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1. Preparation of GNP superlattice filmsand structural characterization
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Figure S1: TEM-images and size histograms of samples a) GNPGNP2 and c) GNP3.
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Figure S2: GISAXS patterns of GNP superlattice films prepfrem samples GNP1 (left) and GNP3 (right).
The film prepared from sample GNP3 was significattiicker (~ 500 nm) than those from samples GNfRIL a
GNP2 (~ 100 nm). Thus, the GISAXS pattern showtherright is strongly dominated by the SAXS signatu

GISAXSanalysis

As mentioned in the main document the GNP core efiara obtained from SAXS analyses
tend to be larger compared to the diameters olitdiyeTEM measurements. To explain this
deviation it should be taken into account that ¢gjoéd core diameters extracted from the
SAXS analysis are significantly influenced by tla¢io of the signal intensities of the (111)-
and (200)-reflections, as indicated in Figure S8cdise this ratio is influenced by preferred
orientations of supercrystalline domains, we atiiebthe observed differences of TEM- and
GISAXS-measured gold core sizes to such texturifigces. The SEM-image of sample
GNP2 presented in Figure S5 indicates a prefettentii@ntation of the (111)-planes parallel
to the substrate surface. Additionally, we cannaiwle that a minor fraction of our particle
films crystallized as bcc superlattice. Because(1i®)-bcc reflection would overlap with the
(111)-fcc reflection this reflection would be inggined relative to the (200)-fcc reflection and,

thus, the extracted gold core size would becongetaHowever, as shown by Figure S4, we



did not detect the bcc (200)-reflection, which wbbk expected at q ~ 1.8 finiThus, there

is no indication for the presence of significantoamts of the bcc superlattice.

Because the SAXS analysis did not allow us to corttee extracted GNP core diameters for
the effects discussed above, we used the centanier distance observed by GISAXS, but
the GNP core diameters measured by TEM. Figuren®®%'s the measured and calculated
scattering curves of the superlattice film prepdreth sample GNP2. As indicated, the TEM-
measured radius of 1.95 nm was used to generatefahe calculated curves, while using the
radius of 2.4 nm generated the best match withSAXS curve. Among the three GNP
samples used in oun situ GISAXS/chemiresistor study sample GNP2 showedldhgest
deviation of GNP core sizes obtained by the twohwds. However, from Figure S3 it is
evident that the (111)- and (200)-fcc peak pos#tion the calculated curves and, thus, the
extracted center-to-center distances between neigigoparticles are essentially independent

of the GNP core size.
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Figure S3: SAXS curve extracted from the GISAXS pattern @MP superlattice film prepared from sample
GNP2 (black dots) and calculated SAXS curves uai®NP core radius of 2.4 nm (light blue line) ainel GNP
core radius of 1.95 nm obtained from TEM imageskdiéue line). The position of the reflections béttwo
calculated SAXS curves remains essentially unaftkethen altering GNP core size.
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Figure S4: SAXS curve extracted from the GISAXS pattern @MP superlattice film prepared from sample
GNP2 (black dots) and calculated curves for fcel(ddue line) and bcc (magenta line) superlatticgiag the

TEM-measured GNP core radius, as indicated.



Figure S5: SEM-image of a GNP superlattice film preparedrfreample GNP2 showing the (111) planes
oriented parallel to the surface of the siliconstrdte.
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Figure S6: Thermogravimetric analysis (TGA) of sample GNRZomparison of the gold mass fraction of a
GNP superlattice determined by TGA and calculatezked on TEM and GISAXS data is provided in Table S1
for two GNP samples.

Table S1: Mass fraction of gole,, derived from the superlattice model based on TEM@ISAXS data and
naytca determined by TGA for samples GNP2 (TGA data am in Figure S6) and GNP4. The GNP core
diameterD was measured by TEM whereas the edge-to-edgendésta between neighboring GNP cores was
calculated by subtractirg from the GISAXS-measured center-to-center distaridee calculation ofi,,,

values is detailed in Section 3 of the ESI.

Sample D (nm) 4 (nm) Nayrca () Ny, (%)

GNP2 3.9 2.1 85.5 86.5

GNP4 3.8 1.9 86.2 86.1




2. GNP Superlattice films dosed with solvent vapors: sor ption, swelling and

chemiresistive responses

2.1 Vapor sorption in GNP superlattice films measured by microgravimetry (QCM)

Figure S7: a) SEM overview image of a GNP superlattice filaposited onto the gold electrode of a QCM
sensor. b) High resolution SEM image and its Fauransform.



2.2 Sorption-induced swelling of GNP superlattice films measured by in situ GISAXS
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Figure S8: SAXS curves of a GNP film (sample GNP3) dosedwituene (top) and 4M2P (bottom) vapors at
different concentrations (1000, 4000, 7000, 1000® pblue lines) and when purged with nitrogen betwe
vapor exposures (black to grey lines). The datacshstnate that sorption-induced swelling was esaliynti
reversible.
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Figure S9: GISAXS-measured (111)-reflection of GNP supeidatfilms, prepared from samples GNP2 (a) and
GNP1 (b), under nitrogen (dotted lines) and dugrgosure to vapors of toluene (black) and 4M2P)(rElde
increase in concentration (1000, 4000, 7000, 1@00) is indicated by using dark to light coloredgis. The
corresponding scattering patterns are shown inr€igymain document) and Figure S2.
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Figure S10: Interparticle distance changas (left) and chemiresistive responses (right) asnation of applied
vapor concentrations for GNP superlattice filmspared from samples a) GNP1, b) GNP2, and ¢c) GNR&arM
values of the interparticle distance changes apthalesistive responses are shown in Figures 6 arud the
main document and Figure S13, respectively.
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2.3 Sorption-induced chemiresistive responses of GNP superlattice films

200 nm

Figure S11: SEM image showing a cross sectional view of a Ghierlattice film from sample GNP1
deposited onto a silicon substrate.
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Figure S12: Chemiresistive responses of a GNP superlattioe firepared from sample GNP1, to toluene
(black), 4M2P (red) and 1-propanol (green) vaptre Vapor concentrations were 1000, 4000, 7000 and
10000 ppm.

12



3. Correlation of chemiresistive responses, sorption and swelling - Revisiting the

chemiresistor model

Details on calculations of the density of GNP superlattice films, per mittivity changes

based on QCM and GISAXSdata, and swelling based on QCM data

Geometrical model and calculation of the density of the GNP superlattice films

GISAXS and TEM measurements revealed that the GidBamble into an fcc superlattice
with ~ 2 nm edge-to-edge interparticle spaadn§cheme 2 (main document) shows a model
of the superlattice based on the experimental €aiasidering the length of the
1-dodecanethiol (DDT) ligands of 1.8 fihin its fully extended conformation the interpaic
distances of ~ 2 nm (see Table 1, main documedi}ate that the ligands interdigitate
significantly. Thus, an fcc lattice is formed byhspes with a radiuss, comprising the gold
core radiu®/2 plus half the interparticle distance, id2. These spheres occupy 74% of the
total superlattice volume. The remaining 26% ofvtbkime are octahedral and tetrahedral
interstitial sites into which the alkyl residuestioé ligands extend by ~ 0.8 nm. Therefore,
superlattices formed by DDT-stabilized GNPs wittoéd core diameter of ~ 4 nm are
expected to have no free volume within the tetreddegites. After subtracting the length of
the alkyl residues extending into the octahedtaksicavities with a diameter of ~ 0.6 to

0.7 nm are expected. This is similar to experinlgntdtained intermolecular spacings (~0.5
to ~0.7 nmJ*~°in liquid alkanes. Thus, in our model we assunae tihe superlattice volume
is completely filled by the gold cores and liquidlddecanethiol. Accordingly, the density
(ps1) of the GNP superlattice films and the voluWgpr) filled by DDT were calculated as
detailed below:

13



Psi = Nay + NppT

with

Nau = fau * Pau

Nppr = fppT * PODT

T'3
fau = — -0.74
foor =1 — fau
k)
Teff =T + E

Voot = (1 = faw) Vs

na,. Mass/volume fraction of gold

nppt. Mass/volume fraction of DDT

fau respectivelyfypr: volume/volume fraction of gold respectively DDT

pppr. density of DDT (0.845 g/cm?)

pau- density of gold (19.32 g/cm3)

r: radius of the gold cores (from TEM measurements)

Equation S 1

Equation S 2

EgoatS 3
Equation S 4

Equation S 5

Equation S 6

4. interparticle edge-to-edge distance obtaineduinyracting the TEM-diameter of the gold

cores from the center-to-center nearest neighlsbamite determined by GISAXS

V: volume of the GNP superlattice
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Calculation of the per mittivity

The permittivity of the analyte swollen ligand mats,,, was estimated as the volume-

weighted average of the permittivity of the analgtel DDT%>*

Esw = fana * €ana T (1 — fana) * €pDT Equation S 7

with
€ana- Permittivity of the analyte
eppt. permittivity of DDT

fana: Volume/volume fraction of the analyte within tkganic matrix f,,, was obtained from

QCM data(fanaqem) OF it wWas calculated from the swelling determigdSISAXS (fana,gis)-

- Calculation of f,paqem Pased on QCM data:

Vana,qcm

f;ma,qcm = Equation S8

VDDT+Vana,qcm

Am
74 _ Psl’Vsl'W
ana,qcm —

Equation S 9

Pana

fana,qem: VOlume/volume fraction of the analyte within tigand matrix

Vanagem: VOlume of sorbed analyte within the GNP film

m: mass of the GNP film determined by QCM measurgmen

Am: mass increase upon sorption of solvent deterntaygQCM measurements

Pana- density of the analyte (toluene: 0.87 g/cm3, 4hyle2-pentanone: 0.80 g/cms,
1-propanol: 0.80 g/cm3 at 20 °C)

The permittivity of the analyte swollen ligand matoased on QCM data is referred to

aSEgw gem-

15



- Calculation of f,pagis based on GISAXS data:
Assuming isotropic swelling of the spheres wigh the relative volume increase of
the ligand shell (with initial thicknesg2) upon analyte sorption is equal to the

relative volume increase of the entire ligand mxatri

Vana ng !
e Equation S 10
fanagis VeffpDT+Vana,gis q

4 AS\3 .
Vanagis = 31 (reff + 7) — Veff Equation S 11
Vst = %Weff Equation S 12
Vettopt = Verr — %W3 Equation S 13

fana,gis: Volume/volume fraction of the analyte in the higamatrix.
Vanagis- Volume of sorbed analyte forming a shell arourelarticle with radiug;.

The permittivity of the analyte swollen ligand matrased on GISAXS data is

referred to aggy gis-
Calculation of swelling Ad g, based on QCM data

The relative volume increase of the ligand matpom analyte sorption obtained from QCM
measurements is assumed to be equal to the relaiwmme increase of the ligand shell of a

sphere withrgg:

Yana,qemtVDDT _ Vanasheli+VeffppT Equation S 14
VbpT VeffDDT
_ 1 3 3\4 .
Vanashell = | | et + EAaqcm et |3T Equation S 15

With this, the resulting interparticle distance mha is:
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A(chm =2 (3\/7'3 + (1 + Vanaﬂ) (reff3 - T3) - Teff> Equation S 16
VppT

Comparison of measured chemiresistive responses with responses calculated using the

chemiresistor model

Toluene
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Figure S13: Measured and calculated chemiresistive resparsasding to eq.s 1 and 3 to toluene (top), 4M2P
(middle) and 1-propanol (bottom) plotted vs. vaponcentration. For calculating the response angsiu

AR/Ry ggem (blue squares) amtiR/Ry ¢4 (red diamonds/squares) the GISAXS-measured swellin@rigure 6)

and the volume-weighted average permittivity ofdhalyte swollen ligand matriXsy,qcmOr €sw,gisrfespectively
were usedesy gcm@Ndesy, giswere calculated based either on QCM or GISAXS datpectively, and using

eppt = 2.0. The data points represent averages obt&iogdthree films prepared using the GNP sample®GN
GNP2 and GNP3. The individual data sets are shaviaigure S10.
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The curves fitted to the data (solid and dashesb)itn Figure 11 (main document) and Figure S1desas
guide to the eye and were generated using the cbsistor model based on eq.s 1 and 3, which cordlgjive
the following equation:

2 (11 1 1 /1 1 K
AR/RO,cal = o, 48n£0<£sw(r r+8+A6) eppT\T r+6)>}/ T -1 Equation S 17

For the blue and the red graphgsandAd were obtained from linear fit-functions obtainedotting s, and
Ao vs. vapor concentration. In the case of toluadevas obtained from a monoexponential fit-functisag
Figure 6). The black solid lines represent fitsht® measured chemiresistive responses based @l&q.For

1-propanol the fit to thAR/Ry¢4sdata was omitted due to scattering of the GISAXt&.da
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