Journal of Colloid and Interface Scien2é6,134—142 (1999)

3 ®
Atrticle ID jcis.1999.6260, available online at http://www.idealibrary.conl M%l

3D Monolayers of 1,4-Benzenedimethanethiol on Au and Ag Clusters:
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Au and Ag clusters of 3-nm mean diameter were prepared with
1,4-benzenedimethanethiol (BDMT) as the capping molecule. In
both the monolayer-capped clusters, BDMT adsorbs in the dithio-
late form in contrast to in the 2D monolayers, where the dithiolate
form exists only in the case of Ag. As a result, the molecule lies flat
on the cluster surface in both Au and Ag, whereas the molecular
plane is perpendicular to the surface in the 2D monolayer of Au.
This difference in adsorbate structure is attributed to the evolution
in the cluster surface as adsorption occurs. Transmission electron
microscopy and X-ray powder diffraction suggest that no super-
lattice of the clusters exists. Mass spectrometry suggests the pres-
ence of the phase transfer reagent at the surface. X-ray photoelec-
tron spectroscopy confirms the chemical similarity of the two
surfaces and suggests that the thiolate at the surface is susceptible
to X-ray beam induced damage. © 1999 Academic Press

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

INTRODUCTION

Monolayer protected clusters (MPCs) (1) belong to an mﬂr’ansition of 3D SAMSs (7a, 9).
portant family of nanophase materials that are being inveg;\il '
gated currently due to their diverse physico-chemical prop
ties and potential applications (2). The principal interactio
stabilizing the clusters is the specificity of the molecule—metﬁvk
bonding. Molecules with a number of head and tail groups can
be made to bind different surfaces (3), and it is possible
synthesize clusters with diverse properties. A range of clus

to the large surface area has made it possible to investig
monolayers by a host of analytical techniques, which a
impossible to use with 2D monolayers (7a). Thus there ha
been structural and spectroscopic studies. Electrical transf
properties (8), phase transitions of the alkyl chains (9), rea
tivity of the terminal groups (10), and exchange behavior (1
of the adsorbates have all been studied. Most of these inve:
gations have been centered around the Au—alkanethiol systt
mostly because of the wealth of knowledge of the correspon
ing 2D SAMs (12, 13). However, relatively little knowledge
exists on the corresponding Ag system (7h, 14), although the
are studies on some of the important aspects such as struct
cluster size, and self-organization (7h).

The most important difference between the 2D and 3
SAMs is that the surface on which adsorption occurs in tt
latter is three dimensional—as the name itself indicates. Tt
would make the molecules at the surface diverging as thi
move away from the metal. Due to this, there is a definif
possibility of the interpenetration of the monolayers of th
adjacent clusters in the solid state. Such an interaction
indeed been observed, and it has been manifested in the pt
Interdigitation of molecules
ithin 3D SAMs leading to bilayers has also been observe
FL'S). This in fact is one of the deviations from the correspon
|r]g 2D SAMs, which are well ordered with almost crystalline
e assembly of the molecules.

In this paper, we wish to explore other differences betwee
{tg 2D and 3D SAMs. As there is little difference between th
orption of monofunctional molecules on planar and curve

sizes can also be prepared by appropriate manipulation of ; h . . he diff in the ad
kinetic parameters (4). Apart from the properties of the metaf'aces, we chose to Investigate the differences in the adsc

core, the molecular chemistry of monolayers has also attracty of t_m‘unchonal molecule_s. In a recept investigation of th
attention (5). The diversity of the chemistry of self-assemblgsorption of 1,4-benzenedimethanethiol (BDMT) on plan:
monolayers (SAMs) (6) grown on planar surfaces (2D SAM@JrfaC?S we showed that Wherea§ it adsorbs with one th
can be directly adapted to monolayers on cluster surfaces (3f§UP in the case of Au, both the thiol groups are bonded wi

SAMs) (7). The advantage of high molecular coverage owirfg€ Surface in the case of Ag (16). This difference in bindin
leads to completely different adsorbate geometries for ba

these surfaces. In the case of Au, the molecule stands perp

' To whom correspondence should be addressed.

0021-9797/99 $30.00 134

Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



3D MONOLAYERS OF 1,4-BENZENEDIMETHANETHIOL 135

dicular to the surface whereas it is parallel to the surface on Adyop of the dilute toluene dispersion of the cluster was put
This is manifested in the surface-enhanced Raman spectradfoley carbon grid and was allowed to dry in air.
both these systems, which show differences in enhancemenX-ray diffraction patterns were measured withiGuradia-
for certain modes in these two geometries according to ttien. The samples were spread on antireflection glass slides
selection rules. As a result of the geometry, the monolayer give uniform films. The films were wetted with acetone fo
Au shows temperature-dependent changes in orientation (I&hesion and were blown dry before measurement. All samp
The molecule falls on the surface and then desorbs upamre similarly prepared.
heating. There is no such change for the Ag monolayer. TheThe infrared spectra were collected in the transmission mo
adsorption geometry also affects reactivity. Whereas the Auith a Bruker IFS 66v FT-IR spectrometer. A KBr pellet was
surface upon exposure to a thiol forms a bilayer, the Ag surfaggepared by mixing approximately 1 mg of the sample with 1
is unaffected. potassium bromide. The spectra acquired were averages of .
In the study outlined below, we prepared BDMT-cappescans which were background subtracted automatically. Te
clusters of Au and Ag. The clusters were subjected to detailpdrature-dependent infrared spectra were measured with a v
investigations by transmission electron microscopy (TEMable temperature accessory developed in the laboratory.
X-ray diffraction (XRD), temperature-dependent infrared spec- X-ray photoelectron spectra were recorded with a VG E¢
troscopy, X-ray photoelectron spectroscopy, and mass spe&lLAB Mk Il spectrometer using unmonocromatizedkal
trometry. It is shown that the adsorption geometry of thediation as the excitation source. The binding energies &
molecule on both the surfaces is the same. Both the thieferenced to Au#,, peak at 84.0 eV. The monolayers showe
groups are involved in bonding, in the thiolate form. In botho effect of charging during the measurements. No desorpti
cases, the benzene ring lies flat on the surface, resulting in pagis noticed during the measurements. The electron flux w
intensity for the aromatic ©-H stretching modes. Tempera-kept at 70 mW to keep the beam-induced damage low. Ea
ture-dependent changes in the infrared spectra are minimgectrum was an average of 20 scans of 2 min duration. T
Although it is possible for the molecule to bind to two adjace@pectra were acquired in the constant analyzer energy mode
clusters, such a binding is not observed and no superlatticep@fss energy of 50 V was used for the C, O, Au, and Ag regior
the clusters is formed this way. The two-phase synthesis leagfi 100 V measured for the B2egion.
to the adsorption of the phase transfer reagent on the surfaceviass spectra were recorded with a TSQ700 triple quadr
which is detected in mass spectrometry. It is suggested thatgafpe spectrometer. Samples were introduced as powde
availability of proper adsorption sites at the appropriate digpated on a heating filament, and heated up to 1473 K in
tance makes it possible for both the thiol groups to anchor gfogrammed fashion. Spectra acquired around the maximur
the surface. This appears to be due to the curvature of ¥@ total ion current were averaged and are reported as the m
surface. The kinetics of adsorption and cluster growth als@ectra of the samples. Collision-induced dissociation spec

influences the adsorption geometry. of several ions were done to make peak assignments. The
of interest was mass selectednl = 1 amu) by the first
EXPERIMENTAL quadrupole and was collided with Ar (0.4 mTorr) in the secon

quadrupole at 10 eV translational energy. The collision ir

The cluster compounds were synthesized using a procedg{Red dissociation spectra were measured with the third qu:
from the literature (3a). Briefly, 10 ml 0.0288 M aqueougpole.

hydrogen tetrachloroaurate (Merck, 99%; AgN®©®9.99% in

the case of silver clusters) was extracted into toluene (23.8 ml)

using tetraoctylammonium bromide (Merck, 98%) as the phase RESULTS AND DISCUSSION

transfer reagent upon vigorous stirring. The resulting organic

phase was then mixed with an equimolar amount of 1.4ransmission Electron Microscopy and X-Ray Powder

benzenedimethanethiol (Aldrich, 99%) and was subsequentlypiffraction

reduced using an approximately tenfold molar excess (9 ml) of

aqueous sodium borohydride (Aldrich, 99%), which was addedFigure 1 shows the TEM images of the gold and silve

drop-wise. The addition was completed in about 1 h. Thausters capped with BDMT. The average cluster size is abc

solution was stirred overnight at room temperature. The blaékam although a range of sizes from 2 to 6 nm are observed. |

precipitate obtained was washed well with toluene to remosgeperlattice formation is evident, which would have been tt

the excess thiol. The samples were filtered and dried. Thegse had each of the functional groups of the BDMT molecu

were found to be insoluble in organic solvents, and therefofgeen bound to two separate clusters in a regular fashic

no optical absorption or nuclear magnetic resonance spedi@ometrically this is not possible, as the size of the clusters

were measured. much larger than the dimensions of BDMT, and therefore, n
Transmission electron micrographs were taken with a 2@@ the molecules can be involved in intercluster bondin

keV JEOL JEM-2000EX microscope at Purdue University. Mowever, it is possible for a small fraction of the adsorbates
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FIG. 1. The left and right figures correspond to transmission electron micrographs of Au and Ag clusters capped with BDMT, respectively.

do so, and this should be the reason for the agglomerationcifster. It may be noted that a shift of about 5-10 trfor
the particles, making them insoluble in organic solvents. these bands was observed in the case of the 2D monolayer:
X-ray powder diffraction patterns of the samples show bulku and Ag (16). The shift of the aromatic stretching frequenc
reflections. No small angle reflection is seen in the spectra. Anattributed to the surface—ring interaction, which is greater
analysis of the peak-width using the Schrerer formula (1) the case of silver, suggesting a more parallel arrangement
gives a cluster size of 4 nm for the Au cluster, in agreemefie phenyl ring to the surface. This kind of surface geometry

with the TEM data. also suggested by the lower intensity of these peaks compa
_ to Au. The intensity is understandable from the infrared sele
Fourier Transform-Infrared Spectroscopy tion rules (18), which say that a change in the dipole mome

. i . erpendicular to the surface is necessary for a mode to ¢
Figure 2 shows the FT-IR spectra of (a) the BDMT solid an@xcited. The aromatic-&H mode is parallel to the surface and

BDMT capped (b) Au and (c) Ag clusters. The inset shows the ted to b k when the ring i llel to th f
corresponding €-H stretching regions. The assignments o[lfh‘_axpec edto e¥ve§ when the ring is parallel to the surfac
the peaks are given in Table 1. The-§i stretching of the 'S Suggestion of adsorption geometry Is prone to error sin

BDMT solid occurs at 2552 cit, which is completely absent the clusters are randomly oriented and the IR radiation is n

in the Au and Ag clusters, indicating dissociative chemisor;_?—‘)'arized' It is to be noted that the same reduction in intensi

tion on the surfaces. This shows that the nature of binding!%s OPserved on all other bands except the aliphatie+C
similar in both clusters. There are certain differences in tif&€tching modes in the case of Ag, which again supports t
relative intensities of the bands upon adsorption. The methgiggestion. In order to compare the intensities, the spect
ene symmetric stretch at 2856 chincreases in intensity. Partintensities are not manipulated. Since the intensities are 1
of this enhancement we attribute to the presence of smefirrected for sample thickness and concentration, absolt
quantities of the phase transfer reagent that is manifested in iftinsities are not comparable and our comparison is or
mass spectrum of the sample (see below). based on relative intensities in a given spectrum.

Another characteristic difference observed is the downshift The ring G—C stretching vibrations occurring at 1512 ¢m
of the aromatic stretching frequencies upon adsorption. T the solid shift slightly to lower frequency upon adsorptior
shift to lower frequencies is considerably larger in the silvéo Au and Ag clusters. The bands occurring at 1418 and 14
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FIG.2. The FT-IR spectra of (a) the BDMT solid and BDMT capped on (b) Au and (c) Ag clusters. The correspordiigegions are shown in the inset.
Intensities are plotted in the same scale but have not been corrected for sample thickness or concentration.

(shoulder) for the solid correspond to the methylene scissorimpich are due to the phase transfer reagent (PTR) used in
modes (19), which do not get shifted upon adsorption. Thuster synthesis. The mass spectrum for the cluster also gi
shifts in the wagging modes are greater upon adsorption. Tésdence for the presence of PTR (see below).
peaks, which appear at 1255 and 1209 tior the solid, are ~ As discussed above, the shifts of certain peaks and t
downshifted to 1228 and 1195 cm respectively, upon ad- absence of S-H stretching frequency for the monolayers
sorption. These observations indicate that the chemical endliearly indicate the adsorption of BDMT molecules to the Al
ronment around methylene groups changes drastically upgnmd Ag cluster surfaces. The complete absence -efHS
adsorption. One important aspect to note is that in the casestietching in the case of gold clusters is in contrast with tt
both Au and Ag, the peak shape and the shift of both thesesult observed for the same monolayer on flat Au surfaces (:
bands are similar, and this is significantly different from th8AMS). In the latter case, the benzene ring lies perpendicu
corresponding 2D SAMs. to the surface, which results in one-$ group poking at the
The G—S stretching frequency for the solid appears at 6 Eurface whereas the other is bound to the surface in the thiol
cm . This band red-shifts to 659 crhupon adsorption; the form. The free thiol proton on the surface of the 2D SAN
shift is comparable to that observed in the Raman spectra (I&)dergoes exchange reactions on exposure to other thiols
The intensity of this band is considerably reduced upon asblution phase reactions. This difference in adsorption geol
sorption, in contrast to the Raman spectra (16). Again it &ry between 2D and 3D SAMs is presumably due to diffe
attributed to the adsorption geometry in which the-8 bond ences in the two surfaces. In the case of 2D SAMs, the surfe
is predominantly parallel to the surface. Whereas theSC is already available and no additional surface binding site
stretching band is relatively well defined in the case of Au, dreated as the adsorption occurs, so all the incoming th
is broader for Ag, presumably due to the presence of differemblecules are adsorbed on Au(111) planes to form a dens
adsorption sites. packed arrangement. But, in 3D SAMSs, the cluster grow
The peak appearing around 763 Cmis a result of ring occurs during the thiol addition and capping arrests the clus
breathing motion (19). This motion does not change mugmowth. Therefore, it may be possible for the incoming thic
upon adsorption to gold and silver clusters. The out-of-plameolecule to find two adsorption sites at a distance matching t
ring vibrations give rise to a peak around 835 ¢nwhich also separation between two sulfur atoms in the BDMT molecule :
does not change upon adsorption. it approaches the cluster surface. It is also likely that tf
In addition to these features there are also weak features, ddisorption initially occurs at one site and as the cluster grow
example, at 1385 and 1350 chifor the Ag—-BDMT cluster, occurs, the other thiol group also gets bound to the new s
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TABLE 1 reduction in intensity with temperature is noticeable on bot
Comparisons of IR Vibrational Frequencies of BDMT on Au the bands as a result of desorption. The ring deformation mo
and Ag Clusters with those of BDMT in the Solid State also does not show a systematic shift. All of these togeth

suggest that there is no significant difference in the ring

BDMT BDMT on BDMT on . . - . .
solicf Au clustef Ag clustef Assignment cluster interaction with mcrga;e in ter_nperature._Thu_s the I_<|n‘
of structural changes are limited to increases in orientation

515 516 523 freedom of the molecule at the cluster surface, presumat

557 560 around the methylenes.
669 659 676 ve=s In the case of BDMT on silver clusters (Fig. 4), there is ni
763 764 764 Ring breathing mode . " . . .
835 833 831 Out-of-plane ring vibrations change in peak positions or intensity reversal (particularly fc
962 961(vw) 961(vw)
1020 1018 1018
1106 1090 1091 In-plane ring modes
1209 1195 1198 do
1255 1228 1228 CHwagging -
1418 1417 1417 CHscissoring E]
1430(sh) 1462 1466 c
1512 1509 1509 Ring-€-C deformation -]

1602 1602 o
2552 — — v S—H 2
2856 2850 2853 v C—H symmetric ~
2930 2920 2922 v C—H antisymmetric -é‘
2965 2951 2952 v C—H (of methyl) &
3028 3021 3018 v C—H (ring) Q
3057 3048 3045 v C—H (ring) <

Note.vw, very weak; sh, shoulder.
2lncm ™.
3100 3000 2900 2800

. o . Wavenumber (cm™)
created. Thus it is suggested that the kinetics of adsorption is

comparable to that of cluster growth, which is likely since both
are chemical reactions. In any case, the difference in the nature
of binding due to difference in shape is interesting. We will
come back to this in a later section.

Variable Temperature Infrared Spectroscopy

The variable-temperature IR spectra of BDMT on the Au‘z
cluster are shown in Fig. 3. In the case of BDMT 2D SAMs on2D
Au, a variable temperature surface-enhanced Raman spectre
scopic (SERS) study indicates that the molecule falls down org | ()
the surface upon increase in the temperature (16). In the case gf

3D SAMs, as the temperature is increased, the @GEgging @ | o) MW
modes appearing at 1228 and 1198 ¢mndergo reversal in o
intensity (Fig. 3). All peaks undergo decrease in intensity upor= @) JW
increase in temperature due to desorption of monolayers from
the cluster surface. Also, the ring vibration occurring at 1507 NMWW
cm ' splits into two peaks around 473 K. In order to compare
the intensities, all of the spectra collected under identical | | | | |

" . . . L L L L 1 L I I
conditions are plotted in the same intensity scale. All of the 1800 1600 1400 1200 1000 800 600 400

above observations indicate that structural changes are happen-
ing to the monolayers on increase in temperature, particularly Wavenumber (cm'1)

with respect to the CHmoieties. .
The effects of structural chanaes are not particularly notic FIG. 3. Variable-temperature FT-IR spectra of BDMT-capped gold clus
9 p y fl:érs. The temperatures are (a) 298, (b) 323, (c) 348, (d) 373, (e) 398, (f) 4

able on the &-H stretching modes. We find neither a systemg) 448, and (h) 473 K. The-€H stretching and low-frequency regions are
atic shift nor a change in the intensity pattern. A graduahown in A and B, respectively.

ts)

ns
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FIG. 4. The variable-temperature FT-IR spectra of BDMT-capped Ag clusters. The temperatures are (a) 298, (b) 348, (c) 373, (d) 423, and (e) 44
corresponding €-H regions are shown in the inset.

the methylene modes at 1198 and 1228 Ynobserved upon by melting the monolayer-capped metal superlattice solid (2:
increase in temperature, only reduction in intensity due to theading to a free flowing liquid. Upon cooling, the surface
desorption of monolayers from the cluster surface is observéokmed is smooth enough to show angle-dependent variation
This is particularly noticeable beyond 423 K; the spectrum attensity in the X-ray photoelectron spectrum. In the case
448 K shows the complete absence of the-& stretching powder samples of BDMT capped clusters, due to difficulty i
mode at 676 ciT. It is interesting to note the absence of shiftnaking smooth surfaces, such a measurement was not un
in any of the bands, even at 448 K. The ring deformation bamaken.

retains its shape even at 448 K, showing that the still-adsorbedrhe sulfur 2 regions for gold and silver clusters are show
fraction of the monolayer retains its structure. This observatiom Fig. 6. The broad nature of sulfur peaks indicates th
is similar to that seen in the case of 2D SAMs, where th@esence of more than one kind of sulfur. The thiolate peak
monolayers undergo no structural change on increase in tethre clusters, as well as planar monolayers, is observed in |

perature (16). range 162-164 eV BE (4). In both cases, the peak maximumn
shifted from the characteristic thiolate position. We attribut
X-Ray Photoelectron Spectroscopy the intensity in the high binding energy side of the spectrum

Figure 5 shows the X-ray photoelectron spectra of BDMT€ X-ray beam induced damage of the monolayer. Althou
capped Au and Ag clusters. The spectra show gbldpeak at the nature of thg surfage sulfur group is unt.:l.ear, it may k
84 eV binding energy (BE) and silved3, at 368 eV, charac- noteq the}t even in rela‘uvely.clean UHV conditions, this dec
teristic of bulk Al and Ad (3a), respectively. Absence of anyradatlon is observed (22). Since 'ghe IR spectra pf the cl.uste
observable shift indicates that the fraction of atoms involved fIf N0t support the presence of thiols, coadsorption of thiols
bonding is low in the clusters. Even for a cluster of 2.8-nm coRt the cause of the increased width. X-ray induced disulfic
diameter, only 10% of the total number of atoms are bound ft%rm'atlon qould also contribute to the width, but it has not bee
thiolate groups (4), and the absence of Au XPS is not confirmed independently.
unexpected. Final state effects do not seem to shift the p
position greatly in this size range as seen earlier (4).

In one of our recent investigations of metal cluster liquids by Mass spectrometry gives valuable molecular informatiol
X-ray photoelectron spectroscopy, we found the presenceFafure 7 shows the mass spectra obtained from silver and g
Ag(l) on the surface of the clusters (20). This investigation wasusters capped with BDMT. Peaks at m/z 466, 353, 254, al
possible on a smooth film of the sample, which was prepar286 can be attributed to the phase transfer reagent. These

q\%ss Spectrometry
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of the xylyl group. The mass spectrum is completely in agre!
ment with the molecular species at the surface.

The spectrum does not show any specific enhancement
peaks on either of the surfaces. In either case, the peaks are
to the fragments of the dithiolate at the surface, no monothi
late fragment is seen.

DISCUSSION AND CONCLUSION

The most striking aspect of the results is the considerak
difference in the adsorption geometries of the molecules on t
2D and 3D SAMs. Whereas the molecule adsorbs in tt
monothiolate form in the case of the Au 2D SAM, the adsory
tion is in the dithiolate form in the case of the 3D SAM. There
is no such difference in the case of Ag; in both cases tt
adsorbate is in the dithiolate form. The difference in adsorba
geometry showed up as the difference in the temperatul
dependent Raman spectra of the two in the case of the |
SAMs. For cluster monolayers, the changes in the temperatu

FIG. 5. The AlKa induced X-ray photoelectron spectra in the (a) Au 4
and (b) Ag 3l regions of the BDMT-capped gold and silver clusters, respec-
tively.

due to the molecular ion of the phase transfer reage
(CgH47).N and its fragments. The first fragment appears at m.
353 due to the loss of one-octyl group. This subsequently =
loses a GH ;5 group to yield an intense peak at m/z 254, whict 2
undergoes two @¢,, losses; only one is manifested in Fig. 7. 8
In order to ascertain the origin of peaks, collision-induce <
dissociation (CID) mass spectra of some of the peaks we =
measured. The CID mass spectrum of m/z 254 shows tv
systematic 98 (@H,,) losses, yielding two peaks at m/z 156
and 58.

The mass peaks due to BDMT are also shown in the spe
trum. These peaks are observed at m/z 338, 304, 168, 136, 1
and 91. The molecular ion is observed at m/z 16§HSS,). Its
dimer is seen at m/z 336, and a loss of sulfur is seen as a p¢
at m/z 304. The peak at m/z 136 is due to a loss of sulfur frot..
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the molecular ion. The CHCsH,—CH, moiety is seen at M/Z £, 6. The A« induced X-ray photoelectron spectra in thep$gion
104. The tropylium ion (m/z 91) is one of the major fragments BDMT-capped (a) Au and (b) Ag clusters.
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FIG. 7. Mass spectra of BDMT-capped (a) Au and (b) Ag clusters. Mass numbers of the peaks of importance are labeled.

dependent IR spectra are small and are limited to differencesas the cluster surface is evolving, the molecule in its vicinit
the orientation of the adsorbates. gets adsorbed to the available sites. For a surface site, it

How can such a difference in the adsorption geometry ocquossible that the thiol group of a molecule already bound to tl
between the 2D and 3D SAMs? We offer the following tentasurface with the other thiol group is closer to it than that of a
tive explanation. In the case of the 2D SAMs the surfaaegmbound molecule. It is also important that the surface is n
atomic structure is static within the time scale of initial adsorglat but has some definite curvature that makes this molecu
tion and subsequent organization. Others and we have shawnaneuver more possible. This implies that there is some di
that the kinetics of these two events are markedly differemite delay between adsorption at different sites. During such
(12a, 23). For the 3D SAM, the surface structure is evolving otelay, molecular reorientation is possible to minimize energ
the time scale of adsorption. Although the kinetics of selfn the case of the 2D SAM, all the available adsorption sites a
organization is slow and will be substantially different fronoccupied as soon as the exposure occurs, and forces of s
that of the cluster growth, this process is only of negligiblerganization will decide which of the sites will be occupiec
importance here since the molecular dimension is small. Thulsimately.
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