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Abstract

Silver (Ag) amidinate metal organic decomposition precursors of the type: [Ag,((ArN),C(H)),] (Ar=2,6-dimethylphenyl
(1), 2,6-diethylphenyl (2) and 2,6-diisopropylphenyl (3)) have been used for the first time in the deposition of Ag films on
glass with multiple functionalities with potential application in optical/biological sensors or for use in electronic circuitry.
Precursors 1-3 were isolated from the reaction of silver acetate with the appropriate ligand in a 1:2 stoichiometry
and were characterized by 'H and '*C{'H} NMR, thermal gravimetric analysis and single crystal X-ray diffraction for
2. Single-layer depositions at 200 °C on glass substrates via spin coating produced transparent (>90% transmittance)
coatings, with well-defined Ag nanoparticles. Multi-layer depositions at 200 °C on glass had a metallic lustre and were
found to be conductive (0=0.916—1.83 X 1076 Qm). All films were strongly adhered and displayed excellent coverage of
the substrate. Ag films deposited from | to 3 were analysed by grazing incidence X-ray diffraction, X-ray photoelectron
spectroscopy, energy-dispersive X-ray analysis and scanning electron microscopy, with optical properties determined by
UV-Vis spectroscopy.
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Introduction

Silver (Ag) is a multi-faceted element which has found uses
in various fields.! One of the most common uses of Ag is in
the electronics industry where it is utilized for its high con-
ductivity to manufacture electrical circuitry for a wide
range of electronic devices. Conventional methods of man-
ufacturing conductive Ag circuits, which consume substan-
tial energy and resources, are rapidly being replaced by
techniques that allow low-temperature, and less energy
intensive manufacture.”? These new processes rely largely
on Ag inks which are deposited onto various substrates and
sintered to obtain conductive Ag tracks. Ag nanoparticle
(NP) inks are one category of inks that have garnered sub-
stantial interest and are becoming a popular choice for dep-
osition of conductive Ag films.? Another prevailing use of
Ag is in its nanoparticulate form for the manufacture of
optical/biological sensors. The localized surface plasmon
resonance of the NPs is susceptible to the NP environment;*
for Ag NPs, a robust surface plasmon resonance is observed,
which is not seen in the spectrum of the bulk metal.’ This
property of the nanoparticulate nature of the metal is uti-
lized in the fabrication of these sensors. In addition, the
noble nature of the metal offers stability to these deposited
Ag NPs which make the metal competent for this use. Both
these applications, however, involve the synthesis of Ag
NPs with a narrow size distribution which is challenging.®’
NP aggregation is a constant hindrance in both these appli-
cations which affects the functionality of the final device,
while also reducing the shelf life of the inks/complexes.
The deposition of NP inks for use in printed electronics also
faces issues with printer clogging, high temperature sinter-
ing and the need for additives, all of which are detrimental
to the final device.®

Metal-organic decomposition (MOD) inks are an
encouraging alternative to the NP counterparts. MOD inks
are composed of MOD precursors in a liquid vehicle that is
easy to deposit.” The precursors consist of the desired oxi-
dized metal ion bound to suitable ligands. When these pre-
cursors are sintered (usually thermally), the compound
breaks down to elemental metal (in nanoparticulate form)
while the ligands decompose as volatile compounds. Often,
the ligands aid the reduction process of the central metal
ion to its elemental form.' These precursors and subse-
quent inks are easy to synthesize and store, do not face
issues with agglomeration or printer clogging and provide a
solution to the issues faced during the synthesis and use of
NPs and NP inks.

Ag MOD inks, although not as vastly studied as their NP
alternative, have been successfully used to deposit conduc-
tive metal. Some of the noticeable work in Ag MOD inks for
deposition to conductive metal includes that by Walker and
Lewis'' and Knapp et al.> who reported the room tempera-
ture deposition of the same ink using plasma sintering to
obtain conductive Ag on paper. Other notable works include
those by Vaseem et al.'? and Bhat et al.'* who synthesized an
Ag MOD ink with amines and aminoalcohols as ligands that
successfully deposited Ag metal for use in electronics.

Other desired properties of an MOD ink include clean
decomposition to target material without residual contami-
nants,'* good solubility and long shelf life.”” Additional
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Figure |. Silver-amidinate complexes synthesized by
Whitehorne et al.?

pre-requisites for an MOD ink are highlighted in our recent
review.'® All these properties largely depend on the precur-
sor design and ligand selection,'”'® making these crucial
processes for the design of suitable MOD inks.

An understudied group of ligands for the synthesis of Ag
MOD precursors is amidines. A series of Ag-amidinate
complexes synthesized for use in catalysis showed impres-
sive thermal properties, with decomposition at ~150°C,
which make them highly promising candidates for MOD
precursors.'? In 2011, Whitehorne et al.?’ were the first to
report deposition of Ag using aliphatic amidinates com-
plexed to Ag (Figure 1) via chemical vapour deposition and
atomic layer deposition. Thermal gravimetric analysis
(TGA) of these compounds showed the reduced metal in
the TGA pan with no volatilization occurring. Two poten-
tial decomposition pathways were proposed: B-hydrogen
elimination and carbodiimide de-insertion.

MOD inks are often criticized for their low metal weight
percentage loading due to the presence of the bulky organic
ligands. However, they present the opportunity to allow
metal deposition for a range of uses. This work reports the
synthesis and characterization of three low metal weight
percentage loading Ag-amidinate complexes which have
then been used to formulate inks to deposit metallic Ag.
Given the low weight percentage of Ag in these inks, sin-
gle-layer depositions have been used to deposit distinct
NPs of Ag for use in sensors, while multiple layer deposi-
tions were carried out to yield films with a well-connected
network of Ag particles, displaying properties similar to
that of bulk Ag.

Results and discussion
Precursor synthesis

The amidine ligands were synthesized via modified literature
procedures,?!?? with the 2:1 reaction of 2,6-dimethylphenyl
aniline, 2,6-diethylphenyl aniline and 2,6-diisopropylphenyl
aniline with triethylorthoformate forming ligands L'H, L’H
and LH, respectively, in adequate yield (30%-65%). The 'H
NMR spectra for all three ligands showed complex patterns
of multiplets, suggesting conformationally restricted envi-
ronments of the phenyl substituents. '"H NMR spectra were
recorded at 60°C, which considerably resolved the multi-
plets in all cases (Figures S1-S6), indicating only one spe-
cies is present.
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The stoichiometric reaction of L'H, L’H and L°H with
silver acetate in the presence of triethylamine (NEt,) in
DCM, in the absence of light led to Ag(I) precursors 1-3 of
the form [Ag,(L*),] (Scheme 1). All compounds were iso-
lated as off white solids in high yield (75%-93%). Complex
2 (x=2) is a novel silver(I) amidinate, while 1 (x=1) and 3
(x=3) have been previously reported.?

The 'H NMR spectra of the complexes all show a single
ligand environment, indicating that the ligand is conforma-
tionally locked upon coordination. Compound 2 has a dis-
tinctive triplet at 1.27 ppm (CH, groups), and a multiplet at
2.78 ppm corresponding to the diasterecotopic methene pro-
tons. All compounds also have a distinct set of resonances
corresponding to the methine backbone proton due to *J, oH
coupling and retention of the dimeric structure in solution.
Ag has an NMR active nucleus with two isotopes (48:52
ratio of '®Ag:!1%7Ag), as such two triplets are observed for
the methine backbone proton coupling with the '“Ag-1Ag
isotope and '"Ag-1"7Ag isotope.?* Finally, the 'Ag-1"Ag

AgAc
NEt, (2 eq.) AL A
DCM I |
AL S A 05 Ag Ag
H 50-60 °C ﬁ lll
20 mins NS
1 3 Ar Ar
L'H - L°H dark
(87%) 2 (75%) 3 (93%)
Scheme |. Synthetic route for the synthesis of Ag(l) amidinate

complexes 1-3.

isotope sees the backbone proton couple first with the 'Ag
centre, then with the '“?”Ag centre resulting in a doublet of
doublets (Figure 2).

Crystals of 2 suitable for single crystal X-ray diffraction
(XRD) were grown from a methanol/DCM solution which
confirmed that, like 1 and 3, 2 exists as a dimer in the solid
state, with the metal centres bridged by the amidinate
ligands (Figure 3). 2 crystallized in the triclinic space group

P1. Each Ag(I) centre is coordinated to two amidinate
ligands which results in a three-coordinate ‘T-shaped’ pla-
nar environment around the Ag centre. The Agl-NI,
Agl-Agl and Agl-N2 bond lengths (2.097(2), 2.7432(3)
and 2.105(2) A) and NI-Agl-Agl (83.89(6)°) and
N1-Agl-N2 (168.73(9)°) bond angles were found to be
similar to that seen for 1.

TGA

To assess the suitability of precursors 1-3 as inks, the
decomposition profiles of these compounds were studied
by TGA (Figure 4). All three complexes showed clean,
one-step decomposition profiles. The onset of decomposi-
tion temperature was found to increase as the carbon con-
tent of the compounds increased, with 1, 2 and 3 having
onset temperatures of 225, 233 and 250 °C, respectively
(Table 1), an observation that might be a result of the
increased steric bulk. The compounds showed a mass loss
of 51.4%, 59.7% and 66.8% (1-3), which is lower than
expected for full decomposition to elemental Ag (70.7%,
74.4% and 77.0%). It must be noted that it is possible that
some mass was lost to sublimation as this cannot be
detected by TGA. This could be a result of incomplete
combustion or oxidation of the Ag centre during the heat-
ing process. The relatively low-temperature decomposi-
tion profiles of the complexes are, however, encouraging.
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Figure 2. Schematic displaying the overlapping of splitting due to 3jAg_H coupling.
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Figure 3. Crystal structure of 2 with thermal ellipsoids drawn
at 30% probability. H atoms omitted for clarity. Pink, purple and
grey atoms represent Ag, N and C, respectively.
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Figure 4. TGA curves and decomposition data for 1-3.

Table I. Summary of TGA mass loss (%) and onset
temperature (°C).

Precursor  Expected Percentage of Onset
percentage  non-volatile residue  temperature
for Ag (temperature)

1 293 48.6% (279 °C) 225°C

2 25.6 40.3% (328°C) 233°C

3 23.0 33.2% (297°C) 250°C

TGA: thermal gravimetric analysis.

Consequently, liquid inks were prepared using solid com-
pounds 1-3. Following this, the decomposition of these
liquid inks was tested by drop casting.

Ink preparation and thin film deposition

To prepare the Ag MOD inks, the solubility of compounds
1-3 was investigated with solvents suitable for thin film

deposition. All complexes were found to be soluble in tolu-
ene; thus, Ag inks were prepared by dissolving 1-3 in tolu-
ene to formulate inks 11-I3 (0.05 mol dm™). To test whether
these inks convert to elemental Ag, all three inks were ini-
tially drop cast onto preheated (200 °C) glass slides and sin-
tered for 15 min. XRD confirmed that all inks converted to
elemental Ag, and they were subsequently spin coated onto
glass microscope slides at a speed of 1000 r/min for 5s and
sintered at 200 °C for 15 min.

Application of one layer of each ink resulted in transpar-
ent deposits, suggesting NP formation rather than aggre-
gated Ag thin film deposition. Scanning electron microscopy
(SEM) confirmed the presence of NPs which were not con-
nected, and therefore, the deposits were not conductive
(Figure 5). UV-Vis absorption spectra of films deposited
from inks I1, 12 and I3 showed distinctive broad peaks at
461, 459 and 450nm respectively, attributed to surface
plasmon resonance of Ag NPs (Figure 6).22 The single-
layer deposits also exhibited high transmittance in the visi-
ble region (Figure 7), highlighting the suitability of these
deposits in optical/biological sensors.?” The deposits were
too thin to be analysed by XRD, X-ray photoelectron spec-
troscopy (XPS) and energy-dispersive X-ray analysis
(EDX). As our initial drop casting experiments showed that
these inks do indeed convert to metallic Ag upon thermal
decomposition, we inferred that the deposits produced were
extremely thin nanoparticulate coatings of Ag.

Following the single-layer depositions of nanoparticu-
late Ag, multiple layer depositions were undertaken to fab-
ricate Ag films that could be used in electronics. Inks were
deposited in single layers and sintered, with films prepared
and analysed between 1 and 30 layers (Due to poor solubil-
ity at room temperature, inks I1 and I3 had to be reheated
to form a homogeneous solution after every four layers of
deposition.). The presence of Ag in all films was confirmed
by XRD and XPS data. XRD data for all films displayed
Braggs peaks at 20=38.1°, 44.3° and 64.5° corresponding
to the (111), (200) and (220) planes, concurrent with the
literature (Figure 8). XPS data were collected through a
surface scan at a 300-s etch and showed the presence of
metallic Ag, without the presence of any additional peaks.
The binding energy was also found to decrease across the
series, with films deposited using ink I3 displaying a lower
binding energy than those from inks 12 and I1. The peaks
between 373.78 and 374.38¢V are indicative of the Ag
3d,,, state’?* while the peaks at 367.78-368.38¢V are
indicative of the Ag 3d,), transition’**' (Figure 9).?

Resistance measurements (detailed in the Supplementary
Information) showed a decrease in resistance values as the
number of layers was increased, with the lowest detectable
resistance of 0.1 Q obtained from 30-layer depositions of
I1. As the amount of Ag deposited on the substrate increases,
the effectiveness of the sintering process improves, allow-
ing for fusion of the Ag particles. This is illustrated in the
SEM images of the 30-layered films (Figure 10), which
shows a dense network of connected Ag particles. Attempts
to spin-coat multiple layers before sintering yielded a non-
conductive film that was comparable to the films of one and
five layers, thus proving sintering between every layer was
required to ensure conductivity occurred.
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Figure 5. SEM images of single-layer deposits of inks (a) 1, (b) 12 and (c) I3.
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Figure 6. Absorbance spectra of single-layer deposits obtained
using inks Il (red), 12 (blue) and I3 (green).

Side-on SEMs of these films were obtained
(Supplementary Information) and were used to calculate
the resistivities of the 30-layered films, with resistivity
values of 0.916-1.83 X 107°, 1.575-3.15X 107° and 7.25—
14.5 X 107 Qm from inks I1, 12 and I3, respectively (cal-
culated using film thickness data detailed in Supplementary
Information), which is comparable to literature values of
deposited silver.3? The lower resistivity of films obtained
from I1 can be attributed to the lower carbon content in the
film. Here, the carbon skeleton has decomposed more rap-
idly, thereby allowing a longer annealing time for the
deposited Ag particles. EDX data showed that the Ag con-
tent on the surface for films of layers 5 and above was
47%. It also shows that there was no carbon contamination
of the films, indicating that during the sintering process,
the amidine skeleton completely decomposes, leaving
metallic Ag on the surface (The only other observed per-
centages were Au, which was due to the pre-treating of the
sample, Si and O, both of which were due to the glass
microscope slide used.). UV-Vis spectra were also obtained
for the 30-layered films to compare the optical properties
with the single-layered deposits. The absorbance and
transmittance of the single- and multi-layered films vary
(Figure 7). As the number of layers is increased and the
films become more opaque (Figure 11), no transmittance is
seen in the visible region. Instead, a distinct peak is
observed in the ultraviolet region of the transmittance

spectra at 322 nm. This loss of transmittance in the visible
region is a result of the light being absorbed by the films
and is indicative of the film existing as a well-connected
array of particles instead of clearly defined Ag NPs and is
consistent with reports from the literature.’>3> This con-
nected array of particles in the thicker films is also cor-
roborated by SEM images showing the same (Figure 10).
These data demonstrate the success of these MOD inks in
depositing conductive metal at low temperatures and opens
wide avenues for developing electron circuits on flexible
and renewable substrates.

Conclusion

This work has shown that Ag-amidinate MOD precursors are
a versatile choice for metallic silver deposition: single-layer
depositions produce highly transparent (>90% transmit-
tance) Ag NP coatings which are reflective in the UV region,
while layering can produce conductive Ag films (p=0.916—
1.83 X 10°Qm), which have potential for use in electronic
materials. Inks were produced from dissolving MOD precur-
sors of the type: [Ag,((ArN),C(H)),] (Ar=2,6-dimethylphe-
nyl (1), 2,6-diethylphenyl (2) and 2,6-diisopropylphenyl (3))
in toluene, which were subsequently shown to fully convert
to metallic Ag on glass substrates at temperatures considera-
bly lower (200°C) than the typical industrial standards for
glass coatings (vapour deposition techniques utilize tempera-
tures in excess of 400 °C). This indicates that there is poten-
tial for these inks to be used in conjunction with low glass
transition temperature plastics or fabric. Thin films were
characterized by numerous techniques including XRD,
SEM, XPS and UV-Vis spectrometry, and ongoing efforts
will continue to explore the deposition of these precursors on
a wider variety of substrates.

Experimental
General procedures

All chemicals were obtained from Sigma-Aldrich and used
without further purification. All syntheses with Ag(I) com-
pounds were carried out in the absence of light. Nuclear
Magnetic Resonance (NMR) data were collected using
Bruker Avance 111 400 MHz and Avance 111 600 MHz instru-
ments. Fourier transformation infra-red (FTIR) spectros-
copy data were collected from 500-4000cm™! using an
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Figure 9. XPS data for 30-layered films deposited using 11 (red), 12 (blue) and 13 (green).

Figure 10. SEM images of 30-layered films obtained from (a) Il (b) 12 and (c) 13.
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Figure I 1. Images of films obtained from inks Il (red), 12 (blue) and I3 (green), spin-coated and sintered (number of layers

indicated at the bottom).

ALPHA II FTIR spectrometer. TGA data were collected
using a Netzsch STA 449C Jupiter instrument, with graphs
being calibrated to 100%. Precursor samples were placed in
an Al crucible and measurements were recorded from 20 to

400°C. Single crystal X-ray diffraction (SCXRD) data
were collected using a SuperNova Atlas (Dual) diffractom-
eter using Cu K radiation at a wavelength of 1.54184 A A
suitable crystal was chosen, mounted on a nylon loop and
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kept at 150K during data collection (CCDC 2126901).
Electrospray ionization (ESI) and electron ionization (EI)
mass spectra were attempted using Waters LTC Premier XE
ESI O-TOF mass spectrometer. Elemental analysis (EA)
was collected by the Geosciences Department at the
University of Edinburgh. Thin films were analysed as
deposited.

L'H: Triethyl orthoformate  (4.16mL, 25mmol),
2,6-dimethylaniline (0.29mL, 5mmol) and glacial acetic
acid (0.29mL, 5mmol) were combined together and heated
at 160 °C for 16 h. The resulting solution was dried in vacuo
to yield a solid which was dissolved in diethyl ether
(130mL) and neutralized with sodium carbonate (20 mL).
The organic layer was extracted, dried with Na,SO, and the
solvent removed in vacuo. The resulting solid was recrys-
tallized from acetone at —18 °C, yielding L'H as colourless
crystals (32%). '"H NMR (400MHz, CDCL,): 8 7.13-6.88
(m, 6H, ArH), 5.55 (d, 1H, NH, *J,,,,=12.2Hz), 2.26 (d,
12H, CH,, *J, ,=11.3Hz).

L?H: Triethyl orthoformate (3.33 mL, 20 mmol), 2,6-dieth-
ylaniline (6.59mL, 40mmol) and glacial acetic acid
(0.23mL, 4mmol) were combined together and heated at
160°C for 16 h. The resulting mixture was dried in vacuo to
yield a solid which was dissolved in diethyl ether (130 mL)
and neutralized with sodium carbonate (20mL). The
organic layer was extracted, dried with Na,SO,, and recrys-
tallized at —18°C, yielding L*H as colourless crystals
(65%). "H NMR (400MHz, CDCL,): & 7.25-7.01 (m, 6H,
ArH), 5.55 (d, 1H, NH, */J, ,=11.9Hz), 2.83-2.49 (m, 8H,
CH,CH,), 1.32-1.12 (m, 12H, CH,CH,).

L3H: Triethyl orthoformate (3.24mL, 19.5mmol),
2,6-diisopropylaniline (7.9 mL, 39 mmol) and glacial acetic
acid (0.21mL, 3.9mmol) were combined together and
heated at 160 °C for 16h. The resulting mixture was dried
in vacuo to yield a yellow solid. The solid was dissolved in
diethyl ether (150 mL) and neutralized with sodium carbon-
ate (50mL). The organic layer was extracted, dried with
Na,SO,, and recrystallized at —18°C, yielding L°H as
colourless crystals (43%). '"H NMR (400 MHz, CDCL,): &
7.25-7.05 (m, 6H, ArH), 5.55 (d, 1H, NH, %/, ,=11.9Hz),
3.42-3.13 (m, CH(CH,),, 4H), 1.33 (d, 3H, CH(CH,),,
3Ju=7.0Hz), 1.25-1.07 (m, 21H, CH(CH,),).

Synthesis of Ag(l) amidinate complexes

[. L'H (1.5g, 6mmol) and triethylamine (2.439mL,
18 mmol) were dissolved in dichloromethane (80 mL) and
the reaction mixture was heated to 60°C. Silver acetate
(1.002 g, 6 mmol) was added to the mixture and the reaction
left to heat for 20 min. The solution was hot filtered, cooled
to room temperature and methanol was layered on top. The
flask was inverted, and the solution was placed in the
freezer for 3 days yielding off white crystals of 1 (87%). 'H
NMR (400 MHz, CDCL,): & 7.27 (t, 2H, 3JH_Ag109: 18.1Hz,
NC(H)N), 7.00 (d, 8H, ArH, *J,; ,=7.7Hz), 6.92-6.86 (m,
4H, ArH), 2.33 (s, 24H, CH,). *C NMR (CDCl, 600 MHz):

5 19.7 (CH,), 123.9 (Ar-C), 128.3 (Ar-C), 132.9 (Ar-C),
148.8 (Ar-C), 166.2 (NCN). IR v__/cm™' 2949.2. EA/%

(C,,HygAgyN,) caled: C, 56.84; H, 5.33; N, 7.80; found: C,
57.48; H, 5.43; N, 7.76. Positive ESI MS: m/z 719 [M]".

2. L’H (1.5g, 4.8mmol) and triethylamine (2.0mL,
14.4mmol) were dissolved in dichloromethane (10mL)
and the reaction mixture was heated to 50 °C. Silver ace-
tate (0.802 g, 4.8 mmol) was added to this, and the reaction
was left to heat for 20min. The solution was hot filtered
and then cooled to room temperature. Methanol was lay-
ered on top, the flask inverted and stored in the freezer to
allow recrystallization. 2 was obtained as an off white
crystalline solid (75%). '"H NMR (600 MHz, CDCL,): &
7.24 (t, t, dd, 2H, 3‘]H-Ag109:18‘1HZ’ 3JH_Ag107=15.7Hz,
CH,), 7.06-6.99 (m, 12H, ArH), 2.88-2.69 (m, 16H,
CH,CH,), 1.27 (t, 24H, CH,CH;, %J,, ,=7.5Hz). "C NMR
(600MHz, CDCL,): 8 165.8 (NCN), 147.6 (Ar-C), 124.4
(Ar-C), 25.1 (CH,), 14.6 (CH,). v, /em' 2956.6, 2910
EA/% (C,,H,,Ag)N,) caled: C, 60.74; H, 6.55; N, 6.75;
found: C, 61.10; H, 6.57; N, 6.77.

3. L’H (1.5g, 4.1mmol) and triethylamine (1.68mL,
12.1 mmol) were dissolved in dichloromethane and the
solution was heated to 50°C. Silver acetate (0.69g,
4.1 mmol) was added to the solution and the reaction mix-
ture was allowed to heat for 20 min. The solution was then
hot filtered, allowed to cool to room temperature and
methanol was layered on top of the solution. The flask
was inverted and stored in the freezer to allow recrystal-
lization, yielding 3 as an off white solid (93%). '"H NMR
(600MHz, CDCI,): & 7.23 (t, t, dd, 2H, 3JH_Ag109: 18.1Hz,
3JH_Ag107=15.7HZ, CH,), 7.09-7.03 (m, 12H, ArH), 3.59
(hept, 8H, CH(CH,),, *J,;=6.9Hz), 1.26 (d, 24H,
CH(CH,),, *J,;,=6.9Hz), 1.18 (d, 24H, CH(CH,),,
3Jyn=6.9Hz). BC NMR (151MHz, CDCL,): 8§ 166.0
(NCN), 145.8 (Ar-C), 143.5 (Ar-C), 123.4 (Ar-C), 27.8
(CH), 24.2 (CH,), 23.6 (CH,). v, /em™' 2961.5, 2861.5.
EA/% (C4 H, Ag,N,) caled: C, 63.69; H, 7.48; N, 5.94;
found: C, 63.70; H, 7.31; N, 5.96.

Ink preparation and thin film deposition

Physical measurements. Thin films were analysed as depos-
ited. Thin-film XRD patterns were collected using a Bruker
AXS D8 discovery Lynx Eye diffractometer. The X-rays
were generated usinga CuKo (40kV,40mA), A=1.54056 A.
The incident beam angle was kept at 1° and data were col-
lected between 20=30° and 70° with a step size of 0.05°
at 4.0s/step. XPS measurements were collected using a
Thermo Scientific K-alpha photoelectron spectrometer with
a monochromatic Al K source. These data were calibrated
against C(1s) adventitious carbon (284.6eV) for charge cor-
rection using CasaXPS software. UV-Vis data were col-
lected between 200 and 800nm using UV-2600 UV-Vis
spectrophotometer. SEM images were taken using a JEOL
6301 filament scanning electron microscope. To minimize
charging effects, these were taken at ranges from 3 to S5kV.
Before the images were taken, a fine layer of gold was
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coated on the sample to stop charging on the surface.
Energy-dispersive X-ray spectroscopy (EDS) was collected
on a Philips XL30SEM instrument. Resistance was mea-
sured using a Kewtech KT116 Digital Multimeter.

Inks I1, 12 and I3 were prepared by dissolving 1, 2
and 3, respectively, in toluene at a concentration of
0.05moldm™. Thin films were deposited via spin coating
using Laurell Model WS-650MZ-23NPPB onto glass slides
and sintered immediately after. 1000 r/min was found to be
the optimal spin speed and all inks were deposited at 10001/
min for 5s. All inks were sintered on a hotplate heated to
200°C for 15 min.
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