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The rational design of organic semiconductors (OSCs) necessitates a deep understanding of structure—
property relationships, where side chain engineering is as critical as the conjugated core itself. While
hybrid organic—inorganic siloxane side chains have shown great promise for optimizing morphology and
charge transport, a systematic study to deconvolute the impact of their architecture in a simplified mole-
cular system has yet to be conducted. To address this, we employ silicon phthalocyanine (SiPc) as an
accessible, symmetrical platform to isolate the effects of siloxane substituents. We report the synthesis
of a series of axially-substituted siloxane-SiPc derivatives where the length and branching of the siloxane
chains are systematically varied. These molecules are integrated into organic thin-film transistors
(OTFTs) and comprehensively characterized using atomic force microscopy (AFM), X-ray diffraction
(XRD), and ultraviolet photoelectron spectroscopy (UPS). Our results establish clear design rules,
revealing that branched siloxane chains are vastly superior to linear analogs. The best derivative
molecule, bearing branched 1,1,1,3,5,5,5-heptamethyltrisiloxane chains, achieves a high average hole
mobility exceeding 1 cm? V=t st
counterpart. This improvement is attributed to the ability of the branched chains to promote a uniform

, a performance nearly three orders of magnitude greater than its linear

crystalline texture, smooth morphology, and tighter m-stacking. This work provides fundamental insights
and practical guidelines for implementing siloxane chains in next-generation, high-performance organic

rsc.li/frontiers-materials electronic devices.

Introduction

The pursuit of high-performance organic semiconductors
(OSCs) for applications in flexible electronics, photovoltaics,
and displays has increasingly focused on the critical role of side
chain engineering. While the conjugated backbone dictates
fundamental electronic properties such as the bandgap and
charge transport characteristics, the appended side chains
govern crucial morphological and physical processes, including
molecular packing, thin-film crystallinity, and solubility. Among
the plethora of side chain functionalities, hybrid organic-inorganic
siloxane-based chains have emerged as particularly promising."
Their unique combination of high flexibility, low polarizability,
and pronounced hydrophobicity offers a powerful toolset to
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modulate intermolecular interactions and self-assembly with-
out disrupting the electronic structure of the core.> Thus far,
their use has mainly been explored in designing new, efficient
conjugated polymers for organic thin-film transistor (OTFT)*®
and organic photovoltaic (OPV)’ ™ applications. Recent studies
have focused on the impact of siloxane unit position, the best
ratio of alkyls to siloxane chains,'® the type of linker,”"*™** and
the size of the alkyl spacer.* As well, a few studies have been
conducted to identify the optimal length and isomer of the
siloxane side chain;>**™"” however, these studies were only
conducted on conjugated polymers, in which many parameters
are simultaneously modulated, making it challenging to derive
clear design rules. Although siloxanes have also been success-
fully incorporated into small molecules,”'®'® systems with
inherently fewer variables, a systematic study to identify the
optimal siloxane architecture (e.g., length, branching) in this
context remains absent.

To address this knowledge gap and deconvolute these
structure-property relationships, we turned to a uniquely elegant
molecular platform: silicon phthalocyanine (SiPc). SiPcs are a class
of organic semiconductors that display efficient mobilities (1) and
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are particularly interesting for establishing structure-property
relationships due to their high versatility and facile syn-
thesis.”*>* Over the years, our groups have explored many
aspects of SiPc based OTFTs: contact materials,> interface or
dielectric engineering,**° processing conditions,*"*> peripheral
fluorination and more.*®** We recently developed high-
performance OTFTs based on a SiPc core axially substituted
with siloxane chains (*°(Si;0),SiPc).*® This molecule exhibits
exceptional uyp, attributed to its highly uniform crystalline
texture. Its topology is singular: the siloxane moiety is directly
grafted onto the central silicon atom of the m-conjugated
system, eliminating any ancillary linkers and resulting in a
model architecture of minimal complexity. This reduction to a
highly symmetrical n-core and the siloxane chains makes
siloxane-SiPcs ideal candidates for a systematic investigation
into the role of siloxane substituents.

In this work, we report a new synthesis pathway to access a
series of four siloxane-SiPc derivatives featuring systematically
varied siloxane chain length and branching. We integrated
these materials into OTFTs and evaluated their semiconducting
properties through experimental electrical characterization.
The effects of siloxane structure and post-deposition thermal
annealing on thin-film morphology and molecular packing
were elucidated using atomic force microscopy (AFM) and both
1D and 2D X-ray diffraction (XRD). Our comprehensive study
establishes clear design rules, revealing that branched siloxane
chains are vastly superior to their linear counterparts for OTFT
applications. We demonstrate that this superiority stems from
the ability of branched chains to promote the formation of
highly crystalline films with a uniform crystalline texture and
smooth morphology, which are critical for efficient charge
transport. This work provides fundamental insights into siloxane
side chain engineering, offering a strategic guide for their
implementation in next-generation organic electronic devices.

Experimental section
Materials

All solvents used for synthesis and device fabrication were ACS
grade and were used without any further purification. All silanes
were purchased from Sigma-Aldrich and used as received. Silicon
phthalocyanine dichloride,® 1,1,3,3,3-pentamethyldisiloxan-1-ol,*”
1,1,3,3,5,5,5-heptamethyltrisiloxan-l-ol,37 1,1,1,3,5,5,5-hepta-
methyltrisiloxan-3-o0l,*” and tris(trimethylsiloxy)silanol,*®
synthesized using previously reported protocols.

were

Synthetic procedures

(Si,0),SiPc. Silicon phthalocyanine dichloride (1.00 g,
1.64 mmol) was added into a two-neck round bottom flask
equipped with a reflux condenser and three nitrogen-vacuum
cycles were performed. The flask was subsequently filled with
80 mL of dry toluene, triethylamine (8 mL, 57.4 mmol) and
1,1,3,3,3-pentamethyldisiloxan-1-ol (0.81 g, 4.9 mmol) and the
resulting mixture was sparged with N, for 10 minutes before
heating to reflux overnight. After cooling to rt., the mixture was
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filtered on a fine frit and the remaining solids were rinsed with
dichloromethane (DCM) until the solvent came out clear. After
removing the solvent under vacuum, the product was purified
by column chromatography on silica gel (eluent: Hexane 100%
to DCM/Hexane = 1/3), affording (Si,0),SiPc as a blue crystal-
line solid in 54% yield (768 mg). '"H NMR (600 MHz, CDCl;)
0 9.73-9.57 (m, 8H), 8.40-8.25 (m, 8H), —1.22 (s, 18H), —2.87
(s, 12H). *C NMR (151 MHz, CDCI;)  148.86, 136.31, 130.71,
123.67, 0.39, —2.03. HRMS (DART): [M + H]"(C4,H,;N50,Sis),
m/z caled for: 867.25611, m/z found: 867.25656.

"(Si;0),SiPc

Silicon phthalocyanine dichloride (1.00 g, 1.64 mmol) was
added into a two-neck round bottom flask equipped with a
reflux condenser and three nitrogen-vacuum cycles were per-
formed. The flask was subsequently filled with 80 mL of dry
toluene, triethylamine (8 mL, 57.4 mmol) and 1,1,3,3,5,5,5-
heptamethyltrisiloxan-1-ol (1.17 g, 4.9 mmol) and the resulting
mixture was sparged with N, for 10 minutes before heating to
reflux overnight. After cooling to rt., the mixture was filtered on
a fine frit and the remaining solids were rinsed with DCM until
the solvent came out clear. After removing the solvent under
vacuum, the product was purified by column chromatography
on silica gel (eluent: Hexane 100% to DCM/Hexane = 1/3),
affording "(Si;0),SiPc as a blue crystalline solid in 40% yield
(666 mg). "H NMR (600 MHz, CDCl;) 8 9.66-9.62 (m, 8H), 8.37-
8.28 (m, 8H), —0.63 (s, 18H), —1.36 (s, 12H), —2.86 (s, 12H). °C
NMR (151 MHz, CDCl,) § 148.88, 136.29, 130.72, 123.69, 1.21,
—0.42, —2.25. HRMS (DART): [M + H]'(C4sHsoNgOgSi), m/z
calcd for: 1015.29369, m/z found: 1015.29427.

i50(8i;0),SiPc

Silicon phthalocyanine dichloride (1.00 g, 1.64 mmol) was
added into a two-neck round bottom flask equipped with a
reflux condenser and three nitrogen-vacuum cycles were per-
formed. The flask was subsequently filled with 80 mL of dry
toluene, triethylamine (8 mL, 57.4 mmol) and 1,1,1,3,5,5,5-
heptamethyltrisiloxan-3-ol (1.17 g, 4.9 mmol) and the resulting
mixture was sparged with N, for 10 minutes before heating to
reflux overnight. After cooling to rt., the mixture was filtered on
a fine frit and the remaining solids were rinsed with DCM until
the solvent came out clear. After removing the solvent under
vacuum, the product was purified by column chromatography
on silica gel (eluent: Hexane 100% to DCM/Hexane = 1/3),
affording *°(Si;0),SiPc as a blue crystalline solid in 50% yield
(832 mg). "H NMR match previously reported characterization.*

(Si40),SiPc

Silicon phthalocyanine dichloride (1.00 g, 1.64 mmol) was
added into a two-neck round bottom flask equipped with a
reflux condenser and three nitrogen-vacuum cycles were per-
formed. Then the flask was filled up with 50 mL of dry 1,2-
dichlorobenzene and tris(trimethylsiloxy)silanol (1025 mg,
3.28 mmol). Subsequently, the mixture was sparged with N,
for 10 minutes before being heated to reflux overnight, and
then cooled to rt. The mixture was poured into 200 mL of cold
MeOH to precipitate out the compound. The compound was
separated from the mixture using a fine frit and the compound
was then redissolved using DCM. After removing the solvent

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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under vacuum, the crude was purified by column chromato-
graphy on silica gel (eluent: Hexane to DCM/Hexane = 1/9),
affording (Si40),SiPc as a blue crystalline solid in 61% yield
(1.16 g). 'H NMR (600 MHz, CDCl;) § 9.65-9.61 (m, 8H), 8.32—
8.28 (m, 8H), —1.18 (s, 54H). *C NMR (151 MHz, CDCl;) §
148.99, 136.42, 130.37, 123.59, 0.11. HRMS (DART): [M + HJ'
(C50H71NgOgSig), m/z caled for: 1163.33128, m/z found:
1163.33166.

Material characterization

"H and "C, NMR spectra were recorded on Bruker Avance III
HD 600 MHz NMR spectrometer. 'H and *C NMR chemical
shifts were reported in parts per million (ppm) using residual
solvent signal as reference. High-resolution mass spectrum was
obtained on a JEOL AccuTOF Plus 4G equipped with a Direct
Analysis in Real Time (DART) ion source. Analysis was con-
ducted by the Advanced Instrumentation for Molecular Struc-
ture Laboratory at the University of Toronto.

Thermogravimetric Analysis was performed using a TA/Waters
Discovery 5500, TRIOS v5.5.1 analysis unit. Measurements were
conducted under a 25 mL min~" flow of dry nitrogen. Samples
were preheated to 70 °C for five minutes to bake out any adsorbed
moisture, and then heated at 10 °C min ™' to a maximum
temperature of 700 °C.

The UV-vis spectra were measured using an Agilent Tech-
nologies Cary 6000 UV-vis-NIR spectrophotometer. Absorbance
measurements were collected at ambient temperature in
solution with DCM as the solvent, at a concentration of =
1.10~° mol L™, within the range 250-800 nm, and on thin films
on glass substrates within the range 320-900 nm.

The electrochemical experiments were carried out under
argon using a Bioanalytical Systems Inc. (BASi) Epsilon poten-
tiostat with a C3 cell stand and a glass cell and were recorded
using BASi Epsilon EC software (V 2.13.77 (c) 2013BASi). For
cyclic voltammetry, a three-electrode configuration was
employed with a platinum disk (d = 1.6 mm) as the working
electrode and platinum wires for the reference and counter
electrodes. All potentials were internally referenced to the
ferrocene/ferrocenium couple. For the measurements, concen-
trations of 10 % M of the electroactive species were used in
freshly distilled and degassed dichloromethane and 0.1 M
tetrabutylammonium hexafluorophosphate.

UPS data were collected at Surface Science Western (Western
University, London, Ontario, Canada). The UPS analyses were
carried out with a Kratos AXIS Supra X-ray photoelectron
spectrometer using a He(1) source (21.22 eV, 30 mA). Analyses
were carried out with an analysis area of 110 x 110 microns and
a pass energy of 10 eV. A 9 Volt offset is applied during sample
analysis (corrected out in the spectra). Samples were electrically
well connected to the spectrometer sample stage using copper
tape. Energy levels were independently calculated from UPS
spectra using gold as a reference.

OTFT device fabrication

BGTC OTFTs were constructed using n-doped Ossila Si sub-
strates with a thermally grown 230 nm thick dielectric layer of
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SiO,. The substrates were first cleaned by sonication (VWR
ultrasonic cleaner (model no. 97043-964)) in acetone for 5 min.
Afterward, the substrates were rinsed with isopropanol and
dried under a N, stream and plasma treated for 15 min under
vacuum. Plasma treatment was performed using a Harrick
plasma cleaner (PDC-32G). The plasma-treated substrates were
then rinsed sequentially with water and isopropanol, dried
under a N, stream, submerged in a 1% v/v solution of
n-octadecyltrichlorosilane (ODTS) in toluene, and left to react
for 1 h at 70 °C. The treated substrates were then sequentially
rinsed with toluene and isopropanol, dried under a N, stream,
annealed under vacuum for 1 h at 70 °C, then subsequently
transferred into a glovebox. Following all of the surface treat-
ments, 50 nm of R,SiPc was deposited onto the substrates via
physical vapor deposition (PVD) at a rate of 0.2 A s~ under
vacuum (P < 2 x 10 ° Torr). The films were then annealed on a
hot plate (T=80 °C and T =120 °C) or in an oven (7= 160 °C) for
30 minutes under a nitrogen atmosphere. Afterward, the sub-
strates were placed in a source-drain shadow mask (L = 30 um,
W =1000 pm) purchased from Ossila. A 50 nm-thick layer of Au
was deposited onto the substrates at a rate of 0.5 A s~! under
vacuum (P < 2 x 10~ ° Torr). Each substrate was patterned with
20 unique transistors.

OTFT testing

Electrical testing was done at ambient conditions using a
custom-built autotester.>**° A Keithley 2614B instrument was
used to set the gate-source voltage (Vgs) and drain-source
voltage (Vps) and measure the drain-source current (Ipg).
All OTFTs were tested for p-type characteristics by fixing Vgs
at discrete values between 0 V and —50 V or between 0 V and
—60 V. During the measurement of transfer characteristics, Vgs
was applied at a duty cycle of 20% and a frequency of 10 Hz to
reduce gate bias stress. Each device’s transfer curve was tested
four times, measured in the saturation regime, and was mod-
eled using eqn (1).

,UC,W

5L (Vos — V1)’ (1)

Ips =

where L and W are the channel length and width, respectively.
C; is the capacitance density of the gate dielectric, calculated
using eqn (2).

c, _ o @

where ¢ is the dielectric thickness (230 nm), ¢, is the relative
dielectric constant of SiO, (3.9), and uy is the field-effect
mobility and is calculated from the slope of the best fit of the
Ips through the most linear region of plotted against Vgs. The
Un,avg Tepresents the calculated mean of n working transistors
for each condition, and up max represents the maximum calcu-
lated uy, for each set of conditions. The threshold voltage (V) is
calculated as the x-intercept of the same line fitting.
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Single-crystal X-ray diffraction

Crystallographic data collection and processing were per-
formed by the X-Ray Core Facility at the University of Ottawa.
Crystals were mounted on MiTeGen sample holders using
Parabar oil. Data were collected on a Bruker Kappa diffract-
ometer equipped with an ApexII CCD detector and a sealed-
tube Mo K source (1 = 0.71073 A).

PXRD

XRD measurements of the thin films were performed using a
Bruker D8 Endeavor diffractometer in reflection mode
equipped with a sealed-tube Cu-Ka (1 = 1.5418 A) source.
Measurements were taken directly from thin films deposited
on surface-treated substrates with a scan range of 3° < 20 < 20°
and a scan rate of 0.5° min~ ' with no spin.

2D-XRD

2D XRD measurements of the thin films were performed using
a Bruker D8 Discover diffractometer in reflection mode
equipped with a sealed-tube Cu-Ko (/. = 1.5418 A) source.
Measurements were taken directly from thin films deposited
on surface-treated substrates with a scan range of 3° < 20 < 30°

and a scan rate of approximately 1° min".

AFM

AFM images were collected as 10 x 10 um scans with a Bruker
Dimension FastScan using TESPA-V2 probes in PeakForce
Tapping “ScanAsyst” Mode with 512 samples per line. Image
processing was completed using Nanoscope Analysis v.3.0.

Results and discussion
Synthesis and initial characterization

In our previous report, *°(Si;0),SiPc was synthesized in only
one step from Cl,-SiPc using a nucleophilic substitution with a
silanol,*® affording *°(Si;0),SiPc in a moderate yield (36%).
The same strategy was successfully employed to synthesize the
other analogs described herein, yet these conditions unfortu-
nately led to relatively poor yields such as 13% for (Si,0),SiPc,
18% for "(Si30),SiPc and only 7% for (Si;0),SiPc. To improve
yields, chlorobenzene was substituted with 1,2-dichloro-
benzene and the reaction temperature was increased to
180 °C. While this strategy was very beneficial for (Si;0),SiPc
with an increased yield of 61%, for the other derivatives only a

Table 1 Optical, electrochemical, and UPS characterization of (Si,O),SiPcs
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mixture of inseparable siloxane-SiPcs were obtained. High
temperatures appear to favor the disproportionation reaction
of the siloxane chains leading to the formation of siloxane
chains with undesired chain length and branching. To over-
come this challenge, another protocol was designed for (Si,0),.
SiPc, "(Si;0),SiPc and *°(Si;0),SiPc, in which nucleophilic
substitution was carried out in toluene with a large excess of
triethylamine. By adding a base, the yields were significantly
increased to 54%, 40% and 50%, respectively.

The spectroscopic properties of (Si,0),SiPcs were investi-
gated in dilute DCM solutions (Fig. 2). All compounds exhibit
the same absorption profile, typical of phthalocyanine deriva-
tives, with a Q-band located at 668 nm (see Table 1). This
perfect overlap of the UV-Vis traces indicates that the nature of
the solubilizing chain does not affect the bandgap energy. The
electrochemical behavior of (Si,0),SiPcs were studied by cyclic
voltammetry (CV) in DCM solution and at different scan rates
(Fig. 2), all derivatives display a reversible reduction process
between —1.43 V vs. Fc'/Fc and —1.22 V vs. Fc'/Fc, as well as a
reversible oxidation process between +0.38 V vs. Fc¢'/Fc and
+0.45 V vs. Fc'/Fc (see Table 1). Moreover, these processes remain
reversible at every scan rate, displaying their good electrochemical
stabilities. All the siloxane chains do not seem to significantly
influence either the reduction or oxidation processes except for
(Si;0),SiPc, which displays the lowest reduction potential; thus,
the presence of sterically hindered siloxane chains seems to
impede the reduction process. As the number and the branching
of siloxane units in the chain should not lead to any major
electronic effect, it was anticipated that the substituents will have
very little to no impact on the UV-Vis and CV, as observed.

The UV-Vis absorption profiles of (Si,0),SiPcs were also
investigated in thin films (Fig. 2). All derivatives display clear
broadening and red-shifting of their absorption profiles com-
pared to solution studies (see Table 1). Notably, (Si,O),SiPc
exhibits the smallest shift (A (8i40),SiPc = 715 nm) whereas
150(8i;0),8iPc displays the highest one (Aflm °(Si;0),SiPc =
747 nm). Interestingly, both derivates containing linear siloxane
chains display very similar absorption maxima: A1 (Si,0),SiPc =
736 nm and /T °(j;0),SiPc = 731 nm. The complete similarity
of all the UV-Vis traces in solution in contrast to the relatively
significant changes observed in the thin films indicate that
(Si,0),SiPcs undergo aggregation in the solid state. Moreover,
the nature of the chain seems to impact the aggregation in a
unique way for every derivative as all the UV-Vis traces are
different in the solid state.

Compound Jamax DCM/film (nm)  Egep® (6V)  ENser (Vvs. Fe'/Fe)  Eiea. (Vvs. F¢'/Fe) @ (eV)  Ae’ (eV) 'HOMO/LUMOyps” (€V)
(Si0),SiPc 668/736 1.6 +0.40 —1.25 3.2 1.8 —5.0/—3.4
"(Si30),SiPc 668/731 1.7 +0.45 -1.22 3.2 1.7 —4.9/-3.2
19(8i30),SiPc’  668/747 1.6 +0.43 -1.27 3.2 1.7 —4.9/-3.3
(Si,0),SiPc 668/715 1.6 +0.38 —1.43 3.2 1.7 —4.9/-3.3

“ The optical band gap was characterized using the onset of the absorption in thin film. ? Energy levels and work function were estimated from
UPS spectra with a +9 V bias and 21.22 eV emission source and calibrated using an Au reference. We estimated the ionization energy (IE) to be
equal to the HOMO energy level, and LUMO = HOMO + Eg,fiim. © All the data for *°(Si;0),SiPc were taken from Ledos et al.*
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The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels were esti-
mated using UPS and thin film absorption spectra (see Table 1):
HOMO energy level values were estimated from the ionization
potential (IP) which was obtained from the work function ()
and offset (Ae) determined by UPS, while the LUMO energy
levels were estimated from the HOMO levels and solid state Eg
determined by UV-Vis. By these means, the HOMO levels
of each derivative can be estimated to be between —4.9 and
—5.0 eV while the LUMO energy levels are estimated between
—3.2 and —3.4 eV (Fig. 1 and Fig. S1). These values are once
again very similar and it was anticipated that all the derivatives
should behave as p-type semiconductors as previously reported

or *°(Si;0),SiPc.*”

Slow evaporation of concentrated solutions of (Si,0),SiPc,
"(Si30),SiPc, and (Si,0),SiPc in DCM produced large crystals
suitable for single crystal X-ray diffraction (SC-XRD) analysis.
In addition to the crystalline structures of **°(Si;0),SiPc already
described in the literature,>*' the crystal structure of every
(Si,0),SiPc described herein has been resolved. Two different
polymorphs of *¥°(Si;0),SiPc can be obtained, which crystallize
in the P2,/c and the P2,/n space groups. In both structures, the
Pc rings display m-stacking interactions along two crystallo-
graphic axes, and arrange themselves in a typical brick-like
array of molecules, making them compatible with 2D hopping

(Si,0),SiPc

View Article Online
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|
Si

HOMO
Fig. 1 Chemical structure (left) and frontier orbitals energy diagram (right) of (Si,O),SiPcs, obtained by UPS and thin film UV-Vis absorption.

transport. A single polymorph of (Si;0),SiPc has been isolated,
crystallizing in the P1 space group. In this structure the Pc rings
are also m-stacking along two crystallographic axes (both the
a-axis and the b-axis), and arrange in a brick-like array of
molecules as highlighted in Fig. S6. The Pc rings are packed
very closely within the crystal, the smallest short n-m contact
along the g-axis is equal to 3.30 A and equal to 3.32 A along the
b-axis. For (Si,0),SiPc, a polymorph has been isolated from
solution, crystallizing in the P1 space group. In this material,
the Pc rings in the structure exhibit n-stacking only along one
crystallographic axis (the g-axis, see Fig. S5) with the smallest
short n-n contact being equal to 3.52 A. Lastly, two polymorphs
of "(Si;0),SiPc have been isolated with both crystallizing in the
P2,/c space group of the monoclinic system (Fig. S3 and S4).
Interestingly, the two distinct polymorphs were obtained within
the same starting solution (also known as concomitant
polymorphs), which highlights the high number of energy-
equivalent conformers made possible by a longer linear siloxane
chain. Both structures display Pc rings exhibiting n-stacking along
the c-axis only yet slight discrepancies in their packing are noted.
For the first polymorph (polymorph 1), the smallest t-r contact
along the c-axis is equal to 3.45 A, while this value is equal to
3.49 A for polymorph 2. To summarize, the presence of linear
siloxane substituents allows the formation of polymorphs display-
ing n-stacking along only one crystallographic axis as well as large

Normalized absorption
Normalized absorption

1 (Si,0),SiPc 14 (Si,0),SiPc 14 —(8i,0),SiPc
——"(Si;0),SiPc ——"(Si;0),SiPc —"(8i;0),SiPc
—— %(8i;0),SiPc 50(Si,0),SiP¢ ——%%(5i,0),SiPc

(8i,0),8iPc (Si,0),SiPc fi —— (Si,0),SiPc
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[}

1
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400 500 600 700 800 900
Wavelength (nm)

20-15-10-05 00 05 10
V (V vs F¢*/Fq)

Fig. 2 UV-Vis absorption in DCM solution (left), in thin film (middle) and cyclic voltammetry (right) of (Si,O),SiPcs. All the data for is°(Si3O)ZSiPc were

taken from Ledos et al.>®
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n-stacking distances. Conversely, the presence of branched silox-
ane substituents allows the formation of polymorphs displaying
brick-like arrays of Pc rings, compatible with 2D hopping trans-
port, and smaller n-stacking distances. Thus, branched siloxane
derivatives seem to be better candidates for OTFT applications.

OTFT fabrication and characterization

OTFTs containing (Si,0),SiPcs as the semiconductors were
fabricated by PVD, onto ODTS-treated SiO, dielectric sub-
strates, using a bottom gate top contact (BGTC) configuration.
Twenty transistors were fabricated on each substrate using PVD
to deposit patterned gold electrodes, with channel lengths of
30 pm and channel widths of 1000 pm. Although the high
solubility of (Si,0),SiPcs in organic solvents enables the fabri-
cation of OTFTs using a solution process, we decided to use the
optimized vapor deposition method developed previously for
159(5i;0),SiPc to ensure an accurate comparison with the newly
synthesized (Si,0),SiPcs.*” Due to the anticipated p-type char-
acter of all (Si,0),SiPcs, gold electrodes were used for all
devices and all the electrical measurements were performed
in air (see Fig. 3 and Table S2). Neat films of (Si,0),SiPcs led to
devices with i ayg = 1.3 x 10 ° em® V' s and Vy = —41.8 V for
"(Si;0),SiPc compared to L4y = 0.32 cm® V' 7! and Vy =
—18.7 V for ®°(Si;0),SiPc. (Si,0),SiPc displays moderate per-
formance (in avg = 5.8 x 10 >em® V- 's™ ! and Vy = —35.4 V) and
(5i,0),SiPc displays high mobility but high Vi (upave =
0.14 cm® V' 57" and Vy = —28.6 V). Interestingly, the chain
length seems not to be the main factor influencing the perfor-
mances as "(Si;0),SiPc and **°(Si;0),SiPc gave rise to both the
best and worst performing films. On the other hand, both
branched derivatives, *°(Si;0),SiPc and (Si,0),SiPc display the
best performances. The neat films with higher uy, 4, were also
characterized with a lower Vr.

The effect of thermal annealing on electrical performance
was also investigated. Films of (Si,0),SiPcs were annealed in a
glove box at 80, 120 or 160 °C for 30 minutes. Each (Si,0),SiPc
displayed unique behavior. In the case of (Si,0),SiPc and
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"(Si30),SiPc, the best uy .., were obtained at 80 °C (upavg =
7.2 x 102 ecm? v ! s7! and Uhyavg = 3.4 X 103 em®> v ! sfi,
respectively), a further increase in the annealing temperature
led to an increased Vy and a decreased py, oy for (Si>0),SiPc,
while for "(Si;0),SiPc both V; and py, o decreased. Concerning
the two branched derivatives, *°(Si;0),SiPc and (Si;0),SiPc, the
best pin . were reached after annealing at 160 °C (unavg =
1.01 em® V' s7! and phavg = 0.21 cm® V' s, respectively).
However, while for **°(Si;0),SiPc the i, oy, of annealed films are
all superior to the neat film, this is not the case for (Si,0),SiPc
in which the pup ., first decreases to a minimum at 80 °C
(Un,avg = 3.6 x 1072 ecm? V™' s7) before increasing. The impact
of the annealing temperature on the Vy is rather minimal for
those two compounds: the Vi slightly decreases from —18.7 V at
r.t to —15.9 V at 160 °C for *°(Si;0),SiPc while V; remains
similar (V¢ ~ —30 V) at every temperature in the case of
(Si,0),SiPc. Overall, these results demonstrate that choice of
axial substituents heavily influences device performance and
the effect of annealing. Mainly, branched siloxane derivatives
led to the best performing devices, with mobility up to three
orders of magnitude above the devices made with linear
siloxane derivatives.

Thin film characterization

Powder X-ray diffraction (PXRD) was used to characterize the
crystallinity of (Si,0),SiPcs thin films as a function of annealing
temperature (Fig. 4). The PXRD trace of (Si,0),SiPc thin films
display the weakest intensity of the series, with the film at RT
exhibiting only one peak at 26 = 8.6°. After thermal annealing,
the film displays important changes: upon treatment at 80 °C,
the intensity of the peak at 20 = 8.6° increases and the second
order harmonic peak at 20 = 17.2° appears. Concomitantly, a
new peak at a lower 20 = 7.3° value appears indicating the
formation of a new polymorph. After the treatment at 120 °C,
the peak at 20 = 8.6° almost disappears while the one at
260 = 17.2° completely disappears as the intensity of the new
polymorph peak increases. After the annealing at 160 °C, only

10°

——(S1,0),SiPc
——"(Si;0),SiPc
——59(Si,0),SiP¢
——(Si,0),SiP¢

10

Ips (A)

1074

10 -
aa\
] ’,
50 -40 -30 20 -10 0
Vgs (V)

Fig. 3 Average electrical characteristics of (Si,O),SiPc OTFTs prepared using different annealing temperatures (left). Characteristic transfer curves of
(SiyO),SiPcs OTFTs (Vps = —50 V) thermally annealed at 160 °C for 30 minutes (right). All the data for *°(Siz0),SiPc were taken from Ledos et al.*®
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Fig. 4 PXRD trace of (Si,O),SiPcs thin films on ODTS-treated SiO, surfaces

4 6

the peak at 20 = 7.3° remains at a higher intensity indicating a
complete transition from one polymorph, once the film was
deposited, to a second one, formed gradually at higher tem-
peratures. It is worth mentioning that neither of the two
polymorphs matches the SC-XRD predicted PXRD trace calcu-
lated from the single crystals isolated from solution. The PXRD
trace of thin films of "(Siz0),SiPc are highly diffracting and
display very intense peaks; at RT the film shows one peak of
high intensity at 20 = 6.2°, two peaks of moderate intensity at
20 = 6.8° and 7.0° and several peaks of very weak intensities at
20 = 7.6° 12.5°, 14.2° and 18.8° (higher harmonic order peaks)
indicating the presence of several polymorphs. Thermal anneal-
ing strongly impacts films of "(Si;0),SiPc, after the treatment at
80 °C the peaks at 20 = 6.8° and 7.6° disappear and intensity of
the most intense peak doubled, indicating a rearrangement of
the film into one or two polymorphs and an increased crystal-
linity of the film. After the treatment at 120 °C, the intensity of
the peak at 20 = 6.2° continues to increase and a new set of
peaks appear at 20 = 4.4°, 7.6° and 8.8° indicating the formation
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annealed at various temperatures.

of a new polymorph and the reappearance of the polymorph
present at RT. At 160 °C, the peaks at 20 = 6.2°, 12.5° and 18.8°
fully disappear, and the peaks at 20 = 4.4° and 8.8° become
predominant. Thus, the polymorph formed at 120 °C becomes
the most abundant one at 160 °C coexisting with at least one
other polymorph. Overall, "(Siz0),SiPc thin films undergo
complex changes in crystallinity when thermally annealed with
the appearance and disappearance of numerous different poly-
morphs (see the phase diagram summarizing the main change
in Fig. S8). Moreover, none of the previously described peaks
match the SC-XRD predicted PXRD traces calculated from
single crystals isolated from solution. Thin films of *°(Si;0),.
SiPc deposited on ODTS-treated SiO, are highly diffracting as
previously reported.®® The neat film displays one single peak
at 20 = 6.6° and the onset of a second peak can be seen at
26 = 20.0°. Using the single crystal data from Yu et al. these
peaks can be attributed to the (020) and (060) planes, respec-
tively, of their described polymorph.*' Interestingly, the PXRD
traces of **°(Si;0),SiPc are completely unaffected by thermal
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annealing up to 160 °C, as all the traces remain unchanged and
keep the same intensity.

Thin films of (Si40),SiPc are also highly diffracting, the neat
film displays one low-intensity peak at 26 = 6.7° followed by one
very intense peak at 20 = 6.9°. Using the SC-XRD collected on
the polymorph isolated from solution we attributed the latter
peak to the (001) plane. The presence of only one second peak
having a very similar d-spacing might indicate to us that the
film is composed of two polymorphs having very close cell
parameters. Moreover, thermal annealing at higher tempera-
tures led to a slight increase in the intensity of the low-angle
peak and a slight decrease in the intensity of the higher-angle
peak, making (Si,0),SiPc thin film crystallinity also resilient
toward thermal annealing. Overall, (Si,0),SiPc and "(Si;0),SiPc
thin films experienced significant changes in crystallinity when
thermally annealed, especially for "(Siz;0),SiPc (see Fig. S8).
However, both °(Si;0),SiPc and (Si;0),SiPc exhibit negligible
changes in crystallinity upon thermal annealing. Therefore, the
branched siloxane chains confer more robustness toward heat
compared to linear siloxane chains. We surmise the higher

RT

(Si,0),SiP¢

“(Si30)zsiPc

i50(Si,0),SiPc

(S1,0),SiP¢

80°C
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flexibility and the high number of energy-equivalent confor-
mers available from linear chains give the possibility to form a
wider range of polymorphs. This is especially the case when the
chains are longer and is well-illustrated by "(Si;0),SiPc: con-
comitant polymorphs were obtained from solution, and thin
films experienced the most significant changes once annealed.
The presence of multiple polymorphs in "(Siz0),SiPc thin films
may be one of the reasons why OTFTs made from this derivative
did not perform as well, as efficient charge carrier transport is
more likely to occur in a uniform crystalline motif. Overall, the
branched siloxane chain based SiPcs tend to generate fewer
polymorphs compared to linear siloxane chains which suggests
the films are more stable to processing conditions and could
support their improved OTFT performances.

The crystalline texture of (Si,0),SiPcs thin films was inves-
tigated with respect to the annealing temperature using 2D
X-ray diffraction (2D-XRD) (Fig. 5). By using a 2D X-ray detector,
we can estimate the uniformity of the crystalline texture of the
different films (i.e., how uniform is the orientation of the
crystallites within the film). Moving from 1D to 2D-XRD,

120°C 160°C

Fig. 5 2D-XRD maps of (Si,O),SiPcs thin films on ODTS-treated SiO, surfaces annealed at various temperatures. All the maps range from 260 = 3° to 15°
on the Y-axis, from the left to the right. Full maps taken from 20 = 3° to 30° with peak labels are available in the SI (Fig. S9-S24).
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the diffusion of reflection spots along the y angle provides
information on the crystalline texture of the films. The
presence of single spots, arcs or rings, respectively, indicates
highly ordered, poorly ordered or disordered crystallite orienta-
tion within the film.*> All (Si,0),SiPc films display ring-like
reflections with weak intensity, indicating the absence of pre-
ferential crystallite orientation. *(Si30),SiPc films display maps
featuring arcs of various radii along the y angle. Neat films and
films annealed at 80 °C display larger radii, indicating prefer-
ential crystallite orientation. In contrast, films annealed at
120 °C and 160 °C only display dot-like reflection features,
indicating that higher annealing temperatures promote the
organization of the crystallites within the film. In contrast,
both *°(Si;0),SiPc and (Si40),SiPc films display only single
spots and do not undergo any significant change with thermal
annealing. Thus, these two compounds, which possess
branched siloxane axial substituents, display a very uniform
crystalline texture that is unaffected by thermal annealing.
Analysis of the X-ray diffraction of (Si,0),SiPcs thin films
using 1D and 2D detectors revealed distinct behaviors between
linear and branched siloxane-substituted SiPc. The branched
derivatives displayed very intense diffraction patterns, a small
number of coexisting polymorphs, an extremely uniform crys-
talline texture, and high resilience toward thermal annealing.
Conversely, the linear derivatives exhibit weak to intense dif-
fraction patterns, a large number of coexisting polymorphs,
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lower uniformity of crystalline texture, and significant crystal-
line reorganization upon thermal annealing. Ultimately, we
believe that the superior crystalline characteristics of the
branched derivatives are responsible for their superior electri-
cal performance.

Finally, we performed an investigation of the morphology of
(Siy0),SiPcs thin films using atomic force microscopy (AFM)
(Fig. 6). Interestingly, all of the films display unique morphol-
ogies. (Si,0),SiPc thin films exhibit a surface composed of thin,
superimposed layers. Additionally, the films undergo some
degree of reorganization from the pristine film to the one
annealed at 160 °C, with an overall increase in roughness and
the appearance of more pronounced grain boundaries. Thin
films of "(Si30),SiPc have very uneven surfaces and large,
interconnected crystalline features. Upon annealing, the films
undergo considerable reorganization; the crystallites gradually
merge to form a thicker crystalline layer and large geometrically
shaped holes within the film. In particular, thin films of
"(Si30),SiPc exhibit very large pinholes that likely inhibit
charge transport. Films of ®°(8i;0),SiPc exhibit a uniform
surface composed of small crystalline flakes stacked parallel
to the substrate. Once annealed, the crystallites gradually fuse
together. Large cracks appear in the film at 120 °C, and their
widths are significantly reduced at 160 °C. Lastly, (5i,0),SiPc
films also have very smooth, uniform surfaces composed of
small, stacked, square crystallites parallel to the substrate.

200 nm

|

150 nm

100 nm

50 nm

Fig. 6 AFM images of (10 pum x 10 um, scale bar 2 um) (Si,O),SiPcs films deposited on ODTS-treated SiO, with various post-deposition thermal

annealing temperatures.
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Upon annealing, the crystallites gradually fuse together, form-
ing large crystalline domains surrounded by cracks at 160 °C.
Finally, there is good agreement between the observations of
2D-XRD and AFM for both branched derivatives and "(Siz0),.
SiPc films annealed at 120 and 160 °C. Indeed, they all display
highly uniform crystalline textures by 2D-XRD, and AFM ima-
ging shows surfaces composed of crystallites with the same
orientation. Analysis of the thin film morphology of (Si,O),SiPcs
demonstrates that branched siloxane derivatives lead to favorable
thin film morphology for charge transport applications over their
linear counterparts. Branched derivatives form the most uniform
and smooth surfaces, whereas linear derivatives produce the
roughest, least uniform films.

"(Si30),SiPc displays the lowest OTFT performance of the
series due to a combination of poor film morphology (rough
surface, presence of large pinholes), presence of multiple
crystalline phases and a significant crystalline phase transition
upon thermal annealing. We attribute this effect of the long
linear siloxane chain to its high flexibility and number of
conformers that allow such a high degree of mixed crystalline
phases and reorganization. (Si,0),SiPc possesses chains having
less flexibility, and thus, the number of crystalline phases is
reduced and reorganization upon thermal annealing is less
apparent. Nevertheless, the presence of a smaller siloxane
chain seems to lead to less crystalline films and poorly uniform
crystalline texture. As a result, the iy, 5o Of (Si,0),SiPc-based
OTFTs is moderate (i avg = 7.2 x 10> cm® V™' s ') and reaches
a maximum with thermal annealing at 80 °C, the temperature
at which the smoothest film surface is obtained. Finally, both
derivatives having branched siloxane substituents, *°(Siz0),.
SiPc and (Si 0),SiPc, display the highest uy , Of the series;
exhibiting a large number of favorable characteristics for
efficient charge carrier transport: tight n-stacking, compatible
with 2D hopping transport, very high crystallinity, and excep-
tionally uniform crystalline texture as well as smooth and
uniform film morphology. *°(8i;0),SiPc outperforms (Siz0),.
SiPc by an order of magnitude in py, v While exhibiting a lower
Vr. This can be attributed to the mixed crystalline phases in
(Si40),SiPc thin films, which introduce additional energetic
barriers for charge carriers, and to the bulkier siloxane units,
which increase the spacing between stacked Pc rings and
thereby hinder charge injection from the electrode to the
channel.

Conclusion

In this study, a series of four siloxane-SiPc derivatives featuring
systematically varied siloxane chain length and branching were
synthesized and integrated into OTFTs to evaluate their semi-
conducting properties. To the best of our knowledge, this
represents the first synthesis of "(Siz0),SiPc and the first use
of (8i,0),SiPc, "(Si;0),SiPc, and (Si40),SiPc in OTFT devices.
Additionally, careful characterization of the thin film properties
was performed using AFM, 1D and 2D XRD as well as UPS. For
our series of siloxane-containing OSCs, we established design
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guidelines: chains must be sufficiently long to promote crystal-
lization and uniform films, while branching helps limit crystal-
line phase diversity and enables tighter mn-stacking. However,
the chains should remain as short as possible to minimize
spacing between stacked OSC planes separated by insulating
siloxane segments. The sweet spot, in this case, was obtained
with iso(Sig,O)ZSiPc with its two 1,1,1,3,5,5,5-heptamethyltri-
siloxan-3-ol axial substituents. This compound achieves an
average mobility above 1 cm® V™' s7*, which is almost 3 orders
of magnitude higher than "(Siz0),SiPc, its counterpart bearing
linear chains. We believe this work underlines the importance
of the choice of the side chain when designing a new OSC,
brings new comprehensive tools to understand, retrospectively,
the efficiency of OSCs bearing 1,1,1,3,5,5,5-heptamethyltri-
siloxan-3-ol substituents and provides to the community clear
design rules to build new highly efficient OSCs containing
siloxane solubilizing chains.
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