W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202300286

www.chemelectrochem.org

Soluble Ruthenium Phthalocyanines as Semiconductors for
Organic Thin-Film Transistors
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Ruthenium phthalocyanine (RuPcs) are multipurpose com-
pounds characterized by their remarkable reactivity and photo-
electronic properties, which yield a broad synthetic scope and
easy derivatization at the axial position. However, RuPcs have
been underexplored for use in organic thin-film transistors
(OTFTs), and therefore new studies are necessary to provide
basic insight and a first approach in this new application.
Herein, two novel RuPc derivatives, containing axial pyridine
substituents with aliphatic chains (RuPc(CO)(PyrSiC6) (1) and
RuPc(PyrSiC6), (2), were synthesized, characterized, and tested
as the organic semiconductor in OTFTs. RuPc thin-films were
characterized by X-ray diffraction (XRD), and atomic force
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microscopy (AFM) to assess film morphology and microstruc-
ture. 1 displayed comparable p-type device performance to
other phthalocyanine-based OTFTs of similar design, with an
average field effect mobility of 2.08x107* cm?*V~'s™' in air and
1.36x107° cm?V~"'s™! in nitrogen, and threshold voltages from
—11V to —20V. 2 was found to be non-functional as the
semiconductor in the device architecture used, likely as a result
of significant differences in thin-film formation. The results of
this work illustrate a promising starting point for future
development of RuPc electronic devices, particularly in this new
family of OTFTs.

Introduction

Ruthenium phthalocyanines (RuPcs) have been studied for a
wide array of applications, including materials chemistry,™?
photoelectronics,® and photodynamic therapy.*® Additionally,
RuPc compounds have found utility in a number of electronic
devices, perhaps most prominently in organic photovoltaics
(OPVs),""! but have also been used in gas sensors,>"! and
organic light emitting diodes (OLEDs)."® However, to our
knowledge, there are no reported accounts of RuPc compounds
used as semiconductors in organic thin-film transistors (OTFTs).
Using a three-electrode system to amplify or switch electrical
signals, OTFTs are crucial for the development of complex
organic electronic devices and typically consist of a semi-
conducting thin-film, an insulating dielectric layer, and the gate,
source, and drain electrodes (Figure 1a).

The chemistry of RuPc derivatives is typically based on
modifications to peripheral or axial positions. Due to the harsh
conditions when forming the RuPc complexes,"” variations in
the periphery are restricted to simple groups like -H or -tBu.
However, the axial positions have multiple possible ligands,
from carbonyl, to DMSO, thiols or pyridines; this fact is
presented as a major advantage in comparison with other more
synthetically restricted and less stable Pc derivatives. Similar to
silicon phthalocyanines (R,-SiPcs),"®*2" the relatively simple
modification of the RuPc axial positions allows for greater
tunability and specific compound tailoring for different material
applications. Depending on the conditions of the synthesis and
the starting materials, derivatives containing strong (RuPc(CO))
or labile (RuPc(PhCN),) substituents may be isolated. Labile
ligands are an ideal starting point for derivatization since they
may react in mild conditions with pyridines. Pyridine modified
RuPc complexes retain the favourable photoelectrochemical
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Figure 1. (a) Schematic diagram of bottom-gate top-contact OTFT architecture used in this work. (b) Differential of the energy levels calculated from the

corresponding HOMO-LUMO gap of 1 (dark blue) and 2 (light blue).

properties but can alter solubility, photo- and thermo-stability
or provide additional features related to the specific substitu-
ents used.*®>'¥ RuPcs typically lead to devices with p-type
charge transport characteristics, which have been shown to
increase in conductivity upon exposure to air, leading to
improved performance.”” For p-type OTFT operation, a negative
voltage is applied to the gate which induces positive charges at
the source electrode. The Fermi level of the electrode should
closely match the HOMO level of the RuPc complex, such that a
conducting channel forms at the dielectric-semiconductor inter-
face. Applying a second voltage to the drain results in charge
transport from the source to drain electrode indicative of p-
type semiconducting materials.”? We hypothesize that the
introduction of alkylated substituents provides particularly high
solubility in organic solvents, inducing favourable solid state
microstructures when deposited, similar to what has been
previously observed in other phthalocyanine derivatives.”

Herein we report the synthesis and characterization of two
novel RuPc complexes RuPc(CO)(PyrSiC6) (1) and RuPc(PyrSiC6),
(2). The optical and electrochemical properties of each com-
pound were measured and the HOMO and LUMO energy levels
estimated (Figure 1b). RuPc complexes were used as the semi-
conductor in solution fabricated bottom-gate top-contact
OTFTs, and characterized in air and nitrogen environments.
Thin-film x-ray diffraction (XRD) and atomic force microscopy
(AFM) were used to assess the film microstructure and
morphology of each compound. This work show cases the
utility of novel soluble RuPc complexes as semiconductors in a
device application, emphasizing their favourable device per-
formance in air.

Experimental Section

Materials

Chemical reagents were purchased from different sources, Ru;(CO),
(98%) was provided by BLD pharmaceuticals, phthalonitrile (99 %)
was provided by TCl Chemicals, chlorotrihexylsilane (95%) and 4-
pyridinemethanol (99%) were provided by Merck and solvents
were purchased from Merck-Sigma Aldrich or Scharlab, and used as
received unless otherwise specified. Hexamethyldisilane (HMDS, 98
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+%) was obtained from Thermo Fischer Scientific and anhydrous
toluene (99.8%) was obtained from Merck-Sigma-Aldrich.

RuPc Synthesis

1. In a 10 mL flask RuPcCO 3 (50 mg, 78 umol) was dissolved in
tetrahydrofuran (THF, 3 mL) under argon atmosphere, compound 5
(61 mg, 156 pumol) was added to the solution and subsequently
heated at reflux for 3 hrs. The mixture was concentrated under
vacuum and purified by size exclusion chromatography on
BioBeads SX-3 using an eluent of chloroform (CHCI;), affording
compound 1 as a dark blue solid powder.

Yield: 25 mg (31%). '"H NMR (CDCl,, 500 MHz): 9.39 (dd, /2, ,=5.6,
Sy y=3.0Hz, 8H, CH), 8.09 (dd, A, =56, Sy y=3.0Hz 8H, CH),
528 (d, £ y=7.0Hz, 2H, CH), 349 (s, 2H, CH,), 1.94 (d, B, .=
7.0 Hz, 2H, CH), 1.08-1.01 (m, 6H, CH,), 0.98-0.92 (m, 12H, CH,), 0.81
(d, J=8.6 Hz, 6H, CH,), 0.71 (t, /*,,_y=7.3 Hz, 9H, CH,), 0.13-0.07 (m,
6H, CH,). *C NMR (CDCls, 126 MHz): 178.7 (C), 151.1 (C), 144.3 (C),
143.8 (CH), 140.0 (C), 129.0 (CH), 122.2 (CH), 119.8 (CH), 61.3 (CH,),
33.0 (CH,), 31.3 (CH,), 22.7 (CH,), 22.5 (CH,), 14.1 (CH5), 13.0 (CH,). IR
(neat): 2885 (s), 2845 (s), 2771 (s), 1822 (s), 1584 (w), 1303 (w), 1270
(m), 1223 (m), 1132 (s), 1086 (m), 958 (w), 911 (w), 896 (w), 847 (w).
HRMS (ESI") m/z caled for CsHgNoO,RUSi (M+H™): 1034.3849;
found: 1034.3827. UV-Vis (Ags, CHCl;)=77591 M~ cm™".

2. In a 10mL flask, RuPc(NCPh), 2 (100 mg, 0.12 mmol) was
dissolved in CHCI; (8 mL) under argon atmosphere. Compound 5
(144 mg, 0.37 mmol) was added to the solution and stirred at room
temperature for 18 hrs. The solution was directly purified by size
exclusion chromatography on BioBeads SX-3 using an eluent of
CHCl,, affording compound 2 as a dark blue waxy solid.

Yield: 81 mg (49%). 'H NMR (CDCl;,500 MHz): 9.34-9.01 (m, 8H, CH),
7.88 (m, 8H, CH), 5.20 (d, J=6.2 Hz, 4H, CH), 3.48 (s, 4H, CH,), 2.62-
2.29 (m, 4H, CH), 1.13-0.84 (m, 48H, CH,), 0.72 (t, J=7.0 Hz, 18H,
CH,), 0.24-0.01 (m, 12H, CH,). *C NMR (CDCl;, 125 MHz): 149.4 (CH),
148.5 (C), 143.8 (C), 141.0 (C), 128.0 (CH), 121.4 (CH), 119.5 (CH,),
61.4 (CH,), 33.0 (CH,), 31.3 (CH,), 22.7 (CH,), 22.5 (CH,), 14.1 (CH,),
13.1 (CH,). IR: 2876 (s), 2843 (s), 2771 (s), 1305 (s), 1270 (m), 1226
(m), 1186 (w), 1128(m), 1090 (m), 961 (s), 913 (s), 882 (m), 852 (m),
787 (w). HRMS (MALDI*, DCTB) m/z calcd for CgoH,05 N1oO,RUSI, (M
+H"): 1397.7176; found: 1397.7131. UV-Vis (hgs CHCly)=
43543 M 'em™.
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RuPc Characterization

NMR were performed on a Bruker 300 MHz or 500 MHz at room
temperature. '"H NMR and *C-NMR were recorded on Bruker XRD-
300 (300 MHz) and/or Bruker XRD-500 (500 MHz) instruments at
room temperature (25°C) and are reported as chemical shifts (8) in
ppm relative to TMS (8=0). Spin multiplicities are reported as a
singlet (s), doublet (d), triplet (t) and quartet (q) with coupling
constants (J) given in Hz, or multiplet (m). Mass spectrometry (MS)
and high-resolution mass spectrometry (HRMS) spectra were
recorded employing electrospray ionization (ESI Positive TOF_MS)
mass spectra using a MAXIS Il spectrometer, or matrix assisted laser
desorption/ionization-time of flight (MALDI-TOF) using a Bruker
Ultraflex Ill TOF/TOF spectrometer. IR spectra were recorded on an
Agilent Technology Cary 630 FT-IR spectrometer (ATR) and are
reported as wavenumbers v in cm™' with band intensities indicated
as s (strong), m (medium), w (weak), br (broad). Molecular
absorption spectroscopy (UV-vis) spectra were recorded on a
JASCO-V660 spectrophotometer with a Jasco Peltier ETCS-761
temperature controller, using 10x10 mm quartz cuvettes and CHCl;
as the solvent. Cyclic voltammetry (CV) measurements were carried
out using a potentiostat/galvanostat instrument from Metrohm
Autolab with a Glass Carbon work electrode (1 mm) under argon,
an Ag/Ag™ reference electrode, and a platinum counter electrode.
Ferrocene voltammograms were recorded as reference standards.
Different potentials were applied to 1 and 2 (5x10~* M) dissolved in
THF with (n-Bu),NPF; (0.1 M) as the supporting electrolyte. The
electrochemical waves are represented against Ferrocenium/Ferro-
cene redox process. The sweep rate was 100 mVs™' and solutions
were degassed with argon for 30 s before measurements. The value
of the band gap was calculated from the first reduction/oxidation
potentials obtained in the differential voltammetry and the energy

levels from the following equation:**

EHOMO/LUMO = _(E[onset,ox/red vs. Fc+/Fd] + 51) (eV) (1)

OTFT Fabrication and Characterization

Bottom-gate top-contact RuPc OTFTs were fabricated on
15 mmx20 mm silicon substrates with a 300 nm thick thermally
grown silicon oxide dielectric layer purchased from Ossilla. To clean
the substrate surface and to remove the protective photoresist,
sequential sonication baths of soapy water, de-ionized water,
acetone, and methanol were used. The substrates were then dried
with nitrogen and treated with air plasma for 10 min before
applying the surface treatment. Surface treatment of HMDS was
carried out in a nitrogen environment by spin coating 50 ul of
HMDS onto substrates at 3000 RPM for 30 sec, then drying at 150°C
for 1 hr under vacuum. Solutions of 1 and 2 at a concentration of
10 mgml™" in toluene were prepared by heating at 50°C for 1 hr,
then filtering through 0.45 um pore size PTFE membranes. Thin-
films were fabricated by depositing the RuPc solutions onto HMDS
treated substrates by spin-coating 50 ul of solution at 3000 RPM for
30 sec. The thin-films were then dried under vacuum at 70°C for
1 hr to remove any residual solvent. Top-contact, 50 nm thick, gold
electrodes were deposited by physical vapour deposition using an
Angstrom EvoVac thermal evaporator (P <2x107° torr) at a rate of
1As™.

Electrical characterization of OTFTs was done in air and nitrogen
environments at room temperature using a multi tester consisting
of 48 gold plated nickel probe tips that contact the source-drain
and gate electrodes of each transistor on the substrate simulta-
neously. A Keithley 2614B and a MCC USB DAQ was used to control
the source-drain voltage (Vs =—50 V) and gate voltage (0 V < V<
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—60V) to obtain source-drain current (Is;) measurements. The
average hole field effect mobility («,), average threshold voltage
(V5), and on/off current ratio (/.. Was calculated by the MOSFET
model.*

Thin-film Characterization

AFM images were taken using a Bruker Dimension Icon AFM with
ScanAsyst-Air tips at a rate of 0.814Hz and analyzed using
NanoScope Analysis v.1.8 software. XRD measurements were
obtained using a Rigaku Ultima IV powder diffractometer with a Cu
Ko (\=1.5418 A) source, a scan range of 4<20<15° and rate of
0.5° min~". The d-spacing between successive parallel diffraction
planes was calculated using Bragg’s Law.

Results and Discussion
Synthesis of RuPc Complexes

Herein the synthesis and characterization of two novel RuPc
complexes are reported, with Figure 2 illustrating the synthetic
pathway used to produce compound 1 and 2 displayed in
Figure 1a. The starting materials for the RuPc complexes,
RuPcCO and RuPc(PhCN),, were prepared following procedures
adapted from literature.'” Ru;(CO),, was condensed with neat
phthalonitrile, by heating at reflux in o-dichlorobenzene or
benzonitrile, to obtain RuPcCO (3) or RuPc(PhCN), (4), respec-
tively. The pyridine derivative 5 was synthesized according to
reported procedures.” Chlorotrihexylsilane was combined with
pyridin-4-ylmethanol at room temperature to obtain pyridine 5,
with "H NMR and ">C NMR reported in Figure S1 and Figure S2.
Final RuPc complexes were obtained by following standardized
methods for these types of pyridine complexes.
RuPc(CO)(PyrSiC6) (1) was obtained by coordinating RuPc(CO)
(3) to the corresponding pyridine 5 in THF, heating under reflux
for 3 hrs and isolating the product by size exclusion chromatog-
raphy. '"H NMR, *C NMR, and HRMS of 1 are reported in
Figure S3, Figure S4, and Figure S5. Similarly, RuPc(PyrSiCé6), (2)
was obtained from RuPc(PhCN), (4) plus the corresponding
pyridine 5 in CHCl;, by stirring at room temperature for 18 hrs
and following the same purification process by size exclusion
chromatography. 'H NMR, C NMR, and HRMS of 2 are reported
in Figure S6, Figure S7, and Figure S8. Once concentrated
under vacuum 1 (yield of 31%) and 2 (yield of 49%) were
obtained as a blue solid powder and as a waxy solid,
respectively.

UV-Vis Absorption and Electrochemical Properties

The optical and electrochemical properties of RuPc complexes 1
and 2 were measured in CHCl; solutions with results displayed
in Figure 3a. For both 1 and 2, no fluorescence in the UV-vis
region was observed, with the characteristic intense Soret band
maximized at 298 nm and 315nm, respectively. The di-
substituted complex 2 exhibits a more intense Soret band
which is in agreement for the general results of these
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Figure 2. Synthetic pathway to produce RuPc complexes used in this work. (i) Chlorotrihexylsilane, imidazole, DMF/CH,Cl, (9:1), 16 hrs, 89 %j; (ii) THF, reflux,

3 hrs, 31 %; (iii) CHCls, reflux, 18 hrs, 49 %.
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Figure 3. (a) UV-vis spectra of 1 (dark blue) and 2 (light blue) in CHCl;. (b) Cyclic and differential-pulse voltammograms of 1 (dark blue) and 2 (light blue) in

THF; relative differential pulse voltammetry is indicated by dashed lines.

complexes.”” The Q-band maximum for compound 1 is

obtained at 643 nm, while for compound 2, it is at 625 nm with
a shoulder. In comparison to compound 2, the Q-band of 1 is
sharper and exhibits a higher molar extinction coefficient (A, =
77600 M 'cm™" for 1, hgs=43500 M'cm™' for 2); associated
with a lower tendency for aggregation and a more defined
separation between energy levels. Additionally, the absorbance
ratio was checked at different concentrations, with a linear
behaviour from 1 to 15 uM. Diffusion controlled CV studies
were performed for compounds 1 and 2, which were dissolved
in THF to assess the impact of the mono/di-substituted complex
over the redox potentials, as presented in Figure 3b. The
experiments are delivered against the redox potential of
ferrocenium/ferrocene, noticing a similar redox curve shape for
both compounds. Between 0.5 to —2.5V one reversible
oxidation potential and two reductions happened. The calcu-
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lated experimental electrochemical band gap of the carbonyl
compound 1 was wider in comparison with compound 2,
1.97 eV against 1.75 eV, respectively (Figure 1c). These results
already suggested a prospective better electrical performance
of compound 1 in devices.

Organic Thin-Film Transistors

OTFTs were fabricated using 1 and 2 as the semiconducting
layer and characterized at room temperature in nitrogen and air
environments to assess the electrical performance by determin-
ing w, V5, and I, Compound 2 was found to be non-
functional in OTFTs, while compound 1 displayed p-type charge
transport in both air and nitrogen resulting in operating
devices. Additionally, Figure S9 displays a comparison between
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the p-type and n-type semiconducting properties of 1 when
operated in nitrogen, with 1 exhibiting no electron charge
transport. Figure 4a depicts the characteristic p-type forward
and reverse transfer curves of 1 in both testing environments,
with a characteristic output curve of 1 in air displayed in
Figure S10. The spin speed and time used for deposition was
varied (Figure S11, Table S1, and Figure S12) to determine
principal fabrication conditions of 3000 RPM and 30 sec.

In air, 1 exhibited an average u, of 208+
0.81x107° cm?V~'s™' with a maximum  yu,  of
7.85x102cm?V~"'s™", an average V; of —11.24+1.4V and an
lonore Of 10%. While in nitrogen, OTFTs using 1 as the semi-
conducting layer yielded a lower average and maximum u, of
1.3642.00x10° cm?V's™" and 3.72x102cm?V's™' respec-
tively, a lower average V; of —19.7+1.8 V with the same I, of
10°. Higher u, and improved V; with operation in air is expected
of p-type OTFTs as exposure to oxygen has been shown to
increase the work function and improve the conductivity of p-
type MPc thin-films.”*2? P-doping in air is thought to be a
result of a higher concentration of mobile holes due to
adsorbed oxygen,”” and the preferential interaction between
oxygen and gap states at grain boundaries which improves
device performance by decreasing charge trapping and
recombination.”? Additionally, the increased conductivity in

d.
10°F
Air
——— Nitrogen
107
<
2 102
(=]
o
10
10* . r r . : ;
0 10 20 -30 -40 -50 -60
Vgs (V)
C:

RuPc thin-films when exposed to air has been known to
improve the performance of photovoltaic devices.” The elec-
trical performance of 1 OTFTs is consistent with other p-type
MPc OTFTs fabricated by both solution and solid state processes
which typically display u, from 1-102cm?V~'s™" with V;
ranging from 5V to —20V, and 1, between 10°-10° 23"

The difference in device performance between compounds
1 and 2 can be attributed to several factors, such as the redox
potentials, but it is likely to be mainly because of the variations
in thin-film microstructure and morphology; factors that heavily
influence OTFT performance of MPcs.®'¥ Figure 4b displays
the XRD pattern of 1 and 2 thin-films, with both materials
exhibiting a low angle diffraction peak at 20 =4.14° (d-spacing
of 21.3A) and 4.36° (d-spacing of 20.2 A) respectively. In
addition, compound 1 displays a slightly higher intensity
diffraction peak at 20 =5.30° corresponding to a intermolecular
d-spacing of 16.7 A. The second diffraction peak of compound 1
indicates a population of molecules arranged in a more ordered
and densely packed microstructure. We surmise this micro-
structure enables effective charge transport between molecules,
compared to compound 2 where that the intermolecular
spacing is too large and is partially the reason for non-
functional OTFTs. AFM images (Figure 4c and Figure 4d) reveal
considerable differences in surface morphology between 1 and

5.30° —_—
4.14°

4.36° e

Normalized Intensity (a.u.)

T T T T T 1

4 5 6 7 8 9 10 M
20 (degrees)

Figure 4. (a) Characteristic transfer curves of OTFTs using 1 as the semiconductor characterized at room temperature in nitrogen and air, with solid and
dashed lines representing the forward and reverse sweeps respectively. (b) XRD patterns of 1 and 2 thin-films. AFM images (5 umx5 pum) of (c) 1 and (d) 2

with a scale bar of 1.0 um.
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2. Compound 1 exhibits large platelet features with limited
grain boundaries, and a surface roughness of 1.26 nm, whereas
thin films of compound 2 result in a sparse network of
crystallites with large grain boundaries, and a surface roughness
of 0.752 nm. Although 2 has a lower surface roughness, the
large gaps between grains likely hinder charge transport and
contributes to the lack of semiconducting behaviour in devices.

Conclusions

Herein, the synthesis of a novel family of RuPc derivatives is
presented, and successfully applied to the development of
OTFTs. The use of alkyl-substituted pyridine gave favourable
results in the case of the single substituted carbonyl RuPc
derivative, RuPc(CO)(PyrSiC6) (1), with device performance
comparable to other p-type phthalocyanine based OTFTs. Spin
speed and time during thin-film deposition were varied to
determine the optimal fabrication conditions for this derivative,
which exhibited an average field effect mobility of
2.08x10*cm?V's "in air and 1.36x10> cm?V 's" in nitrogen,
and threshold voltages ranging from —11V to —20V depend-
ant on the operating environment. The double substituted
RuPc, RuPc(PyrSiC6), (2), yielded non-functional devices as a
result of a less ideal thin-film microstructure and surface
morphology as indicated by the large d-spacing and uneven
sparse crystallite network observed in films. Overall, this work
represents a first step in the application of solution processable
RuPcs, that may be easily modified with different ligands and
tested as a semiconductor layer for OTFTs; highlighting an
emerging opportunity for new variations in an underexplored
family of phthalocyanines.
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