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4,4'-Diphenyltetrathiafulvalene (DPTTF) capped gold nano-
particles of 3- to 5-nm diameter have been prepared and their
thermal stability has been investigated by variable temperature
FT-IR spectroscopy. The DPTTF molecules at the cluster surface
undergo charge-transfer complexation with Cg to form Au/
DPTTF.Cy,. Direct evidence of complexation is observed in the
x-ray photoelectron and infrared spectra of the clusters. The ori-
entational ordering transition of Cg in Au/DPTTF.Cg, clusters
occur at a higher temperature than pure Cg, indicating increased
resistance to orientational disorder due to charge transfer. Vari-
able-temperature infrared spectroscopic studies yield complemen-
tary information. Both FT-IR and mass spectra show that some of

reasons. A major factor is the larger number of defect sites i
3D SAMs compared with the densely packed 2D monolayers
Another significant factor is the presence of a curved surfac
for the cluster which gives greater mobility for the terminal
functional groups. Templetoet al. (7) reported a detailed
study of the chemical reactivity of alkane thiolate monolayel
protected gold clusters. They studied the reactivity of mono
layers having various terminal functionalities and different
chain lengths.

In the present work, we are concerned with the charge
transfer complexation chemistry of monolayers capped on gol
clusters. Tetrathiafulvalene (TTF) and its derivatives are

the sites on the gold surface are occupied by the phase-transfer
reagent used in the cluster preparation. © 1999 Academic Press

Key Words: self-assembled monolayers; gold nanoparticles;
fullerenes; charge-transfer complex.

compounds well known as electron donors, which form
charge-transfer complexes with electron acceptors like tetre
cyanoquinodimethane (8). The TTF derivatives like diphe-
nyltetrathiafulvalene (DPTTF) and benzenedithiatetrathiaful
valene (BEDT-TTF) are known to form charge-transfer
complexes with fullerenes and fullerene derivatives (9).i€

a good electron acceptor due to the fact that it has low-lyin

Self-assembled monolayers (SAMs) of organic moIecuIe'é{‘OCCUp'ed molecglar orbitals. Therefore, we h_ave chose
especially the monolayers of thiols prepared on planar gdif’ T TF as the capping agent for the gold nanoparticles and tr
surfaces (2D-SAMs) constitute an intensely investigated arg3@rge-transfer complexation of the capped cluster wigh C
of current science (1). Recently, monolayers self-assembled/$# been investigated by various spectroscopic techniques.
small, well-defined metal clusters (3D SAMs) have received a
great deal of attention because of their diverse physico-chem-
ical properties and potential utility in wide range of technolo-

gies (2-4). The presence of higher monolayer concentrationy g1 g_m toluene solution of tetra-octyl ammonium bro-

owing to the large surface area of the metal clusters as wellrﬂﬁje (0.0358 M) was added to a vigorously stirred 30-m
the fact they are soluble in various organic solvents makeoi_t0288 M aqueous solution of AuC|OAfter 1 h of stirring, a
possible to apply various analytical techniques like NMRs1 4 1 9 015 M toluene solution of DPTTF was added and th
UV-VIS, and XRD on them which is difficult for the corre- g 1ing solution was stirred for 10 min. To this mixture, 24.7
sponding 2D, monolgyers (_4)' ) . ml aqueous solution of 0.3896 M sodium borohydride was
The chemical derivatization of SAMS is an exciting area e drop-wise over a period of about 1 h. The toluene pha
research because of its potential application in building Syfa,ejons a brown color due to the gold cluster formation. The
faces with novel properties. Detailed investigations of 2Dg,,ion was stirred overnight and the organic layer was sef
SAM derivatization are available in the literature (5). BUL ated from the aqueous phase. Half of the organic part we

studies on the reactivity of monolayers on 3D clusters Sren and concentrated to 10 ml. 100 ml of methanol wa
limited (6—7). A significant difference in reactivity is expecteq,, e into this solution. The precipitated cluster was centri
between SAMs on flat and 3D cluster surfaces for seveigl,o \yhich could be redissolved and reprecipitated. It wa

1 To whom correspondence should be addressed. E-mail: pradeep@itR€N washed several times with methanol to remove th
ernet.in. unreacted DPTTF and air dried. In the preparation of Aui
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FIG.2. X-ray photoelectron spectra (a) thefB2gion and (b) Aufiregion
for the Au/DPTTF and the Au/DPTTFclusters.

DPTTF.G,, the other half of the organic part of the solution
was taken and 20 ml 0.01 M¢Esolution in toluene was added.
The solution was stirred overnight. It was then concentratec
100 ml methanol was added, and the precipitated clusters we
centrifuged, washed repeatedly with toluene to remove th
unreacted DPTTF and; and air dried. The ¢ complexed
cluster was insoluble in most of the organic solvents.

Transmission electron micrographs were taken with a 20|
keV JEOL JEM-2000EX microscope at Purdue University.
X-ray diffraction patterns were measured withiGuradiation.
The samples were spread on antireflection glass slides to gi
uniform films. The films were wetted with acetone for adhesior
and were blown dry before measurement. All samples wer
similarly prepared.

FT—IR studies were performed with a Bruker IF66v FT—IR
spectrometer and the temperature dependent measureme
were done with a variable temperature (100-500 K) accesso
fabricated in our laboratory. XPS measurements were cor
ducted with a VG ESCALAB MK Il spectrometer with un-
monochromatized Mga radiation. Proton NMR measure-
ments were done in CDgéolutions of the samples with a 400

FIG. 1. The transmission electron micrographs of (a) the Au/DPTTF anc
(b) the Au/DPTTF.G, clusters.
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FIG. 3. The FT-IR spectrum of the Au/DPTTF clusters. The IR spectrum of solid DPTTF in the 900- to 65C-@gion is shown in the inset.

MHz JEOL NMR spectrometer. The UV/VIS absorption meavrarious spectroscopic techniques like TEM, XRD, NMR, UV-
surements were taken using CRGolutions of the clusters VIS, FT-IR, and mass spectrometry. Variable temperatur
with a VARIAN CARY-05 spectrophotometer. FT—IR measurements were carried out on the Au/DPTTF clus
Mass spectra were recorded with a TSQ700 triple quadters for monitoring the decomposition pathway and to under
pole spectrometer. Samples were introduced as powdesand of the adsorption geometry and stability of the monolay
coated on a filament, and heated up to 1473 K in a programmad. Low-temperature FT—IR measurements were performed
fashion. Spectra acquired around the maximum in the total igfe Au/DPTTF.G, clusters to study the effect of charge trans-
current were averaged and are reported as the mass spectfarofrom the DPTTF monolayer to thesCmolecules on the
the samples. Collision-induced dissociation spectra of sevesglentational ordering transition of &
ions were done to make peak assignments. The ion of interestigures 1a and 1b are the TEM images for the Au/DPTTF
was mass selectedih = 1 amu) by the first quadrupole andand the Au/DPTTF.G clusters, respectively. Both the images
was collided with Ar (0.4 mTorr) in the second quadrupole ahow that most of the particles have sizes less than 6 nn
10 eV translational energy. The collision-induced dissociatigfnfirming the nanocrystalline nature of the metal. For both th
spectra were measured with the third quadrupole. clusters, the diameters of the particles are in the 3- to 5-nr
range. No agglomeration of the particles is seen which wouls
RESULTS AND DISCUSSION have been observed had,®een in complexation with multi-
ple clusters.
The detailed investigations toward the characterization of The powder X-ray diffraction patterns of the clusters are
the Au/DPTTF and the Au/DPTTFLclusters were done by similar to those of the thiolate capped gold clusters (10). X-ra)
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FIG. 4. The FT-IR spectrum of Au/DPTTFclusters. The inset shows the shift in the C—S stretching region from the Au/DPTTF spectrum.
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scattering is dominated by the metal core and contributiosse any shift in the position or asymmetry in the peak shap
from the ligand is minimal. The diffraction patterns are almosthich suggests that the majority of gold atoms are in their zer
identical to that of the bulk fcc gold except that they arexidation state. This is in accordance with the data of alkane
broader due to the nanocrystalline nature of the particles. #riol capped clusters as well (13).
analysis of the peak-widths on the basis of the Scherrer formuldn the FT-IR spectrum of the DPTTF clusters (Fig. 3), the
(11) gave cluster sizes which are in agreement with the TE®A-S stretching vibrations and the pentagonal ring deformatio
data. The powder diffraction profile of the two samples amodes of the DPTTF molecules occur in the 900—650 ‘cm
identical indicating that the metal cluster dimension is unafegion, which is almost similar to the pristine DPTTF spectrum
fected upon complexation. (shown in the inset of Fig. 3) except for a slight downward shift
The S region of the x-ray photoelectron spectra of thén peak positions for the cluster due to adsorption. The spectr
samples is shown in Fig. 2a. For the Au/DPTTF cluster, ttassignments are based on the detailed vibrational analysis
S2p peak occurs at 164.3 eV, whereas it appears at 167.2 €VF present in the literature (14). The bands at 685 and 73
for the AuU/DPTTF.G, cluster. The presence of a peak aroundm™* can be assigned to the CS stretching vibrations and tf
164 eV is indicative of a covalently bound sulfur atom at thbands at 920, 824, and 777 chihave contributions from ring
surface. This binding energy is slightly higher than the thiola®CC bending and external CCS bending modes. In the higl
(R-S") value normally found in alkane thilolate monolayerdrequency region, the bands at 3076, 3052, and 3015.5 cm
(162-164 eV) (12). The shift in the peak position to a higheorrespond to the CH stretching vibrations of the benzene ring
value upon complexation is indicative of electron transfer s well as the stretching vibrations of CH groups of the TTF
Ceo in accordance with the expectation. The fact that no addioiety. In spite of thorough washing of the samples with
tional sulfur structure is observed indicates that all the sulphtmluene, the FT—IR spectrum shows peaks corresponding to tl
atoms of the DPTTF molecule are uniformly involved in elegphase transfer reagent, tetraoctylammonium bromide. Thi
tron transfer and complexation occurs with all of them. Figumaay be because the Au—-S bonds formed by the DPTTF coul
2b shows the Au#dregion of the XPS spectra where thg, 4 be weaker compared to the other monolayers such as alka
and 4., bands are present at 88 and 91 eV, respectively, fimiols. Thus in the high-frequency region of the FT-IR spec-
both the Au/DPTTF and Au/DPTTFclusters. We did not trum, the bands at 2962, 2919.5, and 2851 toan be attrib-
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FIG.5. The variable temperature FT—IR spectra of the Au/DPTTF clusters in the 900- to 650emion. The high-frequency region is shown in the inset.
Temperatures are marked.

uted to the symmetric and antisymmetric C—H stretching vadthough small, are indicative of a weak charge-transfer inter
brations of the methyl and methylene groups, and the bandsation.
1207.5, 1157, 1119.5, 1070, and 1027.5 twan be assigned  In the spectrum, the peaks in the 3000- to 2800-ctragion
to the CH, wagging and rocking modes of the octyl chains ofan be attributed to the vibrations of the hydrocarbon chain ¢
the phase transfer reagent. The corresponding methylene sitis-phase transfer reagent impurity. The methylene scissorir
soring modes appear at 1487, 1465, and 1441'cm mode appears at 1462 ¢ The wagging and rocking pro-
In the FT-IR spectrum of Au/DPTTFEclusters (Fig. 4), gression bands are showing substantial difference when cor
the four peaks corresponding to thg @ibrations are observed pared to the Au/DPTTF spectrum. This difference couplec
at 1428, 1181.5, 576, and 526 cinThe C-S stretching bandwith the changes in the aliphatic CH stretching region is
at 685 cm' is showing an 8-cnv shift toward the higher indicative of changes in the organization of the alkyl chains.
frequency side (inset of Fig. 4) and the band at 738 cim The variable temperature FT—IR spectra of the Au/DPTTF
getting spit into two peaks at 742 and 727.5¢m clusters (Fig. 5) show that the DPTTF monolayer is quite stabl
In complexes with extensive charge-transfer (CT) likap to 398 K and there is essentially no change in the 600- t
CeoBrs. TTF; (9¢), a remarkable decrease in the frequency 800-cm* region up to this temperature except an overall
the vibrational bands of the fullerene is observed correspord&crease in intensity due to the slow desorption of the monc
ing to multi-electron transfer. But in most of the CT comiayer at higher temperatures. From 423 K onward, a change
plexes, where there is only partial electron transfer, the dowthe spectral profile is observed in this region. The bands at 73
shift of the vibrational bands is by a value less than 4tas and 685 cm' are shifted to 749 and 700 cii) respectively,
in the case of .HMTTEF complex (9d). In the FT—IR whereas the bands at 921, 824, and 777'cane disappearing.
spectrum of Au/DPTTF. clusters, the ¢ bands at 527 and A corresponding sudden intensity decrease for the peak at 30
1429 cm* are showing a 1-cnt downshift with respect to the cm™* corresponding to the aromatic CH stretching vibration is
Cso Spectrum. The increase in the frequency of the TTF modalso observed. The changes can be attributed to the change
and the corresponding frequency decrease for thenodes, the orientation of the fulvalene moiety along with subsequen
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FIG. 6. The variable temperature FT—IR spectra of the Au/DPTTE;, clusters. The inset shows the change for the pentagonal pinch mode before and a
the orientational ordering transition. The temperatures are marked.
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changes in the phenyl ring orientations without the breakage ofin the FT—-IR spectrum of &, the pentagonal pinch mode
the Au-S bonding at 423 K. The spectra at 423 and 448 dppearing at 1429 cm is the most sensitive band for the
show multiple geometries at the surface whereas in the higirentational ordering transition (16). For the Au/DPTTE.C
frequency region, the C—H stretching vibrations at 2919.5 astlster, the pentagonal pinch mode qf @ppears at 1428 cm
2851 cm* show a 2-cm* shift to higher frequency at 323 K, in the room-temperature IR spectrum. In the variable tempel
indicating the melting of the alkyl chains of the phase transfature FT—IR studies (Fig. 6) this band shows a 3-tehift to
reagent. higher frequency along with an intensity increase around 263 |
One of the possible methods of observing the charge transfelnown in the inset of Fig. 6). The extent of shift and the
of the DPTTF monolayer to &is the study of the orientational narrowing of the band profile is comparable to that of puge C
ordering transition of g,. Fullerenes and their highly symmet- The mass spectra for the Au/DPTTF and Au/DPTTg.C
rical derivatives are known to undergo first-order phase traglusters, respectively, are shown in Figs. 7a and 7b. In the ma
sitions which are orientational in nature involving essentiallgpectrum of Au/DPTTF cluster (Fig. 7a), a peakvdi 356 is
the freezing of the free rotations of the molecules (15, 16). Tleie to the molecular ion gH,,S, of DPTTF and the peak at
orientational ordering transition of {£occurs around 249 K. m/z 102 can be assigned to thetGS; fragment from the TTF
Any form of charge transfer to the fullerene cage or bondingoiety. The peaks ain/z 466, 353, 254, and 156 can be
which can hinder the free rotations to some extent will increaaétributed to the phase-transfer reagent. The former is due
the temperature for rotational freezing. We have studied ttiee molecular ion of the phase transfer reagegt(@,N" and
orientational ordering transition of £in the Au/DPTTF.G, latter are its fragments. In the mass spectrum of Au/DPT{f.C
clusters by differential scanning calorimetry and variable ten@Fig. 7b), the peaks at/z 720 and 360 are due togCand G
perature FT—IR spectroscopy. which dominate the mass spectrum. The difference in th
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100% eliminate the dynamical disorder of fullerenes, it does have a
(2) AWDPTTF ~ effect on the temperature of the orientational ordering. It is tc
| x50 | be noted that the DPTTF molecules appear to lie flat on th
surface since all the sulfur atoms seem to be involved i

bonding. This means thatsCmolecules must approach very
356 close to the surface to allow complex formation. Thus, the lon
102 alkyl chains of the phase-transfer reagent molecules, which a
shown to be present on the surface, are sufficiently flexible t

156 allow the penetration of fullerenes.
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