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Au and Ag clusters of 3-nm mean diameter were prepared with
,4-benzenedimethanethiol (BDMT) as the capping molecule. In
oth the monolayer-capped clusters, BDMT adsorbs in the dithio-
ate form in contrast to in the 2D monolayers, where the dithiolate
orm exists only in the case of Ag. As a result, the molecule lies flat
n the cluster surface in both Au and Ag, whereas the molecular
lane is perpendicular to the surface in the 2D monolayer of Au.
his difference in adsorbate structure is attributed to the evolution

n the cluster surface as adsorption occurs. Transmission electron
icroscopy and X-ray powder diffraction suggest that no super-

attice of the clusters exists. Mass spectrometry suggests the pres-
nce of the phase transfer reagent at the surface. X-ray photoelec-
ron spectroscopy confirms the chemical similarity of the two
urfaces and suggests that the thiolate at the surface is susceptible
o X-ray beam induced damage. © 1999 Academic Press

Key Words: monolayer-protected clusters; self-assembled mono-
ayers; Fourier transform-infrared spectroscopy; transmission
lectron microscopy.

INTRODUCTION

Monolayer protected clusters (MPCs) (1) belong to an
ortant family of nanophase materials that are being inv
ated currently due to their diverse physico-chemical pro

ies and potential applications (2). The principal interac
tabilizing the clusters is the specificity of the molecule–m
onding. Molecules with a number of head and tail groups
e made to bind different surfaces (3), and it is possib
ynthesize clusters with diverse properties. A range of cl
izes can also be prepared by appropriate manipulation o
inetic parameters (4). Apart from the properties of the m
ore, the molecular chemistry of monolayers has also attr
ttention (5). The diversity of the chemistry of self-assem
onolayers (SAMs) (6) grown on planar surfaces (2D SA

an be directly adapted to monolayers on cluster surface
AMs) (7). The advantage of high molecular coverage ow
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o the large surface area has made it possible to inves
onolayers by a host of analytical techniques, which

mpossible to use with 2D monolayers (7a). Thus there
een structural and spectroscopic studies. Electrical tran
roperties (8), phase transitions of the alkyl chains (9), r

ivity of the terminal groups (10), and exchange behavior
f the adsorbates have all been studied. Most of these in
ations have been centered around the Au–alkanethiol sy
ostly because of the wealth of knowledge of the corresp

ng 2D SAMs (12, 13). However, relatively little knowled
xists on the corresponding Ag system (7h, 14), although
re studies on some of the important aspects such as stru
luster size, and self-organization (7h).
The most important difference between the 2D and

AMs is that the surface on which adsorption occurs in
atter is three dimensional—as the name itself indicates.
ould make the molecules at the surface diverging as
ove away from the metal. Due to this, there is a defi
ossibility of the interpenetration of the monolayers of
djacent clusters in the solid state. Such an interaction

ndeed been observed, and it has been manifested in the
ransition of 3D SAMs (7a, 9). Interdigitation of molecu
ithin 3D SAMs leading to bilayers has also been obse

15). This in fact is one of the deviations from the correspo
ng 2D SAMs, which are well ordered with almost crystalli
ike assembly of the molecules.

In this paper, we wish to explore other differences betw
he 2D and 3D SAMs. As there is little difference between
dsorption of monofunctional molecules on planar and cu
urfaces, we chose to investigate the differences in the ad
ion of bifunctional molecules. In a recent investigation of
dsorption of 1,4-benzenedimethanethiol (BDMT) on pla
urfaces we showed that whereas it adsorbs with one
roup in the case of Au, both the thiol groups are bonded

he surface in the case of Ag (16). This difference in bind
eads to completely different adsorbate geometries for
hese surfaces. In the case of Au, the molecule stands pe
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1353D MONOLAYERS OF 1,4-BENZENEDIMETHANETHIOL
icular to the surface whereas it is parallel to the surface on
his is manifested in the surface-enhanced Raman spec
oth these systems, which show differences in enhance

or certain modes in these two geometries according to
election rules. As a result of the geometry, the monolaye
u shows temperature-dependent changes in orientation
he molecule falls on the surface and then desorbs
eating. There is no such change for the Ag monolayer.
dsorption geometry also affects reactivity. Whereas the
urface upon exposure to a thiol forms a bilayer, the Ag su
s unaffected.

In the study outlined below, we prepared BDMT-cap
lusters of Au and Ag. The clusters were subjected to det
nvestigations by transmission electron microscopy (TE
-ray diffraction (XRD), temperature-dependent infrared s

roscopy, X-ray photoelectron spectroscopy, and mass
rometry. It is shown that the adsorption geometry of
olecule on both the surfaces is the same. Both the
roups are involved in bonding, in the thiolate form. In b
ases, the benzene ring lies flat on the surface, resulting in
ntensity for the aromatic COH stretching modes. Temper
ure-dependent changes in the infrared spectra are min
lthough it is possible for the molecule to bind to two adjac
lusters, such a binding is not observed and no superlatt
he clusters is formed this way. The two-phase synthesis
o the adsorption of the phase transfer reagent on the su
hich is detected in mass spectrometry. It is suggested th
vailability of proper adsorption sites at the appropriate

ance makes it possible for both the thiol groups to ancho
he surface. This appears to be due to the curvature o
urface. The kinetics of adsorption and cluster growth
nfluences the adsorption geometry.

EXPERIMENTAL

The cluster compounds were synthesized using a proc
rom the literature (3a). Briefly, 10 ml 0.0288 M aqueo
ydrogen tetrachloroaurate (Merck, 99%; AgNO3, 99.99% in

he case of silver clusters) was extracted into toluene (23.
sing tetraoctylammonium bromide (Merck, 98%) as the p

ransfer reagent upon vigorous stirring. The resulting org
hase was then mixed with an equimolar amount of
enzenedimethanethiol (Aldrich, 99%) and was subsequ
educed using an approximately tenfold molar excess (9 m
queous sodium borohydride (Aldrich, 99%), which was ad
rop-wise. The addition was completed in about 1 h.
olution was stirred overnight at room temperature. The b
recipitate obtained was washed well with toluene to rem

he excess thiol. The samples were filtered and dried.
ere found to be insoluble in organic solvents, and there
o optical absorption or nuclear magnetic resonance sp
ere measured.
Transmission electron micrographs were taken with a

eV JEOL JEM-2000EX microscope at Purdue University
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rop of the dilute toluene dispersion of the cluster was pu
holey carbon grid and was allowed to dry in air.
X-ray diffraction patterns were measured with CuKa radia-

ion. The samples were spread on antireflection glass slid
ive uniform films. The films were wetted with acetone
dhesion and were blown dry before measurement. All sam
ere similarly prepared.
The infrared spectra were collected in the transmission m
ith a Bruker IFS 66v FT-IR spectrometer. A KBr pellet w
repared by mixing approximately 1 mg of the sample with
otassium bromide. The spectra acquired were averages
cans which were background subtracted automatically.
erature-dependent infrared spectra were measured with a
ble temperature accessory developed in the laboratory.
X-ray photoelectron spectra were recorded with a VG
ALAB Mk II spectrometer using unmonocromatized AlKa

adiation as the excitation source. The binding energies
eferenced to Au 4f7/2 peak at 84.0 eV. The monolayers show
o effect of charging during the measurements. No desor
as noticed during the measurements. The electron flux
ept at 70 mW to keep the beam-induced damage low.
pectrum was an average of 20 scans of 2 min duration
pectra were acquired in the constant analyzer energy mo
ass energy of 50 V was used for the C, O, Au, and Ag reg
nd 100 V measured for the S2p region.
Mass spectra were recorded with a TSQ700 triple qua

ole spectrometer. Samples were introduced as pow
oated on a heating filament, and heated up to 1473 K
rogrammed fashion. Spectra acquired around the maxim

he total ion current were averaged and are reported as the
pectra of the samples. Collision-induced dissociation sp
f several ions were done to make peak assignments. Th
f interest was mass selected (Dm 5 1 amu) by the firs
uadrupole and was collided with Ar (0.4 mTorr) in the sec
uadrupole at 10 eV translational energy. The collision
uced dissociation spectra were measured with the third q
upole.

RESULTS AND DISCUSSION

ransmission Electron Microscopy and X-Ray Powder
Diffraction

Figure 1 shows the TEM images of the gold and si
lusters capped with BDMT. The average cluster size is a
nm although a range of sizes from 2 to 6 nm are observe

uperlattice formation is evident, which would have been
ase had each of the functional groups of the BDMT mole
een bound to two separate clusters in a regular fas
eometrically this is not possible, as the size of the cluste
uch larger than the dimensions of BDMT, and therefore
ll the molecules can be involved in intercluster bond
owever, it is possible for a small fraction of the adsorbate
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136 VENKATARAMANAN, MA, AND PRADEEP
o so, and this should be the reason for the agglomerati
he particles, making them insoluble in organic solvents.

X-ray powder diffraction patterns of the samples show b
eflections. No small angle reflection is seen in the spectra
nalysis of the peak-width using the Schrerer formula
ives a cluster size of 4 nm for the Au cluster, in agreem
ith the TEM data.

ourier Transform-Infrared Spectroscopy

Figure 2 shows the FT-IR spectra of (a) the BDMT solid
DMT capped (b) Au and (c) Ag clusters. The inset shows
orresponding COH stretching regions. The assignments
he peaks are given in Table 1. The SOH stretching of the
DMT solid occurs at 2552 cm21, which is completely abse

n the Au and Ag clusters, indicating dissociative chemis
ion on the surfaces. This shows that the nature of bindin
imilar in both clusters. There are certain differences in
elative intensities of the bands upon adsorption. The me
ne symmetric stretch at 2856 cm21 increases in intensity. Pa
f this enhancement we attribute to the presence of s
uantities of the phase transfer reagent that is manifested
ass spectrum of the sample (see below).
Another characteristic difference observed is the down

f the aromatic stretching frequencies upon adsorption.
hift to lower frequencies is considerably larger in the si

FIG. 1. The left and right figures correspond to transmission e
of
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luster. It may be noted that a shift of about 5–10 cm21 for
hese bands was observed in the case of the 2D monolay
u and Ag (16). The shift of the aromatic stretching freque

s attributed to the surface–ringp interaction, which is greate
n the case of silver, suggesting a more parallel arrangeme
he phenyl ring to the surface. This kind of surface geomet
lso suggested by the lower intensity of these peaks com

o Au. The intensity is understandable from the infrared se
ion rules (18), which say that a change in the dipole mom
erpendicular to the surface is necessary for a mode t
xcited. The aromatic COH mode is parallel to the surface a

s expected to be weak when the ring is parallel to the sur
his suggestion of adsorption geometry is prone to error s

he clusters are randomly oriented and the IR radiation is
olarized. It is to be noted that the same reduction in inte

s observed on all other bands except the aliphatic COH
tretching modes in the case of Ag, which again support
uggestion. In order to compare the intensities, the spe
ntensities are not manipulated. Since the intensities ar
orrected for sample thickness and concentration, abs
ntensities are not comparable and our comparison is
ased on relative intensities in a given spectrum.
The ring COC stretching vibrations occurring at 1512 cm21

or the solid shift slightly to lower frequency upon adsorpt
o Au and Ag clusters. The bands occurring at 1418 and

ron micrographs of Au and Ag clusters capped with BDMT, respective
lect
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1373D MONOLAYERS OF 1,4-BENZENEDIMETHANETHIOL
shoulder) for the solid correspond to the methylene sciss
odes (19), which do not get shifted upon adsorption.

hifts in the wagging modes are greater upon adsorption
eaks, which appear at 1255 and 1209 cm21 for the solid, are
ownshifted to 1228 and 1195 cm21, respectively, upon ad
orption. These observations indicate that the chemical
onment around methylene groups changes drastically
dsorption. One important aspect to note is that in the ca
oth Au and Ag, the peak shape and the shift of both t
ands are similar, and this is significantly different from
orresponding 2D SAMs.
The COS stretching frequency for the solid appears at

m21. This band red-shifts to 659 cm21 upon adsorption; th
hift is comparable to that observed in the Raman spectra
he intensity of this band is considerably reduced upon
orption, in contrast to the Raman spectra (16). Again
ttributed to the adsorption geometry in which the COS bond

s predominantly parallel to the surface. Whereas the COS
tretching band is relatively well defined in the case of A
s broader for Ag, presumably due to the presence of diffe
dsorption sites.
The peak appearing around 763 cm21 is a result of ring

reathing motion (19). This motion does not change m
pon adsorption to gold and silver clusters. The out-of-p
ing vibrations give rise to a peak around 835 cm21, which also
oes not change upon adsorption.
In addition to these features there are also weak feature

xample, at 1385 and 1350 cm21 for the Ag–BDMT cluster

FIG. 2. The FT-IR spectra of (a) the BDMT solid and BDMT capped o
ntensities are plotted in the same scale but have not been corrected fo
g
e
he

vi-
on
of

se
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hich are due to the phase transfer reagent (PTR) used
luster synthesis. The mass spectrum for the cluster also
vidence for the presence of PTR (see below).
As discussed above, the shifts of certain peaks and

bsence of SOH stretching frequency for the monolay
learly indicate the adsorption of BDMT molecules to the
nd Ag cluster surfaces. The complete absence of SOH
tretching in the case of gold clusters is in contrast with
esult observed for the same monolayer on flat Au surface
AMs). In the latter case, the benzene ring lies perpendi

o the surface, which results in one SOH group poking at th
urface whereas the other is bound to the surface in the th
orm. The free thiol proton on the surface of the 2D SA
ndergoes exchange reactions on exposure to other thi
olution phase reactions. This difference in adsorption ge
try between 2D and 3D SAMs is presumably due to di
nces in the two surfaces. In the case of 2D SAMs, the su

s already available and no additional surface binding si
reated as the adsorption occurs, so all the incoming
olecules are adsorbed on Au(111) planes to form a de
acked arrangement. But, in 3D SAMs, the cluster gro
ccurs during the thiol addition and capping arrests the cl
rowth. Therefore, it may be possible for the incoming t
olecule to find two adsorption sites at a distance matchin

eparation between two sulfur atoms in the BDMT molecu
t approaches the cluster surface. It is also likely that
dsorption initially occurs at one site and as the cluster gr
ccurs, the other thiol group also gets bound to the new

b) Au and (c) Ag clusters. The corresponding COH regions are shown in the ins
ample thickness or concentration.
n (
r s
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138 VENKATARAMANAN, MA, AND PRADEEP
reated. Thus it is suggested that the kinetics of adsorpti
omparable to that of cluster growth, which is likely since b
re chemical reactions. In any case, the difference in the n
f binding due to difference in shape is interesting. We
ome back to this in a later section.

ariable Temperature Infrared Spectroscopy

The variable-temperature IR spectra of BDMT on the
luster are shown in Fig. 3. In the case of BDMT 2D SAMs
u, a variable temperature surface-enhanced Raman sp
copic (SERS) study indicates that the molecule falls dow
he surface upon increase in the temperature (16). In the c
D SAMs, as the temperature is increased, the CH2 wagging
odes appearing at 1228 and 1198 cm21 undergo reversal i

ntensity (Fig. 3). All peaks undergo decrease in intensity u
ncrease in temperature due to desorption of monolayers
he cluster surface. Also, the ring vibration occurring at 1
m21 splits into two peaks around 473 K. In order to comp
he intensities, all of the spectra collected under iden
onditions are plotted in the same intensity scale. All of
bove observations indicate that structural changes are ha

ng to the monolayers on increase in temperature, particu
ith respect to the CH2 moieties.
The effects of structural changes are not particularly no

ble on the COH stretching modes. We find neither a syste
tic shift nor a change in the intensity pattern. A grad

Comparisons of IR Vibrational Frequencies of BDMT on Au
and Ag Clusters with those of BDMT in the Solid State

BDMT
solida

BDMT on
Au clustera

BDMT on
Ag clustera Assignment

515 516 523
557 560

669 659 676 n COS
763 764 764 Ring breathing mode
835 833 831 Out-of-plane ring vibration
962 961(vw) 961(vw)
020 1018 1018
106 1090 1091 In-plane ring modes
209 1195 1198 do
255 1228 1228 CH2 wagging
418 1417 1417 CH2 scissoring
430(sh) 1462 1466
512 1509 1509 Ring COC deformation

1602 1602
552 — — n SOH
856 2850 2853 n COH symmetric
930 2920 2922 n COH antisymmetric
965 2951 2952 n COH (of methyl)
028 3021 3018 n COH (ring)
057 3048 3045 n COH (ring)

Note.vw, very weak; sh, shoulder.
a In cm21.
is
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eduction in intensity with temperature is noticeable on b
he bands as a result of desorption. The ring deformation m
lso does not show a systematic shift. All of these toge
uggest that there is no significant difference in the r
luster interaction with increase in temperature. Thus the k
f structural changes are limited to increases in orientat

reedom of the molecule at the cluster surface, presum
round the methylenes.
In the case of BDMT on silver clusters (Fig. 4), there is

hange in peak positions or intensity reversal (particularly

FIG. 3. Variable-temperature FT-IR spectra of BDMT-capped gold c
ers. The temperatures are (a) 298, (b) 323, (c) 348, (d) 373, (e) 398, (f
g) 448, and (h) 473 K. The COH stretching and low-frequency regions
hown in A and B, respectively.
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1393D MONOLAYERS OF 1,4-BENZENEDIMETHANETHIOL
he methylene modes at 1198 and 1228 cm21) observed upo
ncrease in temperature, only reduction in intensity due to
esorption of monolayers from the cluster surface is obse
his is particularly noticeable beyond 423 K; the spectrum
48 K shows the complete absence of the COS stretching
ode at 676 cm21. It is interesting to note the absence of s

n any of the bands, even at 448 K. The ring deformation b
etains its shape even at 448 K, showing that the still-adso
raction of the monolayer retains its structure. This observa
s similar to that seen in the case of 2D SAMs, where

onolayers undergo no structural change on increase in
erature (16).

-Ray Photoelectron Spectroscopy

Figure 5 shows the X-ray photoelectron spectra of BDM
apped Au and Ag clusters. The spectra show gold 4f7/2 peak a
4 eV binding energy (BE) and silver 3d5/2 at 368 eV, charac

eristic of bulk Au0 and Ag0 (3a), respectively. Absence of a
bservable shift indicates that the fraction of atoms involve
onding is low in the clusters. Even for a cluster of 2.8-nm
iameter, only 10% of the total number of atoms are boun

hiolate groups (4), and the absence of AuI in XPS is no
nexpected. Final state effects do not seem to shift the
osition greatly in this size range as seen earlier (4).
In one of our recent investigations of metal cluster liquid

-ray photoelectron spectroscopy, we found the presen
g(I) on the surface of the clusters (20). This investigation
ossible on a smooth film of the sample, which was prep

FIG. 4. The variable-temperature FT-IR spectra of BDMT-capped Ag
orresponding COH regions are shown in the inset.
e
d.
t

t
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ed
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n
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y melting the monolayer-capped metal superlattice solid
eading to a free flowing liquid. Upon cooling, the surfa
ormed is smooth enough to show angle-dependent variati
ntensity in the X-ray photoelectron spectrum. In the cas
owder samples of BDMT capped clusters, due to difficult
aking smooth surfaces, such a measurement was not u

aken.
The sulfur 2p regions for gold and silver clusters are sho

n Fig. 6. The broad nature of sulfur peaks indicates
resence of more than one kind of sulfur. The thiolate pea

he clusters, as well as planar monolayers, is observed
ange 162–164 eV BE (4). In both cases, the peak maximu
hifted from the characteristic thiolate position. We attrib
he intensity in the high binding energy side of the spectru
he X-ray beam induced damage of the monolayer. Altho
he nature of the surface sulfur group is unclear, it ma
oted that even in relatively clean UHV conditions, this d
adation is observed (22). Since the IR spectra of the clu
o not support the presence of thiols, coadsorption of thio
ot the cause of the increased width. X-ray induced disu

ormation could also contribute to the width, but it has not b
onfirmed independently.

ass Spectrometry

Mass spectrometry gives valuable molecular informa
igure 7 shows the mass spectra obtained from silver and
lusters capped with BDMT. Peaks at m/z 466, 353, 254,
56 can be attributed to the phase transfer reagent. The

usters. The temperatures are (a) 298, (b) 348, (c) 373, (d) 423, and (e)
cl
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140 VENKATARAMANAN, MA, AND PRADEEP
ue to the molecular ion of the phase transfer rea
C8H17)4N and its fragments. The first fragment appears at
53 due to the loss of onen-octyl group. This subsequen

oses a C7H15 group to yield an intense peak at m/z 254, wh
ndergoes two C7H14 losses; only one is manifested in Fig.

n order to ascertain the origin of peaks, collision-indu
issociation (CID) mass spectra of some of the peaks
easured. The CID mass spectrum of m/z 254 shows

ystematic 98 (C7H14) losses, yielding two peaks at m/z 1
nd 58.
The mass peaks due to BDMT are also shown in the s

rum. These peaks are observed at m/z 338, 304, 168, 136
nd 91. The molecular ion is observed at m/z 168 (C8H8S2). Its
imer is seen at m/z 336, and a loss of sulfur is seen as a
t m/z 304. The peak at m/z 136 is due to a loss of sulfur

he molecular ion. The CH2–C6H4–CH2 moiety is seen at m
04. The tropylium ion (m/z 91) is one of the major fragme

FIG. 5. The AlKa induced X-ray photoelectron spectra in the (a) Auf
nd (b) Ag 3d regions of the BDMT-capped gold and silver clusters, res

ively.
nt
/z

d
re
o

c-
04,

ak
m

s

f the xylyl group. The mass spectrum is completely in ag
ent with the molecular species at the surface.
The spectrum does not show any specific enhanceme

eaks on either of the surfaces. In either case, the peaks a
o the fragments of the dithiolate at the surface, no mono
ate fragment is seen.

DISCUSSION AND CONCLUSION

The most striking aspect of the results is the conside
ifference in the adsorption geometries of the molecules o
D and 3D SAMs. Whereas the molecule adsorbs in
onothiolate form in the case of the Au 2D SAM, the ads

ion is in the dithiolate form in the case of the 3D SAM. Th
s no such difference in the case of Ag; in both cases
dsorbate is in the dithiolate form. The difference in adsor
eometry showed up as the difference in the tempera
ependent Raman spectra of the two in the case of th
AMs. For cluster monolayers, the changes in the tempera

FIG. 6. The AlKa induced X-ray photoelectron spectra in the S2p region
f BDMT-capped (a) Au and (b) Ag clusters.
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ependent IR spectra are small and are limited to differenc
he orientation of the adsorbates.

How can such a difference in the adsorption geometry o
etween the 2D and 3D SAMs? We offer the following te

ive explanation. In the case of the 2D SAMs the sur
tomic structure is static within the time scale of initial ads

ion and subsequent organization. Others and we have s
hat the kinetics of these two events are markedly diffe
12a, 23). For the 3D SAM, the surface structure is evolvin
he time scale of adsorption. Although the kinetics of s
rganization is slow and will be substantially different fr

hat of the cluster growth, this process is only of neglig
mportance here since the molecular dimension is small.

FIG. 7. Mass spectra of BDMT-capped (a) Au and (b)
in

ur
-
e
-
wn
t

n
-

us

s the cluster surface is evolving, the molecule in its vici
ets adsorbed to the available sites. For a surface site
ossible that the thiol group of a molecule already bound t
urface with the other thiol group is closer to it than that o
nbound molecule. It is also important that the surface is
at but has some definite curvature that makes this mole
aneuver more possible. This implies that there is some

nite delay between adsorption at different sites. During su
elay, molecular reorientation is possible to minimize ene

n the case of the 2D SAM, all the available adsorption site
ccupied as soon as the exposure occurs, and forces o
rganization will decide which of the sites will be occup
ltimately.

clusters. Mass numbers of the peaks of importance are labeled.
Ag
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