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cavities studied by GISAXS and PALS†

Natalia Olichwer,a Tönjes Koschine,‡b Andreas Meyer,a Werner Egger,c Klaus Rätzke*b

and Tobias Vossmeyer*a

The performance of nanoparticle assemblies with respect to various applications (e.g. sensors, catalysts,

filtration membranes) depends on their microporosity. Here, the microcavities within the ligand matrix of

superlattice films comprised of 1-dodecanethiol-stabilized gold nanoparticles (GNPs, core diameter

�4 and �5.5 nm) were studied by positron annihilation lifetime spectroscopy (PALS). The superlattice

composition, the size and spatial arrangement of the GNP cores were characterized by

thermogravimetric analysis, transmission electron microscopy and grazing-incidence small-angle X-ray-

scattering. From these data a structural model was derived to predict the sizes of the voids formed

within the interstitial (tetrahedral and octahedral) sites of the superlattices. The comparison of the PALS-

measured cavity sizes (0.50 to 0.74 nm) with the predicted void sizes of the interstitial sites (�0.7 to �1.7

nm) and the free volume in solid dodecane (0.36 nm), previously measured by PALS, indicate that both

types of cavities may contribute to the experimentally determined cavity sizes. However, the GNP core

sizes had only a minor influence on the measured cavity size. Larger cavities with sizes corresponding to

the voids (�1.7 nm) expected within the octahedral sites of the superlattices comprised of �5.5 nm-sized

GNP cores could not be detected. Assuming the intensities arising from these voids are measurable, this

finding suggests that the octahedral sites are occupied by excess ligands trapped during film preparation.

Apart from the voids predicted for the interstitial sites, the larger cavity sizes measured for the GNP

superlattices compared to crystalline dodecane may result from some degree of disorder in the ligand

arrangement.
Introduction

Assemblies of ligand-stabilized noble metal nanoparticles are of
great interest because of their unique optical,1 electrical2 and
mechanical3,4 properties, which all can be tuned by varying the
materials' composition and structural parameters. This
provides the opportunity to tailor materials with desired prop-
erties for various specic applications like resistive5–7 or
optical8,9 strain and vapor sensing, catalysis,10 nano-
electromechanical systems,11,12 and surface enhanced Raman
scattering.1 During the past two decades the structure–property
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relationships for a variety of such assemblies have been studied
extensively. Besides the chemical nature and the length of the
organic ligands as well as the shape and size of the particle
cores, the spatial arrangement of the components within the
assemblies dictates their physical properties. Thus, interest in
colloidal crystals self-assembled as periodical structures13 has
grown signicantly. These so called superlattices exist in the
form of lms or faceted polyhedra13,14 revealing fcc, hcp or bcc
packing.15–18 The challenge of controlling their assembly
process has been addressed in multiple studies.14,16,17,19–22 For
the resulting structure of the superlattice and its physical
properties the ligand arrangement plays a key role. The ligand–
ligand interactions determine the degree of superlattice order,
the spacing between particle cores, and the lattice
type.16,17,19,21–24 Accordingly, numerous theoretical and experi-
mental studies have focused on the self-assembled ligand
monolayers encapsulating the nanoparticles and their
arrangement within 2D and 3D assemblies.24–34 It was shown
that the ligands can be arranged in a rather disordered liquid-
like state or they can form rather tightly packed bundles with
crystalline-like order. Further, the ligand distribution around
the cores can be uniform or regions of different ligand density,
including cavities can be formed.28,29,32 Hence, in nanoparticle
RSC Adv., 2016, 6, 113163–113172 | 113163
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assemblies different ligand arrangements come along with
different cavities within the ligand shells. In addition, the
interstitial (tetrahedral and octahedral) sites of 3D superlattices
may provide sufficient space for the formation of what we will
term unoccupied voids and, thus, can contribute to the porosity
of the structure.

In general, detailed knowledge about the porosity of
a nanoparticle superlattice is mandatory for enabling
a comprehensive understanding of its structure and physical
properties, which is highly relevant for several applications.
For example, the elastic properties of superlattices of
alkanethiol-stabilized gold nanoparticles (GNPs) were pre-
dicted to depend on the ability of the ligands to be pushed into
the available free space.23 Further, cavities are able to trap or
selectively let pass molecules and are thus relevant for the
application of nanoparticle superlattices as nanoltration
membranes35 or as chemical sensors. Regarding chemi-
resistive sensing cavities are generally presumed to play
a major role in the sensing mechanism.7,36 Indeed, several
studies indicated their inuence on the sensing proper-
ties.37–40 For example, assemblies of thiol-stabilized cubic
platinum nanoparticles, revealing a more compact structure
than their spherical counterparts, showed considerably higher
response amplitudes.38 Further, the perforation of assemblies
of thiol-stabilized GNPs has been shown to markedly alter the
chemiresistive response.39 For chemiresistive sensing in
liquid phase using an assembly of thiol-stabilized GNPs it has
been shown that reducing the number of cavities with diam-
eters between 0.3 to 3 nm signicantly prolongs the response
time and at the same time increases the response ampli-
tudes.40 The cavity sizes in that study were estimated using
electrochemical capacitance measurements. A more widely
used technique to study cavity sizes of nanoporous materials,
such as zeolites, are gas adsorption (BET-) measurements.
However, in general this method requires signicant amounts
of the sample and is, thus, not practical for characterizing
cavity sizes in the present thin nanoparticle-based superlattice
lms.

A powerful method for studying free volume in polymers and
sub-nanoscale voids in thin lm materials is positron annihi-
lation lifetime spectroscopy (PALS), a well-established tech-
nique in materials science. For metals and semiconductors
vacancy concentrations and defect formation enthalpies can be
detected.41,42 For amorphous polymers free volume, i.e. the
unoccupied space between the chains can be characterized.43,44

Examples reported by some of the present authors include
storage stability predictions in epoxide mixtures,45 character-
ization of nanocomposites for membrane applications,46,47 and
aging of thin polymer lms.48,49 Recently, Chai et al. used PALS
to study thin lms of oleic acid-stabilized PbSe nanocrystals
with respect to surface composition.50

PALS probes the electron density distribution in materials,
in particular for amorphous polymers the free volume between
the atoms and chains, and vacancies in crystals. In insulating
materials the ortho-positronium (o-Ps) is formed aer the
injection of positrons and its lifetime can be correlated to the
average free volume size via a well-established model.43,44 The
113164 | RSC Adv., 2016, 6, 113163–113172
free volume diameters in polymers are usually in the range of
0.5 nm or less. The aim of the present study was to show in
a set of proof-of-principle experiments the suitability of PALS
for the detection of cavities in thin lm superlattices self-
assembled from 1-dodecanethiol (DDT)-stabilized GNPs.
Although PALS is generally suitable for measuring cavities on
various length scales, the thin lm analysis required
a moderated, low energy positron beam and the correspond-
ing pulsing of the present system51,52 restricted us to measure
lifetimes on the order of 10 ns and, thus, cavities smaller than
a few nm. A combination of thermogravimetric analysis (TGA),
transmission electron microscopy (TEM) and grazing-
incidence small-angle X-ray-scattering (GISAXS) revealed the
material's composition, the size and arrangement of the GNP
cores and allowed us to compare the PALS-measured cavity
sizes with void sizes predicted by the structural model of the
nanoparticle superlattices.

Experimental
Materials

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

Synthesis of gold nanoparticles (GNPs)

1-Dodecanethiol (DDT)-stabilized GNPs were prepared
following the Stucky-method53 modied by Pileni and
coworkers.14 A solution of tert-butylamine borane complex in
toluene and a solution of 0.25 mmol chloro-
(triphenylphosphine)gold(I) and 1-dodecanethiol in 25 mL
toluene were mixed at 100 �C and stirred for 5 min. For samples
GNP4 nm1, GNP4 nm2 and GNP4 nm3 (with core diameters of �4
nm) 5 mmol tert-butylamine borane complex in 2 mL toluene
and 500 mL 1-dodecanethiol, and for samples GNP5.5 nm1,
GNP5.5 nm2 and GNP5.5 nm3 (with core diameters of �5.5 nm)
2.5 mmol tert-butylamine borane complex in 15 mL toluene and
125 mL 1-dodecanethiol were used. Aer the red GNP solution
had cooled down to room temperature, 20 mL ethanol were
added and the samples were centrifuged at 5095 � g and
�10 �C. This precipitation step was repeated once or twice using
5 to 10 mL ethanol. The precipitate was then dried under
nitrogen and dispersed in �2 mL toluene (particle concentra-
tion �0.01 to 0.1 mM). In order to test the GNP samples for
residual nitrogen compounds, which are known to quench
positronium43,44 generated during the PALS experiments, the
chemical composition was characterized by elementary analysis
and X-ray photoelectron spectroscopy (XPS). For details see the
ESI (Fig. S1†).

Deposition of GNP superlattice lms

For all measurements (PALS, SEM, GISAXS, XPS) the samples
were prepared the same way. The GNP solution was dropped
onto a silicon wafer and dried at ambient conditions. PALS,
GISAXS, SEM and XPS measurements were carried out within 1–
3 days aer depositing the nanoparticle lms.
This journal is © The Royal Society of Chemistry 2016
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Transmission electron microscopy (TEM)

For TEM imaging 10 mL of a GNP solution (�1 mM) diluted in
a solution of 1-dodecanethiol in toluene (�1 mM) were trans-
ferred to a carbon coated copper grid. Aer solvent evaporation
the GNP sizes were measured using a Philips CM 300 micro-
scope, equipped with an LaB6 cathode and operated at 200 kV.
For size determination 300–1000 particles were evaluated using
the soware ImageJ.
Scanning electron microscopy (SEM)

For imaging GNP lms deposited onto silicon substrates a LEO-
1550 (Carl Zeiss) eld-emission scanning electron microscope
(FE-SEM) was used. In order to measure the cross sections of the
lms, the GNP-coated wafers were cleaved before the
measurements. Representative SEM images can be found in the
ESI.†
Grazing-incidence small-angle X-ray-scattering (GISAXS)

For GISAXS measurements our custom built SAXS apparatus
equipped with an Incoatec™ X-ray source ImS and Quazar
Montel optics was employed. The GNP coated silicon substrates
were mounted onto a high-resolution motorized goniometer.
The X-ray beam had a wavelength of 0.154 nm and a focal spot
size at the sample position of 0.6 mm2. The incident angle was
adjusted to 0.3�. For acquiring the scattering patterns
a Rayonix™ SX165 CCD-detector was used. The distance
between the sample and the detector was 1.6 m. The accumu-
lation time per GISAXS measurement was 600 s. All GISAXS
measurements were performed at ambient conditions.
Thermogravimetric analysis (TGA)

Aluminum oxide cups (�70 mL) were lled with the GNP solu-
tions. The dry mass aer solvent evaporation at ambient
conditions over night was �3 mg. TGA measurements of the
GNP assemblies were carried out using a Mettler Toledo TGA 1
in the temperature range between 25 �C to 800 �C and under
nitrogen. The heating rate was 10 �C min�1 and the nitrogen
ow was 20 mL min�1.
X-ray photoelectron spectroscopy (XPS)

XPS measurements were done with an Omicron Full Lab XPS
system with a double Al/Mg anode (VG Microtech XR3E2) and
a hemispherical analyzer (VSW Instruments EA 125). Survey
spectra were taken with 100 eV pass energy, region spectra with
30 eV pass energy. The Al anode was operated at a power of
240 W (15 kV, 16 mA). XPS spectra are provided in the ESI
(Fig. S1†).
Positron annihilation lifetime spectroscopy (PALS)

Although PALS is suited for various materials, for thin lms
a positron source with moderated, low energy positrons has to
be used in order to analyze the thin lm only, and not the
underlying substrate. Here, the measurements were done using
the pulsed low energy positron system (PLEPS) of the neutron-
This journal is © The Royal Society of Chemistry 2016
induced positron sources at FRM2 in Garching, Germany.52 All
samples were measured between 2 and 4 keV positron
implantation energy to ensure that all positrons annihilate in
the sample layer and not in the substrate. The spectra contained
at least 3.5 � 106 counts. All measurements were done at room
temperature (�30 �C) and in high vacuum (10�6 mbar).
Counting rates of 12 000 cts per s were achieved at a time
resolution of �260 ps and a peak to background ratio of at least
50 000 to 1. The pulsing frequency of the beam was set to 25
MHz to resolve lifetimes up to 10 ns corresponding to cavity
sizes up to some nm reliably. For data evaluation the program
POSWIN, which is a MATLAB integration of the POSFIT routine
was used.54 Two approaches for tting were performed. First, for
each implantation energy free ts for lifetimes, intensities and
background were used and, second, an average for the back-
ground was xed and the corresponding results for the ortho-
positronium (o-Ps) lifetimes were obtained with higher
reliability.

Results and discussion
General structural characterization of gold nanoparticle
superlattices

The objective of this study was to accomplish a detailed struc-
tural characterization of superlattice lms assembled from
DDT-stabilized GNPs. The main focus was placed on deter-
mining the average size of free volumes and voids by PALS. Free
volumes can be expected to form within the organic ligand
shells of the GNPs, whereas voids are formed within interstitial
(tetrahedral and octahedral) sites. Because a meaningful inter-
pretation of these measurements requires profound knowledge
about various structural features of the superlattice, we rst
determined the particle core sizes by TEM and the morphology
of as-deposited GNP superlattice lms by SEM. Furthermore,
the superlattice structure and the interparticle distances were
investigated by GISAXS.

Representative TEM images of the DDT-stabilized GNPs used
in this study are shown in Fig. 1a and e. To discern a possible
inuence of the GNP core sizes and, thus, the lattice cell
parameters on the PALS-measured cavity sizes, we used GNP
batches with two different core sizes, i.e. with mean diameters
of �4 nm (GNP4 nm1, GNP4 nm2 and GNP4 nm3) and �5.5 nm
(GNP5.5 nm1, GNP5.5 nm2 and GNP5.5 nm3). Detailed analyses of
TEM images revealed size standard deviations below 10%. The
average core diameters and standard size deviations are listed
in Table 1 for all samples used in this study.

The GNP superlattice lms were prepared by drop casting
a GNP dispersion onto silicon substrates. Representative SEM
images of the GNP lms are shown in Fig. 1b, c, f and g. Further
SEM images of a GNP lm are provided in the ESI (Fig. S2†). In
case of the �4 nm-sized particles a lm morphology with only
few cracks was obtained aer evaporation of the solvent
(Fig. 1b). Particles with diameters >5 nm tended to homoge-
neous nucleation in solution,14 i.e. they spontaneously formed
polyhedral supercrystals and precipitated. At the air–toluene
interface, however, a lm was observed. As described earlier by
Pileni and coworkers55 this interfacial lm is formed via a layer-
RSC Adv., 2016, 6, 113163–113172 | 113165
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Fig. 1 (a) and (e) TEM images, (b), (c), (f) and (g) SEM images at two different magnifications and (d) and (h) the corresponding Fourier transforms.
Figure parts (a)–(d) correspond to a film prepared from sample GNP4 nm2 and (e)–(h) to a film prepared from sample GNP5.5 nm2. The scale bars
are 20 nm in (a), (e), (c) and (g) and 10 mm in (b) and (f).

Table 1 GNP core diameters D determined by TEM, edge-to-edge interparticle distances d determined by subtracting the TEM-measured
diameter D from the center-to-center nearest neighbor interparticle distance determined by GISAXS, nAu mass fraction of gold in the GNP
superlattice calculated based on the geometrical model using D and d, nAu,TGA mass fraction of gold in the GNP superlattice measured by TGA

GNP4 nm1 GNP4 nm2 GNP4 nm3 GNP5.5 nm1 GNP5.5 nm2 GNP5.5 nm3

D (nm) 3.8 � 0.3 3.9 � 0.2 4.1 � 0.2 5.3 � 0.2 5.6 � 0.2 5.4 � 0.2
d (nm) 1.9 1.9 1.8 2.0 2.2 2.2
nAu (%) 86.5 86.9 88.3 90.0 89.6 89.2
nAu,TGA (%) 86.1 86.2 89.8/89.8a 83.6/86.7a 82.7

a The two values correspond to two different measurements.
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by-layer growth mechanism (heterogeneous growth). Here, the
particles stack perpendicular to the interface with the (111)-
planes of the supercrystal oriented parallel to the interface. For
lm preparation, a solution aliquot close to the air–toluene
interface was taken and deposited onto the silicon substrate.
Depending on the amount of precipitated supercrystals and
interfacial lm in this aliquot, a plate-like lmmorphology with
pronounced cracks resulting from shrinkage upon solvent
evaporation was observed (Fig. 1f), or the lm showed a more
structured surface morphology with edges and cles dened by
the facets of fused superlattice polyhedra (ESI, Fig. S2a†). The
thicknesses of the six lms prepared for PALS measurements
were between �200 and �900 nm (ESI, Fig. S3†). Considering
a heterogeneous growth starting at the surface of the silicon
substrate14 or at the toluene/air interface,55 the lm surfaces
observed in the SEM images (Fig. 1c, g and S2b in the ESI†) were
assigned to the (111)-facets of fcc superlattices. The relatively
sharp spots in the Fourier transformations of the SEM images at
highmagnications (Fig. 1d, h and S2c in the ESI†) substantiate
the ordered structure of these nanoparticle assemblies.

In order to characterize the GNP superlattice structures and
the interparticle distances the lm samples were subjected to
GISAXS measurements. The GISAXS patterns (Fig. 2a) were
analyzed in two different manners. Firstly, the GISAXS patterns
shown in Fig. 2b were simulated using IsGISAXS.56 Here,
113166 | RSC Adv., 2016, 6, 113163–113172
a monolayer of hexagonally packed spheres on a substrate was
assumed. As shown exemplarily for samples GNP4 nm1 and
GNP5.5 nm2 by the comparison of Fig. 2a and b, the simulations
and the measurements resulted in almost identical GISAXS
patterns. Secondly, in addition to the reections along the qy-
direction originating from scattering by the lateral arrangement
of the GNP cores, in the measured patterns (Fig. 2a) a ring-
shaped signature with its center at qz ¼ 0 and qy ¼ 0 is
observed. This ring corresponds to the conventional SAXS
signature resulting from scattering by the 3D arrangement of
GNPs. The appearance of the ring-shaped patterns indicates
that the superlattice lms were composed of crystalline
domains with different orientations, however, the brighter
spots within the rings indicate some preferential orientation
(texture effect). Similar as described previously,36 this ring-
shaped signature was analyzed by performing a line cut from
center to edge of the detector along regions without the GISAXS
reections and integrating along the ring signature over
a dened section (as depicted schematically in Fig. 2a le). This
way, we could separate the SAXS signal and analyze the resulting
graph like a conventional SAXS curve (shown in Fig. 2c). The
SAXS analysis was performed using the soware scatter57,58 and
allowed us to determine the lattice type. As was evident from the
comparison of the measured SAXS curves with the calculated
scattering curves of fcc and bcc lattices (Fig. 2c), all investigated
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Measured GISAXS patterns of superlattice films prepared from samples GNP4 nm1 (left) and GNP5.5 nm2 (right), (b) corresponding GISAXS
simulations, (c) SAXS intensity profiles extracted from ring sections of the GISAXS patterns (as exemplarily indicated by red lines in Fig. 2a left) and
calculated scattering curves of fcc (blue lines) and bcc superlattices (red lines).
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samples showed a highly ordered fcc arrangement. The stan-
dard deviation of the lattice constant was between 2 to 5% for all
samples. The SAXS/GISAXS analyses conrmed that the gold
cores were very uniform in shape and size. It is to note, that the
center-to-center nearest neighbor distances extracted from both
above mentioned methods, i.e. simulating the GISAXS pattern
and analyzing the SAXS curve, were identical. However, while
GISAXS is a precise method to determine lateral distances, it
was not used to extract the particle sizes because the intensity
ratio of the (111)- and (200)-reection, from which in principle
the particle diameters can be derived, is affected by texture
effects, as outlined earlier.36 Hence, for determining the edge-to-
edge distance d between adjacent gold cores (see Table 1) the
TEM-measured GNP core diameters were subtracted from the
center-to-center nearest neighbor distances obtained by GISAXS
measurements.
Structural model of the gold nanoparticle superlattice

In superlattices composed of ligand-stabilized GNPs two kinds of
cavities are expected. Firstly, the free volume within the ligand
shells with the diameter DfV, i.e. the interchain spacing between
the ligands and defect sites within the shells. Secondly, voids
within the interstitial sites of the close packed fcc arrangement of
GNPs, i.e. within the tetrahedral and octahedral sites.

Regarding the free volume within the ligand shell it is to note
that self-assembled ligand monolayers (SAMs) on planar,
irregular and curved metal surfaces have been studied exten-
sively.30,31 In the most common system, i.e. alkanethiols chemi-
sorbed on planar Au(111)-surfaces the surface coverage (S : Au
atomic ratio) is 33%. Depending on their length the upright
This journal is © The Royal Society of Chemistry 2016
ligand chains are fully extended in a nearly all-trans confor-
mation forming a quasi-crystalline structure (>C18), or they are
in a semicrystalline state, or they are in a disordered liquid-like
state (<C8). The distance between the alkanethiolates is
�0.5 nm (ref. 30) and the tilt angle of the linear backbones with
respect to the surface normal is 30�. However, 3D-SAMs on
GNPs differ from their 2D counterpart on extended planar gold
surfaces.25,31 The highly curved surface of GNP cores is charac-
terized to a large extent by atoms located at corners or edges,
resulting in a signicantly higher surface coverage with ligands
of �60%. Due to the small radius of curvature the chain density
decreases from the core surface to the methyl end group of the
ligands. The larger mobility at the end of the chains results in
a higher degree of distorted chain conformations (end-gauche
defects) causing disorder.25,26 The transition from a 3D-SAM to
a 2D-SAM has been shown to occur at a core diameter of 4.4 nm
for DDT-stabilized GNPs.25 For these particles an ordered
arrangement of the ligands has been observed by IR spectros-
copy at room temperature.

In assemblies of ligand-stabilized GNPs different ligand
arrangements are possible. For the ligand arrangement in a 3D
superlattice of DDT-stabilized gold nanoclusters molecular
dynamics simulations predicted that at room temperature the
ligands are in a crystalline-like ordered state in which they form
interlocking bundles.24 In another study molecular dynamics
simulations revealed that in 2D membranes of alkanethiol-
stabilized GNPs (on water or in vacuum) the ligands display
order on bottom and on top of the membrane, whereas the
interdigitating ligands among the particles were disordered.27

Experimentally, the ligand arrangement in 2D assemblies of
RSC Adv., 2016, 6, 113163–113172 | 113167

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra24241c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

/2
9/

20
26

 4
:1

1:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ligand-stabilized nanoparticles has been studied e.g. by TEM
techniques. 2D superlattices of thiol-stabilized faceted silver
nanoparticles (in shape of a truncated octahedron) revealed
regions of increased organic density among the facets of the
nanoparticles and channels of low or no organic material
conned by the corners. The interparticle distances were
shorter than twice the ligand length and indicated the forma-
tion of bundles of interdigitating ligands between adjacent
nanoparticles.28,29 Recently, atomic-resolution TEM imaging of
individual ligand molecules has been achieved by using gra-
phene as TEM support.32–34 Diverse ligand conformations have
been observed among different ligand/particle systems but also
within the same system. For example, the ligands wrapped
around the particle core or formed bundles between adjacent
particles while leaving unoccupied voids in their vicinity. Thus,
with respect to PALS measurements the different ligand
arrangements are expected to contribute to the measured cavity
size.

In addition to the free volume within the ligand shells, it is
assumed that larger voids may be formed within the tetrahedral
and octahedral sites. We estimated the size of these sites by
assuming the simple geometrical model shown in Scheme 1. As
derived from TEM and GISAXS data, the GNPs assembled into
an fcc superlattice with an edge-to-edge distance d between the
gold cores of�2 nm. Comparing this interparticle distance with
the length of the 1-dodecanethiol molecule in its fully extended
all-trans conformation (1.8 nm)59 and considering previously
reported ndings,29,31 we assume that the ligands between
adjacent particles are interdigitated. In the model shown in
Scheme 1 an fcc lattice is formed by spheres with the radius reff,
comprising the radius of the gold cores r plus half the inter-
particle distance: reff ¼ r + d/2.
Scheme 1 Geometrical model of the superlattice of ligand-stabilized
gold nanoparticles. An fcc superlattice is formed by spheres with the
radius reff ¼ r + d/2 (with r ¼ 1

2D). The red sphere with the radius (reff �
0.225) was used to estimate the remaining void size within the tetra-
hedral sites after subtracting the ligand chains extending into this
sphere. The same calculations were done for the octahedral sites.

113168 | RSC Adv., 2016, 6, 113163–113172
In order to estimate the size of voids in the interstitial sites,
the radii of spheres tting the tetrahedral (reff � 0.225, red
sphere in Scheme 1) and octahedral sites (reff � 0.414) must be
corrected by the ligands extending into these sites. Assuming
that the ligands are in the fully extended conformation the value
1.8 nm � d/2 must be subtracted from the sphere radius.
Accordingly, the diameters of the voids in the octahedral sites
DOH are �0.7 nm for samples with the �4 nm-sized GNP cores
and range from 1.4 to 1.8 nm for samples with the �5.5 nm-
sized GNP cores. For the smaller tetrahedral sites the diame-
ters of the void spheres DTH are 0.03 nm to �0.4 nm for the
samples with the �5.5 nm-sized particles. Thus, the void sizes
estimated for the tetrahedral sites in these samples are similar
to the defect dimensions in crystalline dodecane (0.36 nm,60

deduced from the o-Ps lifetime using eqn (1), see below), as
previously measured by PALS. However, considering the tilt
angle of the chains with respect to the surface normal, and
depending on the conformation of the ligands directed toward
the interstitial sites, the actual values of DTH and DOH could be
somewhat larger. In the case of the 4 nm-sized GNP cores the
fully extended ligands would overlap by �0.4 nm within the
tetrahedral sites. Hence, in these samples the tetrahedral sites
are assumed to be fully occupied by the ligands.

In order to validate the above described model based on
GISAXS and TEM data, the mass fractions of gold nAu respec-
tively organic material were calculated based on this model
(similarly as has been shown in our previous work36) and
compared to the mass fractions nAu,TGA determined by ther-
mogravimetric analysis (TGA). For calculating the mass frac-
tions it was assumed that apart from the space lled by the
spherical gold cores all space within the superlattice lms was
lled with liquid 1-dodecanethiol (see the ESI for details†). As
shown by Table 1 the values nAu based on our structural model
and the TGA-measured values nAu,TGA are in excellent agree-
ment. For samples GNP4 nm1, GNP4 nm2 and GNP5.5 nm1 the
deviations between nAu and nAu,TGA were <0.5%, while for
samples GNP5.5 nm2 and GNP5.5 nm3 the deviations were #8%.
We note that taking into account the voids within the octahe-
dral sites (with diameter DOH) when calculating nAu results in
only marginal deviations (<0.2%).
Positron annihilation lifetime spectroscopy (PALS)

PALS is a generally accepted method for the characterization of
defects (vacancies in crystalline materials, free volume in
amorphousmaterials, voids, pores) in all classes of materials, in
particular within polymer lms. The technique is based on
correlating the lifetime of positrons with the average size of
cavities within the polymeric specimen. The positron lifetime is
determined by measuring the time elapsed between the injec-
tion of positrons (obtained from a lab source, e.g. 22Na, or
a reactor) into the sample and the release of gamma rays in
consequence of their annihilation with electrons. The theore-
tical background of positron annihilation is well described in
many textbooks.43,44

Once a positron is injected into an insulating sample, it has
three different possibilities for reaction and decay. According to
This journal is © The Royal Society of Chemistry 2016
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the rst decay path, the positron can be annihilated by direct
impact with an electron. The lifetime of this decay within
a polymer is typically �400 ps. Alternatively, the positron can
form a bound state with an electron, which is termed “posi-
tronium”. According to the second decay path, this bound state
is formed as para-positronium (p-Ps) with the positron and the
electron having antiparallel spins. The p-Ps (singlet state)
decays immediately and has a very short lifetime of only �125
ps. Finally, according to the third decay path, the bound state is
formed as ortho-positronium (o-Ps) with the positron and the
electron having parallel spins (triplet state). In vacuum the
lifetime of the o-Ps is 142 ns and, thus, the decay is much slower
than the annihilation of the free positron or the p-Ps. However,
within the cavities of a specimen the decay of the o-Ps proceeds
via a so called pick-off annihilation with an electron from the
walls of the cavity. This pick-off annihilation depends on the
local electron density distribution around the o-Ps and, thus, its
lifetime can be used to determine the average free volume size.
This is usually done by applying a standard quantum
mechanical model originally developed by Tao and later
extended by Eldrup and Jean.43,44 In this model the o-Ps is
assumed to be conned within a spherical potential well with
innite walls, which are “decorated” with an electron layer. At
this layer the o-Ps can pick off an electron and decay. The
calculation of the overlap integral of the positronium's proba-
bility density function and the electron layer results in a direct
relation between the o-Ps lifetime s3 and the average cavity
radius Rh:

1

s3
¼ l0

�
1� Rh

Rh þ dR
þ 1

2p
sin

2pRh

Rh þ dR

�
(1)

This equation includes the reciprocal o-Ps decay rate s3, the
spin averaged decay rate l0 in the electron layer at the edge of
Fig. 3 Representative PALS spectrum of a superlattice film comprised
of DDT-stabilized GNPs with a core size of 5.6 nm (sample GNP5.5 nm2)
recorded using an acceleration energy of 2 keV. The red and dark blue
lines are simulations according to eqn (1) using free volumes in the
ligand shell DfV and tetrahedral void diameters DTH of �0.4 nm as well
as octahedral void diameters DOH of 1.8 nm, respectively. The inset
shows spectra of the same sample measured with different implan-
tation energies of the positrons, as indicated.

This journal is © The Royal Society of Chemistry 2016
the potential well, the thickness dR ¼ 0.166 nm of the electron
layer, which has been determined by using materials with
a well-known pore size,61 and the average cavity radius Rh. Here,
we use this equation analogously for the interstitial voids and
free volumes in the sample. Additional information can be ob-
tained from the relative signal intensities, which reect the
probabilities of the three decay possibilities (free positron, p-Ps,
o-Ps) discussed in the previous paragraph. The positronium
intensities (o-Ps and p-Ps) depend on the formation probability
of positronium in the respective polymeric material, which are
not known a priory and are oen also related to the void
concentration.44 Additionally, the measured o-Ps intensity is
proportional to the amount of polymer “seen” by the positrons,
which is in particular relevant to the very thin layers investi-
gated here, where the intensity will be low.

The PALS spectra of the GNP superlattice lms display
a shape which is very similar to that known from polymer lms.
Fig. 3 shows a representative PALS spectrum of a superlattice
lm consisting of GNPs with a core size of 5.6 nm (sample
GNP5.5 nm2). Due to the low amount of sample material (lm
thickness: �200 to �900 nm) and the corresponding low count
rates, a well known artefact51 is observed between 10 to 15 ns
and 20 to 25 ns. These signals originate from positrons, which
are reected from the sample and annihilate aer a well known
ight time somewhere in the chamber but not within the
sample. This assignment is corroborated by the fact that these
signals shi to longer times with decreasing acceleration
energy, i.e. with decreasing velocities of injected positrons
(Fig. 3, inset). In addition, simulations have proven this
assumption.51 Thus, in the following we take into consideration
the relevant part of the spectra, i.e. up to decay times of 10 ns.
To evaluate the measured PALS spectra we rst used our
structural model to estimate the expected void diameters,
providing void sizes in the tetrahedral sites DTH of �0.4 nm and
in the octahedral sites DOH of �1.8 nm for sample GNP5.5 nm2
(Fig. 3). For the free volume within the ligand matrix DfV a value
of �0.4 nm (ref. 60) was assumed. These cavity diameters were
converted to o-Ps lifetimes according to eqn (1) and corre-
sponding curves are shown in Fig. 3. For DfV and DTH (both�0.4
nm) the curve ts reasonably well to the raw data and corrob-
orate our assumption, that the positronium is localized in the
corresponding cavities. In contrast, lifetimes corresponding to
DOH could not be identied. This nding will be discussed
below.

The agreement of the calculated lifetimes with the measured
PALS spectra reveals that the relevant part of the spectra for the
decay of positronium is between 2 to 10 ns. As expected, within
this range the spectra are not affected when varying the
implantation energy of the positrons (see inset Fig. 3).

Fig. 4 shows representative PALS spectra of GNP super-
lattices comprised of GNPs with different core sizes. The red
curve refers to sample GNP5.5 nm2 with a GNP core size of
5.6 nm, whereas the black curve shows a spectrum referring to
sample GNP4 nm2 with a GNP core size of 3.9 nm. A slight
difference in the slope of the curves is clearly seen, revealing
somewhat longer lifetimes and, thus, somewhat larger cavity
sizes for the superlattice consisting of the larger GNPs.
RSC Adv., 2016, 6, 113163–113172 | 113169
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Fig. 4 PALS spectra of two GNP superlattice films consisting of GNPs
with core sizes of 5.6 nm (sample GNP5.5 nm2, red line) and 3.9 nm
(sample GNP4 nm2, black line). The spectra were measured using an
acceleration energy of 2 keV.

Fig. 5 Experimentally (PALS) determined cavity sizes Dpals (black
squares) and their respectivemean values (red squares) for superlattice
films comprised of �4 nm (left) and �5.5 nm-sized (right) GNPs. The
diameters DOH of voids within the octahedral sites were estimated
using our structural model and are indicted as blue squares. Note the
break in both axes. The free volume sizes measured previously by
PALS60 in crystalline DDD,s (purple) and liquid DDD,l (cyan blue)
dodecane are represented by horizontal lines. For details see text.
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We note that the o-Ps lifetimes s3 obtained from tting the
spectra are, in general, similar to previously reported o-Ps lifetimes
for oleic acid-stabilized PbSe nanoparticles.50 The lifetimes of all
GNP superlattice lms measured are listed in Table 2 together
with the intensities I and the cavity sizes Dpals determined by
converting the respective o-Ps lifetimes using eqn (1). The inten-
sities are low, but in the expected range for a thin lm composite
material comprising gold and will not be discussed further.

Cavity sizes

Fig. 5 shows the PALS-measured cavity diameters Dpals (Table 2)
plotted vs. the structural parameter reff (see Scheme 1) for all
GNP superlattices investigated. For comparison, the diameters
DOH of the voids estimated for the octahedral sites using our
structural model (see above) as well as the free volume sizes of
crystalline (DDD,s) and liquid (DDD,l) dodecane, which have been
measured previously by PALS,60 are indicated. Further, accord-
ing to our structural model, the tetrahedral sites of lms con-
sisting of�4 nm-sized GNPs are expected to be fully occupied by
the alkyl chains of the ligands, whereas in lms consisting of
�5.5 nm GNPs the remaining unoccupied voids in the tetra-
hedral sites are expected to have diameters similar to the free
volume size determined for solid dodecane. Therefore, no
values for DTH, i.e. the void diameters within tetrahedral sites,
are included in Fig. 5. The cavity sizes measured by PALS for
GNP lms of both particle sizes are in the range dened by the
free volume sizes found in solid and liquid dodecane (DDD,s ¼
0.36 nm, lifetime 1.1 ns and DDD,l ¼ 0.73 nm, lifetime 3.1 ns,
respectively).60 Here, it is to note that the comparison with
liquid alkanes is not straight forward. On the one hand, o-Ps can
Table 2 o-Ps lifetimes s3, o-Ps intensities I and the obtained cavity diam

GNP4 nm1 GNP4 nm2 GNP4 n

o-Ps s3 (ns) 2.03 1.72 2.50
o-Ps I (%) 0.30 0.51 0.53
Dpals (nm) 0.56 0.50 0.66

113170 | RSC Adv., 2016, 6, 113163–113172
form bubbles in liquid alkanes; then the o-Ps lifetime is not
related to the cavity size anymore.43,44 On the other hand, as
discussed above, the conformation of graed alkanes varies
from those in the liquid phase, making a direct comparison
difficult. However, the measured cavity sizes Dpals for both types
of lms are obviously larger compared to the free volume found
in solid dodecane, indicating that the free space around the
gold cores is not lled by tightly packed crystalline ligand
bundles throughout the entire structure. This nding can be
interpreted straightforwardly by taking into account both the
geometry of the superlattice and the possible spatial ligand
arrangement within the organic matrix. On the one hand,
regions of high ligand density are expected between adjacent
particles, where the ligands interdigitate to a signicant extent.
On the other hand, the ligands directed toward the tetrahedral
and octahedral sites, where the alkyl chains do not interdigitate
(at least not signicantly), may be more loosely packed. This
effect is possibly more pronounced in the case of lms con-
taining the smaller �4 nm-sized GNP cores, because their
higher surface curvature reduces the density of the ligands'
alkyl chains. However, it may also be expected that the larger
voids within the tetrahedral and octahedral sites in lms of the
larger GNPs provide space for less dense packing of the ligand
matrix. Supporting this hypothesis the average cavity size of the
lms containing the �5.5 nm-sized GNP cores is in fact slightly
larger than that of lms comprising the �4 nm-sized GNPs.
eters Dpals

m3 GNP5.5 nm1 GNP5.5 nm2 GNP5.5 nm3

2.28 2.62 3.20
0.83 0.87 1.42
0.62 0.68 0.74

This journal is © The Royal Society of Chemistry 2016
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Nevertheless, in the case of the superlattice lms prepared
from the �5.5 nm-sized GNPs, all measured lifetimes indicate
cavity sizes signicantly smaller than the voids (DOH) expected
within the octahedral sites. This observation can have two
reasons. Firstly, the intensity of the o-Ps lifetime in the octa-
hedral sites could be too low. As the probability to form posi-
tronium is unknown, the intensity cannot be estimated.
Secondly, assuming that there are no technical reasons for the
lack of the corresponding lifetimes, this nding suggests that
the octahedral sites are at least partly occupied by excess ligand
or solvent molecules, which were trapped within the 1.4 to 1.8
nm-sized cavities during lm assembly.

Conclusions

In this study we used PALS to probe the microcavities in well-
dened superlattice lms comprised of DDT-stabilized GNPs.
These superlattice lms were assembled using batches of differ-
ently sized GNPs. For the lms consisting of �4 nm-sized GNPs
a structural model, based on GISAXS and TEM measurements,
predicts that the space between the GNP cores is almost completely
lled by the ligands' alkyl chains. While the ligands completely
penetrate the tetrahedral sites, the open space le within the
octahedral sites should have a diameter of only �0.7 nm. The
average PALS-measured cavity size was (0.57 � 0.08) nm, which is
larger than the value measured by PALS for solid dodecane
(0.36 nm (ref. 60)). Most likely, loosening of the ligand matrix
results from disorder of the ligand arrangement and, possibly,
from unoccupied voids available within the octahedral sites.

For the lms consisting of �5.5 nm-sized GNPs the struc-
tural model predicts voids of up to �0.4 nm within the tetra-
hedral sites. Such small voids are comparable to the free volume
measured by PALS in crystalline dodecane (0.36 nm (ref. 60)).
However, within the octahedral sites the model predicts much
larger voids, with diameters of �1.7 nm. In contrast, our PALS
measurements revealed average cavity sizes of (0.68 � 0.06) nm,
which is only somewhat larger than the cavity sizes measured
for the lms of �4 nm-sized GNPs. Therefore, we conclude that
the larger voids available within the tetrahedral and, especially,
within the octahedral sites leads to only somewhat less dense
packing of the alkyl chains within the ligand shells, compared
to the lms consisting of �4 nm-sized GNPs. Furthermore,
assuming measurable intensities of the o-Ps lifetimes in the
octahedral sites our data suggests that the voids expected within
the octahedral sites are occupied by excess ligand or solvent
molecules trapped during lm preparation.
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