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Self-assembled monolayers of diphenyldisufide (DDS), naph-
thalenedisulfide (NDS), and diphenyldiselenide (DDSe) on poly-
crystalline silver films have been investigated by surface enhanced
Raman spectroscopy (SERS) and X-ray photoelectron spectros-
copy (XPS). DDS adsorbs on Ag through a homolytic cleavage of
the S-S bond and resultant thiolate at the surface decomposes
upon prolonged exposure to air. The geometry of the molecule is
such that the benzene ring is almost horizontal to the surface. The
Raman spectrum has been assigned in the light of ab-initio mo-
lecular orbital calculations. In DDSe, the Se-Se bond is retained
upon adsorption and the molecule sticks up. In contrast, NDS is
highly reactive on the microscopically rough surface so that a
stable monolayer could not be prepared. A temperature dependent
Raman study of the DDS monolayer shows the absence of any
reorientation at the surface as one would expect from the adsorp-
tion geometry. XPS study complements the SERS data and shows
the presence of Ag,S on an NDS exposed surface. © 1999 Academic
Press

Key Words: self-assembled monolayers; surface enhanced Ra-
man spectroscopy; X-ray photoelectron spectroscopy; ab-initio
MO calculations.

INTRODUCTION

such as X-ray photoelectron spectroscopy (XPS) (8), atom
force microscopy (AFM) (9), scanning tunneling microscopy
(STM) (10), and surface enhanced Raman spectroscoj
(SERS) (11). Other techniques such as ellipsometry (5a) ar
electrochemical studies (12) are also useful in characterizir
the properties of monolayers. In spite of the large number c
studies on long chain SAMs, only a few aromatic systems hav
been studied so far (13, 10c). Very few studies are available c
selenium containing systems (14).

We have been investigating the structure and properties
self-assembled monolayers (8c, 15-17) using SERS and XP
In a recent study (15) we showed that a monolayer undergo
a solid-liquid phase transition beyond 350 K. Monolayers o
small aromatic dithiols such as 1,4-benzenedimethane thi
adsorb differently on gold and silver (16). In the case of
2-mercaptobenzothiazole (MBT) monolayers, the difference i
not only in the adsorption geometry but also in the chemice
state (17). Our earlier studies on the geometrical constraint
small aromatic disulfides by SERS, XPS, and electrochemisti
lead to the understanding of SAM formation of diphenyldisul-
fide (DDS), naphthalenedisulfide (NDS), and diphenyldis
elenide (DDSe) on polycrystalline gold films (14b). In this
paper, we present comparative studies of SAM structures
DDS, DDSe, and NDS on polycrystalline silver films using

Self-assembled monolayers (SAMs) have generated con®ERS and XPS.
erable excitement among scientists for well over a decade (1).

Organic molecular films in general and SAMs in particular can

EXPERIMENTAL

have a wide variety of applications in the fields of chemical
sensors (2), nonlinear optical materials, photo patterning meth+,, SERS measurements. an oxidized aluminum foil o

odology (3), etc. Following the early reports of Allara andg.,m thickness prepared by heating it in air at 500°C for 5 |
Nuzzo (4) on the adsorption of organic thiols on gold, varioygas sputter coated with about 2000 A silver in an Edward
aliphatic thiols were studied (5). Not only thiols but alsqpter coater. The silver used for coating was of 99.9% purit
organic disulfides adsorb on Au (6) and Ag (7) surfaces. Thge films prepared this way have been shown to be excelle
important aspect of self-assembly isto understand the chemigglsirates for SERS work (19). The films show corrugations i
interactions between the underlying surface atoms and hggd submicrometer scale in scanning electron microscopy. A
groups of the adsorbent molecules. This necessitates the cRfRs measurements on these surfaces have given excell
acterization of SAMs by various surface analytical techniqugectra, the intensities of which were reproducible from batc

to batch under identical conditions. Raman spectra were r

! To whom correspondence should be addressed. corded with a Bruker IFS 66V FT-IR spectrometer with a FRA
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FIG. 1. (a) The normal Raman and (b) the SER spectra of the monolayers on Ag of DDS. Note the feature at T58hei@-H region of the respective
systems is shown in the inset.

106 Raman accessory. A Nd-YAG laser of 1064 nm was usBdDS. Calculations were performed on two geometries,,a C
as the primary excitation source. A laser power of 70 mW wasnformer in which two phenyl rings face each other and;a C
used. Each spectrum was an average of 500 scans andcihvformer in which the two phenyl rings lie on paper in a
spectral acquisition took nearly 30 min. The temperature degansconfiguration. Both these geometries gave similar vibrz
pendent measurements were done with a home built hedtenal frequencies and therefore, only thg, @alues are pre-
with a programmable temperature controller. sented.
XPS measurements were performed on the SAMs using a
VG ESCA LAB Mk Il spectrometer operating at a pressure RESULTS AND DISCUSSION
better than 10 torr. The time interval between preparation o .
the SAM and its mounting in the XPS chamber was kept togaERS Studies
minimum (ca. 30 min) in order to reduce contamination. The Figure 1 shows the ordinary Raman (OR) and SER spect
MgK a-induced core level spectra in the C 1s, Ag 3d, O 1s, amd DDS on Ag. The peak at 542 crhcorresponding to the S-S
S 2p (or Se 3p) regions were recorded at an overall instrumestretching (21) in the OR spectrum is completely absent in th
tal resolution of 1 eV. All the binding energies (BE) wereSER spectrum. This indicates the breaking of the S-S bor
referenced to the Ag 3d peak at 368.2 eV. The X-ray flux wasupon adsorption on Ag, which presumably involves homolytic
kept low to reduce beam-induced damage (electron poweleavage of S-S bonds (7). Support for the silver—sulfur inter
70 W). action on the surface is obtained from the weak broadband
Ab-initio MO calculations were performed with the Gaussthe low frequency region (22) of the SER spectrum. Evidenc
ian 94 system of programs (20) in the HF/3-21G* level ofor the breaking of S-S bonds on adsorption also came from tt
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However, our studies suggest that such a scheme does |
occur. As shown in Fig. 2, when the spectrum of a freshly
prepared DDS is measured immediately, the 1585'qaak is
not observed. This peak occurs in samples which have be
exposed to air for a day or more. Therefore, it appears th:
initial adsorption occurs via a homolytic cleavage of the disul
fide. However, the adsorbed thiolate species is susceptible f
decomposition. It is important to note that thermal activatior
does not induce the formation of such a species. Therefore,
is likely that the decomposition of mercaptide species occul
by itself. Direct silver sulfide formation is also not suggestec
by XPS investigation (see below).

Schoenfisch and Pemberton have recently examined the
stability of alkanethiol monolayers (11h). They concluded tha
exposure to laboratory air leads to oxidation of the thiolate
group to sulphonate, sulfate, and other moieties and the maj

FIG. 2. The temperature dependent SER spectra of DDS on Ag. Note that

the spectra were measured immediately after the preparation of the monolayer.

TABLE 1

Optimized Structural Parameters Obtained from
ab-initio MO Calculations

absence of the {:-S-S bending mode, which is appearing at

Parameters Valués
340 cm* in the OR spectrum. The peaks at 998, 1018, and
1072 cm* are characteristic of the benzene thio group (7). Ri2 2.085
Relative intensities of the peaks at 1571 and 998 ‘care Ris 1781
decreased with respect to the peak at 1072ampon adsorp- 23-9 i'gg‘;
tion. The ring mode appearing at 1571 ¢rshifts substantially Rif; 1380
to a lower frequency on adsorption, indicating that there is Russ 1.386
significantsr interaction with the surface (23). Along with this, R/s 1.379
the C-H stretching appearing at 3047 ¢rin the OR spectrum Rsis 1.076
is completely absent (see the inset of Fig. 1). E’-” ig;i
A reaction between organic disulfides and silver could occur Rii 1072
as per the scheme, RSSR 2Ag — RSR + Ag,S, where R Ro1o 1.069
and R are organic groups. The reaction would be exothermic Rss 1.392
for diphenyl disulfide, considering the thermochemical values. Loas 101.9
Catalytic decomposition of dibenzyl disulfide (DBDS) on iron im ﬁg'g
powder yields dibenzyl sulfide (7), which is in accordance with 4:11; 1207
the above reaction scheme. In the case of DDS, the adsorbed L1as 115.0
species on the surface iglds-S, which is clear from the data Lasq 120.3
presented. Therefore, it has been suggested (7) that the mono- L5713 120.3
sulfide (RSR) route is followed in the adsorption of DDS. This L7 119.4
conclusion is supported by the weak peak around 1600 am Foms 120.3
the spectrum (7), which is observed in DDS and DBDS ad- ,,, Hzo e "}2‘
sorption but not in phenyl mercapton adsorption. This is at- \012/01[] N _cn
tributed to an organic by-product, which occurs during the AN /32 23
adsorption. Therefore, the suggested scheme of adsorption / ca / 13~
pathway is H24~C 4\ 3 /
c8 S1 \CS /07\
RS-SR + 2Ag— RSR + Ag,S Reaction | / H16 H17
H18 H15

RSR + Ag— RS-Ag+ R’ Reaction

Note.The G, point group is assumed. The schematic structure illustrating
the atomic labels is also given.

R’ gets afljsorbed on the surface contributing to the peak arountbistances R) are in A and angles/) are in degrees. CCH angles were
1600 cm .

also optimized but were close to 120.3° and therefore, only one value is give
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FIG. 3. (a) The normal Raman and (b) the SER spectra of the monolayers on Ag of DDSe. The C-H regions of the respective systems are shown in t

culprit in the observed chemistry is ozone. Aromatic thiolagghenyl ring to move freely to show any dynamics. Except fo
monolayers were believed to be more stable toward oxidatidhe split of 1018 cm' peak at 150°C, no apparent changes ar
but they also react with ozone. Oxidation occurs either directhgen in the variable temperature spectra of DDS on Ag. Tr
or through a surface oxide. In the spectra presented in Figssylitting may be due to small conformational changes happel!
and 2, no signatures of sulfate or suphonate (or other oxidizieg in the molecule but we are unable to suggest the exa
sulfur) species are observed. However, the broad featurature of changes due to a lack of adequate intensity of the
around 250 cnt is indicative of the Ag-S bond at the surfacdeatures.
(22). This region is quite different for the fresh monolayer (Fig. In order to assign the SERS spectrum of the DDS monc
2) suggesting that the band may have a contribution frolayer, ab-initio MO calculations were performed. The opti-
surface sulfide as well. mized structural parameters are predicted in Table 1. TF
Figure 2 shows the temperature dependent SER spectrgpadicted frequencies presented in Table 2 match well wit
DDS on silver. Like in the case of BDMT on Ag (16), noexperimental values. This particularly lends support to th
dynamics involving the monolayer is observed with an increaassignment of the S-S stretching mode, which is not observe
in temperature. The monolayer desorbs around 175°C. Thison monolyer formation. The calculations also suggest th:
implies that the monolayers are stable and the moleculetie 3-21G* basis set is reasonably adequate to describe t
adsorbed strongly on the surface, which does not permit thlecular properties accurately.
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TABLE 2

Comparison of the Normal Raman Frequencies of DDSe and DDS and the SERS Frequencies of the DDSe and DDS Monolayers
on Ag with the Theoretical Raman Frequencies of DDS from HF/3-21G* Calculation

DDS¢ DDS* Scaled (0.9) Raman
frequencies from HF/3-21G*
Solid SERS Solid SERS calculation on DDS Assignmerits
239
256 262 261
308 301 v Se-Se
340 86 CgHs-S-S
351
367
416 418 413 5 (0) C-H
447 5 C-S
493 485 504 490 5 C-H
542 541 v S-S
613 614
663
689 701 8 (i) ring
729 734
897
997 998 997 998 990 Phenyl ring vibrations
1019 1018 1019 1018 1028
1058 1059 1072 1072 1072
1099 1083
1154 1154
1178 1179 1184(w) C-C-H deformation
1268 1272
1293
1324 1324 1366 C-H deformation
1362
1474 1474(vw)
1572 1572 1572 1571 1572 v C=C (symmetric)
2944(w)
3017 v C-H
3054(s) 3047 3051 3047 3048 v C-H
3064

Note. The molecular point group is assumed to bg. C
*S, W, and VW refer to strong, weak, and very weak bands, respectively.
®y, 8, 0, and i refer to stretching, bending, out-of-plane, and in-plane vibrations, respectively.

Figure 3 shows the ordinary Raman spectrum of DDSe aatlove geometry. A list of Raman frequencies and assignmer
the SER spectrum of the DDSe monolayer on Ag. The chare given in Table 2.
acteristic bands of the phenyl group appear at 998, 1018, andror NDS, although a monolayer could be formed on pol
1058 cm* as in the case of DDS. The intensity of 998, 1018shed surfaces, on roughened surfaces such as in the case «
1058, and 1571 cit bands is similar to that of the solid. SERS active substrate, high reactivity is observed. Upon e;
Unlike the case of DDS on Ag, it is apparent from the preseposure to such a surface, the compound appears to decomp
vation of the Se-Se stretching vibration (24) at 308 tihat and a blackened surface results, presumably due tg5Ag
the Se-Se bond is not broken on the surface. Preservation of 8#RS measurements gave a featureless spectrum. However
dichalcogenide (S-S or Se-Se) bond upon adsorption on Agpislished surfaces, good quality monolayers compatible fc
reported for the first time. The Se-Se stretching vibratiodkPS measurements were obtained, which of course did n
undergoes a red shift of 7 crhupon adsorption suggesting ashow SERS activity.
weak chemisorption. The ring mode appearing at 1571'cm SERS selection rules (25) imply a large enhancement ¢
shows negligible shift suggesting that the phenyl rings are nobdes whose transition dipole moments are perpendicular
lying parallel to the surface. The presence of a C-H vibration tite surface and a relatively poor enhancement of modes ps
3047 cm* (shown in the inset of Fig. 3) also supports thallel to the surface (26). This general principle has been used
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of aromatic C-H stretching modes also supports the sarn
argument.

The “lying flat” geometry of the molecule also makes it
possible for the facile cleavage of the C-S bond making th
formation of silver sulfide. The cleavage can also produce an
groups. Note that a new frequency appears at 1585 ém
surfaces exposed to the laboratory air for some time. Thi
frequency is higher than that of the free molecule. This sug
gests that the new species responsible for this mode cannot
benzenethio group. Therefore, we attribute it to the adsorbe
phenyl group or benzene, although the origin of hydrogen i
unclear. Thus, initial adsorption occurs via the homolytic
cleavage of the disulfide bond and in a subsequent reactio
presumably, RS-Agr Ag — R- + Ag,S, the adsorbed ben-
zenethio moiety decomposes. This reaction appears to invol
a constituent of air, which requires further study. The pheny
group generated could be adsorbed to the surface.

The schematic structures of DDS and DDSe monolayers c

Intensity (Arb. Units)

| L | L ] L ! L | 1

FIG. 4. Schematic representations of (a) DDS and (b) DDSe monolayers
on the Ag surface.

infer the adsorption geometry of a large number of systems
(27). Looking at Figs. 1 and 3 it is clear that the ring mode at
998 cm' is more enhanced relative to thg mode in DDSe -
than in DDS. It is also clear that more or less the intensitjg
pattern of the solid is retained in the DDSe monolayer, Wherea_r—é
in DDS a rather different intensity pattern is observed. Thisg
along with the retention of the Se-Se bond in DDSe, implies>
that its molecular geometry is less affected upon adsorption. Iﬁ
DDS, the distortion is more. It is also seen that the bands arg
much broader in DDS than in DDSe upon adsorption. All these
indicate a stronger electronic interaction in DDS than in DDSe.
An increase in the width of certain bands indicates a more
efficient way of relaxation of the vibrational quantum, which
could arise due to the coupling of the modes with the surface.
It is important to note that this coupling is more intense on

160 165 170 175 180 185
Binding Energy (eV)

155 160 165 170 175
Binding Energy (eV)

FIG.5. MgKea-induced XP spectra of the monolayers. (a) S2p of DDS anc

ba_nd_s WhiCh are essenFia”y_ along the plane of the phenyl ring) sesp of DDSe. The spectra have been fitted with gaussians after bac
This indicates that the ring lies flat on the surface. The abseng&und subtraction. The original data, component peaks, and the fit are show
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Intensity (Arb. Units)

165 170
Binding energy (eV)
FIG. 6. MgKa-induced XP spectrum of the NDS monolayer in the S2p

region. The spectra have been fitted with gaussians after background subtrac-=
tion. The original data, component peaks, and the fit are shown.

Arb. Units)

Intensity

Ag are shown in Fig. 4. Adsorption of alkanethiolates (1a) on
Ag(111) results in aN/7 X /7) R10.9° overlayer with a

S ... Sdistance of 4.41 A, which is smaller than the interchain
distance of crystalline paraffins. Thiophenolate monolayers are
also suggested to have similar adsorbate structure (1a, 10c). In
this structure, both the on-top and the hollow sites are occupied
by the thiolate groups. Although this structure is possible for
DDS, it is not likely for DDSe, because of the preservation of
the Se-Se bond. The Se-Se bond length (2.29 A) (28) is
considerably smaller than the lattice constant of Ag (2.89 A)
and therefore, if one Se occupies a threefold or on-top site, the
other can only bind to a bridge site. This kind of adsorption, to
the best of our knowledge, is reported for the first time.

Intensity (Arb. Units)

XPS Studies

XPS measurements provide valuable information on the
structure and the extent of beam induced damage on the above
three monolayers. Fig. 5 shows the S2p region of DDS and
NDS monolayers and the Se3p region for the DDSe mono-
layer. For DDS on Ag, the S2p appears as a broad structure
peaking at 165 eV shifted substantially from thiolate structure
which is observed at 162 eV for alkane thiol on Au and Ag (5a,
16). A gaussian fitting of the peak shape resulted in three
structures (after appropriate background subtraction). The
widths of the first two deconvoluted peaks are comparable for
those seen for S2p (see below). The higher BE structure,
having a higher width, may be a composite peak. All of these
structures correspond to X-ray beam induced products of the
thiolate. Various species such as sulfate, sulfite, and sulphonate
have been reported in the literature (18). The main line, at
165.1 eV, has been assigned to the nearly integral monolayer.

intensity (Arb. Units)
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at 162.2 and 167.8 eV obtained for tetramethyltetraselenofu
valenes (TMTSF) (29). The retention of the Se-Se bond at tf
surface implies that there can be two kinds of seleniums at tt
surface. It may be noted that if selenium atoms occupy th
three-fold hollow sites (the normal binding site) separated at
distance of 2.89 A, both selenium atoms cannot occupy tf
preferred sites retaining the Se-Se bond. If both have to t
bound to the surface, either the on-top or the bridge sites ha
to be involved. In either case, the two kinds of seleniums wil
have similar charges and the binding energies of these spec
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The Se3p, and 3p,, structures are observed at 162.5 and g, 7. MgKa-induced XP spectra of (a) DDS, (b) DDSe, and (c) NDS
167.8 eV BE, respectively. These values are close to the valuesolayers in the C1s region.
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In NDS on Ag (smooth film), there are two sulfur peaks, one
appearing around 158.2 eV and the other around 167.6 eV (Fig. REEERENCES

6). The former peak occurs at a much lower value than the
thiolate (RS) species which shows a BE of 162 eV. The low1. (a) Uiman, A.,.Chem. Rev96, 1533 (1996). (b) Ulman, A., “An Intro-

BE peak is attributed to AS at the surface. The observation duction to Ultrathin Organic Films from Langmuir-Blodgett to Self-
Assembly.” Academic Press, San Diego, 1991.

of this peak supports the blackening of the SERS active rouggj Wink, Th., Zuilen, S. J. V.. Bult, A., and Bennekom, W. P. ¥nalyst
surfaces upon exposure to NDS solutions. The latter peak 122 43R (1997).
appearing at 167.5 eV is attributed to the beam induced daré- (a) Li, D., Ratner, M. A., Marks, T. J., Znang, C. H., Yang, J., and Wong
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Laibinis, P. E., and Whitesides, G. MScience252, 688 (1991). (c)
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for damage, shows also the thiolate-like structure at 165.1 eV. R, G., and Whitesides, G. MJ, Phys. Chen®6,5097 (1992). (g) Dubois,
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NDS on Ag. SERS study shows that the m0n0|ayer formation N- Eisenberger, P., Leung, T.Y. B., Scoles, G., Poirier, G. E., and Tarlo\

. . ) . M. J., J. Chem. Phys101, 11031 (1994). (c) Dhirani, A.-A., Zehner,
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