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ABSTRACT
Nanoparticles of gold, copper and copper sulfide with different kinds of protective
ligands  were  successfully  synthesized  and  characterized.  Of  special  interest  were
particles protected with calixarenes, and their complexation with guest molecules.

The copper sulfide nanocrystals were protected with benzyl thiol moieties that were
generated  by  reducing  RAFT chain  transfer  agent  in  the  particle  synthesis.  The
nanocrystals were characterized in detail and their sintering on paper was studied. The
as-prepared crystals were in Cu2S (chalcocite) form, but thermal sintering resulted in
the consolidation of the crystallites as well as the transformation of the material into a
semiconductive Cu1.8S (digenite) film.

The  metallic  copper  nanoparticles  were  obtained  by reducing  copper  salts  in  the
presence  of  polyethylene  imine  (PEI)  or  analogous  small  organic  compounds
(tetraethylene pentamine, TEPA). In the case of the polymer, the strong complexation
of the copper ions into the polymer matrix retarded the reduction reaction enabling the
preparation of  crystallites with less than 10 nm diameter.  The particles were coated
with  a  surface  oxide  layer  that  catalyzed  the  thermal  decomposition  of  the  PEI
protecting layer,  resulting in  low sintering temperatures  for the nanoparticles.  The
sacrificial decomposition of PEI resulted in reduction of the oxide layer back into
metallic copper. The particles were sintered on paper and the layers were found to be
semiconductive.

Calix[4]arene  protected  gold  nanoparticles  were  prepared  and  the  interactions  of
pyridinium with the calixarene cavity was examined in great detail. It was found that
the calixarenes bound to the gold surface are able to complex pyridinium cations, and
that  the  complexation  induced  the  aggregation  of  the  nanoparticles.  Further,  the
complexing ability of the calixarene could be tuned by preparing mixed monolayers
of  calixarenes  and alkanethiols:  key factors  were the amount  of  calixarene  in  the
mixed monolayer, the calixarene type and the length of the calixarene spacer, as well
as the length of the alkanethiol chain. 

Finally, alkanethiol protected gold nanoparticles were prepared, inkjetted and sintered
to form an electrode on paper. The results indicated the electrode was of comparable
electronic quality to gold electrodes printed onto glass substrates. In this way, gold
nanoparticles can be used in inexpensive roll-to-roll  printed paper-based electronic
platforms.
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ABBREVIATIONS

AES Auger Electron Spectroscopy

ATRP Atom Transfer Radical Polymerization

AuNP Gold Nanoparticle

Bt Butanethiol

CPA 4-Cyanopentanoic Acid Dithiobenzoate

(D)LS (Dynamic) Light Scattering

Dt Dodecanethiol

EDX Energy-Dispersive X-ray Spectroscopy

FTIR Fourier Transform Infrared Spectroscopy

FWHM Full Width at Half Maximum

IR Infrared

MALDI-TOF Matrix Assisted Laser Desorption/Ionization - 

Time Of Flight

NMR Nuclear Magnetic Resonance

ODT 1-Octadecanethiol

PEI Polyethylene Imine

PEO Polyethylene Oxide

QSE Quantum Size Effect

RAFT Reversible Addition-Fragmentation Chain 

Transfer

SAM Self-Assembled Monolayer

SEC Size Exclusion Chromatography

SPR Surface Plasmon Resonance

TEM Transmission Electron Microscopy

TEPA Tetraethylenepentamine

TGA Thermogravimetric Analysis

TOAB Tetraoctyl ammoniumbromide

UV-Vis Ultraviolet-Visible

WAXS Wide Angle X-ray Scattering

XPS X-Ray Photoelectron Spectroscopy
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 1 INTRODUCTION

 1.1 Background

Metal nanoparticles, in the size regime of 1-100 nm, are fascinating nanotechnological objects that
cover an intermediate region between bulk matter and molecules or atoms. Historically, they are not
a very new innovation: nanoparticles of metals have been used to stain glass for centuries because
of  their  ability to  absorb  electromagnetic  radiation  in  the  visible  light  range.  One of  the  most
famous example of such glass objects is the Lycurgus Cup, a cage cup, manufactured by Roman
artisans in the 4th century A.D., which exhibits dichroic properties: transmitted and reflected light
are of different color1.

From the point of view of modern science, gold nanoparticle research began from Faraday's original
work in  18572.  In  the  1950s Turkevich and Frens  developed the  citrate  synthesis  method,  that
enabled  the  controlled  preparation  of  monodisperse  nanoparticles  in  the  sizes  of  tens  of
nanometers3–5. Later, in 1994, Brust and Schiffrin described the two-phase synthesis method, that
yields  monodisperse  nanoparticles  below 10 nm size  range6–8.  Both  of  the  methods  have  been
further improved over the course of years9,10, and the work still continues11–13. Contemporary AuNP
synthesis is not limited to well-defined spherical particles, but objects of varying shapes can be
prepared: rods, cubes, stars, triangles, and tiny but atomically precise clusters of few atoms14–18. 

Despite the new methods in the researchers' arsenal, the most commonly used AuNP preparation
methods  are  still  based  on  methods  originally  intiated  by  Turkevich  and  Brust  &  Schiffrin13.
Generalized schematical synthesis protocols are shown in Figure 1. In Turkevich method, sodium
citrate, in boiling water, acts as both the reductant and the protecting agent. The Brust-Schiffrin
method,  on the other  hand,  is  two-phasic.  Gold ions  are  transferred from water  phase into the
organic phase using a phase transfer agent, and are reduced with an external reducing agent in room
temperature.

Figure  1.  The synthesis  of  gold  nanoparticles  via Brust-Schiffrin  (top)  and Turkevich  (bottom)
methods.
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The scientific interest towards metal nanoparticles has exploded since the introduction of the Brust-
Schiffrin method, due to the unique properties of the monodisperse nanoparticles when compared to
their large counterparts we observe in our daily lives. When the particle diameter is smaller than
100 nm the nanomaterial properties begin to scale with the size19–21. For example, pure gold has a
melting point of 1064 ºC. However, when the gold object is in the nanoscale, the melting point of
the substance begins to decrease with size: for a gold particle with a diameter of 5 nm, the melting
point is ~850 ºC, and further in the 2.5 nm size, the particles melt at ~550 ºC22.

This  distinct  change  in  the  intrinsic  properties  of  matter  when  its  size  is  altered  is  called  the
Quantum Size Effect (QSE)23. In a macroscopic gold bar, the majority of the atoms are in the bulk
of the matter, whereas in a nanoparticle the material consists mainly of atoms located on the surface
of the object. From the energetic point of view, in the nanoscale the energy bands of the matter
become discrete (quantized) and depend heavily on the dimensions of the object24.

A characteristic property of metal nanoparticles is the Surface Plasmon Resonance (SPR), which
confers the attractive colors to the nanoparticle dispersions, see Figure 2. The SPR originates from
the collective oscillations of conduction band electrons that can absorb electromagnetic radiation,
which is visible by the plain eye as a strong absorption near 530 nm wavelengths for gold25 and 650
nm for  copper  nanoparticles26.  The  SPR,  as  other  properties  previously  mentioned  is  strongly
dependent  on  the  nanoparticle  size,  as  well  as  on   the  shape,  ligand  monolayer,  nanoparticle
proximity to each other and the solvent employed27,28. 

Figure 2. Gold in two forms. From left to right: metallic gold mirror, formed by slow evaporation of
the solvent and the butanethiol ligand from Bt-AuNPs; Calix2-AuNP in different concentrations.
Right panel shows a typical transmission electron microscope image of gold nanoparticles with
diameters around 3 nm.

From the experimental point of view, owing to the QSE one can vary not only the melting point but
also optical29 and redox properties30. Different properties scale distinctively with particle size, which
is one of the challenges in the prediction of the properties of nanomaterials23. From the material
safety point of view, nanomaterials offer a new challenge. Nanomaterials can have harmful health
effects, even when the same macroscopic substance is considered safe31. Already now, the increased
production and usage of engineered nanomaterials is attracting attention toward the environmental
and health safety of those.

The challenge in the preparation of the nanoparticles of metals  is  their  colloidal stability:  such
nanoparticles possess very high surface to volume ratio and will aggregate over time in solution and
ultimately the nanoparticles are easily lost into bulk-sized aggregates. To overcome this challenge,
nanoparticles are typically protected with an organic ligand shell, which protects the metal core
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from  aggregation  and  also  confers  the  nanomaterial  additional  properties.  Since  the  metal
nanoparticle inherits the properties of the protecting ligand shell, it is possible to tune the properties
of the nanoparticles even further by simple ligand selection or modification. It should be mentioned
that  metal  nanoparticles  can  be  produced  with  a  variety  of  other  methods  than  the  chemical
reduction discussed here, but these techniques are outside the scope of this thesis.

 1.2 Gold nanoparticles

Alkanethiols are commonly used as protecting agents for gold nanoparticles, because of the strong
Au-thiol bond. Typically alkanethiols (and similar non-polar compounds) offer nanoparticles that
dissolve in non-polar solvents10, and utilizing mercapto-acids (or other compounds of high polarity)
results in water soluble gold nanoparticles32,33. Special kind of active ligands, such as compounds
possessing molecular  recognition capabilities  can be used to  confer  additional  properties to the
metal nanoparticles34.  In addition to alkanethiols, gold nanoparticles have been protected with a
wide  array  of  protective  ligands:  disulfides35,  phosphines36,  xanthates37,  amino  acids38,
calixarenes34,39,40, polymers41–44, and even biological organisms45.

Despite the strength of the Au-thiol bond, it is still labile enough to allow ligand exchange reactions
to take place on the surface of the gold46,47. Mechanistically, the exchange of thiolates is known to
be associative (new ligand attaches to gold surface and induces the detachment of the old one.)
Various sites on the gold particle have different reaction rates (highest exchange for vertex points,
medium for edges and lowest for terraces, see Figure 3). The alkane chain length of the alkanethiols
taking part in the ligand exchange also plays a role: higher chain lengths result in lower exchange
rates, because of the steric inhibition46.

Other factors affecting the ligand exchange rates are nanoparticle size and age. Nanoparticle size
has no effect on the rates initially, but later stages show lower rates for larger particles, due to
higher  amount  of  edge  and  terrace  sites48.  Freshly prepared  AuNPs have  defects  in  the  ligand
coordination,  which results in more more reactive sites. In an aged sample,  the defect sites are
reorganised  into  more  optimally  coordinated  arrangement,  resulting  in  lower  ligand  exchange
rates49. Ligand exchange reactions are valuable for nanoparticle science due to the ability to prepare
nanoparticles with identical size characteristics, but with varying surface chemical composition50,51.

Figure  3. Ligand exchange. The incoming alkanethiol (blue) can replace surface-bound thiolates
with an associative mechanism (blue arrows). The site of the leaving ligand plays a crucial role:
vertex sites (green alkanethiolate) are prone to ligand exchanges reactions, edge sites (yellow) have
reduced exchange rates and terrace sites (red) shows the lowest exchange rates. The surface-bound
ligands can also undergo surface migration, where the ligands move from different sites to another
(red arrows).
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Gold nanoparticles are widely used in many ways, and as a generalization, the applications usually
rely on the physical properties of the gold or the chemical properties of the protecting ligands.
Optical applications usually exploit the SPR of the nanoparticles: in such an application, an analyte
binds to a receptor on the gold nanoparticle, which changes the nanoparticle surface environment.
This can result in particle aggregation, changes in the refractive index, surface charge, nanoparticle
shape, or the SPR absorption wavelength, which can be easily detected34. 

Inks of nanoparticles are one good example of the properties of matter in the nano- and macroscale.
A single ligand-coated nanoparticle  is  an insulator,  but  stripping out  the protective ligands and
forcing the nanoparticles into close proximity to each other results in a conductive layer52. Using
volatile  solvents  it  is  possible  to  prepare  nanoparticle  dispersions  which  can  be  applied  to  a
substrate using an inkjet printer53. Subsequent thermal treatment can decompose the organic layer
and cause the nanoparticles to sinter and fuse together to form conductive lines. This effectively
enables printed electronics,  vide infra.  Gold nanoparticles protected with bulky groups can also
result in surface accessible40 gold nanoparticles with enhanced catalytic activities due to the high
surface-to-volume ratio.

The morphology of gold nanoparticles is well understood. The formation of a typical truncated
octahedron shape54,55 is  attributed to  the differences in  surface energies.  As opposite  to liquids,
solids  have  an  isotropic  surface  energy.  The  creation  of  volume  releases,  and  formation  of  a
crystallographic surface consumes energy. The energy for crystallographic surface types increases
following the trend of {111}<{100}<{110}56. Upon coalescence, the gold atoms minimize both the
surface  area  and  the  surface  energy by forming  eight  hexagonal  {111}  and  six  square  {100}
surfaces, which form the truncated octahedron. The creation of relatively high-energy {100} facets
is offset by generation of a nearly spherical shape16 (i.e. minimal surface area.) Figure 4 shows gold
atoms arranged into a truncated octahedron, the hexagonal and square surfaces clearly visible.

Figure 4. The truncated octahedron.

Gold nanoclusters  possess  a  superatomic  structure57:  electrons  belonging to  the  individual  gold
atoms are  delocalized  and a  filled  electronic  shell  for  the  whole  cluster  results  in  more  stable
nanoclusters with certain "magic numbers" of Au atoms and ligands. The nature of the thiolate bond
on the gold cluster surface has been revealed in the recent studies58–60. According to theoretical and
experimental studies, the thiols exist in a completely passivating "staple" motif with populations of
one gold atom bound to a single or two sulfur atoms, depending on the distance from the cluster
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core. More recent works indicate that even larger oligomers of the Au-S-Au motif exist61. Even
though the largest particles where the staple motif has been discussed are gold clusters of only 130
atoms62,  it  is likely that similar protection mode applies to larger gold nanoparticles for several
hundred atoms. The staple motif is shown in Figure 5.

Figure 5. The staple motif of thiolates on gold surface58–61. Only the thiolate bond is shown (blue).
The darker Au+ ions are engaged in the Au-S motif.

 1.3 Copper Nanoparticles

The properties of gold are certainly superior in many ways, but a considerable limitation for high-
throughput applications is the preciousness of gold. Copper, however, is an abundant and cheaper
alternative to gold in conductive inks and has been studied extensively. Like gold nanoparticles,
copper nanoparticles must be protected with ligands to make them stable. The ligands used for
passivation are typically similar to those used with gold nanoparticles: alkanethiols63, surfactants
with sulfur and carboxyl chemistries64–66, amines67, polymers68,69 and many others70–74. 

The synthesis  of stable and well-defined nanoparticles,  however,  is  much more challenging for
copper than gold. In addition, copper usually requires handling under an inert atmosphere, because
of its  propensity to oxidate in the high surface-to-volume nanoscale.  Because of the less noble
character of copper when compared to gold, the procedure used to prepare AuNPs does not yield
metallic copper particles, but rather sulfides of copper75. These are semiconductors76,77 and may be
useful for some applications, but in order to obtain products with high conductivity, metallic copper
would be more desirable. 

Copper nanoparticles oxidize in air and the extent of the oxidation depends on temperature. At room
temperature,  the  particles  are  mostly metallic  copper  with  an  oxidized  shell,  but  the  extent  of
oxidation  increases  with  temperatures26.  Metallic  lines  prepared  by sintering  the  NPs are fairly
stable  under  ambient  conditions.  This  enables  the  use  of  copper  nano  inks78,79.  A generalized
sintering protocol is presented in Figure 6. A conductive ink, metal nanoparticles in dispersion, is
first  applied  to  a  substrate.  Subsequently,  the  solvent  is  removed  and  the  organic  ligands  are
evaporated by thermal treatment. Upon the removal of the ligands, the metal atoms consolidate
together to form a conductive layer.
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Figure 6. Metal nanoink. A dispersion of metal nanoparticles (left) is printed onto a substrate and
dried  (middle).  Upon thermal  sintering,  the  organic ligands are removed and the  metal  atoms
consolidate into a continuous layer (right).

 1.4 Calix[4]arenes

Calixarenes are cyclic organic compounds consisting of a variable number of phenolic units80. As
the name (chalice) implies, the molecule forms a basket like structure which is electron rich due to
the close proximity of several aromatic rings81. This results in the ability to complex cations through
cation-π interactions82,83. 

Calix[4]arene consisting of four phenolic units bridged together by methylenes is the simplest and
most commonly used calixarene. In solution, the molecule can freely change conformation into one
of its conformers: cone, partial cone, 1,2-alternate and 1,3-alternate84, which are shown in Figure 7.
The conformational switching can be suppressed by modifying the lower rim hydroxyl groups to
lock the conformation85. 

Figure 7. The conformations of calix[4]arenes. From left to right: cone, partial cone, 1,2-alternate,
1,3-alternate. The molecular structure of a calix[4]arene is shown in the inset.

In the cone conformation,  the calixarene possesses unique properties,  such as the complexation
ability:  cations  and  small  organic  molecules  can  enter  the  cavity.  The  complexation  depends
strongly on how the calixarene has been modified, for example free hydroxyls in the lower rim can
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enhance the complexation ability of the calixarene cavity86.

Owing  to  interesting  properties  and  versatile  chemistry,  calixarenes  have  many  applications.
Numerous calixarene derivatives have been produced by modifying the upper or the lower rim of
the molecule. Calixarenes have been used in a variety of applications such as ATRP initiators87,
sensors34, receptors88,89, self-assembling oligomers of calixarene-pyridinium compounds90 and even
photo-assisted writing on solutions91 to mention only a few examples.

 1.5 Objectives of this study

The overall aim of the work was to synthesise and characterize copper and gold nanoparticles with
different kinds of protective ligands in order to investigate and utilize their unusual properties. A
graphical summary is shown in Figure 8.

The  first  objective  was  to  synthesize  and  characterize  copper  nanoparticles  with  enhanced
properties,  namely  copper  sulfide  nanocrystallites,  which  would  yield  semiconducting  Cu1.8S
(digenite) films on paper when sintered in mild conditions (air, 240 ºC). In order to attain sintered
films of metallic copper, copper nanoparticles with amine protection were prepared. In both works,
the sintering behavior of the nanoparticles were studied in detail. Such copper materials are of great
interest,  due  to  their  potential  applications  in  inexpensive  paper-based  printed  electronics
technologies. 

Secondly, gold nanoparticles with calixarene and calixarene/alkanethiol protection were synthesized
and characterized. Their ability to complex with polymeric and small organic pyridinium guests
were studied. The host-guest complexation induce aggregation of nanoparticles even in very low
concentrations. The complexation induced aggregation was monitored by NMR and LS study. The
calixarene accessibility to the guest molecules could be controlled by varying the amount and size
of alkanethiols in the mixed monolayer.

Finally, dodecanethiol-protected gold nanoparticles were prepared and a metal ink was formulated.
The low sintering temperatures of the gold nanoparticles were exploited as the metallic dispersion
was inkjetted and IR-sintered on paper to yield conductive gold films. These may find application
e.g. in inexpensive and disposable roll-to-roll printed diagnostics systems, as glucose sensors. 

Figure 8. A graphical summary of the study.
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 2 EXPERIMENTAL

 2.1 Synthesis

This  section  will  go  through the  synthesis  procedures  and characterization  methods  for  all  the
materials used in the study.

 2.1.1 Copper Sulfide Nanocrystals (I)

Copper  sulfide  particles  were  synthesized75 as  shown  in  Figure  9.  4-Cyanopentanoic  acid
dithiobenzoate,  used  as  a  source  of  protective  ligand,  was  synthesized  according  to  previous
publications92. 

Figure 9. Synthesis of Copper Sulfide Nanocrystallites.

 2.1.2 Metallic Copper Nanoparticles (II)

Figure 10 shows the synthesis protocol for PEI or TEPA protected metallic copper nanoparticles93.
Both of the ligands were obtained from a commercial source, the PEI (Mw=1200) being branched,
consisting  of  25%  primary,  50%  secondary  and  25%  tertiary  amine  groups.  Yields  for  the
nanoparticles were close to 60%.

Figure 10. Synthesis of metallic copper nanoparticles protected by PEI or TEPA.
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 2.1.3 Calix2 (IV, V)

The calixarene with two undecanethiol spacers, Calix2, was synthesized94–96 as shown in Figure 11.
The  multistep  protocol  involved  reverse  Friedel-Crafts  de-tert-butylation  (yield  70%),  base
catalyzed  Williamson  ether  synthesis  (50%),  thiol-ene  reaction  and  subsequent  base  catalyzed
thioester  cleavage  (60%).  Each  of  the  steps  proceeded  with  reasonable  yields,  and  produced
products  of  high  purity,  as  determined  by  NMR  spectroscopy.  Distal  substitution  of  the  two
phenolic hydroxyl groups was achieved with stoichiometry and K2CO3 base.

Figure 11. The synthesis protocol for Calix2.

 2.1.4 Calix4 (V)

The  calixarene  with  four  phenolic  hydroxyls  substituted  with  butanethiol  spacer,  Calix4,  was
synthesized97 as shown in Figure  12. The synthesis began with Calix0, the synthesis protocol of
which was shown in Figure 11. Williamson ether synthesis with strong NaH base and large excess
of  1,4-dibromobutane  yielded  the  intermediary  product  in  yield  of  50%.  The  subsequent  SN2
reaction on the alkylhalide and hydrolysis with NaOH was conducted with a yield of 70%. NMR
analysis indicated that the products were pure.
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Figure 12. The synthesis protocol for Calix4.

 2.1.5 2Pyr-PEO (IV)

Commercially obtained polyethylene oxide (Mw 2000 g/mol) was modified as shown in Figure 13.
The procedure was adapted from the literature94,98. The reaction was completed in three steps. The
tosylation was achieved in a yield of 60%. In order to ensure the desired Br-counterions for the final
product, the tosyl termini were converted with NaBr in a yield of 75%. Finally, an alkylation of
pyridine amine was conducted in yield of 90% to obtain polymer with the pyridinium bromide
terminal groups.

The size distributions were analyzed with SEC and MALDI-TOF mass spectrometry and it was
confirmed that no changes in the polymer chain occured during the terminal group modification,
except an increase of molar mass matching the molar mass of two pyridinium groups. NMR and
elemental analysis both indicated 90% of pyridinium terminal group substitution for the polymer.
This was found acceptable, as the hygroscopic PEO would always contain some water impurities to
promote the formation of  OH-termini.  The final  polymer had,  according to MALDI-TOF mass
spectrometry, a molar mass of 2050 g/mol and a polydispersity index of 1.03.

Figure 13. PEO modification.

 2.1.6 Gold Nanoparticles (III-V)

Gold nanoparticles were generally syntesized using the Brust-Schiffrin two-phase method or its
variants99. Figure 14a shows the direct Brust-Schiffrin method, where protecting ligands or a ligand
mixture is added into the synthesis before the reductant (NaBH4) addition. In such a synthesis route,
the gold ions are partially reduced by the ligands even before the NaBH4 addition and the amount of
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thiols play an important role in AuNP size distribution10,100. 

An alternative variant is presented in 14b, where gold salt is reduced in the presence of only TOAB
and no thiol ligands to obtain weakly stabilized TOAB-nanoparticles99,101. These particles are then
purified (removal of reductant residues) and are subsequently mixed with ligands or ligand mixtures
that completely replace the weakly bound TOAB. Subsequent precipitation and extensive washing
removes the TOAB and excess alkenthiol residues. The benefit of the ligand exchange method is
that the size of the nanoparticle synthesized from the same TOAB-AuNP stock should be identical
regardless of the new ligands and an excess of new ligands can be used. However, the direct method
is  faster  to  conduct,  as  the  ligand  exchange  reactions  are  run  for  days  to  achieve  maximum
exchange. 

Route 14c presents the option of performing a ligand exchange on thiols already attached to gold
nanoparticles46. In this approach the existing thiolate ligands are more strongly attached than in the
14b TOAB-only protected AuNP example. The ligand chain length also affects the ligand exchange
efficiency, as discussed in Section 1.2, and thus, the extent of the exchange reaction will be lower.

The yields for the nanoparticles, in gold, were typically around 50% after purification.

Figure 14. Synthesis of gold nanoparticles: a) direct Brust-Schiffrin method, b) and c) variants of
the Brust-Schiffrin  method:  ligand exchanges.  R1,  R2 and R3 denote the thiol  carbon moiety  of
different or same type.

 2.2 Characterization

Multiple methods were used to characterize the materials investigated in this study.

 2.2.1 1H- and 13C-NMR

Proton NMR spectroscopy was routinely used to evaluate material purity and the success of the
synthesis. 

For nanoparticles, the proton signals from surface a bound organic compound are known to broaden
due  to  the  mobility  restrictions  and  differences  in  the  chemical  environment100.  For  mixed
monolayer nanoparticles the ligands were detached from the surface using the Iodine Death102,103

method and subsequently characterized by NMR. Integration of calixarene aromatic and CH2-S
signals made it possible to determine the molar ratios of the ligands.
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In  the  complexation  experiments,  the  guest  molecules  and  the  nanoparticles  were  separately
dissolved in CDCl3. The guest solution was titrated into the nanoparticle solution and NMR spectra
were recorded for each of the host:guest ratios.

Bruker  Avance  2  500  MHz  and  Varian  Inova  300  MHz  NMR  systems  were  used  in  the
measurements.

 2.2.2 TEM

TEM  was  used  to  measure  the  diameter  and  size  distributions.  Typically  several  hundreds  of
nanoparticles were included in an automatic particle size detection using the ImageJ software104.
The information obtained, however, is a 2D projection of a 3D object. Based on literature, it was
assumed the nanoparticles adopt a truncated octahedron shape54,55. The assumption and data was
used in calculations to obtain amount of gold atoms in a cluster, ligand coverage and footprint (see
Section 2.2.4.)

The TEM measurements were performed using a Tecnai 12 transmission electron microscope (Aalto
University Nanomicroscopy Center) or Hitachi S-4800 FESEM in TEM mode. The samples were
typically prepared by drying a droplet of ~ 1 mg/ml nanoparticle solution on a carbon grid with a
copper mesh.

 2.2.3 Other Methods

TGA (Mettler-Toledo TGA850) was employed to measure the amount of volatile organics on the
nanoparticles. Typically a temperature range of 25-800 ºC (10 ºC/min) was used. The mass loss data
was further used in the ligand coverage calculations (see Section 2.2.4.)

DLS and UV-Vis spectroscopy were used to observe nanoparticle sizes and monitor the aggregation
of  the  nanoparticles  during  the  complexation  experiments.  DLS measurements  were  conducted
using a  Brookhaven Instruments  BI-200SM goniometer,  a  BIC-TurboCorr  digital  pseudo-cross-
correlator,  and a BI-CrossCorr detector, including two BIC-DS1 detectors. BIC Mini-L30 diode
laser (637 nm, 30 mW) was used. UV-Vis was measured with a Shimadzu UV-1601PC spectrometer
with quartz cuvettes. Wavelenght range of 300 - 800 nm was used.

FTIR  (Spectrum  2000,  PerkinElmer)  was  used  for  simple  chemical  analysis,  mostly  for  the
detection of carbonyl signals originating from CPA.

X-ray methods were used to analyze the chemical and crystal structures of material. The WAXS
setup consisted of  a Rigaku rotating anode X-ray tube with a totally reflecting focusing mirror and
a bent Si (111) crystal monochromator. The Cu Kα1 beam was focused on the MAR345 image plate
detector and the transmission of the sample was determined from the image of the beam on the
detector  after  a  semi-transparent  beam-stop.  The Scherrer  equation105 (Equation  1)  was used to
obtain the mean size of crystalline domains (τ). 

(1) τ= Κλ
β cosθ

The symbols in Equation 1 are the shape factor (Κ), X-ray wavelength (λ), FWHM line broadening
(β), and the Bragg angle (θ).

X-ray  photoelectron  and  Auger  electron  spectroscopy  measurements  were  performed  by  using
either Kratos AXIS 165 or PHI Quantum 2000 spectrometers with 5 – 10 nm analysis depth. At
least three different spots on each sample were analyzed. 

The 3D visualizations for molecules were performed either with Accelrys Material Studio 4.2 or
ChemBioDraw Ultra  and Chem3D version 12.0.2.1076.  Typically energy minimizations  for  the
structures were first performed and then a molecular dynamics at 300 K with 2.0 fs intervals for
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10000 steps was run.

 2.2.4 Surface Coverage Calculations

Nanoparticles were characterized with TGA, NMR and TEM to estimate the number of gold atoms
and ligands for an average gold nanoparticle. It was assumed that the particles are pure, and that the
organic compounds attached to the gold surface decompose fully upon pyrolysis. For a truncated
octahedron  Archimedean  solid106,107,  the  circumradius  (the  radius  of  a  circle  inside  which  the
polygon can be inscribed, R, is defined as

(2) R=
1
2

√10 a

where a is the edge length. The nanoparticle diameter observed in TEM is DTEM=2R, thus

(3) a=
DTEM

√10

Solving a allows the calculation of volume (V) and surface area (S).

(4) V=8√2a3

(5) S=(6+12√3)a2

The number of gold atoms per average nanoparticle can be calculated using the volume and the
density (d)54,108 of gold (59.006 1/nm3).  Since the gold atom mass (196.97 g/mol),  number gold
atoms and the mass percent of volatile organics (TGAmass loss) are known, it is possible to calculate
the number of ligands per nanoparticle.

(6) M gold core=M Au V gold core d Au

 For 1 mole of nanoparticles, mgold core=Mgold core.

(7) mtotal=
mgold core

1−TGAmass loss

(8) mligands=mtotal−mgold core

(9) n ligands /AuNP=
mligands

M ligand

Mgold core, MAu, Vgold core, dAu denote the molar mass of the gold core, molar mass of a single gold atom,
volume of the gold core, and the density of gold, respectively. Symbols mtotal, TGAmass loss, mligands and
Mligand denote the total molar mass of the whole nanoparticle (gold core plus organic ligands), TGA
mass loss percentage, mass of ligands on the nanoparticle and the molar mass of a single ligand,
respectively. Variable nligands/AuNP denotes moles of ligands per one mole of gold nanoparticles, i.e. the
number of ligands surrounding the gold core.

For the samples with mixed monolayers, integration of NMR signals gave the molar ratio of the
different  ligands  present  on  the  nanoparticle  surface.  The  equations  below  were  used  for  the
calculation of the ligand amounts. Again, for one mole of nanoparticles,

(10) M a na+M b nb=mligands

(11)
na

na+nb

=Ra

Above,  Ma, na, Mb, nb, mligands and Ra are, in the same order: the molar mass of ligand a, moles of
ligand a, molar mass of ligand b, moles of ligand b, total mass of the ligands and the molar ratio of
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ligand a to ligand b. Rearranging the above gives:

(12)
na=

mligands

M a+M b(
1−Ra

Ra

)
; nb=

na−Ra na

Ra

From the  number  of  ligands  (Equation  9)  and  nanoparticle  surface  area  (Equation  5)  one  can
calculate  the  footprint  for  the  ligands  bound  on  nanoparticles.  Equation  12 gives  the  mixed
monolayer composition per nanoparticle.

 3 RESULTS AND DISCUSSION

 3.1 Properties of Organic Compounds (II, IV, V)

Calix2, Calix4 and 2Pyr-PEO were synthesized as shown in Figures 11-13. 1H-NMR were used to
confirm the success of the synthesis of the calixarenes, and, indeed, full substitution of the desired
aromatic hydrogens was achieved. Further, thiol modification was also confirmed as a success.

 3.2 Properties of Nanoparticles (I, II, III, IV, V)

TEM, TGA and NMR were performed for all the nanoparticles. In addition, EDX, WAXS, XPS and
AES  were  employed  for  additional  information,  for  the  nanoparticles  subjected  to  sintering
experiments.  

 3.2.1 Copper and Copper Sulfide Particles

For copper nanoparticles, a representative TEM micrograph is shown in Figure  15. As observed
from  the  image,  copper  nanoparticles  formed  aggregates  upon  drying,  making  particle  size
determination from the TEM images unreliable. CuS nanocrystal TEM image is shown in Figure
16, and shows a background of small particles with some larger particles. High magnification shows
how the larger aggregates, like in the case of Cu nanoparticles, consist of smaller crystals. The
Scherrer's equation was used to obtain crystal sizes from the WAXS data (Table 1). The table shows
the scattering nanocrystals roughly match the size pattern perceived in the TEM imagery, 10 nm for
Cu/PEI and few nanometers for CuS particles (NP-1 and NP-2).

Figure 15. Typical TEM image for copper nanoparticles (electron diffraction pattern inset).
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Figure  16.  Low  magnification  (a)  and  high  magnification  (b)  HRTEM  images  of  CuS
nanocrystallites

Chemical analysis (FTIR, NMR, TGA and XPS) indicated that the CuS nanoparticles (NP-1 and
NP-2) were protected by benzyl  thiol  moieties  originating from the reductive cleavage of  CPA
RAFT agent, see Figure 9. The NMR data with interpretation is shown in Figure 17, which shows
broadened signals originating from surface-bound benzyl thiol moieties.

Figure  17.  1H (top) and 13C NMR (bottom) of the copper nanocrystals indicating the benzyl thiol
protection motif.

Table 1 summarizes the morphological studies for the nanoparticles of copper. From the data one
can conclude that higher amount of protecting ligands per copper in the synthesis yields smaller
crystal size, which is a well-known phenomenon in nanoparticle science100. 

Name Average Structure Publication

NP-1 <1.5 I

NP-2 <1.5 I
Cu/PEI II

Cu/TEPA (1:10) II
Cu/TEPA (1:20) II

DiameterA / nm
Cu

1.3
(SCH

2
Ph)

Cu
1.8

(SCH
2
Ph)

-B 8.5 ± 0.3
-B 19.4 ± 0.5
-B 12.8 ± 0.4

Table 1. Summary for copper nanoparticles. A Crystal size from WAXS, larger particles observed in
TEM. BNot determined.
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Crystals of Cu/PEI are smaller than those prepared with TEPA. The relative amount of TEPA was
much higher in the synthesis feed (Cu:TEPA 1:10 or 1:20) than that of PEI (Cu:PEI 1:1). Thus, the
results shows the superior complexation ability of higher molar mass polymer, with repeating amine
groups. Indeed, before the reductant addition, the Cu/PEI synthesis exhibits vibrant blue colors due
to the coordination of Cu ions to the polymer nitrogen functions, and the reduction is much slower
in the presence of the polymer, than it is in the presence of TEPA.

 3.2.2 Gold Nanoparticles

Typical TEM image and distribution data for one batch of the gold nanoparticles are shown in
Figure 18. Gold nanoparticles were observed to be of reasonably low polydispersity and particles
originating from the same source had identical characteristics. 

Figure 18. TEM image and size distribution data for a) Calix2-AuNP, b) Calix2/Bt-AuNP, and c)
Calix2/Dt-AuNP.

Table 2 shows a summary for all the gold nanoparticles studied in this work. From the data, it is
evident how ligand exchange methods (Figure 3) offer the possibility of synthesizing nanoparticles
of almost identical diameters and polydispersity, but with different ligand compositions: the ability
to synthesize such particles is vital in order to reliably evaluate the ligand effect on the nanoparticle
properties. This is important, because in the nanoscale variations in size can have a notable effect on
properties of the nanoparticles (Quantum Size Effect).
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Name Average Structure Diameter / nm Publication

Calix2-AuNP 45.8 IV

Calix2/Bt-AuNP 44.9 IV

Calix2/Dt-AuNP 45.1 IV

Dt-AuNP 22.0 III

Dt/Calix2-AuNP 19.3 V

Bt/Calix2-AuNP 19.4 V

Calix4-AuNP 3.1 ± 0.6 66.9 V

Bt/Calix4-AuNP-1 3.1 ± 0.8 35.3 V

Bt/Calix4-AuNP-2 3.1 ± 0.5 20.7 V

FPA / Å2

Au
635

Calix
57 3.1 ± 0.7

Au
629

Calix
50

Bt
7 3.1 ± 0.7

Au
605

Calix
50

Dt
6 3.1 ± 0.7

Au
570

Dt
110 3.0 ± 1.8

Au
1357

Dt
212

Calix
10 4.0 ± 1.0

Au
154

Bt
52

Calix
0.5 1.9 ± 0.4

Au
605

Calix
37

Au
647

Bt
66

Calix
8

Au
654

Bt
123

Calix
5

Table 2. Summary for gold nanoparticles. AAverage ligand footprint.

It  is  also  interesting  to  pay  attention  to  the  ligand  footprints:  Dt-AuNP  (AuNP  with  pure
dodecanethiol protection) exhibits a ligand footprint of 22.0 Å2  (literature value109: 21Å2) Calix2-
AuNP (AuNP protected with a calixarene with two alkanethiol legs) shows a ligand footprint of
45.8  Å2,  a  value  roughly  double  of  the  dodecanethiol  ligand  footprint.  This  indicates  that  the
calixarene is indeed attached to the gold surface with both of the two alkanethiol legs and none of
the thiolate spaces are left dangling. 

For Calix4-AuNP (AuNP with a calixarene with four alkanethiol legs), the picture is less accurate,
because of small residues of free Calix4 remaining in the sample despite extensive purification.
Calix4-AuNP shows a minimum footprint of 66.9Å2, i.e. three or more of the alkanethiol legs are
attached to the gold surface. However, it  is important to mention that the methods used for the
footprint determination yields only average data. A collaborative study with Calix4/Bt protected
gold  nanoclusters  indicates  that  Calix4  ligands  binds  to  the  Au25 cluster  with  two  and  four
alkanethiol legs to the nanocluster110.

Ligand density on the surface is dependent of the nanoparticle curvature111 (smaller size, higher
curvature).  In  the  literature,  works  dealing  with  the  composition  and  morphology  of  mixed
monolayers on gold nanoparticles are somewhat controversial112, and the published studies deal with
mixtures of more simple ligands than calixarenes113–116. Some differences in packing density should
be expected for mixed monolayers117, but no such data exists yet for mixed ligand composition of
calixarenes.

Figure  19 shows  1H-NMR spectra for various synthetic materials. Firstly, Bt-Calix4-AuNP (19b)
shows the NMR spectrum for a typical gold nanoparticle used in this study: the signals arising from
the calixarenes and alkanethiols are broadened because of the mobility restrictions and chemical
environment  differences100.  When  the  Iodine  Death  reactions  are  conducted,  the  ligands  are
detached and strong signals from the calixarene and alkanethiol appear (19c, signals indicated by
arrows),  enabling integration  to  obtain the  molar  ratio  of  the protecting  ligands present  on the
nanoparticle surface. 
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Figure 19. 1H-NMR spectra of a) free Calix4, b) Bt-Calix4-AuNP before Iodine Death, c) Bt-Calix4
after Iodine Death.

 3.3 Sintering of Copper Sulfide Nanocrystals (I)

Benzyl thiol protected copper sulfide nanocrystals were synthesized (see Figure 9), and the sintering
characteristics  of  the  materials  were studied.  Figure  20 shows the  WAXS reflections  for  NP-1
during thermal treatment. The reflection peaks were analyzed using the Scherrer's equation105 and
the numeric data summarizing the sintering effect is shown in Table  3. It is clear that during the
heating the crystals increase in size and the crystal structure transforms from Cu2S (chalcocite) to
Cu1.8S (digenite.) 

For both NP-1 and NP-2, the crystal structure transformation occurs at a similar temperature range.
The observed behavior can be attributed to the thermal decomposition of the protecting ligands,
which results in the sintering of the nanocrystallites into larger crystallites. Comparison of NP-1 and
NP-2 samples shows that smaller initial crystallites had the potential of increasing more in size
during the sintering process, probably because of QSE (see Table 3 and 4).

Figure 20. WAXS measurements with heating for NP-1. Left) heating range between 75-137 ºC with
reflections of hexagonal Cu2S shown. Right) heating range between with 30-239 ºC with reflections
of cubic Cu1.8S shown. Relative intensities of the literature reflections are show as solid vertical
lines.
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30 1.2 ± 0.02 n.d. n.d. - -
55 1.3 ± 0.03 n.d. n.d. - -
75 1.5 ± 0.02 n.d. n.d. - -
96 2.8 ± 0.02 2.6 ± 0.02 3.4 ± 0.05 - -
116 6.8 ± 0.03 6.4 ± 0.01 9.7 ± 0.01 - -
137 9.5 ± 0.07 9.0 ± 0.02 14.1 ± 0.01 n.d. n.d.
157 - - - 18.5 ± 0.05 16.6 ± 0.1
177 - - - >27.1 ± 0.13 >26.1 ± 0.2
198 - - - >32.3 ± 0.2 >30.8 ± 0.3
218 - - - >34.7 ± 0.2 >34.9 ± 0.2
239 - - - >34.4 ± 0.3 >34.4 ± 0.2

Hexagonal Cu
2
S Cubic Cu

1.8
S

T/ºC B
102

/nm B
103

/nm B
110

/nm B
220

/nm B
311

/nm

Table 3. Summary of data presented in Figure 20 (NP-1).

30 1.1 ± 0.01 n.d. n.d. - -
55 1.1 ± 0.02 n.d. n.d. - -
92 1.5 ± 0.04 2.5 ± 0.06 2.4 ± 0.02 - -
128 3.5 ± 0.1 4.2 ± 0.01 4.3 ± 0.03 n.d. n.d.
165 n.d. n.d. n.d. 14.3 ± 0.04 12.8 ± 0.1
202 - - - >100 >73
239 - - - >100 >100

Hexagonal Cu
2
S Cubic Cu

1.8
S

T/ºC B
102

/nm B
103

/nm B
110

/nm B
220

/nm B
311

/nm

Table 4. Summary of data for NP-2.

Powderous sample of NP-2 was applied on paper and sintered at 240 ºC for 2 s in air. The WAXS
measurements for sintered NP-2 and paper tissue are shown in Figure  21. In summary, a Cu1.8S
layer with large crystals is formed and some Cu2O oxidation is observed. The resistivity for the
layer was found to be of the order of 1×10-5 (Ω m), while the resistivity of pure metallic copper is
known to be of the order of 1×10-8 Ω m.

Figure 21. WAXS measurements for sintered NP-2 and paper tissue.
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 3.4 Sintering of Metallic Copper Nanoparticles (II)

Metallic  copper  nanoparticles  with  PEI and TEPA protecting  ligands  were  synthesized  and the
sintering characteristics  of  the materials  were studied.  Interestingly,  it  was  observed that  being
attached to a copper surface facilitates the thermal decomposition of PEI. It can be seen in Figure
22, that the thermal decomposition begins at 150 ºC lower temperature for Cu/PEI when compared
to free PEI. WAXS data showed similar increase of crystal size as in the case of CuS nanoparticles
(Figure 23 and Table 5). 

During  the  heated  WAXS experiment,  it  was  observed  that  crystalline  Cu2O exists  at  the  low
temperature range. Signal from the oxide disappeared at the same temperature where PEI bound to
the  particles  decomposed.  Coinciding with  this  temperature,  the  crystal  size  of  metallic  copper
started to increase. This indicated that the copper oxide on the surface facilitated the decomposition
of the PEI layer, and that the oxide layer was reduced by the decomposition of the PEI. The removal
of the ligands resulted in the consolidation of the crystals to form a continuous layer. An alternative
possibility for the disappearance of the copper oxide is the melting of the smaller copper oxide
crystals, but it seems unlikely because metallic copper has a lower melting point (1085  ºC) than
cuprous  oxide  (1232  ºC),  and no decreases  in  metallic  copper  signals  are  observed during  the
heating.

Combination of XPS and AES measurements showed that Cu2O is present in both PEI and TEPA
protected particles. However, argon ion sputtering was used to remove the surface oxide layer and it
was observed that the oxidation was only limited on the nanoparticle surface.

Sintering  the  Cu/PEI  and  Cu/TEPA nanoparticles  onto  paper  yielded  conductive  lines  with  a
resistivity of the order of 1×10-4 and 1×10-6 Ω  m. The conductivities of the sintered layers were
lower  than  that  of  bulk  copper  most  likely  because  of  residues  of  the  decomposed  organic
compounds, cracks breaking the line continuity, and oxidation.

Figure 22. Thermogravimetrical analysis for left) pure PEI and right) PEI on copper nanoparticles.
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Figure  23.  Cu/PEI  WAXS  recorded  during  heating.  Left)  copper  oxide  region.  Right)  metallic
copper region. From bottom up:30, 100, 150, 200, 250, 300 ºC, and after cooling back to room
temperature. The spectra have been offset vertically for clarity.

Crystal size / nm
Cu/PEI Cu/TEPA (1:10) Cu/TEPA (1:20)

30 8.5 ± 0.3 19.4 ± 0.5 12.8 ± 0.4
100 9.4 ± 0.3 19 14.2 ± 0.5
150 9.9 ± 0.3 19.6 15.0 ± 0.6
200 20.0 ± 1.0 19.8 17.5 ± 0.9
250 30.0* 20.2 19.9 ± 1.2
300 * 20.8 23.8 ± 1.8
350 * 21.1 24.3 ± 1.9

T/ºC

Table 5. Cu/PEI and Cu/TEPA crystal sizes as measured by WAXS.

 3.5 Complexation of Gold Nanoparticles (IV, V)

Calix2 and Calix2 containing AuNPs were titrated with guest molecules in a NMR study in order to
investigate  the  host-guest  complexation  of  the  pyridinium cation  with  the  calixarene,  a  typical
example  shown in  Figure  24.  The pyridinium signals  shift  because  of  the  change of  chemical
environment  when  the  pyridinium enters  the  calixarene  cavity,  i.e.  the  guest  cation  withdraws
electrons from the π-electron rich calixarene cavity, resulting in more shielded nuclei and an upfield
shift in the pyridinium NMR signals. 

Since two separate signals for complexed and free pyridiniums are not detected, but a single peak
that shifts its position, it was concluded that the complexation is dynamic in nature. There exists
populations  of  complexed and free pyridiniums,  and a constant  flux of  complexed pyridiniums
detaching and free pyridiniums re-entering the calixarene cavity. The population ratios change upon
pyridinium addition.
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Figure  24.  Complexation experiment  for  Calix2-AuNP with guest  Pyr-C16. Left)  1H-NMR data
showing the shifting of the pyridinium signal peak position with varying calixarene : guest ratio.
Right) the same data plotted as peak shift as a function of the calixarene : guest ratio. Dashed lines
show the  inflection  point.  The  greek  letters  designate  the  pyridinium protons  with  their  NMR
signals.

The dynamic complexation is shown schematically in Figure 25. At low pyridinium concentrations
(high calixarene:pyridinium ratio), majority of the pyridiniums are complexed with the calixarenes,
because of the statistical high availability of the calixarenes (25a). At this ratio, the observed NMR
peaks  are  broad due to  limited  mobility  of  the  pyridinium,  and the  pyridinium signal  position
reflects the chemical environment of the fully complexed pyridinium population. Further additions
of  pyridinium,  before  the  calixarene  saturation  concentration  is  reached,  increase  both  the
populations of complexed and free pyridiniums, and the peak shift is slightly reduced. 

At the saturation concentration (25b) all  the accessible calixarene cavities have been filled and
further increase of pyridinium will only increase the free pyridinium population, resulting in an
inflection point. At this ratio, the NMR peak multiplets characteristic to free pyridinium emerge,
which is shown in 25b NMR spectrum. With further additions of pyridinium, the pyridinium NMR
signal position approaches rapidly the position of the pure free guest, as shown in Figure 25c. The
inflection point of the graph (see Figure 24, right panel) was used to determine the host:guest ratio
that results in calixarene cavity saturation. 

Figure 25. The dynamic complexation shown at different calixarene : pyridinium ratios.  a) At low
pyridinium concentration,  b) pyridinium concentration that saturates the calixarene cavities,  c)
high pyridinium concentration. The arrows on the NMR spectra reflect the extent of the shift of the
population  average  signal  position  (green  spectrum)  from the  free  pyridinium (red  spectrum).
Complexed pyridiniums are denoted with green, and free ones with red.
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While the pyridinium signals are shifted by the complexation, a complementary change is observed
in the calixarene cavity itself. This could be detected only for free calixarene, as the surface-bound
calixarenes NMR signals were broadened. Figure 26 shows the observed changes in the calixarene
protons upon pyridinium titration. The data indicates that the calixarene undergoes an induced fit
type of complexation, where the cavity adjusts its shape in order to allow the incoming guest to
enter.  Such  complexation  has  been  previously  observed  for  calix[8]arenes118,  but  has  not  been
verified for calix[4]arenes.

Figure 26. Complexation experiment for Calix2 host with Pyr-C16 guest. Numbers on left indicate
the calixarene : complexant ratio.

Light scattering and UV-Vis spectroscopy were employed to link the ligand complexation with
supramolecular aggregation of the nanoparticles even in low concentrations, as shown in Figure 28.
Both of the guests, Pyr-C16 and 2Pyr-PEO, are shown to be able to induce nanoparticle aggregation
in the low concentration regime of the DLS and UV-Vis experiments. It was proposed that the Pyr-
C16 induced aggregation via an interdigitation (secondary monolayer) mechanism119,120,  and that
aggregation  by  2Pyr-PEO  was  driven  by  pyridiniums  complexing  into  calixarenes  of  two
neighboring particles, see Figure 27.

Figure 27. Proposed aggregation of Calix2-AuNP via complexation of a) Pyr-C16 or b) 2Pyr-PEO
with the calixarene cavity.
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Figure  28.  Left)  Light  scattering  results  for  complexation  induced  aggregation  of  gold
nanoparticles.  Right)  UV-Vis spectra for complexation induced aggregation.  For both schemes,
Calix2-AuNP is denoted red, Calix2-AuNP + Pyr-C16 green and Calix2-AuNP + 2Pyr-PEO blue.

The complexation experiments from both papers IV and V are summarized in Table 6. In the table,
CSR (Calixarene Saturation Ratio) is obtained from the inflection point of the guest titration curve,
and reflects the calixarene cavity accessibility. Max Delta γ is obtained from the maximum shift of
the pyrdinium gamma proton (some exceptions are  shown in Table  6,  footnote B),  obtained at
calixarene:guest  ratio  of 6.0,  and indicates the maximal  electronic environment change that  the
pyridinium undergoes,  i.e.  how large  amount  of  electron  density  from the  calixarene  cavity is
available for the pyridinium cation. 

Complexation  experiments  for  calixarenes  with  2Pyr-PEO  guest  showed  similar  calixarene
saturation ratios. It should be noted that the 2Pyr-PEO has two pyridinium groups, and thus the
complexation per pyridinium group is much lower than for Pyr-C16. The differences are attributed
to the bulky polymer chain,  which can inhibit  the pyridinium access to the calixarene cavities.
Complexed  2Pyr-PEO  can  also  block  neighbouring  calixarenes  from  complexing  with  other
pyridiniums moieties.

The  data  for  Pyr-C16  shows  that  the  pyridinium  compounds  are  able  to  complex  with  the
calixarenes bound to the gold surface, except in the case of Bt/Calix4-AuNP. The complexation
ability of the calixarene can be controlled in mixed monolayers by varying the calixarene type, the
alkanethiol  type  and  amount  in  the  mixed  monolayer.  Addition  of  alkanethiols  decreases  the
calixarene accessibility (CSR) depending on the alkanethiol chain lenght: the lowest accessibility is
obtained  for  dodecanethiol.  Since  Bt/Calix4-AuNP  calixarene  is  completely  inaccessible,  but
remains accessible in Bt/Calix2-AuNP, it is evident that the aliphatic chain lenght compared to the
calixarene spacer lenght is a critical factor to take into account when tuning the calixarene activity
in surface bound mixed monolayers.

Calix2 and Calix4 families show different behavior in regard of Max Delta  γ, which decreases in
the  trend  Free  Calix2  >  Calix2-AuNP >  Dt/Calix2-AuNP,  and  Calix4-AuNP >  free  Calix4  >
Bt/Calix4-AuNP. The differences in Calix2 and Calix4 trends indicate that the  proximity of the
Calix4 cavity to the gold core seems to enhance the electron density available for the guest cation. It
is known that in the Au-S bond, the gold surface loses electrons121, and that the charge is transferred
to the sulfur122. The enhanced electron density for in the complexation of Calix4 was attributed to
the proximity of the negatively charged sulfur to the calixarene cavity.

24



 Host Host Type Guest CSR Max Delta γ Publication
Free Calix2 Calix2 Pyr-C16 0.66 IV
Free Calix2 Calix2 2Pyr-PEO 0.62 0.22 IV

Calix2-AuNP Pyr-C16 0.69 0.77 IV

Calix2-AuNP 2Pyr-PEO 0.72 0.15 IV

Calix2/Bt-AuNP 2Pyr-PEO 0.74 0.15 IV

Calix2/Dt-AuNP 2Pyr-PEO 0.58 0.17 IV
Free Calix2 Calix2 Pyr-C16 V

Calix2-AuNP Pyr-C16 0.77 V

Bt/Calix2-AuNP Pyr-C16 0.31 0.27 V

Dt/Calix2-AuNP Pyr-C16 0.22 0.36 V
Free Calix4 Calix4 Pyr-C16 0.52 0.13 V

Calix4-AuNP Pyr-C16 0.52 0.29 V

Bt/Calix4-AuNP Pyr-C16 0.09 V
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Table  6.  Complexation  result  summary  for  the  hosts  and guests  used  in  the  study.  AMaximum
pyridinium  γ-peak undeterminable due to  peak overlapping.  BMeasured from pyridinium  ε-peak
shifts.CNo shift.

 3.6 Preparation of Sintered Gold Layers (III)

Common challenges in printing patterns of high electric performance are roughness of the substrate
and the printed film, film thickness, homogenity and the coffee-ring effect123–126. The optimization of
the printing conditions is particularily important, as low layer thickness will result in less dense
edges and poor sintering performance, and too high thickness results in defects due to large volume
reductions during sintering52. In this investigation, the aim was to synthesize a gold nanoparticle
based ink and produce a smooth electrode surface on a kaolin coated paper substrate developed for
printed functionality124,127.

Gold nanoparticles were synthesized and an ink was prepared by dissolving the nanoparticles (15 wt
%) into xylene. The inkjet printed patterns were dried onto a paper substrate and sintered with IR
radiation  for  10-15 seconds.  The treatment  transformed  the  non-conducting  black  patterns  into
conductive metallic gold layers, see Figure 29. 

During the IR-sintering, the irradiated environment reached a temperature of 180ºC, which is much
lower  than  the  melting  point  known for  gold  nanoparticles  of  this  size  range22.  However,  the
coalescence  of  the  nanoparticles  can  occur  through  other  mechanisms,  which  only require  the
removal of the protecting ligands52.
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Figure  29. Sintering of the metallic nanoparticles: a) inkjetted patterns after drying, b) after IR-
sintering.

The optimized conducting patterns on the substrate showed low resistivities (10-7 Ωm), which is
comparable to values reported for inkjet-printed AuNP tracks on a glass substrate128, and one decade
higher than for bulk gold (10-8  Ωm129). The coffee-ring effect was minimal, probably because of
partial  absorption  of  the  liquid  into  the  porous  paper  substrate,  resulting  in  a  homogeneous
distribution of gold in the printed droplet area.

XPS indicated that sintering reduced the amount of carbon and increased Au and S content on the
surface, but did not completely remove the organic compounds (Table  7). Thiolation with ODT
showed that carbon content increased again showing successful attachment of the new thiol. The
presence of oxygen was deemed negligible. 

Element B.E. Air-dried % IR-sintered % Plasma cleaned % Thiolated %
C1s 285 89.1 ± 1.7 69.1 ± 2.0 70.9 ± 2.0 80.3 ± 2.4
Au4f 85 10.0 ± 0.5 26.1 ± 1.6 26.0 ± 0.1 18.1 ± 3.5
S2p 165 0.9 ± 0.8 4.8 ± 1.2 2.8 ± 0.5 1.0 ± 0.6

Table 7. XPS elemental analysis.

High-resolution XPS S2p spectra showed that the chemical surface composition is a mixture of Au-
SR and Au-S(R)-Au motifs (see Figure  5), which supports the current view of the gold-thiolate
bond in the literature58. After sintering and addition of ODT onto the surface, the attachment motif
was found to be primarily Au-S, which is in line with the recently observed aging effect of thiolates
on gold surface49,  i.e. the Au-S-Au is the stable motif that forms over time, whereas the newly
incoporated ODT exists in primarily Au-S form.

 4 CONCLUSIONS
Nanoparticles  of  different  types  were  investigated:  metallic  gold,  metallic  copper  and  copper
sulfide.  The  work  proceeded  from  the  successful  synthesis  of  organic  ligands  and  the  guest
molecule to the synthesis of the nanoparticles, and to the comprehensive characterization of the
obtained materials. Further, the obtained nanoparticles were utilized in sintering studies focused to
advance the field of printable electronics. The gold nanoparticles with various degrees of calixarene
protection were subjected to detailed complexation and aggregation investigations. 
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Cu2S nanocrystals were synthesised by reducing a RAFT agent, CPA, in the presence of copper salt.
The reductive decomposition of CPA yielded only benzyl thiol as a protective ligand on the forming
nanocrystals.  By  heating,  the  nanocrystals  consolidated  into  large  continuous  layers,  and
simultaneously  the  material  transformed  from nanocrystalline  Cu2S into  semiconductive  Cu1.8S
films. 

Reducing the copper salt in the presence of PEI resulted in a retarded reduction reaction due to the
complexation  of  copper  ions  into  the  branched  polymer  matrix,  and  surface  oxidized  metallic
copper nanoparticles were formed. TGA showed that PEI decomposed more readily in the presence
of  copper  surface  than  free  PEI,  indicating  that  the  copper  oxide  surface  catalyzed  the
decomposition.  Upon  the  thermal  decomposition  temperature,  WAXS  studies  indicated  similar
nanocrystal consolidation as seen with the CuS nanocrystals. Interestingly, the copper oxide layer
on the nanoparticle  surface  was reduced at  the thermal  decomposition temperature  of  the PEI,
suggesting that the surface oxide is reduced by sacrificial decomposition of the PEI. The obtained
sintered copper layers on a paper substrate were semiconductive.

The data obtained from the gold nanoparticles with calixarene and calixarene/alkanethiol protection
indicated that pyridinium compounds are able to complex with the calixarenes bound to the gold
surface, except in the case of butanethiol and Calix4. In this case, the weakly complexing Calix4
was sterically inhibited by the alkanethiol chains matching the dimensions of the Calix4. For the
Calix2  and  Calix2/alkanethiol  mixed  monolayers  with  low  alkanethiol  content,  the  host-guest
interaction was shown to link nanoparticles together into aggregates. 

The Calix2 was found to change its shape to accomodate the incoming guest. The activity of the
calixarene receptors could be tuned by choosing different derivatives of calixarenes, changing the
calixarene amount in a mixed monolayer and by the selection of the chain length of the alkanethiol.
It was shown that mixed monolayers offer an additional property to control the properties of ligand-
stabilized nanoparticles. Calixarenes with very short spacers showed enhanced electron density for
complexation, likely due to the proximity of the electron rich surface-bound sulfur moiety. 

Finally, the gold nanoparticles were used to prepare electrodes on a special paper substrate. It was
observed that an ink based on dodecanethiol protected gold nanoparticles was suitable for the paper
substrate and the results were comparable to gold electrodes printed onto glass substrates.  This
showed  how  gold  nanoparticles  could  be  used  in  inexpensive  roll-to-roll  printed  paper  based
electronic platforms.
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