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ABSTRACT: Charge transport (CT) in films of arylthiol-
capped Au nanocrystals (NCs) exhibits strong substituent
effects, with electron-donating substituents markedly
decreasing conductivity. Films suited for measurements
were obtained by ligand-exchange reactions on AuNCs
grown at the water/toluene interface. Detailed analysis
suggests the NCs interact with the ligands by resonance
rather than inductive effects. The films were characterized
by TEM, SEM, XPS, UV/vis, and AFM. CT characteristics
were studied between 15 and 300 K.

Solids made of inorganic nanocrystals (NCs) sheathed by
organic ligands are useful building blocks for opto-

electronic devices, e.g., nanolasers and solar cells,1 chemical2

and biological3 sensors, and plasmonic devices.4 Much of their
appeal is due to the profound changes to electronic, optical, and
thermodynamic properties accompanying the acquisition of
nanoscopic dimensions by the inorganic crystallites.1,5,6 Our
efforts to exploit the ensuing benefits are limited by surface
ligands that present a strong barrier for movement of charges
across NC solids. Ligands with long hydrocarbon chains
commonly present in these solids are particularly effective at
stifling charge transport (CT). Exchange with shorter bifunc-
tional cross-linking ligands produces markedly improved
conductivity (σ); e.g., an 8-fold increase in σ was obtained
when the chain length was decreased from 9 methyl units to 3.7

Particularly robust and conductive arrays of NCs were obtained
using metal chalcogenide complex cross-linkers featuring ions
such as Sn2S6

4−.8

Another paradigm is to employ single-tether (monofunc-
tional) non-cross-linking ligands for better CT. Such ligands are
potentially compatible with a wider variety of target NCs, are
easier to synthesize, and feature easier exchange chemistry, yet
they are rarely studied, as non-cross-linked films are
mechanically less stable and reliable results are difficult to
obtain. The potency of this method was recently illustrated by
Nakanishi et al., who showed the photoconductivity of AuNC
films can be switched from normal to inverse by simply
changing the end functional groups of single-tether surface
ligands.9 Here, we find AuNCs grown at the water/toluene
interface yield films of sufficient quality to permit what may be
the first solid-state measurement of the effect of substituents on
the CT characteristics of nanocrystalline films. Underpinning
this study are the growth of AuNC films using molecular
precursors at the water/toluene interface, faithful transfer of the
film from the interface to a substrate, and labile phosphinyl
surface ligands that can be easily replaced with a family of para-
substituted thiophenols.

The film at the interface is a 3D superstructure made of
dense aggregates of spheroidal clusters with diameters of several
tens of nanometers. Each of these clusters is made of spherical
NCs with diameters ∼10 nm. Scanning electron microscopy
(SEM) of films produced at 50 °C after 180 min shows a
uniform and continuous deposit spanning many millimeters.
Atomic force microscopy (AFM) and high-resolution SEM
reveal irregular clusters with diameters ∼70 nm (Supporting
Information (SI), Figure S3); AFM shows these clusters are
aggregates of spherical particulates. Transmission electron
microscopy (TEM) of dispersions created by ultrasonically
agitating the films reveals NCs with diameters ∼10 nm (SI);
the tendency of the AuNCs to aggregate, forming rafts with
uniform interparticle spacing, is apparent. At shorter growth
times (45 min), thinner, more fragile films suited for direct
TEM imaging were obtained. The images reveal a dense
monolayer of NCs with uniform separation distances. In
interfacial films, the diameters of the NCs are not very uniform,
nor is the structural order comparable to self-assembled arrays.
Nevertheless, it is possible to repeatedly produce films
(extending to areas of several mm2) with identical CT
characteristics using this technique, particularly when longer
growth periods are employed. This unusual feature is accounted
for, at least in part, by the the uniform interparticle separation
distances seen in the TEM images. The films obtained after 180
min consist of ∼10 layers of nanoparticles and are ∼100 nm
thick. The AuNCs in the films are capped with triphenylphos-
phine, tris(hydroxymethyl)phosphine, and other phosphine-
based ligands.10 The presence of these ligands was confirmed
by X-ray photoelectron (XPS) and IR spectroscopy.11 Our
results on the structure and composition of these films agree
well with previous studies on AuNC layers grown at the water/
toluene interface.10

NCs with irregular surface structure consisting of labile
ligands lack robust interparticle repulsion and would normally
be incapable of forming extended structures.6,12 Here, super-
structure formation at the water/toluene interface is actively
aided by the medium.13 Assembly is initiated by adsorption of
suitably capped NCs at the liquid/liquid interface. The initial
adlayer reduces interfacial tension and aids the growth of
multilayer films at the water/toluene interface. Note that it is
necessary to adopt the facile transfer process described in the SI
to relocate the interfacial superstructure onto solid substrates
with minimal disruption and obtain films with uniform
electronic properties. Soaking the films thus obtained in
ethanolic solutions of thiophenol and its para-substituted
derivatives results in replacement of phosphinyl ligands with
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arylthiols. XPS on films before and after thiol derivatization
indicates the P(2p) peak present initially is replaced by S(2p)
features. In arylthiol-capped films, the Au:S ratios indicate
0.27−0.31 thiolate species per surface Au atom. This ratio is
lower than typically seen on curved surfaces, where saturation
coverage is expected to yield 0.40 thiolate/Au atom for
spherical NCs with 10 nm diameter. We believe thiophenol
forms a slightly disordered surface layer with less than
saturation coverage. The propensity of thiophenol and it
derivatives to form such a monolayer on flat Au substrates was
previously reported.14 TEM and SEM on interfacial films reveal
no discernible changes to the structure after replacement of the
surface ligands (Figure 1). Optical measurements (see below)
support these observations.

To carry out reproducible CT measurements, the thickness
and room temperature (RT) resistances of the as-prepared
films were screened. Films with thickness of 100 ± 10 nm and
resistance within 5% of the reported value were chosen. A
majority of the as-prepared films satisfied this criteria. The σ
values of arylthiol-coated AuNC films reveal clear nonmetallic
behavior with a negative temperature coefficient throughout
(Figure 2). Overall, σ decreases by ∼10% as the films are
cooled from RT to 15 K. Such behavior akin to semiconductors
is typical in films consisting of metal NC islands interspersed by
long to medium-length organic ligands.7,15,16 σ follows a model
of activated hopping proposed by Neugebauer and Webb,17

σ ∝ δβ− −e e E kT2 /a (1)

where δ is the separation between the NCs, β the constant
associated with tunneling between the NCs separated by a
dielectric medium, and Ea the activation energy for electron-
hopping between NCs. For NCs with a defined organic surface
layer, δ and β may be assumed to be constant at various
temperatures T (neglecting thermal expansion), giving

σ = −A e E kT/a (2)

The activation energy is given by

πε ε
=E

e
r

1
4a

0 r

2

(3)

where ε0 is the vacuum permittivity, εr the dielectric constant of
the medium surrounding the NCs, and r the radius of the NCs.
Ea has also been defined via Coulomb energy expression18 and
more sophisticated formulations based on Marcus theory.19

Regardless of the model used for Ea, substituents are expected
to affect both Ea and A in (2).
Analysis of transport data reveals 4 distinct regimes of σ in

arylthiol-capped Au films (Figure 2). Transitions between
regimes are centered at T ≈ 200, 100, and 50 K. In each of
these domains, plots of ln σ vs 1/T are linear, suggesting the
classical Arrhenius-type activated transport mechanism in (2)
adequately describes the transport characteristics across the T
range studied. Further, linear (ohmic) I−V curves were
obtained at various T, reinforcing the applicability of the
activated hopping model (Figure 2b). In each of these regimes,
a different mechanism of conductivity operates in the films.7,16

Typically, as T is lowered, Ea falls in steps to <10 meV at the
lowest T regime. At the same time, there is a relative increase in
A, signaling a shift from hopping-dominated conduction
mechanism to a tunneling-dominated one. However, activated
hopping persists even at low T. Other studies on disordered
metal NC films report a switch to variable-range hopping or
tunneling mode of conductivity at low T since cooling causes
localization of charge carriers.20 Here, larger AuNCs, strong
interparticle coupling, and regular interparticle spacing
effectively overcome the localization effect.
Striking changes to the absolute conductivity of the films are

seen (Figure 3) when different substituents are employed.
Thiophenols bearing electron-donating substituents (methyl

Figure 1. TEM images of AuNC films derivatized with (a) p-nitro- and
(b) p-methoxythiophenol. Growth time, 45 min; scale bar, 20 nm.

Figure 2. (a) σ vs T for thiophenol-coated AuNC films. (b) ln σ vs 1/
T; straight-line fits to the different σ regimes are shown. (c) Ea vs 1/T;
substituents are indicated. (d) I−V curves for 4-methylthiophenol-
coated AuNC films at 250 and 10 K.

Figure 3. Substituent effects on the conductivity of AuNC films.
Functional groups at the para position of the thiophenol coating are
shown. PPh3 indicates phosphinyl ligands.
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and methoxy in the para position) cause large decreases in σ
relative to thiophenol-capped films; e.g., 4-methoxythiophenol
reduces the RT σ value from 10 000 to 100 Ω−1 m−1, while the
electron-withdrawing nitro substituent causes a sizable increase
of σ from 10 000 to 75 000 Ω−1 m−1. Different substituents
produce σ changes spanning 3 orders of magnitude. Br- and Cl-
substituted thiophenols act akin to electron-donating groups
rather than electron-withdrawing substituents and reduce σ.
Remarkably, the T profiles of different films, which are highly
sensitive to changes in morphology and structure,1,5,6 are
identical in that 4 nearly matching linear regimes can be
identified in each case. These films seem to have a robust
structure not particularly affected by the thiols employed.
The plasmon resonance band of the as-prepared AuNC films

exhibits a large red-shift compared to NCs in solution (∼530
nm), centered at ∼705 nm.21 The intensity and position of the
peak exhibit clear substituent effects after ligand exchange (SI
Figure S4). Exchange of the phosphinyl moiety with 4-
nitrothiophenol results in a red-shift of the peak by ∼20 nm;
small changes to peak width and intensity are also seen. In
contrast, 4-methoxythiophenol and other thiophenols strongly
dampen the peak, causing ∼50% intensity loss. Red-shifts
indicate increased interaction between particles (or enhanced
conductivity).22 Dampening of peak intensity may be due to a
reduction in the number of carriers forming the plasmon. In
effect, changes to σ at RT are mirrored in the electronic
absorption spectrum.
The effect of thiophenol substituents on conductivity can be

accounted for using the dual-substituent parameter equation,

ρ σ ρ σ= + +k hlog I I R R
o

(4)

where k is the rate constant (replaced here by conductivity), σI
and σR are constants corresponding to the inductive and
resonance effects of the ligand, ρI and ρR represent the
corresponding reaction constants, and h is a constant.23

Electrostatic characteristics of a molecule, e.g., dipole moment,
are captured by σI, while σR represents the ability of a molecule
to delocalize charges. σ values sampled at 250, 150, 75, and 25
K, roughly corresponding to the midpoints of the 4 regimes of
conductivity, were fitted to (4) by least-squares analysis to
obtain the reaction constants and h; in each case correlations
≥0.94 were obtained (Figure 4). Significantly, the ρ values are
positive, suggesting the reaction center is negatively charged in
the transition state of the rate-determining step. If one assumes
electrons are charge carriers and carrier transport occurs via a
series of redox reactions, oxidation of negatively charged
AuNCs is the slowest step. These observations strongly

contrast previous studies that regularly yielded the equivalent
of negative ρ values.24,25 Further, high values for the ratio ρR/ρI
(the blending factor) suggest the ligands couple by resonance
to the NCs. A classic test to confirm the nature of interaction is
to move the substituents to the meta position, where overlap by
resonance is not possible. Halo-substituted thiophenols would
be expected to increase rather than decrease σ if moved to the
meta position; we find this is indeed the case. The σ value of 3-
chlorothiophenol-derivatized films increases (at RT) to 26 600
Ω−1 m−1, in contrast to the 4-chlorothiophenol-derivatized
films, where σ falls to 150 Ω−1 m−1 (Figure 5).

In simple terms, electron-withdrawing substituents provide
additional area for delocalization for the Au species in the
transition state, aiding CT, while electron-donating substituents
localize the charge, hindering charge flow. Leaking of electron
density from Au surfaces indicated in theoretical calculations
may explain this substituent effect.26 It is difficult to visualize
through-bond resonance between metallic AuNCs and
substituted thiophenols, but the evidence in terms of the effect
of halogenated substituents, shifts in the electronic spectrum,
and correlation to dual-substituent parameter equation seems
unambiguous. Bredas et al., based on detailed calculations,
proposed 2 conditions for the observation of strong molecular
effects (including resonance effects) on Au surfaces: a surface
monolayer with high rather than saturation coverage and the
presence of subsituents no farther than the first phenyl ring.27

Our experiment satisfies both conditions. Clearly, more
attention must be paid to molecular topology in future studies
of substituent effects on electronic properties of metal and
semiconductor surfaces.
Murray et al. pioneered investigation of substituent effects on

the ligand exchange rate and redox properties of well-defined
AuNCs with Au38 core and found direct Hammett correlations
to the substituent effects, with inductive effects dominating the
NC/ligand interactions.25 Similar results were obtained with
Au25 core NCs.

28 It appears the larger metallic AuNCs studied
here prefer to interact in a contrasting manner to their smaller,
nonmetallic counterparts.
A critique of the analysis methodology may be in order. The

dual-substituent parameter equation and related linear free
energy relationships seek to explain the effect of substituents on
rate constants for reactions carried out in liquid and gas phases.
Application of such models to more complex solid-state
reactions featuring multiple ligands per reacting entity is per

Figure 4. Correlation of substituent characteristics to σ of the films.
Here, σw = ρIσI + ρRσR

o; see text for details.

Figure 5. Changes to the transport characteristics of nanocrystalline
films derivatized with p- and m-Cl-substituted thiophenols.
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se not warranted. However, as shown by others25,28 and here by
us, meaningful correlations can indeed be obtained. Previously
it was suggested that explanations based on electrostatic
parameters such as dipole moments would also be apt, but
no simple electrostatic explanation can account for the
dominant resonance effects in the NC/ligand interaction
observed here. The strong correlation may be insufficient to
establish a direct resonant interaction between the particulates
and the ligands. We believe this study suggests the NC/ligand
interactions are more nuanced than previously suspected.
In summary, films of AuNCs capped with thiophenols exhibit

strong substituent effects. The films’ conductivity can be tuned
between 100 and 75 000 Ω−1 m−1 by varying the substituent at
the para position of the thiophenol capping ligands.
Surprisingly, our analysis suggests a resonance effect dominates
the interaction between NCs and ligands. This conclusion is
generic and widely applicable across the whole body of NC
solids. It would be of interest to see if this interaction is
dependent on the diameters of the AuNCs. We envisage future
research to test this hypothesis more extensively. Further, our
synthetic scheme yields a robust set of nanoscopic electrodes
suited for studies of the properties of molecules. We are
presently carrying out detailed studies on these and other metal
NC films grown at the interface.
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