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Introduction

Gold nanoparticle superlattices: correlating
chemiresistive responses with analyte sorption
and swellingf

Natalia Olichwer, Andreas Meyer, Mazlum Yesilmen and Tobias Vossmeyer*

Chemiresistive and in situ GISAXS (grazing-incidence small-angle X-ray scattering) measurements were
performed simultaneously on superlattices self-assembled from 1-dodecanethiol (DDT)-stabilized gold
nanoparticles (GNPs, 4 nm). When dosed with vapors (1000-10000 ppm) of toluene, 4-methyl-2-
pentanone and 1-propanol, the GNP superlattice films responded with reversible increases in both
the interparticle distance and resistance. Additionally, the mass uptake due to analyte sorption was
determined microgravimetrically. Comparing the partition coefficients, chemiresistive sensitivities and
GISAXS-measured swelling for the three solvent vapors revealed the same trends, which were consistent
with the solubility match between DDT and the analyte. GISAXS-measured swelling and swelling
deduced from microgravimetry showed remarkable agreement for 4-methyl-2-pentanone and toluene,
whereas only a fraction of sorbed 1-propanol induced swelling. This suggests that due to the poor
affinity of 1-propanol to DDT a significant amount deposited unselectively on the films’ surface or within
voids, where it is ineffective for swelling. The experimentally obtained data for analyte sorption and
swelling were used to calculate the responses according to the commonly used chemiresistor model
based on thermally activated charge transport. The comparison between calculated and measured
responses demonstrated that the model can predict the chemiresistive responses to the analytes only
qualitatively, i.e. with a precision of one order of magnitude and for 1-propanol with reversed direction.
To enable a deeper understanding of the sensing mechanism and more precise predictions of the
sensor characteristics, investigations into the microporosity of the assemblies and permittivity changes
of the organic medium during analyte sorption are recommended as next experimental steps.

of such sensors. Along with other intriguing characteristics such
as high sensitivity, fast and reversible responses, low detection

Since Wohltjen and Snow' demonstrated the first chemi-
resistors based on assemblies of ligand-stabilized gold nano-
particles (GNPs) in 1998, numerous studies reported on the
chemiresistive properties and applications of a variety of nano-
particle based composites.” These materials differ for example
in the metal,®® shape” and size®*" of the particle core as well
as the length®'*" and chemical nature of the ligands. Most
commonly used ligands include simple or functionalized aliphatic
or aromatic thiols®'*™ and dithiols.">**?%?*! Many studies
emphasized the tunability of chemical selectivity by varying
the ligands’ structural parameters, which is a great advantage
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limits and low power consumption GNP-based chemiresistors
are promising candidates for advanced applications in environ-
mental monitoring,”> > personnel security’®>® and biomedical
diagnostics.”*

While target specific optimization progresses rapidly, the
underlying sensing mechanism still remains only vaguely
understood. For discussing the response characteristics most
studies take into consideration a sensing mechanism based on
thermally activated charge transport®* according to the following
equation:*?

A_R — eﬁAé . eAEa/kT —1 (1)
Ro

Here, AR/R, is the sensor response recorded as the relative
resistance change, f is the tunneling decay constant, ¢ is the
edge-to-edge distance between neighboring metal cores (i.e. the
tunneling distance), E, the activation energy, k the Boltzmann
constant, and 7 the temperature. A denotes the changes of
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quantities upon analyte sorption. The first exponential term
represents the tunneling of charges between adjacent particles,
while the second exponential term considers the thermal activa-
tion of the charge transport. The activation energy E,**?** has
been attributed to the Coulomb charging energy, i.e. the energy
required to transfer an electron between two initially neutral
particles, or to the reorganization energy according to Marcus
theory. In both models the activation energy decreases with
decreasing ¢ and increasing permittivity of the organic matrix.

According to the model represented by eqn (1) two effects
have to be accounted for when the sensor film is exposed to
analyte vapors.>** On the one hand, due to sorption of analyte
within the organic matrix the film swells and the enlarged
tunneling distances increase the resistance. On the other hand,
the permittivity of the ligand matrix changes. Using ligands with
low permittivity the adsorption of more polar analytes reduces the
activation energy causing the resistance to drop. This bidirection-
ality of the sensor response as a result of the interplay between
swelling and permittivity increase has been addressed in multiple
works.®1012192135 Bor example, while the chemiresistive responses
are usually positive, indicating that swelling is the dominant effect,
it could be shown that rigidly cross-linked nanoparticle films
respond with a decrease in resistance to analyte sorption.*'
Presumably, in these films the permittivity change becomes the
overriding effect of the transduction mechanism.

In most previous studies the response characteristics of
GNP-based chemiresistors have been discussed qualitatively
referring to eqn (1). So far, only few studies aimed at a more
detailed understanding of the sensing mechanism by taking
into account either the gravimetrically measured amount of
sorbed analyte,®® the distribution of sorbed analyte measured
by neutron reflectometry,®® or the swelling of the sensor films
measured by ellipsometry,'® environmental scanning electron
microscopy (E-SEM),*” or X-ray scattering techniques.*®*°
Small-angle X-ray scattering (SAXS) techniques (including
GISAXS) have been shown to be powerful methods for studying
sorption-**"*%or strain-induced*'~**changes in the interparticle
distances. For example, Ibafiez and coworkers®® dosed coatings
of tetraoctylammonium bromide-stabilized gold nanoparticles
with solvent vapors and monitored in situ the interparticle
distance changes by GISAXS.

To enable reliable measurements of only subtle interparticle
distance changes - induced at relatively low vapor concentra-
tions - the use of highly ordered nanoparticle films, providing
well-resolved SAXS signals, is most suitable. Recently, Pileni
and coworkers*®** reported on the assembly of highly ordered,
supercrystalline films from 1-dodecanethiol (DDT)-capped GNPs.
Using SAXS techniques they were able to measure reversible swelling
when exposing the films to toluene vapors.®® Here, we followed this
approach to measure sorption-induced changes in interparticle
distances when dosing supercrystalline GNP films with different
solvent vapors in the concentration range 1000-10000 ppm.
Simultaneously, we recorded the films’ chemiresistive responses
and, additionally, the amount of sorbed analyte was quantified
using quartz crystal microbalances (QCM). To take into account
the influence of permittivity changes, solvents with significantly
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different permittivities were used as analytes. As detailed in the
following, these measurements allowed us to assess quantita-
tively the influence of analyte sorption and film swelling on the
chemiresistive responses and to reevaluate the commonly used
chemiresistor model according to eqn (1).

Experimental
Materials

Chloro(triphenylphosphine)gold(1) (98%) was purchased from
ABCR. All other chemicals were purchased from Aldrich. They
were all of analytical grade and used as received.

Synthesis of gold nanoparticles

1-Dodecanethiol (DDT)-stabilized gold nanoparticles were prepared
following the method by Pileni and coworkers,** which is based on
the synthesis developed by Stucky and coworkers.*® A solution
of 5 mmol tert-butylamine borane complex in 2 mL toluene and
a solution of 0.25 mmol chloro(triphenylphosphine)gold(r) and
500 pL 1-dodecanethiol in 25 mL toluene were mixed at 100 °C
and stirred for 5 min. After the solution cooled down to room
temperature the particles were precipitated twice or three times
by adding 5 to 20 mL ethanol. The samples were centrifuged
at 5095 x g and —10 °C. The precipitates were dried under
nitrogen and dispersed in ~5 mL toluene.

Deposition of nanoparticle films

For SEM, GISAXS and chemiresistor measurements the samples
were prepared by dropping a concentrated GNP solution
(c~1072 mmol L") onto a silicon wafer. The samples dried
under ambient conditions and were used the next day. For
electrical measurements the sample was deposited onto silicon
substrates (thermal oxide layer 500 nm) with interdigitated gold
electrode structures (50 finger pairs, gap: 10 pm, overlap: 1.8 mm,
thickness: 50 nm or 100 nm). To enable GISAXS measurements
simultaneously with chemiresistive measurements the GNP films
covered the electrodes as well as some mm? of blank silicon wafer
next to the electrodes for positioning the X-ray spot. The QCM
substrates were coated on both sides using a more diluted
solution (c~10"* mmol L™7).

Transmission electron microscopy (TEM)

TEM images of GNPs were measured with a Philips CM 300, kv,
LaBs microscope. The gold nanoparticle solution was diluted in a
solution of DDT in toluene (c~10> mol L") in order to prevent the
particles from coalescing on the grid during TEM measurements.
10 pL of this solution were then dropped onto a carbon coated
copper grid and measured after solvent evaporation. For size deter-
mination ~ 1000 particles were evaluated using the software Image].

Scanning electron microscopy (SEM)

SEM images of the GNP films deposited onto silicon substrates
were recorded using a LEO-1550 (Carl Zeiss) field-emission
scanning electron microscope. For imaging cross sections of
the films, the coated wafers were cleaved.
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Grazing-incidence small-angle X-ray scattering (GISAXS)

These experiments were performed using our in-house SAXS
apparatus equipped with an Incoatec™ X-ray source IuS and
Quazar Montel optics. The wavelength of the X-ray probe was
0.154 nm and the focal spot size at the sample position was
0.6 mm®. The samples were mounted on a high resolution
motorized goniometer and the incident angle was set to 0.3°.
The sample-detector distance was 1.6 m. The patterns were
recorded with a Rayonix™ SX165 CCD-Detector and the accu-
mulation time per GISAXS measurement was 600 s. The evalua-
tion of the data was carried out using the software Scatter.*®*”

Thermogravimetric analysis (TGA)

This analysis of the gold nanoparticle assemblies was performed
in a temperature range of 25 °C to 800 °C using the Mettler Toledo
TGA 1. The heating rate was 10 °C min~" and the nitrogen flow
was 20 mL min~". For the TGA measurements the gold nano-
particle solution was filled into aluminum oxide cups (~70 pL).
The solvent evaporated under ambient conditions over night. The
dry mass was ca. 3 mg.

Dose-response measurements with solvent vapors

The chemiresistor responses were measured by supplying a
constant current of 100 nA (Keithley Sourcemeter 2601A) and
recording the change in voltage (Keithley Multimeter 2002)
when dosing the sensors with the analyte vapors after purging
the test chamber with zero gas (nitrogen 5.0). Test vapors were
generated using a commercial programmable calibration sys-
tem (Kalibriersystem Modell CGM 2000, Umwelttechnik MCZ).
As carrier gas nitrogen 5.0 was used. For the experiments three
different test chambers were employed: one for simple chemi-
resistor measurements (aluminum, ~10 mL), one equipped
with Kapton windows for the in situ GISAXS and chemiresistor
measurements (stainless steel, PTFE, ~100 mL) and one allowing
to perform QCM and chemiresistor measurements in parallel
(PTFE, ~20 mL). The flow through the sensor test chambers was
set to a rate of 400 mL min . All experiments were carried out at
room temperature. Solvent sorption on the GNP-coated QCMs was
recorded as the shift of the resonant frequency Af; upon analyte
sorption. The resonant frequency f of the QCMs (AT-cut polished
with gold electrodes, resonance frequency: 10 MHz, KVG Quartz
Crystal Technology GmbH) was obtained from the impedance
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spectra of the QCMs which were measured using an Agilent
E5100A Network Analyzer. Here, the QCM is represented by a
four-element equivalent circuit. From the frequency shift the mass
of sorbed analyte Am was calculated according to the Sauerbrey
equation:*®

Am = A, Vz;‘o :F’;C'A )

where f, 5 is the resonance frequency of the GNP-coated QCM,
p and pq are the shear modulus (29.47 GPa) and the density
(2.65 g cm?) of quartz, and 4 is the sensitive area (0.1971 cm?)
of the QCM. For calculating the mass of the gold nanoparticle
coating m the frequency shift upon coating the QCM and the
resonance frequency of the blank QCM were inserted in eqn (2)
instead of Afs and f, 5.

Results and discussion

1. Preparation of GNP superlattice films and structural
characterization

DDT-stabilized GNPs with a core diameter of ~4 nm were
prepared by the reduction of chloro(triphenylphosphine)gold(i)
with tert-butylamine borane complex in the presence of DDT,
as originally described by Stucky and coworkers®® and later
modified by Pileni and coworkers.** This method provides GNPs
with extremely narrow size distributions (standard deviation <10%).
A representative TEM image of these GNPs is shown in Fig. 1a
(size histograms and additional TEM images are provided in the
ESLt Fig. S1). Table 1 lists the TEM measured core diameters
D with standard deviations for the three GNP batches used in our
in situ GISAXS/chemiresistor experiments.

Using SAXS techniques, Pileni and coworkers** studied in
detail how GNPs prepared by above mentioned method self-
assemble as thin film GNP superlattices. Here, we prepared
such highly ordered GNP films by drop casting the nanoparticle
suspensions onto silicon substrates. Fig. 1b and ¢ show SEM
images of the as-deposited films. The sharp pattern observed in
the Fourier transformation (Fig. 1d) of the SEM image confirms
the highly ordered arrangement of closely packed nanocrystals.

Because the motivation of this study was to measure simulta-
neously swelling of GNP superlattice films by GISAXS and their
chemiresistive responses the substrates used for film deposition

XX

Fig. 1 (a) TEM-image of sample GNP1, (b) and (c) SEM images of a thin film GNP superlattice deposited onto a silicon substrate using the same GNP
sample. (d) Fourier transform of the SEM image, which is shown in part in (c).
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Table 1 GNP core diameter D (by TEM), interparticle distance ¢ (by
GISAXS and TEM), effective radius reg, calculated density pg of the films
(for details see the ESI)

Sample D (nm) o (nm) Tege (NM) ps (g em™3)
GNP1 3.7+£0.2 1.9 2.8 4.8
GNP2 3.9+0.2 2.1 3.0 4.6
GNP3 3.7+£0.2 2.3 3.0 4.0

had defined areas for positioning the X-ray spot and for con-
tacting the films via interdigitated electrodes. Scheme 1 shows
the experimental setup used for in situ GISAXS/chemiresistor
measurements.

Fig. 2a shows a representative GISAXS pattern of a GNP super-
lattice film measured under nitrogen at ambient temperature.
Further examples are provided in the ESIt (Fig. S2). While the
reflections in g,-direction are due to the 2-dimensional hexagonal
arrangement of the particles, the ring-shaped scattering with
its center at g, = 0 and g, = 0 is the SAXS signature of the
3-dimensional arrangement of GNPs. The lack of prominent
reflections within this ring indicates the presence of supercrystal-
line domains with predominantly random orientations. From these
ring-shaped patterns we extracted the SAXS curves using the soft-
ware Scatter.’®"” This was done by performing line cuts from
center-to-edge of the pattern along regions without the vertical
GISAXS reflections and integrating along the ring over a defined
section, as indicated by the red lines in Fig. 2a. The obtained SAXS
curve shown in Fig. 2b displays the integrated SAXS intensities at
g values in the range of ~0.6 to ~2.2. This curve with a main peak
at ¢~1.28 and a second minor peak at g~ 1.5 reveals that the GNPs
formed an fcc superlattice, in accordance with previous findings of
Pileni and coworkers.** For comparison, the calculated scattering
curves of the fcc and bcc lattices are also displayed in Fig. 2b.

The calculated SAXS curve of the fcc lattice returned the
center-to-center distance between nearest neighbor GNPs. In
general, the center-to-center distance deduced from GISAXS
measurements was found in reasonable agreement with the
center-to-center distance extracted from the Fourier transform
of SEM images, assuming an fcc lattice with the (111)-plane
aligned with the substrate surface.

ma

Analyte/N,

Scheme 1 Experimental setup for in situ GISAXS/chemiresistor measure-
ments. A custom made test chamber and substrates with defined areas for
electrically addressing the GNP films and for positioning the X-ray spot
were used to perform electrical measurements and GISAXS measurements
simultaneously.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) GISAXS pattern of the GNP superlattice film prepared from
sample GNP2. (b) SAXS intensity profile extracted from the GISAXS pattern
and calculated curves of fcc and bcc lattices.

It is to note that the diameters of the gold cores obtained
from the SAXS analysis are somewhat larger than the observed
diameters in TEM images. As detailed in the ESIT we attribute
this difference mainly to texture effects, which affect the
intensity ratio of the reflections. Therefore, the edge-to-edge
distance ¢ between nearest neighbor GNP cores was calculated
by subtracting the TEM-measured GNP core size D from the
GISAXS-measured center-to-center distance. The edge-to-edge
distances ¢ determined for the three GNP films used in the
in situ GISAXS/chemiresistor experiments were fairly similar, as
shown by the corresponding values listed in Table 1.

Scheme 2 shows a model of the supercrystalline nanocrystal
arrangement. Considering a length of 1.8 nm*® of the fully
stretched 1-dodecanethiol ligand the measured interparticle
distances ¢ between 1.9 and 2.3 nm (Table 1) indicate signifi-
cant interdigitation of the DDT alkyl chains with differences in
the degree of interdigitation between the three GNP super-
lattice films. We tentatively attribute such differences to subtle
variations in the density of ligands bound to the nanocrystals’
surface.

In a perfect fcc superlattice of DDT-stabilized GNPs 74% of
available space is filled with spheres of radius r.s comprising
the gold core and parts of the ligand shell with the thickness
0/2 forming the superlattice (Scheme 2). The reg values deter-
mined for the three GNP films investigated are listed in Table 1.
In the following we assume that the remaining 26% are filled
with ligands extending into the interstitial sites. Taking into
account the volume fraction of gold (using the TEM-measured
size of the gold cores) and assuming that all remaining volume
of the superlattice is occupied by DDT, the densities pg of the

J. Mater. Chem. C, 2016, 4, 8214-8225 | 8217
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Scheme 2 Superlattice formed by DDT-stabilized gold nanoparticles with
effective radius regs = D/2 + 9/2.

assemblies were calculated as detailed in the ESI.T The obtained
values, which are used for considerations outlined below, are
listed in Table 1. It is to note that the calculated mass frac-
tions of gold and DDT, which are based on GISAXS and TEM
measurements are in remarkable agreement with results of
thermogravimetric measurements, as described in the ESI}
(Table S1 and Fig. S6).

2. GNP Superlattice films dosed with solvent vapors: sorption,
swelling and chemiresistive responses

2.1 Vapor sorption in GNP superlattice films measured by
microgravimetry (QCM). Sorption of different analytes from the
vapor phase was quantified by microgravimetry using 10 MHz

Table 2 Relative permittivities ¢, of DDT°**2 and the analytes®! and the
partition coefficients K, calculated from QCM data using the averaged GNP
film density of 4.5 g cm™ (see Table 1)

&r K
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quartz crystal microbalances (QCMs). To this end, QCM sub-
strates were homogeneously coated with GNP superlattice films
(see ESIt Fig. S7) and the mass of each film was calculated
from the observed frequency shift, which was typically ~ 3 kHz.
Previously, it was shown that GNP coatings behave like rigid
solids and viscoelastic effects are negligible for mass loadings
corresponding to frequency shifts up to ~10 kHz.>® Here, the
calculated mass of the films was ~ 3 pg corresponding to a film
thickness of ~20 nm on each side of the QCM substrate
(i.e. ~3 GNP monolayers on each QCM electrode as estimated
by using the average density of the three GNP films listed
in Table 1).

Sorption measurements were performed by dosing the GNP-
coated QCM substrates with vapors of toluene, 4-methyl-2-
pentanone (4M2P) and 1-propanol, in the concentration range
50-10 000 ppm. These analytes differ significantly in permitti-
vity, see Table 2, but have similar vapor pressures (29, 21 and
20 mbar at 20 °C respectively),”" ensuring that differences in
partitioning are mainly based on the films’ chemical selectivity.
In a set of preliminary experiments we also tested the responses
of GNP films to water vapor. However, because these measure-
ments revealed only marginal chemiresistive responses, with
no swelling discernable in GISAXS experiments, we did not
consider water as a relevant analyte in our present study. In all
experiments nitrogen 5.0 was used as carrier gas. During vapor
exposure the resonance frequency decreased and, as seen by
the transients depicted in Fig. 3, sorption of all three analytes
was remarkably fast (oo 5 to 35 s) and reversible.

Using the Sauerbrey equation”® (eqn (2)) the measured frequency
shift was used to calculate the mass of sorbed analyte. Fig. 4 shows
the sorption isotherms obtained by plotting the relative mass uptake
of the films as a function of vapor concentration. A linear correlation
is recognized for all three analytes with the slope (i.e. the sensitivity)
decreasing in the order toluene > 4M2P > 1-propanol. This trend
in sensitivity is qualitatively consistent with the solubility match
between the nonpolar hydrophobic dodecyl residues of the DDT
ligands and these analytes.

The partition coefficients K = C¢/C,, representing the ratio of
analyte concentration Ct in the film and C, in the vapor phase,
are listed in Table 2. Similar partition coefficients for sorption
of toluene have previously been reported in the case of dis-

DDT 2.6, (2.0 ordered films from 1-octanethiol-stabilized GNPs (core size of
Toluene 2.4 1300 33 . -
AM2P 13.11 000 4.3 nm), K~1000,” and 1-dodecanethiol-stabilized GNPs (core
1-Propanol 20.8 500 size ~3 nm), K~1500.>°
-10+ 1 1 %
S~
N N
L, 20 . 1
g L_M Toluene
-30+ L\* 1 1 AM2P Time (s)
— 1-Propanol 0 50
—40_ i = p _-— I

Fig. 3 Typical QCM responses to toluene (black), 4M2P (red) and 1-propanol (green). The vapor concentrations were 50, 500, 1000, 2000, 3000, 4000,

5000, 7500, 10000 ppm.
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Fig. 4 Sorption isotherms for toluene (black), 4M2P (red) and 1-propanol

(green). The data points represent mean values obtained from measure-

ments of 6 to 10 devices, prepared from different GNP batches. The solid
lines represent linear fits.

2.2 Sorption-induced swelling of GNP superlattice films
measured by in situ GISAXS. X-Ray scattering methods (SAXS,
GISAXS, GIXD, XRD) have been shown to be powerful techni-
ques for in situ studies of nanoscale materials. Especially for
fundamental investigations of colloidal supercrystals they are
widely used, e.g. to characterize the superlattice structure and to
monitor solvent or temperature mediated phase transitions.>*>*
Also, it was demonstrated that SAXS and GISAXS can be used to
study changes in the interparticle distances as a function of
strain*'™** or vapor sorption.**™*°

Here, our objective was to measure distance changes in GNP
superlattices upon sorption of solvent vapor via in situ GISAXS
and to correlate these changes with simultaneously recorded
chemiresistive responses. In order to study sorption-induced
distance variations also at vapor concentrations below 10 000 ppm,
it was necessary to capture even subtle variations in the inter-
particle distances. Therefore, the intended experiments required
highly ordered particle arrangements providing sharp SAXS/GISAXS
signatures. Fig. 5 shows the shift of the (111)-reflection observed
when dosing a GNP superlattice film (sample GNP3) with vapors
of toluene, 4M2P and 1-propanol at four different concentrations
(1000, 4000, 7000 and 10 000 ppm). While the exposure to toluene
and 4M2P vapor caused increasing shifts of the scattering
curves to smaller g values with increasing vapor concentration,

Toluene | 4M2P

50

Intensity (a.u.)

View Article Online
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only marginal shifts were induced by 1-propanol vapor. It is to
note that the observed shifts of the scattering curves were
essentially reversed when purging the cell with nitrogen as
shown exemplarily in Fig. S8 (ESIt). The trends shown in Fig. 5
were reproduced when repeating the measurements with two
other superlattice films, which were prepared from different
GNP batches (see Table 1). Experimental data of these measure-
ments are provided in the ESIt (Fig. S9). In addition to the shift
of the (111)-reflection seen in Fig. 5 (and Fig. S9, ESIT) a slight
increase in intensity is observed when dosing the films with
increasing concentrations of toluene or 4M2P vapor. An analysis
of the scattering curves indicates that this increase in signal
intensities results from the superposition of the reflection with
the underlying form factor function, which increases with
decreasing g-values.

For determining the change in interparticle distance upon
exposure to analyte vapor the scattering curves were fitted*®*”
to determine the nearest-neighbor-distances in the dry and in
the analyte loaded films. Fig. 6 shows the increase in inter-
particle distance as a function of applied vapor concentration.
As already indicated by the scattering curves shown in Fig. 5,
the effectiveness of the vapors to swell the films decreased in
the order toluene > 4M2P > 1-propanol. While for 4M2P the
interparticle distance increased linearly with vapor concen-
tration, a slight deviation from linear behavior was observed for
toluene. Here, the data points are in best agreement with a
monoexponential growth function. Taking into account the
observed linear increase of mass uptake with increasing vapor
concentration (Fig. 4) and assuming isotropic swelling one might
expect the increase of the interparticle distance to follow a cube
root function (see eqn (S16) in the ESIt). However, because the
volume added by sorbed analyte is very small compared to the
initial film volume, a linear approximation for the correlation
between swelling and vapor concentration should be well
applicable. The slight deviation from linear behavior observed
for toluene sorption may hint at sorption processes being more
complex than accounted for by a simple additive and isotropic
volume increase.

At the highest concentration of toluene vapor (10 000 ppm)
the interparticle distance increased by ~0.12 nm. For compar-
ison, Pileni and coworkers®® investigated very similar superlattices

|1-Propanol

125
qmm™

1.20

1.25 30 1.35

1
qnm™

Fig. 5 GISAXS-measured (111)-reflection of a GNP superlattice film under nitrogen (dotted lines) and during exposure to vapors of toluene (black),
4AM2P (red) and 1-propanol (green). The increase in concentration (1000, 4000, 7000, 10 000 ppm) is indicated by using dark to light colored graphs.
While toluene and 4M2P vapor induced a clear shift of the scattering curves, only marginal swelling was observed for 1-propanol. The data refer to the

GNP superlattice film prepared from sample GNP3.
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Fig. 6 Changes in interparticle distances measured while dosing the GNP
films with vapors of toluene (black), 4M2P (red) and 1-propanol (green) at
various concentrations. The data points show averages of measurements
performed with the three GNP superlattice films prepared from samples
GNP1, GNP2 and GNP3 (Table 1). The individual data sets are provided in
the ESIT (Fig. S10). For toluene a monoexponential fit-function was used,
whereas a linear function was fitted to the data referring to 4M2P. Because
the swelling observed for 1-propanol vapor was only marginal and the
scattering of corresponding data points was relatively strong, no fit-function
was applied for this analyte.

comprised of DDT-stabilized GNPs with a core diameter of
5 nm. They reported interparticle distance increments between
~0.4 to ~0.7 nm when exposing the films to nearly saturated
(~37500 ppm at 25 °C) toluene vapor. Taking into account the
considerably lower vapor concentrations used in our study the
results reported here are in reasonable agreement with these
earlier findings.

2.3 Sorption-induced chemiresistive responses of GNP
superlattice films. While supercrystals of DDT-stabilized gold
nanoparticles have been studied intensively regarding their
formation and structural parameters,**>*°" their properties
as chemiresistors have not been studied, so far. For applica-
tions as chemiresistors thin films comprised of GNPs with
shorter ligands, such as octanethiol"**'®%* or cross-linked by
dithiols,'®'""? are usually preferred because their conductivities
are fairly high and baseline resistances in the kQ range are easily
achieved, which is convenient for many practical applications.
Here, we used monodisperse DDT-stabilized GNPs because
these particles enable the straightforward preparation of

View Article Online
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supercrystalline films.’®®? In order to address the GNP films
electrically the substrates used for film deposition were equipped
with interdigitated gold electrodes (50 finger pairs, 10 pm gap,
1800 pum overlap). Typically, the thickness of the films was in the
100-500 nm range (see Fig. S11, ESIt). Due to the fairly large
edge-to-edge interparticle distance 0 of ~2 nm (Table 1) the
baseline resistances were measured in the 10-40 MQ range,
which still enables recording the chemiresistor responses with
a conventional source meter (see Experimental section). In
agreement with previous findings>*>®* the GNP films displayed
ohmic current-voltage (IV) behavior (in the range +2 to —2 V) with
conductivities in the 1077 Q' cm™" range in agreement with
previously reported data.'”

In our present study, two sets of experiments were per-
formed to investigate the chemiresistive responses of super-
lattice films when dosing them with vapors of toluene, 4M2P
and 1-propanol in the concentration range 50-10 000 ppm.

In the first set of experiments the duration of each vapor
exposure was set to 120 s. Fig. 7 shows a series of typical
chemiresistor responses. In agreement with the sorption char-
acteristics measured by microgravimetry (Fig. 3) the responses
were quick, with ¢y, times <8 s, and fully reversible. Furthermore, all
responses showed an increase in resistance, which was highest for
toluene (~90% at 10 000 ppm), significantly lower for 4M2P (~30%
at 10000 ppm) and one order of magnitude lower in the case of
1-propanol (~4% at 10000 ppm). Thus, the observed chemical
selectivity is qualitatively in agreement with the gravimetrically
measured mass loadings and GISAXS-measured swelling. However,
compared to the gravimetric measurements (Fig. 3) the differences
in response amplitudes observed between the three analytes are
clearly more pronounced in the case of the chemiresistors. This
behavior will be discussed in detail below when we conflate the
different response characteristics to gain a more comprehensive
picture of the sensing mechanism.

Fig. 8 shows the response isotherms of the GNP superlattice-
based chemiresistors. In contrast to cross-linked GNP films,"*
the response amplitudes did not saturate with increasing vapor
concentrations. Instead, the isotherms for toluene and 4M2P
suggest an exponential increase with ascending analyte concen-
tration. The responses to 1-propanol were too faint to clearly
discern this trend. The sensitivities determined as the slopes of

1'0’_Toluene 1—4M2P 1—1-Propanol
08. | ] 0.04
: ﬁ- 003 [ |
002 [
f 0.6 (—f—— | | T ———
né 0.4- : ] 0.00
RIS
02. ——— | ;: ]
0.0 | - S -
0 50 100
Time (s)

Fig. 7 Typical chemiresistive responses of GNP superlattice films to toluene (black), 4M2P (red) and 1-propanol (green). The vapor concentrations were

50, 1000, 2000, 3000, 4000, 5000, 7500, 10 000 ppm.
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Fig. 8 Response isotherms of chemiresistors based on GNP superlattice
films for toluene (black), 4M2P (red) and 1-propanol (green) vapor. The data
points are mean values originating from measurements of 5 to 14 devices,
which were prepared from 4 to 9 particle batches. Monoexponential
functions were fitted to the data.

linear fits of the isotherms in the range 50-1000 ppm were
6 x 10°° ppm ™" for toluene, 2 x 10> ppm ' for 4M2P and
4 x 10°® ppm " for 1-propanol. Regarding toluene vapor,
similarly curved response isotherms have been reported pre-
viously for chemiresistors based on disordered assemblies of
DDT-stabilized GNPs."”

In the second set of experiments the chemiresistive res-
ponses were sampled simultaneously with the GISAXS signals.
For these experiments the setup illustrated in Scheme 1 was
used. Due to the geometric requirements of the GISAXS
measurements the volume of the sensor test chamber was
much larger (~100 mL) than in the first set of experiments
and fairly long vapor exposures (20 min) were necessary to ensure
sufficiently long integration times for the GISAXS measurements.
Therefore, the acquired chemiresistive responses were some-
what retarded as the larger cell volume required longer purge
times. However, the response amplitudes and, thus, the
obtained response isotherms were practically identical to those
obtained by first set of experiments. Representative response
transients and the response isotherms obtained in the second
set of chemiresistor measurements are provided in the ESI¥
(Fig. S12 and S10).

Toluene
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3. Correlation of chemiresistive responses, sorption and
swelling - revisiting the chemiresistor model

3.1 Solvent sorption and GISAXS-measured swelling. As
outlined in Section 2.2 sorption-induced swelling can be measured
directly by GISAXS. An alternative way to estimate film swelling is to
use the QCM-measured solvent uptake (see Section 2.1) and to
calculate the analyte volume added to the film’s organic matrix, in a
similar fashion as previously done by Zellers and coworkers.*
Details of this calculation can be found in the ESL{ Here, it is
assumed that the space between the GNP cores is initially homo-
geneously filled with liquid DDT, representing the organic matrix.
Thus, voids, which could be occupied by analyte without contri-
buting to film swelling, are neglected. Accordingly, film swelling is
considered to be caused to full extent by the volume of analyte
sorbed within the organic matrix. Fig. 9 displays film swelling
extracted from QCM data (Adq.m) and determined by GISAXS
(Ad). For toluene Adyen is lower by ~10% compared to AJ,
whereas for 4M2P Adycr, is larger compared to Aé with similar
deviation. Thus, the results obtained from the two different
techniques are in remarkable agreement. In contrast to these
observations the GISAXS measurements indicate that sorption
of 1-propanol caused only a very faint increase in interparticle
distances, whereas the QCM data revealed a sizable amount of
sorbed solvent. This finding suggests, that a significant fraction
of 1-propanol was sorbed at the films’s surface and/or within
voids without contributing to swelling.

As an interim conclusion, our correlation of film swelling
extracted from QCM data with swelling measured by GISAXS
suggests that with decreasing affinity of the analyte to the
ligand matrix, the analyte molecules are sorbed less selectively
to sites provided within the ligand matrix. While the nonpolar
toluene and 4M2P molecules are absorbed mainly within the
nonpolar ligand matrix and cause significant swelling, the
protic polar 1-propanol molecules are adsorbed rather unselec-
tively on the films’ surface or within voids, where they do not
contribute to film swelling. This interpretation is supported
by a previously conducted neutron reflectometry study on
sorption of solvent vapors in dendrimer cross-linked GNP
films.?*®* When exposing those films to vapors of solvents with
orthogonal solubility the formation of a wetting layer on top of

4M2P 1-Propanol
0.03- i
; 0.02- i
0.01+ L
0.00t { { {

2000 4000 6000 800010000

2000 4000 6000 800010000

2000 4000 6000 800010000

Concentration (ppm)

Fig. 9

Interparticle distance changes as a function of vapor concentration. Black data points (Ad) refer to GISAXS measurements whereas the red

data points (Adqcm) Were generated using the QCM-measured mass of sorbed analyte. The black data points represent mean values referring to
measurements of three GNP superlattice films prepared from samples GNP1, GNP2, and GNP3 (Table 1 and Fig. 6). The red data points are based on the

data shown in Fig. 4.
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the film was observed, while the bulk of the film remained
essentially solvent free.

3.2 Correlation of chemiresistive responses with GISAXS-
measured swelling. In order to correlate the chemiresistive
response with sorption-induced swelling three GNP films, pre-
pared from different particle batches (Table 1), were used to
perform chemiresistive measurements simultaneously with the
GISAXS measurements. The data sets referring to the individual
samples are provided in the ESIf (Fig. S10). For both kinds of
measurements the results collected from the different GNP
films show some deviations when compared with each other.
However, in general agreement with eqn (1), the films showing
higher chemiresistive sensitivity displayed more pronounced
swelling. In Fig. 10 the mean chemiresistive response ampli-
tude is plotted vs. mean swelling. Assuming a charge transport
mechanism based on interparticle tunneling, an exponential
increase of response amplitudes with ascending swelling is
expected. Indeed, for both toluene and 4M2P sorption, the data
are in excellent agreement with a monoexponential growth func-
tion. For comparison, linear fits to the data are also displayed in
Fig. 10. In the case of 1-propanol only marginal swelling was
observed by GISAXS. Therefore, the responses to 1-propanol are
not included in this diagram.

3.3 Comparison of measured chemiresistive responses
with responses calculated using the chemiresistor model. For
a quantitative evaluation of the chemiresistor model the
measured relative resistance changes were compared to corres-
ponding values calculated by inserting experimentally obtained
data into eqn (1). Here, the interparticle distance change Ad
determined by GISAXS was used. The tunneling decay constant
was set to f =12 nm ', according to the report by Terrill et al.*?,
and assumed to be constant. The activation energy was calcu-
lated according to eqn (3),>*®® which describes the Coulomb
charging energy associated with the electron transfer between
initially neutral particles. This electrostatic approach has
been used previously for calculating the activation energy for

05 0.02 0.04 0.06 0.08
' = Toluene L0.4
0.8{ = 4M2P »
“t o3
o 0.6 T—*
1
[h'd &
044 0.2
02] 7] 0.1

- T T T T T T 0 O

0.02 0.04 0.06 0.08 0.10 0.12
Swelling (nm)

Fig. 10 Chemiresistive response amplitudes vs. swelling (Ad). Linear (dotted
lines) and monoexponential functions (solid lines) were fitted to the data. The
data points are mean values referring to the three GNP superlattice films
prepared from samples GNP1, GNP2 and GNP3. The same data were also
used for the presentation in Fig. 6 and 11. The complete set of individual data
is shown in Fig. S10 in the ESL.{
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the charge transport in GNP coatings used as chemiresistive

transducers.*?
&2 1 1
E, = - — - 3
8mereg (r r+ b) )

Here, e is the elementary charge, &, is the vacuum permittivity,
& is the relative permittivity of the organic matrix and r is the
metal core radius (i.e. D/2).

For calculating the activation energy, the permittivity of the
analyte swollen ligand matrix &g, was estimated as the volume-
weighted average of the permittivity of the ligand ¢ppr and the
analyte £,,,.>°® The individual permittivities e,,, are listed in
Table 2. For 1-dodecanethiol two different values of ¢ppr were
used for the calculations, i.e. the reported permittivities of
2.0°" and 2.6 for alkanethiols. The volume of sorbed analyte,
which was used for calculating ¢, was obtained from the QCM
measurements (Fig. 4) and denoted as Vypaqem. Alternatively,
the volume of sorbed analyte was calculated from swelling
determined by GISAXS and denoted as Vin,gis. Details of the
calculations can be found in the ESIL{ The resulting permitti-
vities are referred to as egy,gem AN &gy gis, respectively. In the
latter case only the volume fraction of analyte is considered,
which contributed to film swelling, i.e. which was sorbed within
the ligand matrix. The chemiresistive responses, which were
calculated using eqn (1) and (3) with either gy gem OF &swgis, are
referred to as AR/R,;  and AR/R,. . Fig. 11 and Fig. S13 (ESIY)
show AR/RO,f:qcm (blue squares) and AR/R(,,,;gis (red diamonds/
squares) calculated with eppr = 2.6 and eppr = 2.0, respectively,
in comparison to the measured sensor responses AR/R,
(black squares).

Qualitatively, the calculated response isotherms show the
same trends as the measured isotherms: the response ampli-
tudes decrease in the order toluene > 4M2P > 1-propanol.

For toluene AR/RO,chm and AR/RO“ggis are superimposed because
Vana,gem aNd Vana gis, Which were used to calculate the permittivity,
are very similar (Fig. 9) and, in addition, the low permittivity of
toluene renders the effect of the permittivity change on the
sensor response negligible. Thus, the sensor responses result
nearly exclusively from the swelling effect. However, the calcu-
lated responses are significantly higher (by a factor of ~3)
compared to the measured responses. Similar findings have been
reported by Steinecker et al.** and Digianantonio et al.*® for
different kinds of solvents and water, respectively.

Steinecker et al.** studied the chemiresistive responses of
coatings comprised of 1-octanethiol-stabilized GNPs when exposed
to different solvent vapors. They estimated both swelling and
permittivity changes of the analyte/ligand matrix using exclusively
QCM data. The observed deviation between measured and calcu-
lated responses was attributed to pore-filling, which attenuates
film swelling and, thereby, explains the lower responses measured.
In contrast, our results from QCM and GISAXS data suggest that, at
least in the case of highly ordered superlattice GNP films, the
volume increase upon toluene sorption translates nearly quantita-
tively into a change in interparticle distances (Fig. 9). Thus, the
deviation between calculated and measured responses observed in
our present study cannot be attributed to pore filling.

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 Measured and calculated chemiresistive responses according to
egn (1) and (3) to toluene (top), 4M2P (middle) and 1-propanol (bottom)
plotted vs. vapor concentration. For calculating the response amplitudes
AR/RMqcm (blue squares) and AR/RO,::giS (red diamonds/squares) the
GISAXS-measured swelling Ad (see Fig. 6) and the volume-weighted average
permittivity of the analyte swollen ligand matrix, &sw,qem OF &sw,gis: Fespectively,
were used. sw,qem and &gy gis Were calculated based either on QCM or
GISAXS data, respectively, and using eppt = 2.6. The data points represent
averages obtained from three films prepared using the GNP samples GNP1,
GNP2 and GNP3. The individual data sets are shown in Fig. S10 (ESI{). The
curves fitted to the data (solid and dashed lines) serve as guide to the eye and
were generated using the chemiresistor model based on egn (1) and (3), as
detailed in the ESIt (Fig. S13). For 1-propanol the fit to the AF\’/.‘?Q,;gIS data was
omitted due to scattering of the GISAXS data.

Using SAXS techniques Digianantonio et al*® studied wires
of tris(2,4-dimethyl-5-sulfonatophenyl)phosphine-stabilized GNPs
with ~15 nm core size. They measured the relative resistance
changes AR/R, simultaneously with changes in the center-to-
center-distances when exposing the wires to humidity. Their
calculation of the relative resistance changes showed a good
match with the experimentally determined responses after
correcting the SAXS measured center-to-center distance changes
Ad by a factor of 0.2 to 0.4. However, it is to note that in their

This journal is © The Royal Society of Chemistry 2016
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analysis the Arrhenius term of eqn (1) including sorption-
induced changes in the ligand shell’s permittivity was not taken
into account.

As in the case of toluene vapor, Vinagem and Vigagis are
similar for sorption of 4M2P leading to comparable values
for AR/R(MClcm and AR/RO,CgiS. Using ¢ppr = 2.6 the calculated
responses are in fairly good agreement with the measured
responses, as shown in Fig. 11. Exchanging the permittivity of
the ligand matrix by eppr = 2.0 enhances the influence of the
analyte’s permittivity on the response, leading to more pro-
nounced deviation from the measured chemiresistive responses.
The countervailing swelling and permittivity effect render the
calculated responses slightly negative or positive (—107 to 10”2,
see Fig. S13 in the ESI}).

As shown in Fig. 11 and Fig. S13 (ESIt) using the QCM data
for calculating the permittivity changes induced by 1-propanol
sorption suggests negative AR/R,  responses in the range
~—10"", in contrast to the measured slightly positive responses
(~107? range). Here, the swelling AS observed by GISAXS was
actually below 0.01 nm. In this range the influence of swelling on
the response is negligible and the chemiresistive response is
dominated by the counteracting effect of increasing permittivity.
Taking into account the QCM-measured analyte volume Vinagem
for calculating the permittivity increase assumes that all gravi-
metrically measured 1-propanol contributes to this change
in permittivity. Therefore, this calculation suggests negative
chemiresistive responses significantly deviating from the slightly
positive responses measured. However, as pointed out above, it
is likely that only a fraction of 1-propanol was absorbed within
the GNP superlattice and, thus, only a small amount of gravi-
metrically detected analyte contributed to changes in the dielectric
environment of the conduction paths. Accordingly, when calculat-
ing the increase in permittivity based on the GISAXS-measured
analyte volume Vjpq4is the obtained responses AR/RO,sgis were close
to zero, giving much better agreement with the measured
responses AR/Rq.

Summary and conclusions

In this study we analyzed the chemiresistive responses of GNP
superlattice films by measuring iz situ sorption-induced swelling
via GISAXS. Further, microgravimetry was used to compare
observed swelling with the uptake of sorbed analyte volume
and to account for the change in permittivity of the organic
matrix. Inserting the experimentally determined changes of the
interparticle distances and permittivity into eqn (1) and (3)
described the measured chemiresistive responses of the films
only qualitatively. In the case of toluene the calculated responses
can be brought into agreement with the experimental values by
reducing the GISAXS-measured swelling by a factor of 0.45. This
deviation is possibly due to reduced swelling of the film close to
the film/substrate interface, where the mobility of the particles is
more restricted.®” In the case of the more polar analyte 4M2P the
responses returned by the model were in fairly good agreement
with the measured resistance changes when using a relative
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permittivity of 2.6 for the ligand matrix. However, when sub-
stituting this value by 2.0 the model suggests stronger deviations
with partly negative chemiresistive responses (ESIt). For the
protic polar 1-propanol the model suggested negative responses.
In contrast, the experimentally determined responses were
slightly positive. In part, this discrepancy can be explained by
taking into account that essentially no swelling was observed by
GISAXS, suggesting that 1-propanol was mainly sorbed within
pores and/or as a wetting layer on top of the coating without
affecting the charge transport.

To further develop our understanding of the sensing mecha-
nism, it is necessary to gain a more detailed picture on the
molecular structure of the films, the ligand arrangement and
the sizes and size distribution of micropores. To this end we are
currently exploring the pore structure of superlattice GNP films
using positron annihilation lifetime spectroscopy. Additionally,
measurements of sorption-induced variations of the GNPs’
dielectric environment (correlated with GISAXS and micro-
gravimetry) could provide interesting data for further evaluating
and refining the currently used model for GNP based chemiresistors.
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