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Abstract: This article reports the use of the scanning electrochemical microscope (SECM) to investigate
the electronic properties of Langmuir monolayers of alkane thiol protected gold nanocrystals (NCs). A
substantial increase in monolayer conductivity upon mechanical compression of the Au NC monolayer is
reported for the first time. This may be the room temperature signature of the insulator to metal transition
previously reported for comparable silver NC monolayers. Factors influencing the conductivity of the
monolayer NC array are discussed.

Introduction variation of the core size, shape, and interparticle couplirig.

Nanometer-sized metals and semiconductors are the focusPioneerin_g work by He_ath and co-worker; demonstrated th_at it
of intense research as potential building blocks for future was possible to reversibly tune a Langmuir monolayer of thiol-

nanoscale devicéskRecent progress in the liquid-phase prepara- 'p\)/lasswate'd_ S|Ive_r nalnoc;;rystals t:fo‘ﬂg*l‘ an msuiametal ('f_ h
tion of narrow size distribution metal and semiconductor ) tr?nSIEgnAS|Irnpy Dy mecf Tnlcaa} Compre.ssmrr: 0 tke
nanocrystals (NCs) has resulted in a considerable increase pottnonolayer=> At large interparticle distances (in the weal

in our fundamental understanding of their size-dependent optical cou;l)lingb rggirge), thg supgrlgt'gce ri]s ahMot_t insulato_r Wm} ?]
and electronic properties and in the number of applications “OUIoMP band gap described by the charging energies of the

utilizing NCs1be2 individual NC lattice sites. Upon monolayer compression, the
interparticle separation is decreased, and the monolayer under-
goes a sharp transition to the metallic state (characterized by a
positive temperature coefficient of resistance) when the ex-
change coupling energy between adjacent NCs exceeds the
charging energy, the so-called Metilubbard transitioA2 This

T University of Utrecht. reversible +M transition was experimentally verified initially

"_FLabpratory of Physical Chemistry and Electrochemistry, Helsinki by impedance’ Opticall and tunne”ng Spectrosco%ﬁégjhe
Unév\?ﬁ%g;iggg?logy' observed transition was noted to be dependent on the NC core

Il Center for New Materials, Helsinki University of Technology. size (charging energy), length of the thiol chain (interparticle

(1) (a) Markovich, G.; Collier, C. P.; Henrichs, S. E.; Remacle, F.; Levine, R. H H P i
B Heath. J. RAcc. Chem. Red999 32. 415, (b) Templeton, A C.: separation), temperatur&T), and the size/shape distribution

Metal nanocrystals passivated by an organic monolayer (also
known asmonolayer-protected clustés exhibit size-dependent
charge storage properties when dispersed in solétidithe
collective properties of their assemblies can be tuned by

Wuelfing, W. P.; Murray, R. WAcc. Chem. Re200Q 33, 27. (c) Collier, (disorder) of the NCs making up the latti&&*9 Temperature-
C. P.; Vossmeyer, T.; Heath, J. Ronu. Re. Phys. Chem1998 49, 371.

(d) Shenhar, R.; Rotello, V. MAcc. Chem. Re003 36, 549. (e) Brust, (3) Pietron, J. J.; Hicks, J. F.; Murray, R. \@. Am. Chem. Sod.999 121,
M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Chem. Soc., 5565

Chem. Commurl994 801. (f) Roest, A. L.; Kelly, J. J.; Vanmaekelbergh, 4) (a) Wuelfing, W. P.; Murray, R. WJ. Phys. Chem. B002 106, 3139. (b)

D.; Meulenkamp, E. APhys. Re. Lett. 2002 89, 036801. (g) Shim, M; Hicks, J. F.; Zamborini, F. P.; Osisek, A. J.; Murray, R. WAm. Chem.
Guyot-Sionnest, PNature200Q 407, 981. (h) Yu, D.; Wang, C.; Guyot- Soc.2001, 123 7048. (c) Zamborini, F. P.; Hicks, J. F.; Murray, R. W.
Sionnest, PScience2003 300 1277. Am. Chem. So200Q 122, 4514. (d) Wuelfing, W. P.; Green, S. J.; Pietron,
(2) (a) Chen, S.; Ingram, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R. W.; J. J.; Cliffel, D. E.; Murray, R. WJ. Am. Chem. So200Q 122 11465.
Schaaff, T. G.; Khoury, J. T.; Alvarez, M. M.; Whetten, R. &cience (e) Chen, S.; Murray, R. W. Phys. Chem. B999 103 9996. (f) Remacle,
1998 280, 2098. (b) Collier, C. P.; Saykally, R. J.; Shiang, J. J.; Henrichs, F.; Beverly, K. C.; Heath, J. R.; Levine, R. D. Phys. Chem. BR002
S. E.; Heath, J. RSciencel997 277, 1978. (c) Murray, C. B.; Kagan, C. 106, 4116. (g) Beverly, K. C.; Sampaio, J. F.; Heath, JJRPhys. Chem.
R.; Bawendi, M. GAnnu. Re. Mater. Sci.200Q 30, 545. (d) Murray, C. B 2002 106, 2131. (h) Sampaio, J. F.; Beverly, K. C.; Heath, JJRPhys.
B.; Norris, D. J.; Bawendi, M. GJ. Am. Chem. S0d.993 115, 8706. (e) Chem. B2001, 105 8797.
Klimov, V. I.; Mikhailovsky, A. A.; Xu, S.; Malko, A.; Hollingsworth, J. (5) (a) Kim, S. H.; Medeiros-Ribeiro, G.; Ohlberg, D. A. A.; Williams, R. S.;
A.; Leatherdale, C. A.; Eisler, H. J.; Bawendi, M. Gcience200Q 290, Heath, J. RJ. Phys. Chem. B999 103 10341. (b) Markovich, G.; Collier,
314. (f) Taton, T. A.; Mirkin, C. A,; Letsinger, R. LScience200Q 289, C. P.; Heath, J. RPhys. Re. Lett.1998 80, 3807. (c) Remacle, F.; Collier,
1757. C. P.; Heath, J. R.; Levine, R. @@hem. Phys. Let1998 291, 453.
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dependent transport measurements, however, revealed nonmeScheme 1. - Schematic of the Experimental Arrangement Which
tallic film behavior at decreased temperatures for films that had PePicts the Mechanism of the SECM Response

been compressed above theM transition?o" Extensive SECM tip
theoretical work by Remacle, Levine, and co-workers on the
role of disorder on the-+M transition revealed that disorder

due to the finite size and shape distribution of the NCs making /\
up the lattice can smear out the transition and/or give a disorder

driven Mott insulator-Anderson insulator transitici§:® Disorder Fc (1) Ec¢ Fc Fc'
within the superlattice tends to localize the states at the Fermi v (3)
energy and makes it difficult to observe a true Mdttubbard
I—M transition when probed at the mesoscopic length scale. A
true I—M transition is predicted to be experimentally attainable 11 sybsirg
at very narrow NC size distributions@% polydispersityf9-62 a (1) Depletion of the reduced form of ferrocenemethanol by the SECM
Despite the chemical stability of gold nanocrystals and their tip, setting up an electrochemical potential gradient that drives lateral
well-documented self-assembly in NC monolay’é*ﬂsto date electron transport in the NC film (2). The electrons are supplied by the
iqnifi ti . | ductivi reverse reaction between the NCs and the solution redox couple outside
a significant increase in monolayer conduc ivity UpoN COMPres- y tin-substrate gap (3).
sion has only been reported for silver NCs. This has been

ascribed to the difficulty in preparing gold NCs with narrow  gre injected into the film by the same redox couple outside the
size distributiond28 There is a recent report where the lateral tip—substrate gap (process (3) in Scheme 1). Using a suitable
conductivity of Au MPC monolayer was reported to increase qde| for the corresponding transport problem, we found that
expor!ent|ally with decreaseq interparticle separatidowever, experimental approach curves yield quantitative information on
char_gmg feature; apparent in currewbltage curves prgse_nt_ed the electron transport process in the NC monolayer. As SECM
provide clear e_wdence Of a Coglomb gap between individual probes electron transport in a limited region of the NC film
N%Sefgaﬁgtiftgto:haen ;;:rligzgry;(;?]og?lz%réx onential (few tens of micrometers), the stringent requirements of lateral
’ P P film uniformity over the entire device and good electrode

increase in monolayer conductivity upon compression of an Au ntacts in tvpical dc transport m rement 1 be relaxed
NC monolayer, and the conductivity values presented are contacts In typical dc transport measurements can be relaxed.
Other advantages of this technique compared with more

comparable to those previously reported for compressed Ag . ) o . .
conventional electroanalytical methods are that it is noninvasive

films above the +M transition49:"11Scanning electrochemical ) ) )
microscopy (SECM32 an advanced electrochemical technique, and does not require the film to be externally biased. Also, as

is used to follow the lateral conductivity of a series of Au NC the film is assembled on an inert substrate, the measured
Langmuir monolayers at increasing monolayer compression. '€Sponse is due solely to charge injection and lateral charge
Previously, this technique has been used to probe lateral protonfransport in the film. Values for the conductivity of NC
and amphiphile diffusion in Langmuir monolayéfshe I-M monolayers at different interparticle separations transferred by
transition in an Ag nanoparticle monolayénd local injection the Langmuir-Schaefer method to glass slides were determined
and lateral propagation of charge in ultrathin polymer and metal using SECM. Recent literature methods to prepare NCs with
nanoparticle filmg> Essentially, SECM involves electrolysis  improved monodispersity were used. The core size and the
of a solution redox mediator at a microelectrode (SECM tip), length of the thiol coat were noted to have a profound influence
and monitoring the resulting tip current as a function of the on the monolayer conductivity.

tip—NC monolayer distance. This local depletion of the redox

mediator (process (1) in Scheme 1) sets up an electrochemicaExperimental Section

potential gradient in the NC monolayer that causes electron
transport to take place (process (2) in Scheme 1). The electronsr

Chemicals. Hexanethiol and dodecanethiol (Sigma) were used as
eceived. All other chemicals were of the highest commercially available
(6) (a) Beverly, K. C.; Sample, J. L.; Sampaio, J. F.; Remacle, F.; Heath, J. purity. Aqueous solutions were prepared using MQ-treated water

R.; Levine, R. DProc. Natl. Acad. Sci. U.S.R002 99, 6456. (b) Remacle, (Millipore)
F.; Levine, R. D.J. Phys. Chem. R001, 105 2153. pore).
(7) (a) Parthasarathy, R.; Lin, X.-M.; Jaeger, H. Rhys. Re. Lett.2001, 87, Preparation and Characterization of NCs. Hexanethiolate- and

186807. (b) Lin, X.-M.; Jaeger, H. M.; Sorensen, C. M.; Klabunde, K. J. . .
J. Phys. Chem. R001 105 3353. (c) Kiely, C. J.; Fink, J.; Brust, M.; dodecanethiolate-protected gold particles (@88-and C12SAul)

Ei_ethJeII,AD.: SCTifginADdJ.Nalt?ura_l!?Q& 39%0%4314-15(1)783;??1&”&”1, V., were synthesized according to a literature procedure proven to yield
Iu, J.; Agarwal, R.; Andres, R. H.angmuir A . . . . . .
(8) Lee, W.-Y.; Hostetler, M. J.; Murray, R. W.; Majda, N&r. J. Chem1997, NCs \_N_'th Sma_” core .dlametéF?’leThe size and p°|yd|3p_er5|t§_/ were
© :gh 213éA | Chim. Act2003 496 29 quantified by differential pulse voltammetry (DPV) of solution-dispersed
en, nal. Im. AC .
(10) Yang, Y.; Pradhan, S.; Chen, .Am. Chem. SoQ004 126, 76. NCs. The appearance of well-resolved, regularly spaced current peaks

(11) Beverly, K. C.; Heath, J. R. Personal communication, California Institute in the DPV response due to quantized double layer charging (QDL) of
of Technology, Pasadena, CA 91125, 2004. i di~ati f f 0,

(12) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals and the metal co.re was lndlcatlye of a highly mpnodlsperseQA)) cqre
Applications 2nd ed.; John Wiley & Sons: New York, 2001. sizel62d.17Using a concentric sphere capacitor model to describe the

(13) (a) Slevin, C. J.; Unwin, P. RI. Am. Chem. So@00Q 122, 2597. (b)
Zhang, J.; Unwin, P. RIl. Am. Chem. So@002 124, 2379. (c) Zhang, J.;

Slevin, C. J.; Morton, C.; Scott, P.; Walton, D. J.; Unwin, P.JRPhys. (16) (a) Miles, D. T.; Murray, R. WAnal. Chem2003 75, 1251. (b) Schaaff,
Chem. B2001, 105, 11120. T. G.; Shafigullin, M. N.; Khoury, J. T.; Vezmar, |.; Whetten, R. L.

(14) Quinn, B. M.; Prieto, I.; Haram, S. K.; Bard, A.Jl.Phys. Chem. B001 Phys. Chem. R001, 105, 8785. (c) Hicks, J. F.; Miles, D. T.; Murray, R.
105 7474. W. J. Am. Chem. So@002 124, 13322. (d) Quinn, B. M.; Liljeroth, P.;

(15) (a) Mandler, D.; Unwin, P. R.. Phys. Chem. BO03 107, 407. (b) Liljeroth, Ruiz, V.; Laaksonen, T.; Kontturi, KI. Am. Chem. So2003 125 6644.
P.; Quinn, B. M.; Ruiz, V.; Kontturi, KChem. Commur2003 1570. (c) (17) (a) Chen, S.; Murray, R. W.; Feldberg, S. WPhys. Chem. B998 102
Ruiz, V.; Liljeroth, P.; Quinn, B. M.; Kontturi, KNano Lett.2003 3, 9898. (b) Miles, D. T.; Leopold, M. C.; Hicks, J. F.; Murray, R. \4/.
1459. Electroanal. Chem2003 554—555 87.
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Figure 1. Isotherms of the nanoparticle films, the surface presdiir@s (a) a function of the area per partidd¢ and (b) center-to-center distance between
the particlesd, divided by the particle diametera2C6SAul (A, particle core diameter 1.6 nm), C128H (B, particle core diameter 1.6 nm), and C12S-
Aull (C, particle core diameter 6.6 nm).

capacitance of the protecting thiol layer, we estimated the size of the  For films of C12SAull , TEM images of the films transferred by

gold core, yielding 1.6 nm as the particle diaméfe#s the Langmuir-Schaefer method onto carbon coated grids at various
To obtain uniform NCs of larger core size, the thermal annealing surface pressures were also obtained. In the statistical determination
method reported by Shimizu et al. was udeBriefly, the as-prepared, of the interparticle distance, lattice defects were ignored.

crude dodecanethiol protected gold NCs were rotavapped to dryness sgcm Measurements. SECM measurements were performed using
without removal of the excess tetraoctylammonium salts, and the 4 commercially available SECM instrument (CHI-900, CH-Instruments,
resulting black solid was heat-treated at 2@0)for 30 mininafuace  1x) A two-electrode arrangement with a silver wire as quasi-reference
at a heating rate of 2C/min. After heat treatment, the product (C12S-  g|ectrode and counter electrode was used. The working electrode used
Aull') was cleaned by dissolution/precipitation cycles. Evolution of core throughout was a 26m diameter Pt ultramicroelectrode (UME). Disk-
size was confirmed by both the appearance of a surface plasmon i”shaped Pt SECM tips were prepared as previously desclibBue

the UV spectra and TEM image§ of drop cast films on carbon-coated tips used hadRs = 5 (ratio of the overall tip radiug,, to that of the
copper grids? The observed particle diameter for CLA8H was 6.6 platinum disk,re) as determined from both optical micrographs and

+ 0.8 nm (Supporting Information). QDL charging is not resolvable - g approach curve experiments to insulating (PTFE) and conducting

at rohom temperature for partlcrl]es V;']'Ith dlameterls Qfeat” than Zhm. (Pt) substrates followed by fitting the results to the approximations
The absorption spectra of the chloroform solutions and transferred provided by Amphlett and Denuad.

monolayer films were recorded using a HP 8452A diode array-UV . ] . .
A schematic of the experimental arrangement is given in Scheme 1.

vis spectrophotometer. TEM measurements were conducted with a . .
The experimental protocol employed to obtain approach curves at low

Philips CM200FEG, working at an accelerating voltage of 200 kV. . 8 . ) .
The point-to-point resolution was 0.24 nm. Images were recorded by redox mediator concentrations has been described in detail previghssly.

the GATAN model 694 slow-scan 1024 1024 CCD camera. The Ferrocene methanol (Sigma) and lithium chloride (concentration
particle size was measured directly from TEM images. Images were YPically 0.1 mol/dnd) were used as the redox mediator and base
processed using FFT technique to enhance signal-to-noise ratio beforef/€ctrolyte, respectively, in all experiments.
measuring the interparticle separation.

Langmuir Deposition. The particles were spread from very dilute
chloroform solutions (C6%wl 0.4 mg/mL, C12SAul 0.114 mg/mL,
C12SAull 0.22 mg/mL) onto a pure water (milli-Q, Millipore)

Results and Discussion

The Langmuir isotherms for the three NC monolayers

subphase in a KSV mini-trough (KSV instruments, Finland) thermo- considered are given '.n Flgure 1 'n_terms of thh (@) area per
stated at 20C. Initially, the resulting film was composed of voids and  NC and (b) the normalized interparticle separatifa, where
islands but formed a homogeneous film with time as previously d is the center-to-center distance between adjacent NCsiand
reportec?®c Thus, the film was allowed to equilibrate for typically 2 h  is the core radiusdwas calculated on the basis of the area per
prior to compression. The compression rate used throughout was 5 mm/particle assuming hexagonal packing of NCs). The shape of the

min. The NC monolayer was compressed to the desired surface pressurgsotherms and the area per particle are consistent with previous
and held at that pressure to allow for relaxation of the monolayer (90 reportstasb:8-1022 From previous reports by Heath and co-

min). A silanized glass slide was brought down horizontally 'by hand workers, where an+M transition was noted for comparable
to touch the monolayer and lifted carefully after a contact time of a silver NC monolayersgd/2a should be less than 1.2 to have

few seconds. The area occupied per MQOwas calculated on the basis fficiently st h lina bet di t NC
of the trough area and the amount of particles spread. The fact thatSUTTICIENtlY Slrong exchange coupling between adjacen S

transferred monolayers redispersed in chloroform shows that irreversible @ Overcome the charging energy between thefAIf this

aggregation of the metal cores had not occurred during compression.Criterion is met, in the case of suitably monodisperse NCs, the
Microscope slides were cut into ca. 1 £sguares and were cleaned

in piranha solution ¢aution: piranha solution reactsiolently with (18) Hicks, J. F.; Templeton, A. C.; Chen, S.; Sheran, K. M.; Jasti, R.; Murray,

organics; it should be handled with extreme cautjoifhe surface was R, ou-i Debord, J.; Schaaff, T. G.; Whetten, R.Anal. Chem1999 71,
rendered hydrophobic by immersion in dimethyldichlorosilane (Fluka) (19) Shimizu, T.; Teranishi, T.; Hasegawa, S.; Miyake, MPhys. Chem. B
solution for 30 min, rinsed well with toluene to remove unreacted silane, 2003 107, 27109.

. . . . (20) Bard, A. J.; Fan, F. R. F.; Mirkin, M. V. liElectroanalytical Chemistry
and dried in the oven for 15 min. Silanization of the surface was Bard, A. J., Ed.; Marcel Dekker: New York, 1994; Vol. 18; p 243.

essential for successful transfer of the NC films. (21) Amphlett, J. L.; Denuault, Gl. Phys. Chem. B998 102, 9946.
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of monolayer order (Supporting Information). The TEM images
were analyzed to yield the interparticle distances, and the results
are shown in the two rightmost columns of Table 1. This table
also gives the area per particle and the corresponding center-
to-center and core-to-core distances as obtained from the
Langmuir isotherms.

Optical absorbance spectra of the transferred films are shown
in Figure 3. C6SAul particles do not display a plasmon peak
in the spectrum obtained with NCs dispersion in chloroform
due to their small size<2 nm). However, in a close-packed
film, the dipole coupling between the particles causes a plasmon
resonance to be visible. C128+ behaves similarly to C6S-
Aul both in solution and monolayers. The larger particles, C12S-
Aull , display a clear plasmon resonance peak at ca. 520 nm,
which is significantly red-shifted to ca. 600 nm in the films.
This shift is qualitatively well understood within the framework
of effective medium theories, such as the Maxw&larnett
(MG) modelZ It is the dielectric coupling between the particles

- that is responsible for the change in the complex dielectric
Figure 2. TEM image of C12SAull (core diameter 6.6 nm) film permittivity of the films and, hence, the shift in the plasmon
transferred at a surface pressure of 20 mN/m. resonance. If the observed dependence of the shitt/2amis

Table 1. Particle Sizes (2a), Deposition Surface Pressures (ITgep), considered, it is considerably weaker than that predicted by MG
Area Per Particle (A), and Interparticle Separations, in Terms of model. The line shape is also changed upon compression of
Both Center-to-Center Distance (d) normalized by the Particle L P . .g P o P .
Diameter and the Actual Core-to-Core Distance, for the Studied the film, with the peak width decreasing by ca. 20% going from
Monolayers d/2a= 1.4 to0 1.2. Heath and co-workers attribute these effects,
2a Iaep A d-2a d-2a i.e., the weaker than expected red-shift of the plasmon resonance
particles (m)  (mNim)  (m?)  d2a*  (m)  d22"  (hm) and the simultaneous line narrowing, to electronic coupling of
C6SAul 1.6 15 54 155 09 the particleg?
giggﬁﬂ:l é:g 1§ 71;? i:gg %:g 123 15 Examples of experimental SECM approach curves, where the
C12SAull 6.6 10 61.0 1.27 1.8 1.20 1.3 current,|, is scaled by the limiting current far from the substrate,
C12SAull 6.6 15 57.4 1.23 15 lim = 4nFDCre (n is the number of electrons transferrédhe
C12SAull 6.6 20 537 119 13 120 13 Faraday constanD andc® are the diffusion coefficient and the
a Obtained from the Langmuir experimentsObtained from TEM. bulk concentration of the solution redox couple, respectively),

to transferred monolayers at defined surface pressures are given

monolayer behaves as a metal at room temperdtdfab1422a  in Figure 4. The observed feedback response is a combination
As can be seen from Figure 1b, for the 1.6 nm diameter NC of the diffusion flux in the solution and the flux due to lateral
cores, this is not fulfilled: the monolayer is in the collapsed electron transport in the film. As the diffusion flux is directly
state already at 1.8 for the C1284 and at 1.4 for the C6S-  proportional to the concentration of the redox mediator in
Aul . It should be realized, however, that whili2a is 1.23 solution, to observe lateral transport, the concentration has to
and 1.88 for C12%wll and C12SAul, respectively, at a  be reduced sufficiently. As the monolayers are transferred onto
surface pressure of 15 mN/m, the actual core edge-to-edgean insulating substrate, at high redox couple concentrations,
separation d — 2a) is actually less in the latter case (1.40 negative feedback due to hindered diffusion to the SECM tip
compared to 1.54 nm). Thus, if the relevant parameter charac-is observed. As the concentration is reduced, the relative
terizing the electrical behavior of the monolayerdiga, then contribution of mediator regeneration due to lateral electron
for the same thiol chain length, it is experimentally easier to transport in the film increases. At a given concentration,
attain significant coupling between the particles upon film dependent on the monolayer conductivity, deviation from purely
compression by making the NC cores larger. negative feedback will be observed. Thus, from the concentra-

Monolayers were transferred using the LangmBchaefer tion dependence of the observed feedback response, the lateral
technique (horizontal deposition) at the desired surface pressureconductivity of the monolayer can be quantified using the model
both on silanized glass slides and carbon-coated TEM grids. A outlined below. The concentration dependence of the approach
TEM image of a monolayer transferred at a surface pressure ofcurves shown in Figure 4 reveals that deviation is apparent
20 mN/m is shown in Figure 2, where the high quality hexagonal already at high concentrations (1.07 mM) for C1R6H
packing is evident. TEMs at a higher surface pressure (50 mN/ monolayers but only at extremely low concentrations (av§
m) show evidence of monolayer collapse and the resulting lossfor that of C12SAul. The turn-on concentration for the other
NC monolayer considered (C681l ) was of the same order of

(22) (a) Henrichs, S.; Collier, C. P.; Saykally, R. J.; Shen, Y. R.; Heath, J. R. magnitude as that for C12sdl (Supporting Information). In
. Am. Chem 80(200(1 122 4077 (b) Brust, M.; Stuhr Hansen N.;
Nﬂrgaard K.; Christensen, J. B.; Nielsen, L. K;; szrnhoImNﬁno Lett.
2001, 1, 189. (c) Nnargaard, K.; Weygand, M. J.; Kjaer, K.; Brust, M.;  (23) Shiang, J. J.; Heath, J. R.; Collier, C. P.; Saykally, R. Phys. Chem. B
Bjgrnholm, T.Faraday Discuss2003 125 1998 102 3425.

J. AM. CHEM. SOC. = VOL. 126, NO. 22, 2004 7129
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Figure 3. UV —vis absorbance spectra for the transferred films of (a) 865{deposition pressure 15 mN/m) and (b) C18&$H (deposition pressure
from bottom to top, 3, 10, 15, and 20 mN/m). The absorbance in solution (chloroform) is shown as a dashed line.
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Figure 4. Examples of experimental approach curves (dots), where the normalized tip current is plotted as a functiemarfidipyer distance, and the
corresponding fits to the theory (solid lines). (a) CA@t (core diameter 1.6 nm) transferred at a surface pressure of 15 mN/m, concentrations of 57, 1.6,
0.5, 0.2uM (from bottom to top, lowest concentration in closed symbols). (b) CA@B- (core diameter 6.6 nm) transferred at a surface pressure of 10
mN/m, concentrations of 1070, 450, 280, 170, 60, anduM3(from bottom to top). The lower and upper dashed lines are the theoretical responses for
negative and positive feedback, respectively.

fact, for the C12SAull monolayer, we were unable to observe the diffusion equation in solution (Supporting Information)
a pure negative feedback response due to solubility limitation

: 2~ ~ 0

of ferrocene methanol in water. ocu  ladu K /2 iy
+=E-=(1-0Cg“—-Cce”)=0 1
The experimental approach curves can be fitted to the theory a2 ROR X (« ) ) (1)

outlined below, and the corresponding fits are also given in . . ) . .
Figure 4 (solid lines). The model assumes that the monolayerWherei = (u — u%/KT is the dimensionless electrochemical
exhibits ohmic behavior, i.e., the conduction current is directly Potential of the electrons in the NC monolayd is the
proportional to the local electrochemical potential gradient. This dimensionless standard rate constant of the electron-transfer
assumption is valid in the absence of Coulomb blockade and reaction between the solution redox couple and the nanoparticle
for low potential gradients (i.e., driving force). Despite the large film, C s the dimensionless concentration of the solution redox
charging energy of the smaller NCs (core diameter 1.6 nm, couple at the substrate, ailds the dimensionless conductivity
charging energy of ca. 250 meV in organic solvents), linear in the film given by the following equation

current-voltage relationships have been observed in the K

; 1a.d.2 . L . _ OokTAz

literature?®924Ohmic conduction in a polyaniline monolayer = (2)
has been considered in the literatét&lowever, this is the first ezreDc Na

study where the coupling between the electron transport in the h . ductivity K is the Bol Tis th
monolayer and diffusion in solution is treated explicitly. The Wb er:ao IS con UCt'V'ty’_ 'Sht eh_ oktzmanr; cr?nﬁan "Skt N
solution of the electrochemical mass-transport problem involves 20solute temperaturéz is the thickness of the film (taken as

the following transport equation on the substrate coupled with the Fhameter of the particlesy,is the elgmentary charge, and
Na is the Avogadro constant. Equation 1 has a boundary

(24) Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.; Malik, M.~ conditionfi(R — o) = fieq, Which implies that the electrochemi-

A.; Murray, R. W.J. Am. Chem. So@002 124, 8958. H H H HHA
(25) Zhang, 3.- Barker, A. L« Mandier, b.: Unwin, P. B, Am. Chem. Soc. cal potential of the ele_ctrons in the NCs atta!ns an equ_|I|br_|um
2003 125, 9312. value far from SECM tip (Supporting Information). The kinetics
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Figure 5. Conductivity extracted from the fitting of the experimental approach curves to the theoretical predictions for the nanoparticle films as a function
of (a) the center-to-center distance scaled by the particle diandé2ar,and (b) the core-to-core distanak;- 2a. The dotted line in (a) is a best fit to the
function o = (00/2)(1 + tanh[do — d)/4al)] (see text for details).

of electron transfer between the solution redox couple and theirreversible aggregation has not occurred. Thus, it can be stated
nanoparticle film enter througk®. If kinetics of electron transfer  that the increase in conductivity is due to the increased coupling
played a role, the current would not increase at small SECM between adjacent metal cores as the separation between them
tip—monolayer separation. In addition, at low redox mediator is decreased. The observed saturation of the conductivity at low
concentration, pure positive feedback would not be observed.d/2a may be the room-temperature signature of arMl
Experimentally, such kinetic limitations were not observed when transition for Au NCs observed previously for Ag NCs, vide
ferrocene methanol was used as the redox mediator, andinfra. To truly classify the state as metallic, however, the
therefore, the approach curves were fitted with a large value of temperature dependence of the conductivity should be addressed.
KO (=100). The value of the equilibrium electrochemical This will be considered in a future publication.
potential of the film has only a minor effect on the approach  |n the work carried out by Heath et al., it was shown that the
curves (Supporting Information). In conclusion, it should be second harmonic generation response and the frequency de-
borne in mind that, despite the apparent complexity of the model, pendent dielectric constant of Ag NC monolayers could be
in the end the fitting only involves one parameter, the film reproduced if the coupling, between the particles was assumed
conductivity. Families of approach curves were generated whereto be of the following functional forng = (80/2)(1 + tanh[do
this parameter was varied. These were, in turn, used to fit the — d)/4aL]), where values ofly/2a = 1.2 and 1/2 = 5.5 were
experimental response, and as can be seen from Figure 4, thebtained from fitting to experimental resuf6The parameter
correspondence between theory and experiment is excellent. dy/2a determines the position of the transition from weak to
From the parameters used to obtain the best fit to the strong coupling, and 1I2characterizes the sharpness of the
experimental approach curves, monolayer conductivity as atransition. The dotted line in Figure 5a shows similar function,
function of interparticle separation (determined by the surface o = (00/2)(1 + tanh[do — d)/4aL]), fitted to the conductivity
pressure at which the film was transferred) was obtained. Thesedata obtained from the SECM measurements for the 6.6 nm
values are plotted in Figure 5 as a function of both (a) the diameter NCs. The parameter values obtainedigiga = 1.23
normalized center-to-center distartz2a and (b) the actual core-  and 1/2. = 13.5, indicating that the transition we observe occurs
to-core separatiod — 2a. It can be clearly seen that the C12S-  at very similar interparticle separations noted previously for Ag
Aull monolayers are orders of magnitude more conductive NC monolayers. The transition observed here is sharper than
compared withAul particle films and that the conductivity that reported for Ag NC monolayers, as indicated by the values
increases exponentially as the interparticle separation is de-for 1/2L of 13.5 vs 5.5. The range af/2a over which the

creased. The conductivity values for thail NC films are transition occurs may be influenced by the method used to detect
comparable to previous repofslSbCcAlso from the figure, it it: electrical instead of optical measurements. Polydispersity
can be seen that for identical surface pressures, the conductivityof the NCs might also affect sharpness of the transition as this
of the C6SAul monolayer is twice that of the Cl2&ul reflects the extent of carrier delocalization in the monolayer. It
monolayer. Figure 5 strongly supports the usedi@a as the is of interest to note that the saturation value of the conductivity
relevant parameter in characterizing interparticle coupling in (obtained by an extrapolation) i ~ 0.02Q~1 cm1, which

NC monolayers. is very similar to the values obtained for A NC monolayers

It could be argued that the observed increase is due tocompressed through the-M transition!t
aggregation or the formation of multilayers. However, TEM In summary, we have used an advanced electrochemical
images of the C12%will films at various compressions show technique to probe the conductivity of gold NC monolayers.
highly ordered monolayer arrays and that collapse is only The results indicate that monolayers deposited at the highest
apparent at 50 mN/m. Moreover, all transferred films redispersed compressiond/2a < 1.2, deposition pressure 20 mN/m), exhibit
in chloroform post SECM measurements giving deep red
solutions identical to the spreading solution, indicating that (26) Remacle, F.; Levine, R. 0. Am. Chem. So@00Q 122, 4084.
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strong electronic coupling between the particles. This is taken network “Supramolecular Self-Assembly of Interfacial Nano-
as an indication of an insulator to metal transition in the structures”, Contract No. HPRN-CT-2002-00185). We are
monolayer and, as such, is the first report of this type of grateful to James Heath and Kristen Beverly for making the

transition for Au NC monolayers. The-M transition had  values of conductivity for Ag NC monolayers available.
previously been reported exclusively for Ag monolayers, and

the observation of a comparable transition here supports the Supporting Information Available: Additional experimental

assumption that this is a general feature of metal NC mono- results (particle size distribution for C128#1 , TEM image

layers. of a collapsed monolayer, SECM approach curves) and theoreti-
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