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A brief overview of the recent progress in single electron transfer (SET) in
nanoparticle solid films is presented. In these studies, Langmuir-based techniques
were employed to control the interparticle interactions, and the ensemble
conductivity was evaluated by electrochemical measurements. Deliberate
manipulation of the ensemble structure and temperature led to the optimization
of the conductivity properties where SET was initiated across a nanoparticle
solid film.

One of the unique properties of organi-

cally capped transition-metal nanoparti-

cles1–6 is their molecular capacitance

characters, which have been hailed as

the fundamental basis for the develop-

ment of single electron transistors.7

Conventionally, these are manifested as

the Coulomb staircase phenomenon in

scanning tunneling spectroscopic (STS)

studies of isolated particles,8–10 as inter-

preted by the double-junction model. In

electrochemical studies, analogous beha-

vior has also been observed in electrolyte

solutions with nanoparticles of selected

size and narrow dispersity,3 which are

represented by a series of well-defined

and (almost) evenly spaced voltammetric

peaks. From the peak potential spacing

(DV) the nanoparticle molecular capaci-

tance can be estimated (CMPC = e/DV,

with e being the electronic charge). More

interestingly, for nanoparticle ensembles

in aqueous solutions, these discrete

charge-transfer processes can be rectified

by hydrophobic electrolyte anions,11

which is ascribed to the manipulation of

the electrode double-layer capacitance by

the ion-pair formation between nanopar-

ticles and electrolyte ions. To render the

systems more relevant to device applica-

tions, extension into solid-state electro-

chemistry is desired. However, studies of

quantized charge transfer in nanoparticle

solid assemblies have remained scarce so

far. The progress is primarily impeded by

the fact that in the solid state, the nano-

particle electronic conductivity is the

combined consequence of a large number

of structural parameters, and hence far

more complicated than in STS measure-

ments of a single particle and in electro-

chemical studies where the interparticle

interactions are essentially minimal.

In nanoparticle solids, the ensemble

conductivity is the interplay of at least

three effects:12 (i) the disorder due to the

dispersity of particle core size, shape and

chemical environments, (ii) the (dipolar)

exchange coupling between adjacent

particles, and (iii) the Coulomb repulsion

of electrons (of opposite spins) on a

given particle. In these, the disorder

within the particle ensembles will

diminish the interparticle electronic

coupling. Consequently, the electronic

wavefunctions will be localized within

individual nanoparticles because of the

overwhelming Coulombic barrier to

charge migration, leading to low con-

ductivity of the particle solids. Thus, it

can be envisioned that the interparticle

charge transfer will encounter low

energetic barriers for strongly coupled

nanoparticle ensembles, leading to high

conductance; whereas low conductance is

anticipated for weakly coupled systems.

So the questions arise, how does one

effectively control the electronic coupling

of nanoparticles so that their charge

transfer properties can be readily

manipulated? And more importantly, at

what point can discrete charge transfer

be observed?

In the studies of nanoparticle solid

ensembles, the Langmuir-based techni-

ques are commonly used to fabricate

monolayers and multilayers at controlled

interparticle distances,13 whereas (sub)-

micrometer-thick solid films are typically

prepared by dropcasting/spincasting a

particle solution in a volatile organic

solvent onto a flat electrode surface.14–19

In the latter, the ensemble conductance

has been found to be primarily driven by

the thermally activated percolation effect

as well as core thermal motions.14
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hopping mechanism of the interparticle

charge transfer, with a decay coefficient

(b) of about 0.5 Å21. The b value is

somewhat smaller than those typically

found with nanoparticle dropcast thick

films (b = 0.8–1.2 Å21).14–19 This may be,

partly, ascribed to the long-range order-

ing within the particle monolayers and

hence enhanced interparticle electronic

coupling because of the low dispersity of

core size.

Note that the electronic conductivity

of a nanoparticle molecule is governed by

at least two factors, the core and the

protecting monolayer, which are reflected

by the effects of Coulomb blockade and

electron tunneling, respectively.32 In the

present study, the bandgap of the particle

molecules is anticipated to be insignifi-

cant because the particle core size is not

sufficiently small;3 thus, the collective con-

ductance of the nanoparticle assemblies is

mainly determined by electron hopping

between neighboring particles, where the b

value reflects the combined effects of the

organic insulating layer (tunneling barrier)

and the electronic interactions between

neighboring particle cores.

Similar linear I–V responses were

also observed with the Langmuir mono-

layers of n-pentanethiolate-protected

gold (C5Au) particles.28 However, for

particles protected by longer alkanethio-

lates, the I–V profiles exhibited a sub-

stantial deviation from the linear

characteristics. Fig. 2 shows the I–V

curve of a Langmuir monolayer of

n-hexanethiolate-protected gold (C6Au)

particles at the air/water interface with L

equal to one hexyl spacer (0.77 nm, i.e.,

the particles are fully intercalated). First,

it can be seen that the I–V profile is

highly nonlinear; and within the poten-

tial range of 21.2 to +0.6 V, the

voltammetric current is very small, only

of the order of a few tens of nA, whereas

at more positive potentials, the current

starts to rise very rapidly (the asymmetric

appearance of the I–V profile most

probably arises from disordered domains

within the particle monolayers on the

water surface). Such behavior is analo-

gous to Coulomb blockade but very

different from that observed above with

particles protected by monolayers of

shorter alkanethiolates (e.g., C4Au and

C5Au, Fig. 1) that exhibit mostly linear

I–V responses.28 More interestingly,

there exist several features within the

bias range of 20.5 to +1.0 V, with at

least four very well-defined current peaks

at 20.30, +0.17, +0.48, and +0.93 V

(indicated by asterisks). We ascribe these

peaks to the sequential single electron

transfer across the nanoparticle monolayer

(Scheme 1). From the peak spacing

(DV # 0.40 V), the effective particle-to-

particle capacitance (CPP),{ 0.40 aF, can

be estimated at this specific monolayer

structure. For comparison, for n-decan-

ethiolate-protected gold (C10Au) parti-

cles, when the particles were fully

intercalated, DV = 0.42 V, and CPP =

0.38 aF.29 Overall, DV decreases and CPP

increases with shrinking interparticle

separation (L), due to the enhanced

interparticle electronic interactions.

The above results28,29 can be ration-

alized by the particle monolayer struc-

ture, where the phase behavior of the

particle Langmuir monolayers has been

found to be mainly defined by the

particle core size and the chemical

structures of the protecting ligands.33

Heath et al. have shown that the varia-

tion of the phase behavior can be

discussed in terms of the extra (conical)

volume (Ve) available to the alkyl

capping group as it extends from a

nearly spherical metal core (Scheme 2),33

with

Ve~
p

3

f

r

� �2

rzdð Þ3{r3
h i

{pdf 2 (2)

where f is the footprint radius of the

ligands on the core surface (and pf2

represents the footprint area which for

alkanethiolates on gold34 is 0.214 nm2),

and others have been defined in eqn (1).

Three distinct phases of metal nanopar-

ticle monolayers have been identified.33

For Ve . 0.35 nm3, the Langmuir

monolayers are dominated by extended,

low-dimensional structures that, at high

surface pressures, compress into a two-

dimensional foam-like phase as a result

of ligand intercalation. For 0.15 nm3 ,

Ve , 0.35 nm3, the dispersion attraction

of the metal cores induces condensation

Fig. 2 I–V profile of a C6Au nanoparticle

monolayer at the air/water interface with the

interparticle (edge to edge) separation equal to

one hexyl spacer (i.e., the particles are fully

intercalated). Experimental conditions are the

same as in Fig. 1.

{ Because of the close proximity and electro-
nic interactions between particles, the capaci-
tance evaluated here most probably reflects
the capacitive coupling between neighboring
particles (CPP); whereas CMPC (eqn (1))
denotes the molecular capacitance of indivi-
dual particles with negligible interparticle
interactions. This is a key fundamental differ-
ence between solid state and solution electro-
chemistry of nanoparticle quantized charge
transfer. There is no analytical expression for
the coupled capacitance between two spherical
capacitors.

Fig. 1 (A) I–V curves of a C4Au nanoparticle monolayer at varied edge-to-edge interparticle

distances (L) which are shown as figure legends. The label ‘‘blank’’ refers to the control

experiment in the absence of nanoparticle monolayers. Potential scan rate 10 mV s21. (B)

Variation of electronic conductivity with the interparticle spacings. Symbols are experimental

data and line is the linear regression. Reproduced with permission from Elsevier (ref. 28).
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of the particles to form close-packed

structures (crystalline phases). At even

smaller Ve (,0.15 nm3), the particles

irreversibly aggregate into highly packed

structures. Such phase evolution has

been elucidated by TEM measurements

of nanoparticle Langmuir–Blodgett

(LB) monolayers,33 suggesting structural

integrity of the particle films during the

deposition process.

Table 1 lists the corresponding extra

volumes for gold nanoparticles (core

diameter 2 nm) protected with varied

alkanethiolate monolayers that were

used in the above studies.28,29 Three

points warrant attention here. First,

the linear (ohmic) I–V characteristics

observed above (Fig. 1) with the C4Au

and C5Au particles may be ascribed to

the highly packed ensemble structures

as manifested by their very small Ves.

Second, the transition to nonlinear I–V

behavior coincides with the C6Au parti-

cles where the Ve value is slightly greater

than 0.15 nm3 and long-range ordered

structures are obtainable with control-

lable interparticle separation. Third, for

particles with very long alkanethiolate

chains (e.g., C10Au, Ve . 0.35 nm3), the

foam-like structures of the particle

monolayer suggest that the actual inter-

particle distance may be smaller than

that calculated from the Langmuir iso-

therm (which is essentially a macroscopic

average). Thus, the particle-to-particle

capacitance (CPP) estimated above29

for the C10Au ensemble may actually

correspond to an interparticle distance

smaller than a single chainlength as

assumed.

More interestingly, when the particle

monolayer was transferred onto an IDA

electrode surface by the LB technique,

conductivity measurements exhibited

even better-defined single electron trans-

fer characters.35 Fig. 3 (panels A and B)

shows the solid-state I–V profiles and

differential pulse voltammograms

(DPVs) of an LB monolayer of C6Au

nanoparticles deposited onto an IDA

electrode surface at L = 0.72 nm. The

measurements were carried out in vacuo

and at varied temperatures. When the

temperature is controlled at 300 and

320 K, there are at least five pairs of

well-defined and evenly spaced current

peaks within the potential range of 21.0

to +1.0 V (panels A and B). These are,

again, attributable to the single electron

transfer across the nanoparticle mono-

layers. From the potential spacing

(0.27 V), the corresponding CPP can be

evaluated at 0.59 aF. Note that this is

slightly larger than that obtained in Fig. 2

as the interparticle separation is smaller

(data in Fig. 2 were also acquired at

ambient temperature).

These discrete charge transfer features

diminished abruptly at lower tempera-

tures (160 to 280 K), though the mono-

layer conductance remained at least an

order of magnitude greater than that of

the blank electrode (panel C). Such a

drastic change of ensemble conductivity

cannot be accounted for by the thermal

activation mechanism alone. Note that

the melting temperature of the C6Au

nanoparticle solids, as estimated in

differential scanning calorimetric (DSC)

measurements,3 is somewhat lower.

Table 1 Extra (conical) volume (Ve) of alkanethiolate-protected gold (CnAu) nanoparticles
(core diameter 2 nm). Note that the capping ligand chainlength (d) is estimated by Hyperchem1;
and n denotes the number of carbon in the alkyl chain

C4Au C5Au C6Au C7Au C8Au C9Au C10Au

d/nm 0.51 0.65 0.77 0.89 1.02 1.14 1.28
Ve/nm3 0.065 0.101 0.159 0.220 0.298 0.384 0.500

Fig. 3 (A) Current–potential (I–V) profiles of a C6Au nanoparticle monolayer deposited onto

an IDA electrode surface by the LB technique at L = 0.72 nm. The measurements were carried

out in vacuo and at varied temperatures. Potential scan rate 20 mV s21. (B) Differential pulse

voltammograms (DPV) at 300 and 320 K. Pulse amplitude 50 mV, pulse width 200 ms, dc ramp

20 mV s21. (C) Amplified I–V curves of those at 160 to 280 K as shown in (A). (D) Semilog plot

of the electronic conductivity of the particle monolayers at varied temperatures (160 to 280 K).

Symbols are experimental data collected from the I–V curves in (C). Lines are linear regressions.

Reproduced with permission from Wiley (ref. 35).

Scheme 2 Schematic representation of the

extra (conical) volume for ligands adsorbed

on a nanoparticle surface. Reproduced with

permission from the American Chemical

Society (ref. 33).
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While the detailed molecular origin is

not clear at this point, it should be

pointed out that a recent study14 shows

that thermally induced particle core

motions could lead to drastic enhance-

ment of the ensemble conductance as a

result of the modulation of interparticle

separation. In fact, low frequency

Raman scattering studies have shown

that nanoparticle solids may exhibit

vibrational collective coherence, with

the frequency inversely proportional to

the particle core diameter.36 It is very

plausible that a similar mechanism

underlies the present observations.

Additionally, panel D depicts the

temperature dependence of the particle

film conductivity by assuming linear I–V

behavior. Here Arrhenius behavior can

be seen within the temperature range

of 220 to 280 K, suggesting a thermal

activation mechanism of the particle

charge transfer, with an activation

barrier of ca. 76.7 meV which is com-

parable to those with thick films of

similar nanoparticles.37–39 At ambient

temperatures (panel A, 300–320 K), the

conductance also increases with increas-

ing temperature. Thus, collectively, these

observations imply that the monolayer

conductance may be manipulated by

temperature in at least two ways: (i) the

energetic states of electrons that deter-

mine the charge transfer pathways, and

(ii) the core motions that facilitate inter-

particle charge transfer.

By contrast, at even lower tempera-

tures (160 to 200 K), the conductivity

exhibits only a very weak temperature

dependence, suggesting that the particle

monolayer is highly insulating and the

charge transfer is possibly arising from a

superexchange mechanism. At low tem-

peratures, the particle ensemble reaches

the domain-localized regime, where the

charge is delocalized over a finite but

restricted number of states, such that the

conductance occurs by virtue of effective

coupling between two particles that

are not necessarily adjacent but whose

energies are almost degenerate. Similar

variation of the charge transfer

mechanism with temperature was also

observed experimentally and computa-

tionally with larger AgSR nanoparticle

arrays.40 Furthermore, Ratner et al.41

recently reported that the electron-

transfer mechanism within oligo-p-phe-

nylene-based molecular wires exhibited a

transition from superexchange to

hopping which was gated by the con-

formation of the chemical bridges, as

manifested by the different temperature

dependence of the resulting electron-

transfer kinetics.

Thus, the above responses suggest that

temperature is an important and delicate

variable in the regulation of the charge-

transfer dynamics of nanoparticle mono-

layers, by virtue of the combined effects

of thermally induced structural transition

of the particle films and thermal activa-

tion of interparticle electron transfer.42

Consequently, solid-state SETs only

occur within a very narrow range of

temperature where particle ensemble

structure and interparticle electron

transfer dynamics are optimized.

To examine the effects of the electrode/

particle interfacial contacts on the ensem-

ble conductance, we carried out further

studies using the same electrode setup

and depositing the particle monolayer at

varied interparticle separations.35 Fig. 4

depicts the I–V profiles at varied tem-

peratures of a C6Au particle monolayer

deposited at a shorter interparticle

separation, L = 0.62 nm, where the I–V

responses exhibit only linear (ohmic)

characters within the entire temperature

range of 160 to 320 K (and the con-

ductance increases with increasing tem-

perature). Since the electrode/particle

contacts are essentially the same in these

measurements as those in Fig. 3, the

observed discrepancy of the I–V profiles

strongly suggests that the ensemble con-

ductance is predominantly controlled by

the particle assemblies rather than the

interfacial contacts. The featureless

current response observed at this shorter

interparticle spacing might be ascribed to

the enhanced electronic coupling between

adjacent particles which leads to an

increase of the particle–particle coupled

capacitance (CPP) and hence diminish-

ment of the quantized charge transfer

characters. The overall I–V profiles

are in fact very similar to those with a

dropcast thick film of the same C6Au

particles.35

It should be noted that the above

experimental results represent the first

observations of single electron transfer

across a particle solid thin film (and the

results are very reproducible).35 The

overall behavior is analogous to that of

STM-based measurements of individual

nanoparticles (both are in the two-

electrode mode). The fact that discrete

charge transfer can be observed even at

moderate electrode potentials indicates

that the electronic coupling between the

particles should be relatively weak within

the present experimental context and

consequently the conductance of the

particle monolayer has not reached the

‘‘metallic’’ domain. However, the elec-

tronic interactions should be strong

enough to overcome the Coulombic

barrier and consequently to initiate

discrete charge transfer between neigh-

boring particles. As the nanoparticle

monolayers at the air/water interface

can undergo a metal–insulator transition

upon mechanical compression,4,22 these

studies28,29,35 demonstrate that with

deliberate control of the particle struc-

tures and interparticle interactions,

lateral single electron transfer can also

be achieved across these nanoparticle

assemblies. In fact, the optimal inter-

particle separation was found to coincide

with the particle arrangements where

Anderson-like localized to delocalized

transition occurred,43 with a minimal

energetic barrier for interparticle charge

transfer.

Importantly, such unique SET

characters are defect-tolerant, since there

are inevitably structural defects (dis-

ordered domains) within the micron-

sized particle ensembles that arise from

the particle core size dispersity (,20%).

Because of poor coupling and high

resistance in these defect regions, the

overall ensemble conductance will be

dictated predominantly by the majority

of particles that are in organized arrays

(and hence low resistance). Thus, access

to (structurally and compositionally)

Fig. 4 I–V profiles at varied temperatures of

a C6Au monolayer deposited at L = 0.62 nm.

Other experimental conditions are the same as

those in Fig. 3. Reproduced with permission

from Wiley (ref. 35).
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