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ABSTRACT

Tin (IV) phthalocyanines (SnPcs) are promising candidates for low-cost organic electronic devices, and 

have been employed in organic photovoltaics (OPVs) and organic thin-film transistors (OTFTs). 

However, they remain relatively understudied compared to their silicon phthalocyanine (SiPc) analogues. 

Previously, we reported the first solution processed SnPc semiconductors for OTFTs and OPVs, however 

the performances of these derivatives was unexpected. Herein to further study the behaviour of these 

derivatives in OPVs and OTFTs, we report the synthesis along with optical and thermal characterization 

of seven axially-substituted (OR)2-SnPcs, five of which were synthesized for the first time. Density 

functional theory (DFT) was used to predict charge carrier mobilities for our materials in their crystal 

state. The application of these SnPc as ternary additives in poly(3-hexylthiophene) (P3HT)/phenyl-C61-

butyric acid methyl ester (PC61BM) OPVs and as semiconductors in solution processed n-type OTFTs 

was also investigated. When employed as ternary additives in OPVs, all (OR)2-SnPcs decreased power 

conversion efficiency, open-circuit voltage, short circuit current, and fill factor. However, in OTFTs, 

four of the seven materials exhibited greater electron field-effect mobility with similar threshold voltages 

compared to their previously studied SiPcs analogues. Among these SnPcs, bis(triisobutylsilyl oxide) 

SnPc displayed the greatest electron field-effect mobility of 0.014 cm2 V-1 s-1, with a threshold voltage 

of 31.4 V when incorporated into OTFTs. This difference in electrical performance between OTFT and 

OPV devices was attributed to the low photostability of SnPcs. 
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INTRODUCTION

Metal and metalloid phthalocyanines (MPcs) are stable and abundant dyes that have been 

employed as commercial pigments and photoreceptors for over four decades.1 MPcs also represent a 

versatile class of semiconductors that exhibit high chemical and thermal stability, large extinction 

coefficients, and excellent charge carrier mobilities.2 While MPcs with divalent metal centers such as 

zinc and copper phthalocyanine (ZnPc and CuPc) have been widely reported as active materials in 

organic electronic devices,2,3 MPcs with tetravalent metal centers, such as silicon and tin phthalocyanines 

(SiPcs and SnPcs), remain relatively unexplored. SiPcs and SnPcs have two axial bonds available for 

chemical modification, providing additional chemical handles to these materials, and facilitate tuning of 

their chemical and solid state properties.1,4–6 SiPcs have recently attracted significant interest as the active 

material in several emerging applications, such as organic light emitting diodes (OLEDs),4,7,8 organic 

photovoltaics (OPVs),9–12 organic thin-film transistors (OTFTs),13,14 photopolymerization15,16 and even 

photodynamic therapy.17–19 SnPcs share many of the above listed attractive properties of SiPcs, with the 

added advantage of more facile and higher-yielding synthesis and purification, as illustrated in Figure 1, 

making them more desirable candidates for low-cost organic electronic devices.1,4–6,20

Figure 1. Traditional routes for the synthesis of tetravalent Cl2-SnPc (blue) and Cl2-SiPc (pink).
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In OPV devices, divalent Sn(II)Pcs have found applications as donors due to their narrow 

bandgap and p-type conductivity.21–25 However, there are only a few reports investigating n-type 

tetravalent Sn(IV)Pcs in OPVs. Two axially-substituted SnPcs ((OR)2-SnPcs) have been employed as 

ternary additives in poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PC61BM) 

OPVs.26 While these two derivatives were able to extend the light absorption range of devices, they led 

to a reduction in the P3HT/PC61BM contribution to the current density, lowering the overall OPV 

efficiency. This is in contrast to the performance of OPVs incorporating tetravalent SiPcs, which have 

been demonstrated to improve device performances and stability.6,27–30 The authors proposed that the 

film nano-morphology was the reason for these poor performances; however, more research involving 

additional derivatives is needed to demonstrate if (OR)2-SnPcs with different axial substituents can 

circumvent these issues.26

OTFTs are critical components for many emerging electronic applications, such as wearable 

electronics,31 flexible displays,32,33 and complementary inverter circuits.34 Similar to SiPcs, Sn(IV)Pc 

semiconductors typically exhibit n-type characteristics. Despite their similar structures and less 

complicated synthesis there are only a few examples of SnPc OTFTs reported in literature, the majority 

of which were fabricated through vapour deposition of the thin-films from solid materials due to poor 

solubility.35–37 Axially-substituted dichloro tin phthalocyanine (Cl2-SnPc)36 and tin phthalocyanine oxide 

(SnOPc)35 have exhibited electron mobilities (μe) of 0.30 cm2 V-1 s-1 and 0.44 cm2 V-1 s-1, respectively, 

in vapour deposited OTFTs. To fully realize low-cost OTFTs, solution processable SnPc derivatives are 

required. Non-conjugated side chains, including substituted alkyl chains, have been extensively 

demonstrated to improve the solution processability of a variety of polymer38–40 and small molecule41–43 

semiconductors by increasing solubility while still allowing for close intermolecular packing. To the best 

of our knowledge, the sole example of solution processed SnPcs are axially-substituted bis(tri-n-

hexylsilyl oxide) SnPc ((3HS)2-SnPc) and bis(tri-n-butylsilyl oxide) SnPc ((3BS)2-SnPc).26 In this 
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original study we found that when used as ternary additives in OPVs both (3HS)2-SnPc and (3BS)2-SnPc 

reduced the overall device efficiency, which we hypothesized was due to their preference for 

crystallization and phase separation.26 We recently developed a variety of n-type solution processable 

(OR)2-SiPcs which were successfully incorporated into both OPV30 and OTFT44 devices, and we 

hypothesize similar functionalization will provide additional insight into the improvement of solution 

processed SnPcs. More specifically, we found that when matching the solubility of  the (OR)2-SiPcs 

ternary additives with poly(3-hexylthiophene) (P3HT) the most significant in OPV performance 

enhancement was observed.30 Therefore, by tuning the solubility of the SnPc derivatives through axial 

functionalization we should improve its OPV performance enhancement as a ternary additive. 

To that end, we herein report the design and synthesis of seven tetravalent SnPcs functionalized 

with a range of silanes in the axial position (Figure 2). Of these derivatives, SnPc-5 and SnPc-6 are 

previously reported,26 and four of the five novel derivatives were successfully isolated as highly-soluble 

molecules, with SnPc-3 degrading during train sublimation. The optical and thermal properties of all 

seven MPcs were characterized, and crystal structures were obtained for SnPc-1 (CCDC# 2038511), 

SnPc-2 (CCDC# 038512), SnPc-4 (CCDC# 2038510), SnPc-5 (CCDC# 1522758)26, SnPc-6 (CCDC# 

1884805)26 and SnPc-7 (CCDC# 2038509). Density functional theory (DFT) was utilized to calculate 

theoretical HOMO and LUMO energy levels, as well as predict charge carrier mobilities for our (OR)2-

SnPc derivatives. The SnPcs were employed as ternary additives in P3HT/PC61BM OPVs and in bottom-

gate top-contact (BGTC) OTFTs. Additionally, the photostability of this class of compounds when used 

in organic electronic device applications was investigated through electrical characterization of OTFTs 

under illumination. The structural similarities between SnPcs and SiPcs allowed us to directly compare 

our results with the previously-reported SiPc analogues,26 allowing us to not only expand the application 

of tetravalent SnPcs as low-cost n-type semiconductors, but also identify the limitations in relation to 

other MPc derivatives.
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Figure 2. Axially substituted (OR)2-SnPcs synthesized and characterized in the present study.

EXPERIMENTAL SECTION

Materials 

Thexyldimethylchlorosilane (>95%), n-octyldimethylchlorosilane (>95%), n-

dodecyldimethylchlorosilane (>95%), tri-n-ethylchlorosilane (>95%), tri-n-butylchlorosilane (>95%), 

tri-n-hexylchlorosilane (>95%) and n-octyldiisopropylchlorosilane (>95%) were purchased from Gelest 

and used without further purification. Poly(3-hexylthiophene) (MW = 75 kDa, 96% regioregular) was 

purchased from Rieke Metals and phenyl-C61-butyric acid methyl ester from Nano-C. Solvents were 

purchased from commercial suppliers and used as received, unless otherwise specified. 

Synthesis

Dichloro tin phthalocyanine (Cl2-SnPc)45 was synthesized according to literature procedures with 

minor modifications. Quinoline (10 mL) and phthalonitrile (5.0 g, 39 mmol) were charged into a 100 mL 

round-bottom flask and purged with nitrogen for 30 min to remove oxygen and moisture. SnCl4 (1.2 mL, 

10 mmol) was added to the mixture through a rubber septum and heated at 220˚C for 2 hrs, with constant 

stirring. The reaction mixture was allowed to cool to 180˚C before the dark-blue powder was isolated by 

hot filtration and washed with additional quinoline (20 mL), acetone (50 mL) and methanol (100 mL) 

until the filtrate was clear (67% yield).
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7

The general synthetic procedure for axially-functionalized (OR)2-SnPcs (Figure 2) is analogous 

to the previously reported functionalization of SiPcs.26 A 50 mL flask was charged with Cl2-SnPc (1.0 g, 

1.4 mmol), chlorobenzene (10 mL), Aliquat HTA-1 (0.015 g, 0.040 ml), trialkylchlorosilane (5.3 mmol), 

and sodium hydroxide (0.31g, 7.7 mmol) and stirred under reflux (132˚C). A second addition of 

trialkylchlorosilane (1.68 mmol) was added to the mixture through a rubber septum after 1 h, and the 

mixture was allowed to reflux for an additional hour. Additional sodium hydroxide (0.12 g, 3.0 mmol) 

and trialkylchlorosilane (1.68 mmol) were added to the mixture and the reaction was allowed to reflux 

for an additional 4 hrs before being removed from heat. The dark-teal solution was filtered to remove 

unreacted solids, and the solvent was removed under reduced pressure. Methanol was added to precipitate 

the desired product, which was isolated upon filtration by gravity, washed with methanol (70 mL) and 

dried under reduced pressure. The novel SnPcs were purified via train sublimation (180˚C to 250˚C, 130 

mTorr) before their incorporation into OPVs and OTFTs. Reported yields were calculated for the purified 

product after sublimation, unless otherwise specified. 

SnPc-1, Bis(thexyldimethylsilyl oxide) tin phthalocyanine: Yield: 0.51 g (37%). 1H NMR (CDCl3, 400 

MHz): δ = 9.62 – 9.68 (m, 8 H), 8.32 – 8.38 (m, 8H), -0.62 – -0.55 (m, 2 H), -1.02 – -0.98 (d, 12 H), -

1.26 – -1.24 ppm (s, 12 H), -2.85 – -2.90 ppm (s, 12H). 13C NMR (CDCl3, 100 MHz): δ = 150, 137, 131, 

124, 33, 23, 18, 16, -4 ppm. MS (EI): m/z calcd for C48H56N8O2Si2Sn: 950.29; found: 950.3. 

SnPc-2, Bis(n-octyldimethylsilyl oxide) tin phthalocyanine: Yield: 0.22 g (15%). 1H NMR (CDCl3, 400 

MHz): δ = 9.62 – 9.68 (m, 8 H), 8.32 – 8.38 (m, 8H), 1.12 – 1.27 (m, 4 H), 0.93 – 1.06 (m, 4 H), 0.83 – 

0.91 (t, 6H), 0.68 – 0.79 (m, 4H), 0.25 – 0.37 (m, 4H), -0.23 – -0.10 (m, 4H), -1.17 – -1.05 ppm (m, 4H), 

-2.17 – -2.23 ppm (t, 4H), -2.73 – -2.77 ppm (s, 12H). 13C NMR (CDCl3, 100 MHz): δ = 150, 137, 131, 

124, 32 (2), 29, 23, 21, 15, 14, -2 ppm. MS (EI): m/z calcd for C52H64N8O2Si2Sn: 1006.36; found: 1006.4. 
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SnPc-3, Bis(n-dodecyldimethylsilyl oxide) tin phthalocyanine: Crude quantity: 0.12 g (9%). Crude 1H 

NMR (CDCl3, 400 MHz): δ = 9.62 – 9.68 (m, 8 H), 8.32 – 8.38 (m, 8H), 0.94 – 1.06 (m, 4 H), 0.79 – 

0.94 (m, 26H), 0.66 – 0.78 (m, 4H), 0.25 – 0.36 (m, 4H), -0.23 – -0.11 (m, 4H), -1.17 – -1.03 ppm (m, 

4H). Pure compound could not be isolated due to degradation during train sublimation, and therefore was 

not employed in devices nor further characterized.

SnPc-4, Bis(triisobutylsilyl oxide) tin phthalocyanine: Yield: 0.65 g (43%). 1H NMR (CDCl3, 400 MHz): 

δ = 9.62 – 9.68 (m, 8 H), 8.32 – 8.38 (m, 8H), -0.62 – -0.55 (d, 36H), -0.81 – -0.71 ppm (m, 6H), -2.28 

– -2.32 ppm (d, 12H). 13C NMR (CDCl3, 100 MHz): δ = 150, 137, 131, 124, 26, 24, 22 ppm. MS (EI): 

m/z calcd for C56H72N8O2Si2Sn: 1062.42; found: 1062.4. 

SnPc-7, Bis(diisopropyloctylsilyl oxide) tin phthalocyanine: Yield: 1 g (62%). 1H NMR (CDCl3, 400 

MHz): δ = 9.62 – 9.68 (m, 8 H), 8.32 – 8.38 (m, 8H), 1.21 – 1.33 (m, 4H), 1.04 – 1.16 (m, 4 H), 0.90 – 

0.97 (t, 6H), 0.83 – 0.92 (m, 4H), 0.39 – 0.52 (m, 4H), 0.02 – 0.15 (m, 4H), -1.18 – -1.07 (m, 4H), -

1.23 – -1.16 (d, 6H), -1.35 – -1.25 (d, 6H), -1.87 – -1.74 ppm (m, 4H), -2.32 – -2.39 ppm (m, 4H). 13C 

NMR (CDCl3, 100 MHz): δ = 150, 137, 131, 124, 33, 32, 29, 28, 22, 21, 15, 14, 11, 10 ppm. MS (EI): 

m/z calcd for C60H80N8O2Si2Sn: 1118.43; found: 1117.5. 

Bis(tri-n-butylsilyl oxide) tin phthalocyanine (SnPc-5) and bis(tri-n-hexylsilyl oxide) tin 

phthalocyanine (SnPc-6) were synthesized according to previously reported procedures.26 

Characterization

Molecular absorption spectroscopy (UV-Vis) spectra of all (OR)2-SnPc compounds were 

obtained from 0.5 mg mL-1 solutions in dichloromethane (DCM), using an OceanView spectrometer, 

with data collected from 300 – 800 nm. Cyclic voltammetry (CV) and spectropotentiometry (SP) 

measurements were carried out with a VersaSTAT 3 potentiostat, using a polished platinum disc, an 

Ag/AgCl electrode and a platinum wire as the working, reference, and counter electrodes, respectively. 
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9

For CV analysis, the (OR)2-SnPcs were dissolved in DCM under stirring, tetrabutylammonium 

permanganate was used as the electrolyte and a scanning rate of 100 mV s-1 was applied. The empirical 

correlation given by EHOMO (eV) = -(Eox,onset - Eox Fc/Fc+,onset) - 4.80 eV was employed to estimate HOMO 

energy, where Eox,onset and EoxFc/Fc+,onset are the onset oxidation potentials of the sample and of the 

ferrocene standard, respectively.46 Thermogravimetric analyses (TGA) were carried out in a nitrogen 

atmosphere using a TA Instruments Q5000 TGA; samples were heated from 25 – 400˚C at a rate of 5˚C 

min-1. Degradation temperatures (Td) were defined by the 5% mass loss cut-off point. Differential 

scanning calorimetry (DSC) was performed in a TA Instruments Q2000, in three cycles from 0 – 250˚C 

(or at max 30˚C below the Td) and at a heating/cooling rate of 5˚C min-1.

Quantum Chemical Calculations

Quantum chemical calculations were performed using the same computational procedures as used 

in our previous works.26,44,47 Geometry optimizations and calculations of the molecular energy levels 

were carried out at the DFT level with the B3LYP exchange-correlation functional, using the Gaussian16 

program package.48 The 6-31G(d) basis set was used for all atoms except Sn, for which the double-ζ-

split-valence + polarization (DZVP) basis set was employed.49 Internal reorganization energies (λ) were 

calculated at the same level of approximation using the expression derived from the four-point adiabatic 

potential approach.50 Electron affinities were obtained as differences between the total energy of the 

negatively charged and neutral molecules at their respective optimized gas phase geometries. B3LYP/6-

31G(d)/DZVP time-dependent (TD) DFT calculations were also carried out to obtain the energies and 

strengths of the transition toward the two degenerate optically-allowed excited states of isolated 

molecules. 

The electronic couplings (transfer integrals) between nearest-neighbor SnPc pairs in crystal 

structures were computed using a fragment orbital approach in combination with a basis set 

orthogonalization procedure.51 Except for SnPc-7, in which significant distortion of the aromatic core is 
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observed in the crystalline state, the strict degeneracy of the two lowest-unoccupied molecular orbitals 

(MOs) was assumed for all materials, in line with previous reports.47 The MOs used for evaluating the 

transfer integrals were obtained from DFT/B3LYP calculations as implemented in the Orca software,52 

using again the DZVP and 6-31G(d) basis sets for Sn and other atoms, respectively. 

Finally, the relative electron mobilities along the crystal axes i = a, b, c were evaluated at zero 

electric field using the following expression in which the energetic disorder in the transport level energies 

is neglected:

𝜇𝑖 =
𝑞
ℎ( 𝜋

𝑘𝐵𝑇)3/2 1
𝜆exp ( ―

𝜆
4𝑘𝐵𝑇)∑

𝑘
𝐽2

𝑘(𝑟𝑘 ∙ 𝑒𝑖)2 (1)

In Equation 1, T = 300 K and the sum runs over all pairs of molecular neighbours separated by the 

distance vector  and  is a cell axis unit vector. Constants q, h and kB are respectively the elementary 𝑟𝑘 𝑒𝑖

charge, the Planck and Boltzmann constants.

OPV Fabrication and Characterization

OPV devices were fabricated on indium-tin oxide (ITO) coated glass (1 in x 1 in) onto which a 

zinc oxide electron transport layer was deposited by spin-coating a solution of zinc acetate dihydrate 

(0.196 g) and ethanolamine (0.054 mL) in ethanol (6.0 mL) at 2000 RPM for 1 min. The coated substrate 

was annealed in air at 180˚C for 1 h, then immediately transferred into a nitrogen glovebox where the 

remainder of the preparation was carried out. A solution of P3HT (20 mg mL-1), PC61BM (16 mg mL-1) 

and (OR)2-SiPc (at 3.8%) was spin-coated at 1000 RPM for 35 s to form the active layer, which was 

allowed to dry at room temperature in a nitrogen environment before being transferred to an evaporation 

chamber. Electrodes comprised of MoO3 (7 nm) and silver (70 nm) were deposited through physical 

vapour deposition (P < 2 x 10-6 torr) using an Angstrom EvoVac thermal evaporator to form five 

individual 0.32 cm2 OPV devices per substrate, defined by shadow masks. 
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11

Current density vs. voltage curves were obtained (in a nitrogen environment) with a Keithley 

2400, using a 1000 W m-2 AM1.5 xenon lamp for illumination. 

OTFT Fabrication

N-doped silicon substrates (15 mm x 20 mm) with a 300 nm thermally grown silicon oxide (SiO2) 

dielectric layer were purchased from Ossila. Substrates were cleaned by sequential sonication baths of 

soapy water, distilled water, acetone and methanol for 5 min each, then dried with nitrogen gas. 

Substrates were then treated with air plasma for 15 min, before being rinsed with distilled water and 

isopropanol, and subjected to a surface treatment of 1% v/v octyltrichlorosilane (OTS) in toluene by 

submersion in solution for 24 hrs at 70˚C. After removal from the OTS solution, substrates were rinsed 

with toluene and isopropanol and dried in a vacuum oven at 70˚C for 1 h. (OR)2-SnPc solutions were 

prepared in a nitrogen filled glovebox at a concentration of 10 mg mL-1 in chloroform (CHCl3) and heated 

at 50˚C for 1 h. The solutions were then filtered through 0.2 μm pore size PTFE membranes, and 

deposited onto the OTS-treated substrates by spin-coating 60 μL of solution at 1500 RPM for 90 s. The 

films were then either annealed at 100˚C under vacuum for 1 h or left to dry at room temperature in 

nitrogen. Electrodes were deposited via physical vapour deposition (P < 2 x 10-6 torr) with an Angstrom 

EvoVac thermal evaporator; electrodes were comprised of 10 nm of manganese and 50 nm of silver, 

deposited at target rates of 0.5 Å s-1 and 1.0 Å s-1, respectively.13 Shadow masks with a channel width of 

1000 µm and length of 30 µm were used, creating twenty individual transistors per substrate. (OR)2-SiPc 

devices used for testing photochemical stability were fabricated in an identical manner.

OTFT Characterization

Electrical characterization of OTFTs was completed using a custom-built automatic multi-tester, 

consisting of 48 nickel probe tips plated with 20 nm of gold. The probe tips simultaneously make contact 

with the source-drain electrodes of the individual transistors, along with the gate electrode. Electrical 
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12

characterization was performed on forty individual transistors (across two substrates per (OR)2-SnPc). 

The multi-tester was kept in a nitrogen filled glovebox for the duration of characterization. The multi-

tester introduces an approximate resistance of 750 mΩ to the testing apparatus. A Keithley 2614B and a 

MCC USB DAQ were used to control the source-drain voltage (VSD) and gate voltage (VGS) to obtain 

source-drain current (ISD) measurements. The VSD was set constant to 50 V and the VGS varied to obtain 

ISD measurements in order to determine the saturation regime field-effect mobility (µe), threshold voltage 

(VT), and on/off current ratio (Ion/off). Equation 2 was used to relate µe and VT to VGS and ISD 

measurements.

𝐼𝑆𝐷 =
𝜇𝑒𝐶𝑖𝑊

2𝐿
(𝑉𝐺𝑆 ― 𝑉𝑇)2 (2)

Here, W is the channel width (1000 µm), L is the channel length (30 µm), and Ci is the capacitance 

density. The capacitance density was calculated by the following equation:

𝐶𝑖 =
𝜀0𝜀𝑟

𝑡
(3)

where t is the thickness of the dielectric (300 nm), and εr is the relative dielectric constant of SiO2 (3.9). 

To determine µe and VT, a linear relationship between ISD and VGS was obtained by taking the square root 

of Equation 2 as shown by Equation 4.

𝐼𝑆𝐷 =
𝜇𝑒𝐶𝑖𝑊

2𝐿
(𝑉𝐺𝑆 ― 𝑉𝑇) (4)

By plotting  versus VGS, µe and VT were determined by the slope and x-intercept, respectively. Lastly, 𝐼𝑆𝐷

the Ion/off is defined as the ratio of the highest and lowest currents measured in the characterized VGS range.

Interfacial Charge Trap Density 

The interfacial charge trap density was calculated using the subthreshold swing estimated by the 

subthreshold region of the characteristic transfer curves of each material.  The interface charge trap 

density (Ni) was calculated by the following equation:53
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𝑁𝑖 = ( 𝑆𝑞
𝑘𝐵𝑇𝑙𝑛10 ― 1)𝐶𝑖

𝑞 (5)

where S is the subthreshold swing, q is the elemental charge, kB is the Boltzmann’s constant, and T is the 

temperature.53,54

OTFT Photostability Characterization

Photostability characterization of OTFTs were performed in a controlled nitrogen filled glovebox 

using a Kiethley 2400 under illumination from an AM1.5 solar simulator with a xenon lamp, calibrated 

with a silicon reference cell (Abet 15150) to 1000 W m-2. OTFTs were sequentially characterized as 

described above after 15, 30, and 45 min of light exposure, with baseline characterization performed 

using unexposed devices kept under ambient lighting. 

XRD

XRD measurements of thin-films were obtained using a Rigaku Ultima IV powder diffractometer 

with a Cu Kα (λ = 1.5418 Å) source. Measurements were taken directly from thin-films deposited on 

silicon substrates with a scan range of 3° < 2θ < 15°, and a rate of 0.5° min-1 with no spin.

The interplanar spacing (d-spacing) between lattice plans was calculated using Bragg’s Law 

shown by the following equation.

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (6)

Where λ is the wavelength of the incident wave equal to 1.54056 Å, d is the spacing between planes, θ 

is the angle of incidence in degrees, and n is a positive integer equal to 1 for this study.  

AFM

AFM images were taken using a Bruker Dimension Icon AFM with ScanAsyst-Air tips. 

ScanAsyst mode was used to collect all images with a scan rate of 1 Hz. NanoScope Analysis v.1.8 

software was used for all image processing and editing.
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RESULTS AND DISCUSSION

Synthesis and Characterization

The five novel (OR)2-SnPcs (Figure 2) were synthesized and their molecular structures 

characterized as described in the Experimental Section. Overall yields, starting from SnCl4 to final 

purified materials isolated for incorporation into electronic devices, ranged from 15 – 60 wt%. The only 

exception was for SnPc-3, which could not be successfully purified by train sublimation due to a low 

degradation temperature, which will be elaborated upon below. The optical, electrochemical and thermal 

properties of the (OR)2-SnPcs are summarized Table 1. All compounds have nearly identical UV-Vis 

spectra in dichloromethane (DCM) (Figure S2) and oxidation potential onsets of approximately 1.12 V, 

as measured by CV (Figure S3). The voltammograms show that the (OR)2-SnPcs have two oxidation 

events and only one reduction, exhibiting a noticeable difference in the intensities of the opposite redox 

peaks. Using these results and the empirical correlation EHOMO (eV) = -(Eox,onset - Eox Fc/Fc+,onset) - 4.80 

eV,46 the HOMO and LUMO levels of the (OR)2-SnPcs have all been estimated to be around -5.5 and -

3.7 eV, respectively, consistent with previously reported measurements,26 which is further evidence that 

the changes in length of the axial groups have a minimal effect on the bandgap (Eg) and electron affinity 

of  (OR)2-SnPcs. Additionally, the acquired voltammograms varied significantly after each cycle, 

indicating irreversible oxidation. While behavior has been described for unsubstituted SnPcs, where both 

anionic and cationic forms of the SnPc where observed after redox processes,55 it is in contrast to SiPcs, 

which have not been reported to undergo irreversible degradation at similar redox potentials.30

The thermal properties of the (OR)2-SnPcs were assessed using both TGA and DSC techniques 

(Figure S4, Figure S5 and Table 1). While the degradation temperature (Td) of (OR)2-SiPcs has been 

reported to be in the range of 300 – 400˚C,6,30 the Td of most of our (OR)2-SnPc derivatives are much 

lower, between 200 – 350˚C. The only exception is SnPc-3, which degrades at 194˚C and therefore could 
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not be purified by train sublimation; hence was not characterized further or incorporated into electrical 

devices. SnPc-2 had the second lowest measured Td of 213˚C and produced the lowest yield (15%), 

suggesting that the low yield might be related to its thermal sensitivity. Given the high thermal stability 

of the phthalocyanine ring (stable up to 400˚C),56 it is likely that the Sn-O bond in the metal center is not 

as stable at high temperatures as the Si-O bond  present in (OR)2-SiPcs. Moreover, it can be noticed that 

(OR)2-SnPcs substituted with branched silanes have higher thermal stability than their unbranched 

counterparts with identical MW (SnPc-3 compared to SnPc-7, and SnPc-4 compared to SnPc-5). In 

Figure S5, SnPc-7 was the only material to display a thermal event in the analysed DSC range: a 

hysteretic transition between 138˚C (cooling) and 167˚C (heating). The hysteresis could indicate liquid 

crystalline behaviour, however, more experiments are needed to confirm this hypothesis as it could also 

be simply an artifact due to supercooling. 

Table 1. Synthetic yields, optical, electrochemical and thermal characterization, as well as solubility in 
dichlorobenzene of the (OR)2-SnPcs.

Material Yield (%) λmax
a 

(nm)
Eg

 a 

(eV)
EOx

b 

(eV)
EHOMO

 c 

(eV)
ELUMO

 c 

(eV) Td (˚C)d Solubility
(mg mL-1)e

SnPc-1 37 683 1.77 1.11 -5.50 -3.73 348 12

SnPc-2 15 683 1.77 1.11 -5.50 -3.73 213 117

SnPc-3 9 - - - - - 194 -

SnPc-4 43 683 1.77 1.10 -5.49 -3.72 305 69

SnPc-5f 52 682 1.78 1.13 -5.52 -3.74 227 40

SnPc-6f 58 682 1.78 1.13 -5.52 -3.74 199 72

SnPc-7 63 682 1.78 1.12 -5.51 -3.73 241 248
a. absorbance peak measured in DCM solution; Eg = is the energy bandgap calculated from the peak onset
b. half wave potential of oxidation measured using an Ag/AgCl reference electrode and platinum rod working electrode in 
DCM solutions
c. EHOMO = is the HOMO energy level estimated using the empirical correlation EHOMO (eV) = -(Eox,onset - Eox Fc/Fc+,onset) - 
4.80. LUMO energy levels were determined from ELUMO = EHOMO +Eg.
d. degradation temperature defined as a 5% reduction in the sample mass
e. measured by filtering a saturated solution of the (OR)2-SnPc in dichlorobenzene and weighing solid content after solvent 
evaporation.
f. data from ref 26
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Quantum Chemical Calculations

Table 2 reports the electronic and absorption properties of individual molecules, as computed in 

the gas phase at the DFT level. Consistent with CV measurements, energy bandgaps and electron 

affinities weakly depend on the chemical nature of the axial groups. As shown previously for SnPc-5 

and SnPc-6,26 SnPc derivatives display HOMO and LUMO levels ∼ 0.2 eV deeper than their (OR)2-SiPc 

analogs, without significant change on the energy bandgaps. On the other hand, electron affinities of 

(OR)2-SnPc derivatives are larger by 0.3 eV than for (OR)2-SiPcs. Except for SnPc-5 and SnPc-6, SnPcs 

also exhibit slightly larger reorganization energies, which is expected to weaken the electron hopping 

rates and thus to be detrimental for charge transport. 

Since the nature of the axial substituent hardly affects the frontier energy levels, all compounds 

display similar S0 → S1 transition energies (ΔE01 ~ 2 eV) and oscillator strength (f01 ~ 0.35). DFT 

calculations also predict that the first absorption band in (OR)2-SnPc derivatives is slightly red-shifted 

(by ∼ 0.03 eV) compared to (OR)2-SiPc ones.44 The small impact on the absorption properties of the 

nature of the axial groups and of the metal/metalloid center is consistent with the fact that the frontier 

molecular orbitals involved in the two degenerate low-lying transitions are spread only over the 

phthalocyanine backbone, with no delocalization on core and axial substituents, as confirmed also by the 

electrochemical gaps reported in Table 1 and by the experimental absorption spectra shown in Figure 

S2.
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Table 2. DFT energy values of the HOMO, LUMO, LUMO+1, electron affinity (EA, obtained from 
differences in the total energies of the charged and neutral molecules in their optimized geometries), 
internal reorganization energies (λ) and TD-DFT vertical transition energies (ΔE01 and ΔE02) and 
oscillator strengths (f01 and f02) from the ground state (S0) towards the nearly-degenerate excited singlet 
states (S1 and S2), calculated at the B3LYP/6-31G(d) level. All energy values are given in eV.

Material EHOMO ELUMO ELUMO+1 EA ΔE01 (f01) ΔE02 (f02) λ

SnPc-1 -5.34 -3.19 -3.19 2.27 2.03 (0.352) 2.04 (0.350) 0.231

SnPc-2 -5.32 -3.17 -3.17 2.26 2.04 (0.361) 2.04 (0.358) 0.270

SnPc-4 -5.37 -3.23 -3.22 2.32 2.02 (0.337) 2.03 (0.336) 0.236

SnPc-5a -5.37 -3.23 -3.22 2.34 2.02 (0.349) 2.03 (0.339) 0.234

SnPc-6a -5.39 -3.26 -3.24 2.39 2.01 (0.359) 2.03 (0.338) 0.259

SnPc-7 -5.35 -3.20 -3.20 2.30 2.03 (0.347) 2.03 (0.347) 0.246
a. data from ref 26

Transfer integrals characterizing the electronic coupling between molecular neighbours in crystal 

structures can be found in Table S1. Crystals were grown by slow evaporation of (OR)2-SnPcs solutions 

in DCM. Note that single crystals were obtained only for SnPc-1, SnPc-4, SnPc-5, SnPc-6 and SnPc-7. 

As discussed above, SnPc-3 decomposed during sublimation and could not be purified, while only a 

solvated crystal was obtained for SnPc-2. In the case of SnPc-4, two different crystal structures were 

obtained (labelled SnPc-4a and SnPc-4b in Table S1). Single crystal XRD and XRD patterns of thin-

films suggest that both crystal structures of SnPc-4 are present in OTFT devices using the fabrication 

conditions of this study (Figure S6), given by the peak located at approximately 2θ = 8.5° with Miller 

indices of (0,1,-1). It is also worth stressing that charge-transport properties calculated for defect-free 

single crystals or for polycrystalline structures cannot be directly compared to experimental 

measurements performed on amorphous thin-films, in which charge carrier mobilities are impacted by 

spatial and energetic disorder induced by inhomogeneities, surface roughness or grain boundaries.57–59 

However, mobilities computed based on single crystal supramolecular arrangements may be considered 

as the maximum that is achievable for the intrinsic defect-free material, and thus as an upper limit to 
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experimentally measured mobilities, which are typically two orders of magnitude lower than single 

crystal ones in the case of polycrystalline thin-films. 

When calculated at the molecular geometries obtained from X-ray measurements, the LUMO and 

LUMO+1 are nearly degenerate (with energy differences all below 0.1 eV), with the notable exception 

of SnPc-7, for which the energy difference between the two MOs amounts to 0.6 eV. This important 

lifting of degeneracy originates from a significant geometrical distortion of the phthalocyanine backbone, 

evidenced by a much larger alternation in the C-N bond lengths as compared to the other materials 

(Figure S7). In all other compounds, the contribution of the two lowest vacant MOs largely strengthens 

the hopping rates between adjacent molecular sites, by offering two possible electronic couplings instead 

of a single one. 

Contrary to single molecule properties, transfer integrals strongly depend on the nature of 

peripheral substituents, since the latter are responsible for the relative positioning of neighboring 

molecules in the crystals. Within the (OR)2-SnPc series reported herein, SnPc-2 displays the largest 

electronic couplings (Jk = 64 and 47 meV along the (1/2, 0, 1/2) and (-1/2, 0, 1/2) directions, respectively), 

which are expected to give rise to efficient electron-conducting channels. The main coupling terms in 

SnPc-5 and SnPc-6 are two times lower (32 and 29 meV along the ± (1, 0, 0) and (1/2, 0,-1/2) directions, 

respectively), while SnPc-1, SnPc-4 and SnPc-7 exhibit the lowest coupling terms within the series. 

The large variations in the intermolecular couplings from one system to another strongly 

influence the magnitude and dimensionality of electron mobilities (Table 3). SnPc-2 displays the largest 

computed average mobility (µavg = 1.1 cm2 V-1 s-1), as well as nearly 3D charge transport properties in 

the crystalline phase, two features which in principle make it a promising candidate for the realization of 

high-performing organic semiconductors. Indeed, materials with multidimensional conductivity are 

prone to achieve charge transport over long distances, since the availability of multiple pathways makes 

those materials less sensitive to spatial defects. Crystal SnPc-5 has a mobility about 2.4 times smaller 
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than SnPc-2, but with a pronounced 2D character. SnPc-6 and SnPc-7 display similar average mobilities 

(µe ~ 0.2 cm2 V-1 s-1) but with different charge transport dimensionalities. Finally, SnPc-1 and SnPc-4 

present the lowest electron mobilities within the SnPc series. Noteworthy, with the exception of these 

last two compounds, (OR)2-SnPcs display larger mobilities than their (OR)2-SiPc analogues.44 

Table 3. Computed electron mobilities along a, b, c crystallographic directions (with maximum values 
in bold), average mobility (µavg = (µa + µb + µc) / 3), and dimensionality (D) of the electron transport (as 
defined in ref 47)

Material µa
(cm2 V-1 s-1)

µb
(cm2 V-1 s-1)

µc
(cm2 V-1 s-1)

µavg
(cm2 V-1 s-1) D

SnPc-1 0.011 0.098 0.108 0.072 2D

SnPc-2 0.651 0.329 2.329 1.103 2D

SnPc-4a 0.146 0.119 0.000 0.088 2D

SnPc-4b 0.018 0.095 0.061 0.058 2D

SnPc-5a 1.099 0.296 0.003 0.466 1D

SnPc-6a 0.270 0.071 0.307 0.216 2D

SnPc-7 0.482 0.127 0.020 0.210 1D
a. data from ref 26

Device Performance

Ternary organic photovoltaics (OPVs)

The six successfully synthesized (OR)2-SnPcs were incorporated into P3HT/PC61BM OPV 

devices at 3.7% concentration, which parallels previous experiments adding (OR)2-SiPc to 

P3HT/PC61BM ternary BHJ OPV devices,26 allowing a direct comparison of the performance between 

the two families of phthalocyanines. The HOMO/LUMO levels of the (OR)2-SnPcs are in between those 

of P3HT and PC61BM, and therefore should be well suited for ternary additive applications.  However, 

as shown in Table 4, incorporation of all (OR)2-SnPcs resulted in a moderate decrease in overall device 

performance, a substantially different result compared to previously reported (OR)2-SiPcs,30 which were 

shown to greatly improve current and power conversion efficiency (PCE) in almost all cases. An 

illustrative comparison is shown in Figure 3 between the P3HT/PC61BM baseline device, a ternary 
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device made using SnPc-6, and the analogous ternary device made with SiPc-6 derivative (published in 

a previous report),30 both at the same additive concentration of 3.7%. Clearly the addition of SiPc-6 

improves device performance while the addition of the SnPc-6 hinders it. Furthermore, EQE curves 

(Figure 3c) show that, while (OR)2-SnPc additives extend the absorption range beyond 700 nm, the 

intensity of the P3HT/PC61BM contribution (350 – 600 nm) is reduced, which is not observed with the 

addition of (OR)2-SiPcs. The structure, solubility and optoelectronic properties of both classes of (OR)2-

SnPc and (OR)2-SiPcs30 are very similar and therefore does not explain the disparity in their effectiveness 

as ternary additives. In previous work,26 where only SnPc-5 and SnPc-6 were assessed, the addition of 

(OR)2-SnPc additives also led to a decrease in device performance, which was hypothesized to be a result 

of poor film morphology. However, this persistent device performance hindrance observed for all (OR)2-

SnPc derivatives, combined with the demonstrated irreversible redox processes in the CV analysis, 

discredits our previous hypothesis, and points to a fundamental instability of (OR)2-SnPc when involved 

in redox reactions, which will be elaborated upon below. 

Table 4. Current density - voltage results for all assembled OPVs, including PCE, open circuit voltage 
(VOC), short circuit current (JSC) and fill factor (FF).

Devicea PCEb (%) Vocb (V) Jscb (mA cm-2) FFb

Baseline 2.78± 0.11 0.52 ± 0.01 9.59± 0.37 0.56 ± 0.01

SnPc-1 1.17 ± 0.21 0.45 ± 0.01 6.47 ± 1.00 0.40 ± 0.00

SnPc-2 1.14 ± 0.07 0.41 ± 0.01 7.03 ± 0.35 0.40 ± 0.00

SnPc-4 1.94 ± 0.09 0.46 ± 0.00 9.22 ± 0.22 0.46 ± 0.01

SnPc-5 2.01 ± 0.03 0.47 ± 0.01 8.85 ± 0.09 0.48 ± 0.00

SnPc-6 2.04 ± 0.07 0.48 ± 0.00 9.20 ± 0.16 0.47 ± 0.00

SnPc-7 1.90 ± 0.05 0.46 ± 0.00 8.84 ± 0.21 0.46 ± 0.00
a. active layer composed of P3HT:PCBM:(OR)2-SnPc (3.78%), spin-coated at 1000 RPM, dried in nitrogen, no annealing
b. values calculated from I-V curves, average of five devices, 1000 W m-2 irradiation power
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Figure 3. (a) OPV device structure and energy levels, (b) comparison between I-V curves, and (c) EQE 
curves of ternary OPV devices containing SnPc-6 or the analogous SiPc-6 additive30 and P3HT/PC61BM 
baseline (no additive).

Organic thin-film transistors (OTFTs)

OTFTs were fabricated using SnPc-1, SnPc-2, SnPc-4, SnPc-5, SnPc-6 and SnPc-7 (Figure 2) 

as the semiconductor. Device characterization was performed at room temperature in a controlled 

nitrogen environment to determine μe (Equation 4), VT, and Ion/off. Figure 4 depicts example transfer 

curves for all characterized materials for annealed devices, with forward and reverse transfer curves 

displayed in Figure S10 and output curves displayed in Figure S11. 
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Figure 4. (a) Structure and energy levels of the semiconductors and electrodes,60 and (b) example transfer 
curves of all (OR)2-SnPc transistors characterized at room temperature in nitrogen. (OR)2-SnPc films 
were spun from chloroform at 1500 RPM for 90 s and annealed at 100˚C for 1 h.

Table 5 summarizes the electrical characteristics of OTFTs with non-annealed and annealed thin-

films. Annealing the (OR)2-SnPc films at 100˚C had no significant effect on OTFT performance, with μe 

and VT differences remaining within the calculated standard deviation of each material. Annealed films 

of SnPc-4, SnPc-5, SnPc-6, and SnPc-7 all displayed similar semiconducting characteristics with small 

variations in μe, VT in the range of 24.6 – 31.4 V, and an Ion/off of 104. Material SnPc-4 exhibited the 

highest maximum μe of 1.40 x 10-2 cm2 V-1 s-1 with an average μe of 4.66 x 10-3 cm2 V-1 s-1 for annealed 

films, but also a relatively high VT of 31.4 V. Of the six (OR)2-SnPcs investigated in devices, materials 

SnPc-1 and SnPc-2 resulted in the worst electrical performances in OTFTs, with SnPc-1 having the 

lowest maximum and average μe for both annealed and non-annealed devices. Although SnPc-2 

displayed average μe comparable to the other (OR)2-SnPcs (1.46 x 10-3 cm2 V-1 s-1), 2 exhibited the 

highest VT of 52.6 V with very low Ion/off. The high VT of these OTFTs is likely a cause of high contact 

resistance potentially due to a number of factors including the difference between the LUMO of the 

(OR)2-SnPcs and the work function of the source-drain electrodes, the creation of interfacial dipoles, and 
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the presence of charge traps at the (OR)2-SnPc-electrode interface.13 A number of strategies are available 

to reduce the contact resistance of OTFTs by lowering the injection barrier through contact interlayer 

and electrode material engineering.13  However, to demonstrate a comparison between SiPc based OTFT 

devices and SnPc based OTFT devices identical device configuration and processing conditions must be 

used. Finally, the axial groups on the phthalocyanines play a role on the VT of devices, increasing the 

electron-withdrawing character of the axial pendant groups leads to a drop in VT.61  
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Table 5. Summary of BGTC (OR)2-SnPc and (OR)2-SiPc transistor characteristics, measured at room 
temperature in a nitrogen atmosphere. Averages were calculated from forty unique transistors.
(OR)2-SnPc Data

Material Annealing 
Temp (˚C)

µe, max
a

(x 10-2 cm2 V-1 s-1)
µe, avg

b

(x 10-2 cm2 V-1 s-1)
VT

c

(V) Ion/off
d

25 0.05438 0.0383 ± 0.010 26.8 ± 3.3 103
SnPc-1

100 0.0187 0.0153 ± 0.0014 21.7 ± 4.6 103

25 0.246 0.174 ± 0.047 48.3 ± 3.8 100
SnPc-2

100 0.225 0.146 ± 0.035 52.6 ± 2.8 100

25 1.14 0.245 ± 0.050 33.8 ± 1.2 104
SnPc-4

100 1.40 0.466 ± 0.23 31.4 ± 0.85 104

25 0.924 0.407 ± 0.041 26.4 ± 3.6 104
SnPc-5

100 0.340 0.200 ± 0.068 24.6 ± 6.5 104

25 0.819 0.208 ± 0.028 27.6 ± 4.4 104
SnPc-6

100 0.393 0.300 ± 0.089 27.2 ± 7.6 104

25 1.09 0.716 ± 0.14 31.9 ± 2.9 102
SnPc-7

100 0.248 0.156 ± 0.049 25.6 ± 5.8 104

(OR)2-SiPc Datae

Material Annealing 
Temp (˚C)

µe, max
a

(x 10-2 cm2 V-1 s-1)
µe, avg

b

(x 10-2 cm2 V-1 s-1)
VT

c

(V) Ion/off
d

25 0.208 0.137 ± 0.044 27.3 ± 1.6 104
SiPc-1

100 0.247 0.175 ± 0.025 24.9 ± 2.0 103

25 0.0322 0.0171 ± 0.0079 43.1 ± 1.2 102
SiPc-2

100 0.0321 0.0151 ± 0.014 42.4 ± 9.4 103

25 0.141 0.0820 ± 0.021 22.8 ± 2.4 104
SiPc-4

100 0.202 0.163 ± 0.023 16.8 ± 2.4 104

25 0.888 0.734 ± 0.094 32.6 ± 3.5 105
SiPc-5

100 4.34 2.80 ± 0.53 17.6 ± 2.3 105

25 -f -f -f -f
SiPc-6

100 -f -f -f -f

25 0.0405 0.0284 ± 0.0091 39.1 ± 0.8 103
SiPc-7

100 0.0356 0.0111 ± 0.0023 30.6 ± 8.2 103

a. maximum saturation regime electron field-effect mobility (µe, max)
b. mean saturation regime electron field-effect mobility (µe, avg)
c. mean threshold voltage (VT)
d. on/off current ratio (Ion/off)
e. data from ref 44 
f. non-functional device
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Comparison of the DFT-calculated mobilities (Table 3) with experimentally found average μe in 

Table 5 shows, in general, similar trends. DFT modeling predicted that materials SnPc-5, SnPc-6 and 

SnPc-7 would have similar μe values, and material SnPc-1 was predicted to have the lowest μe value, all 

of which was observed experimentally. The biggest discrepancy was observed for material SnPc-2, 

which was predicted to have the largest mobility but instead resulted in devices with the second lowest 

performance. 

In a previous report, the effect of axial substituents shown in Figure 2 were studied using (OR)2-

SiPcs with identical axial groups, and characterized in OTFTs using the same fabrication conditions and 

architecture as the current study (Table 5).44 Four of the six SnPcs (SnPc-2, SnPc-4, SnPc-6, and SnPc-

7) displayed higher μe with similar VT values compared to their (OR)2-SiPc counterparts (SiPc-2, SiPc-

4, SiPc-6, and SiPc-7);44 SnPc-5 and SnPc-6 have higher μe and lower VT compared to SiPc-5 and SiPc-6, 

respectively, which were characterized in bottom-gate bottom-contact (BGBC) OTFTs.26 SnPc-1 and 

SnPc-5 performed significantly better than SiPc-1 and SiPc-5 analogs, with maximum and average μe 

that are two orders of magnitude higher while maintaining similar VT values.44 Moreover, it is possible 

to reduce VT and increase Ion/off  by further optimizing processing conditions and choice of axial groups.61 

These encouraging results suggest that, in OTFTs, (OR)2-SnPcs can outperform (OR)2-SiPc derivatives, 

further justifying their investigation.

AFM was performed to compare the thin-film morphology of the (OR)2-SnPcs derivatives, and 

to correlate their thin-film microstructure to OTFT performance (Figure 5). SnPc-2, SnPc-6, and SnPc-7 

exhibited larger crystal-like features compared to SiPc-2, SiPc-6, and SiPc-7,44 potentially contributing 

to the higher µe observed in these OTFTs due to increased grain interconnectivity, promoting more 

efficient charge transfer.59,62 In contrast, SnPc-4, which exhibited the greatest μe of 1.40 x 10-2 cm2 V-1 

s-1, displayed smaller and denser spherical grains. The low surface roughness, indicating a more 

homogenous thin-film formed by SnPc-4 (Figure 5), contributed to the improved device performance. 
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Thin-films of SnPc-1 have significantly larger features, with many distinct grain boundaries, and higher 

surface roughness compared to the other five materials. Large grain boundaries and height differences 

within the thin-film have been shown to reduce charge carrier µe and result in worse electrical 

performance in OTFTs.57–59 Through XRD, the distance between crystal planes was determined by 

Equation 6 to be between 10.0 – 13.8 Å for the (OR)2-SnPcs (Figure S8), corroborating the lack of 

correlation between OTFT performance and thin-film microstructure. Furthermore, the lack of absolute 

correlation between electron mobility values computed in crystals and measured in thin-films also 

suggests that charge transport efficiency in this series of materials is mostly driven by thin-film 

morphology effects, rather than crystal structure. 

Figure 5. AFM images (10 µm x 10 µm) of (OR)2-SnPc thin-films in OTFT devices. Black scale bar 
represents 2.0 µm. All films were spun from chloroform at 1500 RPM for 90 s and annealed at 100˚C 
for 1 h.

To further examine differences in electrical performance between (OR)2-SnPcs, the interface 

charge trap density (Ni) was estimated using the subthreshold region of the characteristic transfer curves 
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displayed in Figure 4 using Equation 5.53,54 Table S2 reports the estimated Ni for annealed devices of 

each characterized material, ranging from 1.96 x 1012 – 1.98 x 1013 cm-2 V-1. The trap densities between 

the (OR)2-SnPc materials and the reported value of 6.4 x 1012 cm-2 V-1 for vapour deposited copper 

phthalocyanine (CuPc) on OTS treated SiO2
63 are comparable. Given the similarity in trap densities 

between the (OR)2-SnPcs and CuPc, the differences in observed performance can be attributed to material 

characteristics, film formation, and microstructure rather than wafer properties.  

Photostability of SnPcs

To investigate the contrasting performance of our SnPc derivatives compared to SiPcs in OPV 

and OTFT devices, the photostability of both the (OR)2-SnPcs and (OR)2-SiPc derivatives was assessed 

by measuring OTFT performance under AM1.5 solar simulator illumination using SnPc-5 and SiPc-5 as 

example materials. The change in OTFT electrical performance with increasing exposure time to light is 

shown in Figure 6 for these materials. The μe of devices prepared from SnPc-5 decreased significantly 

from 4.58 x 10-3 cm2 V-1 s-1 to 2.34 x 10-4 cm2 V-1 s-1 after 45 min of light exposure, whereas unexposed 

baseline devices kept under ambient light exhibited little variation in performance (Figure 6a). 

Conversely, both exposed and unexposed SiPc-5 devices showed little change in μe after illumination 

(Figure 6b). OTFTs prepared from both phthalocyanines exhibited more dramatic increases in VT after 

light exposure, with an increase of 19.2 V for illuminated devices (9.2 V for baseline devices) for SnPc-5, 

and a slightly smaller increase of 12.2 V for illuminated (5.9 V for baseline) for SiPc-5 devices. The 

decrease in μe and slightly larger increase in VT observed in OTFTs prepared from SnPc-5 indicate that 

the performance of (OR)2-SnPc OTFTs deteriorates with light exposure, which has little effect on (OR)2-

SiPc OTFTs. The temperature of the samples during these experiments never surpassed 25˚C (Figure 

S12), therefore the performance deterioration cannot be assigned to thermal degradation of the films. The 

poor shelf life of (OR)2-SnPc as powders has also been observed. When rerunning NMR analysis for the 

samples after a few months (> 3 months), considerable degradation was observed. This degradation was 
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accelerated to < 12 hours when the derivatives were left in solution and when exposed to light (Figure 

S18), which is consistent with our device data. 

The photostability of SnPcs has previously been studied by Nyokong et al. who showed that Cl2-

SnPcs can be photoreduced in the presence of electron donors (such as SnCl2), forming a negatively 

charged [Cl2-SnPc]-1 molecule. The most likely mechanism is represented in Scheme 1, which involves 

the aggregation of SnPc excited states. The same group also showed that, when in solution, the 

photobleaching process happens in seconds upon light exposure.55,64 Nyokong later was able to compare 

the photostability behaviour of different phthalocyanines and concluded that larger central atoms are 

associated with a greater susceptibility to photooxidation (due to the heavy atom effect).64–66 This is in 

agreement with the different electrical performance we have observed for (OR)2-SiPcs30 and (OR)2-

SnPcs towards light exposure, and let us hypothesize this to be the chief reasoning for the poor OPV 

performance when using SnPcs as ternary additives. 

𝑆𝑛(𝐼𝑉)𝑃𝑐 
ℎ𝑣

 𝑆𝑛(𝐼𝑉)𝑃𝑐 ∗

2 𝑆𝑛(𝐼𝑉)𝑃𝑐 ∗  →[𝑆𝑛(𝐼𝑉)𝑃𝑐 ∗ ]2

[𝑆𝑛(𝐼𝑉)𝑃𝑐 ∗ ]2 + 𝑅 
𝑒 ―  𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒

 2 𝑆𝑛[(𝐼𝑉)𝑃𝑐] ― +  𝑅2 +

Scheme 1. SnPc aggregation and bleaching mechanism proposed by Nyokong et. al.,56 where R is a 
reducing species in contact with SnPc.  
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Figure 6. Change in μe and VT for transistors prepared from (a, c) SnPc-5 and (b, d) SiPc-5, and 
characteristic transfer curves of (e) SnPc-5 and (f) SiPc-5. Transistors were characterized at room 
temperature in nitrogen after increasing exposure time to solar illumination, with dotted lines 
representing baseline devices with no light exposure. All films were spun from chloroform at 1500 RPM 
for 90 s and annealed at 100˚C for 1 h.
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CONCLUSIONS

In this work six axially-substituted SnPcs, including four novel compounds, were successfully 

synthesized and characterized with respect to their structural, thermal, physical and opto-electronical 

properties; their applicability as ternary additives in OPVs and as active layers in solution processed 

OTFTs was also assessed. Incorporating the (OR)2-SnPcs as additives in OPVs resulted in a reduction in 

device performance across all metrics when compared to the reference P3HT/PC61BM solar cell, the 

opposite of what was observed for their SiPcs counterparts. OTFTs fabricated with the (OR)2-SnPcs 

exhibited average mobilities in the range of 0.02 – 0.70 x 10-2 cm2 V-1 s-1, with four of the six compounds 

outperforming their SiPc counterparts in terms of mobility, while maintaining comparable threshold 

voltages in the range of 24 – 53 V. Through photostability characterization of OTFT devices, we have 

demonstrated that the poor OPV performance can be explained by the photodegradation of SnPcs. (OR)2-

SnPc OTFTs experienced a significant drop in their electrical performance after light exposure, which 

was not observed for analogous SiPc OTFTs. We conclusively show that while tetravalent SnPcs cannot 

be employed efficiently in applications that require light exposure, they outperform similar tetravalent 

phthalocyanines in OTFTs.
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