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Abstract

We describe phase transitions in microfilm assemblies of octanethiol (OT)-capped 2—4 nm-diameter Ag nanoclusters prepared from solutions
with OT/Ag* ratios of ~50. Using DSC we observe two melting/crystallization-type reversible phase transitions: e#td & due to
interdigiated unattached octanethiol, and the otherB25°C due to the phase comprised of the assembly of OT-capped nanoclusters.
Increased thermal fluctuations weaken the inter-chain hydrophobic interactions between interdigitated OT molecules, leading to both phase
transitions. The thiolate bond of OT-molecules bound to Ag nanoclusters are more rigid, thereby requiring a higher temperature to increase
the flexibility of the alkyl chain of OT, and to melt the nanocluster assembly. The mobility of the nanoclusters in the melt is limited, and
morphological features of the original assemblies are retained during recrystallization. No observable mass loss is deteelDup, to
above which OT molecules desorb from the Ag nanoclusters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ters can give rise to resonant tunneling effects that could be
harnessed in nanodevices for optical applicatjtpdt is crit-
Metal/semiconductor nanoclusters are considered to be at-cal to understand the thermal and chemical stability of such
tractive building blocks for constructing nanoelectronic de- nanocluster assemblies because their size- and organization-
vices due to their unique size-dependent, and often tunable dependent functional properties are sensitive to phenomena
thermal, optical, electronic and magnetic properties arising such as coalescence and disordering.
from quantum confinement effects. In particular, there has  Nanoclusters that are isolated from each other, e.g., by
been a great deal of interest in creating ordered assemblies o€apping agents, tend to coalesce slower than their uncapped
nanoclusters of select sizes, arranged in specific configura-counterparts, and hence, are structurally and electronically
tions for reaping the benefits of these properties in potential more stable. Typically these types of “protected” or “passi-
applications such as sensors, catalysis, nonlinear optics andiated” nanoclusters can be prepared by a variety of meth-
single electron devicd$—6]. For example, assemblingarrays ods, including hydrolysis and reduction of precurdar$§],
of alternating small and large sized semiconductor nanoclus-thermal decompositioff], photolysis[10] and nanosphere
lithography{11]. One common method of protecting the clus-
* Corresponding author. Tel.: +1 518 276 6844; fax: +1 518 276 8554. ters is to attach amphiphilic rr_10|ecu|e_s SU(_:h as alkyl thiols to
E-mail addressramanath@rpi.edu (G. Ramanath). the nanocluster surfaces. This technique is versatile, and has
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been used to synthesize clusters of single m§tals14], al- The nanocluster size, intercluster spacings and structural
loys[15,16]and semiconductofd,17]. In this technique, it  packing of the assemblies were characterized by transmis-
is essential to obtain maximal and uniform coverage of the sion electron microcopy (TEM) after being transferred onto a
self-assembled molecular layers on the nanocluster surfacesarbon-coated Cu-grid. A JEOL-2010 instrument operated at
to effectively protect the nanoclusters. Conformal packing 200 kV was used for these measurements. Differential scan-
also produces strong binding asymmetry and facilitates lat- ning calorimetry (DSC) measurements were carried out in a
eral van der Waals-type interactions between chains of ad-Mettler Toledo model DSC8Z2nstrument (calibrated with
jacent molecules, thereby further inhibiting species penetra-indium) to investigate phase changes in the nanocluster as-
tion through the capping layer and oxidative processes on thesemblies during heating and cooling. Thermograms were col-
nanocluster surfacg48,19]. Thin films of these conformal lected on~3 mg samples sealed in aluminum pans under
packed structures have application in chemical sensing in de-40 mL/min Np. Each sample was repeatedly heated from 0
vices such as metal-insulator—-metal-ensembles (MIMESs) into 150°C at 10°C/min, and cooled t3-30°C at different
which tailored selectivities can be established by adjusting rates between5 and—30°C/min. Calorimetric data was ex-
nanocluster type and passivant ligand. tracted by fitting the area under the endotherm and exotherm
In this work we investigate the thermal stability of mi- peaks.
crofilm assemblies of octanethiol (OT)-capped Ag nanoclus- We carried out thermogravimetric analysis (TGA) on
ters obtained from solutions with high OT/Agratios us- 5-10mg samples in a Mettler Toledo TGA/SDTA85h-
ing a combination of calorimetry, optical and electron spec- strument to track desorption and decomposition processes.
troscopy and microscopy techniques. By producing micro- Each sample was heated from 25 to 8@0at 10°C/min un-
films of these assemblies we observed that two phases exder 20 mL/min .
sisted. One phase is an ordered assembly of Ag nanoclusters In situ polarized light microscopy (PLM) was used to vi-
held together by interdigitation of OT molecules chemisorbed sually capture and correlate phase changes in the nanocluster
onto the nanocluster surfaces through a thiolate bond. Theassemblies with measured DSC peaks. The PLM measure-
other phase consists of excess OT molecules that are not diinents were carried out on the nanocluster assemblies heated
rectly attached to Ag nanoclusters, but are linked to each at 1°C/min to 150°C in a Nikon Eclipse E 600 Microscope
other, and the chemisorbed OT-caps on the Ag nanoclus-equipped with a Linkam TMS (93) heating stage.
ters, through van der Waals interteractions and are an in- Microscope reflectance infrared (IR) spectroscopy en-
tergal part in the film formation. Both phases have a melt- abled monitoring of changes in the octanethiol assembly both
ing/crystallization phase transition with no mass loss over before and after thermal treatment. A Spectratech IR-Plan
the temperature range studied. Advantage microscope computer-interfaced with a Nicolet
Magna Fourier transform IR 560 spectrophotometer was used
for our measurements. The results reported here were ob-
tained from 200 scans at a 2 tmresolution. Background
2. Experimental spectra were collected on a glass slide coated withy100
of gold and subtracted from the sample spectra.
Using an adaptation of the Brust metH@@] we prepared
microfilms of Ag nanoclusters capped with octanethiol (OT),
by reducing metal salts from a two-phase liquid mixture. In 3. Results
order to produce smaller particle sizes and maximize thiolate
bond coverage on nanoclusters we use solutions with high3.1. High resolution transmission electron microscopy
(e.g.,~50) OT/Ag" ratios. We note that the OT itself acts (HRTEM)
as a phase transfer agent, obviating the need for additional

agents such as tetraoctylammonium bromidgl4,15]. Fig. 1a shows a typical bright-field TEM micrograph of a
The capped nanoclusters were prepared from a mixture OT-capped Ag nanocluster film assembly. The Ag nanoclus-
of equal volumes of 1 mM aqueous AgN@nd 46 mM oc- ters have an fcc crystal structure with a lattice parameter of

tanethiol in toluene. The biphasic mixture was placed in an 0.408 nm, identical to that of bulk Ag, as indicated by the rep-
ice-bath at 5C, and stirred vigorously with a magnet rotat- resentative diffraction pattern and the high resolution TEM
ing at 600 rpm. A 7.4 mM aqueous solution of NaBias micrograph shown ifFig. 1b and c, respectively. The con-
slowly added to the mixture, resulting in OT-capped nan- centric of the{1 1 1} planes seen in the HRTEM micrograph
oclusters that migrate to the toluene layer. The toluene layerare identical to that of bulk Ag. Analysis of approximately
containing the OT-capped nanoclusters was separated fron¥0 clusters the TEM micrographs shows that the nanocluster
the bottom aqueous layer using a separating funnel, washedsizes range from-2.7 to 6.2 nm, with the highest frequency
five times with deionized water, and dried in flowing.Nh or- at~4nm (sed-ig. 1d).

der to obtain continuous films rather than separate nanoclus- The intercluster spacings, estimated by constructing
ters we negated the use of precipitation induced by methanolVoronoi [21,22] cells around each cluster in close-packed
addition. These thin films were then used for analysis. assemblies, yield discrete values with high frequencies be-
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Fig. 1. (a) TEM micrograph of as-prepared OT-capped Ag nanoclusters;
(b) diffraction pattern showing (111), (200), (220) and (31 1) reflections — — T TTTT—T—T—
from fcc Ag; (c) HRTEM image of a Ag nanocluster showifig1 1} lat- 3000 2806 1500 1400 1300 1200 1100 1000 900 80C 700 600
tice frmges. Histograms of (d)' the Ag nanocluster size distribution and (e) Wavelength ( cm'1 )

spacings between nearest-neighbor nanoclusters.

Fig. 2. IR spectra of OT capped-Ag nanoclusters in the as-prepared form,

tween~0.7 and 1.2 nm (seeig. 1e). This intercluster spac- and after annealing o 15.

ing range correlates well with one- to two-times the length

of OT molecules (0.7 nm), indicating interdigitation of 2-4 4 presence of alkyl chains with orthorhombic pacK2j.
overlapping methyl groups in OT molecules capping adjacent Thase results indicate the presence of an additional phase
nanoclusters. This is expected to result in hydrophobic inter- comprised of excess OT molecules. This inference is sup-
actions between the OT caps, as described previdasly ported by the DSC and TGA measurements. Spectra from
Spacings higher thar2 nm most likely arise from clusters  55semplies annealed to 18D and cooled to room tempera-
separated by regions of excess interdigitated OT-moleculesy e (also shown iffFig. 2) were essentially identical to that
that are not directly attached to the nanocluster surfaces. Wegptained from as-prepared assemblies. The presence of odd
attribute the small size of our clusters to the high thiol/metal- , ,mbered alkyl chains before and after annealing indicated
ion ratio in which after initial nucleation passivation occurs by CHs—C methyl rocking bands (normally inactive in even-

rapidly thereby inhibiting further particle growth. numbered alkanes) at 1375 and 1120 ¢rindicate that the
structure of the OT chains do not undergo degradation due to
3.2. IR spectroscopy condensation or branching side reactions during annealing at

) i ~ these temperatures.
The conformation and environment of the OT capping

agents in the Ag nanocluster microfilm assembly was charac—3_3_ DSC and TGA
terized by IR spectroscopkig. 2 shows the low-frequency
(600-1600 cmt) and the high-frequency (2800-3000ch
regions of the spectra. The asymmetric and symmetids
stretching modes at 2920 and 2842¢mrespectively, in-
dicate that the alkyl chains are mostly all-tragsended in

a close-packed configuration with a high degree of molec-
ular interdigitation. This inference is confirmed by the ab-
sence of strong end-gauche defect signaturedas1 cnt .

The nanocluster microfilm assembly was heated from 0
to 150°C to investigate its thermal stability. The heating rate
was 10°C/min for all scans, while the cooling rates were
varied between-5 and —30°C/min. During heating, the
DSC spectra shown iRig. 3a and b exhibit two endothermic

This molecular configuration maximizes van der Waals forces o T, 30°Chin 20 T

and gives rise to a high degree of rotational and vibrational _ 20 R -30°C/min
confinemen{23] of the amphiphillic OT molecules. While z 4~ 2 N\ —20°C/min

—CHz modes at 2957 and 2974 crharise from the relative E 5 10°Cmir ~—-10°C/min
orientational freedom of the chain termini, the absence of % "7~ | & ~—5°C/min gooling
splitting in the asymmetrie-CH3z mode suggests hindered L 0_’ S

chain rotations about OT chain axis. Equidistant bands in the E B Tm1 —

1150-1350 cm? region of the spectra, due to out-of-plane 2F -10} "eating T X/ ~10°Cmin
C-H nNisting and wagging vi_brations, suggest the presence 3040 50 80 70 80 100 110 _;_(r)" 130 140
ofacrystalline OT phase. Splitting of the @GHCH, in-plane (8) Temperature (°C) (b) Temperature (°C )

rocking mode) into two distinct unequal bands at 721 and

732cntt, observed in our spectra, also supports the Presencerig. 3. DSC thermograms of multiple runs of thermally cycled OT capped-
of crystalline OT. Similar observations have been attributed to Ag nanoclusters shown between (a) 30 and@@nd (b) 100 and 150C.
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Table 1
Transition temperatures and enthalpies extracted from DSC results

EndothermTy; (°C) AHmi (3/9) Exothernil¢; (°C) AHc1 (J/9) EndothernTy, (°C) AHmz2 (J/9) Exothernil¢; (°C) AHc2 (J/9)

61.26 18.96 51.70 18.24 125.46 101.82 116.09 102.78
61.26 18.17 50.73 18.28 125.46 103.23 114.65 102.81
61.26 18.19 48.78 17.89 125.46 101.41 113.58 102.23
60.59 18.18 48.17 17.38 124.79 102.59 111.07 101.96
peaksTm1andTy2 located atv61 and~125°C, respectively. 100 F

During cooling at—10°C/min, we observe two exothermic -

peaks,Tc1 andT¢, at~50 and 115C, respectively. Both the 90

exotherms and the endotherms were observed during repeatec

heating and cooling, as shown in (§&g. 3a and b) indicat- o 80 55 wi% mass [0ss

ing that both transitions are reversible. While increasing the % [ e

cooling rate results in a small decrease in the endothermic § 70_'

transition temperatures, there are no observable changes in, sok

the enthalpy values (s@@ble 1) extracted from the area of é’ I

the peaks corresponding to the respective transitions. The 50k

low-temperature (1) endothermic peak at61°C corre- s

sponds to the “melting” of the phase consisting of excess in- 40

terdigitated alkanethiols that are not directly attached to the -

nanocluster surfaces, but are intercalated between the clus- 30
ters in a crystalline form. Typically OT is a liquid at room
temperature, however this intercalation to form a solid crys- Temperature (°C )
talline form has dramatically changed its melting p¢i8].
This solid form holds the nanoclusters in the microfilm array

at temperatures up to its first melting transition~e1°C. , . o .
The crystallization exotherms @t; are similar to that re-  holding the assembly in a solid microfilm. At180°C, the

ported for a crystalline phase consisting of octadecanethiol OT desorbs from nanocluster surfaces and paves the way for
(~66°C) reported previousljL3]. irreversible aggregation of the silver clusters through coa-
The presence of this solid phase comprised of interdig- lescence, as reported earlj2b]. These desorbed molecules
itated OT molecules, between OT-capped nanoclusters, isd€COMpose between 180 and 3@0
corroborated by our IR spectroscopy results indicating the
presence of crystalline OT. The high-temperaturgfen- 3.4. In situ polarized light microscopy (PLM)
dothermic peak located at 126 is due to the increased flex-
ibility of the interdigitated chains of OT that are chemisorbed  In situ PLM measurements showed the morphologi-
onto the nanocluster surfaces. The enthalpy values observedal changes occurring during the above phase transitions.
here are in agreement with previously reported values for In this technique, changes in the contrast features reveal
OT-capped Ag nanoclustefk2,13]. The lack of any observ-  crystalline—amorphous transitions. PLM micrographs ob-
able changes in the enthalpy data after each cycle suggestsained from Ag nanocluster assemblies during heating, and
that there are no significant changes in the ordering or defectcooling, are shown ifrigs. 5a—e and 6f—j, respectively. At
densities in these assemblies. We note that the Ag clustergemperatures below61°C PLM micrographs consist of
themselves are intact and do not melt at these temperaturesbrown- and white-colored regions corresponding to birefrin-
Heating above 180C leads to the disappearance of the phase gent crystalline phases, amidst dark contrast regions of op-
transition exotherms and the endotherms during subsequentically isotropic material (Fig. 5a). It is most likely that the
DSC cooling and heating. We carried out TGA measurementsoptically isotropic regions are amorphous or disordered as-

0 100 200 300 400 500 600 700 800

Fig. 4. TGA profile of OT capped-Ag nanoclusters heated from 0 t800

from 0 to 80C°C. semblies of excess OT molecules that are not directly attached
Fig. 4shows that there is a 55 wt.% mass loss of the origi- to the Ag nanoclusters.
nal material between 180 and 30D. There is no observable Upon heating to~61°C, the dark brown-colored regions

mass loss below 18, or between 300 and 80C. These begin to become discontinuous and expose regions (size
results indicate that about 55 wt.% of the Ag—OT nanoclus- range:~few um to several tens ofim) of white contrast

ter assembly is comprised of OT, consistent with the high beneath them (see arrows in 5b). In the light of the DSC, IR

OT/Ag" ratios used in our experiments. Prior works sug- and TGA results, this observation indicates that the brown re-
gest[24] that only~20-25wt.% mass loss can account for gions correspond to crystalline domains of excess thiol, and
directly capping nanoclusters of sizes similar to ours, cor- the white regions correspond to the nanocluster assemblies.
roborating the presence of a phase comprised of excess OTrThis is verified by the samples showing mainly white and
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Fig. 6. Schematic illustration of the microstructure and phase transitions
in OT—Ag nanocluster assemblies prepared from high thiol/metal-ion ratio
solutions. Left: nanocluster (blue) assembly held together via interdigitation
of chemisorbed OT (black). Also shown are assemblies of excess OT (red) not
directly attached to the nanoclusters. Center: disordering of the crystalline
portions of the excess OT phase. Right: nanocluster assembly melting due
to disengagement of interdigiated OT chemisorbed onto adjacent clusters.

Fig. 5. In situ PLM micrographs obtained from OT capped-Ag nanoclusters

at (a) 43C, (b) 61°C, (c) 120°C, (d) 125°C, (e) 127°C and (f) 130C Both the transitions are reversible upon cooling.
during heating; and (g) 12 and (h) 119C, (i) 117°C and (j) 107C . . . . .
during cooling. ~117°C (seeFig. 5i and j), and proliferate upon cooling be-

low 61°C. leading to a view similar to that seenhig. 5a.
The excellent correlation between the temperatures at which
the major contrast changes are observed, and the transition
temperatures measured by DSC further confirm the labeling
%f the colors with the respective crystalline phases. The re-
versibility of PLM contrast and phase transitions indicated
by DSC, and the lack of mass loss below 2&0ndicate that

h transitions ar han in mobility of the OT
s g rmaton o rdered gons .o 1L (81201 10 2 0t el e O
example, the black strait—indicated by the X-tailed arrow in ocluster assembly is most likely due to the enhanced rigidity

Fig. 5d—between two nanocluster assembly islands is absentbf the OT molecules due to the strong-Ag bond between
at the same location at 120 (see X-tailed arrow ifrig. 5¢). the nanoclusters and OT

A comparison of-ig. 5¢ and d reveal two other features: the

disappearance of brown contrast traces on the nanoclusters at

~125°C, and increased mobility of nanoclusters. The latter 4. Discussion and conclusions

is reflected by shape changes of the nanocluster assembly is-

lands (e.qg., see left-pointing horizontal arrow$-ig. 5¢ and Based upon the above results we propose a phenomeno-

d). Both these effects are due to weakened hydrophobic inter-logical description of the Ag nanocluster microfilm assembly

actions between interdigitated OT molecules and increasedand its thermal behavior. The key elements of this model

molecular flexibility. Further heating results in the destruc- are schematically illustrated iRig. 6. The high thiol to

tion of the crystalline order (i.e., melting) of the assemblies, metal ion ratio leads to the formation of two solid phases

as indicated by the abrupt decrease, and disappearance dh the microfilm. One phase consists of assemblies of fcc

phase contrast (sé&g. 5e and f). We can, however, discern Ag nanoclusters (blue spheres) capped with chemisorbed OT

faint contours of the islands of nanocluster assemblies (e.g.,(black) on their surfaces. The nanoclusters are interlinked to

those indicated by horizontal arrow and the #-tailed arrow each other through hydrophobic interactions via interdigita-

in Fig. 5f). Upon cooling below 122C the nanocluster as-  tion of chemisorbed OT-molecules on adjacent nanoclusters.

semblies recrystallize as shownhig. 5g and h. While the  Ordered domains of a second phase (red) interspersed be-

shapes of the crystallites are, in general, different from those tween the nanocluster assembly are comprised of excess thi-

observed in the original sample, in many cases they exhibit ols that are not directly linked to the nanoclusters. Both phases

memory of the previous islands’ features. are held together by hydrophobic interactions via molecu-
For example, the crystallites indicated by the horizontal lar interdigitation between adjacent OT molecules to form

arrow and the #-tailed arrow kig. 5g and h broadly conform  an extented solid-state film. Annealingt®1°C melts the

to the outline of the previous island (fig. 5f). We also note  crystalline portions of the excess OT phase due to increased

the retention of the size, location and shape of entrapped re-molecular flexibility and decreased hydrophobic interactions

gions of excess thiols during recrystallization; compare dark- (seeFig. 6 center). The flexibility of the chemisorbed OT in-

contrast spot indicated by O-tailed arrowdHig. 5h and i on creases at a highertemperature-dR5°C because the strong

the one hand, and 5c on the other. These observations sugAg—S bond on the nanocluster surface makes the molecule

gest that even though the nanocluster assembly has meltedelatively rigid.

the mobility of the nanoclusters is confined to no more than  This leads to decoupling of the interdigitated OT

a few wm. Traces of the dark brown/red regions reappear atmolecules of adjacent clusters leading to the melting of the Ag

dark contrast domains between 61 and 120Fig. 5¢ shows
an example micrograph taken at 1ZD Traces of brown
regions seen on the nanocluster assemblies (white) are du
to remnant excess OT molecules interdigitated with those
chemisorbed onto the nanoclusters.

At ~125°C, the nanocluster assemblies (white) begin to
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nanocluster assembly (sEg. 6right). Both these transitions

are reversible, and do not involve structural changes inthe Ag

A.V. Ellis et al. / Thermochimica Acta 426 (2005) 207-212

[8] A.V. Ellis, K. Vilayamohanan, C. Ryu, G. Ramanath, Mater. Res.
Soc. Symp. Proc. 739 (2003), H6.4.1.

clusters or the OT. The mobility of the nanoclustersinthe melt [°1 H. Nagasawa, M. Maruyama, T. Komatsu, S. lsoda, T. Kobayashi,

is limited, suggested by the retention of morphological fea-

tures of the original assembly. Upon heating above°150

Phys. Status Solidi A: Appl. Res. 191 (2002) 67.
[10] L.A. Peyser, T.-H. Lee, R.M. Dickson, J. Phys. Chem. B 106 (2002)
7725.

both phase transitions disappear upon subsequent cooling anfl1] T.R. Jensen, G.C. Schatz, R.P.J. van Duyne, Phys. Chem. B 103

reheating due to OT desorption and intramolecular cleavage,

and cluster coalescence.
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