for a square lattice with these lattice spacings are
1/13=0.077, 1/16= 0.0625, 1/17 0.059, 1/18= 0.056, and

O 1/20= 0.050, respectively. The STA coverage obtained from
the best fit of the specular reflectivity is 0.054. This is closest
to the 1/18 coverage obtained for thé18 x +/18) square and
(/18 x +/20) rhombic lattices. However, lattices with a range
of spacings have been observed by STM, which suggests that
the position of the Ag atoms. Dark-shaded circles represent the four the 0.054 cpverage results f“?m an average °‘,’er several locally
terminal O atoms which have a A@ separation of 2.06 A. The lighter ~ Ordered lattices. A more detailed X-ray diffraction study on the
shaded circles represent the two pairs of bridging O atoms which have COeXisting phases will be reported elsewhere.

Ag—0 separations of 2.23 and 2.43 A.

Figure 6. Projection of a STA adsorbate on Ag(100) in the proposed
adsorption configuration. The intersection points on the grid represent

IV. Conclusions

configuration shown in Figure 6 (centered in the hollow sites ~ Local ordering of the STA monolayer on the Ag(100)
with the terminal O atoms aligned with the (10) and (01) electrode surface has been observed in STM images which
substrate lattice axes) are all of the O atoms in positions far exhibit lattice spacings ranging from 0.97 to 1.43 nm. One of
from the Ag atoms of the substrate, so that the shortest@g  these, the {/13x+/13)R33.6F motif, has the highest density,
bond length is not smaller than the sum of their covalent radii and the adsorption configuration proposed for this lattice is
(2.00 A)3! This suggests a unique adsorption site of STA on consistent with the results of our X-ray reflectivity study.
Ag(100). Not only the molecule’s orientation along the surface Distinctly different features are expected in the specular
normal direction but also the in-plane orientation (around that reflectivity for STA molecules oriented with thet or C;
axis) and lateral position are the same for the STA molecules symmetry axis perpendicular to the surface because the electron
adsorbed on the Ag(100) surface. density profile along the surface normal direction is very
The Ag—O bond lengths in this model are 2.06 A for the different for the two models. The data clearly suggest an
four terminal oxygen atoms and 2.23 and 2.43 A for the two adsorption configuration with th&, axis perpendicular to the
pairs of lowest bridging oxygen atoms in the STA molecule. surface and 4.90 A spacing between the center of the STA
The Ag—O distance for the terminal oxo groups is consistent molecule and the Ag surface layer. From this spacing, the®@g
with the Ag—0O distance (2.05t 0.03 A) found in the (2x bond lengths were calculated for different in-plane configura-
1)O/Ag(110) missing row reconstructed surf&céwhere a very tions. The only configuration which does not feature arn-Ay
strong chemisorption interaction between Ag and O is known bond length shorter than 2.0 A is one where the STA molecules
to occur3* By way of contrast, the AgO spacing obtained from  are centered in the Ag(100) hollow sites and with outmost
surface extended X-ray adsorption fine structure (SEXAFS) terminal O atoms collinear with the substrate lattice axes. This
measurements for what is either water or perchlorate physisorbedconfiguration places the four lowest terminal O atoms near four-
atop an underpotentially deposited monolayer of Ag on Au(111) fold hollow sites on the Ag(100) surface. The A@ bond
was either 2.21 & or 2.42 A36 and the surface carbonate length is 2.06 A for these four contacting O atoms in this
species on Ag(116yknown to have partial ionic character configuration. This distance is within the range of-AQ bond
exhibits a Ag-O bond length of 2.8 &7 lengths formed by oxygen on the Ag(110) adlattice in thex(2
The adsorption configuration deduced from the X-ray reflec- 1) missing row structure where a strong covalent bond is known
tivity measurements fits well to they/(13 x +/13) in-plane to occur. The congruence of these bond lengths suggests very
lattice observed by STM. In Figure 3 we showed that one strongly that formation of a chemisorption bond between the
possible configuration for STA on Ag(100) deduced from the Ag surface and terminal O atoms of the STA molecule has
STM is with the lowest terminal oxo groups near the four-fold occurred. This covalent interaction between STA and Ag has
consequences both in passivating the Ag surface toward electron

(31) Emsley, JThe Element<2nd ed.; Clarendon Press: Oxford, 1991.

(32) Puschmann, A.; Haase, Surf. Sci.1984 144, 559-566. transfer to a solution redox species and possibly in stabilizing
(33) Becker, L.; Aminpiroz, S.; Schmalz, A.; Hillert, B.; Pedio, M.; the STA adsorbed on the Ag surface itself.

Haase, JPhys. Re. B 1991 44, 13655-13659. , These results demonstrate that STA can strongly adsorb to
ggg gg;e;rf’t’aca%f'é’é‘%ﬁf&f'&ﬂ%ﬁgf' B?C:E:Ilegcgt?oihg;é%oc. Ag much in the same manner by which thiolates can adsorb on

1993 140, 421-425. Au but with an entirely different chemistry. The strong
(36) White, J. H.; Albarelli, M. J.; Abruna, H. D.; Blum, L.; Melroy, 0. interaction between Ag and STAand by extension other

R.; Samant, M. G.; Borges, G. L.; Gordon, J. GJI.Phys. Chem198§ polyoxometalatescan now be utilized to tune electrode proper-

92, 4432-4436. e ; . ) .
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