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M
etal or alloy nanoparticles have
attracted increasing interests as
chemical or biological sensingma-

terials for various electrical devices such as
chemiresistors and piezoelectric resonators
on rigid substrates.1�16Oneexample involves
molecularly mediated thin film assemblies of
gold or alloy nanoparticles via interparticle
covalent bonding, hydrogen bonding, or van
der Waals interaction4�10 on microelectrode
patterned glass substrates.6�11,17�19 Re-
cently, the study of functional devices on
flexible substrates has become an important
focal area of interest.20�37 In comparisonwith
conventional devices on rigid silicon, glass, or
ceramic substrates, the attributes of flexible
devices include simplified processing, low-
cost manufacturing, and increased flexibility
for their integration in wraps, lightweight
electronics packaging platform, and confor-
mal adaptability in various complex or special
sensing environments. There has been an
increasing number of reports on flexible sub-
strates for chemical sensor devices,21�38 a
few of which explore nanoparticle thin film
assemblies as sensing materials,30�32 includ-
ing our recentwork.20 However, relatively little
is understood about how the electrical con-
ductivityof thenanostructuredmaterials func-
tions on flexible chemiresistor devices.20�32

This understanding is important because
the correlation between the electrical con-
ductivity and the nanostructural parameters
including particle size, interparticle dis-
tance, dielectric medium, and device strain
is crucial for the design of sensing arrays on
flexible devices. These parameters deter-
mine the activation energy in a thermally
activated conduction path and thus have an

important impact on the electrical signal
amplification in sensing applications.
One of the important characteristics of

the nanoparticle assembly on flexible elec-
trical devices is the device strain effect on
electrical conductivity as a result of bending
or wrapping. There have been a few recent
reports on this type of electrical�mechanical
properties. In a recent study of mechanical
flexibility of single-crystal transistors, the
device field-effect mobility was found to
change as a function of bending radius
and strain.39 When the substrate was bent
from a radius of 7.4 to 5.9 mm, the mobility
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ABSTRACT The ability to precisely control nanoparticle-enabled electrical devices for applica-

tions involving conformal wrapping/bending adaptability in various complex sensing environments

requires an understanding of the electrical correlation with the device strain and exposure to the

molecular environment. This report describes novel findings of an investigation of molecularly

mediated thin film assembly of gold nanoparticles on flexible chemiresistor devices under different

device strains and exposure molecules. Both theoretical and experimental data have revealed that

the electrical conductivity of the nanoparticle assembly depends on a combination of the device

strain and the exposure molecules. Under no device strain, the electrical conductivity is sensitive to

the molecular nature in the exposure environment, revealing a clear increase in electrical

conductivity with the dielectric constant of vapor molecules. Under small device strains, the

electrical conductivity is shown to respond sensitively to the strain directions (tensile vs compressive

strain) and also to the dielectric constant of the vapor molecules in a way resembling the

characteristic under no device strain. Under large device strains, the electrical conductivity is shown

to respond to the difference in dielectric constant of the vapor molecules but, more significantly, to

the device tensile and compressive strains than those under small device strains. This combination of

device strain and dielectric characteristic is also dependent on the orientation of the microelectrode

patterns with respect to the device strain direction, a finding that has important implications to the

design of flexible arrays for a complex sensing environment.
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dramatically drops more than 2 orders of magnitude.
The bending was believed to induce a large interfacial
strain on the crystal and possibly the dielectric, which
results in a decrease of mobility.39 In another study of
the bending effect on the electrical properties of
flexible organic thin film transistors on stainless steel
substrates, the compressive strain was found to result
in an increased mobility, while the tensile strain de-
graded the electrical performance.31 The mechanical
strains were believed to influence the energy barrier
height between the grains of pentacene thin films, there-
by resulting in the variation of channel resistances.40 In
another study, the graphene structure on a polyethy-
lene terephthalate (PET) flexible substrate was demon-
strated to function as a flexible and transparent
electrode for field emission displays.41 Thin films con-
sisting of cross-linked nanoparticle aggregates have
been shown to function as highly sensitive strain
gauges which exploit the exponential dependence of
the interparticle tunnel resistance on the particle
separation.42 Importantly, the modeling of the strain
gauge behavior predicts the dependence of the gauge
factor on several parameters, including the nanoparti-
cle size, the interparticle separation gap, and the
conductance of the linker molecules.42

These previous studies have demonstrated the im-
portance of strain effect on flexible device perfor-
mance. However, little has been addressed for one of
the critical factors responsible for the strain-induced
responses, such as the molecular atmosphere in the
device strain environment. In a recent report of our
preliminary work,20 it was hypothesized that the resis-
tance of nanoparticle thin film assemblies on flexible
chemiresistor devices under strain could change sig-
nificantly as a result of the change in dielectric proper-
ties. An in-depth investigation is thus needed for
assessing the bending responses of the nanostruc-
tured flexible devices in different bending environ-
ment. In this report, we describe new findings of an
investigation of the electrical conductivity properties
of molecularly mediated thin film assemblies of nano-
particles on flexible chemiresistor devices under dif-
ferent conformal wrapping or bending conditions and
different exposure molecules. One important focus is
the understanding of the resistance dependence on
the bending directions for the devices exposed to
various gas/vapor molecules. The goal is to gain funda-
mental insights into the correlation between the electrical
response characteristics of the detailed nanostructures
and the device stain parameters.

RESULTS AND DISCUSSION

Theoretical Considerations. Device bending was per-
formed manually by wrapping the flexible device
around a cylinder with a defined diameter. Figure 1A
shows an example of the flexible sensor device coated

with an NDT (1,9-nonadithiol)-linked Au nanoparticle
(2 nm) thin film under concave wrapping, that is,
tensile strain. Details for the quantitative analysis of
themechanisms for themolecularly mediated thin film
assembly in terms of film mass or thickness growth
kinetics were described in our previous reports.5�7,17

As shownby the AFM image (Figure 1B), the thin film of
nanoparticles displays a relatively uniform morphol-
ogy. The NDT-linked DT-Au2nm (NDT-Au2nm) thin films
were assembled as sensing materials with a thickness
of about 320 nm. The molecularly mediated thin film
assemblies of gold nanoparticles by different linker
molecules have been characterized in terms of thin film
morphology, crystalline structure, nanoparticle order-
ing, interparticle molecular interaction, and interparti-
cle distance properties using transmission electron
microscopy, X-ray powder diffraction and grazing an-
gle X-ray diffraction, FTIR, etc., details of which were
described in our previous reports.5�7,11,17,19

Two specific orientations of the interdigitated cop-
per microelectrode lines in the flexible device were
examined with respect to the wrapping direction:
vertical and horizontal (Figure 1A). The thin film as-
sembly on the microelectrode patterns undergoes
compressive strain or tensile strain depending on the
wrapping direction. The changes of the resistance in
response to bending of the device were measured
under different radius of curvature upon bending of
the flexible device along the indicated directions, as
shown in Figure 1C. For bending at specific radius of
curvature (Rb) (Figure 1D), one cycle is defined as “flat-
concave bending�flat-convex bending�flat” (F�C�
F�V). The differential resistance changes (ΔR/R) were
measured in each cycle in terms of concave bending

Figure 1. (A) Photo of a flexible sensor device showing bend-
ing and the orientations of the interdigitated microelectrode
patterns in the device relative to the device bending direction:
“vertical” (upper-left corner) and “horizontal” (upper-right
corner). (B) AFM image of NDT-Au2nm thin film. (C) Illustration
of the two types of bending (F, flat; CC, concave (compressive
strain); CV, convex (tensile strain)), and (D) definition of the
radius of curvature (Rb) for the wrapping.
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(“CC”, i.e., compressive strain) and convex bending
(“CV”, i.e., tensile strain). The viability of the flexible
device's tolerance toward bending or wrapping was
also examined in multiple cycles of bending.

The overall electrical conduction (electron hopping
and/or electron tunneling) of the nanostructured thin
film assemblies on the flexible substrates depends on
several nanostructural parameters such as particle core
radius (r), interparticle distance (d), and dielectric con-
stant of interparticle medium (ε). By controlling the
number of methylene groups of the linking molecules
and the particle sizes, the electrical conductivity of the
nanoparticle thin film assemblies in the absence of
device strains has been found to follow the thermally
activated conduction pathway in which the activation
energy increases with the interparticle distance and
decreases with the particle size, details of which are
described in our previous reports.11,19 In the present
study, the electrical conductivity versus device strain
correlation for the flexible device coated with the
nanoparticle thin film assemblies is the focus of our
investigation. The relative change in electrical resis-
tance or conductivity of the nanostructured thin films
in response to conformal device bending is first mod-
eled in terms of concave or convex wrapping of the
device. The electrical conductivity of the thin films can
be described by a thermally activated conduction
path:11,18,19

σ ¼ σ0 exp(�βd)exp � 0:5e2

4πεε0RT
1
r
� 1
rþ d

� �" #
(1)

where e = 1.6 � 10�19 C, ε0 = 8.854 � 10�12 F/m, R =
1.38� 10�23 J/K, T=300K,β is the electron coupling term,
and r and d represent particle radius and interparticle
spacing (nm), respectively. In our previous study,19 the
electron coupling term (β) was shown to be dependent
on particle size and relatively independent of the
distance of the interparticle linkages. Assuming that
the change of the interparticle distances from flat (d1)
to bent (d2) is ΔL (=d2 � d1), the ratio of the electrical
conductivity can be written as

σ2

σ1
¼ exp[� β(d2� d1)]exp

0:5e2

4πεε0RT
1

rþ d2
� 1
rþ d1

� �" #

or

R2
R1

¼ σ1

σ2

¼ exp[� β(d1� d2)]exp
0:5e2

4πεε0RT
1

rþ d1
� 1
rþ d2

� �" #
(2)

This ratio contains two exponential components.
The first component is mainly determined by the
interparticle distance change and the β value (β�d

component), whereas the second component is largely
dependent on the particle size, interparticle distance
change, and ε value (ε�r component). Assume that

ε = 10 and T = 300 K, the R2/R1 ratio is derived as

R2
R1

¼ exp[β(d2 � d1)]exp 2:78 nm� 1
rþ d1

� 1
rþ d2

� �" #

(3)

Consider now the relative contributions of the
above two components to the electrical conductivity
of the thin films under different device strain effects.
The β�d component is largely determined by the
strain effect (εstrain)

εstrain ¼ ΔL

L
¼ d2 � d1

2rþ d1
¼ Ts

2Rb
(4)

where L is the gapbetween themicroelectrodes. For our
nanoparticle thin film coated flexible PET substrate, the
substrate thickness Ts = 125 μm, the radius of bending
Rb = 5 mm = 5000 μm, r = 1 nm, and d1 = 1.6 nm. In our
earlier report,19 we obtained β = 4.0 nm�1. Substituting
these values into the equation, we can express the
ΔR/R1 ratio as a function of strain, εstrain

ΔR

R1
¼ R2 � R1

R1

¼ exp[3:6� βεstrain]exp 2:78� 1
2:6

� 1
2:6þ 3:6� εstrain

� �" #
� 1

(5)

In this case, ΔR/R1 would be dependent on εstrain.
Figure 2A shows the plot of ΔR/R1 versus εstrain for both
convex (tensile strain) and concave (compressive strain)
wrapping directions. There are three observations. First,
ΔR/R1 increases with εstrain. Second, the magnitude of
ΔR/R1 is larger for tensile strain than that for compres-
sive strain. Third, the magnitude of ΔR/R1 depends on
particle size and β value.ΔR/R1 is greater for larger sized
particles if all other parameters are fixed. Atfixedparticle
size, ΔR/R1 is greater for a larger β value.

For the ε�r component, we consider the possible
change of ε due to the filling in the interparticle void
spaces with gas/vapor molecules as a result of device
exposure in different bending environment. The de-
rived changes in electrical resistance for CV and CC
wrapping directions are
ΔR

R1 (CV)

¼ exp[900=Rb]exp
27:8 nm

ε
� 1

2:6
� 1

2:6þ 225
Rb

0
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(6a)

ΔR

R1 (CC)

¼ exp[ � 900=Rb]exp
27:8 nm

ε
� 1

2:6
� 1
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0
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2
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3
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(6b)

In this case, ΔR/R1 would be dependent on ε under
a fixed Rb. Figure 2B shows the plots ofΔR/R1 versus Rb
forboth convex (tensile strain) andconcave (compressive
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strain) wrappingdirections. In addition to theobservation
ofΔR/R1 increasewith Rb, and the opposite signs for both
convex (tensile strain) and concave (compressive strain)
wrapping directions, the magnitude of ΔR/R1 decreases
with the increase of ε.

Response Characteristics to Different Vapors under No Device
Strain. The electrical conductivity of the flexible device
under no device strain in response to exposures to
vapors with different dielectric constants was first
examined. Figure 3 shows a representative set of the
sensor response (ΔR/R where R represents R1) and
sensitivity profiles for NDT-Au2nm (Figure 3A) and
MUA (11-mercaptoundecanoic acid)-linked Au nano-
particle (MUA-Au2nm) (Figure 3B) films in response to
hexane and water vapors. Glass substrate was used in
this case to ensure absolutely no device strain. The
response profile features an increase in absolute value
of ΔR/R upon exposure to vapor which returns to base-
line uponpurgewith nitrogen. The response is rapid and
reversible. In most cases, the responses increased line-
arly with vapor concentration when the concentration
was not too high. The slope serves as a measure of the
response sensitivity. Deviation from the linear relation-
ship occurs when the vapor concentration is above a
certain value, the exact value of which depends on the
vapor. Such a deviation is due to the existence of a
saturation effect and or the complication of both bulk
and surface adsorption phenomena.10,11 For the
convenience of an overall assessment of the data, we
used the linear approximation for assessing the re-
sponse data. In general, the response sensitivities of
MUA-Au2nm are higher than those of NDT-Au2nm films
to vapors on the same channel because of the correla-
tion of the electrical signals depending on the three
nanostructural parameters, r, d, and ε. An important
finding from Figure 3A,B is that the devices exhibited
an opposite response characteristic between the two
different films for water vapor. In contrast to the small
positive response characteristic observed for the NDT-

Au2nm film, the data for the MUA-Au2nm film showed a
negative trend in response.

The understanding of how dielectric constants of
the analytes correlate with sensor responses is impor-
tant because the electrical conductivity is dependent
on the dielectric properties of the thin film in a
significant way. The basic concept is that the dielectric
constant of the nanostructured sensing thin film may
change as a result of the sorption of the vapor with
different dielectric constants. Since the sorption of
vapors in the nanostructured film is expected to
increase the dielectric constant of the thin film materi-
als, the response of the thin films to vapors with low
dielectric constant could be very different from those
for vapors with high dielectric constants. We examined
the response characteristics of the nanostructured
sensing thin films in response to a number of volatile
organic compounds with different dielectric constants,
including hexane, ethanol, methanol, acetonitrile,
water, etc. In contrast to vapors such as hexane, which
has a very lowdielectric constant (ε∼ 2), vapors such as
ethanol, methanol, acetonitrile, and water exhibit ε
values ranging from 20 to 80. The response profiles
of the MUA-Au2nm thin film revealed a remarkable
positive�negative switching characteristic between
positive and negative response profiles. When the
signs and the magnitudes of the response sensitivities
of each device in response to the vapors with different
dielectric constants were compared (Figure 3C), one of
the most important observations was the dependence
of the response sensitivities on the dielectric constants
of the vapor.

In general, the change in resistance decreases with
the increase in ε of the vapors, which is qualitatively
consistent with the theoretical trend. When ε is in-
creased to above 30�40, the switching from the usual
positive response to the negative response character-
istic becomes evident. In addition, the magnitude
of the response also seems to show such a remarkable

Figure 2. Plots ofΔR/R1 vs εstrain based on eq 5 (A; ε = 10), andΔR/R1 vs radius of curvature for the bending (Rb) based on eq 6
(B; r=1.0 nm, d1 = 1.6 nm,β=4.0 nm�1) for both convex (tensile strain) and concave (compressive strain)wrappingdirections.
The dashed lines represent data for Rb1 = 10 mm, Rb2 = 5 mm, and Rb3 = 3 mm.
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trend: it increases with the decrease of the dielectric
constant for vapors with the lower dielectric constants;
it increases with ε for vapors with higher dielectric
constants. This finding shows that the change of the
vapor adsorption induced changes in dielectric pro-
perties in the nanostructured thin film plays a key
role in the nanoparticle-structured sensor response
characteristics.

Response Characteristics under DeviceWrapping/Bending Strains.
The response characteristics upon device bending were
examined under different radii of curvatures and diffe-
rent vapor exposure environments, including nitrogen,
hexane, ethanol, acetonitrile, and water vapors. The
selection of these vapors was based on the differences in
a combination of the molecular polarity, hydrophobicity/
hydrophilicity, and dielectric constant. The results are
discussed below in terms of response characteristics
under small device strain, largedevice strain, anddifferent
device bending orientations with respect to the micro-
electrode orientation.

First, the device response characteristics are com-
pared between the resistance response data obtained
under nitrogen (dry environment) and those obtained
upon device exposure to different vapor molecules
under relatively small device strain, that is, Rbg 10mm
(or strain εstrain e 6.3 � 10�3). Figure 4A shows a
representative set of ΔR/R versus bending (Rb = 10 mm)
under nitrogen atmosphere for a device coatedwith NDT-
Au2nm film. The value of ΔR/R is negative for the concave
bending andpositive for the convexbending. The average
value of ΔR/R was found to be �0.57 for the concave
bending and 0.52 for the convex bending. While there are
small variations, a consistent response pattern is evident
in which the concave bending decreases the resistance,
whereas the convex bending increases the resistance.

Figure 4B shows the ΔR/R change of the same
device under water vapor (RH = 86%). In sharp contrast
to the results under the relatively dry condition, the
resistance was found to decrease for both the concave
and convex bending under the relatively humid testing

Figure 3. (A,B) Response profiles and response sensitivities for chemiresistor devices with NDT-Au2nm film (A) and MUA-Au2nm
film (B) in response tohexane (a) andwater (b) vapors (the responseof NDT-Au2nm towaterwasmultipliedby a factor of 10 in A).
Inset in A: Sensitivity for NDT-Au2nm film = 2.5 � 10�5 (ppm�1) (a) and 1.2 � 10�6 (ppm�1) (b). Inset in B: Sensitivity for MUA-
Au2nm film = 1.1 � 10�4 (ppm�1) (a) and �3.5 � 10�5 (ppm�1) (b). (C) Comparison of response sensitivities upon exposure to
different vapors: hexane (ε = 1.9), ethanol (ε = 25.3), methanol (ε = 33.0), acetonitrile (ε = 36.6), and water (ε = 80.1). Inset in C:
Theoretical prediction ofΔR/R vs ε based on eq 1. The vapor concentration is given in the unit of ppmmoles per liter (ppm (M)),
which can be converted to ppm (V) by multiplying a factor of 24.5.11

A
RTIC

LE



YIN ET AL. VOL. 5 ’ NO. 8 ’ 6516–6526 ’ 2011

www.acsnano.org

6521

environment. The average value ofΔR/Rwas�0.37 for
the concave bending and�0.30 for the convex bending.
The trends of the resistance change for the bending
are the same for all of the measurements repeated in
several days.

The response patterns were further examined under
other vapors, including hexane, ethanol, and acetoni-
trile, with dielectric constants falling between nitrogen
andwater vapors (Figure 4C�E). For repetitive bending
cycles of the device under hexane, the resistance
was found to decrease for the concave bending and
increase for the convex bending (Figure 4C). The value
of ΔR/R was found to be negative for the concave
bending, suggesting the decreasing resistance, and
positive for the convex bending, suggesting the increas-
ing resistance. The average value of ΔR/R was �0.55 for
concave bending and 2.1 for convex bending.

For device bending under ethanol, similarly, the
resistance was found to decrease for concave bending
and increase for convex bending (Figure 4D). The
average value of ΔR/R was�0.16 for concave bending
and 2.0 for convex bending. For device bending under
acetonitrile (Figure 4E), the value ofΔR/Rwas found to
be negative for the concave bending and positive for
the convex bending, the latter of which ismuch smaller
than those under hexane and ethanol, exhibiting an
average ΔR/R value of�0.46 for concave bending and
0.071 for convex bending.

In Figure 5, the average values ofΔR/R obtained for
different bending directions under different gas/vapor
molecules are compared. In general, the concave bend-
ing decreases the resistance, whereas the convex bend-
ing increases. However, the magnitudes are different

depending on the gas/vapor environment. The data
showed the highest change for hexane and ethanol
vapors. There appears to be a trend of decrease with
increasing dielectric constant of the vapors for convex
bending, exhibiting a negative ΔR/R response for
water vapor. For concave bending, theΔR/R responses
appear to show little dependence on the vapor
environment.

As shown in the theoretical modeling, ΔR/R de-
pends on a combination of ε and Rb. Under all condi-
tions except for water vapor, the concave wrapping
decreases the resistance whereas convex bending
increases the resistance, which is clearly consistent
with the theoretical modeling. Under the humid con-
dition, both concave bending and convex bending
decrease the resistance. The trend of ΔR/R decrease
with increasing dielectric constant of the vapors for
convex bending, including the negativeΔR/R response
for water vapor, does not seem to be explainable by
the strain-dependent theoretical consideration (eq 5).
Rather, the ε-dependent theoretical consideration
(eq 6) seems to provide a good explanation of the
trend. For hexane and ethanol vapors, the magnitude
of the ΔR/R responses seems to be much larger (by a
factor of ∼10) than the theoretical changes using
either strain- or ε-dependent theoretical responses
(ΔR/R = 0.1�0.2). In contrast to convex bending in
which more air can be accommodated in the enlarged
interparticle voids leading to an increased resistance,
there is less air (ε ≈ 1) between the particles for the
case of concave bending. The average dielectric med-
ian constant is expected to increase. Therefore, con-
cave bending leads to an increased conductivity.

Figure 4. Differential resistance change, ΔR/R, of a device coated with NDT-Au2nm film in response to repetitive flat vs
bending cycles for a device (Rb = 10mm)with themicroelectrode pattern in the “vertical” orientation under nitrogen (dry) (A),
water (RH = 86%) (B), hexane (∼4100 ppm, C), ethanol (∼1600 ppm, D), and acetonitrile (∼2800 ppm, E).

A
RTIC

LE



YIN ET AL. VOL. 5 ’ NO. 8 ’ 6516–6526 ’ 2011

www.acsnano.org

6522

Under water vapor, the concave bending leads to
the expulsion of air between the interparticle voids
because the interparticle spacing decreases. The concave
bending under the high relative humidity increases the
conductivity, similar to the result under dry conditions.
The convex bending enlarges the interparticle voids,
leading to an increase of water molecules flowing into
the interparticle voids. The dielectric constant of water
vapor is much larger than air and the organic medium
in the film, resulting in an increase of the average
dielectric medium constant. This large increase is clearly
associated with the observation of the negative ΔR/R
values for water vapor. The tests with the other vapors
substantiate the assessment. Hexane and ethanol have
great solubility in the NDT-Au film, which qualitatively
explains the large resistance increase. Acetonitrile is a
polar molecule and does not have high solubility in the
film, which qualitatively explains the small resistance
increase. In comparison with the data under no device
strain, where similar dependence on dielectric constant
was observed (see Figure 3C), the finding suggests that
the bending responses of electric conductivity under the
relatively large radius of curvature is likely dominated
by dielectric constant, while the device strain plays an
additional role in fine-tuning the electrical properties.

Second, the bending response was further exam-
ined under relatively large device strains or smaller
radii of curvature, such as Rb < 10mm (or strain εstrain >
6.3� 10�3). For example, under different gases/vapors
for Rb = 3 mm, the resistance was found to decrease
upon concave bending whereas it increased upon
convex bending (see Figure S1 in the Supporting
Information), consistent with the data obtained under
Rb = 10 mm, except for the water vapor. While there
were variations from measurement to measurement
due to the lack of precise control of the radius of
curvature, the above response characteristics were
clearly reproducible. Under dry condition, the average
value of ΔR/R was found to be �0.19 for the concave
bending and 0.23 for the convex bending. For hexane
vapor, the average value of ΔR/R was �0.77 for the

concave bending and 0.49 for the convex bending. For
ethanol vapor, the average value ofΔR/Rwas�0.53 for
the concave bending and 0.51 for the convex bending.
For acetonitrile vapor, the average value of ΔR/R was
�0.54 for the concave bending and 0.43 for the convex
bending. For water vapor, the resistance was found to
decrease for the concave bending and increase for the
convex bending, in contrast to the resistance to the
decrease for the convex bending under Rb = 10 mm.
The average value of ΔR/R was �0.30 for concave
bending and 0.20 for convex bending, which is quite
close to those found under nitrogen conditions.

The above data of resistance changes are compared
in Figure 6. In comparison with those obtained at
Rb =10 mm, both concave and convex bending data at
Rb = 3 mm are again qualitatively consistent with the
results of the theoretical modeling.

The trend of the ΔR/R decrease with increasing
dielectric constant of the vapors for both convex
and concave bending seems to be explainable by the
ε-dependent theoretical consideration (eq 6). How-
ever, the magnitude of the ΔR/R changes seems to
be smaller than the ε-dependent theoretical predic-
tion. The magnitude of the ΔR/R changes is smaller
than those under Rb = 10mm, which seems quite close
to the strain-dependent theoretical consideration (eq 5).
This finding suggests that the bending responses
under small radius of curvature is likely dominated by
device strain, while the dielectric constant plays an
additional role in fine-tuning the electrical properties.

Lastly, we further compared responses of devices
with two different microelectrode orientations, that is,
“vertical” and “horizontal”, as illustrated in Figure 1A for
bending under relatively small radius of curvature (Rb =
5 mm) for ethanol and acetonitrile vapors that have
both polarity and dielectric constant falling between
hexane and water. The responses are compared
between horizontal (device A) and vertical (device B),
alongwith the responses under nitrogen (see Figure S2 in
the Supporting Information). Under nitrogen (a), deviceA
exhibits an average ΔR/R of �0.19 for the concave
bending and 0.09 for the convex bending, whereas
device B shows average ΔR/R of �0.23 for the concave
bending and 0.06 for the convex bending. The differ-
ences between these two microelectrode pattern
orientations are apparently very small under nitrogen.

In comparison with the responses under nitrogen,
significant differences have been observed between
these two microelectrode pattern orientations under
ethanol and acetonitrile. For ethanol (c), device A
exhibits an average ΔR/R of �0.07 for the concave
bending and 0.056 for the convex bending, whereas
device B shows an average ΔR/R of �0.29 for the
concave bending and 1.2 for the convex bending. For
acetonitrile (a), device A exhibits an average ΔR/R
of �0.08 for the concave bending and 0.088 for the
convex bending, whereas device B shows average

Figure 5. Comparison of average ΔR/R values in response
to convex and concave bending of a device coated with
NDT-Au2nm film (Rb = 10 mm) under different gas/vapor
molecules.
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ΔR/R of�0.56 for the concave bending and 0.28 for the
convex bending. Note that device B tested under Rb =
5 mm has the same microelectrode orientation as the
devices tested under Rb = 10 and 3 mm. The responses
of device B are largely consistent with the expected
trend, with some variations due to subtle differences of
the microelectrode parameters from device to device.

The above resistance changes are compared in
Figure 7. The differences between these two micro-
electrode pattern orientations are apparently very small
under nitrogen, which appear to be consistent with the
theoretical predictions for both strain-induced and di-
electric constant-induced changes in resistance. However,
there appear to be significant differences between the
same two devices under ethanol and acetonitrile. The
magnitude of the responses is smaller for the horizontal
orientation than those for the vertical orientation (by a
factor of 3�20 depending on the vapor molecule nature
and the bending direction).

Theoretically, if the nanoparticle assembly has no
specific ordering with respect to the microelectrode
orientation, which appears to be the likely morphology,
one would not expect any difference between the two
orientations because of their identical strain. This is
indeed true for the results obtained under nitrogen.

However, under ethanol and acetonitrile, the observa-
tion of the difference suggests other possible factors.
One possibility is that there is some degree of ordering
for the nanoparticles in the thin film, and thus the strain-
induced change of interparticle distances would be
different between the two microelectrode orientations.
Scheme 1 depicts an idealized model for the nanopar-
ticles in the thin film assembly (e.g., (100) packing of the
assembled nanoparticles). This model illustrates how
the interparticle distances for the device with vertical
microelectrode orientation under the same device bend-
ing direction would be different from that for
the device with a horizontal orientation. In this case, the
interparticle distance for the device with horizontal
microelectrode orientation would increase more than
that for the device with vertical microelectrode orienta-
tion under the same strain, which would increase the
conductivity more significantly for the former case. This
is, however, the opposite of the experimental observa-
tion under the two vapors for the bending of the two
different microelectrode orientations.

Another possibility is that the change of the di-
electric properties in the film could operate in such a
way that the ordered interparticle spatial characteristic,
as shown in Scheme 1c, would favor the enhancement
in dielectric effect of the solventmolecules on the surface
conductivity in comparison to that shown in Scheme 1b.
We do not have direct evidence at this point, but one
hypothesis is that the more effective increase of di-
electric constant in the film in Scheme 1c leads to
resemblance of the surface to a layer of the adsorbed
molecules. This type of resemblance would lead to a
higher surface conductivity resembling ionic conductor,
not electronic conductor, which could play a role in
producing amore effective increase of the resistance in
the case of Scheme 1c because of a better continuity of
the molecules between the two microelectrodes. In this
case, the higher the dielectric constant, the less con-
ductance the film has. Within the two-microelectrode
confinement, the film with a higher dielectric constant

Figure 6. Comparison of average ΔR/R values in response
to convex and concave bending of a device coated with
NDT-Au2nm film (Rb = 3 mm) under different gas/vapor
molecules.

Figure 7. Comparison of the average ΔR/R values in response to convex and concave bending for two devices coated with
NDT-Au2nm films (Rb = 5 mm) but with the microelectrode patterns in two different orientations with respect to the bending
direction, horizontal (A) and vertical (B), under different gas/vapor molecules.
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will conduct less because of a greater buildup of
opposite charges on the two microelectrodes, which
in fact results in a greater capacitance. This could be
qualitatively explained by considering the capacitive
characteristic of the surface with a layer of polar solvents,
C = Q/V, where C = ε (A/L) (ε, dielectric constant of the
fluid molecules; A, area of the electrodes; Q, change on
the electrodes; and V, voltage across the electrodes).
The voltage buildup would be V = (Q/ε)(L/A), which is
opposite of the applied voltage for the resistance
measurement. This more effective voltage buildup
leads to an enhanced resistance of the film for the
case of the vertical orientation than the horizontal
orientation under the convex bending. Under concave
bending, the reduced interparticle void space should
then diminish the difference observed under the
convex bending. This trend seems to be observed in
the data for ethanol but not in the data for acetonitrile.
To fully explain these differences, an in-depth impe-
dance study of the electrical and capacitive properties
of the thin films under the different bending and
different vapors will be needed. In this study, the nano-
particle thin film assembly between the two microelec-
trodes ismodeledbyanequivalent circuit representedby

a parallel combination of resistances and capacitances.
The resistive and capacitive components can be distin-
guishedby analysis of complexplane impedance spectra,
which is part of our ongoing work.

CONCLUSIONS

In conclusion, the electrical characteristics of the
nanoparticle thin film assembly on flexible chemiresistor
devices have been found to depend on a combination
of the device strain and the exposure molecular en-
vironment. This dependence has been established by
both theoretical modeling and experimental data. Under
no device strain, the electrical conductivity is highly
sensitive to the molecular nature in the exposure gas/
vapor environment, revealing a clear increase in elec-
trical conductivity with dielectric constant of the vapor
molecules. Under small device strains, the electrical
conductivity is shown to respond sensitively to the strain
directions (tensile vs compressive strain) and also to
the dielectric constant of the vapor molecules in a way
similar to the characteristic observed under no device
strain. Under relatively large device strains, the electrical
conductivity is shown to respond to the change in di-
electric constant of the vapor molecules but more sig-
nificantly to the device tensile and compressive strains
than those under small device strains. This combination
of device strain and dielectric characteristic is further
shown to be dependent on the orientation of the micro-
electrode patterns with respect to the device strain
direction. These findings have demonstrated how wrap-
ping or bending influences the interparticle packing,
ordering, and spatial structures of nanoparticle assem-
blies on flexible devices in the presence of gas/vapor
molecules. Thesefindings, upongaining a furthermecha-
nistic insight into the structural and morphological
changes of the thin films, will have important implica-
tions for the design of nanostructured flexible devices
for sensing applications which require conformal wrap-
pingor bendingadaptability in various complexor special
sensing environments.

EXPERIMENTAL METHODS
Chemicals and Nanoparticles. Hydrogen tetrachloroaurate trihy-

drate (99%), tetraoctylammonium bromide (99%), decanethiol
(DT, 96%), sodiumborohydride (99%), 1,9-nonadithiol (NDT, 95%),
and 11-mercaptoundecanoic acid (MUA, 95%) were obtained
from Aldrich. Solvents included hexane (99.9%), toluene (99.9%),
methanol (99.9%), acetonitrile (99.8%), and ethanol (99.9%)
from Aldrich. Water was purified with a Millipore Milli-Q water
system.

Gold nanoparticles of 2 nm diameter (Au2nm) encapsulated
with decanethiolate monolayer shells were synthesized by
two-phase reduction of HAuCl4 according to Brust's two-phase
protocol43 and a synthetic modification.44 The as-synthesized
gold nanoparticles (DT-Au2nm) had an average size of 2.0 (
0.7 nm. Gold nanoparticles with larger sizes were synthesized
by a thermally activated processing route developed in our

laboratory. Briefly, the solution containing the as-synthesized
DT-Au2nm nanoparticles from the synthesis was heated at
150 �C to produce larger sized Au nanoparticles. Gold nano-
particles of 7.0 ( 0.5 nm diameters (Au7nm) produced by this
method were used in this work. Details for the morphology and
size distribution can be found in previous reports.

Preparation of Molecularly Mediated Thin Film Assemblies of Nano-
particles. The DT-capped Au nanoparticles were assembled on
the flexible chemiresistor devices using molecularly media-
ted interparticle linking. For example, NDT-linked thin films
(NDT-Au2nm) were prepared via an exchanging�cross-linking�
precipitation route using a 103�104 ratio of NDT to Au nano-
particles.6,7 Briefly, a flexibledevicewas immersed into the solution
of NDT-Au2nm nanoparticles and NDT at room temperature for a
controlled period of time, during which the solvent evaporation
was prevented in the film formation. The resulting film-coated

Scheme 1. Illustrations of possible changes in interparticle
distances for a microelectrode pattern on a flexible device
without strain (a) and with strain (b and c). Under device
strain, the interparticle spatial properties may change
differently for the two orientations of the microelectrode
pattern with respect to device bending directions:
horizontal (b) and vertical (c).
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device was rinsed many times to remove any unassembled
components and dried using nitrogen gas.

Device Fabrication. Interdigitated copper microelectrodes were
patterned on polyethylene terephthalate (PET) (DuPont Tejin
FilmsMelinex ST507) filmwith 125 μm thickness. The PET sheets
were cleaned using isopropyl alcohol and oxygen plasma before
sputtering of 5 nm Cr and 300 nm Cu films. The Cu microelec-
trode parameters are 400 μm for finger length, and 10 μm for
finger spacing, and 10 μm for finger width. The total number of
microelectrodes is 300 for each of the devices. The microelec-
trode devices feature 150 pairs of microelectrodes with well-
defined length, width, and spacing. Some details for the micro-
frabrication were reported previously.11,19�20

Measurements. A 2000 mL of glass container (test chamber)
was cleaned by distilled water and dried by N2 gas. A humidity
meter (USB-502-LCD) was taped on thewall of a glass container.
A 50 � 40 parafilm was cut and stretched to cover the container.
The test chamber was purged with N2 through the parafilm to
lower the humidity. The devicewas connected to the computer-
interfaced multichannel meter (Keithley, Model 2700) to measure
the resistance. The resistances were measured in the wrapping
orders of flat, concave, flat, and convex. The wrapping was
controlledmanually usinga cylinderwithwell-defineddiameter. In
the case of manual operation, we measured the radius of cur-
vature using a ruler, which had a possible variation of about
15%. The measuring steps above were repeated several times.
After the experiment under relatively dry testing conditions was
done, 200 mL of distilled water was added to the beaker, and a
stirring bar was put in the beaker. When the humidity reached
the maximum for 20 min, the measurements in response to the
wrappingwere tested. The same stepswere repeated for device
A and device B.

A Multimode Nano-Scope IIIa (Digital Instruments, Santa
Barbara), equipped with an E scanner (maximum scan size =
16 μm), was utilized for AFM imaging. The capability of tapping
mode (TM) AFM allows for imaging withminimumdisruption to
the nanostructures. Standard silicon tapping cantilevers (nano-
sensors) were used with a force constant of 40 N/m (TESP). The
probe has a nominal tip radius with a curvature of ∼10 nm. All
images were acquired in TM. The instrument was calibrated by
imaging standard calibration gratings.
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