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Melting of crystalline solids(superlattices of octadecanethiol and octanethiol protected silver
clusters has been studied with x-ray powder diffracti¥RD), differential scanning calorimetry

(DSO), and infrared(IR) spectroscopy. These solids have been compared with the silver thiolate
layered compounds in view of their similarity in alkyl chain packing and x-ray diffraction patterns.
Superlattice melting is manifested in XRD around 400 K as the complete disappearance of all the
low angle reflections; only bulk silver reflections due to the cluster cores are seen at 423 K. The
superlattice structure is regained upon cooling from a temperature close to its melting point.
However, cooling from a higher temperature of 473 K does not regain the superlattice order,
whereas thiolate melting is repeatedly reversible even at these temperatures. Transmission electron
microscopy suggests aggregation of clusters during heating/cooling cycles. DSC shows two distinct
transitions, first corresponding to alkyl chain melting and the second corresponding to superlattice
melting. Only alkyl chain melting is observed in variable temperature IR and increased order is
manifested upon repeated heating/cooling cycles. Alkyl chain assembly shows strong interchain
coupling leading to factor group splitting in cluster superlattices upon annealing. In thiolates only
one melting feature is seen in DSC and it produces gauche defects, whereas significant increase in
defect structures is not seen in superlattices. Repeated heating/cooling cycles increase interchain
interactions within a cluster and the superlattice order collapses20@ American Institute of
Physics[S0021-960800)70245-5

INTRODUCTION (NMR), mass, thermogravit(TG), differential scanning
calorimetry (DSC), and conductivity studie$in this paper,

~ Quantum dot(QD) superlattices have been of immense e focus on the melting of the superlattice solids. Phase

interest in the recent past due to the diverse properties POgnsitions of Ag nanocrystal superlattices have been inves-

. . 3 .
sible in these systents® Assembly of semiconductornd tigated befor@as a function of the ratig/L}/R between the
metal QDS has been observed in transmission electron mi-

L capping ligand chain length with the core nanocrystal
croscopy of thin films. Monolayer protected metal clusters bpIng 19 g 4

: ) . = radius®® While face centred cubiéfcc) packing was seen
are ideal systems to make such superlattices in three d|me?—

X : o r (L)/R<0.60, body centered cubibcc) was favored for
sions. In the course of our investigations of self-assemble LY/R>0.60. When(L}/R>0.66. bodv centered tetraconal
monolayergSAMSs) grown on planar surfaces by surface en- >k' N .< ) i t‘h' ,I Y d cludd 9
hanced Ramanand x-ray photoelectron spectroscopies, pac 'Eg was sien n ?g anetnios capgeh CIUSTETS. |
decision was made to look at the three dimensional mono- 1 he crystalline solids investigated here are not superlat-

layers grown on metal clusters. This enabled the investigali®S in the conventional sense since no appropriate sublat-

tion of structure and properties of the monolayer systems byce exists. They can be described better as crystalline solids
a large number of techniques. Following the reports of su®f monolayer protected clusters. The metal atoms and the
perlattices in transmission electron microscoffiEM)” and ~ Monolayers within a cluster possess translational periodicity,
small angle x-ray scatteringSAXS)®® investigations, we as in the bulk metal and in the alkane solid, respectively. We
refined our synthetic approach for the preparation of sing|erefer to them as superlattices to be consistent with the litera-
phase superlattice solids. These solids have been probed byse report§.
range of techniques such as x-ray diffractio¢RD), trans- Alkyl chain assembly in planar SAMs is closely related
mission electron microscog§fEM), Fourier transform infra-  to that in layered silver thiolaté$.Extensive investigations
red spectroscop§FT—IR), x-ray photoelectron spectroscopy of monolayer protected clusters suggest that the alkyl chain
(XPS), UV-VIS, nuclear magnetic resonance spectroscopyassembly in them is similar to monolayers on planar
surfaced. Thus it is likely that the molecular assembly of
dAuthor to whom correspondence should be addressed. Electronic mai[:nonOIayer covered cluster solids is related to that of layered
pradeep@iitm.ac.in thiolates. This comparison is all the more meaningful since
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many structural and spectroscopic insights into the structurBlMR. The synthetic procedures were performed at 298 K.
of cluster solids can be derived from the comprehensivelhe materials were stored in ambient laboratory air and no
studies of thiolate&’ Pioneering study of Dancet all®® significant change in the spectroscopic properties were ob-
suggested that the alkyl chains in antadlns orientation are  served in the time scale of two months. We observed that the
projected in either direction from a layered Ag—S lattice tosolubility of the samples decreases with time, possibly due to
make layered silver thiolates. Detailed x-ray diffraction andaggregation, which was studied by UV-WSHeated
transmission infrared spectroscopic investigations of Pariksamples are not soluble in toluene, also due to aggregation
et al’%® have shown that small interpenetration of the layerssee below:

exist which results in the formation of one dimensional cor-  Silver thiolate layered materials were prepared by a
ridors, which alternate between the layers. The thiolate solidmodified literature procedur@® A 0.0139 M toluene solu-
show mesogenic behavior after melting, in all except thetion (47.6 m) of the respective thiol was added to 0.0288 M
ethyl derivative'®® The alkyl chain assembly need not be aqueous solutiori20 mi) of AgNO; while stirring and the
all-trans as revealed by Fijolelet al’®® Their structural  resulting solution was stirred for 3 hours. A white suspension
and spectroscopic study of variously synthesized butanethivas formed in the toluene phase. Aqueous layer was found
olates showed that the chain conformation changes all thg be free of Ag. Precipitate in the toluene phase was col-
way from alltransto gauche with a conformationally mixed |ected by centrifuging, washed with toluene and air dried.
phase in-between. The comprehensive study of Benseb@ue to the possible light sensitivity of these materials, all
et al!* compared the alkyl chain assembly of thiolates withsyntheses were performed in covered flasks and the materials
that of planar monolayers and monolayer protected clustergyere stored in brown colored bottles.

Our investigations are principally concerned with octa-  The superlattice solids have been thoroughly character-
nethiol and octadecanethiol protected silver cluster superlaized by various techniques such as TEM, XRD, FT—IR, TG,
tices. Melting of these polycrystalline superlattice solids iSpSC, UV-VIS, NMR, XPS, and mass spectrometiiow-
probed by variable temperature XRD, FT—IR, and DSC. Wegyer, the present studies are focused on XRD, DSC, and
compared the cluster superlattices with the corresponding siET—|R and only those experimental details are given below.
ver thiolate layered solids through a number of experiments. X-ray diffraction X-ray diffractometers with Cuk or
These comparisons became necessary because apart from #§k « radiations were used for room temperature measure-
reasons mentioned above, both the solids show similar, byhents. The samples were spread on antireflection glass slides
not identical, XRD and IR features, which prompted us totg form uniform films. The films were wetted with acetone
suspect decomposition of clusters into thiolates. for uniformity and were blown dry before the measurement

(use of acetone did not have any effect, confirmed with
EXPERIMENT pressed pellejs All samples were similarly prepared. For

Materials Silver nitrate (Merck, 99.99%, chloroauric ~ Vvariable temperature measurements, aP¥rt-MPD diffrac-
acid (HAuCl,-3H,0, CDH, 99.8%, tetran-octyl ammonium  tometer with Cuky radiation was used. The sample was
bromide (Merck, 98%, sodium borohydride, octadecane- spread on a tantalum heating plate and at each temperature,
thiol, octanethiol(all Aldrich, 99% were used as received. the sample was allowed to stabilize for 3 minutes and the
Toluene and methanol used were of AR grade. In all thesgiffractogram in the range of 3°-512 thetg was measured.
syntheses, deionized and subsequently distilled water wa step size of 0.05° was used. Note that several measure-
used. ments were performed on the same sample. The data were

SynthesisOctadecane and octane thiol protected cluster@cquired rapidly due to the potential x-ray induced damage
were synthesized using a modified literature method deof RS~ species? Due to this the spectral quality was inferior
scribed originally for gold clusters. These will be referred to that of normal single scan measurements. Thiolates and a
to later as C1§Ag—ODT) and C8(Ag—OT) clusters, respec- few superlattice solids were studied with a Siemens diffrac-
tively. Briefly, 0.0358 M toluene solutiof21.6 m) of tetra  tometer using Culk radiation. Data in the range of 2°-70°
n-octyl ammonium bromide was added to a vigorouslywere measured in the temperature range of 303—-423 K, at
stirred 0.0288 M aqueous soluti¢h0 ml) of AgNO;. After  every 20 K interval. A step size of 0.02° was used.

1 hour of stirring, a 0.0139 M toluene soluti@23.8 m) of Infrared spectroscopylnfrared spectra were measured
the respective thiol was added. To this, 8.25 ml aqueouwith a Bruker IFS 66v FT—IR spectrometer. Samples were
solution(0.2378 M of sodium borohydride was added drop- prepared in the form of pressed KBr pellets. All spectra were
wise. Reduction and derivatization of silver was manifestedneasured with a resolution of 4 ¢thand were averaged

by the brown color of the toluene phase, which was origi-over 200 scans. Variable temperature measurements were
nally colorless. The solution was stirred overnight and theperformed with a home-built heater and a programmable
organic layer was separated. It was allowed to evaporateemperature controller.

slowly to 10 ml(this took several hours to a few days at the Differential scanning calorimetryDSC data were taken
ambient temperatuyeand 100 ml of methanol was added in with a Netzsch PHOENIX DSC204 instrument. 10 mg of the
order to precipitate the cluster. The precipitate was allowedamples encapsulated in aluminum pans was used. The mea-
to settle and was collected by centrifuging. The material wasurements were conducted in the temperature range of 123—
washed several times with methanol to remove unreacted73 K. Thermogravimetric measurements showed that there
thiol and was air dried. The product obtained was a fines no weight loss in this temperature window and thiolate
brown powder. Purity of the sample was ascertained bylesorption commences only above 540 K in these samples.
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for clarity. As can be seen, the room temperature patterns
show low angle reflections. The bulk silver reflections are at
473 38.48° and 44.60°, which are observed in Ag—O[Hig.

(111)

A f |
)
T“WWWMWN%W 1(B)]. In Ag—OT [Fig. 1(A)] note the absence of any inten-
sity at 44.60° in the room temperature spectrum due to the
bulk (200 reflection, suggesting that the material is essen-
tially single-phase superlattitésee also beloy This means
that the peak at 38.59° may also be attributable to the super-
lattice. All the low angle reflections at 10.87, 14.43, 17.99,
21.69, 25.33, and 32.60° in Ag—dFig. 1(A)] can be fully
indexed to a simple cubic unit cell aF=59.172 A. Note that
. . the patterns also show some lines due to the heating base
Diffraction angle (26) plate, which are marked with asterisks). The Ag—ODT
pattern can be assigned to a simple cubic unit cellaof

*/'(200)

- AMNWWJM ‘\W\meuﬁﬁ

Intensity (Arb. units)

B * é g =67.465A. The superlattice reflections are observed up to a

:[,:? \ e temperature of 398 K and the diffractogram at this tempera-
g W“W“WWMMWWWW’ s ”‘J‘U “‘”’WW’ ‘”‘ 2 ture is not different from that at room temperature. We do
& WWM%W 47 not see any shift in the peak positions and there is no emer-
i | ”““”M”’”’“’“"Mwww ’U gence of additional peaks up to this temperature indicating
> ":?[““N ﬁ%wwwwmwwmwwﬁ Mwwwmwg the absence of phase transitions in the material. Diffracto-

g JW VIS vaM\JW«WWW Ml i, 398, grams at. 423 K shgw the near complete d!sappearance of the
g T WWWJWMM dwth, 373 superlattice reflections and at 448 K the isolated cluster re-
RS MLW‘“ W/{WWWJ/W& i, 348, flections begin to increase in intensity. In the data at 473 K,

! A wfw y \M,,WMVMMMWM w”\mmmww&w?ﬁ the (111) and (200 reflections of Ag have increased in in-

10 30 30 40 50 tensity. Beyond 473 K, the pattern is essentially unchanged,;

Diffraction angle (20) data are presented for Ag—ODT at 573 K. Upon cooling

down (from the highest temperatyrehe superlattice reflec-
FIG. 1. Variable temperature x-raffuKa) powder diffraction patterns of  tjions are absent and there is no change in1i4) and(200
(A) Ag—OT and(B) Ag—ODT. The temperatures are marked in the figure. reflections of silvernot shown. This suggests that the ma-
The isolated silver cluster reflections are marked, these are immediateI%/
noticeable in the topmost diffractogram OA). The peaks labeled with terial does not regain the superlattice order upon cooling. We
asteriskg*) are due to the heating base plate. Due to possible x-ray inducetvill come back to this aspect later in the paper. It appears
damage of the thiolates, the spectra were acquired rapidly. that the cluster core anneals, which results in the increase in
the intensity of the Ag lattice reflections.
Repeated heating/cooling experiments were performed with The data presented show that the superlattice is stable up
the same sample. Separate measurements were performedadd398 K. It is important to see that there appears to be no

confirm the reproducibility of the data. large difference in the transition temperature for the two
There are distinct differences between superlattice solidshain lengths. Upon increasing the temperature to 473 K and
and thiolates, as discussed in the Appendix. subsequently cooling down, the system becomes an orienta-
tionally disordered glass showing no superlattice reflections

RESULTS but only isolated Ag cluster pattern. In order to see whether

The sections are divided into two pertaining to phasdt is possible to regain the superlattice after melting, the
transition of superlattices and thiolates. sample was immediately cooled after the collapse of the su-

perlattice. In Fig. 2, we show a series of such experiments
performed on the same sample. The diffraction patterns of
Variable temperature x-ray diffractionEarlier studies Ag—ODT upon heating to different temperatures and cooling
have shown that Ag clusters of average core diameter 4.® 303 K (in situ in the diffractometer are presented here.
+0.5 nm capped with alkanethiols form single-phase super®When the sample was heated to 423 K and subsequently
lattice solids’ The x-ray powder diffractograms of these sol- cooled back, the superlattice reflections are still observed.
ids show low-angle peaks, which can be fully indexed toThe superlattice is also seen for the sample, which was
single cubic unit cellS. Whereas alkanethiols with five or cooled back from 448 K. However, these reflections are
more carbon atoms form superlattices, the correspondingompletely absent upon heating to 473 K and cooling back
cluster with four carbons yield only separated clusters idenfFig. 2(f)].
tical to the three dimensional self-assembled monolayers in- One of the interesting aspects to note is that the super-
vestigated befor&!® No superlattice reflections are seen lattice reflections are much narrower than the isolated cluster
with the corresponding gold clusters. reflections. The particle size of the superlattices from the
Figure 1 shows thén situ variable temperature x-ray Scherrer formul# works out to be 239 A, although the ef-
powder diffraction patterns of Ag—OTA) and Ag—ODT fective core size of the cluster from TEM is of 40 A, indi-
(B). In order to make a comparison of the data, the intensitiesating that each particle is composed of many superlattice
were not manipulated for presentation except for the offsetynit cells? However, the particle size of isolated clusters is

Melting of superlattices
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FIG. 3. (A) Differential scanning calorimetric traces of Ag—ODT upon re-
peated heating and cooling cycles. Three separate cycles are shown by the
lines(1) (—), (2) (---), (3) (---+). (1) Heating to 423 K and cooling back?)

a repeat of the same an@) heating to 473 K and cooling back. In all the
T S experiments, a heating/cooling rate of 10 K/min was used. All the experi-
10 20 30 40 50 ments pertain to one sample. Transition temperatures and enthalpies are

Diffraction angle (20) given in Table I.

FIG. 2. X-ray powder diffractio{CuKe) profiles of Ag—ODT at various  The enthalpy of superlattice meltir@able ) is substantial,

temperatureda), (c), and(e) correspond to the patterns at 423, 448, and 473 . T . g
K, respectively(b), (d), and(f) are the patterns at 308 K upon cooling the which indicates that the cohesive energy of the super struc

sample from 423, 448, and 473 K, respectively. All the experiments werdUre is high. A molecular dynamics studhyof the alkanethi-
performed on the same samigie., the sample was cycled between the high olate capped gold superlattice predicts a cohesive energy of

temperature and 308)KThe peaks labeled with asterisks). are dge to the 15 eV/cluster. Upon cooling the solid from 423 K, the tran-
heating base plate. Inset shows TEM@&fAg—OT superlattice solid anth) . . . . . .
the same after heating to 473 K. sitions are again manifested; the superlattice freezing en-
thalpy is considerably less than the melting. The alkyl freez-
ing, however, releases more energy, presumably because of
much smaller, for example, that corresponding to the topghe annealing of defects. In addition, the clusters may act as
curve of Fig. 2. In gold clusters where superlattice is not seemucleating sites for crystallization.
in XRD, the Scherrer formula values are close to the cluster In experiment 2, both the transitions are seen in either
dimensions obtained from TEM. In Au—ODT, TEM gives a direction; the enthalpies of both are roughly the same as in
core diameter value of80.5 nm and the Scherrer formula the first cooling experiment. Upon cooling, the superlattice
value is 29 A. The inset of Fig. 2 shows the TEM @ freezing is observablé€Table |, not clear in the figujebut
superlattice solid and th@) sample after heating to 473 K. the enthalpy has substantially reduced. Enthalpy of alkyl
The TEM of thesuperlattice soligd although shows a high freezing is comparable to the value of melting. In experiment
degree of uniformity of particle siz&l=0.5 nm, no regular 3 upon warming, both the transitions are observed; the ener-
order is observed. However,drop cast film of the cluster getics of the first is comparable to that of the previous ex-
shows periodic ordetWe explain this as due to the melting periment. The superlattice melting is observed but the en-
of the solid under electron beam, note that these solids aralpy has reduced significantly. Upon cooling, freezing of
principally hydrocarbon assembled materials. We have seethe superlattice is not observed at all.
that large crystallites melt and flow immediately upon expo-
sure to the electron beam. (h) the clusters got aggregated, TABLE I. Enthalpies and transition temperatures of the octadecanethiolate
which prevents the formation of superlattice upon cooling. capped silver cluster superlattice from DSC upon repeated heating/cooling
Differential scanning calorimetryin Fig. 3 we compare ~ °ycles.

the differential scanning calorimetric data of Ag—ODT under Ag-ODT

three experimental conditions. The sample was heated ini-

tially to 423 K from 123 K and was allowed cool to 298 K AH, (Jg)  Ti(K)  AH,(Jg)  Tp(K)
(experiment L It was then reheated to 423 K and again Heating from 107.9 339.7 46.3 399.2
allowed cool to 298 K(experiment 2 In experiment 3 the 123 Kto 423 K

sample was heated to 473 K and then cooled to 298 K. Datacooling from 136.4 321.8 9.4 375.0

were collected in all three experiments. The DSC traces 423 Ko 123 K

show two transitions, the first around at 339.7 K and another ;'gegt:? ?of[fg K 1395 338.3 134 388.8
at 399.2 K, the former is due to the melting of the alkyl chain cooling from 153.0 321.8 1.3 3711
assembly and the second is due to that of the superlésiige 423 K to 298 K

below. In Au—ODT, the peak temperature of the first tran- Heating from 149.5 339.0 15 388.9

o ; . o 298 K to 473 K
sition is 333.5 K. We attribute the higher transition tempera- Cooling from 163.0 320.0

ture in the case of Ag—ODT to the presence of the superlat- 473 k 10 295 K
tice, which resulted in an increase in interchain interactions:
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Both XRD and DSC show the reversibility of the super- ju;: S P—
lattice transition at lower temperatures and irreversibility at 5 T \;/ /j/ﬂg,
higher temperatures. Thus, the XRD and DSC results are in 8 o //*/'
perfect agreement with each other. The results suggest that < /——Q 4
the molten superlattice has two distinctly different forms, 3 /\ / /fj%
one in which the alkyl chains can reform just as in the origi- 5 A //%/
nal solid and in the higher temperature phase, the alkyl ‘g %\F\\
chains lose memory of the original order and cooling results é e /
in a disordered phase of isolated clusters. The increase in = Ja ‘
alkyl chain melting enthalpy upon repeated heating/cooling 3000 2950 7900 7850 2800
cycles is significant. One obvious reason could be the an- Wavenumber (cm™)

nealing of the defects in the alkyl chain order. Variable tem-
perature infrared investigations have shown that the alkyl
chains have attained increased order upon codlsag be-
low).

To compare the behavior with the corresponding Au sys-
tems, an experiment was performed with Au—ODT. Here
again, both transitions are observed. In accordance with the
XRD data, where no superlattice reflections were observed,
the superlattice melting enthalpy was found to be low, indi-
cating that the fraction of material in this state is less. Note
that while the superlattice melting enthalpy is about 43% of
the alkyl melting energy in Ag—ODT, it is only 4.5% in
Au—ODT. The alkyl melting goes through multiple phasesFiG. 4. variable temperature FT—IR spectra of Ag—ODA) and (B) cor-
unlike in the case of Ag—ODT, probably due to the interdigi- responds to the C-H st(etching an(_i low frequency regions, respectively.
tation of individual monolayer chains. Upon cooling down gggc(téf;ge( dr)“gi‘;’(r;d?’&"((%rggf?g;*jgf‘i;g{ﬂfi;ag“ﬁ@mg' ®
(from 473 K), the superlattice freezing is not seen, but the
individual steps of alkyl freezing are observable. Just as in

the case of Ag, enthalpy increases upon cooling due to thepectively. Positions of the methylene vibrations can be
annealing of defects. taken as a measure of the orderystallinity) of the alkyl

A corresponding DSC experiment was performed forchains. In the case of crystalline polyethylene, the frequen-
Ag—OT. The data were measured as in the case of Ag—ODTies of the symmetric d") and antisymmetricd~) CH,
(see above The superlattice melting occurred gradually in modes are at 2846-2849 and 2916-2918 ~tm
the first heating and there is almost continuous absorption Qfespectivelyl.G The values blueshift to 2856 and 2928 ©m
energy although there are three distinct maxima at 377.Qn liquid.*®® This increase corresponds to greater number of
382.9, and 388.6 K, which are seen in subsequent heatingauche defects. For 2D SAMs, crystallinelike behavior is
experiments also. This behavior appears to be associatégund for chain lengths above CG6.Here thed® andd~
with the interdigitated alkyl chains. Upon cooling, two dis- modes appear at 2848 and 2919 ¢nrespectively, clearly
tinct superlattice-freezing transitions are seen; the enthalpiesuggesting altrans conformation. Similar positions are seen
are lower than the melting. The superlattice melting enthalpyn the case of 3D SAMs on A Ther * (symmetri¢ andr ~
in second heating is comparable to that of the first freezingantisymmetri¢ bands of the methyl group for all alkanethi-
and three distinct transitions are observed. The superlatticglates lie at almost similar values of 2868 and 2957 tm
melting temperature reduces slightly with decrease in chaimespectively, throughout. The~ band is composed of at
length. Unlike in the case of Ag—ODT where there was aleast two components as marked in the Fig. 4. To make two
distinct temperature corresponding to the superlattice meltasymmetric CH vibrations degenerate, the methyl group
ing, Ag—OT shows several transition temperatures. Uporshould possess at leaSt symmetry. This symmetry is not
first heating, almost continuous absorption of energy is manipresent in the alkyl chain assembly, as chains are nonequiva-
fested. It seems that several conformations of the alkylent. This asymmetry arises due to the intermolecular inter-
chains got frozen in the superlattice solid of Ag—OT, actions between the adjacent alkyl chains. Since the peaks
whereas the alkyl chain order appears to be similar to aare not well resolved, although observable clearly, we sug-
alkane crystal in the case of Ag—ODT resulting in a sharpegest that the chain ends undergo hindered rotation. Thus lim-
transition(see below. ited orientational freedom exists for the chain termini. All

Variable temperature infrared spectroscopy order to  the other bands can be assigned on the basis-alkane
find an explanation for the observed behavior and to undervibrations and have been discussed in detail be¥éreroom
stand the nature of alkyl chain order, a variable-temperatureemperature, thd™ andd™ modes appear at 2847 and 2915
infrared investigation was performed. In Fig. 4, we show thecm™ %, respectively, characteristic of crystalline alkanes, indi-
temperature-dependent FT—IR spectra of Ag—ODT in thecating solidlike order. These modes shift to 2853 and 2924
range of 298 K to 473 K. The C—H stretching and low- cm™?, respectively, at 398 K; the values are those of liquid
frequency regions are shown separaféty(A) and (B), re-  alkanes-®® A drastic shift corresponds to the melting of the

Transmittance (Arb. units)

16001400 1200 1000 800 600
Wavenumber (cm™!)
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alkyl chain. It is important to see that the phase transition
temperaturé¢398 K) is higher than the value reported for Au
clusterst® Note that the transition temperature observed in
IR is significantly higher than that seen in DSC, as noted by
Badia et al1® At the transition temperature, the® modes
merge and shift to a higher value. This also indicates total
rotational freedom of the alkyl chains.

In the low frequency region, the positions of all the
bands, and especially the presence of the wagging and the
rocking progression bands suggest the presence of crystalline
alkyl chains. The assignments are fully described in earlier

Melting of monolayer protected cluster superlattices

9799

Transmittance (Arb. units)

3000

3900

3950

72850

Wavenumber (cm’!)

2800

papers. Prior to the melting transition, tAgCH, mode (as-
signed to the scissoring mode of the methylene close to the
cluster surfaceat 1421 cm? begins to shift and broaden. At
the melting temperature, the transition becomes so broad that
it is not observable, indicating that the alkyl chain as a whole
attains rotational freedom and consequently the lifetime of
the vibrational state decreases. THEH, mode at 1468
cm ! shows only broadening, but no shift. The broadening
of these two peaks is significant since it indicates the occur-
rence of additional channels of relaxation for the entire alkyl
chain, which is mostly free rotation. A corresponding effect
is seen on the methylene rocking mode(@H,)) at 720
cm™™. At 323 K ther(C—C); appearing at 1068 cit shows  fiG. 5. FT-IR spectra of Ag—ODT in thé) as prepared conditior(b)
a downshift and at the monolayer melting temperature, thefter heating to 398 K and subsequent cooling to 298 K,(andfter heating
band disappears completely. We attribute the redshift in th%’ 473 K and_ subsequent_ cooling pack to 298 K. Fresh samples were used
frequency to increased order or annealina of the chains. No or e_ach heating and cooling experiment. The spectra were measured in KBr
q y g tr%atnces.(A) and (B) correspond to CH stretching and low frequency re-
that only »(C—C); shows redshift, not(C—H) or SCH,. An  gions, respectively.
increase in the alkyl chain melting temperature is suggested
to be a signature of the superlattice. The fact that the super-

lattice is stable even after heating the solid above the mongrequency regions are plotted §A) and(B). Thed™ andd™~
layer melting transition implies that intercluster interaction ismodes appear approximately at the same enéngthin 2
significant. cm}) indicating that the alkyl chains are crystalline in all
Melting of the alkyl chains and the formation of liquid the samples. However, in spectruym), there is a substantial
like structure are also evidenced by a number of other signaeduction in the peak width, which is particularly noticeable
tures. The C—C stretching and the progression bands disafpr the r~ mode at 2953 cmt. This is attributed to the
pear completely. Although the GHvagging band close to annealing of the defects in the alkyl chain assembly. This
the cluster surfacedCH,) labeled in Fig. 4B) loses inten- increased order is visible in théCH, mode, resolved into
sity completely, there is still some intensity for the waggingtwo peaks at 1463 and 1473 chof almost equal intensity
band corresponding to the other €groups. The presence in spectrum(c). These two peaks are attributable to factor
of rotational freedom is also clear. At the same time, thegroup splitting in the monoclinic unit cell and is observed in
C-H and the C-S stretching modes are present in the moltethe infrared spectra of many hydrocarbon crystais the
state, showing that the alkyl chains are still adsorbed on theemperature dependent IR spectra of monolayers, the meth-
surface. Note that the (C—§)mode at 698 cm' is retaining  ylene scissoring mode splits into two at 80 K, which has
the intensity throughout while all the other peaks decrease ibeen attributed to increased order in the alkyl chain
intensity. Note especially the decrease in intensity of the 72@ssembly’! In spectrum(b), the SCH, mode has a shoulder
cm ! band due to FCH,) and v(C—S);. In fact this peak corresponding to the emergence of a new peak. As a result of
completely disappears above 448 K. This would suggest thatnnealing, the methylene-rocking mode at 720 tis split
after melting the conformation around C-S is essentiallyinto two peaks of almost similar intensity at 720 and 730
gauche. Note that the C—S mode does not show any shitim 2. An identical splitting of the rocking mode is found in
during the experiment, indicating that the nature of bindingpure hydrocarbon crystals and is suggested to be due to the
is unaffected. in-phase vibrations of adjacent, differently oriented, alkyl
The sample upon heating and subsequent cooling washains in the monoclinic unit cet??? All of these signatures
examined in separate experimefits pure state, not in KBr are indicative of increase in the alkyl chain order, which is in
matrix). The FT—-IR spectra of Ag—ODT shown in Fig. 5 perfect agreement with the DSC results. Au—ODT behaves
were recorded at 298 K, for the following sets of conditions:similarly, although the factor group splitting is not as distinct
(a) as prepared(b) following heating to 398 K and subse- as in Ag—ODT.
guent cooling to 298 K(c) following heating to 473 K and Similar experiments are performed on Ag—OT cluster
subsequent cooling to 298 K. The C—H stretching and lowsuperlattices also. The methylene (§$Hsymmetric @)
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. . . x . . superlattices. Three cycles of heating/cooling were per-
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formed(marked separatelyand it can be seen that even after
Diffraction Angle 26 heating to 473 K, the transition isepeatedly reversible
While cooling down a two-step transition is observed, possi-
(A) while heating andB) while cooling. Temperatures are marked in the . . > . .
figure. All the reflections came back after cooling. superlattices, we saw that the melting transition is reversible
only if it is heated up to 423 K. Also note the larger enthalpy
changes compared to the superlattice. After the first heating,
and antisymmetric d”) modes appear at 2847 and 2916 a|| the energy values are almost identical, in sharp contrast
cm 1, at room temperature, respectively, are characteristic ofith the superlattice data.
crystalline alkaneé? indicating the solidlike order. These Variable temperature infrared spectroscopyigure 8
modes shift to 2852 and 2923 ¢h at 378 K, values indica-  shows the variable temperature IR spectra of (g high
tive of liquid alkanes®® Melting is manifested in the pro- and(B) low frequency regions of Ag—octanethiolate layered
gression bands also. All the bands undergo reduction in insplids. The methylene (CH symmetric @*) and antisym-
tensity and become broad during the transition. Tle-S; metric (d~) modes appear at 2847 and 2918 chrespec-
mode got reduced in intensity and become equal to that afvely, which is characteristic of crystalline alkan€sindi-

the vC-&; at 398 K. cating the solidlike order. These modes shift to 2853 and
2923 cm'! at 393 K, values which correspond to those of
Melting of thiolates liquid alkanest®® Melting is manifested in the progression

. . - bands also. All the bands undergo reduction in intensity and
In this section we present data pertaining to Ag— : 2 .
) . ..~ _become broad during the transition. Formationv¢€—S);
octadecanethiolate. The data of Ag—octanethiolate is similar, o . .
. . . after the transition indicates that during the transition gauche
Variable temperature x-ray diffractiorin order to see : A :
defects were increased. The transition is at a higher tempera-

he melting of thiol we hav rformed variabl m- . N
:)eeratu?et )?R% :neoaztjerzlme?lts ir? tﬁng s;rgpI:s stewtee" }Hre than that of the superlattices, which indicates that the

Fig. 6(A) the XRD pattern of Ag octadecanethiolate during van der Waals attraction is stronger in the case of thiolates.
heating is shown. At 423 K, most of the low angle reflections
disappeared as in the case of the superlattice. As expect

the bulk Ag reflections at 38.48° and 44.60° are not emerg-
ing at this temperature. Studies of Baestaal °© have es- For a better appreciation of the differences between the
tablished that the crystalline phase transforms to a micellasuperlattice and the thiolate, the room temperature XRD data
phase at 404.4 K. The micellar phase is a hexagonal colunef Ag—OT superlattice and Ag—octanethiolate are presented
nar mesophase and the micelleamorphous phase transi- in Fig. 9. These data were acquired with improved statistics.
tion occurs at 448.0 K. While cooling down from 423 K Note that the superlattice solid was repeatedly washed with
[Fig. 6(B)] the micellar phase reverts to the parent crystallineioluene to remove isolated clusters, which are freely soluble.
phase below 403 K and the diffraction pattern at 383 K isThe immediate difference we see is the number of additional
identical to that of the starting material, suggesting the totateflections seen in the thiolate, particularly at higher diffrac-

reversibility of the transition. tion angles. The superlattice reflections gradually shift in the

OMPARISON BETWEEN SUPERLATTICES AND
HIOLATES
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2 Sl transition of Ag—OT superlattice in DSC is quite different

2 from Ag-octanethiolate, which shows only a sharp single

1500 1200 900 600 transition at 403.3 K. Superlattice transition becomes irre-
Wavenumber (cm‘l) versible at 473 K, whereas, even after heating to 473 K, the

transition is repeatedly reversible in thiolates. Factor group

FIG. 8. Variable temperature IR spectra of Ag—octanethiolate layered solsplitting of methylene scissoring and rocking modes upon

ids, (A) high frequency region an(®) low frequency region. Temperatures annegling was observed in superlattices, whereas it was ab-
(in Kelvin) are marked in the figure. Note that the transition temperature is

higher than that in Fig. 4. The drastic shift in tié mode(A) upon melting sent in thiolates.
is marked. The appearance afC—S); upon melting is indicatedB).

DISCUSSION

The superlattice unit cell dimension increases from
negative direction as the diffraction angle is increaéme 59.172 in Ag—OT to 67.465 A in Ag—ODT. The increase in
the inset. This shows the larger interplanar distance in thethe lattice parameter is 8.293 A for an increase of 10 carbon
superlattice compared to the thiolate. Doubling of the superatoms in the alkyl chain body. Upon increasing the number
lattice reflections are seen, probably due to some distortionf carbon atoms in the alkyl chain body from five in the
in the structure. The superlattice pattern also shows the bulgentanethiol protected silver cluster to eight in Ag—OT, the
(111) reflection of Ag. The large number of higher angle unit cell dimension increases by 6.149° A interdigitation
peaks due to intralayer reflections is not seen in the superlats occurring between separated alkyl chains, the extent to
tice. which it occurs has to be greatly different in different

IR spectra show distinct differences between the supersamples to explain the experimental facts, which is quite
lattices and thiolates. TheC—S; at 669 cm ™ in the Ag—OT  unlikely. Also such a structure may have resulted in a large
cluster is absent in the thiolate at room temperature, whiclncrease in superlattice melting temperature with increase in
indicates alltrans conformation without any defects in the alkyl chain length. Thus it appears that the superlattices are
latter. Moreover, all the progression bands are well formed irformed principally as a result of interdigitation of bundles of
the thiolate as reported in the literattff® whereas they are monolayers assembled on the cluster surfaces. The fact that
not as pronounced in the superlattice. C—H region also exAg—OT shows multiple superlattice melting transitions im-
hibits distinct differences; while the bands are broad in theplies that there could be more conformations of the chains
thiolate they are narrower in the cluster. The intensity ratiocontributing to the superlattice assembly. A greater penetra-
of d”/r~ is less in thiolate, which shows that the first two or tion of bundles with increasing chain length also increases
three methylene groups do not contribute to the intensity opacking density. This argument is also supported by the fact
d™. The IR intensity ratid 59,0/l 2850 Can be taken as a mea- that alkyl chain order is similar to that existing in 2D and 3D
sure of disordet® and with the increase in conformational monolayers.
order, this ratio decreases. In the case of thiolates the ratio is It is seen that between successive heating and co6fing
lesser compared with that of cluster. This indicates that thioAg—ODT), the temperature of the alkyl chain melting is not
lates are more ordered. The difference between the two sothanging. However, the width of the transition narrows and
ids is further seen in the phase transition. The multiple stephe enthalpy increases. This suggests that the kind of order is
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similar in both as prepared and temperature cycled samplesf alkyl chain binding. The effect of cluster core annealing
but there is a significant amount of defects in the parenbtn the conformational changes in the alkyl chain assembly is
sample and these defects are removed upon subsequemknown.

heating/cooling cycles. The increase in alkyl chain melting

enthalpy is not seen in isolated Au clust&?8, whereas there  CONCLUSIONS

is a significant decrease in enthalpy for the superlattice solid.

It is possible that the superlattice acts as nucleation sites igbove 398 K after the melting of the alkyl chain monolayer
acquiring alkyl cham Or‘?'er- It is poss"?'e thaF there ar€ arpere is a small, but significant reduction in melting point
number of alkyl chains in the superlattice solid OCCupyINg,,hon decreasing the chain length. Repeated cycles of heating

thefedgljes 3nd :jer[)aces Olfdtze cluster surfacel_whlch ar_(;,; n Ed cooling remove the defects in the alkyl chain body and
perfectly ordered, but could do so upon annealing contributy, o ¢ ction of superlattice decreases. The superlattice melt-

ing to the increased enthalpy upon cooling. ing is manifested in variable temperature XRD as the com-

The superlattice melting enthalpy reduces upon repeatéllate |oss of the low angle reflections and with the emer-
cycling. In other words, although alkyl chain order increasesyance of separated Ag cluster reflections. DSC shows two
the superlattice assembly collapses during annealing. Thus,fqtinct transitions, the first corresponding to the alkyl chain
superlattice of the clusters is possible only if there are Si9telting and the second corresponding to the superlattice

nificant defects in the monolayer order of the isolated cluSyelting whereas in thiolates, only one transition is observed.

ters. As these defects are annealed out, leading to perfe¢he gyperlattice melting proceeds through several steps in
all-trans order within each of the planes of the cluster sur-¢|,sters of lower chain length. Variable temperature IR spec-
face, the_superst_ructure _becomes less probable. Itis possu:,\LI[(?JSCOon shows distinct signatures only for the alkyl chain
that heating/cooling cycling also causes changes in the MOfxelting and not for superlattice melting. In thiolates, only
phology of the cluster surface, which helps in removing theyne gistinct melting transition is seen in IR corresponding to
defects. the collapse of the lattice. It is concluded that a perfect alkyl

~ As the superstructure is formed from the solution phaseghain order within the isolated clusters is not necessary for
it is possible that a few of the alkyl chains are not orderedine superlattice structure.

The lack of order can be a result of geometric constraints in
the superlattice structure or due to the presence of defe@d{ckNOWLEDGMENTS

sites at the cluster surface as mentioned carlier. Upon allow- )
ing the molten alkyl chains to cool, the van der Waals forces  T-P- thanks the Department of Science and Technology,

between the chains of individual molecules dominate ovefovernment of India and Council of Scientific and Industrial
those between the clusters, thus increasing the number tSearch, Government of India for financial support. N.S.
superlattice unit cells that separate. thanks the CounC|_I of Scientific and Indust'rlal Research,
Why the superlattice state especially that of Ag_ODT,Government of India, for a research fellowship.
exhibits two distinct liquid phases is an interesting question.
In the phase below 448 K, the liquid can regain the superlat’-A‘PPENDlx
tice order, whereas above 473 K, liquid is unable to retrieve  Physical properties of cluster superlattices and thiolates
the superlattice order. It is unlikely that in such a small tem-While superlattice solids are dark brown, thiolates are white
perature difference, the cluster core acquires sufficient ererystalline powders. No change in color was seen during the
ergy for a large displacement from its equilibrium position. It period of the experiment. The superlattice solids are com-
is more likely that the alkyl chain acquires another orienta-pletely soluble in nonpolar solvents, whereas the thiolates are
tion which does not permit the superlattice order. Howeverinsoluble under identical conditions. The solubility of the
this structure leads to a more complete order for the monoceluster sample decreased upon stordge air). To see
layer upon cooling, which results in a higher monolayerwhether this is due to the degradation of cluster to thiolate, a
freezing enthalpy. This can happen due to eitfigrstruc- number of experiments were performed. The insoluble and
tural changes in the cluster 2) conformational changes in soluble portions were separated and all the measurements
the alkyl chain body. We do not have much evidence(1or  were conducted on both samples. In both cases, the superlat-
from spectroscopy; however, observed aggregation has to itice signatures were observed and the absorption spectra of
volve structural changes. The fact that a few of the modes arthe solutions as well as the solids were characteristic of the
narrowing and resolving upon annealing indicates that conelusters. There was no thiolate featt2 in the UV/VIS
formational differences are being removed. This indicategthiolate shows a distinct absorption peak with a sharp edge
that the superlattice structure requires some degree of defeas 320 nm. It was ascertained through independent experi-
in the alkyl chain body. Thus, it is clear that the superstruciments that the large absorbance of the cluster did not mask
ture is not formed from isolated ordered clusters but insteathe thiolate feature. The solubility of Ag—OT and Ag—ODT
both superlattice and the isolated clusters evolve in a singlelusters(in nonpolar organic solventgust after complete
precipitation step. This suggests that solution phase growth i®duction (the material was in the organic phaseas
preferred for superlattice formation. The temperature cyclingchecked. They were completely soluble. After 12 hours of
does result in increased crystallinity of the cluster core astirring, the solubility in toluene was checked again, and
seen by the enhancement of {14.1) and(220) reflections at complete solubility was seen. If thiolate is forming along
higher temperature; however, this does not change the natuvéth the cluster during the preparation, we should get an

Superlattices of alkanethiol capped silver clusters melt
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